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Summary
Class I and class II glutaredoxins (Grxs) are glutathione (GSH)-dependent proteins, that
function as oxidoreductases (class I) or mediate cellular iron trafficking (class II). Some
members of class I Grxs like human Grx2 are able to complex a [2Fe-2S] cluster and
form a dimeric holo complex, which renders them catalytically inactive and is the basis
for their function as redox sensors. Class II Grxs like human Grx5 also complex [2Fe-2S]
clusters, however these proteins transfer the clusters to other proteins. Both functionally
distinct classes share a similar thioredoxin fold and conserved interaction sites for the
non-covalently binding of GSH, which is required to complex the [2Fe-2S] cluster. Fur-
thermore, the proteins from both classes contain a highly nucleophilic active site cysteine
that would allow both classes to catalyze GSH-dependent oxidoreduction reactions. De-
spite of these similar features, only class I Grxs are able to form a mixed disulfide with
GSH and to reversibly transfer it to protein thiols (de-/glutathionylation). Interestingly,
neither class I Grxs nor class II Grxs can effectively compensate the loss of an essential
member of the other class. Even though some structural differences were described ear -
lier, the basis for their different functions remained unknown. In particular, the lack of
catalytic activity of class II Grxs as oxidoreductases could not be explained.

Here, we demonstrate that the different conformations of a conserved lysyl side chain
are the molecular determinant of the oxidoreductase or Fe-S transfer activity of class I
and II Grxs, respectively. A specific loop structure that is conserved in all class II Grxs
determines one lysyl conformation that prevents the formation of a mixed disulfide of the
active site cysteinyl thiol with GSH. Using engineered mutants of hGrx2 and hGrx5, we
demonstrated that the exchange of the distinct loop between the classes results in a loss
of oxidoreductase function of class I hGrx2 and the gain of oxidoreductase activity of
class II hGrx5. The altered GSH binding mode also profoundly changes the [2Fe-2S] clus-
ter binding of the engineered mutants and thereby also influences stability of the holo
complexes, a pre-determinant for [Fe-S] cluster transfer activity. With the minor shift of
2 Å in a conserved lysyl side chain orientation we were not only able to modify the cat-
alytic activity of two small human mitochondrial proteins, but on a much larger scale
also provided evidence for the previously unknown structural basis that determines the
function of all class I and class II Grxs. 

The oxidoreductase activity of hGrx2 was also analyzed in vivo in a model of doxoru-
bicin cell toxicity. Applying a mass spectrometrical approach, we identified various mito -
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chondrial proteins as targets for redox regulation. Furthermore, our results gave reason
to reconsider some common assumptions regarding doxorubicin-induced apoptosis and
the protective function of mitochondrial Grx2. 

Keywords:  Glutaredoxin,  monothiols,  dithiols,  (de-) glutathionylation, [2Fe-2S] cluster,
oxidoreductase, iron trafficking, human Grx2, human Grx5, mitochondria, doxorubicin
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Zusammenfassung
Die glutathionabhängigen Glutaredoxine (Grxe) der  Klasse I und II agieren als Oxidore -
duktasen  (Klasse I)  oder  sind  am Transfer  von  Eisen  bzw.  [Fe-S]  Clustern  beteiligt
(Klasse II). Die Fähigkeit einiger Klasse I Grxe, wie z.B. humanem Grx2, einen [2Fe-2S]
Cluster zu binden, führt zu ihrer enzymatischen Inaktivität, was es ihnen ermöglicht in
der Zelle als Redoxsensor zu fungieren. Grxe wie humanes Grx5 aus der Klasse  II können
ebenfalls einen [2Fe-2S] Custer binden, diesen jedoch gezielt an andere Proteine weiterlei-
ten. Auch wenn die beiden Klassen sich funktionell deutlich unterscheiden, besitzen sie
einen sehr ähnlichen strukturellen Aufbau, der für alle Proteine der Thioredoxin-Familie
gleich ist. Zusätzlich findet man hochkonservierte Interaktionsstellen für die nicht kova -
lente Bindung von Glutathion (GSH), welches für die Bindung von [2Fe-2S] Clustern be-
nötigt wird. Außerdem enthalten die aktiven Zentren ein stark nukleophiles Cystein, wel -
ches beiden Klassen theoretisch ermöglichen würde Oxidoreduktase-Reaktionen zu kata-
lysieren. Trotz dieser Gemeinsamkeiten können nur Klasse I Grxe gemischte Disulfide
mit GSH bilden und dieses reversibel auf Zielproteine übertragen (De-/Glutathionylie-
rung). Interessanterweise können die Funktionen der einzelnen Klassen bei einem Verlust
auch nicht von der jeweils anderen Klasse übernommen werden. Auch wenn einige struk -
turelle Unterschiede beschrieben wurden, ist der Grund für die enzymatische Inaktivität
der Klasse II Grxe bisher noch ungeklärt. 

In dieser Arbeit konnten wir zeigen, dass die unterschiedlichen Konformationen einer
konservierten Lysinseitenkette bestimmen ob ein Grx als Oxidoreduktase oder im [Fe-S]-
Transfer fungiert. Bestimmt wird die Konformation des Lysins dabei von einer charakte -
ristischen konservierten Loop-Struktur, sodass in Klasse II Grxen die Ausbildung eines
gemischten Grx-GSH Disulfids mit dem Cystein des aktiven Zentrums verhindert wird.
Mit Hilfe von Mutanten des hGrx2 und hGrx5, konnten wir nachweisen, dass der Aus-
tausch der Loop-Struktur zwischen den Klassen zu einem Verlust der Oxidoreduktase-
Funktion bei hGrx2 und einer gesteigerten Oxidoreduktase-Aktivität bei hGrx5 führte.
Zusätzlich  wurde durch eine  veränderte  Interaktion  mit  GSH auch  die  Bindung  des
[2Fe-2S] Clusters beeinflusst,  was in einer Stabilitätsänderung der gebildeten Holopro-
tein-Komplexe deutlich wird. Diese Besonderheit ist eine Grundvoraussetzung für die Fä -
higkeit einen Cluster weiterzugeben. Durch die kleine Änderung von 2 Å in der Seiten-
kette des konservierten Lysins konnten wir nicht nur die Aktivität der humanen mit -
ochondriellen Grxe ändern, sondern stellen ebenfalls ein Modell zur Verfügung, das die
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bisher ungeklärte Ursache für die unterschiedliche Funktion aller Klasse I und Klasse II
Grxe erklärt.

Zusätzlich  wurde  auch  die  Oxidoreduktase-Aktivität  von  mitochondriellem  Grx2
in vivo mit Hilfe von einem Zellmodell für Doxorubicin-induzierte Toxizität analysiert.
Durch die Anwendung von Massenspektrometrie konnten wir eine Reihe von mitochon-
driellen Proteinen identifizieren, die Ziel von Redox-Modifikationen durch hGrx2 sind.
Zusätzlich geben unsere Ergebnisse aber auch Anstoß dazu, einige verbreitete Annahmen
bezüglich der Doxorubicin-induzierten Apoptose und der schützenden Wirkung von mito-
chondriellem hGrx2 zu überdenken.

Stichwörter: Glutaredoxin,  Monothiol,  Dithiol,  (De-)Glutathionylierung,  [2Fe-2S] Clus-
ter, Oxidoreductase, Eisen, humanes Grx2, humanes Grx5, Mitochondrien, Doxorubicin
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1 Introduction

1.1 Glutathione and classification of glutaredoxins
Glutaredoxins (Grxs) are members of the thioredoxin (Trx) family. They consist of a
typical thioredoxin fold comprising a four-stranded β-sheet that is surrounded by three
α-helices (see Fig. 1). These structural elements are typically connected by structured
loops and turns. As the numbering of the helices and strands is derived from one of the
most basic Trx folds found in bacterial Grxs, it remains unchanged in Grxs of higher or -
ganisms, even if additional N- or C-terminal helices are present. In 1976, Grxs were first
defined  as  glutathione  (GSH)-dependent  electron  donors  for  ribonucleotide  reductase
(RNR) (1). GSH or γ-L-glutamyl-L-cysteinyl-glycine is a ubiquitous nucleophile and im-
portant for redox homeostasis, detoxification and iron homeostasis (2). Beside of its role
as electron donor for Grxs it also has other interaction partners such as glutathione re -
ductase (GR), protein disulfide isomerases (PDIs), glutathione peroxidases (GPxs) and
glutathione S-transferases (GSTs) (2). Even though loss of GSH mainly results in defects
in cellular iron homeostasis (3,4), alteration of GSH utilizing enzymes were also demon-
strated to result in phenotypes with disrupted redox homeostasis (4–6).

Grxs were afterward also shown to reduce and oxidize protein disulfides and catalyze
(de-) glutathionylation reactions of specific proteins  (7–9). These oxidoreductases were

Figure 1: Glutaredoxin 2 structure; Schematic (A) and three-dimensional (B) representation
of the human Grx2 fold. The colored structural elements represent the basic Grx fold, which is
conserved in most Grxs. Additional N- or C-terminal  α-helices can be found as depicted in grey.
The  β-stands (light blue) and alpha helices (red) are connected by unstructured loops.  Yellow
circles represent the active site cysteines, that is localized on the α1-β1 loop and the α1 helix.
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initially classified as dithiol Grxs, since they contain an active site with a Cys-X-X-Cys
motif. A few years later, other Grxs were identified, which only contain an N-terminal
active  site  Cys  and  therefore  were  classified  as  monothiol  Grxs.  While  some of  the
monothiols containing a Cys-Gly-Phe-Ser active site were demonstrated to be inactive as
oxidoreductases,  other  monothiols  catalyze  (de-) glutathionylation  reactions  (10,11).
Identification of additional Grxs with different active sites or conserved motifs in higher
plants and cyanobacteria  (12,13) resulted in a revised classification into six classes of
Grxs, with the previously described monothiols and dithiols assigned to class I and II.
This new classification also considered the catalytic activity and function of these Grxs.
The first class contains a mix of dithiol and monothiol Grxs that are able to (de-) glu-
tathionylate target proteins. Class I Grxs can be functionally divided into type A and
type B Grxs. Type B Grxs are able to bind a [2Fe-2S] cluster. This holo complex form
renders Grxs catalytically inactive as oxidoreductase  (14). Class II Grxs on the other
hand contain type C monothiol Grxs that are all able to bind a [2Fe-2S] cluster and
mainly function in cellular iron metabolism, as well as [Fe-S] cluster biogenesis and clus -
ter trafficking (15–19). Even in their apo form, those monothiols exhibit very low or no
activity in typical assays that are used to monitor redox activity  (20–22). Contrarily,
class I Grxs are not able to complement the class II mediated iron trafficking  (11,16).
Class III Grxs comprise a subgroup specific to higher plants with a Cys-Cys-X-X acitve
site motif that were described as important for plant development and pathogen defense
(23). Even though further classes were established based on comparative genomic studies
and assigned to plants (class IV) and cyanobacteria (class V and VI), their function is
not yet characterized (24). 

Interestingly, the three Grx types in class I and II do not only share high structural
similarity,  but also contain conserved interaction sites for non-covalent GSH binding,
that were identified in structural alignments (4). This further highlights the role of GSH
for Grx's activity independent of their different function and catalytic activity. GSH is
not only required for electron transfer in class I Grxs, but also essential for formation of
the Grx holo complex, where the CysN-term of two Grx monomers and the thiol groups of
two GSH molecules, that are non-covalently bound to each Grx monomer, covalently
complex the [2Fe-2S] cluster  (25). Due to the inactivity of holo complex Grxs and the
cluster destabilization during oxidizing conditions, the additional ability of some class I
Grxs to stably complex a [2Fe-2S] cluster (26) poses a mechanism to control Grx activity
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and thereby acts as a cellular redox sensor. Hence, cells can utilize a Grx system com-
prised of type A Grxs, that are catalytically active under physiological conditions and re -
dox sensitive type B Grxs, that are only activated under conditions, that induce the loss
of the [2Fe-2S] cluster, like increasing levels of GSSG or nitrogen oxide (NO) (14,27).

1.2 Monothiol and dithiol reaction mechanisms
Dithiol  Grxs  are able to reduce or form protein disulfides  and catalyze  (de-) glu-

tathionylation in two distinct reaction mechanisms. Reduction of intra- and intermolecu -
lar disulfides often requires the CysN-term and the CysC-term (28,29). The N-terminal ac-
tive site Cys exhibits very low pKa values between 3.5 and 5 (21,30–32), which is signifi-
cantly lower compared to other cysteines in biomolecules like  e.g. GSH where a thiol
residue normally exhibits a pKa value of ~9. Due to the low pKa value of the CysN-term it
is likely, that the thiol is de-protonated before or during a reaction cycle, which charac-

Figure 2: Class I glutaredoxin's reaction mechanisms; Protein disulfides are reduced via a
mechanism that involves both active site cysteines of a class I Grx. A reduced Grx forms a mixed
disulfide with the thiol of a target protein and its N-terminal active site Cys (1), which is then
reduced by the C-terminal active site Cys and results in release of the reduced target protein from
the oxidized Grx (2). The oxidized Grx can than be sequentially reduced by two molecules of GSH
(3+4). A Grx-S-SG mixed disulfide (red) can be easily formed from reduced Grx and GSSG in
the reversible  reaction 4.  Reduced Grx can also  catalyze  the de-glutathionylation of  a  target
protein in a mechanism, that only requires the N-terminal active site Cys (5). By catalyzing the
reversed  reaction  5,  Grx-S-SG can also  glutathionylate  protein  thiols.  Some glutathionylated
proteins containing two adjacent Cys like the engineered roGFP2 sensor can also oxidize and
form an intramolecular disulfide by releasing GSH (6) (194). GSSG is reduced to two molecules
of GSH by glutathione reductase (GR) at the expense of NADPH. Modified from reference (28)
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terizes it as a very effective nucleophile (4). One Cys of the protein disulfide of a target
protein can be attacked by the nucleophilic Grx thiolate, resulting in the formation of a
mixed protein-Grx disulfide (Fig. 2, step 1). The remaining reduced C-terminal active
site Cys is required to reduce the mixed disulfide via a similar nucleophilic attack, liber -
ating the reduced target protein (Fig 2, step 2). The formed oxidized Grx is subsequently
reduced by GSH to a glutaredoxin-glutathione (Grx-S-SG) mixed disulfide (step 3) and
can be further reduced by a second GSH molecule (Fig. 2, step 4). Due to the require-
ment of two active site cysteines, this mechanism is often referred to as dithiol mecha -
nism. The second important reaction mechanism, that only requires the CysN-term is used
during glutathionylation or deglutathionylation of target proteins  (33). The N-terminal
active site thiolate initiates the reaction by a nucleophilic attack of the cysteinyl residue
of the GSH moiety in the glutathionylated protein. Thereby a mixed disulfide between
the Grxs CysN-term and GSH is formed, while the reduced protein can leave the reaction
complex (Fig. 2, step 5). The formed mixed Grx-S-SG disulfide can be reduced to Grx
and GSSG by a second GSH molecule, that binds to a specific GSH activator site for
subsequent reduction (Fig. 2, step 4) (34). The described reactions can also be catalyzed
in the other direction which allows glutathionylation of a protein (step 4 and 5 reversed).
Since only the CysN-term is required for (de-) glutathionylation, this mechanism is also
called monothiol mechanism. As mentioned before, (de-) glutathionylation is only cat-
alyzed by class I Grxs. GSH that is oxidized to GSSG during both mechanisms, is re-
duced by GSH reductase (GR) under the expense of NADPH (Fig. 2, step 7). 

Despite conserved tertiary structures, GSH binding motifs and very similar pKa val-
ues of CysN-term (21), class II Grxs fulfill different functions in the cell and are mostly un-
able  to  reduce  typically  used  disulfide  substrates  like  bis(2-hydroxyethyl)disulfide
(HEDS) or (de-) glutathionylate other target proteins via the monothiol mechanism (11).
The mechanistic basis for this catalytic inactivity of type C Grxs across all species was
subject of many investigations and speculations (35–38), but still remained unknown. 

1.3 Human mitochondrial glutaredoxins 
As the two human mitochondrial Grxs Grx2 (class I) and Grx5 (class II) mediate differ-
ent functions inside the cell, while both of them fulfill  the structural requirements to
complex a [2Fe-2S] cluster, they were of special interest during this thesis. Identification
of structural differences between both Grxs and further investigating their redox activity
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is an approach to solve the structural basis for redox inactivity of human Grx5 and other
class II Grxs. Furthermore, elucidation of the important catalytic activity of Grx2 might
give additional insights into mechanisms underlying Grx2's function in clinical settings. 

1.3.1 Glutaredoxin 5 and iron sulfur cluster trafficking

Human Grx5 is one of the central proteins in the mitochondrial iron-sulfur cluster assem -
bly (ISC) machinery as well as in cluster trafficking and therefore important for different

reactions and biological pathways that rely on a regulated iron homeostasis (39,40). Iron
itself is essential for life, but is also able to induce damage and cell death as it is capable
of disrupting redox homeostasis  (41,42). Cellular iron levels and toxicity are controlled
and regulated by iron binding to chelating molecules or utilization in biomolecules  e.g.
porphyrin ring systems in heme or as aforementioned [Fe-S] clusters. These clusters par-
ticipate in transfer of electrons or sulfur atoms, and are important for enzymatic cataly-
sis, stability of biomolecule structures or as regulatory elements (14,43,44). Even though
the export of building blocks for cytosolic [Fe-S] clusters from mitochondria is not fully

Figure 3: Scheme of human mitochondrial glutaredoxin's functions and basics of the
ISC  machinery;  Ferrous  iron  (Fe2+)  imported  to  mitochondria  via  mitoferrin-1  (MFRN)
transporter  is  delivered  to  the  proteins  required  for  cluster  synthesis  in  a  frataxin  (FXN)
dependent manner. Sulfur released from two cysteins (Cys) by the desulferase ISD11 (ISD) and
electrons provided by ferredoxin (FDX) are utilized for cluster formation on the iron-sulfur cluster
assembly  enzyme  ISCU  (ISCU2).  [2Fe-2S]  is  transferred  to  human  Grx5  in  a  chaperone
dependent manner. Grx5 is involved in cluster trafficking to [Fe-S] centers containing proteins.
The mitochondrial dithiol Grx2 (left side) can bind a [2Fe-2S] cluster, forming an inactive holo
complex. In its active form it is able to regulate mitochondrial iron homeostasis, reduce or oxidize
protein disulfides, and catalyze (de- ) glutathionylation of target proteins.
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understood, it was demonstrated, that members of the ISC machinery are essential for
maturation of nuclear and cytosolic [Fe-S] cluster containing proteins (45,46). 

In human the maturation of mitochondrial [Fe-S] cluster containing proteins can be
divided into different steps that are depicted in figure 3. First the initial [2Fe-2S] cluster
is assembled on the iron-sulfur cluster enzyme ISCU (ISCU2) and involves at least 17
characterized proteins (47). Furthermore, this reaction requires iron, sulfur from cysteine,
and electrons provided by ferredoxin. After assembly, the cluster is transferred to Grx5
in a chaperone-dependent manner, from where it can be further passed on to target pro -
teins or as a building block for [4Fe-4S] clusters (Fig. 3) (47). The [2Fe-2S] cluster con-
taining holo complex of class II Grxs is  generally not as stable as holo complexes of
class I Grxs (26). This lability of the holo-Grx5 promotes [2Fe-2S] cluster transfer to tar-
get  proteins  and  also  requires  a  structural  plasticity  that  was  described  previously
(26,48). The biological property of Grx5 and its analogs to mediate cluster trafficking is
conserved in all kingdoms of life, similar to their inactivity as oxidoreductases (11). As it
is not fully understood why some monothiols in Grx class I expose (de-) glutathionyla-
tion activity whereas class II Grxs do not, we planed to elucidate the underlying mecha-
nistic basis in the following work while at the same time comparing the results to human
Grx2.

1.3.2 Mitochondrial glutaredoxin 2

Human Grx2 was first described in 2001 as a redox active disulfide with the ability to re-
duce mixed disulfides and effectively (de-) glutathionylate target proteins (49–51). Three
isoforms of Grx2 can be found in mammals. While the mitochondrial form Grx2a is ubiq -
uitously expressed, the two isoforms Grx2b and Grx2c were both described as nuclear
and cytosolic forms, which are predominantly expressed in testis and cancer cells  (52).
The mitochondrial form of Grx2 is encoded with a mitochondrial targeting sequence that
is cleaved during mitochondria import and results in an identical primary structure com-
pared to Grx2c. 

Instead of a typical dithiol Cys-Pro-Tyr-Cys motif, Grx2 contains a Cys-Ser-Tyr-Cys
motif, which allows complexation of a [2Fe-2S] cluster that functions as a redox sensor
and regulates catalytic activity (14,53). Grx2 is important for mitochondrial redox home-
ostasis, redox dependent signal transduction and is able to modify thiol residues in differ-
ent targets, like mitochondrial membrane proteins that are involved in oxidative phos-



11

phorylation (51,54). It receives the required electrons for those reactions from GSH and
thioredoxin reductase (TR)  (53). Furthermore, it was shown to participate in mainte-
nance of the redox equilibrium under conditions, that promote oxidative damage of mito -
chondrial proteins. Especially for cells overexpressing Grx2a, protective functions were
described previously  (27,55,56). Further evidence that associated Grx2a overexpression
to decreased susceptibility towards apoptosis induced by the commonly used drug doxo-
rubicin (DOX) (57) also highlighted its possible role in clinical settings.

1.4 Doxorubicin
The anthracyclinic antibiotic DOX is one of the most effective anti-cancer drugs and is
used to induce regression in disseminated neoplasias and solid tumors in pediatric and
adult patients (58). DOX consists of a planar tetracyclic ring system that is linked to the
amino sugar daunosamine (see Fig. 4A), which increases DOX's water solubility (59). A
major problem that limits the therapeutic use of DOX is the cardiotoxicity that is associ -
ated with DOX treatment (60,61). Late-onset congestive heart failure (CHF) and dilata-

Figure 4: Structure of doxorubicin and fenton chemistry; A) The tetracyclic ring system
is bound to quinone-hydroquinone groups at ring B and C. A glycosidic bond at C7 links the ring
system to the amino sugar daunosamine. B) One-electron reduction of DOX results in formation
of a DOX semiquinone radical (DOX*) which can interact with molecular oxygen (O2), to form
superoxide  (O2

•-)  and  a  restored  DOX molecule.  During  redox  cycling  this  reaction  can  be
repeated continuously. O2

•- can be dismutated to hydrogen peroxide (H2O2) e.g. by mitochondrial
superoxide dismutase (SOD2). Ferrous iron (Fe2+) can catalyze the formation of a hydroxide
ion (OH 

-) and a hydroxyl radical (OH•) from H2O2 while being oxidized to ferric iron (Fe3+).
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tive cardiomyopathy (DCM) led to the establishment of limiting doses of ~550 mg/m2

where cardiotoxicity was reported to be reasonably decreased.
Due  to  the  quinone-like  structure  DOX can effectively  penetrate  biological  mem-

branes. Inside the cell it can bind to 20S proteasome components and is transported to
the nucleus  (62,63). The very high affinity of DOX to DNA leads to dissociation from
the 20S subunit and results in nuclear DOX concentrations of up to 340 µM  (63,64),
while typically plasma concentrations in patients range between 0.6 - 1 µM (65). DOX
can covalently intercalate into the DNA, which results in alteration of the DNA struc-
ture  and  thus  to  decreased  strand-passing  activity  of  topoisomerase II  (TOPO-II)
(66,67). The resulting formation of DNA double strand breaks and stabilization of these
defects increases cell death and is known as the major mechanism of action in DOX-
treated tumor cells. 

Beside its nuclear effects, some other mechanisms were described that promote cell
toxicity even at lower levels, where no DNA strand breaks are detectable (68,69). Due to
its strong chelating properties, DOX was also described to interfere with iron homeosta-
sis  (70,71). Furthermore the anthraquinone nucleus allows DOX to undergo a one-elec-
tron reduction which increases formation of superoxide (O2

•-). Dismutation to hydrogen
peroxide (H2O2) and subsequent metabolization via fenton chemistry also constantly in-
creases  the  amount  of  hydroxide  ions  (OH-)  and  highly  reactive  hydroxyl  radi-
cals (OH•) (Fig. 4B). 

The underlying mechanism that continuously promotes O2
•- production and is also

known as redox cycling is  based  on a repeated one-electron reduction of  DOX to a
DOX semiquinone radical. This is catalyzed by several oxidoreductases in the cytosol
and mitochondria (72,73), with a subsequent transfer of an electron to molecular oxygen.
Due to the high reactivity of hydroxyl radicals, their formation results in oxidation of all
kind of biomolecules. Redox cycling of DOX with complex I of the respiratory chain is
one of the main reasons that is believed to lead to an increase of mitochondrial apoptotic
markers like cytochrome C release and cardiolipin (CL) oxidation (64,74). Furthermore,
it is often discussed as main mechanism of action in DOX-induced cardiotoxicity, as car-
diomyocytes contain high amounts of respiratory active mitochondria (75).
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1.4.1 Grx2 in doxorubicin-induced apoptosis

In 2004 it was demonstrated, that siRNA-mediated silencing of Grx2 in HeLa cells led to
increased susceptibility towards DOX treatment  (76). Later the same group also pro-
vided evidence for attenuation of DOX-induced toxicity by Grx2 overexpression in HeLa
cells (57). Cells with increased Grx2 levels not only released less cytochrome C, but also
exhibited less CL oxidation. In DOX-resistant cells of a human acute myeloid leukemia
cell line (AML-2), mRNA levels of Grx and other proteins involved in maintenance of re -
dox homeostasis were demonstrated to be elevated (77). The protective effect of Grx2a
was also demonstrated in transgenic mice, where its overexpression attenuate DOX-in-
duced cardiac injury (56). Earlier it was also discovered, that DOX resistance in tumor
cells is correlated to increased GSH content and that lower GSH levels sensitized some
cell lines towards the anthracycline  (78–80). Since Grx2 participates in maintenance of
redox homeostasis and is able to (de-) glutathionylate target proteins in a redox depen-
dent manner, it seems likely that thiol modifications or regulation of protein activity
might be involved in the outcome of DOX treatment in cells with altered Grx2 levels.
Due to shared mitochondrial interaction sites like complex I or aconitase II (54,81,82), it
can be speculated, that Grx2a influences DOX toxicity via pathways associated to the
respiratory chain or iron homeostasis. Interestingly, although the field of DOX-induced
cardiotoxicity and tumor escape of DOX-resistant cells is of clinical interest, Grx2s pro -
tective mechanism of action remains unknown and needs to be further elucidated. 

1.4.2 Mitochondria, respiratory chain and energy production

In most cells, mitochondria are the main source for cellular energy production. They are
surrounded  by  two  double  membranes  that  divide  them  in  matrix,  intermembrane
space (IMS), and cristae. Those compartments are essential for mitochondrial function.
In the mitochondrial matrix carbon sources are oxidized to produce reducing equivalents
for mitochondrial respiration. The outer membrane and intermembrane space contain the
protein import machinery and proteins for structural organization of mitochondria. 

The inner mitochondrial membrane also forms invaginations, so called cristae that en-
large the mitochondrial IMS to the intracristae space (ICS). Facing the mitochondrial
matrix, the cristae membrane contains the respiratory chain which is also referred to as
electron transport chain (ETC). These supramolecular protein complexes required for ox -
idative phosphorylation, pump protons into the intracristae space while oxidizing reduc-
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ing equivalents.  The maintained proton gradient is  finally  used for the formation of
adenosine triphosphate (ATP) (Fig. 5). Interestingly, the ETC is not only the biggest
ATP source, but also major site of mitochondrial O2

•- production. 
Electrons that are transported via complex I, II, III and IV can also deviate from the

transport path or even traverse the chain in a retrograde manner, which allows formation
of reactive species e.g. O2

•- when reacting with molecular oxygen. DOX can also form a
reactive semiquinone when interacting with the oxidorductase complex   I. Due to the
earlier described ability of Grx2a to interact with members of the respiratory chain and
control their activity (see 1.3.2), it might be promising to investigate ETC activity in
DOX-treated cells with altered Grx2 levels. Sequential inhibition of complexes of the res -
piratory chain or supplementation with ETC substrates is commonly used to detect the
oxygen consumption during oxidative phosphorylation (Fig. 5). During a lack of oxygen
availability most cells are also able to utilize anaerobic glycolysis for ATP production,
which is a process localized in the cytosol and thus independent of mitochondrial respira -
tion. Especially cancer cells use this form of energy generation due to the often occurring
hypoxic conditions during rapid uncontrolled tumor growth. Interestingly, some cancer
cell lines predominantly rely on cytosolic glycolysis even under aerobic conditions. The

Figure  5:  Electron  transport  chain;  Reducing  equivalents  like  NADH+H+,  FADH2,
quinone (Q) and cytochrome C (Cyt C) are oxidized at complexes of the electron transport chain
(ETC). Starting at complex I and  II, the electrons traverse the ETC, as indicated by the dotted
line. Electron trafficking allows complexes I, III, and IV to pump protons into the intracristae
space (ICS). The proton gradient is utilized by the ATP synthase to produce ATP from ADP and
inorganic phosphate (Pi). The ETC function can be disturbed by different cell toxins. Rotenon,
antimycin, and oligomycin can block the indicated complexes, while FCCP induces an uncoupling
of the proton gradient from ATP production.
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supplementation of those cell lines with galactose instead of glucose can lead to increased
expression and activity of proteins required for oxidative phosphorylation, due to the in -
creased ATP amount that is required to utilize and activate galactose  (83,84).

1.5 Aim of this study
Class I and class II glutaredoxins are a family of ubiquitously expressed proteins in all

kingdoms of life. They function either as oxidorductase or mediate [Fe-S] cluster traffick -
ing. Both classes share high similarities in their structure and GSH binding motifs. Even
though their functional characteristics were widely investigated and are used to classify
Grxs, the structural and mechanistic basis for their distinct functions remains unknown.
We therefore planned to study the functional differences between human mitochondrial
Grxs and determine if structural modifications could alter their functions. This should
help to further elucidate the basis for their distinct enzymatic activities.

The specific objectives of this thesis were:
• Identify structural differences between human monothiol Grx5 (class II) and the

dithiol Grx2 (class I).
• Create mutants of human mitochondrial Grxs that contain altered structures to

monitor their ability to reduce or oxidize protein targets and monitor their ability
to bind GSH.

• Investigate the [2Fe-2S] cluster binding in human mitochondrial Grxs and moni-
tor changes of their cluster environment in engineered mutants.

• Identify structural features that are involved in interactions of Grx5 with its tar-
get proteins that also might influence protein stability of the engineered mutants.

To further examine the redox activity and function of Grx2 we utilized a model for
DOX-induced apoptosis. HeLa cells were used to:

• Monitor the CL oxidation and oxygen consumption in DOX-treated cells with al -
tered Grx2 levels.

• Establish  a mitochondria isolation  protocol  to obtain enzymatically  active or-
ganelles.

• Investigate mitochondrial protein targets that are modified during DOX-induced
cell damage in cells with siRNA-mediated Grx2 silencing. 
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2 Materials and Methods

2.1 Materials

2.1.1 Instruments
2219 Multitemp II Thermostatic circulator LKB Bromma (Ontario, Canada)

Absorption cell cuvette 115-QS Hellma GmbH & Co. KG (Müllheim, Germany)

Agarose gel electrophoresis system Varia 1 Roth (Karlsruhe, Germany)

Äkta Prime FPLC system GE Healthcare (Uppsala, Sweden)

Äkta Start + Frac30 module GE Healthcare (Uppsala, Sweden)

Autoclave 5075 ELV Tuttnauer (Breda, Netherlands)

Autoclave 3850 ELV Systec (Wettenberg, Germany)

BioPhotometer Eppendorf Eppendorf (Hamburg, Germany)

Centrifuge 5402 Eppendorf (Hamburg, Germany)

Centrifuge MicroStar 17R VWR (Darmstadt, Germany)

Centrifuge MicroStar 17 VWR (Darmstadt, Germany)

Micro-centrifuge M6 Sarstedt (Nümbrecht, Germany)

Universal 320/320R centrifuge Hettich (Kirchlengern, Germany)

Centrifuge CR312 Jouan Jouan (Altrincham, UK)

Centrifuge SorvallTM RC-28S DuPont (Wilmington, DE, USA)

CFX96 Real Time System, C1000TM Thermal Cycler Bio-Rad (Munich, Germany)

ChemiDocTM XRS+ Bio-Rad (Munich, Germany)

NalgeneTM Cryo 1°C Freezing Container Thermo Fisher Scientific (Waltham, MA, USA)

EASY-nLC 1000 Liquid Chromatograph Thermo Fisher Scientific (Waltham, MA, USA)

Electro Cell Manipulator ECM® 630 BTX Harvard Apparatus (Holliston, MA, USA)

Evos Imaging System Thermo Fisher Scientific (Waltham, MA, USA)

Fluid aspiration system BVC control Vacuumbrand (Wertheim, Germany)

Impact drill TH-ID 720/1 E Einhell (Landau a.d.Isar, Germany)

Incubator CO2CELL Standard line MMM Group (Munich, Germany)

CO2 incubator Model CB 220 Binder (Tuttlingen, Germany)

Incubator Model I Memmert (Schwabach, Germany)

Lab Dancer S40 VWR (Darmstadt, Germany)

Magnetic stirrer RH basic 2 IKA (Staufen, Germany)

Microscope Axiovert 40 CFL Carl Zeiss Jena (Oberkochen, Germany)

Microscope Primovert Carl Zeiss Jena (Oberkochen, Germany)

Microscope TELAVAL3 (Bright Field) Carl Zeiss Jena (Oberkochen, Germany)
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Microwave oven R-234 Sharp (Osaka, Japan)

Mini-PROTEAN® Tetra System Bio-Rad (Munich, Germany)

MS200 - Respirometer Cell (Clarke electrode) Strathkelvin Instruments (North Lanarkshire, Scotland)

Trans-Blot® TurboTM Transfer System Bio-Rad (Munich, Germany)

NanoDrop 2000c Spectrophotometer PEQLAB Biotechnology GmbH (Erlangen, Germany)

pH meter pH 538 WTW (Weilheim, Germany)

pH meter FE20 – FiveEasyTM pH Mettler-Toledo (Gießen, Germany)

POLARstar Omega BMG Labtech (Offenburg, Germany)

Power Supply FB 300 Fisher Scientific (St. Leon-Rot, Germany)

Power Supply EPS 1001 GE Healthcare (Uppsala, Sweden)

Power Supply MP-3AP Major Science (Saratoga, CA, USA)

Electrophoresis Power Supply EPS 1001 Amersham Pharmacia Biotech (Freiburg, Germany)

Electrophoresis chamber Vari-gel Roth (Karlsruhe, Germany)

Scale BP 160 P Sartorius (Göttingen, Germany)

Precision scale AX 6202 Sartorius (Göttingen, Germany)

Micro scale MC1 Analytic AC 210 S Sartorius (Göttingen, Germany)

Orbitrap Velos Thermo Fisher Scientific (Waltham, MA, USA)

Precision Weighing Balance HR150AZ A&D (Tokyo, Japan)

Seahorse XF Analyzer Agilent Technologies (Santa Clara, CA, USA)

SONOPLUS Ultrasonic Homogenizer 
HD 2070

Bandelin (Berlin, Germany)

Shaking bath SW-20C Julabo (Seelbach, Germany)

Shaking incubator GFL 3032 GFL (Burgwedel, Germany)

Shaking incubator WiseCube® Witeg (Wertheim, Germany)

Olympus IX70/ Olympus U-RFL-T Olympus (Tokyo, Japan)

PCR plate spinner VWR (Darmstadt, Germany)

Plate reader NanoQuant infinite M200 Tecan (Männedorf, Switzerland)

Plate reader Multiscan Ex Thermo Fisher Scientific (Waltham, MA, USA)

Platform Shaker Polymax 1040 Heidolph (Schwabach, Germany)

Platform Shaker WT17 Biometra (Göttingen, Germany)

Potter glass homogenizer Sartorius (Göttingen, Germany)

Potter-Elvehjem tissue grinder 5ml Wheaton (Millville, NJ, USA)

Sonotrode KE76 and MS73 Bandelin (Berlin, Germany)

Programmable rotator Multi Bio RS-24 Biosan (Riga, Latvia)

Spectrophotometer UVIKON 922 BioTek Instruments (Bad Friedrichshall, Germany)

Spectropolariometer J-810 JASCO Corporation (Pfungstadt, Germany)

T-Personal Thermal Cycler Biometra (Göttingen, Germany)
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Thermocycler T3000 Biometra (Göttingen, Germany)

Termomix 5436 Eppendorf (Hamburg, Germany)

ThermoShaker TS-100 + SC-18 PEQLAB Biotechnology GmbH (Erlangen, Germany)

TSQ Quantum Discovery Max Thermo Fisher Scientific (Waltham, MA, USA)

UV Light transluminator Fluo_Link Biometra (Göttingen, Germany)

Vortex-Genie 2 G560E Scientific Industires Inc. (Bohemia, NY, USA)

2.1.2 Software and tools
APBS Adaptive Poisson-Boltzmann Solver Macromolecular electrostatic calculation program

BioMath Calculators; Tm Calculations for Oligos Promega (https://www.promega.com/techserv/tools/bi
omath/calc11.htm)

Bio-Rad CFX ManagerTM Software Generation of DSF data

Bio-Rad ImageLabTM Software 5.1 Imaging and analysis of Western blots

BLAST Comparing sequences (http://blast.ncbi.nlm.nih.gov/) 

Expasy Bioinformatics expasy.org

GeneOptimizer Process Tool Thermo Fisher

ImageJ Western blot analysis

Inkscape Image labeling and figure generation

Libre Office Calc Calculations

MaxQuant Quantitative proteomics software

PDB2PQR Generates PQR files; required for APBS calculations

ProtParam tool Determine  molar  absorptivity   (Expasy.org/protɛ -
param)

Spectra Manager Imaging and analysis of CD spectra

Stratkelvin OCR Clark electrode measurement and analysis

Wave Analysis of Seahorse data

Xmgrace 2D graph plotting tool

2.1.3 Consumables
4-20 %  Mini-PROTEAN  TGX  Stain-FreeTM Gele
(10-well; 15-well)

Bio-Rad (Munich, Germany)

96-well microplates GreinerBio-One (Kremsmünster, Austria)

Cell culture cultivation flasks Sarstedt (Nümbrecht, Germany)

Cryotubes (2 ml) Sarstedt (Nümbrecht, Germany)

Falcon tubes (50 ml, 15 ml) Sarstedt (Nümbrecht, Germany)

LiChroCart column Merck (Hohenbrunn, Germany)

Illustra NAP-5 column GE Healthcare (Solingen, Germany)
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Needle, Sterican® - G21, G25, G27 B. Braun (Melsungen, Germany)

Ni SepharoseTM prepacked HisTrapTM HP GE Healthcare (Solingen, Germany)

Kryotubes (2 ml) Sarstedt (Nümbrecht, Germany)

Parafilm Roth (Karlsruhe, Germany)

PCR 96-well TW-MT-Plate, white Biozym (Oldendorf, Germany)

Pipette  tips and filter  tips (1000 µl,  200  µl,  10 µl,
2,5 µl)

Sarstedt (Nümbrecht, Germany)

Serological pipettes (25 ml, 10 ml, 5 ml, 1 ml) Sarstedt (Nümbrecht, Germany)

Tubes (2 ml, 1.5 ml, 0.2 ml) Sarstedt (Nümbrecht, Germany)

Zeba Spin Desalting Column Thermo Fisher Scientific (Waltham, MA, USA)

2.1.4 Chemicals and substances
Acrylan ANTISEPTICA (Pulheim/ Braunweiler, Germany)

Agarose Biozyme (Oldendorf, Germany)

Ampicilin AppliChem (Darmstadt, Germany)

BSA Roth (Karlsruhe, Germany)

Bradford 1x Dye Reagent (Quick StartTM) Bio-Rad (Munich, Germany)

Calcium chloride Roth (Karlsruhe, Germany)

Chloramphenicol AppliChem (Darmstadt, Germany)

CHAPS AppliChem (Darmstadt, Germany)

D-Glucose Fluka (Steinheim, Germany)

Dithionite AppliChem (Darmstadt, Germany)

DNaseI, 5811.8 U/mg AppliChem (Darmstadt, Germany)

DNTPs Fermentas (St. Leon-Rot, Germany)

DTT AppliChem (Darmstadt, Germany)

EDTA Roth (Karlsruhe, Germany)

Ethanol (96 % pure) Roth (Karlsruhe, Germany)

Glycerol Ferak (Berlin, Germany)

Glycine Roth (Karlsruhe, Germany)

H2O2 AppliChem (Darmstadt, Germany)

HEPES Sigma-Aldrich (Steinheim, Germany)

IncuCyteTM Annexin V Reagent Essen BioScience, Inc. (Ann Arbor, MI, USA)

IncuCyteTM Caspase-3/7 Reagent Essen BioScience, Inc. (Ann Arbor, MI, USA)

Imidazole Merck (Hohenbrunn, Germany)

iodoTMTTM Isobaric Label Reagent Thermo Fisher Scientific (Waltham, MA, USA)

IPTG Roth (Karlsruhe, Germany)

LB agar Roth (Karlsruhe, Germany)
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LB powder medium Roth (Karlsruhe, Germany)

MOPS AppliChem (Darmstadt, Germany)

MTT Roth (Karlsruhe, Germany)

NaCl Roth (Karlsruhe, Germany)

Na2HPO4 Roth (Karlsruhe, Germany)

NaH2PO4 Roth (Karlsruhe, Germany)

NEM Thermo Fisher Scientific (Waltham, MA, USA)

NP-40 (Nonidet-40) Thermo Fisher Scientific (Waltham, MA, USA)

Potassium acetat Sigma-Aldrich (Steinheim, German)

Potassium ferrocyanide VEB Kali-Chemie (Berlin, Germany)

Skimmed milk powder Roth (Karlsruhe, Germany)

RedsafeTM Nucleic Acid Staining 
Solution (20,000x)

INtRON (Gyeonggi-do, Korea)

Rnase-ExitusPlusTM AppliChem (Darmstadt, Germany)

Rubidium chloride AppliChem (Darmstadt, Germany)

SDS (pellets) Roth (Karlsruhe, Germany)

Super Signal® West Femto Thermo Fisher Scientific (Waltham, MA, USA)

Super Signal® West Pico Thermo Fisher Scientific (Waltham, MA, USA)

TCEP - Tris(2-carboxyethyl)phosphin Sigma-Aldrich (Steinheim, German)

Tetracycline AppliChem (Darmstadt, Germany)

Triethylammonium bicarbonate Sigma-Aldrich (Steinheim, German)

TFA - Trifluoroacetic acid Thermo Fisher Scientific (Waltham, MA, USA)

TMTTM Elution Buffer Thermo Fisher Scientific (Waltham, MA, USA)

Tris(hydroxymethyl)aminomethane Roth (Karlsruhe, Germany)

Tween® 20 Sigma-Aldrich (Steinheim, Germany)

WST-8 (CCK-8) Biotool LLC (Munich, Germany)

2.1.5 Solutions, buffer and nutrient media

Cell culture media
Cell line Medium Passaging ratio Cryo cultures

HeLa DMEM, low glucose; FCS Good; Penicillin/ Streptomycin 1/10 1 x106 cells

HeLa Grx2a+ DMEM, low glucose; FCS Good; Penicillin/ Streptomycin 1/5 1.5 x106 cells

HeLa DMEM, w/o glucose; FCS Good; Penicillin/ Streptomycin; 
L-Glutamine; Sodium pyruvate 

1/5 2 x106 cells

HeLa Grx2a+ DMEM, w/o glucose; FCS Good; Penicillin/ Streptomycin; 
L-Glutamine; Sodium pyruvate 

1/5 2 x106 cells
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DMEM, low glucose – P04-01550 PAN (Aidenbach, Germany)

DMEM, w/o glucose – P04-01548S1 PAN (Aidenbach, Germany)

Seahorse XF base medium/ minimal DMEM Agilent Technologies (Santa Clara, CA, USA)

Seahorse XF Calibrant Solution Agilent Technologies (Santa Clara, CA, USA)

DMSO AppliChem (Darmstadt, Germany)

DPBS GE Healthcare (Solingen, Germany)

Fetal calf serum – FCS Good PAN (Aidenbach, Germany)

L-Glutamine (200 mM) PAN (Aidenbach, Germany)

Penicillin/ Streptomycin (100x) 10 000 U/ml Penicilin, 10 mg/ml Steptomycin PAA/
GE Healthcare (Cölbe, Germany)

Sodium pyruvate (100 mM) PAN (Aidenbach, Germany)

Trypsin EDTA (10x) 5 mg/ml, GE Healthcare (Cölbe, Germany)

Lysis buffers
CHAPS lysis buffer, pH 7.5 150 mM NaCl, 50 mM Tris, 1 % (w/v) CHAPS, pH 7.5

NEM lysis buffer, pH 7.4 40 mM HEPES, 50 mM NaCl,  1 mM EDTA, 1 mM
EGTA, 100 mM NEM, 2 % CHAPS (add before use)

NP40 buffer, pH 7.4 10 mM Tris/HCl, 10 mM NaCl, 3 mM MgCl2, 0.1 %
NP40 (w/v)

Antibiotics
Ampicillin 100 mg/ml in ddH2O

Chloramphenicol 33 mg/ml in 70 % ethanol

Doxorubicin hydrochloride 3.448 mM – Teva

Tetracyline 10 mg/ml in 70 % ethanol

Nucleic acid
2x SensiMix SYBR Hi-ROX Bioline (Luckenwalde, Germany)

Restriction buffer New England BioLabs (Frankfurt, Germany)

T4 DNA Ligase (for Rapid Ligation) Thermo Fisher Scientific (St. Leon-Rot, Germany)

T4 DNA Ligase Promega (Madison, WI, USA)

FastAP Thermosensitive Alkaline Phosphatase Thermo Fisher Scientific (St. Leon-Rot, Germany)

2.1.6 Markers
GeneRulerTM DNA Ladder Mix Thermo Fisher Scientific (St. Leon-Rot, Germany)

MassRulerTM Loading Dye 6x Thermo Fisher Scientific (St. Leon-Rot, Germany)

PageRulerTM Unstained Protein Ladder Thermo Fisher Scientific (St. Leon-Rot, Germany)
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Color Protein Standard Broad Range New England Biolabs (Ipswich, MA, USA)

2.1.7 Kits
NucleoSpin® Plasmid Macherey-Nagel (Düren, Germany)

NucleoSpin® Gel and PCR Clean-up Macherey-Nagel (Düren, Germany)

NucleoSpin® RNA Macherey-Nagel (Düren, Germany)

Nucleospin® Xtra Midi Macherey-Nagel (Düren, Germany)

pGEM®-T Easy Vector System Promega (Madison, WI, USA)

Rapid DNA Dephos and Ligation Kit Roche Diagnostics GmbH (Mannheim, Germany)

RevertAid First Strand cDNA Synthesis Kit Thermo Fisher Scientific (St. Leon-Rot, Germany)

Seahorse XF Cell Mito Stress Test kit Agilent Technologies (Santa Clara, CA, USA)

Thermo ScientificTM Mitochondria Isolation Kit for 
Cultured Cells

Thermo Fisher Scientific (St. Leon-Rot, Germany)

Trans-Blot® TurboTM RTA Transfer Kit, PVDF Bio-Rad (Munich, Germany)

Qproteome Mitochondria Isolation Kit Qiagen (Hilden, Germany)

2.1.8 Antibodies
Antibody Organism Dilution Company

Anti-tubulin mouse 1:5000 Sigma-Aldrich (Steinheim, German)

Anti-COX IV rabbit 1:2000 Cell Signaling Technology (Danvers, MA, USA)

Anti-Grx5 rabbit 1:1000 Serum, AG Lillig (Greifswald, Germany)

Anti-Grx2 rabbit 1:1000 Serum, AG Lillig (Greifswald, Germany)

Anti-goat HRP rabbit 1:5000 Sigma-Aldrich (Steinheim, German)

Anti-mouse HRP goat 1:5000 Calbiochem (Darmstadt, Germany)

Anti-rabbit HRP goat 1:5000 Bio-Rad (München, Germany)

Immobilized Anti-TMTTM 
Antibody Resin

- - Thermo Fisher Scientific (St. Leon-Rot, Germany)

2.1.9 Restriction enzymes
Restriction enzyme Manufacturer

BamHI New England Biolabs (Ipswich, MA, USA)

BglII New England Biolabs (Ipswich, MA, USA)

NdeI New England Biolabs (Ipswich, MA, USA)

NheI New England Biolabs (Ipswich, MA, USA)

SacI New England Biolabs (Ipswich, MA, USA)

XhoI New England Biolabs (Ipswich, MA, USA)
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2.1.10 Polymerases
DNA-Polymerase Characteristics Manufacturer

DyNAzyme Ext DNA 
Polymerase 1 U/µl

Suitable for T/A and blunt end cloning, 5' → 3' 
exonuclease activity and weak 3' → 5' exonuclease 
activity, 40 s/ kb DNA amplification

Thermo Fisher Scientific (St.
Leon-Rot, Germany)

OneTaq® DNA Polymerase optimized blend of Taq and Deep Vent® DNA, 2x higher
fidelity than Taq, 3´→ 5´ exonuclease activity, 
1 min/ kb

New England Biolabs 
(Ipswich, MA, USA)

Phusion® HF 50x higher fidelity than Taq, 3´→ 5´ exonuclease 
activity, generates blunt ends,  40 s/ kb

New England Biolabs 
(Ipswich, MA, USA)

Pfu-Polymerase 3´→ 5´ exonuclease (proofreading) activity, No 5' → 3' 
exonuclease activity, error rate 2.6×10-6 per cycle, 
generates blunt ends, 2 min/ kb

Thermo Fisher Scientific (St.
Leon-Rot, Germany)

Q5® High-Fidelity Polymerase High fidelity amplification, ultra-low error rates, 3' → 5' 
exonuclease activity 20-30 s/ kb amplification

New England Biolabs 
(Ipswich, MA, USA)

2.1.11 Oligonucleotides

2.1.11.1 General oligonucleotides
Name Sequence Restriction site Target Tm  (°C)

PRDT007 CACACACATATGGGCTCGGGCGCGGGC NdeI GLRX5 65

PRDT008 CACACAAGATCTTCACTTGGAGTCTTGGTCT
TTCTTTTCATCTAAAAGG

BglII GLRX5 61

PRDT041 CACACAGGATCCATGGAGAGCAATACATCA
TCATC

BamHI GLRX2 53

PRDT042 CACACACTCGAGTCACTGAAATTCTTTCCTC
TTAC

XhoI GLRX2 51

PRDT043 CACACAAGATCTATGGGCTCGGGCGCGG BglII GLRX5 63

PRDT044 CACACACTCGAGTCACTTGGAGTCTTGGTCT
TTCTTTTCATCTAAAAGG

XhoI GLRX5 62

PRDT086 CACACAGCTAGCATGAGCGGGTCCCTCGGC NheI GLRX5 62

Materials table 1: Primers used for mutagenesis

2.1.11.2 Oligonucleotides for site-directed mutagenesis
Name* Sequence Mutation Target Tm  (°C)

PRDT013 GTGGTCTTCCTCTCGGGGACGCCGGA K59S GLRX5 68

PRDT014 TCCGGCGTCCCCGAGAGGAAGACCAC K59S GLRX5 68

PRDT015 GGTGGTCTTCCTCCAGGGGACGCCGG K59Q GLRX5 68

PRDT016 CCGGCGTCCCCTGGAGGAAGACCACC K59Q GLRX5 68

PRDT017 GGACAAGGTGGTGGTCTTCCTCAAGCCCCAGT del 60-64 GLRX5 76
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Name* Sequence Mutation Target Tm  (°C)

GCGGCTTCAGCAACG GTPEQ

PRDT018 CGTTGCTGAAGCCGCACTGGGGCTTGAGGAA
GACCACCACCTTGTCC

del 60-64 
GTPEQ

GLRX5 76

PRDT023 GGGACGCCGGAGCAGACATCCTGTTCTTACTG
TACAATGG

insert GTPEQ GLRX2 55/ 70

PRDT024 CTGCTCCGGCGTCCCTTTTGAGAAAATCACCA
CACAATTATCAGAAATTG

insert GTPEQ GLRX2 58/ 69

PRDT039 GTTTGTAGGGGGCGCTGACATTCTTCTGC C122A GLRX5 62

PRDT040 GCAGAAGAATGTCAGCGCCCCCTACAAAC C122A GLRX5 62

PRDT045 CTATGGGCTCGGGCGCGGGCGGCGGC GC Grx5 K59S 75

PRDT046 GCCGCCGCCCGCGCCCGAGCCCATAG G→C Grx5 K59S 75

PRDT047 CGACGGCGCCTGTGAACCAGATCCAAG T→A GLRX2 67

PRDT048 CTTGGATCTGGTTCACAGGCGCCGTCG T→A GLRX2 67

PRDT049 CTGGTGAAAGAACTGTTCCAAGAATATTTGTC T→C GLRX2 58

PRDT050 GACAAATATTCTTGGAACAGTTCTTTCACCAG T→C GLRX2 58

PRDT051 CTGTACAATGGCAAAAAAGCTTTTCCATGAC G→A Grx2 
MTloop

60

PRDT052 GTCATGGAAAAGCTTTTTTGCCATTGTACAG G→A Grx2 
MTloop

60

PRDT053 GCTGACATTCTTCTGCAGATGCACCAGAATG C122A GLRX5 62

PRDT054 GCGCCCCCTACAAACTCGCCATTGAG C122A GLRX5 62

PRDT0871 CCAGTTCCAAGATGCTCTTTACGACATGACTGGTG
AAAGAACTGTTCC 

K79D GLRX2 
MTloop

67

PRDT0881 GGAACAGTTCTTTCACCAGTCATGTCGTAAAGAGC
ATCTTGGAACTGG 

K79D GLRX2 
MTloop

67

PRDT0892 CGACATGACTGGTGAACCAACTGTTCCACAGATAT
TTGTC 

R84P GLRX2 
MTloop

64

PRDT0902 GACAAATATCTGTGGAACAGTTGGTTCACCAGTCA
TGTCG 

R84P GLRX2 
MTloop

64

PRDT0913 GGTGAAAGAACTGTTCCACAGATATTTGTCAATGG
TAC 

R88Q GLRX2 
MTloop

61

PRDT0923 GTACCATTGACAAATATCTGTGGAACAGTTCTTTC
ACC 

R88Q GLRX2 
MTloop

61

PRDT0934 CCACAGATATTTGTCAATGGTGAGTTTATTGGAGG
TGCAACTGAC 

T94E GLRX2 
MTloop

65

PRDT0944 GTCAGTTGCACCTCCAATAAACTCACCATTGACAA
ATATCTGTGG 

T94E GLRX2 
MTloop

65

PRDT0956 GAGTTTATTGGAGGTGCAGACGACACTCATCAGA
TGC 

T100D GLRX2 
MTloop

64

PRDT0966 GCATCTGATGAGTGTCGTCTGCACCTCCAATAAAC T100D GLRX2 64
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Name* Sequence Mutation Target Tm  (°C)

TC MTloop

PRDT0975 GGAGGTGCAACTGACACTCATCAGATGCACCAGG
AAGGAAAATTGCTCCCACTAG 

R104Q, L105M,
K107Q

GLRX2 
MTloop

70

PRDT0985 CTAGTGGGAGCAATTTTCCTTCCTGGTGCATCTGA
TGAGTGTCAGTTGCACCTCC 

R104Q, L105M,
K107Q

GLRX2 
MTloop

70

PRDT104 CTAAGACCTCTTGTTCTTACTGTACCATGGCCAAA
AAGTTGTTCC 

DTloop y.o. GLRX2 
MTloop y.o.

66

PRDT105 GAGGTCTTAGAGAAAATGACGACGCAGTTATCAG
AAATGGTTTCTTGAATCTGG 

DTloop y.o. GLRX2 
MTloop y.o

66

Materials table 2: Primers for Site directed remutagenesis; *numbers in lower script indicate the
sequence  of  use  to  introduce  8  sequential  point  mutations  to  Grx2 MTloop  and  guarantee
successful binding to the target sequence; y.o.: codon harmonized for yeast

2.1.11.3 Oligonucleotides for qPCR
Name Sequence (5' → 3') direction Target Tm  (°C)

PRG3PDH-fwd CAAGGTCATCCATGACAACTTTG fwd GAPDH 63

PRG3PDH-rev GTCCACCACCCTGTTGCTGTAG rev GAPDH 68

PRMG042 GCCTATGAGTGTCAGTTGCACC rev Grx2b/c 64

PRMG044 CTGGTTTGGAGCAGGAGCGGCTC fwd Grx2a 58

2.1.11.4 Oligonucleotides for sequencing
Name Sequence (5' → 3') Target

T7-prom GTAATACGACTCACTATAGGGC pET15b rev; various

pet fwd CGAAATTAATACGACTCACTATAGG pET15b fwd

TDH-prom CTTAGTTTCGACGGATTCTAG p416-TDH3 fwd

TDH fwd GACGGTAGGTATTGATTG p416-TDH3 fwd + mito. sequence

Cyc-term GCGTGACATAACTAATTAC p416-TDH3 reverse

2.1.12 Cell lines
HeLa human epithelial cervix carcinoma cell line

HeLa Grx2a+ cell line overexpressing mitochondrial Grx2

HeLa Grx2c+ cell line overexpressing cytosolic Grx2
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2.1.13 Short interfering RNAs*

siRNA Target sequence (5' → 3')

siControl
CAU UCA CUC AGG UCA UCA GdTdT

CUG AUG ACC UGA GUG AAU GdTdT

siGrx2
GGU GCA ACU GAC ACU CAU AdTdT

UAU GAG UGU CAG UUG CAC CdTdT

siGrx5
GCU CCG ACA AGG CAU UAA AdTdT

UUU AAU GCC UUG UCG GAG CdTdC

* ordered from Eurogentec, (Liège, Belgium)

2.1.14 Escherichia coli strains
XL-1 blue mrf' Tetracycline resistance Stratagene (Santa Clara, CA, USA)

BL21-CodonPlus (DE3)-RIL Chloramphenicol resistance Stratagene (Santa Clara, CA, USA)

2.1.15 Vectors
pGEM®-T (Promega, Madison, WI, USA) 3000 bps; single 3' thymine overhang at insertion site;

T7 and SP6 promotor, ampicillin resistance

pET-15b – Novagen (Merck, Darmstadt, Germany) 5708 bps; T7 promotor, N-terminal His-tag sequence, 
ampicillin resistance

p416-TDH3 (provided by Prof. Mühlenhoff Marburg, 
Germany)

5903 bps; mitochondrial targeting sequence for yeast; 
ampicillin resistance

p426-TDH3 (provided by Prof. Mühlenhoff Marburg, 
Germany)

6731 bps; mitochondrial targeting sequence for yeast; 
ampicillin resistance

pExpress (85) 4680 bps; two promotors for expression in E. coli and 
eukaryotic cells; ampicillin resistance

pMA-RQ (GeneArt® Cloning Vector, Invitrogen by 
Thermo Fisher; St. Leon-Rot, Germany)

2743 bps, contains a synthetic version of a codon 
optimized Grx2-MTloop gene for yeast; ampicillin 
resistance

2.2 Methods

2.2.1 Cell biological methods

2.2.1.1 General cell maintenance
Cells were cultivated in cell culture flasks with appropriate culture medium (see 2.1.5) at
37 °C, 5 % CO2 and saturated air humidity. Cells were passaged after 3-4 d when a con-
fluence of 80-100 % was reached. Therefor cells were washed with DPBS and trypsinized
for 5 min at 37 °C before stopping the reaction with culture medium. The cells were pel-
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leted (100 xg, 5 min), resuspended in fresh culture medium and an appropriate amount
of the cells was seeded into a new flask with fresh culture medium.

2.2.1.2 Cell harvesting and cell lysis
Cells  were washed,  trypsinized  and taken up in fresh culture medium, before  pellet -
ing (100 xg, 5 min) and washing with DPBS. For cell lysis, the pellet was resuspended in
protease inhibitor supplemented lysis buffer using twice the pellet volume. Cell suspen -
sion was incubated for 20 min at room temperature (RT) before freezing at -80 °C for at
least 1 h.

2.2.1.3 Cell counting
Cells were harvested and resuspended in culture medium. 10 µl of a 1:10 dilution was
loaded to a Neubauer counting chamber. Cells were counted and concentration was cal -
culated using the following formula:
cells/ µl = counted cells x10 x10.

2.2.1.4 Preparing and thawing cryocultures
Harvested cells were counted before a cell type specific amount was resuspended in 1  ml
of freezing medium (culture medium supplemented with 10 % DMSO) and transferred to
cryotubes.  Tubes were gently frozen in a freezing container at -80 °C and afterward
stored in liquid nitrogen.

2.2.1.5 Cell transfection via electropermeabilization
Electroporation  buffer:  21 mM HEPES,  137 mM NaCl,  5 mM KCl,  0.7 mM Na2HPO4,  and
6 mM D-glucose or 12 mM galactose; pH 7.15

3.5 x106 cells were washed with DPBS and resuspended in 550 µl cold electroporation
buffer containing 15 µg of the desired nucleotide. The mix was transferred to a electropo-
ration  cuvette  before  an  electrical  pulse  was  discharged  through  the  suspension  for
~25 ms using an Electro Cell Manipulator. Used pulse settings were: 250 V; 500 Ω and
1500 µF. Immediately after pulsing, cells were mixed with 550 µl FCS and transferred
into fresh medium that was conditioned with old medium in a 5:1 ratio. 

2.2.1.6 Subcellular fractionation 
All steps in the following protocols were performed on ice and samples were always cen-
trifuged at 4 °C. If not stated otherwise, the following centrifugation protocol was used
after homogenization: Cell debris and intact cells were pelleted at 600 xg, 10 min. The
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supernatant was again centrifuged at 12000 x g for 15 min to separate mitochondria as a
pellet from the cytoplasmic fraction (supernatant). 

Thermo Fisher Kit

Mitochondria were isolated according to the suppliers protocol using the Thermo Scien-
tificTM Mitochondria Isolation Kit for Cultured Cells. Up to 20 x106  cells were dissolved
in 800 µl reagent A, incubated for 2 min, mixed with 10 µl reagent B and further incu-
bated for 5 min while vortexing the sample every minute. Cell lysis was stopped by addi-
tion of reagent C. Cell debris and organelles were pelleted by centrifugation at 700 x g
for 10 min. By centrifugation of the supernatant (12000 x g, 15 min) a mitochondrial and
a cytoplasmic cell fraction were obtained.

Digitonin based membrane disruption

DPBS washed cells were resuspended and fractionated according to the Thermo Fisher
protocol with the difference, that instead of Buffer B, digitonin in DMSO was used. A
20 % and a 10 % digitonin in DMSO stock solution were tested.

Qiagen Kit

Following the suppliers protocol up to 5 x106 cells were washed with a 0.9 % NaCl solu-
tion and lysed in 2 ml lysis buffer in an end-over-end shaker at 4 °C. The lysate was cen-
trifuged (1000 xg, 10 min) and the pellet was resuspended in 1.5 ml disruption buffer.
Cell disruption was increased by passing the lysate 10x through a 21G needle. Cell de-
bris, cytoplasmic fraction and mitochondria were obtained as described above.

Sonication

Isolation buffer: 250 mM sucrose, 10 mM HEPES; pH 7.5

Cells were washed with DPBS, resuspended in 1 ml isolation buffer and lysed using the
Ultrasonic Homogenizer with the MS 73 probe: 50 % cycles, 25 s, and 70 % power. The
standard centrifugation protocol was used for further fractionation. 

Ultra Turrax or needle and syringe

NK buffer: 1 mM Tris-HCl (pH 7.4), 0.13 M NaCl, 5 mM KCl, 7.5 mM MgCl2; homogenization
buffer: 10 mM Tris-HCl (pH 6.7), 10 mM KCl, 0.15 mM MgCl2, 1 mM PMSF, 1 mM DTT

5 x106 cells were washed 3x in 10 packed volumes of NK buffer before resuspending in
six packed volumes of homogenization buffer. Cells were incubated for 10 min. For sy-
ringe protocol, lysate was passed through a G26 needle 20x using a 5 ml syringe. For
Turrax protocol cells were disrupted by homogenizing the sample for 3x 25 s with the
Ultra Turrax T8. For both methods homogenate was mixed with one packed cell volume
of 2 M sucrose before pelleting cell debris as described above.
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Needle and digitonin

After  cells  were  washed  with  DPBS,  they  were  resuspended  in  DPBS  containing
2 % digitonin, incubated for 2 min and afterward pushed through a G26 needle 10x. The
homogenate was than filled up to 1 ml using DPBS.

Crude Digitonin Protocol

Mitobuffer 1: 5 mM Tris/HCl, 250 mM sucrose, 1 mM EDTA, 1 mM EGTA, 1.5 mM MgCl2,
protease inhibitor; pH 7.4; Digitonin buffer: Mitobuffer 1 containing 0.008 % digitonin

Cells were harvested, washed in DPBS and lysed in 800 µl digitonin buffer for 10 min.
100 µl were transferred to a new tube as whole lysate fraction. The remaining lysate was
centrifuged at 17000 xg for 10 min. Supernatant was snap frozen in liquid nitrogen as cy-
tosolic  fraction  and the  pellet  was  washed with DPBS before  resuspending  in  Mito-
buffer 1 as crude mitochondrial fraction.

Glas homogenizer

Isolation buffer GH: 250 mM sucrose, 1 mM EDTA, and 20 mM Tris/HCl (pH 7.4)

Cells were washed with DPBS, resuspended in mitochondria isolation buffer GH and ho-
mogenized using 50 or 100 strokes in a dounce type glass Potter homogenizer. The ho-
mogenate was centrifuged as described above to obtain the mitochondrial fraction.

2.2.1.6.1 Fractionation for iodoTMTTM labeling
MI buffer: 210 mM mannitol, 70 mM sucrose, 5 mM Tris-HCl (pH 7.5), 1 mM EDTA (pH 7.5),
0.1 % fatty acid free BSA; pH 7.4

Approximately 55 x106 cells were harvested, washed with DPBS and transferred to a
2 ml tube. One tenth was transferred to a new tube for later analysis of the whole cell
lysate. The remaining cells were pelleted and resuspended in 3.5 ml MI buffer and trans-
ferred to a Potter-Elvehjem homogenizer. The teflon pestle for cell homoginization was
moved up and down while rotated at a speed of 1600 rpm. During homogenization buf-
fers, samples, and tools were cooled on ice. After a total of 150 strokes was performed
homogenate was filled up to a final volume of 8 ml (using MI buffer). Homogenate was
pelleted at 600 xg for 15 min before the cleared lysate was transferred to fresh 2 ml tubes
and mitochondria enriched fractions were pelleted at 12000 xg for 15 min. Mitochondria
pellets were washed with MI buffer and combined in a fresh 1.5 ml tube. To remove ex-
cess lipids and debris from the top of the pellet, centrifugated mitochondria were washed
with DPBS and again pelleted before proceeding with thiol labeling.
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2.2.1.6.2 Fractionation for Clark electrode measurement
Mito Storage buffer: 250 mM sucrose, 10 mM Tris-HCl, pH 7.4 at 4 °C

The isolation of mitochondria was performed as described above. However, the combined
mitochondrial enriched fraction was washed 2x with MI buffer without BSA to prevent
interferences  in  the  following  measurements.  Mitochondria  were  then resuspended  in
Mito Storage Buffer. 

2.2.1.7 Respiratory measurements

2.2.1.7.1 Seahorse system

Cells were seeded to Seahorse XF96 V3 PS Cell Culture Microplates and grown for 3 d.
Assay cartridges were hydrated at 37 °C with Seahorse XF Calibrant 24 h prior to the
assay.  30 min before the measurement  culture medium was exchanged with XF base
medium (minimal DMEM) according to the suppliers protocol. Cells were placed into the
Seahorse system and the measurement was performed according to the suppliers proto-
col.

2.2.1.7.2 Clarc type electrode
Na2SO3 calibration solution: Na2SO3 with a few crystals of CoCl2, Assay buffer: 250 mM sucrose,
22 mM KCl, 22 mM triethanolamine-HCl, 3 mM MgCl2, 5 mM KH2PO4, pH 7.4 at 30 °C

Experiments were performed according to a protocol provided by Sarah Gürtler (Greifs -
wald, Germany) modified from Odinokova et al. (86). All measurements were performed
in the MS200 systems airtight glass chamber that was thoroughly cleaned with water
and ethanol in between measurements. In brief, the clark type electrode was calibrated
using 250 µl O2 saturated nanopure H2O (~244 µM O2) and H2O that was mixed with
30 µl Na2SO3 calibration solution (0 % O2). 500 µl assay buffer minus the volume of the
mitochondria suspension were transferred to the chamber. The solution was measured for
1 min while carefully stirring with a stir bar at 500 rpm. Mitochondria were added and
the plunger was closed before measuring the baseline for at least 1 min. Modifiers of the
respiratory  chain  were  added  to  the  following  concentration  using  a  10 µl  syringe.
10 mM glutamate and malate; 10 mM succinate; 1 µM CCCP and 100 nM ADP (per in-
jection).



31

2.2.1.8 Viability assay
SDS lysis buffer: 0.22 % HCl, 10 % SDS in DMSO

Cells were seeded to a 96-well plate and cultivated for the desired time. 24 h before the
assay started cells were treated with 0.1 µM DOX in 100 µl cell culture medium. After
24 h the medium was removed and 100 µl fresh medium containing WST-8 was added to
the wells. The cells were than incubated at 37 °C for 2-4 h. Absorption was measured at
a wavelength of  450 nm with the  Tecan Infinite M200.  A similar  approach was used
when utilizing MTT instead of WST-8. Before adding 0.5 mg MTT in culture medium
the cells were carefully washed with DPBS twice. After 2 h incubation, supernatant was
carefully removed and the plate was stored at -80 °C overnight. Cells were thawed and
subsequently lysed with 50 µl SDS lysis buffer per well for 30 min at 37 °C. Absorption
was measured at 550 nm.

2.2.2 Molecular biological methods

2.2.2.1 Isolating mRNA
For mRNA isolation around 2.5 x106 cells were harvested from a T25 culture flask and
washed with DPBS. Cell lysis and RNA isolation was performed according to the suppli -
ers protocol of the NucleoSpin® RNA kit.

2.2.2.2 Synthesizing cDNA
Isolated mRNA was used as template for cDNA synthesis  using the RevertAid First
Strand cDNA Synthesis Kit. 1 µg of mRNA was mixed with nuclease free water (NFW),
5x Reaction Buffer, dNTP Mix, Oligo(dT)18 primer, RiboLock RNase Inhibitor, and Re-
verse Transcriptase according to the suppliers protocol. The final reaction volume was
30 µl. The mix was incubated at 42 °C for 1 h before the enzyme was heat inactivated at
72 °C for 5 min. 

2.2.2.3 Polymerase chain reaction (PCR)
PCR is used to amplify a DNA sequence. The sequence is amplified by denaturing a
template sequence, followed by annealing and elongation of primers at specific tempera-
tures. While repeating these steps 15-30x the number of sequence copies is growing expo-
nentially. Most of the PCRs during this thesis were performed as hot start PCRs, so a
more detailed protocol can be found in the next sub-chapter.
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2.2.2.3.1 Hot start PCR

To decrease unspecific primer binding during the initial heating phase, the polymerase is
added to the hot reaction mixture after the initial heating. In the following table a stan-
dard protocol for hot start PCR using Pfu polymerase and a plasmid DNA template is
depicted.

When using cDNA, the initial denaturation was performed for 2 min. 5-10 % DMSO
was added to the PCR mix when GC-content of the primers exceeded 60 %. For every
5 % DMSO the annealing temperature was reduced by 3 °C. When using a different
DNA polymerase the PCR mixtures and annealing temperature were prepared and calcu -
lated according to the suppliers protocol. 

2.2.2.3.2 Colony PCR

To identify successful transformation of bacteria with plasmid DNA containing a known
target, one bacteria colony was resuspended in 50 µl  NFW. 5 µl of  the sample  were
transferred  to a fresh PCR tube and the remaining water was used to inoculate an
overnight culture (see  2.2.2.12). The PCR tube was heated in a PCR thermo cycler at
95 °C for 10 min. Then 20 µl of a PCR master mix were added to the tube. The compo-
sition of the reaction mix corresponded to the final concentrations listed in material ta -
ble 3 but was adjusted to a reaction volume of 25 µl. The reaction conditions were deter-
mined on the basis of 2.2.2.3.1.

2.2.2.4 Real-time quantitative PCR
For assessment of the amount of free mRNA in a sample, real-time quantitative PCR
(qPCR) was used. Isolated mRNA was translated to cDNA as described above. 1 µl of

T °C time go to

1. initial denaturation 95 10 min

2. add polymerase 80 Pause

3. denaturation 95 30 sec

4. annealing * 45 sec *Tm-5 (45-72)

5. elongation 72 2 min/ kb step 3; 32x

6. final elongation 72 10 min

7. cool sample 4 Pause

Materials  table  3:  Representative  protocols  for  Hot  start  PCR;  left  table  indicates  the  used
temperatures and times; right table shows the amount of used enzymes

µl stock conc. final conc.

reaction buffer 5 5x 1x

forward primer 2.5 10 µM 500 nM

reverse primer 2.5 10 µM 500 nM

dNTPs 0.4 25 mM 200 µM

template 2 1 ng/ µl

DMSO 0-5 µl 100 % 0-10 %

NFW fill up to 50 µl

Pfu polymerase 0.5 1.25 U
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cDNA was mixed with 10 µl 2 x Sybr mix, 1 µl of a target specific 10 µM primer mix
and 8 µl NFW to a final volume of 20 µl per well. Samples were measured in triplicates,
while NFW was used as negative control for each primer pair. The following table de-
picts the thermal cycling conditions performed with the CFX96 Real Time System. Ob-
tained data was quantified using the CFX ManagerTM Software.

2.2.2.5 Site-directed mutagenesis
For site-directed mutagenesis of plasmid DNA, appropriate primers were designed ac-
cording to the general guidelines described in section 2.2.2.6. The PCR was performed as
Hot-Start PCR with Pfu Polymerase and 10 ng template DNA. The cycles of denatura-
tion, annealing and elongation was repeated 15 times. The elongation time was adjusted
to 2 min/ kb. After completion the template plasmid was digested using DpnI for 3h at
37°C before heat inactivating the enzymes for 20 min at 80°C. 28 µl of the digestion mix
were used for transformation of competent cells.

2.2.2.6 Primer design
For design of cloning primers, the targets mRNA sequence was downloaded from Na-
tional Center of Biotechnology Information (www.ncbi.nlm.nih.gov) or European Nucleo-
tide  Archive  (www.ebi.ac.uk/ena).  Molecule  processing  sequences  (e.g. mitochondria
transit peptide) were identified and not further considered for cloning of proteins used
for expression. Melting temperature (Tm) and GC content of the primers was determined
with Promega Biomath Calculator. Ideally the sequence had a GC content between 40-
60 % and a Tm between 50-75 °C, while at the same time the Tm of forward and reverse
primer did not differ by more than 5 °C. The primers 5' ends contained recognition se-
quence and a 6 base extension for molecular cloning using restriction enzymes. 

T °C time addition

1. initial denaturation 95 10 min

2. denaturation 95 10 sec

3. annealing 58 15 sec

4. extension 72 20 sec Plate read

5. goto 3; 45x

6. denaturation 95 10 sec

7. additional meting-profile analysis: 
Melt curve between 65 and 95 °C with 0.5 °C increment/ 5 sec



34 Materials and Methods

2.2.2.6.1 Site-directed mutagenesis primers

For site-directed mutagenesis of up to 4 bases in direct vicinity, primers were designed
with the mutation site flanked by at least 12 complementary bases on each side. For mu-
tations,  insertions  and/  or  deletions  of  more  than  4  bases,  the  forward  and  reverse
primers were designed to overlap by only 5 bases at the 5' end. Primers were also opti -
mized to match the same Tm and GC-content for the complementary binding site as de-
scribed for standard cloning primers (2.2.2.6).

2.2.2.7 Agarose gel electrophoresis
TAE buffer: 40 mM Tris, 20 mM Acetic acid, 1 mM EDTA, pH 8.5

DNA  samples  were  separated  via  electrophoresis.  1-2 % agarose  in  TAE buffer  was
heated  until  dissolved  completely.  The  solution  was  cooled,  mixed  1:10000  with  a
10 % RedsafeTM working solution and casted to a gel tray. The DNA samples were mixed
with a 6 x MassRulerTM Loading Dye to a final concentration of 1 x and loaded to the
agarose gel along with DNA GeneRulerTM. After applying a voltage of 120 V for 40 min
the separation was either imaged via the ChemiDocTM XRS+ system or nucleotides were
isolated from the agarose gel, as described in the following.

2.2.2.8 Extraction from agarose gel and purification of DNA
DNA samples  separated by agarose gel electrophoresis  were imaged on an UV Light
transluminator to cut out the desired band, using long wavelength UV to decrease DNA
damage. DNA from agarose gels or PCR reactions was purified according to the suppliers
protocol of the NucleoSpin® Gel and PCR Clean-up kit. In brief the samples were mixed
and dissolved in a chaotropic guanidine hydrochloride buffer, loaded to a column and
washed before eluting the DNA with 30 µl of a 50 mM TrisBuffer.

2.2.2.9 Restriction
Purified PCR products or plasmid DNA was digested with restriction enzymes and buf-
fers by NEB. Up to 1 µg of DNA was mixed with 2 µl 10x buffer and 10 units of each re-
striction enzyme. The reaction mixture was filled up with nuclease-free water to a final
volume of 20 µl and incubated at 37 °C. For test restriction, the mix was incubated up
to 2 h. When directly cloning PCR products into the target vector, the mixture was in-
cubated overnight.  Appropriate  buffers  and star  activity  were determined with NEB
cloner (https://nebcloner.neb.com).
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2.2.2.10 Dephosphorylation
For dephosphorylation of digested plasmid DNA, 17 µl of purified DNA were mixed with
2 µl  10x  FastAP  buffer  and  1 µl  FastAP  Thermosensitive  Alkaline  Phosphatase
(1 U/µl). The mixture was incubated at 37 °C for 20 min and afterward heat inactivated
for 10 min at 75 °C.

2.2.2.11 Ligation

2.2.2.11.1 T/A-Ligation – Subcloning

Cloning into the pGEM®-T vector was performed by following the instructions of the
pGEM®-T Easy Vector System by Promega. A mix of the insert with 3'-A overhangs was
added to 1 µl of the plasmid (containing 3'-T overhangs) in a ratio of 3:1. T4 DNA Lig-
ase Reaction Buffer and 2.5 units of T4 Ligase were added with NFW to a final volume
of 10 µl and incubated for 1 h at RT before using the ligation mix for transformation
into E. coli.

2.2.2.11.2 Rapid ligation of DNA fragments with target vectors

For ligation of inserts into the target vector, T4 ligase by Thermo Fisher was used. The
reaction mixture contained 14 µl of insert with appropriate  restricted ends, 3 µl of re-
stricted dephosphorylated target vector, 2 µl of 10x T4 Ligase buffer and 1 µl (5 units) of
the T4 ligase. The mix was incubated for 20 min at RT and afterward used for a trans-
formation into E. coli.

2.2.2.12 Cultivation of bacteria
Bacteria were either cultivated in lysogenie broth (LB) or on agar plates. Both were sup -
plemented with appropriate antibiotics. For overnight cultures LB was inoculated with
one  colony  and  incubated  at  37 °C  over  night  in  an  orbital  shaking  incubator  at
200 rpm. Inoculated agar plates were incubated overnight at 37 °C and stored at 4 °C for
a maximum of 3 month.

2.2.2.13 Production of competent E. coli cells
RF1-solution: 100 mM RbCl, 50 mM MgCl2, 30 mM potassium acetat, 10 mM CaCl2, 15 %
glycerol; pH 5.8; RF2-solution: 10 mM MOPS, 10 mM RbCl, 75 mM CaCl2, 15 % glycerol,
pH 6.8

Competent cells were produced by inoculating 300 ml LB with 10 ml of an overnight cul-
ture that was prepared from the desired bacteria stem. Optical density (OD) was mea-
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sured until an OD600 of 0.5-0.7 was reached. The cells were pelleted and resupended in
buffer RF1 and incubated for 15 min on ice. After an additional centrifugation step, the
cells were resuspended in 24 ml of buffer RF2, incubated on ice or 15 min, aliquoted to
200 µl and snap frozen in liquid nitrogen before storing them at -80 °C. 

2.2.2.14 Transformation of competent E. coli
Competent cells were thawed on ice and immediately mixed with circular or linear plas-
mid DNA, before incubating for 20 min on ice. After heat shocking (42 °C for 90 sec)
and further 5 min on ice, 800 µl LB were added to the bacteria. Cells were incubated for
1 h at 37 °C, pelleted (3000 g, 5 min) and resuspended in 60 µl LB before plating the
bacteria on an agar plate with appropriate antibiotics. 

2.2.2.15 Plasmid DNA purification
Overnight cultures were harvested the next day by centrifugation. Supernatant was dis -
carded and the bacteria pellet was lysed for isolation of plasmid DNA according to the
instruction of  the NucleoSpin® Plasmid kit.  For upscaled isolation of  200-400 ml, an
overnight culture was inoculated, harvested and further lysed and purified using the Nu-
cleospin® Xtra Midi kit.

2.2.2.16 Sanger sequencing
For Sanger sequencing, 12 µl of plasmid DNA with concentrations between 50-110 ng/µl
and 10 µl of a 10 µM primer solution were send to Seqlab Microsynth (Göttingen, Ger-
many). Results were evaluated using the softwares finch.TV, BLAST and Expasy trans-
late.

2.2.3 Biochemical Methods

2.2.3.1 Recombinant protein expression
A 20 ml overnight culture containing the expression strand E. coli BL21 that was trans-
formed with the desired plasmid was used to inoculate 400 ml antibiotics supplemented
LB. The culture was incubated in an orbital shaking incubator at 37 °C and 200 rpm un-
til an OD of 0.5-0.6 was reached. Expression was initiated by adding 0.5 mM IPTG to
the medium. Cultures were then incubated for 20-24 h at 20 °C and 200 rpm. Cells were
pelleted (2400 g, 4 °C), washed with washing buffer and stored at -20 °C.

To verify the induced expression, 0.5-1 ml culture was harvested for SDS-PAGE anal-
ysis before and 20-24 h after adding IPTG.
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2.2.3.2 Protein purification
Buffer A: 300 mM NaCl, 50 mM NaP, 20 mM imidazole; pH 8; Buffer B: 300 mM NaCl, 50
mM NaP, 250 mM imidazole; pH 8

Bacteria pellets were thawed, and resuspended in 20 ml Buffer A containing 1 mg/ml
lysozyme and 0.05 mg/ml DNase I. The mixture was incubated at RT for 20 min on a
shaking incubator before cells were further disrupted by sonication in an ice bath. An Ul-
trasonic Homogenizer and a 6 mm probe (KE76) was used to disrupt the cells: power
75 %; cycling 5 x 10 % for 2.5 min. After cooling 1 min on ice, sonication was repeated
using the same settings. Subsequently the cells were centrifuged at 13000 xg for 30 min
at 4 °C. The cleared supernatant (extract) was transferred to a fresh falcon and loaded
to a HisTrapTM column using the automated ÄKTA Start system. 

After elution, the main fractions and the side fractions were stored at 4 °C or used for
subsequent experiments. Extract, main and side fraction and a small portion of the pel-
leted sonicated cells were prepared for SDS-PAGE as described in section 2.2.3.4 to ana-
lyze the relative amount and purity of the target protein during the purification. 

2.2.3.3 Protein determination

2.2.3.3.1 Bradford
TE buffer: 10 mM Tris, 1 mM EDTA; pH 8

Protein concentration of cell lysates were determined using the Bradford assay. 5  µl of
sample diluted in TE buffer were mixed with 195 µl of Bradford 1x Dye Reagent. The
absorbance was measured at a wavelength of  595 nm in duplicates and compared to
12 samples of a BSA standard curve ranging from 0-0.8 mg/ml BSA. The standards were
used to calculate the concentration of the proteins in the samples.  XMGrace and Li -
bre Office Calc were used for evaluation and calculation.

2.2.3.3.2 Nanodrop

Concentration of purified proteins were determined using the Nanodrop. The buffer in
which the protein was stored was used as a blank and absorbance were measured at
280 nm and 340 nm. Baseline correction was set  to 600 nm. The values measured at
280 nm were used to calculate the concentration (C[Mol]) using the Beer–Lambert law.

C[Mol]= Abs/(ε*0.1)
The molar absorption coefficient (ε) of proteins was calculated using the Expasy prot-

param tool (web.expasy.org/protparam/).
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2.2.3.4 SDS polyacrylamide gel electrophoresis (PAGE)
TE buffer: 10 mM Tris, 1 mM EDTA; pH 8; 5x Sample Buffer: 5 % (w/v) SDS, 50 % (v/v)
glycerol, 0.3 M Tris/HCl (pH 6.8), 0.1 % bromphenol blue; Running buffer (10x): 250 mM Tris,
1.92 M Glycine, 1 % (w/v) SDS; 

For SDS-PAGE protein samples with known concentrations were mixed with TE buffer
and appropriate amount of sample buffer. Up to 80 µg of protein were loaded to a Mini-
Protean TGX gel. For protein expression controls samples were mixed with 2x sample
buffer. Proteins were separated at 200 V for 33 min using 1x running buffer. Gels were
activated for 2.5 min and imaged with the ChemiDocTM XRS+ system. 

2.2.3.5 Western blot
Blocking buffer I: 5 % skimmed milk, 1 % BSA in TBST; Blocking buffer II: 5 % skimmed milk
in TBST; 10x TBS: 25 mM Tris, 1 M HEPES, 1 % (w/v) SDS; TBST: 1x TBS, 0.05 % (v/v)
Tween®; S1 solution: 100 mM Tris-HCl (pH 8.5), 24.8 mM luminol, 9.1 mM p-coumaric acid;
S2 solution: 100 mM Tris-HCl (pH 8.5), 0.018 % H2O2 

Proteins separated via SDS-PAGE were transferred from the activated gels to a PVDF
membrane using the Trans-Blot® kit and a setting of 25 V and 1.3 A for 7 min. After
washing the membrane with TBS and TBST for 10 min each, the membrane was imaged
using  the  ChemiDocTM XRS+ system for  whole  protein  evaluation.  Afterwards  the
membrane was incubated in  blocking buffer I for 1 h before incubating the membrane
with antibody over night at 4 °C. The membrane was washed 5 x 7 min with TBST and
incubated with a HRP-linked secondary antibody in blocking buffer II for 1 h at RT. Af-
ter 5 x 7 min washing with TBST, signals were detected using the ChemiDocTM XRS+
system and S1 and S2 solution in a 1:1 ratio for strong protein signals or commercial Su -
per Signal® West Pico and Femto solutions according to the suppliers protocol for week
protein signals.

2.2.3.6 Labeling and detection of reduced cysteinyl residues of the 
mitochondrial proteome
UCE  buffer:  8 M urea,  20 mM HEPES,  10 mM EDTA,  1 % CHAPS;  pH 7.4;  UHE  buffer:
8 M urea,  20 mM HEPES,  10 mM EDTA;  pH 8;  UHT buffer:  8 M urea,  20 mM HEPES,
1 mM TCEP;  pH 8;  ABC buffer:  50 mM ammonium bicarbonate;  TBS buffer:  50 mM Tris-
HCl (pH 7.6),  150 mM NaCl;  TEAB  buffer:  1 M  triethylammonium  bicarbonate;  buffer A:
MS grade H2O, 0.1 % acetic acid; buffer B: MS grade acetonitril, 0.1 % acetic acid 

Mitochondria were isolated according to the protocol in section 2.2.1.6.1. The mitochon-
drial pellet was resuspended in UCE buffer containing 100 mM NEM to alkylate reduced
cysteine residues for 30 min at 30 °C with gentle agitation in the dark. The samples were
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frozen and stored at -80 °C. After thawing the samples, protein concentration was deter-
mined via Bradford assay and around 200 µg were precipitated by adding 4x the volume
of pre-chilled acetone to the samples and incubating them at  -20 °C over night. After
bringing them to RT the samples were centrifuged at 17000 xg for 30 min. The pellets
were carefully washed 2x with 80 % acetone and 1x with 100 % acetone. In between, the
samples were centrifuged at 17000 xg for 5 min. The supernatant was removed and the
pellets  were  air  dried  afterward.  For  labeling  of  the  remaining  cysteine  residues
iodoTMTTM was dissolved in 10 µl methanol and mixed with 90 µl UHT buffer to create
reducing conditions.  The protein pellet was resuspended in the prepared iodoTMTTM

containing UHT buffer and incubated at 30 °C in the dark for 1.5 h with gentle agita-
tion. After determining the protein concentration again, the same protein amount of ev-
ery sample was combined and precipitated by adding 4x the volume of acetone and incu -
bating over night at -20 °C. The precipitated mix was brought to RT and pelleted at
17000 xg and RT for 30 min. The pellet was washed two times with 80 % acetone and
once with 100 % acetone. In between the pellet was centrifuged at 17000 xg and RT for
5 min.  Acetone  was  carefully  removed  and  the  air  dried  pellet  was  resuspended  in
ABC buffer (1µl/ µg of protein). Tryptic digestion in-solution was started with a protein
to enzyme ration of 100:1 for 2 h at 30 °C with gentle agitation. The same amount of
trypsin was added to a final protein to enzyme ratio of 50:1 before the sample was incu -
bated overnight at 37 °C with 850 rpm agitation. Next the sample was mixed with 1/20
volume of 20 % TFA to a final concentration of 1 %. Sample was centrifuged for 15 min
at 17000 xg and supernatant was transferred to a new low binding eppendorf tube. Sam-
ple was frozen at  -80 °C for at least 1 h and lyophylized over night. Lyophilisate was
spun down briefly and if necessary stored at -80 °C. 

Next the peptides were resuspended in a volume of 1 µl TBS buffer/ µg protein with
agitation  of  1500 rpm.  Immobilized  Anti-TMTTM Antibody  Resin  was  washed  three
times with TBS according to the suppliers protocol. 1 µg of resin was used for 1 µg of
protein. Samples were spun down for 20 min at 17000 xg. For 200 µg protein resin was
mixed with 100 µl TBS and 200 µl containing the peptides. The mixture was incubated
at 4 °C overnight with overhead rotation. The mixture was than centrifuged 2 min at
1500 xg and supernatant was discarded carefully.  Antibody resin was than incubated
with 1 ml TBS containing 0.1 % NP-40 at 22 °C and 1500 rpm agitation for 30 min. The
resin was spun down and supernatant was carefully removed before washing the resin 2x
with 1 ml of the TBS NP-40 mix. The resin was pelleted and washed 2x with water.
Peptides were detached from the antibodies by incubating the resin with 400 µl TMTTM

Elution buffer at 22 °C and 1500 rpm for 10 min. Resin was spun down and the super-
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natant was transferred to a new low binding eppendorf tube, before freezing the sample
at -80 °C. Subsequently peptides were lyophilisized overnight.

In the following step, the sample was re-buffered using stage tips that were mounted
with appropriate amount of C18 material. When starting with 200 µg of protein, the
peptides were dissolved in 100 µl 50 mM TEAB buffer containing 2 % acetonitrile and
0.1 % acetic acid. The stage tips were prepared by washing three times with buffer  A
and two times with buffer B. In between the tips were centrifuged at 7800 xg at RT for
~1 min without drying the C18 material. Stage tips were then equilibrated with 100 µl of
buffer A1 and sample was loaded to the stage tip column by spinning at 7800 xg. After-
ward the stage tips were washed with buffer A two times without drying the column be-
fore eluting the sample with 30 µl buffer B. For storage, the sample was dried using a
vacuum centrifuge. The material of each sample was sufficient to be analyzed in two
technical replicates by LC-MS/MS. 

2.2.3.7 LC-MS/MS of iodoTMTTM samples and data evaluation
Buffer A: MS grade H2O, 0.1 % acetic acid; buffer B: MS grade acetonitril, 0.1 % acetic acid

IodoTMTTM samples were analyzed in cooperation with Dr. Susanne Sievers as described
in (87). In brief, samples were loaded to an EASY-nLC 1000 system with 10 µl of buf-
fer A for separation via liquid chromatography at a constant flow of 500 nl/min without
trapping. A non-linear 160 min gradient from 1 % to 99 % buffer B at a flow rate of
300 nl/min was  utilized to  elute the  peptides  before  directly  injecting into an Orbi -
trap Velos. MS survey scans were performed as described in  (87). MaxQuant software
was used for database searching and quantification. Query for peptides was performed
against the Uniprot Homo sapiens proteome (UP000005640 downloaded 23 rd may 2018).
Precursor ion mass tolerance was 10 ppm. Common contaminants were excluded from
further evaluation. Reporter intensities of each sample were normalized and compared to
control and biological as well as technical replicates.  Only samples deviating at least
10 %  from control samples in all biological and technical replicates were taken into ac-
count for further data handling. The resulting peptide list was narrowed down to mito-
chondrial proteins and evaluated using the Panther online tool (88). They were further
visualized to indicate the redox state of the identified proteins.

2.2.3.8 Determination of cardiolipin composition
Cardiolipin (CL) was extracted and analyzed in cooperation with Prof.  Lorenz Schild
(University of Magdeburg) as described in (89). In summary cells were harvested, frozen
and 50 ng of tetra-myristoyl-CL was added to 10 µl of sample as an internal standard be-
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fore adding 4.2 ml chloroform/ methanol (2/1, v/v) containing 0.05 % BHT. Lipid phase
was separated from aqueous phase and dried under nitrogen atmosphere. CL was further
separated and recovered by additional  chloroform/ methanol protocols.  The final  CL
sample was dissolved in 800 µl chloroform/ methanol/ water (50/45/5) and filtered over
a PTFE membrane before HPLC-MS/MS analysis. A TSQ Quantum Discovery Max was
used in ion electrospray ionization mode. CL was separated by using a LiChroCart col -
umn. Additional information regarding the MS analysis can be found in (89). Mass trans-
fer reaction monitoring utilizing the selected reaction monitoring mode was used to ana-
lyze ions of different CL species and the internal standard. CL quantity was related to
the content of the internal standard. 

2.2.3.9 Kinetics of the reduction and oxidation of roGFP2 by Grxs
roGFP2 assay buffer: 0.1 potassium phosphate buffer pH 7.8

Purified proteins were re-buffered, reduced and interaction with roGFP2 was monitored
by radiometric measurements as described before (90) using a POLARstar Omega plate
reader. Samples were excited at 390 ± 10 nm and 480 ± 10 nm. Emitted light was de-
tected  at  520 nm with  a  bandwidth  of  10 nm. The  roGFP2 assay  buffer containing
1 µM roGFP2 and the respective Grx were pipetted into a 96-well plate. Measurements
were performed with reduced or oxidized roGFP2. For reduction roGFP2 was incubated
with 10 mM DTT for 20 min before desalting using a Zeba Spin column. During mea-
surements of oxidation efficiency 40 µM GSSG was injected into the wells after 10 cycles.
When using oxidized roGFP2 as starting point, GSH in 0.1 potassium phosphate buffer
pH 7.0 was injected at the same time point to a final concentration of 2  mM. The nega-
tive redox potential required for oxidized roGFP2 was maintained by adding 10 U GSH
reductase and 100 µM NADPH to the roGFP2 assay buffer. H2O2 or DTT at final con-
centrations of 10 mM were used to fully oxidize or reduce roGFP2 and determine maxi-
mal and minimal fluorescence. For evaluation a basal fluorescence of roGFP2 assay buf-
fer containing 100 µM NADPH was subtracted from sample measurements.

2.2.3.10 GSH-binding assay for glutaredoxins
TE2 buffer: 100 mM Tris/HCl, 2 mM EDTA; pH 8

Purified proteins were reduced with 50 mM DTT for 30 min and re-buffered in TE2 buf-
fer  using a NAP-5 column. Afterward samples were incubated with  10 mM GSSG fol-
lowed by incubation with 10 mM NEM for 20 min each. Samples were again re-buffered
before free thiols were assayed as described below. Part of the samples were re-reduced
(50 mM DTT, 30 min) without measuring and re-buffered in TE2-buffer before assaying.
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For the assay samples were incubated for 15 min with 1 % SDS and 1 mM DTNB in the
dark.  Absorbance  was  measured  at  a  wavelength  of  412 nm  using  the  Tecan Infi-
nite M200. The amount of free thiols was calculated using the molar absorption coeffi -
cient ε = 14,150 M-1 cm-1. Values were normalized to the amount of protein in the sam-
ple.

2.2.3.11 Complementation assay in ΔGrx5 yeast cells
Yeast cells were cultivated in YPG medium or SD medium to test for sensitivity against
oxidants. Cells were transformed using the DNA/PEG method according to published
data (91). Growth rates were monitored in a volume of 260 µl at 28 °C by measuring the
absorbance at 600 nm. Enzyme assays were performed according the reference (92).

2.2.3.12 Creating codon harmonized genes
The  nucleotide  sequence  of  Grx2-MTloop  was  analyzed  for  codon  usage  in  Saccha-
romyces  cerevisiae (S. cerevisiae)  using  the  GeneOptimizer  Process  tool  by  Thermo
Fisher. The algorithm for codon harmonization considers different parameters relevant
for expression in yeast.  The harmonized gene was assembled from synthetic  oligonu-
cleotides and inserted into a pMA-RQ vector for further amplification. 

2.2.3.13 Differential scanning fluorimetry (thermofluor assay)
To investigate thermal stability of purified proteins 10 µM of the protein in DPBS was
mixed with Sypro Orange (1:100). This dye binds to exposed hydrophilic regions. The
sample was heated from 20 °C to 95°C in 0.5 °C  increments every 15 sec and fluores-
cence was recorded using the instruments 'FRED'-settings. Seven replicates were used
for the measurement.

2.2.3.14 Measuring absorption spectra
UV/ Vis-spectra were recorded using the UVIKON 922 spectrophotometer. The appro-
priate storage buffer without the protein was used as a blank.

2.2.3.15 Reconstitution of iron sulfur cluster proteins
Purified  proteins  were  reconstituted  in  a  final  volume  of  500 µl  containing  50 mM
Na phosphate buffer pH 8, 5 mM DTT, 1 mM GSH, 200 µM ammonium iron(II) sulfate,
250 µM L-cysteine HCl, 10 µM pyridoxal phosphate, 1 µM IscS. The samples were incu-
bated under anaerobic conditions at RT for 2 h. Before further measurements the pro-
teins were re-buffered using NAP5 columns. 
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2.2.3.16 CD spectroscopy
Phosphate buffer: 300 mM NaCl, 50 mM NaP buffer; pH 8

Proteins were re-buffered in phosphate buffer and measured with the Jasco J-810 Spec-
trophotometer in the group of Prof. Weisz (Greifswald, Germany). For measurements of
reference spectra a standard sensitivity of 100 mdeg was used with a data pitch of 1 nm,
a scanning speed of 50 nm/min and a band width of 1 nm. Three spectra were accumu-
lated for each sample.

2.2.3.17 Computing of mutants
Mutations were inserted into data files obtained from the PDB archive (www.rcsb.com)
using the mutation tool of Swiss-PdbViewer. To calculate the surface charge and the iso-
electric  surface,  the  altered  files  were  used  to  generate  pqr  files  using  the  program
PDB2PQR. Subsequently  the programs APBS and VMD were used to compute and
monitor the calculated protein models. Automated isosurface computation of large file
numbers was accomplished by utilizing a script written by Willy Bruhn and Md Faruq
Hossain from our working group.

2.2.3.18 Image processing and analysis
Western blots were analyzed with ImageLab 5.1 and ImageJ.
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3 Results
Class I and class II glutaredoxins are members of the same protein family, however they
have different functions and catalyze reactions that are distinct from each other. Even
though they contain the same Trx fold and share high similarities in the active site and
specific  GSH  binding  motifs,  they  are  not  able  to  compensate  for  each  other  (93).
Monothiols Grxs for example are catalytically inactive in most assays used to investigate
the redox activity even though they contain the required active site motif with an N-ter -
minal cysteine  (11). Some dithiol thiols on the other hand have the ability to complex
[2Fe-2S] clusters, without being able to compensate for the loss of a monothiol Grx medi -
ated Fe-S cluster trafficking (14,94).

3.1 Identification of a lysine residue and a characteristic loop in 
monothiol glutaredoxins
To scrutinize if the previously characterized different protein activities of class  I and II
Grxs are based on a lack of known suitable substrates for class  II Grxs or if there are
structural reasons, an alignment of different monothiol and dithiol Grxs was performed.
Figure 6A depicts an excerpt of the canonical primary structures of different Grxs which
were acquired from experimentally solved structures from the RCSB Protein Data Bank
(PDB) and represents different class I and class II Grxs from all kingdoms of life. The
comparison of the alignments revealed a difference of five amino acids (AAs) adjacent to
the active site  and a highly conserved lysyl  or arginyl residue directly preceding the
5 AAs (Fig. 6A, blue and yellow box) that has not been addressed before. The presence
of five additional amino acids was characteristic for all class II monothiols. Looking into
the structures of the Grxs the identified region of interest is part of the β1-α1 loop struc-
ture  preceding  the  active  site  and  will  therefore  be  named  class II/  monothiol  loop
(MTloop) in contrast to class I/ dithiol loop (DTloop). During comparison of the loop
structures of monothiol and dithiol Grxs it appeared that the steric orientation of the
conserved lysyl/ arginyl residue depends on the identified loop structures. Different re -
solved structures of class II (Fig. 6C) and class I Grxs (Fig. 6D) were analyzed for their
conserved lysyl orientation. All structures exhibited a characteristic orientation of the ly -
syl side chain that was depending on the previously described length of the loop struc -
ture. 
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Figure 6: Structural basis for different Grx functions is a conserved lysyl residue; A)
Sequence  alignment  of  class I  and  class II  glutaredoxins.  The  yellow  box  indicates  a  highly
conserved lysyl residue, the blue box a loop that is specific for class I Grxs (dithiols) and class II
Grxs (monothiols), and the grey box the active site; B) Super-positioning of human Grx2 (blue)
and  human Grx5  (brown) with  non-covalently  bound GSH and [2Fe-2S]  cluster.  Dotted lines
indicate interactions of the GSH thiol with the conserved lysyl residue (for Grx5) or with the
[2Fe-2S]  cluster;  C)  Super-positioning  for  conformational  comparison  of  the  conserved  lysyl
residue (blue) in class II monothiols  from different  species;  D) Conformational  comparison of
dithiols  (blue)  and  monothiols  (grey)  with  non-covalently  bound  GSH  (stick representation);
Surface representation of one monomer of the human Grx2 holo-complex (E) and human Grx5
holo-complex (F) with non-covalently bound GSH and [2Fe-2S] cluster - all used PDB entries are
listed in the supplemental data. 
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The conformational difference of the lysyl residue influences GSH binding profoundly.
Figure 6E and F depict the binding pocket of GSH in Grx2 and Grx5 which is required
to utilize GSH for redox reactions or for binding a [2Fe-2S] cluster. In the DTloop orien-
tation the positively charged lysyl residue interacts with the carboxyl group of the glycyl
residue in GSH (Fig. 6B; blue model). In the MTloop conformation on the other hand
the lysyl residue shifts by 2 Å towards the binding pocket of GSH (brown structure).
This shift results in electrostatic interactions between the  ɛ-amino group of the lysine
and the thiol group of GSH, which leads to a change in the positioning of GSH. The in-
duced re-orientation decreases the distance between the GSH thiol and the lysine amino
group from >8.8 Å in dithiols to 3 Å in monothiols (Fig. 6B). Additionally, this direct
interaction alters the pKa value and nucleophilicity of the GSH thiol due to the positive
charge and basic character of the lysine, thereby preventing the formation of a mixed
disulfide. Keeping in mind that the covalent binding of GSH to the N-terminal cysteine
in the active site of Grx is a requirement for the catalysis of redox reactions, we hypothe-
sized that the identified loop structure is the reason for the lack of oxidoreductase activ -
ity of class I monothiol Grxs. 

3.2 Cloning, expression and purification of engineered mutants
To test our hypothesis regarding the lack of catalytic activity and the binding mode of
GSH in vitro, different dithiol and monothiol mutants were engineered.

First the canonical human Grx5 without the mitochondrial targeting sequence was
cloned into the pGEM®-T vector using the primers PRDT007 and 008 for PCR. After ex-
cising the target from the pGEM®-T vector using NdeI and BglII, the insert was ligated
into the pET15b vector which adds an N-terminal His-tag to the protein. Subsequently
to sequence verification by Sanger sequencing, the protein was expressed and purified us -
ing immobilized metal affinity chromatography (IMAC). The eluat had a strong brown
color indicating the presence of the expected [2Fe-2S] cluster.

Figure  7:  Grx2,  Grx5 and engineered Grx mutants used for  experiments;  Detailed
representation of the region containing the mutations. Colored boxes indicate the position of the
critical lysyl residue (yellow), the loop structure (blue) and the active site (grey).
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The Grx5-pET15b plasmid was used to create mutations in the respective loop struc-
tures (See Fig. 7) by deleting the AAs G T P E Q. To investigate the role of the lysyl
residue for the binding mode of GSH and the formation of mixed disulfides, two addi -
tional mutants for the monothiol Grx5 were established that contain point mutations ex -
changing the conserved lysyl residue against serin (K59S) or glutamine (K59Q). In addi -
tion, a Grx2 mutant containing the insertion of the 5 AAs to the loop was established.
All generated plasmids are listed in figure 7. The wildtype Grx2 plasmid was generated
in another study (49). 

For in vitro experiments the Grxs and their mutants listed in figure 7 were expressed
in E. coli and purified by IMAC using the ÄKTA start system. Purification typically re-
sulted in the concentrations indicated in table 1. The amount of Grx2-MTloop was sig-
nificantly lower compared to the wildtype Grx2.  Also the brownish coloring and ab-
sorbance in UV-Vis spectra was less intense indicating a decreased stability of the holo-
Grx2-MTloop protein (spectra not shown). UV-Vis spectra after [2Fe-2S] reconstitution
and normalized to protein amount are depicted in figure 13. 

Protein concentration/pellet*

hGrx2 ~600 µM

hGrx2-MTloop ~100 µM

hGrx5 ~580 µM

hGrx5 K59S ~550 µM

hGrx5 K59Q ~550 µM

hGrx5-DTLoop ~450 µM

Table 1: Yield of protein per purified bacteria pellet; * indicates representative concentration of
the main fraction

Since mutations of AAs can alter the structure and stability of proteins, a differential
scanning fluorimetry assay was performed. This method monitors exposure of hydropho-
bic surfaces over an increase of temperature. Melting temperatures were ascertained for
each protein and are depicted in figure 8. All proteins re-buffered to DPBS appeared to
be stable at room temperature (RT) and started to denature at temperatures  above
35 °C. This facilitates utilization of the purified proteins in the following assays that
were performed at standard temperature = 25 °C.
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3.3 Reduction and oxidation of roGFP2 by Grxs
Redox activity of the cloned Grx mutants was evaluated by performing a roGFP2 assay
that is used to determine the activity of dithiol type Grxs  (34,95). The assay was per-
formed in the laboratories of Prof. Andreas J. Meyer (Bonn, Germany) together with
Anna Moseler. It monitors the efficiency to oxidize or reduce a disulfide in the engineered
redox sensor roGFP2, which results in a change of its fluorescence properties. Grxs were
purified and stored overnight to allow a conversion of holo-Grxs to the active apo forms
indicated by the loss of brownish coloring. Figure 9 depicts oxidation and reduction of
roGFP2 by the different Grxs over 125 s. The proteins were compared to GrxC1 from
Arabidopsis thaliana (AtGrxC1) which is a member of the dithiol family (class I) and
served as a positive control. Evaluating the tested proteins, Grx5 wildtype did not show
any significant activity in oxidation and reduction of roGFP2 whereas the Grx2 wildtype
exhibited significant oxidoreductase activity (Fig. 9A/C; blue).

Figure  8: Engineered Grxs are stable under assay conditions; The thermal stability of
10 µM indicated protein re-buffered to PBS was monitored by differential scanning fluorimetry.
Denaturation of the protein, due to increasing temperature, leads to exposure of hydrophobic
surfaces and increases fluorescence until a maximum is reached. Subsequent loss of fluorescence
indicates  protein  aggregation.  Introduction  of  mutations  resulted  in  no  increase  of  protein
instability at the standard temperature of 25 °C that was used for the following experiments. The
standard deviation is not depicted to enable a better overview. N=7
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Complete reduction of oxidized roGFP2 occurred after a few seconds for Grx2 whereas in
contrast the MTloop mutant of Grx2 nearly lost all activity (Fig. 9A). Grx5 showed a
very low reduction activity compared to the control, but introduction of the loop and ex -
change of the K59 residue resulted in a significant increase of activity by up to 10 -fold
(Panel B,  red).  Similarly,  the degree of  oxidation of  reduced roGFP2 was monitored

Figure  9:  Engineered  Grx  mutants  exhibit  altered  oxidoreductase  activity  in  a
roGFP2 assay; A) Reduction of roGFP2 by AtGrxC1 (black), Grx2 (blue) and Grx2-MTloop
(turquoise); B) Reduction of roGFP2 by AtGrxC1 (black), Grx5 (blue), Grx5-DTloop (turquoise),
Grx5-K59S (red), and Grx5-K59Q (orange); C) Oxidation of roGFP2 by AtGrxC1 (black), Grx2
(blue) and Grx2-MTloop (turquoise); D) Oxidation of roGFP2 by AtGrxC1 (black), Grx5 (blue),
Grx5-DTloop (turquoise), Grx5-K59S (red), and Grx5-K59Q (orange); The curves represent 3
technical replicates.
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(Panel C and D). Grx2 had a much higher efficiency compared to the MTloop mutant
that exhibited nearly no oxidation of the roGFP2 probe. For Grx5 the initial activity
was slightly higher and increased further by introducing mutations. Grx5-DTloop exhib-
ited an even more  dramatic  increase  of  oxidation  efficiency  by 17-fold  which nearly
reached the activity of the control AtGrxC1. Exchanging the positive charge of the lysyl
residue in the K59S and K59Q mutants also resulted in increased activity, but did not
reach levels of the arabidopsis Grx or the DTloop mutant. The results shown here, sup-
port our theory that the loop structure and the orientation of the lysyl residue deter -
mines if a Grx is able to catalyze oxidoreductase reactions. We thereby provide broader
evidence that promotes our model of conformational and physicochemical hindrance pre-
venting formation of a  Grx-S-SG mixed disulfide in monothiol Grxs. To further verify
our hypothesis a GSH binding assay was established to investigate covalent and non-co -
valent binding of GSH to Grxs. 

3.4 GSH binding of glutaredoxin mutants
As described in chapter 1.2 the ability of Grxs to catalyze oxidation and reduction of a
target protein requires the ability to covalently bind a GSH molecule to the N-terminal
active site cysteine. In dithiol Grxs a Grx-S-SG mixed disulfide can be formed whereas in
monothiols the change of the lysyl residue orientation alters orientation and pKa value of
the GSH thiol required for mixed disulfide formation. To investigate if exchange of the
previously identified MTloop in Grx5 compared to the DTloop resulted in a detectable
increase of covalently bound GSH to the active site, a GSH binding assay was estab-
lished. If not sterically impeded, GSSG treatment induces the formation of  Grx-S-SG
mixed  disulfides.  Therefore,  free  cysteines  of  GSSG  treated  Grxs  were  irreversibly
blocked with NEM and in a second step again reduced with DTT. Before and after the
final reduction with DTT the samples were probed with the thiol-reactive DTNB to indi-
rectly detect free cysteine residues. During reaction with free cysteines DTNB forms a
yellow dye, which can be quantified by photometric analysis. Figure 10A/C depicts the
results normalized to one Grx molecule. As expected nearly no free cysteines were de-
tected in the first step due to NEM or GSH binding, whereas after DTT treatment, pre -
viously formed disulfides were reduced ultimately exposing free thiol groups available for
detection. The amount of covalently bound GSH was calculated based on the increase of
the extinction after reduction. 
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Introduction of the DTloop into Grx5 increased the amount of free cysteines after re -
duction whereas  free  cysteines  in  Grx2-MTloop  decreased  compared  to  the  wildtype
(Fig. 10A/C).  This  suggests  an increased  formation of  Grx-S-SG mixed disulfides  in
Grx5-DTloop and a reverse effect in Grx2-MTloop, further supporting our theory. To ex-
clude, that detected free thiols in Grx5-DTloop were based on a possible intermolecular
disulfide formation in the DTloop mutant, samples were also analyzed by SDS-PAGE
(Fig. 10B). The non-reduced Grx5-DTloop mutant (GSSG+NEM) exhibited less dimer
formation compared to the wildtype. Two additional Cys in hGrx2 that are located out-
side of the active site form a stable structural intramolecular disulfide. Thus, Grx2 does
not easily form intermolecular disulfides and as expected did not show dimer formation
in its wildtype form or after introduction of the MTloop (data not shown). Our results
presented here, indicate a formation of a Grx-S-SG mixed disulfide when introducing a
DTloop into Grx5. In contrast the formation of the before mentioned mixed disulfide in
Grx2-MTloop is decreased.

Figure 10: Mutation of a conserved loop alters covalent GSH binding to human Grx2
and Grx5; Reduced proteins were treated with GSSG before blocking of the remaining free thiols
with NEM (sample: GSSG+NEM) and monitored for free thiols. Afterward, they were re-buffered
and re-reduced with DTT (re-reduced). A) Grx5 samples were probed with DTNB to calculate the
average of free cysteines per protein that was available to react with DTNB. After introduction of
a DTloop to Grx5 the amount increased. B) A non-reducing (GSSG+NEM) and reducing (re-
reduced)  SDS-PAGE  was  performed  for  Grx5  and  Grx5-DTloop  to  monitor  possible
intermolecular disulfide formation. No increase of dimers was detected after introduction of the
DTloop.  C) Introduction of a MTloop  to Grx2 decreased the amount of  free thiols  after re-
reduction which also further excluded intermolecular dimer formation. N=3
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3.5 Rescue of glutaredoxin 5 deletion mutants
Following  in vitro experiments we aimed to test our hypothesis  in vivo in cooperation
with the group of Prof. Dr. Ulrich Mühlenhoff from Marburg. Therefore, yeast cells lack-
ing class II yeast glutaredoxin 5 (ΔSc Grx5) were used which exhibit strong growth de-
fects, based on the impaired iron sulfur cluster protein assembly. We hypothesized that
introduction of human homologous Grx5 should improve protein assembly and rescue the
cells. Contrastingly, the Grx5-DTloop mutants should not be able to complement the de-
fect, due to their functional shift towards class I Grxs function. Moreover, the wild type
class I Grx2 should exhibit no compensatory effect, while Grx2-MTloop should be able to
rescue  the  null  mutant.  To  introduce  the  proteins  into  yeast  cells,  the  CEN-based
p416-TDH3 vector was used, which contains a yeast specific mitochondrial targeting se -
quence and also allows controlled mild overexpression due to the very low copy numbers
of  the plasmid.  The utilized primers  and restriction sites  to clone the nucleotide se-
quences into the new vector are indicated in the materials and methods section  table 1.
Successful cloning was verified by Sanger sequencing.

Figure 11 depicts the first results from the complementation assay. Catalytically ac-
tive aconitase requires binding of a [4Fe-4S] cluster and can therefore be used to assess
the efficiency of complemented cluster trafficking to target proteins in ΔSc Grx5 cells.

Figure  11:  Mutation  of  Grx5  decreases  ability  to  rescue  ISC  machinery  of
ΔGrx5 S. cerevisiae;  Engineered  Grx5  mutants  were  cloned  to  the  p416-TDH3 vector  and
transformed into ΔGrx5 S. cerevisiae (grx5.pim1Δ+). Aconitase activity (A) and expression of
the iron transport multicopper oxidase FET3 (B) were measured as markers for functionality of
the mitochondrial iron sulfur cluster assembly machinery.
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The iron transport multicopper oxidase FET3 (FET3) on the other hand is required for
iron transport and is induced during iron starvation or due to impaired function of the
ISC machinery  (96). As expected Grx5 expression increased aconitase activity and de-
creased FET3 expression. Mutations of the loop structure and the conserved lysyl residue
did not result in a complete loss of aconitase activity but were significantly lower by
~50 % when compared to the hGrx5 expressing cells (Fig. 11A). Similarly, in hGrx5 ex-
pressing cells a decrease of the FET3 induction was monitored when comparing induction
to cells containing an empty control p416-TDH3 vector (416-) (Fig. 11B). Introduction of
the different mutations to hGrx5 resulted in a loss of function and therefore in a stronger
increase of FET3 induction. Especially the K59S variant, was leading to FET3 induction
levels similar to those of the negative control, while Grx5-DTloop exhibited only a slight
improvement, that was not significant.  The Grx5 K59Q mutant containing a slightly
longer AA side chain compared to K59S only reached ~75 % FET3 induction of the neg-
ative control. Analysis of Grx2 or Grx2MT-loop expression in yeast cells showed no de-
tectable signals in western blot analysis and therefore had no effect on aconitase activity
(see Fig. 12D) or FET3 induction (data not shown).

3.5.1 Optimizing Grx2 expression in yeast

To investigate and improve the low expression levels of Grx2 and the corresponding mu-
tants, different approaches were used. First we tested the Grx2 antibody with the Grx2
mutants, to verify that the antibody's epitope was not located in a region that was al -
tered by the mutations. No difference in signal intensity was detectable using purified
proteins and Western blotting (data not shown). Subsequently we tried to increase pro -
tein expression 1.) utilizing a different expression vector and 2.) trying to harmonize the
codons of the human Grx2 to the used S. cerevisiae cells.

To increase the expression of Grx2 and the mutants in yeast cells the protein targets
were cloned into the p426-TDH3 plasmid. This vector is nearly identical to p416-TDH3
with exception of a normal yeast origin of replication and a 2µ origin of replication in-
stead of the CEN sequence allowing the yeast cell to maintain up to 50 copies of the vec-
tor per cell. Grx2 targets were recloned into the p426-TDH3 vector by excision of a
1000 bp long sequence from the p416-TDH3 vector using the restriction enzymes SacI
and XhoI. All  sequences were verified by Sanger sequencing.  Afterward the plasmids
were transformed into ΔGrx5 yeast mutants and tested for ability to complement cell
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growth. No expression of Grx2 or Grx2-MTloop was detectable via western blot (not
shown). 

To exclude the possibility, that Grx2 and Grx2-MTloop were not expressed in yeast
cells due to poor codon usage, the Grx2-MTloop sequence was analyzed for codon usage
in S. cerevisiae using different software. Codon usage is involved in regulation of protein
expression and is  also  known to impact heterologous protein expression  (97,98). Fig-
ure 12A depicts a codon usage plot for Grx2-MTloop in S. cerevisiae. A codon quality

Figure 12: Codon harmonized of Grx2 and Grx2-MTloop does not increase expression
in ΔGrx5 S. cerevisiae; A) Codon quality of Grx2-MTloop for S. cerevisiae was calculated with
the GeneOptimizer tool  by ThermoFisher.  Quality below 40 % marks complicated codons that
could hamper successful  expression in yeast.  B) Codon quality after codon harmonization for
expression in yeast using the GeneOptimizer,  the amount of  difficult  codons was reduced. C)
Codon harmonized genes in the p426-TDH3 vector were transformed into ΔGrx5 S. cerevisiae and
tested for their aconitase activity. No rescue detectable D) Non-harmonized Grx2 mutants in p416-
TDH3 transformed into ΔGrx5 S. cerevisiae. No rescue detectable.
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below 40 % characterizes a complicated codon for expression that might decrease protein
efficiency. Here we used the optimized algorithm implemented to the GeneOptimizer®

that considers a variety of requirements to improve expression in a specific organism
(99). Figure 12B indicates the codon quality of a Grx2-MTloop coding sequence after
harmonizing the codons to a quality around or above 40 %. The harmonized and de novo
synthesized  gene,  ordered from Thermo Fisher,  was used  as  template for  subsequent
PCRs and recloning to yeast expression vector p426-TDH3. In the following the human
Grxs that were optimized for yeast expression will be marked with "y.o." in lower script. 
Utilized primers and restriction sites are indicated in materials table 2. The sequence
match was confirmed by Sanger sequencing. The mutants were also used for complemen-
tation tests in ΔGrx5 yeast mutants. After no improved aconitase activity was detected
(Fig. 12C), protein expression was monitored via western blot and revealed no expressed
protein (western blot not shown).

3.6 Iron sulfur cluster in glutaredoxins
Investigation of monothiol and dithiol Grxs not only comprises monitoring the efficiency
of performing redox assays or verifying formation of mixed disulfides but also includes
monitoring of [2Fe-2S] cluster binding. As depicted in figure 6B, changes in the confor-
mation of the conserved lysyl residue have a strong influence on GSH binding and there -
fore also in the conformation of covalently bound [2Fe-2S] clusters in Grxs. To address
this part of our hypothesis we investigated the stability and binding of [2Fe-2S] clusters
in holo proteins of Grxs with altered loop structure.

3.6.1 UV-Vis spectra and stability of holo glutaredoxin

First UV-Vis spectra were measured in cooperation with Anna Engelke (Düsseldorf, Ger-
many) for wild-type Grxs and the corresponding loop mutants after Fe-S cluster recon -
stitution (Fig 13). The spectra show specific bands for the [2Fe-2S] cluster binding in
monothiol Grx5 and dithiol Grx2. Using first and second derivation we determined the
maxima of the second major band in each spectrum at wavelengths of 428 nm for Grx2
and  413 nm  for  Grx5.  Interestingly,  in  Grx2 MTloop  the  maxima  shifted  down  to
421 nm whereas in Grx5-DTloop the band shifted up to 420 nm after altering the loop
structures. Therefore, introduction of a DTloop structure into Grx5 changes the spectral
properties of the holo form in UV-Vis towards the Grx2 spectrum and vice versa.
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Binding of [Fe-S] clusters in Grxs can regulate enzymatic activity. Two molecules of
Grx2 and two GSH molecules can stably bind a [2Fe-2S] cluster. In case of Grx2 the
cluster binding decreases oxidoreductase activity and functions as a sensor for shifts in
the redox state  (14). The holo complex of Grx2 was previously shown to be more sta-
ble (26) which is of advantage since it prevents unintentional redox activity. Grx5 on the
other hand requires complexation of a [2Fe-2S] cluster for its function but also needs to
be able to release the cluster and transfer it to target proteins. Hence, both Grxs require
different stability of the holo complexes to allow appropriate trafficking activity or redox
regulation. We therefore investigated the stability of the Grx mutants in cooperation
with Anna Engelke and PD Dr. Carsten Berndt. After [2Fe-2S] cluster reconstitution
Grx2, Grx5, and Grx5-DTloop were monitored for their stability under ambient condi-
tions or during treatment with GSH or GSSG (Fig. 14). Grx2 stability was higher com-
pared to the monothiol Grx5, whereas Grx5-DTloop showed increased stability compara-
ble to Grx2 under ambient conditions. Treatment with GSH stabilized Grx5-DTloop. On
the contrary, GSSG increased decay of the holo complex which is in line with previous
findings. 

Figure 13: UV-Vis spectra of in vitro reconstituted holo-Grxs change upon mutation
of the loop structure; After purification, reconstitution and re-buffering, UV-Vis spectra of
Grx2, Grx5 and their mutants were recorded. The upper spectra were shifted 1 unit of mM-1 cm-1

upwards for clarity. The dotted lines indicate the maxima of absorption calculated using the first
and second derivation. 
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3.6.2 CD spectra analysis of iron-sulfur binding

The obtained results from UV-Vis spectroscopy supported the model in which the loop
structure influences the GSH binding mode and therefore also the orientation of the
bound [2Fe-2S] cluster. To confirm the change of the cluster orientation in the created
mutants, we used circular dichroism (CD) spectroscopy in the wavelength range between
280 nm and 520 nm. CD spectra values vary as a function of wavelength depending on
the properties of the chiral probe that can absorb left- or right-circular polarized light to
different extents. The method allows to characterize [2Fe-2S] cluster proteins due to the
interaction of the achiral [2Fe-2S] cluster with the chiral cluster environment (100) and
can therefore also be used e.g. to distinguish different [2Fe-2-S] cluster proteins. 

Expressed, purified and reconstituted proteins were re-buffered in phosphate buffer.
All holo-Grxs showed specific spectra in circularly polarized light of the visible wave-
length spectrum. The CD signal for the dithiol Grx2 shows characteristic maxima at spe -
cific wavelengths in the positive and the negative range (Fig. 15A; black line). Monothiol
Grxs show maxima at different wavelengths, therefore allowing to distinguish both Grxs.
CD spectra of the mutants were measured to monitor a possible alignment in the cluster
environment, which would be represented by a shift of the spectrum towards the spec -
trum of the Grx corresponding to the introduced loop structure. Indeed the Grx5 -DTloop
mutant showed a CD spectrum (red line) similar to Grx2 with comparable maxima. For
Grx2-MTloop, the low [2Fe-2S] cluster binding was accompanied by protein precipitation

Figure 14: Introduction of a DTloop to Grx5 decreases cluster decay under ambient
conditions; After in vitro [2Fe-2S] cluster reconstitution of the apo Grxs, cluster decay was
monitored by UV-Vis spectroscopy under ambient conditions (left), in the presence of 2 mM GSH
(middle) or 5 mM glutathione disulfide (GSSG) (right) over a duration of 10 h.
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after re-buffering to phosphate buffer. Stabilizing the holo complex with 1 M sucrose af-
ter purification prevented protein preciptation and allowed to record a CD spectrum. In-
terestingly, the spectrum also shifted towards the characteristics of the Grx5 spectrum
by introducing the MTloop structure into Grx2 (green line). 

Figure 15B illustrates the experimentally resolved structure of holo-Grx2 (blue) and
holo-Grx5 (brown). The effect of the different binding modes of GSH, and therefore also
the different [2Fe-2S] cluster orientation, alters the angle between the two Grxs in a holo
complex by 90 degrees. The detected changes by UV-Vis and CD spectra provide evi-
dence for a dramatic change of the [2Fe-2S] cluster environment and indicate a reorienta-
tion of the mutant holo complexes.

Figure  15:  Loop  mutation  alters  CD  spectra  of  engineered  proteins;  A)  After
purification, [2Fe-2S] cluster reconstitution, and re-buffering, CD spectra of Grx2, Grx5 and the
engineered mutants were measured. Specific maxima were detected for wildtype and engineered
proteins. B) Super-positioning of Grx2 (blue) and Grx5 (brown) holo complexes. The different
binding modes of GSH in Grx2 and Grx5 result in altered [Fe-S] cluster binding and a different
orientation of the two monomers forming the holo complex. The dotted line indicates a 90 degree
difference in the orientation between both holo complexes.
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3.7 Creating a monothiol Grx2 capable of iron-sulfur cluster 
transfer
Introduction of a dithiol loop into human Grx5 led to increased oxidoreductase activity.
Changing the DTloop of Grx2 into a MTloop resulted in a more unstable Grx2 mutant.
Due to the instability and the low expression levels in yeast we were not able to test the
[2Fe-2S] cluster trafficking efficiency of Grx2-MTloop. To further elucidate the differ-
ences between monothiols and dithiols, we aimed to improve protein stability and activ-
ity in [Fe-S] cluster transfer by exchanging additional AAs. In the following a computa -
tional approach to optimize the Grx2-MTloop mutant is described. 

3.7.1 Computing mutants

Based from our previous results in the roGFP2 assay and the Grx2-MTloop instability,
we hypothesized, that isolated exchange of the loop structure might not be sufficient to
enable the protein to complement Grx5 functions. Even though the structural require-
ment in the active site environment of Grx2-MTloop were similar to Grx5, other areas of
the protein, that might be required for protein protein interactions still differed (Fig. 16).
The red and blue patches indicate the charge of the electrostatic field of the depicted
proteins. As it was previously described, complementary surface charges and long-range
electrostatic  interactions  are  a  prerequisite  for  protein  protein  interaction  (101).  We
therefore hypothesized that a matching isosurface of Grx2-MTloop would be sufficient to
facilitate the formation of a Grx-target complex with typical Grx5 target proteins in fu-
ture investigations. 

To investigate further structural differences between Grx5 and Grx2-MTloop, interac-
tion sites of Grx5 with BolA Homolog 3 (BolA3) and 1 (BolA1) were mapped to struc -
tural aligned sequences of Grx5 and Grx2-MTloop (Supplemental Fig. 1). We also in-
cluded interaction sites of  A. thaliana homologous GrxS14 and BolA2 from a resolved
PDB structure (2mma) of both proteins forming an apo-complex. Differences in chemical
shifts were obtained from published data that are based on NMR spectroscopy (102,103).
Supplemental figure 1 depicts AAs of Grx5 that exhibited significant differences in their
chemical shift during interaction. When comparing identified Grx5 AAs with the aligned
equivalent AAs from Grx2, considerable differences in hydropathy and AA charge were
detected in some regions. Considering possible effects of those differences, nineteen AAs
of Grx2-MTloop were mutated to their equivalent AAs in Grx5  in silico using Swiss-
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PDBViewer. Each AA mutation was also starting point of sequential mutations of all ap-
pointed following N-terminal AAs resulting in 190 mutants (See Supplemental Fig. 2/3).
The isosurface of each mutant was computed using the programs PDB2PQR, APBS, and
a script developed in our working group. Figure 16 depicts one Grx2-MTloop mutant
containing all 19 mutations (hGrx2 MTloop D54L/19). The black arrow indicates a re-
gion exhibiting a positive charge which was subsequently modified by in silico mutation
of three additional AAs to further match the Grx5 isosurface.

Evaluating  the  impact  of  each single  mutation on the  isosurface  we constricted  the
amount to 13 AAs that had the biggest influence and repeated in silico mutation before
computing the isosurface of the obtained 91 mutants (Supplemental Fig. 4/5). The effect
of each mutation was again evaluated, allowing to further narrow down the required
point mutations in Grx2-MTloop to eight, while at the same time maintaining an isosur-
face with similarly charged patches, resembling the Grx5 isosurface (Fig. 16; Grx2-MT-
loop K79D/8). It contained the following mutations: K79D, R84P, R88Q, T94E, T100D,
R104Q, L105M and K107Q. The computed Grx2-MTloop K79D/8 was used as a model
to create a His-tagged Grx2-MTloop version that contained all eight mutations. 

Figure  16: Modifying the isosurface of  Grx2-MTloop;  In silico  mutants were used to
compute the isosurface, that is depicted from two different angles. The isosurface of different
mutants  of  Grx2-MTloop  with  19,  22 or 8  mutations was calculated to  visualize  differences
compared to the isosurface of hGrx5. The isosurfaces of the electrostatic potential are represented
in blue (+1 KT/e = 25.8 mV) and red (-1 KT/e = 25.8 mV). The black arrow indicates a
positive charge that was removed in subsequent calculations by introduction negatively charged
AAs. For more detailed information refer to chapter 3.7.1.



61

3.7.1.1 Cloning, expression and stability
Primers for site-directed mutagenesis were designed and used in the order indicated by
the small subscript numbers in materials table 2 to guarantee a proper binding in already
mutated adjacent regions. Results of site directed mutagenesis were verified using Sanger
sequencing. Grx2-MTloop K79D/8 was expressed in E. coli BL21 and purified by IMAC,
as described before. Interestingly, introducing the eight mutations resulted in a more sta -
ble version of Grx2-MTloop. Lower amounts of E. coli were required to obtain the same
amount of protein after purification (~360 µM/ pellet; for comparison see table 1) and no
precipitation  of  the  protein  was  detectable  during  [Fe-S]  cluster  reconstitution  or
re-buffering into phosphate buffer. Following purification and [2Fe-2S] cluster reconstitu-
tion a CD spectrometric measurement was performed. Figure 17 depicts the recorded CD
spectrum, that resembles the cluster of Grx5 and is very similar to the Grx2-MTloop CD
spectrum, indicating that no significant shift in the binding of the [2Fe-2S] cluster arose
from introducing eight additional point mutations. Together with the other engineered
mutants, Grx2-MTloop K79D/8 will be used for further experiments to study the inter-
action with BolA3, BolA1 and other Grx5 targets. This might improve our understand -
ing about the influence of the isosurface on protein interaction and kinetics of [2Fe-2S]
cluster transfer reactions of monothiol (class II) Grxs like Grx5.

Figure  17: CD spectrum of Grx2-MTloop K79D/8;  After purification, [2Fe-2S] cluster
reconstitution,  and  re-buffering,  a  CD  spectrum  of  the  Grx2-MTloop  K79D/8  mutant  was
measured. Signal intensity was normalized to the protein concentration. Spectra of Grx2, Grx5,
and Grx2-MTloop from figure 15 are depicted as reference spectra and for comparison. 
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3.8 Grx2's redox functions in DOX-induced toxicity
Catalysis of redox reactions is one of the characteristic features that can be used to dis-
tinguish class I dithiols from class II monothiols. To further characterize the catalytic
function of wildtype Grx2 in a cellular model we planed to investigate its interaction
partners under oxidizing conditions. 

 As described before Grx2 functions as a member of the mitochondrial oxidant scav-
enging system (29,104), and was suggested to have protective effects under pathophysio-
logical conditions (54,81,105). Of special interest for our used model is Grx2's ability to
modulate activity of complex I of the ETC by S-glutathionylation  (54,106), as well as
the increase of mitochondrial damage in Grx2 depleted cells (107). Another example for
Grx2's function is its protective role in DOX-induced apoptosis. As described in chap-
ter 1.4, DOX has different interactions with proteins and other biomolecules in human
tissue, that are contributing to its cell toxicity. Patients treated with DOX are likely to
suffer from cardiac injury even after completion of the treatment. In cell experiments

Figure  18:  Model  of  doxorubicin-mediated  cell  toxicity  in  mitochondria;  The
anthracyline doxorubicin (DOX) is able to undergo one-electron reduction by complex I of the
electron transport chain forming a DOX semiquinone. By interaction with molecular oxygen (O2),
superoxide (O2

•-) might be formed. Dismutation via the mitochondrial superoxide dismutase to
hydrogen  peroxide (H2O2)  and  subsequent  fenton  chemistry  might  increase  production  of
hydroxid ions (OH -) and hydroxyl radicals (OH•). OH• can increase cardiolipin (CL) oxidation
and thereby promote cytochrome c release and induction of apoptosis.
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Grx2 overexpression was shown to decrease DOX-induced apoptosis and cell damage in
cardiomyocytes (56). This effect was first shown in HeLa cells with increased Grx2 levels
(57) and is in line with findings, that demonstrated lower cell viability in Grx2 depleted
DOX-treated cells  (76). Understanding the mechanisms that are part of Grx2's protec-
tive functions in DOX-induced apoptosis could therefore not only help to further charac -
terize the function of dithiol Grx2a but could also result in beneficial insights for possible
drug targets. 

The model in figure 18 depicts a more detailed excerpt illustrating the mechanism of
action that leads to mitochondrial damage, CL oxidation and apoptosis. Grx2 might ei -
ther modify thiol groups of specific protein targets or influence the pool of redox avail-
able free iron. Thiol modifications and lower Grx2a levels might alter enzyme activity,
influence the mitochondrial iron pool, and ultimately lead to increased CL oxidation.
Here, we focused on interactions of Grx2a with possible protein targets in mitochondria.
Therefore, a mitochondria isolation protocol was established. The main requirement was
a sufficient yield of enriched mitochondrial protein to perform activity assays for evalua -
tion of mitochondrial integrity as well as to monitor the redox state of the mitochondrial
proteome. Crucial steps in redox state investigations of organelles are 1.) to decrease or -
ganelle damage, 2.) to provide a mild cell disruption in physiological buffers while 3.) at
the same time preventing drastic shifts in the redox state.

To investigate the function of Grx2a in DOX-induced apoptosis we used a HeLa cell
model, which was previously used in different publications investigating DOX toxicity
(57,76). A challenging problem which arises from the time-consuming mitochondria isola-
tion is a possible loss of thiol modifications due to equilibration to a new buffer after
DOX treatment. This had to be considered before establishing a mitochondria isolation
protocol. Therefore, we started to investigate differences between DOX-treated cells with
altered Grx2 levels using the non invasive approach of the Seahorse system to monitor
respiration during and after DOX treatment.

3.8.1 HeLa respiration and CL oxidation in glucose medium

First,  functional differences between DOX-treated HeLa cells  containing altered Grx2
levels  were  investigated,  using  the  mitochondria  stress  test  kit  for  the  Sea-
horse XFe96 Analyzer. HeLa cells with siRNA-mediated Grx2 knockdown and HeLa cells
with stable overexpression of Grx2a were used (2.2.1.5). Cells were treated with 0.1 µM
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DOX for 24 h, followed by incubation in XF base medium to allow equilibration to the
conditions of measurement. 

Figure  19: Cell respiration of HeLa cells with altered Grx2 levels; SiRNA transfected
HeLa cells were prepared for oxygen consumption analysis using the Seahorse XFe96 Analyzer.
Before measurement, cells were treated with DOX for 24 h and equilibrated in minimal DMEM
without  DOX (black  and  blue  lines).  For  DOX-treated  cells  the  equlibration  phase  was  also
performed using DOX supplemented DMEM (XF base medium) (red line). Additional information
regarding respiratory capacity can be found in supplemental figure 6B. Measured values from 4
technical  replicates  of  N=3 samples  were normalized  and  used  to  calculate  the  average.  The
standard deviation is not depicted to enable a better overview. A) Control transfected cells showed
a slower increase of the oxygen consumption rate to the maximal respiratory capacity (MRC)
when continuously treated with DOX. B) HeLa cells with siRNA-mediated Grx2 silencing exhibited
a decrease in the MRC during conitinous DOX treatment. C) HeLa cells stably overexpressing
Grx2a  showed  decreased  OCR after  uncoupling  with  FCCP.  D) mRNA levels  of  Grx2  were
monitored to verify Grx2 silencing in every sample.
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Additionally,  all  samples  were also  measured in XF base  medium containing 0.1 µM
DOX to investigate, if removal of DOX during equilibration resulted in changed oxygen
consumption rates (OCR). Supplemental figure 6 depicts a scheme for drug administra-
tion and observed parameters. As depicted in figure 19 the differences in maximal respi-
ration between untreated and DOX-treated cells was not significant in Grx2a overex-
pressing and control transfected samples. Only Grx2 depleted cells showed a decrease in
the maximal respiratory capacity (MRC) when treated with DOX. Alteration of Grx2
levels on the other hand resulted in changes of the MRC. Overexpression of Grx2a re-
sulted in 50 % of the respiratory capacity compared to control cells. When cells were
equilibrated in XF base medium without DOX, 30 min before measurement, the maximal
OCR was reached later compared to cells that were exposed to 0.1 µM of DOX continu-
ously. This indicates, that DOX treatment might result in inactivation of the respiratory
chain leading to longer activation of the respiratory complexes after uncoupling. Cells
equilibrated without DOX showed the same course of curves as the untreated controls. 
The data indicates that Grx2 overexpression might lead to inactivation resulting in de-
creased activity of the ETC complexes. Even though the maximal OCR seems to be in-
dependent of DOX treatment in control and Grx2a overexpressing cells, Grx2 depleted
cells exhibited a slightly lower maximal OCR during DOX exposure. Equilibration with-
out DOX resulted in a shift of OCR and MRC implying, that cells were able to regain
their function to a degree similar to untreated control cells. In later experiments, which
required cell fractionation of DOX-treated cells, 0.1 µM DOX was added to the buffers
for mitochondria isolation to avoid loss of DOX-induced changes. 

In order to analyze induction of lipid oxidation, DOX-treated Grx2 knockdown cells
were also evaluated for their cardiolipin composition. CL lipids from whole cell lysates
were therefore  analyzed via  mass  spectrometry  in Magdeburg by the  group of  Prof.
Schild. CL species mainly contained C18 and C20 fatty acids but showed no significant
differences between the samples (Supplementary Fig. 7). 

Combining the results from the oxygen consumption analysis and CL oxidation we
concluded, that the used HeLa cells did not mainly rely on mitochondrial energy produc-
tion. This is in line with previous findings suggesting glycolysis as main factor in HeLa
cells energy production  (108). To further increase mitochondrial respiration, cells were
hereafter grown in glucose free DMEM supplemented with galactose. 
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As previously described a shift in nutrient availability from glucose to galactose in -
creases respiratory chain activity and yields in larger amounts of mitochondrial proteins
(84). Increasing the oxidative phosphorylation by growing cells in different medium was
also shown to be effective in HeLa cells (83) and increased mitochondrial activity and ex-
pression of mitochondrial membrane proteins associated with oxidative phosphorylation.
Since utilization of galactose requires more ATP compared to glucose an anaerobic gly -
colytic metabolization in sum results in loss of ATP. Thus, cells start to compensate the
lower energy levels by activating oxidative phosphorylation and metabolize galactose and
glutamate via the mitochondrial pathway (83). A new transfection protocol was estab-
lished using a modified electroporation buffer that contained 12 mM galactose as nutri-
ent  instead  of  6 mM glucose.  Comparing  glucose  and  galactose  cultivated  cells,  the
mRNA levels of Grx2a showed no significant changes (data not shown). Viability and
susceptibility to DOX treatment was also compared utilizing the ETC independent MTT
assay, but did not show significant differences (see Fig. 20A), allowing to retain the pre-
viously used DOX concentration of 0.1 µM. 

Figure  20: HeLa cells cultivated in galactose medium are not more susceptible to
DOX-induced  apoptosis;  A)  MTT assay  of  HeLa  cells  cultivated  in  galactose  or  glucose
supplemented medium. The cells were treated with different concentrations of  DOX for 24 h.
Diagram shows standard deviation of six technical  replicates B) Cardiolipin species in DOX-
treated  HeLa  cells  with  siRNA-mediated  Grx2  silencing.  Cells  were  cultivated  in  galactose
supplemented medium. Diagram depicts the percentage of identified CL species; calculated from
µg/mg protein. Representation of n=1.
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We also reinvestigated differences in CL oxidation in DOX-treated, galactose supple-
mented HeLa cells with Grx2 depletion in cooperation with Prof. Schild. Figure 20B de-
picts an excerpt of the percentage distribution of fatty acids that were identified as com-
ponents of  CL. In contrast  to glucose  supplemented cells,  the amounts  of  C18:1 de -
creased  while  more  unsaturated  species  increased  (Supplementary Fig. 7&8).  While
C20:4 species only slightly increased the percentage distribution of C18:2 (linoleic acid)
increased from ~6.5 % to ~18 %. The detected differences were independent of Grx2 si-
lencing and DOX treatment but consistent in all galactose treated cells. As depicted in
figure 20B, smaller differences, like a decrease of C18:1 species in Grx2 silenced cells and
a slight increase of C18:0 and C20:4 in DOX-treated samples with lowered Grx2 levels
were also detected. Even though these last results are not significant, the overall changes
in CL composition in galactose supplemented cells are of interest for general conclusions
about mitochondrial function. Especially C18:2 was associated to tissues with respiratory
active mitochondria (109,110). 

3.8.2 Proteins of respiratory active mitochondria from Grx2 silenced 
cells show different redox states after DOX treatment.

To further investigate mitochondrial activity we subsequently aimed to analyze isolated
mitochondria from galactose treated cells. Different fractionation protocols were tested to
obtain enough protein for iodoTMTTM labeling which required at least 200 µg of protein.
The following table indicates the amount of obtained protein after using different frac -
tionation methods (see table 2). 
Commercially available kits were limited in the usable amount of cells and did not suffi -
ciently increase mitochondrial protein when scaling up cell numbers and buffers. By uti -
lizing a glass homogenizer with 100 strokes in a sucrose buffer, the mitochondrial protein
could  be  increased  significantly.  The  targeted  protein  amount  of  200 µg  was  finally
reached by using a 5 ml Potter-Elvehjem homogenizer with a Teflon pestle and a motor-
ized rotation speed of ~1600 rpm. The amount of mitochondrial protein was determined
using the Bradford assay and mitochondrial enrichment was verified by western blot of
the whole lysate, the mitochondrial fraction, and cell debris (2.2.1.6.1). The mitochon-
drial marker COX IV and the cytosolic tubulin were used as antibodies to evaluate cell
fractions (Fig. 21). 
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disruption method protein conc. protein amount cell amount

Thermo Fisher Pierce Kit 1.25 µg/µl ~ 37.5 µg 20 x106

Qiagen Kit 1.82 µg/µl ~ 54.6 µg 5 x106

Ultra Turrax 0.67 µg/µl ~ 20.1 µg 5 x106

Sonication 0.82 µg/µl ~ 24.6 µg 5 x106

Syringe gauge 21 (10x) 1.17 µg/µl ~ 35.1 µg 10 x106

Syringe gauge 25 0.68 µg/µl ~ 20.4 µg 5 x106

Syringe gauge 27 0.63 µg/µl ~ 18.9 µg 10 x106

Digitonin (20 % stock) 0.52 µg/µl ~ 15.6 µg 20 x106

Digitonin (10 % stock) 0.64 µg/µl ~ 19.2 µg 20 x106

Syringe 27G + digitonin 0.6 µg/µl ~ 18.0 µg 20 x106

Glass dounce homog 50x 4.06 µg/µl ~ 121.8 µg 60 x106

Glass dounce homog 100x 3.12 µg/µl ~ 93.6 µg 60 x106

Potter elvejhem homogen. ~9.00 µg/µl ~ 550 µg 55 x106

Table  2: Representative yields of different mitochondria isolation protocols that were tested to
obtain a protein amount of >200 µg.

As described before an important parameter to evaluate fractionation efficiency and
success was the determination of viable mitochondria in the isolated fraction. To test if
mitochondria enriched fractions still  contained functional organelles,  the mitochondria
were directly tested for their oxygen consumption after isolation. Figure 22 depicts the
detected oxygen consumption using a Clark-type oxygen electrode to verify mitochon-

Figure 21: Verification of mitochondrial enrichment; A) Western blot of whole cell lysate,
mitochondrial fraction and remaining cell debris after homogenization. Stained for mitochondrial
(COX IV) and cytosolic (tubulin) marker. B) Normalization of the detected signals, using total
protein in three biological replicates.
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drial viability and respiratory activity. Mitochondrial respiration can be evaluated by se -
quential application of substrates (malate, glutamate, succinate) of the ETC (phase 2
respiration). Activity of complexes is measured by the resulting oxygen consumption.
Phase 3 respiration is initiated by adding ADP and resumes as phase 4 respiration when
all ADP is consumed. The ratio of phase 3 oxygen consumption to phase 4 oxygen con-
sumption is the respiratory control ratio (RCR) and typically ranges from 3-10 in func-
tional mitochondria  (111). Calculating the P/O value allows to assess how many ATP
molecules per consumed molecular oxygen were produced, which can be used to evaluate
sufficient coupling of the ETC. P/O values between 1.5 and 2.5 indicate functional mito -
chondria  (112). During the measurements we were able to detect an RCR of ~5 and
P/O values of ~2 that fulfilled the criteria for viable mitochondria (Fig. 22A). The re-
sults confirmed that the established fractionation protocol was sufficient to isolate cat-
alytically active, viable mitochondria which was crucial for subsequent investigation of
the redox state of the mitochondrial proteom. To overcome the dependence on antibodies
against specific epitopes and to investigate the whole proteome of the isolated mitochon -
drial fraction a mass spectrometric approach was used. SiRNA-mediated Grx2 silenced
and control transfected cells were incubated with or without DOX for 24 h and were af-
terward fractionated. Each mitochondrial fraction was further treated as described in
2.2.3.6. The reduced cysteines were blocked with NEM and oxidized cysteines were re-
duced and labeled with a specific  isotope of iodoTMTTM,  which allows to distinguish
each sample in subsequent analysis even after mixing of the samples. Samples were fur -
ther prepared for subsequent MS analysis as described in 2.2.3.6. Real-time quantitative
PCR and Western blots were used to verify Grx2 silencing and to confirm mitochondria
enrichment (Fig. 22B-D). 

Mass spectrometrical analysis was performed in the groups of Prof. Dörte Becher and
Dr. Susanne Sievers (Greifswald, Germany) to identify and quantify peptides that were
irreversibly bound to a specific iodoTMTTM reagent. After analysis of the acquired data
sets utilizing the MaxQuant software, over 2100 peptides were identified. For further
evaluation the detected signals intensities of treated compared to control treated cells
were normalized. Mitochondrial peptides that differed from the control intensity by more
than 10 % in two independent biological replicates are shown in table 3. 

We identified subunits of complex I and II of the ETC as well as proteins required for
complex IV maturation. All identified cysteines of the mitochondrial complex I 75kDa
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subunit (NDUFS1) and some other identified peptides are known to be involved in [Fe-S]
cluster binding and are therefore no typical targets of thiol modifications (e.g. S-glu-
tathionylation).  Subunits  directly  involved  in  ubiquitin  binding  were  not  identified.
Other thiols that are involved in Fe-S cluster binding were assigned to NDUFV1, ACO2
and CISD1 (For detailed names see also Table 3). 

In general, the identified proteins can be roughly assigned to five groups. Respiratory
chain, protein import, metabolism, mitochondrial redox regulation, and nucleic acid pro-

Figure  22:  Isolated mitochondria are respiratory active;  A) Oxygen consumption  was
measured using a Clark-type electrode with  subsequent addition  of  0.5 mg mitochondria  (M),
10 mM glutamate and malate (Glut), 10 mM succinate (Succ) and 100 µM ADP to the sample
chamber. ADP was injected a second time to test availability of ETC substrates; this is indicated
by I (first injection) and II (second injection). Phase 3 (p3) indicates the ADP driven oxygen
consumption, that turns into Phase 4 (p4) when ADP is consumed. The P/O value indicates
approximate produced ATP per consumed molecular oxygen. B) Representative western blot to
evaluate  mitochondrial  enrichment  in  samples  used for  iodoTMTTM labeling.  A mitochondrial
(COX IV) and cytosolic (tubulin) marker was used. C) Normalization of detected signals from B
using total protein. D) Evaluation of Grx2 depletion in HeLa cells used for iodoTMTTM labeling by
qPCR. Measurements were performed with triplicates.
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cessing. Small proteins of the Tim family showed also changed levels in the redox state
of two cysteine residues. The hetero-oligomeric Tim8/13 and Tim9/10 complexes play a
role in translocation of proteins targeted to the inner membrane and the mitochondrial
matrix. Grx2 also influences the redox state of some mitochondrial inner membrane com-
plex (MICOS) subunits which are involved in formation of super complexes that are cru -
cial for proper cristae formation in mitochondria. As mentioned above, we also identified
proteins that are involved in redox regulation and signaling. GPX4 for example is able to
catalyze the reduction of peroxides at the expense of GSH and plays a role in detoxifica -
tion of lipid peroxides. Proteins that are mainly members of metabolic pathways, like the
urea cycle, the tricarboxylic acid (TCA) cycle, or beta-oxidation illustrate the wide range
of processes that are directly or indirectly linked to Grx2a.

Protein name Gene Peptide sequence sequence Add'I. Acc. No.

Acetyl-CoA 
acetyltransferase, 
mitochondrial

ACAT1 QAVLGAGLPISTPCTTINK 106 - 124 P24752

Aconitate hydratase, 
mitochondrial

ACO2 DLGGIVLANACGPCIGQWDR 463 - 482 [4Fe-4S] A2A274

A-kinase anchor protein 1, 
mitochondrial

AKAP1 LPAEPPALLQTHPPCR 88 - 103 Q92667

MICOS complex subunit 
MIC19

CHCHD3 ICSEEER
ILQCYR
RYESHPVCADLQAK

111 - 117
195 - 200
181 - 194

S-S bond
S-S bond

C9JRZ6

MICOS complex subunit 
MIC25

CHCHD6 DRPHEVLLCSDLVK 141 - 154 S-S bond H0Y922

CDGSH iron-sulfur 
domain-containing protein 
1

CISD1 FPFCDGAHTK
KFPFCDGAHTK

80 - 89
79 - 89

[2Fe-2S]
[2Fe-2S]

Q9NZ45

Cytochrome c oxidase 
assembly protein COX11, 
mitochondrial

COX11 IQCFCFEEQR 215 - 224 Q9Y6N1

Cytochrome c oxidase 
assembly protein COX19

COX19 EYLECR
GSFPLDHLGECK

57 - 62
20 -  - 31

S-S bond
S-S bond

F8WEL9

Cytochrome c oxidase 
protein 20 homolog

COX20 LLGFLDVENTPCAR 18 - 31 Q5RI15

Carbamoyl-phosphate 
synthase [ammonia], 
mitochondrial

CPS1 AEQPDGLILGMGGQTALNCGVELFK
CLGLTEAQTR
GNDVLVIECNLR
MCHPSIEGFTPR
SAYALGGLGSGICPNR

498 - 522
920 - 929
1248 - 1259
815 - 826
588 - 603

P31327

Nuclease EXOG, 
mitochondrial

EXOG NICSVDTCK 292 - 300 Q9Y2C4
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Protein name Gene Peptide sequence sequence Add'I. Acc. No.

Glutathione 
peroxidase;Phospholipid 
hydroperoxide glutathione 
peroxidase, mitochondrial

GPX4 ILAFPCNQFGK 57 - 67 K7ERP4

Leucine-rich PPR motif-
containing protein, 
mitochondrial

LRPPRC AILQENGCLSDSDMFSQAGLR
DILIACR
LIASYCNVGDIEGASK
LQWFCDR
SCGSLLPELK

493 - 513
1038 - 1044
203 - 218
923 - 929
129 - 138

P42704

Mitochondrial carrier 
homolog 2

MTCH2 QVCQLPGLFSYAQHIASIDGR 47 - 67 E9PIE4

NADH-ubiquinone 
oxidoreductase 75 kDa 
subunit, mitochondrial

NDUFS1 CIQCTR
LSVAGNCR
MCLVEIEK

176 - 181
69 - 76
77 - 84

[4Fe-4S] 3
[2Fe-2S] 1
[2Fe-2S] 1

P28331

NADH dehydrogenase 
[ubiquinone] flavoprotein 1,
mitochondrial

NDUFV1 QIEGHTICALGDGAAWPVQGLIR 411 - 433 [4Fe-4S] G3V0I5

Succinate dehydrogenase 
[ubiquinone] flavoprotein 
subunit, mitochondrial

SDHA AAFGLSEAGFNTACVTK 76 - 92 P31040

Serine 
hydroxymethyltransferase, 
mitochondrial

SHMT2 AALEALGSCLNNK
GLELIASENFCSR
NTCPGDR
QACTPMFR

83 - 95
70 - 82
410 - 416
341 - 348

P34897

Sulfide:quinone 
oxidoreductase, 
mitochondrial

SQRDL CAGAPQK
KYDGYTSCPLVTGYNR

201 - 207
372 - 387

active site
active site

Q9Y6N5

Mitochondrial import inner
membrane translocase 
subunit Tim10

TIMM10 CVPPHYK
EAELSKGESVCLDR
GESVCLDR
MTSACHR

33 - 39
40 - 53
46 - 53
25 - 31

S-S bond2
S-S bond1
S-S bond1
S-S bond1

P62072

Mitochondrial import inner
membrane translocase 
subunit Tim10 B

TIMM10B ALDAEEEACLHSCAGK
MTELCFQR

40 - 55
24 - 31

S-S bond21
S-S bond1

Q9Y5J6

Mitochondrial import inner
membrane translocase 
subunit Tim13

TIMM13 CIAMCMDR
CIGKPGGSLDNSEQK
KCIGKPGGSLDNSEQK

50 - 57
35 - 49
34 - 49

S-S bond1
S-S bond1
S-S bond1

K7EIT2

Mitochondrial import inner
membrane translocase 
subunit Tim8 A

TIMM8A AEACFVNCVER
CMDKPGPK
FQQLVHQMTELCWEK

59 - 69
47 - 54
32 - 46

S-S bond21
S-S bond2
S-S bond1

O60220

Mitochondrial import inner
membrane translocase 
subunit Tim8 B

TIMM8B CVEKPGNR 55 - 62 S-S bond G3XAN8

Mitochondrial import inner
membrane translocase 
subunit Tim9

TIMM9 EVKPEETTCSEHCLQK
LTETCFLDCVK

40 - 55
24 - 34

S-S bond21
S-S bond2

Q9Y5J7
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Protein name Gene Peptide sequence sequence Add'I. Acc. No.

Thioredoxin TXN LVVVDFSATWCGPCK
CMPTFQFFK

22 - 36
73 - 81

active site
S-S bond

P10599

Table 3: Peptides identified during MS analysis of iodoTMTTM samples. Additional Informations
(Add'I.)  about  the  function  of  the  identified  cysteines  and  the  localization  of  the  peptides
(sequence) are included. Numbers in the Add'I. row indicate the disulfide bond or [Fe-S] cluster
corresponding to a peptide if multiple disulfide bridges or [Fe-S] clusters exist in a protein.
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4 Discussion 

4.1 Monothiol and dithiol Grx's different functions

4.1.1 Class II Grx's activity is not based on different substrate 
specificities

Even though class II monothiol Grxs are normally inactive in most assays that measure
(de-) glutathionylation activity, some class II Grxs were also demonstrated to be able to
perform deglutathionylation at very low rates, that are physiologically irrelevant for the
used substrates (21,92,113). One explanation might be, that a lack of activity in typical

Figure  23:  Isosurfaces  of  class  I  and class  II  Grxs  from different  organisms;  The
isoelectric potential of different class I (A) and class II (B) Grxs was mapped to the surface of the
proteins with a scale from -100 mV (red) to 100 mV (blue). The isosurfaces of the electrostatic
potential are represented in blue and red. The black arrows indicate the localization of the active
site in Grx5 and Grx2. Used structure entry numbers from RCSB PDB can be found in the
supplemental data section.
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redox assays is based on class II Grxs selectivity for specific substrates. Substrate speci-
ficity can be explained by specific protein-protein interactions, that are mainly based on
electrostatic and hydrophobic interactions as well as on long-range interactions via com-
plementary charged isosurfaces  (4,101,114). Interestingly, the binding sites for GSH in
Grxs,  which are important for catalytic activity,  are similar  and highly conserved in
class I and class II mono- and dithiols  (4). Figure 23 depicts the isosurfaces of various
Grxs. Even though differences in regions distal to the β1-α1 loop are depicted, the active
site itself (Fig. 23; black arrow) shows very similar compositions of the isosurface. It is
therefore unlikely, that a lack of redox activity in class II Grxs is mainly based on differ-
ences in substrate specificity. 

4.1.2 Class I and class II Grxs have distinct characteristic differences

Similar Trx fold, comparable active sites and conserved GSH binding sites indicate simi -
lar redox activity for monothiols and dithiols. Still, distinct differences in cellular func -
tions are described for both classes and a loss of class I Grxs cannot be compensated by
a class II Grx or vice versa (11,93). In a subgroup of class I Grxs that likewise to class II
Grxs is able to bind [2Fe-2S] clusters, the formation of the catalytically inactive holo
complex is accepted as a mechanism to control enzyme activity (14,25). Grx2 in its ac-
tive form was described to maintain mitochondrial redox homeostasis and effectively re -
duce protein GSH mixed disulfides (53,76). In contrast, Grx5 and other class II Grxs are
mainly acting in iron homeostasis and maturation of iron-sulfur cluster containing pro -
teins  and  therefore  harness  their  cluster  binding  ability  for  cellular  iron  trafficking
(39,115,116). 

Even though structural differences of the β1-α1 loop between class I and class II Grxs
were pointed out previously  (11), the mechanistic basis for class II Grxs inactivity was
unknown. Here we propose a model, based on superimposition of structurally aligned ex-
perimentally resolved protein structures, that explains why monothiols are catalytically
inactive in assays, which measure (de-) glutathionylation activity of Grxs. A conforma-
tional difference of 2 Å in the conserved Lys stabilizes the GSH thiol and prevents for-
mation of a Grx-S-SG mixed disulfide in class II Grxs. The orientation of the Lys is de-
termined by a class II Grx specific insertion of 5 AAs into the β1-α1 loop, that is part of
a conserved GSH binding motif. On the other hand, in class I Grxs a conserved shorter
β1-α1 loop, results in a different conformation of the lysyl residue and stabilizes the GSH
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at its glycine carboxyl group, thereby allowing formation of a Grx-S-SG mixed disulfide
with the N-terminal active site Cys. Our findings go beyond previous theories for the
catalytic differences of class I and class II Grxs and provide a structure based explana-
tion for the lack of mixed dimer formation in class II Grxs, applicable to Grxs from all
species. Furthermore it allows to integrate previous findings, that lacked a mechanistic
explanation for class II Grx inactivity. 

Structural differences in Grxs were also speculated to be basis for their different func-
tions (11,35,36). In 2009, the β1-α1 loop of class II monothiol E. coli Grx4 was suggested
to modify the conserved lysyl position and thereby influencing [2Fe-2S] cluster binding
(37). Furthermore, it was speculated, that in class II Grxs the  β1-α1 loop shields the
cluster and might be involved in cluster transfer due to its flexibility (37,38). Contrarily,
in class I Grxs, the β1-α1 loop was suggested to play a role in stabilization of the N-ter-
minal active site Cys and therefore was speculated to be a requirement for catalytic ac -
tivity (11). In addition, the role of the conserved Lys, anchoring the β1-α1 loop, for cat-
alytic activity of class I Grxs was highlighted. The Lys was hypothesized to play an im-
portant role for the pKa value of the N-terminal active site Cys (117), and mutations of
the AA resulted in lower enzyme activity (118). Lys was therefore discussed to act as a
required activator of enzymatic activity in class I Grxs. In contrast, the elongated β1-α1
loop of class II Grxs was suggested to function as a separator between Lys and active
site Cys, altering the thiols pKa value and therefore posing a possible explanation for
class II inactivity (34). 

The provided model explains the significance of the conserved Lys and the β1-α1 loop
for conformational differences, that results in sterical hindrance or promotion of catalytic
activity in class II and class I Grxs, respectively. Thus, the model provides explanation
for previous results that hinted towards an important role of the loop structure or the
conserved lysyl residue.

4.1.3 Exchange of a loop structure changes Grx activity

To verify the proposed model, engineered Grxs mutants with altered β1-α1 loop struc-
tures were utilized.  Despite the knowledge about the structural differences, only a few
experiments addressed the role of the β1-α1 loop structure or the conserved lysyl residue
for the catalytic activity of class II Grxs. Previous publications mainly focused on the
loop's  role  for  [2Fe-2S]  cluster  binding  (37,38,119).  In  our  experiments  engineered



77

Grx mutants  with  altered  β1-α1 loops  were  monitored  for  their  ability  to  catalyze
roGFP2 (de-) glutathionylation or form Grx-S-SG mixed disulfides. The results provide
first  clear  in vitro evidence,  that the conserved lysyl  residue and the class II specific
5 AAs insertion into the β1-α1 loop are structural key elements, that determine Grx ac-
tivity and prevent oxidoreductase activity in class II Grxs. Accordingly, the engineered
Grx5 mutant containing a DTloop showed increased covalent binding of GSH, whereas
introducing a MTloop to Grx2 decreased covalent GSH binding to the active site. Since
the structural characteristics are highly conserved in class II Grxs it can be concluded
that the results are exemplary for the majority of class II Grx. This hypothesis is sup-
ported by previously published in vitro experiments, that focused on the conserved lysyl
residue in class II Grxs, without knowing its importance for prevention of GSH binding
to the active site. Similar to our results from the complementation assay in yeast, muta-
tion of the lysyl residue, in class II monothiol AtGrxS15, resulted in a loss of activity
(92). Furthermore, introduction of a Grx5 mutant missing the conserved Lys to hGrx5
lacking K562 cells, did not rescue the activity loss of proteins requiring the mitochondrial
ISC machinery (120). In 2018, Bellanda et al. also tried to exchange the β1-α1 loop com-
pletely. In their experiments, exchange of the MTloop in T. brucei 1CGrx1 against the
loop from redox active class I dithiol T. brucei 2CGrx1 did not result in any redox activ-
ity of the mutant, but led to the formation of high molecular protein aggregates (121). It
is important to note, that in contrast to our engineered mutants, all AAs between the
conserved Lys and the N-terminal active site Cys were exchanged against two AAs of a
class I Grx. During our experiments, the two AAs directly preceding the N-terminal ac-
tive site Cys were maintained (see Fig. 7) which resulted in detectable deglutathionyla-
tion activity in hGrx5. Thus, it is tempting to speculate, that those two amino acids are
required for the stability of the proteins used during this thesis. They will be further dis-
cuss this in section 4.1.5. The Grx5-DTloop mutant generated, validated and tested in
this thesis, exhibited reduction activity that reached an efficiency of 1 % compared to
the control A. thaliana GrxC1. Oxidation of roGFP2 by Grx5-DTloop was even more ef-
fective and reached 70 % of  A. thaliana GrxC1 efficiency. One can speculate, that the
oxidation of roGFP2 is more effective, since it requires less protein-protein interaction
with  roGFP2  compared  to  the  reduction.  As  depicted  in  figure 2 oxidation  via  the
monothiol mechanism mainly relies on reduction of GSSG by Grx (step 4, reversed), fol-
lowed by transfer of the glutathione moiety to a protein's thiol residue (step 5, reversed)
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which does not require a lot of protein-protein interaction. The reduction of oxidized
roGFP2 on the other hand requires formation of a glutathione-roGFP2 mixed disulfide
and a subsequent reduction by Grx. Such a reaction likely requires long-range recogni-
tion and a specific direct interaction of Grx5-DTloop with roGFP2 (101). Therefore, dif-
ferences in the electrostatic properties might have a more severe effect  on reduction,
compared to oxidation of roGFP2. In addition one has to keep in mind, that class  II
Grxs are evolutionary not required to perform redox reactions and therefore also might
lack additional patterns that could be required for the sufficient protein-protein interac -
tion of class I Grxs with their targets. 

4.1.4 [2Fe-2S] cluster binding 

Changes of the loop and the conserved Lys result in altered GSH binding and thereby
also in changed binding of a [2Fe-2S] cluster by a dimeric Grx holo complex. It was
shown, that GSH is required for cluster binding in class I and class II Grxs  (25,122).
Binding sites of GSH are highly conserved in most Grxs (4), but were also suggested to
have slight differences in class I and class II Grxs, resulting in two distinct interactions
with GSH  (123). One of the binding sites for the GSH molecule, that is required for
[2Fe-2S] cluster complexation, is directly localized at the β1-α1 loop. Due to the different
conformations of this loop in class I and class II Grxs, it does not come as a surprise,
that the [2Fe-2S] cluster orientation also changes due to the altered GSH binding. In-
deed, Grx dimers in Grx2 and Grx5 were previously shown to have different conforma-
tions in their holo complex forms (38). This differences in the cluster environment can be
monitored using different spectroscopic methods.

Here we demonstrate, that the maxima of a specific band in UV-Vis spectra differ in
their wavelength and shift after exchange of 5 AAs in the β1-α1 loop. This indicates a
different orientation of the bound [2Fe-2S] cluster after mutation of the loop. Further ev-
idence for a drastic change of the cluster environment is provided by CD spectrometric
analysis of the engineered mutants. The recorded spectra were characteristic for a partic -
ular class I or class II β1-α1 loop. Introduction of the DTloop to Grx5 shifted the spec-
trum towards the Grx2 spectrum and vice versa. Earlier findings already demonstrated
the characteristic CD spectra for class I and class II Grxs (16), but to the authors knowl-
edge this work provides the first results, that demonstrate the role of the loop for the CD
monitored cluster environment. Taken together with our results that confirmed a more
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stable cluster binding when a DTloop was introduced to Grx5, those findings indicate
important  consequences  for  its  function.  It  can  be  hypothesized,  that  the  different
[2Fe-2S] cluster environment in class II Grxs is altering the holo complex conformation in
a way that allows easier cluster transfer to target proteins and is therefore required for
the function of Grx5 in iron trafficking. 

Even though more experimental data elucidating the role of the characteristic  β1-α1
loop  is  missing,  some  publications  hint  towards  its  importance  for  cluster  binding.
Liu et al. demonstrated, that cluster reconstitution of a mutant lacking the conserved
Lys which acts as an anchor and stabilizes the loop structure, results in impaired cluster
reconstitution of  hGrx5  (120).  It  was also  proven that in the holo complex form of
class II  E. coli Grx4  the  β1-α1  loop had  a  different  conformation  compared  to  the
monomeric soluble apo-protein (37,123), which emphasizes the importance of the loop for
the holo complex. 

Based on our results and previous findings it becomes apparent that the β1-α1 loop
plays an important role for Grx's catalytic activity and cluster binding. Furthermore, it
can be concluded, that the holo complex stability is influenced by the loop, since ex -
change of the DTloop in Grx2 with the MTloop yielded in a significantly more unstable
mutant. The next section will therefore further discuss possible reasons for the instability
of the engineered Grx2-MTloop mutant.

4.1.5 Grx2-MTloop does not form a stable holo complex

As described above, insertion of 5 class II specific  hGrx5 AAs into the  β1-α1 loop of
hGrx2 resulted in a less  stable mutant, with very low cluster binding activity. Even
though we were able to record CD spectra for this Grx2-MTloop mutant, the amount of
holo protein was not enough to monitor [2Fe-2S] cluster transfer in further experiments.
The requirement to stabilize the protein with 1 M sucrose raised further questions about
the isolated introduction of 5 AAs to Grx2. Loss of the redox activity in Grx2-MTloop
certainly originates in the conformational changes of the Lys. However, it seems to be
unlikely for this engineered mutant to be capable of mediating [2Fe-2S] cluster transfer
to known class II Grx targets, due to its lack of cluster formation. The known interaction
of the MTloop with the second dimer in a holo complex  (26) and the previously de-
scribed importance of electrostatic properties for protein-protein interactions  (101,114),
led to the hypothesis, that the electrostatic properties of our mutant were not favorable
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for holo complex formation. Isosurface evaluation of the engineered mutants and compar-
ison of physical properties of aligned AAs in hGrx2-MTloop and Grx5, allowed identifi-
cation  of  differences  in  regions,  that  are  involved  in  interaction  between  Grx5  and
BolA1/3. Here a hGrx2-MTloop mutant containing 8 additional AA mutations was engi-
neered that exhibited a shift of the isosurface towards the Grx5 isosurface. Protein pu -
rification yielded in higher amounts of stable protein, that did not precipitate after clus -
ter reconstitution and allowed recording of CD spectra without addition of sucrose. This
supports the hypothesis, that isolated exchange of the DTloop in hGrx2 might be ther -
modynamically unfavorable in class I Grxs. Hence, the shifts of charges in the isosurface
and changed electrostatic properties in the β1-α1 loop environment might be the reason
for improved protein stability in the engineered Grx2-MTloop K79D/8 mutant. 

Interestingly,  the amounts  of  cluster  bound holo complex did not increase  signifi -
cantly. Based on the provided results and evaluation of structural alignments of class I
and class II Grxs depicted in figure 24, it can be speculated, that [2Fe-2S] cluster binding
in MTloop containing Grxs requires additional conserved AA motifs.  The highly con-
served proline preceding the N-terminal active site Cys in class II Grxs (right panel),
might be required for increased stable holo complex formation. This would also be in line
with previous findings, that highlighted the role of the Pro containing conserved loop for
GSH binding and protein stability (121,123). Introduction of this Pro into our engineered
Grx2 mutants will be performed to elucidate its role in holo complex formation and to
monitor class II Grxs activity in the future.

Figure 24: Sequence logo of class I and II glutaredoxins; Amino acid (AA) sequence of
class I  (A) or  class II  (B) Grxs  were aligned  and  the  probability  of  AAs at  a  position  was
visualized using the WebLogo 3 tool (195). The red coloring indicates the most common AAs in
the active site. Blue indicates the highly conserved positive charged lysine adjacent to the active
site. A highly conserved proline (green) is found preceding the active site of class II (monothiol
type) Grxs. The used sequences are listed in the supplemental data.
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4.1.6 Stability of Grx2 mutants in yeast

As described earlier  S. cerevisiae Grx5 deletion mutants were used to investigate the
ability of Grxs to compensate ISC machinery disruption and test their functionality in
iron trafficking (16). Inactivity of class I Grxs in those assays was also demonstrated pre-
viously (93). In line with those results, our Grx5 mutants containing a DTloop, partially
lost their efficiency to rescue the phenotype. In contrast, exchange of the conserved lysyl
residue with serin had more significant effects and reached FET3 induction levels similar
to the negative control. To investigate if those results only highlight the role of the con-
served lysyl residue or if the DTloop conformation in hGrx5 is flexible enough to still al -
low iron trafficking during protein-protein interactions in this complementation assay,
further experiments need to be performed in the future. In contrast to hGrx5, hGrx2 ex-
pression was not detected in yeast cells and did not improve by different approaches to
increase intracellular protein levels. Thus, it can be speculated, that additional require -
ments for successful expression of a class II mimicking Grx2-mutant have to be met. 

Protein expression might be improved in future experiments by addition of an N-ter-
minal stabilizing GFP-sequence. Nevertheless, one should take into account, that insta-
bility of the engineered Grx2 mutants might mainly arise from a thermodynamically un -
favorable loop environment or the lack of a highly conserved proline in the β1-α1 loop.
Therefore, it could be a more promising approach to improve in vitro stability and clus-
ter formation by engineering Grx2 mutants containing more class II specific AA motifs,
before conducting new in vivo experiments.

4.2 Glutaredoxin 2 in doxorubicin-induced apoptosis
Alongside investigating the basis of functional differences in class I and class II Grxs,

this work also elucidated the mechanisms by which mitochondrial Grx2 is able to protect
cells from DOX-induced apoptosis. Due to the common use of the drug, understanding
mechanisms that might promote tumor evasion and getting closer insights into processes
that could be involved in DOX-mediated cardiotoxicity, is still a general aim of many in -
vestigations. The model used here was based on previous findings and publications, that
demonstrated differences  of  the toxic effects  in DOX-treated HeLa cells  with altered
Grx2 levels (57,76). Here, we analyzed the effect of DOX on cell respiration, CL oxida-
tion and the mitochondrial redox proteome of Grx2-depleted cells to elucidate possible
substrates and identify links to mitochondrial iron homeostasis.
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4.2.1 Grx2a decreases the activity of the respiratory chain

A significant amount of O2
•- is formed at the respiratory chain in mitochondria. Besides

complex II and IV, complex I of the ETC is one of the main producers of mitochondrial
O2

•- (124). Modulation of the ETC activity therefore is likely involved in processes, that
promote or prevent mitochondrial damage. Due to its function as oxidoreductase that is
activated as a response to shifts in the redox equilibrium, we speculated that Grx2a par-
ticipates in protective modifications of ETC members. Reduction or oxidation of specific
thiol residues in Grx2 targets might thereby promote tumor evasion by decreased pro-
duction of O2

•- and hydroxyl radicals. 
Complex I of the respiratory chain was previously found to be glutathionylated in the

presence of mitochondrial Grx2 and GSSG, which resulted in decreased activity of the
complex, supporting the role of Grx2a for complex I activity (51). Those results were in
line with reports demonstrating, that specific thiol residues of the NDUSF1 subunit of
complex I are glutathionylated by Grx2 (106) and that Grx2a is able to regulate O2

•- and
H2O2 release via S-gluathionylation of mitochondrial proteins  (125). Additional findings
in cardiomyocytes of mice underlined the ability of Grx2a to modulate mitochondrial me -
tabolism, complex I activity and ATP output (54). More evidence for protein interaction
of complex I and Grx2a was provided via co-precipitation of both proteins as well as by
measurements  of  H2O2-induced  complex I  inactivation,  that  was  prevented  by  Grx2
overexpression (55). Furthermore, the inactive form of complex I was shown to expose a
Cys at the ND3 subunit that might be target of thiol modifications (126,127). Oxidation
of this residue might even prevent the complex from transitioning back into the active
state  (128). To monitor the influence of DOX and Grx2 on mitochondrial respiration,
oxygen consumption was measured using a Seahorse system. 

Our  results  show that siRNA-mediated Grx2 silencing by itself  does not result  in
drastic changes compared to the control. Contrarily, cells exhibited decreased respiratory
capacity, when Grx2a levels were increased independent from DOX treatment. These re -
sults are in line with findings from macrophages, where Grx2a overexpression perturbed
mitochondrial ATP production, which is directly correlated with oxygen consumption
(129). In contrast to our results Mailloux and colleagues were able to show a decreased
activity of complex I in Grx2-deficient mitochondria  (54). In their model, DTT treat-
ment restored the activity of complex I, emphasizing the role of Grx2 in reduction of the
complex.



83

In our measurements, the respiratory capacity was only impaired in HeLa cells lacking
Grx2, that were continuously exposed to DOX. One can hypothesize, that DOX expo-
sure promotes or stabilizes inactivity of the ETC and that a lack of Grx2 leaves the cells
incapable of  restoring  the  activity.  Functional  cells  normally  attempt to compensate
FCCP mediated disconnection of the proton transport from ATP production by maximal
ETC activation and increased proton transport into the intracristae space. The induced
activation can be detected as a fast increase of the OCR. In mock transfected, DOX-
treated HeLa cells, the maximal OCR was reached later compared to untreated cells.
This effect could be an indication for more inactive complexes of the ETC, which might
be gradually reactivated after addition of FCCP to DOX-treated cells.

When comparing our results with previous studies, it must be pointed out, that vary-
ing responses of the mitochondrial respiratory system were described. In mice, oxygen
consumption did not change after 24 h of DOX treatment, but a significant decrease was
detectable 72 h prior to DOX administration (130). Similarly in human cardiomyocytes
DOX led to decreased RCR. Nevertheless, in other animal models and in isolated human
tumor cells the response of the respiratory capacity was very unspecific and therefore
could not be directly assigned to a specific site of action (131–133). In the mouse car-
diomyocyte cell line HL-1, DOX even induced an increase of mitochondrial respiration at
clinically relevant doses of 0.01 µM  (134). Since DOX-induced apoptosis is also corre-
lated to increased CL oxidation, we subsequently analyzed differences in mitochondrial
CL composition. No significant changes were detected in the distribution of different CL
species. Based on the ambiguous results from OCR measurements and CL oxidation, it
was concluded, that mitochondrial respiration and oxidative phosphorylation was not a
large part of energy production in the used HeLa strain. This was also in line with publi -
cations that described cytosolic glycolysis as main metabolic pathway for ATP produc-
tion even under aerobic conditions in HeLa cell line (135,136). Considering previous re-
search, that demonstrated an enhancement of oxidative phosphorylation and ETC acti -
vation by cultivating cells in DMEM containing galactose and glutamine instead of glu-
cose (84,137), cells were cultivated in glucose free DMEM subsequently. 

To test if HeLa cells, cultivated in Galactose medium, exhibited increased impairment
of cell growth when treated with DOX, as described for some other mitochondrial drugs
(137), we tested them for their viability in the presence of different DOX concentrations.
In line with earlier findings from human hepatic tumor cells (138), galactose did not in-
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crease susceptibility towards DOX. Results from additional analysis of CL composition
revealed slight differences in Grx2-depleted cells cultivated in galactose, especially in the
amount of C18:1 species. Establishing a mild mitochondria isolation protocol allowed to
monitor mitochondrial function and oxygen consumption independent of the whole cell
system's influence. The detected P/O ratio of ~2 confirmed mitochondrial integrity and
ETC activity after isolation. Together with the stronger activation of the respiratory
chain in galactose cultivated cells, this experimental setting allowed to further analyze
alterations of the redox state of the mitochondrial proteome in Grx2-deficient cells dur -
ing DOX treatment using differential thiol labeling.

4.2.2 IodoTMTTM labeling of the mitochondrial proteome

Over the last years the importance of redox signaling and redox regulation came into fo -
cus. Therefore, different approaches to monitor the redox state of protein thiols were es -
tablished, which allowed to characterize their meaning for physiological or pathological
processes and understand their function as redox switches. 

Recent evidence indicated that Grx2 is involved in (de-) glutathionylation of com-
plex I of the ETC and other mitochondrial proteins, like UCP3 (106,139). A number of
studies has also related thiol modifications of complex I and other proteins to alterations
in  O2

•- production  (140–144), or demonstrated their role in complex I activity control
(145). Additionally, previous reports have highlighted S-glutathionylation of various mi-
tochondrial proteins as a mechanism leading to shifts in redox homeostasis (146). Hence,
we speculated that Grx2 influences the redox state of protein thiols and thereby modu-
lates the outcome in DOX-induced cell toxicity or even development of cardiomyopathy
as discussed earlier (56,57). 

Utilizing a thiol alkylation based method, coupled to MS analysis  (147), which was
further improved during the last years (87,148), a modified iodoTMTTM labeling protocol
was used to assess the redox proteome of isolated mitochondria. Here we identified differ-
ences in the redox state of thiol residues in peptides from mitochondrial proteins, which
showed consistent deviations in redox state in all replicates of the four analyzed samples.
Identified proteins are visualized in figure 25. 
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The identified proteins are components of different biological processes in mitochon-
dria:  organelle  organization  (e.g. Mic19,  Mic25),  oxidation  and  reduction  catalysis
(e.g. COX19, ACO2, GPX4), and carboxylic  acid metabolism (e.g. ACAT1, SHMT2).
Interestingly, we  also  identified  a  number  of  small  translocases  (Tim8A/B,  Tim9,
Tim10/B, Tim13) that are localized in the mitochondrial intermembrane space (IMS)
and are involved in chaperone-mediated protein transport. Tim9 and Tim10 were previ-
ously demonstrated to be essential for cell viability (149,150) and were shown to play an
important role in transport of hydrophobic precursor proteins across the IMS (151). It
was also described previously, that Grx2 is catalytically active in the IMS (152). In yeast
this activity is mainly exerted by a small cytosolic fraction of Grx2 that is imported
through the outer mitochondrial membrane. As Tim9 is also an interaction partner of
Mia40, which was previously described to be oxidized in a GSH and Grx2 dependent

Figure  25: Visualization of  proteins identified by MS analysis;  Peptides  assigned to
mitochondrial proteins that showed a consistent deviation of more than 10 % in Grx2 depleted
cells compared to control cells in all  4 samples of the replicates are highlighted. Proteins are
depicted in a scheme of a mitochondrial membrane to specify their function. Colors indicate more
oxidized (turquoise) and more reduced (red) proteins in Grx2 depleted cells compared to the
control.  TCA  cycle:  tricarboxylic  acid  cycle;  Grx2:  glutaredoxin 2;  Prx3:  peroxiredoxin 3;
Tim: translocase  of  the  inner  membrane;  Tom: translocase  of  the  outer  membrane
Trx2: thioredoxin 2; For complete protein names of colored proteins see table 3.
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manner, it is possible, that Grx2 depletion in HeLa cells indirectly changes the redox
state of Tim9 and Tim10 via Mia40 (152,153). In conclusion, it can be hypothezised, that
thiol modifications of members of the mitochondrial protein import system can alter the
effective incorporation of proteins targeted to the IMM, thereby leading to a gradual im-
pairment of mitochondria function in Grx2 deficient cells.

The group of identified proteins associated to redox processes and aerobic respiration
was of special interest, since most explanations for DOX toxicity in mitochondria are
based  on  increased  O2

•- or  hydroxyl  radical  production  (74,154).  Here we  identified
changes  of  the  redox  state  in  proteins  which  are  part  of  complexes  of  the  ETC
(NDUFS1,  NDUFV1,  UQCRC1)  or  are  required  for  complex  assembly  (COX 11,
COX 19) and are critical for the biogenesis of cytochrome c oxidase (155). 

Surprisingly, the identified peptides of ETC subunits did not contain thiol residues,
that are known sites for thiol modifications. Instead the identified cysteine residues in
NDUFS1 and NDUFV1 are involved in [4Fe-4S] cluster binding. Nevertheless, one could
speculate, that Grx2 is necessary for incorporation of Fe-S clusters and maturation of the
complex subunits. This would be in line with earlier findings, that demonstrated the re-
quirement of mitochondrial Grx2 for incorporation of [4Fe-4S] clusters into complex I
(81). Our identification of mitochondrial aconitase (ACO2), showing the same depen-
dance on Grx2 for [4Fe-4S] cluster incorporation, further support this hypothesis (81). 

By comparing our results of modified redox states in proteins that are members of the
mitochondrial import machinery with the literature, one could conclude that changes are
a side effect of the siRNA-mediated silencing of the cytosolic form of Grx2 (152). But in-
dependent of those findings, our results indicate an important role of the mitochondrial
Grx2 in incorporation of Fe-S centers into mitochondrial proteins. In the beginning, in
line with common belief, we speculated that Grx2 mainly prevents DOX-induced apopto-
sis by modifying thiol switches in DOX interaction partners like complex I, thereby de-
creasing O2

•- and indirectly hydroxyl radical production. However, the results shown here
indicate, that Grx2's role in DOX-mediated toxicity or tumor evasion might be based on
direct or indirect interactions of the mitochondrial iron homeostasis. This conclusion is
also supported by other studies. Together with a critical evaluation of the utilized cell
model they will be further discussed in chapter 4.2.3.
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4.2.2.1 Limitations of mitochondria isolation for iodoTMTTM 
labeling
When evaluating the results, one should consider that disadvantages of the method limit
the significance and just allow to monitor the redox state at a specific time point. Modi -
fications that would have occurred at a different time point are not detected. The uti-
lized  approach  also  suffers  from  limitations  connected  to  the  isolation  protocol.  As
pointed out in the beginning, it is important to keep the redox state unaltered as long as
possible to maintain mitochondrial function during isolation. Even though we monitored
mitochondria integrity, tested their function and used a physiological buffer for cell ho-
mogenization, the method still requires a lot of time to enrich a mitochondrial fraction
(~2 h). Thus, disruption of the cell membrane and mechanical shearing force might in -
duce  signal  transductions  which  could  result  in  unintentional  modification  of  thiol
switches. In addition, one should consider, that redox modifications are very dynamic
and underlie rapid changes. Thus, long centrifugation steps hold the risk that preceding
thiol residue modifications might have been reversed and remained undetected. To re -
duce loss of specific thiol modifications, samples, buffers and equipment were handled at
4 °C  and  the  respective  samples  were  constantly  exposed  to  DOX.  Storing  the  ho-
mogenate in buffers that mimic a more physiological setting was also shown to be effec -
tive and resulted in enriched fractions with functional respiration. 

Although mitochondria isolation is widely accepted to investigate mitochondrial redox
switches (156–158), it was shown, that mitochondria start do lose cofactors and metabo-
lites like GSH during isolation  (159–161). Changes that might arise from those limita-
tions have to be considered during evaluation of the results. Hence, investigation of the
redox proteome of organelles remains a challenge, when time intensive isolation or en-
richment is required. Therefore, some approaches rely on antibody based mitochondria
isolation protocols, which still cannot prevent alterations of the redox state, but might
result in less aberration, since they are not as time consuming. Other methods avoid mi -
tochondria isolation completely, by monitoring shifts in the general redox equilibrium us-
ing redox sensors (95,162), or by utilizing thiol-reactive probes in combination with anti-
bodies (163). The downside of those methods is, that they do not allow identification of a
specific thiol residue and therefore can only function as an initial step to monitor changes
of a specific organelle or protein.
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4.2.3 HeLa cells are not doxorubicin resistant

The results provided by this work indicated a role of Grx2 in iron homeostasis, but no
significant differences in Grx2-depleted cells were detected when directly comparing un -
treated and DOX-treated cells. The used model for DOX-induced apoptosis and disrup-
tion of mitochondrial redox homeostasis was based on previous studies, that provided ev-
idence for different cell viability in HeLa cells with modified Grx2 levels (57,76). In this
thesis, the utilized approach suffered from a lack of reproducibility. We were not able to
show higher susceptibility in DOX-treated Grx2 depleted cells. The ED50 value for DOX
in untreated HeLa cells provided by the mentioned publication was 40  µM. Interestingly,
when comparing results from other publications where DOX toxicity was measured, it
became clear, that typical ED50 values for HeLa cells are normally found around 1 µM,
which is in line with our findings (164–166). 

On the other hand, Grx2 overexpression was shown to increase viability independent
of its localization in the cytosol or in mitochondria (57). In experiments where we used
stably overexpressing cells, we were able to detect slight differences in Grx2a overex-
pressing cells (see Fig. 26). In contrast, cells overexpressing cytosolic Grx2, did not show
increased cell viability with an ED50 of 1.35 µM (data not shown). To test the effect of
other Grxs on cell viability, we also compared siRNA-mediated Grx5 depleted HeLa cells
with Grx2 depleted cells and wild type cells. 

Figure  26:  MTT  viability  assay  of  Grx2a  overexpressing  cells,  HeLa  cells  stably
overexpressing Grx2a were treated with different concentrations of DOX before monitoring cell
viability using the MTT assay. Cells were compared to HeLa wildtype. The respective ED50 values
are listed in the diagram. Curves are depicted with standard deviation of six technical replicates
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Figure 27 depicts the viability curves and the corresponding ED50 values.  Interest-
ingly, Grx5 silenced cells showed a slight increase in viability under DOX treatment. As
Grx5 is required for Fe-S cluster containing protein maturation, it can be speculated,
that the lack of mitochondrial [2Fe-2S] clusters has a similar effect like Grx2a overex -
pression due to an increased abundance of redox active mitochondrial apo Grx2. It might
also result in decreased activity or availability of proteins that require clusters for their
catalytic functions. Those theories would also be in line with our findings from the MS
analysis, which suggested an association of Grx2a and Fe-S cluster centers. To further
highlight the role of iron in DOX-induced apoptosis, the following section will focus on
DOX and its interweaving with iron metabolism.

4.2.3.1 Doxorubicin disrupts iron homeostasis
DOX was shown to damage cells based on mechanisms described in chapter 1.4. Most

of the prevalent explanations for DOX-induced cardiotoxicity are based on the anthracy-
cline's ability to redox cycle. But when taking a closer look in DOX metabolism inside a
cell it becomes clear that DOX-induced toxicity is far more complex and comprises time

Figure  27: Viability of HeLa cells  after Grx2 or Grx5 silencing;  A) HeLa cells  with
siRNA-mediated silencing of Grx2 or Grx5 were treated with differend DOX concentrations for
24 h before a WST-8 viability assay was performed. The respective ED50 values are listed in the
diagram. Representative curves of 6 technical replicates with standard deviation. B) Validation of
Grx2 silencing by quantification of the mRNA levels. C) Validation of decreased Grx5 levels of
n=3. Signal detected after incubation with Grx5 antibody indicated by **.
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dependent deviations of DOX metabolites that have different toxicities and mechanisms
of action. The expressed enzymes of a cell can therefore impact cell survival or even pro -
mote tumor escape in cancer cells. Three main metabolic pathways that are depicted in
supplemental figure 9 are found in mammals. 

The primary pathway is the two-electron reduction of DOX to DOXol, a metabolite
that is not able to redox cycle (167,168). Interestingly, its anti tumor potency is also sig-
nificantly lower compared to DOX (169), whereas at the same time it is known to be
more cytotoxic than DOX itself and thereby strongly contributing to the promotion of
chronic cardiomyopathy (170). Furthermore, it was described, that DOXol translocation
to the nucleus and mitochondria is increased due to its polarity (171,172). It is also of
importance, that DOXol is the main metabolite in a chronic setting and is primarily
found in hearts of patients that died from CHF (173). Due to DOXols inability to redox
cycle one should also consider other mechanisms that mainly contribute to cell damage
during chronic phases of DOX treatment in cardiomyocytes. 

Another metabolite originates from one-electron reduction of DOX by different oxi-
doreductases.  The formed DOX semiquinone can interact with molecular oxygen and
lead to increased O2

•- production via redox cycling (Fig. 18) (74,154).
Lastly,  DOX or  DOXol  can undergo a  deglycosylation,  which results  in  aglycone

forms of DOX metabolites. Only 1-2 % of DOX are transformed to aglycones, but due to
their lipophilicity they accumulate inside membranes, where they can lead to increased
O2

•- formation (174,175). Compared to DOX, aglycones are more effective at increasing
mitochondrial membrane permeability, thereby, increasing mitochondrial swelling,  dis -
rupting the membrane potential,  and subsequently  also  increasing NADPH oxidation
(176,177). They are the metabolites that are mainly found during acute phases of DOX
regimes (167,178). The before mentioned studies indicate different mechanisms of action
in cardiomyocytes compared to cancer cells and it will require more in depth investiga-
tion, to elucidate the precise mechanism for a specific cell type at a certain time point of
treatment. 



91

Up until now, an increasing number of findings has been published, which are similar
to our results, implying a significant role for DOX-mediated toxicity by the cellular iron
pool and disruption of [Fe-S] clusters. Beside the ability of DOX to redox cycle, increase
O –●  production and indirectly promote formation of hydroxyl radicals via fenton chem-
istry, the drug is also able to directly utilize iron for hydroxyl radical production and
lipid oxidation (179,180). DOX therefore forms a DOX-Fe2+ complex that can react with
oxygen to form O –● . After dismutation to H2O2, DOX-Fe2+ can also catalyze the produc-
tion of hydroxyl radicals from H2O2 (Fig. 28A). The required reduction of the formed
DOX-Fe3+ complex is performed by P-450 reductases or GSH. In the absence of reducing
systems, DOX-Fe3+ can also reduce Fe3+ intramolecularly forming an oxidized DOX rad-
ical (180,181). During the GSH-mediated Fe3+ reduction no intermediate DOX metabo-
lites are formed (182). From theses results one could also hypothesize that the Grx2 con-
trolled GSH pool might be involved in preventing cell death in Grx2 overexpressing tu-
mor cells. 

An important question that arises from the described reaction mechanism is the lack
of free cellular iron under physiological conditions. To catalyze the above-mentioned re -
actions, DOX needs to recruit iron from the cellular iron storage. The underlying mecha-
nism of iron release is based on the ability of DOX and DOXol to interfere with proteins
that bind Fe-S clusters. DOX for example was shown to disrupt the labile [4Fe-4S] clus-
ter  of  the  cytosolic  aconitase  (ACO1)  converting  the  enzyme to  IRP1 (ACO1-IRP1

Figure 28: Reaction mechanism of DOX with iron; A) A DOX-Fe2+complex can lead to
the formation of superoxide (O2

•-) or hydroxyl radicals (OH•) at expense of oxygen or hydrogen
peroxide (H2O2), respectively. Formed DOX-Fe3+ can be reduced by GSH. Bound Fe3+ can also
be reduced intramolecularly by formation of oxidized DOX (DOXOX-Fe2+). B) DOX chelating
three iron ions was named quelamycin; modified after (180,196)
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switch) (70,183).  IRP1  is  a  major  regulator  of  proteins  associated  with  cellular  iron
homeostasis like transferrin receptor or ferritin. Hence, DOX promotes additional iron
uptake into the cell and releases iron from the [4Fe-4S] cluster. Others have also demon -
strated, that DOX is able to disrupt IRP1 interaction with iron response elements of
mRNAs, thereby further affecting protein regulation (184). Interestingly, previous studies
also provided evidence that DOX selectively inactivates mitochondrial aconitase (ACO2)
(185), which further supports a model, in which DOX damages cells via disruption of mi-
tochondrial iron homeostasis. Based on our findings of a modified thiol residue in ACO2,
that is involved in binding of the [4Fe-4S] cluster, and findings that highlighted impaired
cluster incorporation to ACO2 and complex I of the ETC in Grx2 deficient cells, one
could speculate that Grx2's influence on Fe-S cluster centers might interfere with DOX-
mediated toxicity. 

In chronic settings of DOX treatment associated to cardiomyopathy, disruption of the
iron homeostasis can become even more severe, since the most abundant DOX metabo-
lite DOXol can irreversibly disrupt the aforesaid ACO1-IRP1 switch resulting in a non-
functional IRP1 (186). 

Moreover,  knockdown  of  the  iron  storage  protein  ferritin  was  shown  to  sensitize
against DOX in a breast cancer cell line (187). In accordance with those results it was
suggested, that increased synthesis of ferritin can protect from DOX-induced cardiotoxic -
ity, which was supported by results demonstrating ferritin induction in cardiomyocyte
and mouse treated with DOX as a possible compensatory mechanism (188,189). Prevent-
ing an increase of free iron could impede formation of DOX-Fe complexes and thereby
decrease cell toxicity. Inhibiting the disruption of cellular iron homeostasis was also at-
tempted in clinical studies, where DOX was administered as a derivative saturated with
iron, called quelamycin (triferric DOX) (Fig. 28B). In a phase I trial, quelamycin showed
no cardiotoxic  effects  in  patients  and therefore  had a  better  therapeutic  index than
DOX. Phase I clinical trials with 96 patients were even able to demonstrate considerable
antitumor activity while showing no cardiotoxic effects even at cumulative doses of 2.8 g
(190). Of special interest was the use of quelamycin as follow up treatment for a patient
who already reached the limiting dose of 550 mg/m² DOX and was further treated with
quelamycin, while not showing any cardiotoxic side effects. Another patient who received
a cumulative dose of 880 mg/m² DOX developed episodes of congestive heart failure. Af-
ter hospitalization, tumor associated pain increased and treatment was continued using
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triferric DOX instead of DOX. No subsequent deterioration in heart condition was de-
tected even after additional cumulative doses of 620 mg/m² quelamycin, while at the
same time tumor regression was measured (190). Even though clinical trials were not fur-
ther continued after successful phase I completion due to systemic iron overload side ef-
fects, the trial supports the conclusion, that a large part of DOX-induced toxicity seems
to be based on disruption of cellular iron homeostasis. 

4.2.4 Experimental strategy

As described in the introduction, DOX has many known mechanisms of action. The vari-
ety of tumors and their different enzymatic networks, that might be involved in DOX
metabolism or detoxification of DOX's side effects, lead to complex systems, that are dif-
ficult to approach in a single cell model. Expanding the clinically relevant subject of tu -
mor escape in DOX-treated tumors to the important field of DOX-induced CHF in pa-
tients, requires an even more advanced model. The metabolic differences in chronic and
acute settings of DOX treatment, for example aggravate the use of a model that only fo-
cuses on 24 h of treatment. In addition, it might be important to consider, that DOX
mechanisms of action might differ depending on the cell compartment. The before men -
tioned disruption of the iron homeostasis for example is catalyzed in the cytosol and in
mitochondria, but still a direct targeting of DOX to mitochondria resulted in increased
tumor toxicity while at the same time decreased cardiotoxicity and O –●  production (191).
In primary cardiomyocytes on the other hand, it was suggested, that DOX does not even
perform redox cycling at pharmacological relevant concentrations of 0.1-1 µM (192,193).
Therefore, the effects of disruption of metabolic pathways and protein functions need to
be further elucidated. 

Based on the mentioned data, one should consider that the role of endogenous Grx2
levels in protecting HeLa cells from DOX-induced toxicity is not as important as sug -
gested previously (76). Still our results indicate, that Grx2 might be able to modify DOX
toxicity by its influence on GSH levels and its role in incorporation of Fe-S clusters to
target proteins that were shown to be involved in DOX-induced apoptosis. This mecha-
nism is therefore likely to be involved in decreasing DOX toxicity in Grx2 overexpressing
cells. 
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4.3 Conclusion and future perspective
In conclusion this work presents evidence for a structural feature that is conserved in
class II monothiol and class I dithiol Grxs in all kingdoms of life and thereby is able to
provide the previously missing explanation for the lack of activity in class II Grxs. 

Even though the used classification meanwhile changed to a more function based sys -
tem of class I and class II Grxs, the common use of the words monothiols and dithiols
and the characterization of the catalytic function to (de-) glutathionylate as monothiol
mechanism, can be misleading. Furthermore, it falsely indicates, that class II monothiols
are lacking a function, when they are described as unable to catalyze monothiol reac-
tions.  In reality  class II  Grxs  are not designed to catalyze (de-) glutathionylation.  A
small shift of 2 Å results in prevention of covalent GSH binding and thereby determines
the dramatic change in cellular function.  Redox active monothiols of class I, like yeast
Grx6 and Grx7 on the other hand, might be viewed as descendants of an ancestor pro -
tein of class I Grxs,  that contained two active site cysteines. During evolution, those
Grxs lost their C-terminal active site Cys, while retaining the essential class I loop to
specialize on (de-) glutathionylation reactions. 

The class II Grxs specific  α1-β1 loop structure also alters binding of non-covalently
bound GSH. Thereby, it drastically changes the orientation of a bound [2Fe-2S] cluster
and thus holo-Grx complex conformation and stability, which is a prerequisite for suc -
cessful cluster transfer and iron trafficking inside the cell.  Our  investigations of addi-
tional structural features that might determine the interaction of class  II Grxs during
[Fe-S] cluster transfer are important findings to understand, why the exchange of the
specific class I loop in human Grx2 did not result in stable mutants. As described above,
future research in this field will improve the understanding of the molecular characteris-
tics that are required for class II mediated iron trafficking. This could further increase
the  validity  of  experiments,  like  complementation  assays  or  kinetic  investigations  of
[2Fe-2S] cluster transfer.

Investigating  human Grx2's  function as  oxidoreductase  in  DOX-induced apoptosis
further helped us to understand its interaction with mitochondrial proteins but also gives
reasons to reconsider Grx2a's role in preventing DOX-mediated toxicity. Future research
should further test how Grx2 overexpression in mitochondria and also in the cytosol is
affecting cellular iron homeostasis. Furthermore, time dependent changes of DOX metab-
olites and their effects and interactions with cellular iron and [Fe-S] cluster containing
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proteins need to be investigated in appropriate model systems. This will give additional
insights into pathophysiological mechanisms of tumor escape in DOX-resistant cells and
late-onset CHF in DOX-treated patients. 
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5 Supplemental data

Used PDB entries from figure 6:
AtGRXS14  (PDB  code:  3IPZ),  PtGRXS14  (2LKU),HsGLRX3  (3ZYW),  HsGLRX5
(2WUL), ScGrx5p (3GX8), TbGrx1 (2LTK), EcGrx4 (1YKA), AtGRXC5 (3RHB), Pt-
GRXC1  (1Z7P),  PtGRXS12  (3FZA),  HsGLRX2  (2HT9),  ScGrx1p  (3C1R),  ScGrx2p
(3CTF), ScGrx6p (3L4N), EcGRX1 (1GRX) and EcGrx3 (3GRX)
Fig 6C 2LKU, 2MNZ, 2WCI, 2WUL, 2YAN, 3GX8, 2IPZ, and 2ZYW
Fig 6D (monothiol Grxs, 2XCI, 2WUL, 3RHC, and 5J3R; dithiol Grxs, 1B4Q, 2E7P, and
2HT9)
Fig 6E (2HT9)
Fig 6F (2WUL)

Primary sequence of used wildtype Grxs without mitochondrial signaling sequence

human Grx5 with N-His-Tag
MGSSHHHHHHSSGLVPRGSHMGSGAGGGGSAEQLDALVKKDKVVVFLKGTPE-
QPQCGFSNAVVQILRLHGVRDYAAYNVLDDPELRQGIKDYSNWPTIPQVYLNGE-
FVGGCDILLQMHQNGDLVEELKKLGIHSALLDEKKDQDSK

human Grx2 with His-Tag
MGSSHHHHHHSSGLVPRGSHMESNTSSSLENLATAPVNQIQETISDNCVVIFSK-
TSCSYCTMAKKLFHDMNVNYKVVELDLLEYGNQFQDALYKMT-
GERTVPRIFVNGTFIGGATDTHRLHKEGKLLPLVHQCYLKKSKRKEFQ
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Supplemental  Figure  1:  Sequence  of  structural  aligned  Grx5  and  Grx2-MTloop;
Interaction sites with GSH are marked with arrows in red for electrostatic interactions or in blue
for hydrophobic interactions (4). Amino acids (AAs) of hGrx5 that showed a chemical shift during
interaction  with  BolA1  (A)  or  BolA3 (B)  were  mapped  to  the  structurally  aligned  AAs  of
Grx2-MTloop  (grey).  C)  AAs  of  A. thaliana  GrxS14  that  showed  a  chemical  shift  during
interaction with BolA2 were mapped to the structurally aligned AAs of hGrx5 and Grx2-MTloop
(grey). AAs derived from previously published NMR data (102,103).
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Supplemental Figure  2: In silico computation of the isosurface of 190 different Grx2-MTloop
mutants; 19 mutated amino acids (AAs), 1st perspective. The isosurfaces of the electrostatic potential is
represented in blue and red. Grey bar indicates the first mutation that was introduced to a PDB file using
swissPDBviewer. Sequentially added AA mutations are listed on top. E.g. the protein furthest to the right in
the second row represents a protein containing 18 mutations. 
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Supplemental Figure  3: In silico computation of the isosurface of 190 different Grx2-MTloop
mutants; 19 mutated amino acids (AAs), 2nd perspective. The isosurfaces of the electrostatic potential is
represented in blue and red. Grey bar indicates the first mutation that was introduced to a PDB file using
swissPDBviewer. Sequentially added AA mutations are listed on top. E.g. the protein furthest to the right in
the second row represents a protein containing 18 mutations. 
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Supplemental Figure 4: in silico computation of the isosurface - 13 mutations, 1st perspective

Supplemental Figure 4: In silico computation of the 
isosurface of 91 different Grx2‑MTloop mutants; 
13 mutated amino acids (AAs), 1st perspective. Isoelectric 
potential of the mutants was mapped to the surface of the 
proteins with a scale from -100 mV (red) to 100 mV 
(blue). The isosurfaces of the electrostatic potential is 
represented in blue and red. Grey bar indicates the first 
mutation that was introduced to a PDB file using 
swissPDBviewer. Sequentially added AA mutations are 
listed on top. The protein marked with an asterix contains 
eight mutations, and was also cloned in vitro.
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Supplemental Figure 5: in silico computation of the isosurface - 13 mutations, 2nd perspective

Supplemental Figure 5: In silico computation of the 
isosurface of 91 different Grx2‑MTloop mutants; 
13 mutated amino acids (AAs), 2nd perspective. Isoelectric 
potential of the mutants was mapped to the surface of the 
proteins with a scale from -100 mV (red) to 100 mV 
(blue). The isosurfaces of the electrostatic potential is 
represented in blue and red. Grey bar indicates the first 
mutation that was introduced to a PDB file using 
swissPDBviewer. Sequentially added AA mutations are 
listed on top. The protein marked with an asterix contains 
eight mutations, and was also cloned in vitro.
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Supplemental Figure  6: Scheme of  a respiratory measurement using the Seahorse
system; During measurements of oxygen consumption, the described substances can be used in
the depicted order to monitor the indicated respiratory parameters. 

Supplemental Figure 7: Cardiolipin oxidation in HeLa cells grown in glucose DMEM;
Cells were partly treated with DOX for 24 h. Harvested cell pellets were frozen and subsequently
analyzed  for  fatty acid  species  of  the  isolated  cardiolipin.  Diagram depicts  results  from one
experiment.
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Used RCSB PDB entries for figure 23:
Class II: 
E.coli  Grx4  (2wci);  A. thaliana  AtGRXcp  (3ipz);  poplar  GrxS14 (2lku);  S. cere-
visiae Grx5 (3gx8); human Grx5 (2mmz); human Grx3-A (3zyw); human Grx3-B (2yan)
Class I: 
E. coli  Grx1  (1egr);  E. coli  Grx3  (1fov);  Sus scrofa  Grx1  (1kte);  human Grx2  (2fls);
S. cerevisiae Grx1 (3c1r); poplar GrxS12 (3fz9r); A. thaliana GrxC5 (3rhb)

Grx sequences used for the sequence logo (Fig. 24) 
Dithiol (class I) Grxs used for calculation of a sequence logo

Grx2  (Homo  sapiens);  GrxC5  (Arabidopsis  thaliana);  GRXC4,  GRXC6,  GRXC8,  GRXS6,
GRXS10 (Oryza sativa subsp. japonica); GrxS12, Grx, GrxC1 (Populus trichocarpa); Grx1, Grx2,
Grx6, Grx7 (Saccharomyces cerevisiae); Grx1, Grx3 (Escherichia coli)

Monothiol (class II) Grxs used for calculation of a sequence logo

Grx5 and Grx3 (Homo sapiens); GrxS14 and GrxS15 (Arabidopsis thaliana); GRXS11, GRXS1,
GRXS4, GRXS7, GRXS12 (Oryza sativa subsp. japonica); GrxS14 (Populus trichocarpa); ycf64-
like (Synechocystis sp.);  Grx3, Grx4, and Grx5 (Saccharomyces cerevisiae); 1-C-Grx1 (Trypa-
nosoma brucei)

Supplemental Figure  8: Cardiolipins fatty acid species  in HeLa cells  cultivated in
galactose supplemented glucose free DMEM; Cells were partly treated with DOX for 24 h.
Harvested cell pellets were frozen and subsequently analyzed for fatty acid species of the isolated
cardiolipin. Diagram depicts results from one experiment. 
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Supplemental Figure 9: Doxorubicin metabolites; Doxorubicin (DOX) and its metabolites
can  be  reduced  by  two-electron  reduction  (1)  forming  doxorubicinol  (DOXol)  species.  One-
electron reduction leads to formation of a DOX semiquinone (2). Deglycosidation of DOX or
DOXol leads to formation of aglycone forms (3).
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7 Abbreviations
ɛ Molar absorption
°C Degree Celsius
AA Amino acid
ACO Aconitase
ADP Adenosine diphosphate
ATP Adenosine triphosphate
BSA Bovine serum albumin
CD Circular dichroism
cDNA Complementary DNA
CHF Congestive heart failure 
CL Cardiolipin
COX IV Cytochrome c oxidase subunit 4
Cys Cysteine
CysC-term C-terminal active site cysteine
CysN-term N-terminal active site cysteine
CytC Cytochrome c
DCM Dilatative cardiomyopathy
DMSO Dimethyl sulfoxide
DNA Desoxyribonucleic acid
DOX Doxorubicin
DOXol Doxorubicinol
DSF Differential scanning fluorimetry
DTloop Loop with a dithiol conformation as found in class I Grxs
DTNB 5,5'-dithio-bis-[2-nitrobenzoic acid] - Ellman's Reagent
DPBS Dulbecco's Phosphate buffered saline
ETC Electron transport chain
FET3 Iron transport multicopper oxidase FET3
FXN Frataxin
g Gravitational acceleration or gram
GFP Green fluorescent protein
GR Glutathione reductase
GPx Glutathione peroxidase
GR Glutathione reductase 
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Grx Glutaredoxin
Grx-S-SG mixed disulfide Glutaredoxin-glutathione mixed disulfide 
GSH -L-glutamyl-L-cysteinylγ -glycine
GST Glutathione S-transferase
GSSG Glutathione disulfide
H2O2 Hydrogen peroxide
HEDS Bis(2-hydroxyethyl)disulfide
His-tag Polyhistidine-tag
HO• Hydroxyl radical
ICS Intracristae space
IMAC Immobilized metal ion affinity chromatography
IMM Inner mitochondrial membrane
IMS Mitochondrial intermembrane space
IPTG Isopropyl β-D-1-thiogalactopyranoside
IRP Iron regulatory protein
ISD Desulferase ISD11
ISC Iron-sulfur cluster assembly
IscS Cysteine desulferase from E.coli
ISCU2 Iron-sulfur cluster assembly enzyme ISCU
kDa Kilodalton
LB Lysogeny broth
LC-MS Liquid chromatography–mass spectrometry
Lys Lysine
MFRN Mitoferrin
MRC Maximal respiratory capacity
MTloop Loop with monothiol conformation as found in class II Grxs
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
NADPH Nicotinamide adenine dinucleotide phosphate
NDUFV1 NADH dehydrogenase [ubiquinone] flavoprotein 1
NEM N-ethylmaleimide
NFW Nuclease free water
NO Nitrogen oxide
O2 Molecular oxygen
O2

•- Superoxide
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OCR Oxygen consumption rate
OH- Hydroxid ion
OD Optical density
OMM Outer mitochondrial membrane
PAGE Polyacrylamide gel electrophoresis
PCR Polymerase chain reaction
PDI Protein disulfide isomerase
PVDF Polyvenylidene fluoride
RCR Respiratory control ratio
RNA Ribonucleic acid
P/O ratio Phosphate/Oxygen ratio
RT Room temperature
SDS Sodium dodecyl sulfate
SOD2 Superoxide dismutase 2 
Tm Melting temperature
TAE Tris-acetate-EDTA
TBS(T) Tris-buffered saline (Tween-20)
TCA cycle Tricarboxylic acid cycle
TFA Trifluoroacetic acid
TIM Translocase of the inner membrane
TOM Translocase of the outer membrane
TOPO-II Topoisomerase II
TR Thioredoxin reductase
Tris 2-Amino-2-hydroxymethyl-propane-1,3-diol
Trx Thioredoxin
Tyr Tyrosine
UV Ultraviolet
WST Water-soluble tetrazolium salt



127

Parts of this thesis were presented during conferences:

• Symposium of the GBM Studiy Group Redox Biologie – Heidelberg
22.-23. 09.2014 (poster)

• Redox Research Rheinland – seminar "mitochondria" – Düsseldorf
12.06.2015 (talk)

• FEBS Berlin; 40th FEBS Congress – The Biochemical Basis of Life – FEBS 2015 
04.-09. 07.2015 (poster)

• WMC Berlin; 6th World Congress on Targeting Mitochondria – Berlin 2015 
28.-30. 10.2015 (poster)

• 3rd Meeting of the GBM Study Group Redox Biology – Düsseldorf
04-05.06.2016 (poster)

• FEBS Advanced  Lecture  Course;  Redox  Regulation  of  Metabolic  Processes  –
Spetses Island, Greece
19.-25.09.2016 (talk and poster)



128 Acknowledgments 

8 Acknowledgments 
I  would  like  to  thank  Prof.  Elke  Krüger,  Prof.  Uwe  Lendeckel  and  Prof.  Reinhard
Walther for giving me the opportunity to write my PhD thesis at the Institute of Medi -
cal Biochemistry and Molecular Biology. A special thanks to Christopher Horst Lillig for
developing the project continuously and allowing me a lot of freedom in the research.
Furthermore, I want to thank my second supervisor Christiane Helm, for giving sugges -
tions and helpful advises during the time of my PhD thesis. Extensive parts of my time
as PhD student involved lectures, workshops, seminars and sometimes exams that were
part of the fulfillment for the Greifswald Graduate School in Science. I want to thank the
evaluation committee Sabine Müller, Uwe Bornscheuer and Michael Lalk for their work
and time that was required for meetings and questions regarding the GGSS. At this
point I also want to express my sincere graditude to Christiane and Christopher who not
only allowed me to do my PhD as part of the RTG 1947 but also helped me with the or-
ganization of the GGSS. 

As part of the RTG 1974 this PhD thesis was financially supported by the German
Research Foundation (DFG). Also thanks to Anett Stolte who made many organiza-
tional matters in the RTG a lot easier. 

I also want to thank all the members of the Lillig group and the IMBM. In the time I
worked in the lab I met a lot of people and I'm grateful for the funny moments, the nice
working atmosphere as well as help and advises in general. Listing all the names of peo -
ple I want to thank would increase the number of pages drastically and therefore I will
focus  on  a  few.  Chantalle  Müller,  Eva-Maria  Hanschmann,  Manuela  Gellert,  Sarah
Gürtler, Petia Apostolova, Lisa Morlock, Laura Maria Jordt, Dennis Uhlenkamp, Kilian
Günther, Nils Krüger, Md Faruq Hossain, Clara Ortegón Salas and Willy Bruhn. Fur -
thermore I want to acknowledge our collaborators that were involved in investigations
performed during this thesis. Andreas Meyer, Anna Moseler, Carsten Berndt, Anna En-
gelke, Ulrich Mühlenhoff, Lorenz Schild, Susanne Sievers, Sylvia Dittmann, Klaus Weisz
and Simone Venz. 

Finally, I want to thank Claudia for making the last years unforgettable, Eva for all
her help, and especially my family for their support during the last years.


