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Introduction 1

1 Introduction

The constant exchange and processing of information of cells with and from their environ-
ment results in the orchestration of essential cellular mechanisms such as survival, homeosta-
sis, development, and cell death. This information, in form of extra- or intracellular signals, is
received by specific receptors, that in turn become activated, enabling the transduction to the
effector molecule(s), which eventually will trigger a precise biological response. One effector
molecule is not specific for one signal transduction pathway, in consequence a signaling path-
way can branch and communicate with other pathways, resulting in the amplification, inter-
connection, and modulation of signals and responses. Signal transduction depends not only on
transducer proteins, i.e. enzymes responsible for the production and/or release of second mes-
senger molecules or the introduction of reversible post-translational modifications in other

proteins, but also on reaction kinetics and thus enzymatic activity.

1.1 Redox signaling

Redox mediated signal transduction occurs by both oxidation and reduction of key mole-
cules as result of the transfer of electrons. In the past, redox modifications were considered to
be simply the result of an imbalance on the ratio of pro- and anti-oxidants within the cell; un-
der so-called ‘oxidative stress’ conditions, the excess of ‘pro-oxidants’ would favor the oxida-
tion of different effector molecules, resulting in many different pathologies and disorders (1—
5). Over the past decade, however, redox-biochemistry has experienced a significant transfor-
mation, as these redox modifications have been increasingly shown to be rapid, reversible,
physiological, and highly specific key mechanisms in cell signaling (6—-8). Moreover, redox
signaling was shown to be compartmentalized, i.e. localized to a single compartment or even
to different regions within a cell at a given time point, which stands in opposition to the view
of the overall cellular redox state as a balance (9,10). The major targets of redox modifica-
tions are the side chains of the sulfur containing amino acids, i.e. cysteine and methionine
(Fig. 1). Cysteinyl and methionyl residues have been identified in numerous signal transduc-
tion pathways, highlighting their importance in complex organisms. The specificity of the re-
dox modifications, as well as the low reactivity of most sulfur containing amino acid side
chains with hydrogen peroxide, imply that redox signaling requires catalysis by specific en-
zymes, just like phosphorylation signaling requires kinases and phosphatases. While reducing

enzymes of both cysteinyl- and methionyl-derivates have been characterized in great detail
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Figure 1: Redox modifications of cysteinyl and methionyl amino acid side chains. (1) Nitrosylation of
cysteinyl residues requires a catalyst that accepts one electron. De- and trans-nitrosylation are catalyzed by
Trxs. (2) Reversible disulfide formation may occur by thiol-disulfide exchange reactions, e.g. with proteins of
the Trx family. (3) Reaction with hydrogen peroxide can lead to the formation of sulfenic acids, that can
further react to disulfides (4) or, irreversibly, to sulfinic (5) and sulfonic acids (6). Oxidation of methionyl
residues, e.g. catalyzed by MICAL enzymes, evinces methionyl-R-sulfoxides that can be reverted by MsrB
enzymes (7). Methionyl-S-sulfoxides (8) can be reduced by MsrAs. Methionyl sulfoxides may also be
irreversibly oxidized to methionyl sulfone derivates (9). Adopted from Article 1 (page 43).

before, only little is known about oxidizing enzymes. In this thesis, a new concept of protein

oxidation in cell signaling is presented: receptor-induced redox relays.

1.2 Peroxiredoxins

Peroxiredoxins (Prxs) belong to the thioredoxin (Trx)-fold family of proteins. Members of
this protein family share a common structural motif consisting of three a-helices surrounding
a central core of a four stranded [-sheet (11,12). Among the members of this family of pro-
teins are thioredoxins (Trxs), glutaredoxins (Grxs), and Prxs, on which a major focus of this
thesis will lay. Prxs were isolated for the first time from human erythrocytes in 1968 as a re-
sult of their high abundance, named as ‘torins’ by then (13); it was more than 25 years later,
in 1994, when Rhee et al. introduced the term peroxiredoxin (14). Prxs are ubiquitously ex-
pressed in all organisms, tissues, cell types, and organelles, and can account for up to 1% of
soluble cellular proteins (15,16). Prxs were firstly identified as ‘antioxidant’ due to their en-
zymatic activity. In contrast to Trxs and Grxs, which are mainly involved in the reduction of

protein disulfides, Prxs exhibit peroxidase activity and are therefore able to reduce peroxides
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to water in presence of suitable electron donors (17). Despite the difference in the activity
and, therefore, in the reaction mechanisms, Prxs, Trxs, and Grxs play a key role as regulators
in redox signaling and thus the cellular redox state.

Prxs are proteins of 20-30 kDa expressed in different cellular compartments and different
isoforms (18); six Prx isoforms were identified in Homo sapiens: Prx1 is mainly localized in
the cytosol, nucleus, and peroxisomes; Prx2 is present in the cytosol and nucleus, and has
been shown to bind to cell membranes; Prx3 is exclusively targeted to mitochondria; Prx4 is
found in the cytosol and endoplasmic reticulum, and is the only Prx isoform that is actively
secreted; Prx5 is localized in the cytosol, mitochondria and peroxisomes; Prx6 is present in
the cytosol, vesicles, and lysosomes (19). Based on their structure and enzymatic mechanism,
the mammalian Prxs are divided into three groups: 2-Cys Prxs (human Prx1-4), atypical 2-
Cys Prxs (Prx5), and 1-Cys Prxs (Prx6). All of them contain one conserved, redox-active,

peroxidatic cysteine residue (Cp, Fig. 2). 2-Cys and atypical 2-Cys Prxs contain one addi-
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Figure 2: Reaction mechanism of 2-Cys Prxs. (1) Cp (labeled S,) is oxidized by H-O: to sulfenic acid, that is
attacked by the Cg (labeled S;) of other Prx monomer (2), leading to the intermolecular disulfide. The disulfide
is reduced by Trx as outlined in (3-4). In the presence of H.0,, the sulfenic acid can be further oxidized
(hyper-oxidized) to sulfinic (5) and sulfonic (9) acids. Sulfinic acid modified Prxs can be recovered by the
ATP-dependent action of Srx (6-8). Adopted with permission from (12).
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tional so-called resolving cysteine residue (Cg) located at the C-terminus of the same subunit,
while 1-Cys Prx lack this Cg residue. Most Prxs function as homodimers, although the 2-Cys
Prxs also form decamers as result of the association of five dimeric subunits. Depending on
different conformations and complex formation, Prxs display different functions. From the
catalytical point of view, these three groups slightly differ from each other. During the reduc-
tion of H,O, by Prxs, the Cp is oxidized to sulfenic acid (Cp-SOH). In the case of 2-Cys Prxs,
the Cp-SOH reacts with the Cr of the other subunit in the homodimer, leading to an inter-
molecular disulfide (Fig. 2 and 6); in atypical 2-Cys Prxs, the C,-SOH reacts with the Cy of
the same subunit to form an intramolecular disulfide (15,19,20). Both inter- and intramolecu-
lar disulfides are eventually reduced by the Trx system (see section 1.3). Due to the absence
of a Cr in 1-Cys Prxs, the sulfenic acid is, in this case, reduced by other small thiol mole-
cules, e.g. glutathione (GSH). In the situation of an excess of the substrate, Prxs may be hy-
per-oxidized to sulfinic or sulfonic acids (see also Fig. 1) on the peroxidatic N-terminal cys-
teinyl residue, resulting in the inactivation of the enzyme (21). For many years, Prxs hyper-
oxidation was thought to be irreversible, but in 2003 Biteau and colleagues identified the
ATP-dependent enzyme sulfiredoxin (Srx, Fig. 2) able to restore the peroxidase activity
(22,23). So far, Prxs are the only class of proteins for which a specific reductase of the
sulfinic acid has been described. The peroxidatic cysteine of Prxs is exceptionally reactive to-
wards peroxides, being thereby oxidized very rapidly with a rate constant in the range of
1-10° to 1-10° M'-s! (24-27), explaining why Prxs are also called peroxide scavengers. This
rate constant is 5 to 7 orders of magnitude higher than the rate constant of other small thiol
groups or any given protein cysteinyl residue, leaving the Prxs as strong competitors of other
target proteins thiol groups. In other words, in order to allow the oxidation of effector pro-
teins with a much slower reactivity towards H,O,, Prxs would have to undergo inactivation,
for instance through hyper-oxidation or phosphorylation (21,28). In this way, the produced
H,0, could act as second messenger molecule and oxidize the target protein(s) resulting in an
appropriate response. Given the high abundance of Prxs and the high sensitivity of the Prxs’
Cr to H>0O,, one other possible scenario would be that redox-regulated proteins are not di-
rectly oxidized by hydrogen peroxide, instead the oxidation of these proteins could be medi-
ated by Prxs. In this case, Prxs would act as sensors and transducers of H,O, signaling path-
ways. In Manuscript 3 (page 70) this hypothesis, a new example for this function, is presented

and discussed in greater detail.
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1.3 Thioredoxins

S
P
Thioredoxins (Trxs) comprise the X é
first branch and the name-giving pro- T ~SH 5 VAN
rx . 1 Trx N P P
teins of the Trx-fold family of proteins SH SH HS
(11,12,29). They were first identified in Ter/ Te
1964 as electron donor for ribonu- s 4 2 5 SH
cleotide reductase (RNR) (30). Their sH
characteristic dithiol active site motif
. o S78eN 3 e
CGPC, that is conserved throughout all ~ Trx . TR T |
SH HS S
kingdoms of life, facilitates the reduc- SeH
tion of the disulfide formed in the cat- Ter\ SH

alytic cycle of the RNR. The reaction Figure 3: Reaction mechanism of Trxs. Trxs reduce protein

. . disulfides via the dithiol mechanism, depending on both
mechanism by which Trxs reduce pro- gctive site cysteines. The N-terminal active site Cys forms a
covalently bound mixed disulfide intermediate (1), which is
reduced by the C-terminal active site Cys, releasing the
reduced protein (2). Oxidized Trx is reduced by TrxR in a
similar reaction sequence (3-4). Adopted with permission

the active site are involved (31,32), see from (12).

tein disulfides is called dithiol mecha-

nism, where both cysteinyl residues in

Fig. 3 for more details. Briefly, the active site thiol located at the N-terminus initiates the nu-
cleophilic attack on a sulfur atom of the target disulfide, leading to the formation of a mixed
disulfide intermediate. This transient intermediate is then reduced by the C-terminal active
site thiol of the Trx, releasing the reduced substrate. Oxidized Trx is subsequently regenerated
by the flavo- and selenoprotein thioredoxin reductase (TrxR) (33,34), that ultimately receives
the reducing equivalents from NADPH. TrxR exists as a 55-60 kDa homodimer, in which ev-
ery subunit presents a flavin adenine dinucleotide (FAD) domain, a NADPH binding domain,
and an interface domain. It contains two active site motifs: one N-terminal active site motif
Cys-Val-Asn-Val-Gly-Cys, adjacent to the FAD domain, and one located at the C-terminus
with the motif Gly-Cys-Sec-Gly (35,36). The high accessibility and reactivity of the seleno-
cysteine (Sec) residue in the C-terminal active site confers the TrxR a broad substrate speci-
ficity (34). The mammalian genome encodes two Trx systems: one cytosolic with Trx1 and
TrxR1, and one mitochondrial formed by Trx2 and TrxR2 (37,38). Trx1 is a 12 kDa protein
highly conserved in different species, from human to bacteria. The activity and specificity of

both human and bacteria Trx1 and TrxR are profoundly discussed in Article 2 (page 52).
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1.4 Glutaredoxins

S
Glutaredoxins (Grxs), as the third mem- P\ |
S
ber of the Trx family of proteins, also con- o _SH \ . S8 ,
tain the well-characterized Trx-fold do- NgH 1 \SH Hs”

main (11). The Grx protein family was first

GSSG P-S—SG
characterized in 1976 as GSH-dependent
4
alternative electron donor for RNR in E.
GSH
coli, after mutants lacking Trx were still vi-

able (39-41). Grxs are classified in two S—S6

Grx__ er\|
groups attending to their active sites: SH )

CxxC/S-type Grxs, with a Cys-Pro-Tyr-
Figure 4: Reaction mechanism of Grxs. Grxs reduce

Cys/Ser active site motif, and CGFS-type protein disulfides via the dithiol mechanism, being
. . . reduced by two GSH molecules (1-4). In addition, they

Grxs, with a Cys-Gly-Phe-Ser active site reguce glutathionylated proteins via the monothiol
. . mechanism only depending on the N-terminal active site
motif (42,43). The key determinant of the Cys, that attacks the GSH moiety and forms a GSH-
mixed disulfide intermediate (5), which is reduced by
another GSH molecule (4). Adopted with permission

consisting of five amino acids directly pre- from (12).

Grx function is a unique loop structure

ceding the active site, which is present in CGFS-type Grxs and absent in CxxC/S-type Grxs.
The latter catalyze the reduction of disulfide bonds in substrates via the so-called dithiol
mechanism, similar to the one described above in Fig. 3. In this case, however, the oxidized
Grx is regenerated by two GSH molecules (Fig. 4, reaction 1-4), that eventually are reduced
by NADPH via glutathione reductase (GR), also at the expense of NADPH (36,44,45). In ad-
dition, and as unique feature, Grxs can also reduce glutathionylated proteins in a process
called de-glutathionylation via the monothiol mechanism, where only the N-terminal thiol of
the active site is involved (Fig. 4, reaction 5-4) (46—48). Human Grx1 and Grx2 belong to this
CxxC/S-type Grxs. On the other hand, CGFS-type Grxs do not possess any oxidoreductase
activity, with few exceptions (49,50); instead, they are essential in cellular iron metabolism
(42,51,52). Human Grx3 and Grx5 belong to this group of proteins (53-55). Iron is an essen-
tial element for the survival of almost all living organisms, it can be incorporated in heme or
iron-sulfur (FeS) cluster in proteins that are essential for life (56-58). These proteins partici-
pate in the transfer of electrons, are cofactors in enzymatic catalysis, control the stability of
biomolecules, and act as regulatory elements (42). The first two FeS-Grxs described were

Arabidopsis thaliana GrxC1 (59) and human Grx2 (54,60), with the CGYC and CSYC con-
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sensus active site, respectively, sufficient to allow cluster ligation. The clusters are bridged in
a dimeric holo-complex at the interface of two hardly interacting Grx monomers, where the
N-terminal active site cysteinyl residue of each Grx and also the thiol groups of two non-co-
valently bound GSH molecules are involved (61,62). Since the discovery of these two pro-
teins, all CGFS-type Grxs have been characterized as Fe,S,-proteins that bind the FeS cluster
in a very similar way, including the co-ligation by GSH. Because cellular iron levels need to
be tightly controlled, organisms have developed effective regulatory mechanisms, e.g. iron
regulatory proteins (IRPs) (51,63,64). For instance, in case of iron deficiency, cytosolic IRP1
and IRP2 bind to specific mRNA structures, called iron responsive elements (IRE), that pro-
mote the synthesis of proteins involved in iron homeostasis such as transferrin receptor (TfR),
ferritin, and ferroportin (65). In eukaryotic cells, once the Fe,S, cluster is synthesized in the
mitochondria by the iron-sulfur cluster assembly machinery (ISC), it is transferred to Grx5 by
the heat shock protein HSP70 chaperone system (58). Subsequently, the cluster is either trans-
ferred directly to Fe,S, target proteins or to protein complexes involved in Fe,S, clusters as-
sembly (66,67). Independent of their enzymatic activity, all Grxs use GSH as substrate that
binds to an evolutionary conserved GSH binding site. Among the four different Grxs identi-
fied in mammals, Grx2 merits special mention in this thesis. The human Grx2 gene (GLRX2)
encodes three different protein isoforms by alternative splicing: mitochondrial Grx2a, and nu-
clear and cytosolic Grx2b and Grx2c (68,69). Grx2 contains the uncommon active site motif
CSYC, while its cytosolic counterpart Grx1 contains the conserved CPYC motif. The ex-
change of the prolyl residue at the second position in the active site sequence for a seryl
residue in Grx2 has two consequences: first, Grx2 is able to bridge a FeS cluster, resulting in
a dimeric holo-Grx2 inactive as reductase. Certain conditions, for instance a more oxidized
GSH pool, lead to the degradation of the cluster and the activation of the Grx2 monomers,
suggesting a function for Grx2 as sensor in vivo (54). And second, the CSYC sequence results
in an increased affinity for glutathionylated substrates, giving Grx2 the ability to (de-)glu-
tathionylate target proteins, as well as to reduce protein disulfides (70-72). In this regard,
Grx2c has been identified as specific reductase of the regulatory disulfide in collapsin re-
sponse mediator protein 2 (CRMP2) (72,73) and is therefore included in the model of a spe-
cific redox signaling pathway proposed in Manuscript 3 (page 70). In addition, several studies

have shown the importance of the isoform Grx2c, as it is essential for brain development as
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well as heart functionality in zebrafish, and it is specifically induced in many cancer cell

lines, promoting cell motility and invasiveness (74,75).

1.5 The Semaphorin signaling pathway

Semaphorins (Sems) are expressed in most — if not all — tissues, although they were ini-
tially characterized in the nervous system (76—78). Semaphorins act via a hetero-dimeric
transmembrane receptor formed by neuropilin (NP)-1 or -2 proteins, and plexin (Plex) pro-
teins of the classes A to D (79,80). The semaphorin signaling pathways are part of the regula-
tory networks controlling the processes that shape the developing nervous system, i.e. axon
guidance, synaptic plasticity, and neuronal migration (80-82). Among all members of the
semaphorin family, Semaphorin 3A (Sem3A) is a prototypical secreted semaphorin present in
neurons, where it is involved in axon repulsion, dendritic branching, and synapse formation
(83-85). For Sem3A in particular, the receptor NP1/PlexA is necessary to mediate the signal
transduction (86—88). Activation of the Sem3A pathway induces growth cone collapse and re-
traction of the outgrowths by controlling the de-polymerization of the cytoskeleton. Effector
proteins include Ser/Thr kinases like cyclin dependent kinase 5 (Cdk5) and glycogen synthase
kinase 3 3 (GSK3p) that sequentially phosphorylate CRMP2 (89,90). Terman and colleagues
showed that MICAL proteins (see section 1.6) directly interact with PlexA (91), supporting
the idea that these proteins are involved in the semaphorin-mediated axon repulsion through
the regulation of cytoskeletal dynamics (see Fig. 5, page 17, for an overview of MICALs-
Sem3A receptor interactions). Furthermore, MICALs directly oxidize actin and promote
growth cone collapse and cellular repulsion (91-95).

Both MICAL and CRMP?2 interact with the cystosolic domain of PlexA and both are re-
quired for the Sem signaling pathway (91,96). The activity of the MICAL monooxygenases is
required for their function in the pathway, for instance MICALs can produce H,O, upon acti-
vation of the Sem3A pathway (97). In this thesis, the following pathway and mechanism of
CRMP?2 oxidation is proposed: MICAL1 is activated in response to Sem3A signaling, pre-
sumably by direct interaction with the Sem3A receptor. Next, reduced MICAL1 (FADH,) re-
acts fast with molecular oxygen yielding a peroxy-flavin intermediate (FAD-OO"). This im-
mediately decays to H,O, and oxidized MICAL (FAD). This H,O, oxidizes transducer pro-
teins, i.e. Prxs, that in turn oxidize CRMP2 (see Manuscript 3, page 70).
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1.6 MICAL proteins

MICAL proteins acquired their name after a study that identified a novel ‘molecule inter-
acting with CasL’ in 2002 (98). CasL belongs to the p130 Cas family of proteins (99), it con-
tains an N-terminal SH3 domain followed by a substrate domain, both motifs responsible for
its interaction with many molecules and, thus, for its functions (100). A couple of months
later in 2002, Terman et al. identified MICALSs in Drosophila melanogaster as proteins bind-
ing to the cytoplasmic domain of the semaphorin receptor PlexA (91), suggesting that MI-
CALs are involved in the semaphorin signaling pathway (see section 1.5). MICALSs are cy-
tosolic proteins expressed in specific neuronal as well as non-neuronal tissues, such as spleen,
thymus, lung, and testis (98,101). They are highly conserved from vertebrates to inverte-
brates. The human genome contains three different MICAL genes (MICAL1, MICAL2, MI-
CAL3), and two MICAL-like genes (MICAL-L1, MICAL-L2) also found in mice. In con-
trast, Drosophila has only one MICAL gene and one MICAL-like gene (91,98,102). All MI-
CAL proteins contain a flavin-dependent monooxygenase (MO) domain located at the N-ter-
minus, followed by a calponin homology (CH) domain and a LIM domain. Additionally, a C-
terminal Rab-binding domain (RBD) can be found in some MICALs, i.e. human MICAL1
and MICAL3 (103,104). Presumably the most interesting feature of MICAL proteins is the
presence of the N-terminal FAD-containing MO domain. Since MICAL-L proteins lack this
domain, they have been excluded from this thesis, in which the main focus resides particu-
larly on the oxidase activity. Nevertheless, it shall be mentioned that some studies point to the
involvement of MICAL-L proteins in processes such as the regulation of cell surface recep-
tors recycling, actin remodeling, or neurite outgrowth (105-107). The MO domain confers
the ability of MICALSs to function as oxygenases, i.e. oxidize targets using molecular oxygen
and NADPH as substrates. The CH domain is typical for actin-binding proteins. There are
three types of CH domains (1-3) (108-110), type 2 is present in MICALs. This type of CH
domain is not sufficient by itself to bind F-actin, however, it is important for the MO domain
to function, as it enhances the binding to actin as well as its catalytic activity (111). The LIM
domain consisting of small cysteine-rich zinc-finger structures is involved in cytoarchitecture
and protein-protein interactions (112—115). The RBD domain includes binding sites for small
GTPases of the Rab family, for instance Rab8, Rab1, or Rab35 (102,116-120). This domain
has been suggested to auto-inhibit the oxidase activity of the MO domain, as the C-term-trun-

cated MICALI1 resulted in a constitutively active enzyme in vivo, in contrast to full-length
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MICAL1 (121). This domain was formerly named C-terminal domain (CTD), with a proline-
rich region, a glutamic acid repeat, and a coiled coil (CC) motif. The motif PPKPP (Pro-Pro-
Lys-Pro-Pro) present in the proline-rich region interacts with the SH3 domain of CasL, as
mentioned above (98). It is also through this C-terminal domain that MICAL interacts with
vimentin, a protein that is present in intermediate filaments of the cytoskeleton (98). This as-
sociation supports the idea that MICAL may function as regulator of the cytoskeleton.

As a flavoprotein, MICAL has been compared to other FAD-containing proteins. Based on
a high similarity of the MICAL MO domain to the aromatic hydroxylase p-hydroxybenzoate
(pHBH) from Pseudomonas fluorescens (91,122,123), the MO domain of mouse MICAL
(mMICAL) was characterized in great detail (124). From a structural point of view, the do-
main is folded in two subdomains connected by two B-strands. The large subdomain, also
called domain-1 or FAD-binding domain, contains the two consensus sequence motifs re-
quired for the FAD binding. The first motif is the GxGxxG sequence, commonly found in
FAD-dependent oxidoreductases; the second motif is the GD sequence, conserved among the
hydroxylases. The FAD molecule seats in between the two subdomains and binds to one side
of mMICAL via a hydrogen bond network (123). In pHBH, the flavin ring can switch be-
tween the so-called “out” and “in” conformation depending on its oxidized and reduced
states, respectively. (125-127). Briefly, in the “out” conformation, the ring occupies a more
solvent-exposed position, away from the substrate; upon NADPH binding, the flavin ring is
reduced and pulled inward into a more buried position (“in”) facing the active site and favor-
ing the catalysis. According to this nomenclature, the flavin ring in the crystal mMICAL
structure was found to adopt the “out” position (123). In the same study they also showed that
mMICAL binds NADPH, which likewise triggers a similar change in the FAD conformation.
In contrast to other hydroxylases and uniquely to mMICAL1, the shift from the “out” to the
“in” conformation leads to the opening of a channel directly connecting the molecular surface
with its active site. This channel opens out on the opposite side of the NADPH binding site,
and it is sufficient in length and width to permit the access of a potential substrate amino acid
side chain (123). A representation of both “in” and “out” conformations of the FAD in mMI-
CAL, as well as the surface open channel can be found in Article 1 (page 43). In Manuscript
3 (page 70) of this thesis, the following reaction mechanism of human MICAL is proposed
(Fig. 6, page 18): firstly, FAD is reduced to FADH, at the expense of NADPH (Fig. 6, reac-

tion 1). In presence of molecular oxygen, reduced FADH; is extremely rapid oxidized to the
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transient C4a-hydroperoxide intermediate form of the enzyme (FAD-OO") (Fig. 6, reaction
2), which decomposes to H>O, and the oxidized flavin (FAD) (Fig. 6, reaction 3). The shift of
the flavin ring from the “out” to the “in” conformation is crucial for MICAL to act as oxi-
dase, as well as the rate limiting step of the whole mechanism. Generated H,O: is responsible
for the substrate oxidation, in this case Prxs (Fig. 6, reaction 4). This model mechanism, in-
cluding the kinetic characterization of every step, is shown in Manuscript 3 (page 70). Addi-
tionally, in vitro experiments included in this manuscript show that indeed MICAL oxidizes
Prxs, noteworthy even in presence of catalase, indicating that the produced H-O, is not re-
leased, but locally produced instead. This observation suggests that Prxs must bind to MICAL
in very close proximity to the open channel in order to be oxidized. Once oxidized, Prxs
would transfer the oxidizing equivalents to a dedicated effector protein, e.g. CRMP2 as pro-
posed in this thesis. According to this model, a quite low reactive thiol group such as CRMP2
Cys504 thiol (128) could be efficiently oxidized by other highly sensitive thiol groups such as
Prxs thiols, that are rapidly oxidized by H,0O,, as discussed above. It has been published re-
cently that Prxs, upon oxidation by H,O,, transfer disulfides to redox-regulated proteins, in-
troducing the concept of a “redox relay” (129). Such redox relays have been known for more
than 15 years only in fungi. For instance, S. cerevisiae glutathione peroxidase-like 3 (GPx3),
later named oxidant receptor peroxidase 1 (Orp1), acts as H,O, receptor and mediates the oxi-
dation of the transcription factor Yap1 (130), and when S. cerevisiae lacks all eight thiol per-
oxidases sensing H,O,, cells are unable to regulate gene expression in response to H,O, (131).
Evidence of similar Prx-based redox relays has been reported in mammalian cells, with few
well-documented reports in which deletion or depletion of human 2-Cys Prxs compromises
H,0,-dependent thiol oxidation (129,132,133).

Following the identification of MICALs as flavin-dependent enzymes that specifically pro-
duce H,O, by Nadella et al. (124), the function of MICAL proteins as potential oxidases has
been a subject of great interest. Back in 2002, although Terman and colleagues’ study did not
characterize MICAL as oxygenase, they yet showed growth cone repulsion upon inhibition of
flavo-monooxygenases in vitro, suggesting that MICALs are involved in axon guidance, and
thus semaphorin signaling (91). The collapse of the growth cone induced by semaphorins re-
quires localized de-polymerization of actin. The actin cytoskeleton is crucial for many, if not
all, cellular events, and as such, actin is a meticulously regulated protein. This regulation is

mediated not only by actin binding proteins, but also by post-translational modifications.
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Actin is susceptible to redox modifications including oxidation, nitrosylation, glutathionyla-
tion and carbonylation (134-136). As they are widely variable, the effects of the redox modi-
fications cannot be grouped together (135). In general, redox mediated alterations have been
found to regulate the polymerization/de-polymerization dynamics of actin, but they are spe-
cific to the cell type, the redox environment, and the crosstalk to other signaling pathways.
Additionally, these redox mediated alterations are critically dependent on the monomeric,
globular (G) or polymeric, filamentous (F) state of actin, as well as the particular amino acid
residues modified, i.e. cysteinyl or methionyl residues. Unlike cysteine, methionyl residues
do not react rapidly with hydrogen peroxide at physiological pH (137). However, it has been
shown that methionyl residues at position 44 (M44) and 47 (M47) of actin are post-transla-
tionally modified by MICAL (92). In this study, Hung et al. generated mutants of actin where
either single or both methionyl residues were replaced by leucine (M44L, M47L and
M44/47L, respectively). All three mutants showed similar polymerization to the wild-type
actin, and all of them were found to bind MICAL. In contrast, actin filaments of wild-type
and M47L de-polymerized in presence of MICAL and NADPH, while actin filaments of
M44L and M44/47L were resistant to de-polymerization under the same conditions, indicat-
ing that the specific oxidation of M44 is sufficient to cause F-actin disassembly and decreased
G-actin polymerization. Both M44 and M47 residues are located within the D-loop, a region
that is essential for actin subunits contact (138). Upon oxidation, the side chain of the sulfox-
ide derivate is no longer flexible and negatively charged, that directly affects the monomer-
monomer interaction region, thus leading to de-polymerization. Already in 1948, after the
identification of actin (139), Straub and colleagues suggested that the presence of an oxidiz-
ing agent not only dismantled polymerized F-actin, but also inhibited the polymerization of
G-actin, an observation that was much later confirmed after the failure of MICAL-treated
actin to re-polymerize in vitro (92). Binding to F-actin, but not G-actin, stimulates the enzy-
matic activity of MICAL, resulting in the modification of the actin cytoskeleton in a redox
dependent manner, both in vitro and in vivo (92,140-142).

Methionine is a sulfur-containing amino acid susceptible to oxidation in a unique pattern
(Fig. 1). The addition of an oxygen group on its sulfur atom generates a chiral center and re-
sults in a mixture of two diastereoisomers, i.e. R- and S-methionine sulfoxide (R-MetO and
S-MetO, respectively) (143). Virtually all aerobic organisms have two distinct types of stere-

ospecific methionine sulfoxide reductases (Msr) that catalyze the reduction of MetO back to
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Met: MsrA specifically reduces S-MetO, while MsrB is specific for the reduction of R-MetO
(144,145). Both Msrs are thioredoxin-dependent enzymes, the oxidized form of Trx produced
in the reduction of MetO to Met is regenerated by TrxR at the expense of NADPH (146).
Actin M44 was found to be stereospecifically oxidized to the R-MetO isomer by MICAL, that
is reduced specifically by MsrB resulting in restored actin polymerization properties (147).
For this reason, we focus here on the MsrB family. It shall be mentioned, however, that sub-
stantial evidence has been presented that highlight the importance of MsrA in vivo in a num-
ber of events, for instance Alzheimer’s disease (148), cells sensitivity to hydrogen peroxide
(149), or lifespan regulation (150,151). MsrB structural genes are highly conserved among al-
most all free-living organisms, and as such they have been identified and characterized in
bacteria (145,152,153), yeast (154), fly (155), and mammals (154,156,157). Human and
mouse genomes encode three MsrB genes, designated MsrB1, MsrB2, and MsrB3. MsrB1 is a
selenocysteine (Sec)-containing protein, also called selenoprotein R (SelR). Out of the three
orthologs, MsrB1 is the main form in mammals, located in both the cytosol and nucleus. It
possesses the highest catalytic activity (2280 M™+s™) due to the presence of Sec on its active
site; the MsrB1 cysteine mutant exhibits an 800- to 1000-fold lower specific activity (158).
MsrB2 contains a cysteinyl residue on its active site instead, and it is around 2-fold less cat-
alytically efficient than MsrB1. MsrB2 is present in mitochondria of muscle tissues, mainly
heart and skeletal muscle (157). Similar to MsrB2, MsrB3 also has a conserved catalytic cys-
teinyl residue and a 3-fold lower catalytic efficiency compared to MsrB1. The human MsrB3
gene generates two protein variants by alternative splicing, i.e. MsrB3A and MsrB3B, present
in endoplasmic reticulum and mitochondria, respectively (158). The reaction mechanism as
well as the substrates specificity of these three (seleno)cysteine-containing proteins are de-
picted in detail in references (159,160). Considering the functions and cellular locations,
MrsB genes, together with MsrA, comprise a system with an enzyme- and stereo-specific
function to repair oxidized methionyl residues (161). In particular, MICAL and SelR consti-
tute a reversible cellular redox signaling system that controls actin cytoskeletal organization
(135). MICAL'’s ability to destabilize actin cytoskeleton also plays an important role down-
stream of repulsive guidance cues like semaphorins, which have been well characterized for

their disruptive effects on the F-actin cytoskeleton.
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1.7 CRMP2 and the cytoskeleton

Collapsin response mediator protein 2 (CRMP2), also named dihydropyrimidinase like 2
(DPYSL2, gene name: DPYL2), is one of the five members of the putative intracellular
CRMP family, which are expressed, among others, in the developing nervous system (94).
Among the 5 homologous cytosolic proteins of the family (CRMP1 to CRMP5), CRMP2 is
the most abundant, as well as the most studied, and it was the first one to be discovered in C.
elegans (162). In addition, CRMP1, 2 and 4 give rise to two different isoforms derived from
alternative splicing, called isoforms A and B, resulting in an alternative N-terminus (163).
The more C-terminal regions, however, are conserved among the CRMP family members,
and contain the binding sites for the two major proteins of the cytoskeleton, i.e. tubulin and
actin, suggesting that this region determines the main function of the proteins (164,165). In
case of CRMP2, CRMP2B is considered as the canonical isoform, herein referred to as
CRMP2, unless otherwise stated. CRMP2 has been implied in semaphorin-mediated growth
cone collapse, hence this protein has a strong impact on cytoskeleton rearrangements
(166,167). CRMP2 is present in the cytosol as a homo- as well as heterotetramer (168,169),
which is extensively regulated by phosphorylation, e.g. through Cdk5 and GSK3[
(89,90,170,171). Briefly, following stimulation of neurons with Sem3A, the CRMP2 tetramer
is recruited to the Sem3A receptor, where it undergoes a conformational change that enables
Cdk5 to phosphorylate CRMP2’s seryl residue at position 522 (Ser522), that allows the sub-
sequent phosphorylation of Thr509, Thr514, and Ser518 mediated by GSK3p, resulting in
microtubuli disassembly and growth cone collapse (94). In contrast, in absence of Sem3A,
CRMP2 associates with o/p-tubulin heterodimers and stimulates microtubules assembly
(172). CRMP2 has also been characterized as promising drug target in the treatment of neu-
rodegenerative pathologies. Lanthionine ketimine and the cell penetrating lanthione ketimine
esters bind to CRMP2 and effect it in a way that improves neuronal plasticity and thus neuro-
regeneration, for instance in animal models of multiple sclerosis, Parkinson’s disease, and
spinal cord injury (173-176).

The study of Morinaka et al. revealed that MICALSs produce H,O- in vivo upon activation
by Sem3A (97). Schmidt et al. (121) have demonstrated that members of the CRMP family
interact with MICALs when promoted by Sem3A signaling. Together, this points to a com-
mon role of both proteins in the regulation of the cytoskeleton. Even more, CRMP2 has also

been reported to be subject to redox regulation (74). Grx2c (see section 1.4) controls axonal
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outgrowth, survival of neurons, and development of a functional brain via redox regulation of
CRMP?2 in vivo. Apparently, at least some functions of CRMP2 are controlled by a thiol-
disulfide switch characterized in (73). Human CRMP2 contains eight cysteinyl residues at po-
sitions 132, 133, 179, 248, 323, 334, 439 and 504. Treatment with hydrogen peroxide leads to
the oxidation of two adjacent cysteinyl 504 thiol groups and the subsequent formation of an
intermolecular disulfide in the homotetrameric CRMP2 complex. This reversible intermolec-
ular thiol switch involves two distinct conformations of the complex (73): the formation of
the disulfide brings the C-terminal regions of two CRMP2 subunits in close proximity,
whereas the reduced CRMP2 tetramer adopts a more open conformation with hydrophobic re-
gions exposed. Oxidized CRMP2 is a target of Grx2c, resulting in the reduction of the
CRMP2 disulfide via the dithiol reaction mechanism (Fig. 4). Interestingly, also Trx1 is able
to reduce CRMP2 disulfide in vitro. Morinaka and colleagues (97) have even proposed a sta-
ble mixed disulfide between Trx1 and CRMP2. However, their study was mislead by the use
of mutant protein. No stable mixed Trx1-CRMP2 disulfide complex could be detected neither
in vitro nor in vivo. The different pK, values of the active site cysteines and the resulting reac-
tion mechanism and kinetics of Trx1 make a stable complex with CRMP2 highly unlikely to
occur, or rather excluded (31,177).

The CRMP?2 thiol switch has been well characterized in silico and in vitro (128). It was
confirmed that the transition between oxidized and reduced CRMP2 involves a profound
structural and conformational change in the tetramer, that adopts a more “relaxed” conforma-
tion upon reduction. In this conformation, the phosphorylation sites of CRMP2 are more sol-
vent exposed and favor their phosphorylation by protein kinases as mentioned above, indicat-
ing the tightly connected regulation of CRMP2 by redox and phosphorylation modifications.
The second order rate constant of CRMP2 thiol oxidation by H,O, was determined to be k =
0.82 M'-s! (128). This rate constant is seven to eight orders of magnitude lower than the rate
constant of the most H,O, reactive proteins in the cell, i.e. Prxs, which indicates that the
CRMP2 thiol group is very unlikely to be oxidized by H,O, directly in competition with these
highly abundant peroxidases. Instead, this thesis supports the idea that the CRMP2 thiol
switch is specifically oxidized by dedicated enzymes, i.e. a specific Prx. The potential oxida-
tion of CRMP2 by Prxs has been suggested before (129,178). Noteworthy, MICAL proteins
have also been identified as interaction partners of CRMP2 (121). Co-immunoprecipitation

assays showed that full-length MICAL1 failed to interact with CRMPs. In contrast, a trun-
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cated version of MICAL1 lacking the C-terminal region does interact, suggesting that CRMPs
bind rather to the N-terminal region including the MO and LIM domains. No direct interac-
tion of CRMP with the LIM domain or MO domain alone was detected, which suggests that
multiple residues located at the N-terminal region may be involved in CRMP binding, rather
than a specific linear chain of amino acids (121). Despite the described interaction between
CRMP2 and MICAL, no study has linked the oxidation of the CRMP2 thiol switch to the MI-
CALs. As a proof of concept, in vitro experiments included in the supplementary material of
Manuscript 3 (page 70) failed to show a direct CRMP2 oxidation by MICALs. Hence, at least

one more protein must be involved in this oxidation mechanism.

1.8 Hypothesis

The main hypothesis of this paper was: CRMP2 thiol switch is oxidized via a receptor-in-
duced redox relay that involves MICAL and Prx proteins. As discussed above, Prxs are ex-
tremely reactive towards H>O, and possess the ability to transfer the oxidizing equivalents to
redox-regulated target proteins (129,130,179-181). In addition, we identified Prxs as interac-
tion partners of both MICAL and CRMP2. Together, these findings made the Prxs strong can-
didates for the proposed redox relay, facilitating the transmission of the oxidation from a re-
ceptor-induced MICAL protein to CRMP2. Such a relay would ideally fulfill the require-
ments for a specific redox signaling pathway as introduced above (section 1.1). The primary
aim of this thesis was to identify and characterize the components of this redox relay (Article
1, page 43, and Manuscript 3, page 70).

Specificity in (redox) signaling must be mediated through specific protein-protein interac-
tions. We also propose that the basis for the specific protein-protein interactions is compati-
ble electrostatic surface potentials that mediate recognition and the formation of an encounter
complex between the two proteins. The second aim of this thesis was to analyze the impor-
tance of electrostatic complementarity using the Trx1/TrxR1 system as model (Article 2, page

52).
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2 Conclusions

2.1 Article 1: Signal-regulated oxidation of proteins via
MICAL
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proteins, that are also regulated by small GTPases of

the Rab family. MICALs’ monooxygenase activities lead

to the oxidation of actin and potentially other cysteine-

containing effector proteins. Adopted from Article 1

oxidases, they reduce molecular oxygen to (page 43).

main with FAD as prosthetic group. Simi-

larly to aromatic hydroxylases and amine

hydrogen peroxide in presence of NADPH. The produced hydrogen peroxide might act as
signaling molecule (Fig. 5). So far, only methionyl residues of actin filaments, i.e. F-actin,
have been identified as MICAL substrates. MICAL proteins bind to F-actin and oxidize me-
thionyl residues M44 and M47 in a stereospecific manner, yielding the R diastereoisomer of
the methionine sulfoxide (R-MetO), which is eventually reduced back to methionine by me-
thionine sulfoxide reductase B (MsrB). The oxidation of actin M44 and M47 leads to fila-
ments de-polymerization, thus affecting cytoskeletal dynamics, and explaining why MICALSs
have been also linked to semaphorin signaling pathways. This paper was the basis for the

main hypothesis of this thesis (see 1.8)

2.2 Article 2: Molecular basis for the interactions of human
thioredoxins with their respective reductases

In general, thioredoxins (Trxs) are characterized by their highly conserved active site with
two cysteinyl residues (CPGC), which are crucial for the reversible catalysis of thiol-disulfide

exchange reactions. After the release of the reduced substrate, oxidized Trx is eventually re-
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duced by its reductase TrxR at the expense of NADPH. The interaction between human
thioredoxin 1 (hTrx1) and its counterpart, the NADPH-dependent seleno-enzyme thioredoxin
reductase 1 (hTrxR1), was proposed to be controlled by electrostatic complementarity. In this
work we demonstrated that hTrx1 binds to its reductase independent of its redox state, as the
redox inactive hTrx1 mutant C32/35S still binds to the reductase, i.e. the redox state of the
substrate does not seem to have a major influence on the recognition and formation of the
complex with its reductase. The study of engineered mutants of hTrx1 with electrostatic
changes within and outside the contact area with hTrxR1 gives insight in the electrostatic
complementarity as a key force for the formation of an encounter complex between the pro-
teins. The change of potential in hTrx1 within the contact area with the reductase decreased
the affinity of the enzyme for its substrate, while electrostatic potential changes outside the

immediate contact area may have a strong influence on the catalytic efficiency.

2.3 Manuscript 3: NADPH-dependent oxidation of CRMP2
through a MICAL1-Prx1 redox relay controls neurite
outgrowth
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Figure 6: Proposed reaction mechanism of MICAL-
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Conclusions 19

switch, however, remained unclear. Here, we report the oxidation of CRMP2 through a redox
relay in the semaphorin pathway that involves the signal-regulated flavin monooxygenase
MICALI1 and the peroxidase Prx1 as specific signal transducers. Using molecular oxygen and
electrons provided by NADPH, MICAL produces hydrogen peroxide and specifically oxi-
dizes Prx1 (Fig. 6). This reaction does not require hydrogen peroxide to be released into the
surrounding, i.e. it occurs through direct interaction between the two proteins. Subsequently,
Prx1 is responsible for the oxidation of the CRMP2 redox switch, thus modulating its biologi-
cal activity. The lack of any component of this proposed redox relay causes the same dysreg-
ulation of neurite outgrowth in a cellular model of neuronal differentiation. An intriguing
consequence of our findings is that both the oxidation and the reduction of the CRMP2 thiol
switch require reducing equivalents in the form of NADPH (Fig. 7).

oxidation pathway axonal outgrowth / elongation
L 4
0, A
NADPH MICALL, ¢y Prx1,eq CRMP2, 4 Grx2¢,eq GReq NADPH
thiol
switch
NADP* MICAL1,, Prx1o, CRMP2,, Grx2coy GSSG NADP*
- A/
axonal outgrowth / change of direction reduction pathway

Figure 7: NADPH-dependent redox relays in both the oxidation and reduction of the CRMP2 thiol switch
control axonal outgrowth. Adopted from Manuscript 3 (page 70)
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3 Summary

Survival, development, and function of cells depend on numerous signaling pathways or-
chestrating the response to external and internal stimuli. Besides the well-established signal-
ing through reversible phosphorylation, the concept of specific, spatio-temporal redox modifi-
cations of protein cysteinyl and methionyl side chains that regulate the biological function of
these proteins is supported by an overwhelming amount of data. Members of the thioredoxin
fold family of proteins, e.g. glutaredoxins (Grxs), thioredoxins (Trxs), and peroxiredoxins
(Prxs), are widely characterized to catalyze thiol-disulfide exchange reactions. One of the
most studied proteins of this family is mammalian Trx1, that, together with its reductase, the
NADPH-dependent seleno-enzyme thioredoxin reductase (TrxR) 1, forms the cytosolic Trx
system. This Trx system is required as electron donor e.g. in DNA synthesis, proliferation,
and protection against apoptosis. In [Article 2], we analyzed the interactions between Trx1
and TrxR1 using a combination of molecular dynamics simulations and in vitro analysis with
recombinant proteins. In vitro analysis using numerous Trx1 mutants confirmed that the tran-
sient protein-protein interactions during the formation of the encounter complex are indepen-
dent of the subsequent redox reaction, but are controlled by electrostatic compatibility within
the interaction area. Electrostatic complementarity outside of this contact area can have an in-
fluence on the catalytic efficiency.

Although the specific reduction of protein redox modifications has been studied inten-
sively, the oxidation of protein side chains was thought to be a result of so-called ‘oxidative
stress’. However, this term has been increasingly challenged, since signaling pathways de-
pend on specific, spatio-temporal oxidation of target proteins, most likely catalyzed by spe-
cific enzymes. The discovery of MICAL (molecule interacting with CasL) proteins evinced
the first examples of specific oxidases in signal transduction in the redox regulation of cellu-
lar functions. In [Article 1], we discuss the signal regulated oxidation of proteins by MICAL,
taking recent discoveries into account. As part of the semaphorin signaling pathway, MICAL
proteins were characterized to stereo-specifically oxidize methionyl residues in actin, thereby
regulating actin de-polymerization, a process important in neurogenesis and cell migration.
This oxidation can be reversed by the specific methionine-R-sulfoxide reductase B1. Besides
the regulation of actin dynamics, MICALs are involved in the regulation of cell proliferation
and apoptosis, and the production of hydrogen peroxide may qualify them as specific oxi-

dases also for cysteinyl residues.
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In [Manuscript 3], we identified and characterized the NADPH-dependent oxidation of

collapsin response mediator protein (CRMP) 2 through a MICAL1-Prx1 redox relay. The
monooxygenase MICAL1 is able to produce hydrogen peroxide, in a NADPH and oxygen de-
pendent manner. MICALs are involved in the semaphorin signaling pathway, and therefore
important for the regulation of axonal outgrowth, guidance, and repulsion. CRMP2, also an
effector in the semaphorin signaling pathway, is regulated by reversible phosphorylation and
the formation of an intermolecular disulfide between two adjacent cysteinyl 504 residues in
the tetrameric complex. Based on molecular dynamics simulations, in vitro and in vivo analy-
sis, we confirmed the specific oxidation of Prx1 by MICAL1, most likely through the local
production of hydrogen peroxide, that is directly channeled to Prx1’s active site cysteinyl
residue, and the subsequent transfer of the oxidizing equivalents to the effector protein
CRMP2. CRMP2’s thiol-disulfide switch is efficiently reduced by cytosolic Grx2 or Trxl1,
oxidoreductases that are reduced by glutathione and glutathione reductase or TrxR1, respec-
tively, also at the expense of NADPH.

In synopsis, the results presented and discussed in these papers support the concept of spe-
cific redox signaling through specific protein-protein interactions and the importance of elec-
trostatic complementarity for these. With MICAL1, so far only known for the oxidation of
methionyl residues, and Prx1, we demonstrated the first redox relay that oxidizes CRMP2’s
thiol-disulfide switch, that in turn can be re-reduced by Grx2c. One of the most surprising re-
sults of this thesis is that both the reductive and oxidative pathways of this redox switch rely
on electrons provided by NADPH. Misinterpretations or errors in specific redox regulated
signaling pathways may contribute to pathological alterations, i.e. CRMP2’s redox switch is
essential for neuronal development and the progression of cell migration and invasiveness.
Identification of further target proteins of MICAL as well as the identification and analysis of

other potential specific oxidases will be subject of future investigations.
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5 Abbreviations

CC
Cdk5
CH

Cp

Cr
CRMP
CTD
D-loop
DNA
DPYSL2
F-actin
FAD
FeS
G-actin
GR
GPx
Grx
GSH
GSK3p
GTPase
hTrx1
hTrx1R
HSP70
IRE
IRP
ISC
LIM
MICAL
MICAL-L
mMICAL
MO
mRNA
Msr

Coiled coil (motif)

Cyclin dependent kinase 5
Calponin homology (domain)
Peroxidatic cysteinyl residue
Resolving cysteinyl residue
Collapsin response mediator protein
C-terminal domain
Deoxyribonuclease I binding loop
Deoxyribonucleic acid
Dihydropyrimidinase like 2
Filamentous actin

Flavin adenine dinucleotide
Iron-sulfur cluster

Globular actin

Glutathione reductase
Glutathione peroxidase
Glutaredoxin

Glutathione

Glycogen synthase kinase 3 beta
Guanosine triphosphate hydrolase
Human thioredoxin 1

Human thioredoxin reductase 1
Heat shock protein 70

Iron responsive elements

Iron regulatory protein

Iron-sulfur cluster assembly machinery
LIN-11, Isl-1, and MEC-3 like (domain)

Molecule interacting with CasL
MICAL-like

Mouse MICAL
Monooxygenase (domain)
Messenger ribonucleic acid

Methionyl sulfoxide reductase
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NADPH Nicotinamide adenine dinucleotide phosphate
NP Neuropilin

Orpl Oxidant receptor peroxidase 1

pHBH para-hydroxybenzoate hydroxylase

PlexA Plexin A

Prx Peroxiredoxin

R-MetO R-methionyl sulfoxide

RBD Rab binding domain

RNR Ribonucleotide reductase

S-MetO S-methionyl sulfoxide

Sec Selenocysteine

SelR Selenoprotein R

Sem Semaphorin

SH3 Sarcoma homology 3 (domain)

Srx Sulfiredoxin

TfR Transferrin receptor

Trx Thioredoxin

TrxR Thioredoxin reductase

Yapl

Yes-associated protein 1
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Signal-regulated oxidation of proteins via MICAL
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Processing of and responding to various signals is an essential cellular function that influ-
ences survival, homeostasis, development, and cell death. Extra- or intracellular signals
are perceived via specific receptors and transduced in a particular signalling pathway that
results in a precise response. Reversible post-translational redox modifications of cystei-
nyl and methionyl residues have been characterised in countless signal transduction
pathways. Due to the low reactivity of most sulfur-containing amino acid side chains with
hydrogen peroxide, for instance, and also to ensure specificity, redox signalling requires
catalysis, just like phosphorylation signalling requires kinases and phosphatases. While
reducing enzymes of both cysteinyl- and methionyl-derivates have been characterised in
great detail before, the discovery and characterisation of MICAL proteins evinced the first
examples of specific oxidases in signal transduction. This article provides an overview of
the functions of MICAL proteins in the redox regulation of cellular functions.

Redox signalling

In the past, redox-dependent modifications were supposed to be the result of a global cellular redox
state, which is determined by the ratio of pro- and anti-oxidants within the cell. This concept defined
‘oxidative stress’ as excess of the "pro-oxidant’ molecules or decreased levels of ‘anti-oxidant’ molecules
[1]. Over the past decade, however, redox-biochemistry experienced a dramatic shift in paradigm as
redox modifications were more and more shown to be specific, rapid, physiological, and reversible sig-
nalling events, see for instance [2-4], and [5-9] for in-depth discussions. Redox mediated signal trans-
duction occurs in different cellular compartments, often at the same time, both by oxidation and
reduction of key molecules. Signal transduction depends on the reaction kinetics and thus enzymatic
activity [2,5,6,10].

Redox modifications of cysteinyl and methionyl side chains

The sulfur moieties of cysteinyl and methionyl side chains are prime targets for reversible redox modi-
fications (Figure 1) summarised, e.g. in [7]. The oxidation of thiols groups can lead to the formation
of inter- or intramolecular disulfides and thus the generation of eg. hetero- or homo-dimers of
proteins (Figure 1, reaction 2). Such intra- or intermolecular disulfides can be reduced by specific
thiol-containing reductases such as glutaredoxins (Grx} or thioredoxins (Trx). In addition, cysteinyl
residues may also form disulfides with other thiol-containing molecules such as glutathione (GSH]),
the most abundant cellular thiol component. The oxidation of thiol groups by hydrogen peroxide
evinces sulphenic acids (Figure 1, reaction 3). Cysteinyl sulphenic acid derivates are rather unstable
and will readily react with thiols yielding disulfides (Figure 1, reaction 4). If these derivates react with
further hydrogen peroxide molecules, sulphinic and sulphonic acids may form, reactions that are
considered irreversible (Figure 1, reactions 5 and 6). Another form of post-translational redox modifi-
cation is the reaction of thiol groups and nitric oxide (NO), resulting in S-nitroso-thiols (Figure 1,
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Figure 1. Redox modifications of cysteinyl and methionyl amino acid side chains.

{1) Mitrosylation of cysteiny| residues requires a catalyst that accepts one alectron. De- and trans-nitrosylation are catalyssd by Trxs. (2) Reversible
disulfide formation may aceur by thiol disulfide exchange reactions, e.g. with proteins of the Trx family. (3) Reaction with hydrogen peroxide can
lead to the formation of sulphenic acids, that can further react to disulfides [4) or, irreversibly, to sulphinic (5) and sulphonic acids (6). Oxidation of

meathionyl residues,

a.g. catalysed by MICAL enzymes, evinces methionyl-R-sulfoxides that can be reverted by MsrB enzymes (7).

Mathionine-S-sulfoxides (8) can be reduced by MsrAs. Methionyl sulfoxides may also be imeversibly oxidised to methionyl sulfone derivates (9).

by methionine sulfoxide reductase (Msr) A, methionine/methionyl-R-sulfoxide by MsrB [12]. Human MsrA is
expressed in various isoforms from a single gene, giving rise to mitochondrial, cytosolic, and nuclear variants
[13-15]. Oxidised Msrs form an intramolecular disulfide that is reduced by Trxs or Grxs [12,16]. Most mam-
malian genomes possess three MsrB genes. MsrBl is a seleno-protein. MsrB2 and 3 contain cysteinyl residues
only and are catalytically less efficient [17,18].

Signal transduction depends on specificity and reversibility. In fact, redox modifications do not occur ran-
domly at any given cysteinyl or methionyl side chain. Today, we see more and more evidence that many — if
not most — reactions outlined above are catalysed by enzymes (see Figure 1). This ensures not only a fine
tuned, enzymatically catalysed activation and inactivation of protein functions, but also allows for spatio-
temporal control of these events through cell signalling, see for instance [11]. In this model, the specificity of
the redox modification does not depend on the accessibility or reactivity/nucleophilicity of the modified
residue, but arises primarily from the specificity of the protein-protein interactions between catalyst and target
proteins. These interactions may be influenced by conformational changes of the proteins induced by other sig-
nalling events as, for instance, seen in phosphorylation cascades or G-protein-coupled receptor signalling
pathways.

Hydrogen peroxide production, reactivity, and reduction

Outside the endoplasmic reticulum and peroxisomes, H,(; is primarily the product of superoxide dismutases
(S0D). Mammalian cells contain two SOD isoforms: the cytosolic SOD1 that is Cu/Zn-dependent, and the
mitochondrial SOD2 that is Mn-dependent. These enzymes catalyse the alternate reduction and oxidation of
superoxide yielding hydrogen peroxide and molecular oxygen [19-21]. Superoxide is produced by numerous
enzymes in the cell, for instance: mitochondrial complexes I [22] and I1T [23], NADPH oxidases [24], cyclooxy-
genases [25], xanthine oxidoreductase [26], and cytochrome p450 enzymes [27].
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In principle, hydrogen peroxide readily reacts with cysteinyl and also methionyl groups (see above).
However, the second-order rate constant of hydrogen peroxide with free cysteine is ~k=2.9 M™'s™", with GSH
~0.9 M~ 57! [28], and with the active site motif of Trx ~1 M~'s™" [29]. The rate constants of hydrogen perox-
ide with methionine and methionyl residues in peptides and proteins were determined to be as low as 7 x
1078 % 107 M~ s™" [30]. Not only are these rate constants really low, these reactions also compete for
hydrogen peroxide with some of the most abundant proteins of all cells, ie. peroxiredoxins (Prxs) and glutathi-
one peroxidases (Gpxs). The rate constant of the reaction of hydrogen peroxide with the peroxidatic cysteinyl
residue at the active site of Prxs and the cysteinyl or selenocysteinyl residue in the active sites of Gpxs ranges
from 3x10° to 10° M~'s™" [29,31]. Peroxynitrite may also react with the sulfur moieties of cysteinyl and
methionyl residues at considerably higher rate, however, Prxs are also highly reactive with this reactive nitrogen
species [32,32,33]. We can thus conclude that by far most hydrogen peroxide (and also peroxynitrite) in vivo
will react with dedicated peroxidases, for detailed quantitative calculations see also [34]. The low rate constants
of regulatory methionyl or cysteinyl residues with these species compared with the dedicated peroxidases
makes a direct reaction highly unlikely. This, in turn, necessitates enzymatic catalysis of the modifications in
physiological redox signalling. Most cysteinyl and methionyl residues modified in signalling pathways may only
be oxidised in the presence of a catalyst or when tethered to a site of peroxide production. For more compre-
hensive discussions on this topic, see also [5,10,35-37].

Flavin monooxygenases of the MICAL family

MICALs (molecule(s) interacting with CasL) are a family of multidomain proteins that participate in cellular
processes such as axonal growth cone repulsion, membrane trafficking, and actin dynamics [38-41]. MICALs
were first described in 2002 as regulators of axon repulsion [42]. The human MICAL family consists of three
isoforms (MICAL 1-3) that differ in their domain composition (Figure 2a). All genuine MICAL proteins
contain an N-terminal monooxygenase (MO) domain with FAD as prosthetic group. Subsequently, calponin
homology (CH) and LIM domains follow. An additional C-terminal Rab-binding domain (RBD) was identified
for some MICAL family proteins, e.g. human MICAL1 and MICAL3. The MO domain enables MICAL pro-
teins to function as flavin MO and oxidise substrates using oxygen and NADPH as substrates. The CH
domains are important to facilitate the actin binding by the MO domain [43-45]. LIM domains have been
shown to play roles in cytoskeletal organisation and mediate protein-protein interactions [46]. The RBD incor-
porates two distinct binding sites for small GTPases of the Rab family with different affinities and was initially
proposed to form a coiled-coil domain, thus sometimes termed CC domain.

Reactivity, kinetics, and mechanism
MICALs are FAD-containing MO structurally similar to aromatic hydroxylases and amine oxidases [47]. In the
presence of NADPH, the proteins reduce molecular oxygen to hydrogen peroxide via a peroxyflavin intermedi-
ate (ke =77 s7'). It was thus proposed that the proteins may produce hydrogen peroxide as signalling mole-
cules [47]. When methionyl residues in actin were identified as MICAL substrates (see below), it was shown
that F-actin, but not G-actin, nor free methionine, stimulates NADPH oxidation by increasing k.. [4].
Moreover, an apparent K,, for actin of 4.7 pM could be determined, suggesting a direct oxidation of methionyl
residues to methionyl sulfoxides [9,48]. The reductive half-reaction of the MICAL2 hydroxylase domain is sti-
mulated by F-actin. In the absence of actin, NADPH reduces the flavin relatively slowly; the presence of actin
increases the velocity of this reaction significantly. Hence, MICAL2 has the classic behaviour of class A MO,
i.e. slow reduction in the flavin when the substrate to be oxygenated is absent [49]. Under physiological condi-
tions, this may attenuate the production of hydrogen peroxide released from the enzyme. The comparison of
the structures before and after reaction with NADPH revealed that the flavin ring can or even must switch
between two discrete positions (Figure 2b) [50]. Most notably, this conformational switch is coupled to the
opening of a channel to the active site (Figure 2c). In this structure, a water molecule is placed in close proximity
to the carbon Cda (arrow in Figure 2c). Thus, this oxygen molecule is in exactly the same position as the
expected peroxy group of the peroxyflavin intermediate. Being placed only 0.2 nm from the surface of the protein,
it might well be available for an attack by an amino acid side chain. Alternatively, hydrogen peroxide could be
released at this position and presented directly to target proteins bound in close proximity to the channel.

In all MICALS, the MO domain is followed by a type-2 CH domain (Figure 2a). A recent study on the struc-
ture of a fragment of MICAL] containing the MO and the CH domains suggest that the MICAL redox activity
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Figure 2. MICAL structure.

(a) Domain structures of human (H.s.) and for comparizon Drosophila melanogaster (D.m.) MICALs. MO, monaoxygenase
domain; CH, calponin homology domain; LIM, LIM domain; RBDs, Rab-binding domains. (b) Structure of the monooxygenase
domain of mouse MICALT (pdb code 2c4c) with the two conformations of the oxidised (blue, chain B) and reduced (brown,
chain A) FAD indicated. (g) Tunnel opening in the reduced FAD conformation with a water molecule (arrow) in the proposed
position of the peroxyflavin (pdb code 2edc, chain A).

is controlled by a cooperative mechanism between the domains [43]. For a more detailed discussion on the
structure-function relations of MICALs catalytic mechanisms, we refer to Vanoni [51].

MICAL proteins as signal transducers

Redox control of protein function involves the specific oxidation and reduction in amino acid side chains and,
as discussed above, kinetic constrains require catalysis of both oxidation and reduction. Various specific reduc-
tases have been described in great detail, most of them belong to the Trx family of proteins [7]. To the best of
our knowledge, MICALs are the first examples of signal-induced specific oxidases. Two methionyl residues
(M44 and M47) in F-actin are specifically converted to methionyl-R-sulfoxides by MICALs regulating actin fila-
ment dynamics [4,52]. The re-reduction back to methionyl residues is specifically catalysed by MsrB selenopro-
teins, representing an example for a fully catalysed reversible site- and steren-specific methionyl oxidation [53-
55). So, what signalling pathways lead to the activation of MICALs?

Semaphorins (Sema) are a large family of secreted signalling proteins involved in many cellular processes
[42]. Cellular and genetic work using the model organism Drosaphila indicates that Semaphorins regulate the
activity of MICALs and their interaction with target molecules including their F-actin substrate [39,42], see
[41] for a review. In mammals, a role for MICALs in Semaphorin signalling has also begun to emerge, eg.
[56-59]. For example, Sema3A, which is one of the most widely studied Sema, influences many cellular pro-
cesses including kidney development and polarisation [60], as well as the migration of T-lymphocytes [3&].
Neuropilin-1 (NP1) and plexin A (PlexA) form a heterodimeric transmembrane protein which acts as a
Sema3A receptor. Sema3A binds to its ligand partner NP1 leading to PlexA activation and further signal trans-
duction, summarised in [38]. MICALl was shown to directly interact with PlexAl and A3, MICAL2 with
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PlexA4 via their C-terminal domains, overview in [42]. As in Drosophila, results indicate that these interactions
regulate the activity of MICALs and their interaction with target molecules (Figure 3).

The C-termini of some MICALs (in human 1 and 3) contain a RBD, suggesting their regulation by small
GTPase signalling. Redox-active MICALI was shown to be inhibited by its C-terminal domain. This inhibition
can be released by a direct interaction of MICAL1 with Rab35. This interaction activates the MO domain and/
or allows the interaction with actin filaments and thus the regulation of their dynamics [61] (Figure 3). The
interaction of MICAL] with Rab# in the active GTP-bound state stabilises the active MICAL] conformation
causing a specific four-fold increase in k., of the NADPH oxidase reaction [62]. The interaction of MICAL3
with Rab8 was suggested to play an important role in vesicle docking and fusion contributing to the receptor
and channel membrane trafficking mechanisms disturbed in human ciliopathies [63]. Moreover, Rabl, involved
in vesicle trafficking, was also identified as an interaction partner of MICAL1 [64]. Rabé, Rab8, and MICAL3
were suggested to co-operate in controlling docking and fusion of exocytotic carriers [65]. Interestingly, interac-
tions of Rab proteins (Rab8, 13, and 15) with MICAL-like proteins, that lack the MO domain, have also been
characterised [66,67).

MICALs functions regulate actin dynamics in various processes, for overviews see [41,51,54,68,69]. In add-
ition, MICALs might also act on other proteins as oxidase of specific amino acid side chains. Depletion of
MICAL] markedly reduced cell proliferation in breast cancer cells likely by reduction in hydrogen peroxide
production, presumably via maintaining cyclin D expression through the hydrogen peroxide-sensitive PISK/
Akt/ERK signalling pathway [70]. MICALL and 3 may also be involved in the formation of a regulatory disul-
fide in the collapsin response mediator protein 2 through the production of hydrogen peroxide [71]. MICALI
is a binding partner of nuclear Dbf2-related (NDR) kinases. MICALI was suggested to compete with mamma-
lian Ste-20-like kinase (MST1) for NDR binding and thereby to antagonise MST1-induced NDR activation that
would otherwise lead to pro-apoptotic signalling (72]. MICAL2 was demonstrated to bind to p53 and oxidises
it at M40 and M160, thus promoting ubiquitination, degradation, and inactivation of p53 [73]. MICAL2 was
also reported to promote breast cancer cell migration by inhibiting endothelial growth factor receptor degrad-
ation in a Racl-dependent manner [74).

Perspectives

* |mportance of the field — The identification and characterisation of MICAL proteins as specific
oxidases in signal transduction was a major breakthrough in our understanding of reversible
redox signalling. MICALSs fulfil all requirements for the proposed catalysts in redox signalling.
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* Summary of the current thinking — The proteins act in specific signalling events and as spe-
cific oxidases of methionyl residues and maybe also as generators of hydrogen peroxide and
thereby as oxidases of cysteinyl residues [70,75]. One of the major functions is the regulation
of actin dynamics.

* Comments on future directions — While our knowledge on MICALs is steadily increasing (see
also [41,51,54,68,69] for more comprehensive coverage), various questions have to be
addressed in the future: Do MICAL proteins oxidise more target proteins? Why do mammalian
genomes encode three MICAL isoforms? The results outlined above imply that they might act,
at least in part, on different targets and are activated by different mechanisms. What are the
molecular mechanisms for MICAL activation? Especially the activation by the semaphorin
receptors were not addressed yet. And, what is/are the molecular mechanismis) of target oxi-
dation? Do MICALs produce hydrogen peroxide in wivo, or do they act on protein targets
exclusively?
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The mammalian cytosolic thioredoxin (Trx) system consists of Trx1 and its reductase, the NADPH-dependent seleno-enzyme
TrxR1. These proteins function as electron donor for metabolic enzymes, for instance in DNA synthesis, and the redox
regulation of numerous processes. In this work, we analysed the interactions between these two proteins. We proposed
electrostatic complementarity as major force controlling the formation of encounter complexes between the proteins and thus
the efficiency of the subsequent electron transfer reaction. If our hypothesis is valid, formation of the encounter complex should
be independent of the redox reaction. In fact, we were able 1o confirm that also a redox inactive mutant of Trxl lacking both
active site cysteinyl residues (C32,355) binds to TrxR1 in a similar manner and with similar kinetics as the wild-type protein.
We have generated a number of mutants with alterations in electrostatic properties and characterised their interaction with
TrxR1 in kinetic assays. For human Trxl and TrxRl, complementary electrostatic surfaces within the area covered in the
encounter complex appear lo control the affinity of the reductase for its substrate Trx. Electrostatic compatibility was even
observed in areas that do not form direct molecular interactions in the encounter complex, and our results suggest that the
electrostatic complementarity in these areas influences the catalytic efficiency of the reduction. The human genome encodes ten
cytosolic Trx-like or Trx domain-containing proteins. In agreement with our hypothesis, the proteins that have been
characterised as TrxR1 substrates also show the highest similarity in their electrostatic properties.

1. Introduction

The thioredoxin (Trx) family of proteins comprises many
key enzymes in redox signalling that catalyse specific revers-
ible redox reactions, e.g., dithiol-disulphide exchange, (de-
)glutathionylation, transnitrosylation, or peroxide reduction.
The name giving protein, Trx, was first described in 1964 as
electron donor for ribonucleotide reductase in E. coli [1, 2];
at least one functional thioredoxin system was proposed to
have been encoded in the genome of LUCA, the last universal
common ancestor of all live forms today [3]. Other family
members include the glutaredoxins (Grx) and peroxiredox-
ins (Prx), often expressed in multiple isoforms in essentially
all tissues, cells, and organelles [4-7]. The Trx family of pro-

teins is defined by a common structural metif that, in its most
basic form, consists of a central four-stranded f-sheet sur-
rounded by three alpha helices—the thioredoxin fold [8, 9].
Most Trxs are small proteins of approximately 12kDa size,
characterised by their highly conserved CGPC active site
motif located on a loop connecting sheet 1 and helix 1 (in
the most basic representation of the fold) [10, 11]. Trxs catal-
yse reversible thiol-disulphide exchange reactions. The
reduction of protein disulphides, for instance, is initiated by
a nucleophilic attack of the more N-terminal active site
cysteinyl residue, characterised by a particularly low pK,
value, on a sulphur atom of the disulphide in the target pro-
tein. This results in an intermediate mixed disulphide that, in
the second reaction step, is reduced by the C-terminal
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cysteinyl residue, leading to the release of the reduced sub-
strate and the formation of oxidized Trx, and for more
details, see for instance [5, 12, 13]. Mammalian genomes
encode approx. 20 Trxs or Trx domain-containing proteins
[14]. From these, the cytosolic Trxl (gene: TXN) is the one
studied the most. Besides its two active site cysteinyl residues,
cytosolic Trx1 possesses three additional structural cysteinyl
residues that were implicated in regulatory function and
Trxl-dimer formation [15, 16]. Trxl does not contain a
nuclear localization signal nor a signal peptide for secretion,
but it was observed to translocate into the nucleus under cer-
tain conditions and also to be secreted in a nonclassic way,
independent of its redox state [17-21].

Trx-oxidized active sites are reduced at the expense of
NADPH by FAD-containing thioredoxin reductases (TrxR)
[22]. Evolution has given rise to two classes of NADPH-
dependent TrxRs: the low molecular weight (approx.
35kDa) type and the high molecular weight (approx.
55kDa) type [23, 24]. Both classes function as homodimers.
The low molecular weight type is found in archaea, bacteria,
and some eukaryota. The high molecular weight type is
encoded in the genomes of higher eukaryotes including
humans. Mammalian genomes encode three TrxRs: cytosolic
TrxR1 (gene: TXNRDI1), mitochondrial TrxR2 (gene:
TXNRD2), and the thioredoxin-glutathione reductase TGR
or TrxR3 (gene: TXNRD3) (25, 26]. Mammalian TrxRs are
selenoproteins that form homodimers in a head-to-tail con-
formation. They belong to a family of pyridine-nucleotide-
disulphide oxidoreductases that also includes, e.g., glutathi-
one reductase and trypanothione reductase [27]. They pos-
sess two active sites: one C-terminal GCUG motif and the
N-terminal CVNVGC motif adjacent to the FAD domain.
In contrast to their small molecular weight counterparts
which have a high specificity for their endogenous sub-
strate(s), these TrxRs accept a broad range of substrates
[28], for human TrxR1 for instance Trx1, Grx2, and selenite;
see overviews in [25, 29]. Electrons are transferred from
NADPH to FAD and then to the N-terminal active site. Sub-
sequently, the electrons are transferred to the selenocysteinyl
residue containing C-terminal active site of the second pro-
tein in the dimeric TrxR and eventually to the target protein
disulphides [30-32].

Numerous functions have been described for Trxs; see,
e.g [33]. However, the proteins cannot randomly reduce all
possible protein disulphides. Instead, they show a broad but
distinct substrate/target specificity, which may also be the
reason for the various isoforms and Trx domain-containing
proteins encoded in the genomes of higher eukaryotes.
Hypotheses for the different activities and substrate specific-
ities of Trx family proteins included differences in redox
potential [34, 35], the pK, values, i.e., the nucleophilicity, of
their more N-terminal active site cysteinyl residue [36], dif-
ferences in overall dipole moments [37], and an increase in
entropy as the major recognition force for Trx family protein
target interactions [38].

Based on the analysis of E. coli phosphoadenylyl sulfate
reductase, we have proposed that the specificity of protein-
protein interactions is based mainly on two factors: first is
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geometric compatibility, and the second is electrostatic com-
patibility [39]. Based on electrostatic similarity, we have
developed a mathematical approach to categorize Trx family
proteins and to predict functions [14].

In this work, we propose that also the interaction of Trxs
with their reductases is controlled by electrostatic compati-
bility. To address this hypothesis, we have analysed the inter-
action of the mammalian-type Trx1 with its reductase TrxR1.
We have generated a number of mutants with alterations in
electrostatic properties and characterised their interaction
with TrxRs both in silico and in vitro; the formation and
properties of the Trxl-TrxR1 enzyme-substrate complex
were analysed with both wild-type proteins as well as
mutants that exclude the thiol-disulphide/selenosulphide
exchange reaction.

2. Material and Methods

2.1. Materials. Chemicals and enzymes were purchased at
analytical grade or better from Sigma-Aldrich (St. Louis,
MO, USA) unless otherwise stated.

2.2 Structural Analysis. Structures were acquired from the
RSCB PDB Protein Data Bank (http://www.rcsb.org), and
ligands and water molecules were removed using Pymol.
The most representative structure of NMR ensembles was
identified using UCSF Chimera [40]. The selected in silico
mutations were inserted with the Dunbrack rotamer library
[41] within the rotamer tool of Chimera; the rotamers with
the highest probability were selected. The energy of the struc-
ture was minimized using Amberff14SB force field [42] after
inserting a mutation in Chimera. The electrostatic calcula-
tions were performed as described before [14]. All the struc-
tures were preoriented in a way so that N-terminal active site
cysteinyl residues face towards the camera perspective. These
preoriented protein structures were then used to compute the
electrostatic potential and the isosurfaces of the electrostatic
potential. The addition of missing atoms and hydrogens, as
well as the assignment of atomic charges and radii, was per-
formed using pdb2pgr [43] applying the Amber force-field.
VMD (visual molecular dynamics) [44] and APBS (Adaptive
Poisson-Boltzmann Solver) [45] were used to compute the
electrostatic potential in an aqueous solution containing
150 mM mobile ions, solvent dielectric constant: 78.54 at a
temperature of 298.15K. The electrostatic potential was
mapped to the water accessible surface of the proteins from
-4to4ky . T- e represented in red and blue colours, respec-
tively. The isosurfaces of the electrostatic potential were com-
puted from -1 to 1 kg-T-¢™" and also depicted in red and
blue, respectively.

23. Cloning of Expression Constructs. Recombinant
selenocysteine-containing rat TrxR1 (E. S. [46]) was used
for all enzymatic assays, and the human TrxR U498C mutant
[47] was used for all spectroscopic interaction studies, Le.,
CD and DSF. Human Trxl was prepared as described in
[48]. E. coli Trxl and E. coli TrxR ¢DNAs were amplified
by PCR from human cDNA and E. coli XL1 blue, respec-
tively, using specific primers which were designed to insert



Publications

55

Oxidative Medicine and Cellular Longevity

restriction sites for Ndel and BamHI (see supplementary
table 1). The insert was ligated into the expression vector
pET15b (Merck, Germany). All constructs and mutations
were verified by sequencing (Microsynth Seqlab, Gittingen,
Germany).

2.4. Mutagenesis. Three different groups of mutants were
produced. Group lincludes 10 mutants with changes in those
particular residues that lead to perturbation at the immediate
contact area of hTrx1 and hTrxR. Group II lists the mutants
that change the electrostatic properties both in the immediate
contact area and outside the contact area of hTrxl and
hTrxR. Group III includes the mutant which changes the
electrostatic properties far away from the active site and
immediate contact area. Mutations of the amino acid
sequence and amplification of the plasmids were performed
by rolling circle PCR. We generated the mutants using the
indicated primers and the reversible complementary coun-
terparts. Oligonucleotides are listed in supplementary table 1.

2.5, Recombinant Expression and Purification. Plasmids for
recombinant expression of His-tagged Trx1 variants, E. coli
TrxR, and human TrxR U498C were transformed into E. coli
BL21 DE3 pRIL cells (Life Technologies, UK). Transformed
cells were grown at 37°C in LB medium (Roth, Germany)
with appropriate antibiotics to an optical density of 0.5 to
0.7 at 600 nm. Protein expression was induced by the addi-
tion of 05mM isopropyl-1-thio-f-d-galactopyranoside
(IPTG, Roth, Germany). The proteins were purified via
immobilized metal affinity chromatography [49]. Size and
purity of recombinantly expressed proteins were confirmed
by SDS-PAGE using precasted TGX stain-free gels (4-20%,
BioRad, Hercules, CA, USA). Pictures were taken follnwing
a five-minute UV-light activation.

2.6. Reduction of Proteins. The purified hTrx1 and mutant
proteins were reduced with 10mM TCEP (tris(2-carbox-
yethyl)phosphine) for 30 minutes and subsequently rebuf-
fered in TE (50 mM Tris-HCl and 2mM EDTA, pH7.5)
buffer using NAP-5 columns (GE Healthcare, UK). The
rebuffered proteins were stored and kept reduced using
immobilized TCEP disulphide reducing gel (Thermo Scien-
tific, MA, USA) with a 2:1 ratio of sample volume to TCEP
reducing gel volume. The protein and gel suspension was
incubated at least 30 minutes rotating and centrifuged at
1000 x g for 1 minute. Protein concentration in the superna-
tant was determined based on molar absorptivity at 280 nm
(€10 = 6990 M "cm ™' and g, = 64290 M '-em ™).

2.7. Kinetics of Insulin Reduction by Trx. The activity of
hTrxl and different mutants was determined by a plate-
based NADPH depletion assay adapted from (E. §. . [50]).
The final reaction mixtures of 200ul contained 50 mM
Tris-EDTA buffer (pH7.5), 150 uM NADPH, 160 uM insu-
lin, 1.25 nM recombinant rat selenocysteine-containing TrxR
and variable concentrations of Trx1, and mutant proteins (0-
25 uM). NADPH consumption was measured at 340 nm for
80 minutes using the Clariostar plate reader (BMG Labtech,
Offenburg, Germany). The linear range of the decrease in
absorption was determined for each reaction individually.

Only reduced proteins were used in this assay. The specific
activity of the recombinant selenocysteine-containing
enzyme was approx. 100 min ! This was lower than reported
before [30] and likely the result of a low degree of selenocys-
teine incorporation into the enzyme.

2.8. Differential Scanning Fluorimetry. Differential scanning
fluorimetry (DSF) was performed in the CFX96 real-time
PCR detection system from BioRad (Hercules, CA, USA) to
obtain the dissociation constant and the thermal stability of
the complex as described in [51]. All the proteins were
desalted and rebuffered in Tris-EDTA buffer (50mM Tris
and 1 mM EDTA, pH 7 4) after purification using NAP-5 col-
umns (GE Healthcare, UK) prior to this assay. The final reac-
tion mixture of 50 gl contained 10 uM hTrxR protein, hTrxl
with variable concentrations (from 0 to 100uM), Sypro
Orange (1 : 500 diluted), and Tris-EDTA buffer. The reaction
mixture was then heated with 0.3°C increments from 10.5 to
80°C. The increase in fluorescence due to binding of the dye
to hydrophobic regions exposed during denaturation was
recorded using the instrument’s “FRET"-settings.

The melting temperatures of the thioredoxin reductase
were obtained by fitting the first denaturation step (from
25.5°C to 42.6°C) with the Boltzmann fit (Eq. (1)), where
FU is the measured fluorescence signal, T, is the melting
temperature, T is the temperature, and s is the slope.

1

v= 1+exp (T, -T/s) M

The calculated melting temperatures were then plotted
against the concentration of thioredoxin to obtain the ECy,
value, which in turn can be used to calculate the dissociation
constant K; as described in ref. [52]. For more details, see
supplementary information.

2.9. CD Spectrascopy. CD spectra were recorded in 300 mM
NaCl and 50 mM sodium phosphate, pH 8, with the proteins
hTrxR and hTrx1 at 10 and 20 uM concentrations, respec-
tively, using a Jasco J-810 spectropolarimeter from 190 nm
to 240 nm at 25°C. Buffer-only spectra were subtracted. A
standard sensitivity of 100 mdeg was used with a data pitch
of 1 nm, 50 nm/min scanning speed, and 0.2 nm band width.
In total, 10 spectra were accumulated for each sample. All the
purified proteins were desalted and rebuffered in phosphate
buffer (50 mM sodium phosphate and 300 mM NaCl, pH 8)
using NAP-5 columns (GE Healthcare, UK) prior to CD

spectroscopy.

2.10. Tryptophan Fluorescence. Fluorescence quenching
assays were performed using a Perkin Elmer L5508 fluorim-
eter. The fluorescence signal was acquired at 25°C at the
wavelength range from 310 to 498nm with excitation at
296 nm. The slit width for excitation and emission was 6
and 4 nm, respectively. All purified proteins were desalted
and rebuffered in Tris-EDTA buffer (50 mM Tris and 1 mM
EDTA, pH7.4) using NAP-5 columns (GE Healthcare, UK)
prior to fluorescence quenching measurements.
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2.11. All-Atom Molecular Dynamics Simulations. The crystal
structures of TrxR and TrxR-Trx complex were obtained
from the RCSB Protein Data Bank (PDB: 2770 and 3gfa,
respectively) and then prepared for the simulations with the
DockPrep tool of UCSF Chimera [40]. The MD simulations
were performed in Gromacs 2016.3 (53], with AMBER-
99ff-ILDN force field. The proteins and complexes were sol-
vated with TIP3P water [54] in a cubic box under periodic
boundary conditions and at least 1 nm away from the edge
of the box. Na* and Cl ions were added to neutralize the
charge of the system. An initial energy minimization was per-
formed using the steepest descent algorithm until the system
converged to 1000k]-mol “nm". System equilibration was
performed for 100 ps at a constant number of molecules, vol-
ume, and temperature 300 K (NVT) and for a duration of
100 ps with constant number of molecules, 1bar pressure,
and temperature 300 K (NPT). The duration of each produc-
tion simulation was 50-250ns (2 fs time steps). Simulations
were repeated three times. The bonded interactions of hydro-
gens were constrained with LINCS algorithm [55]. The
Parrinello-Rahman [56] method was used for pressure cou-
pling and the modified Berendsen thermostat—velocity
rescale [57] for the temperature coupling. The Particle Mesh
Ewald [58] method was used for the calculation of the long-
range electrostatic interactions; for the short-range interac-
tions, Verlet cut-off scheme with 1.5nm cut-off distance
was applied, for both Coulomb- and van-der-Waals interac-
tions. The parametrisation of FAD was done with Antecham-
ber tool of AmberTools and ACPYPE [59) script with GAFF
force field and Gasteiger charge methods. The RMSD and
RMSF analyses of simulated data were performed with
GROMACS-intern tools.

2.12. Statistical Analysis. All the numerical data are reported
as mean t SD unless otherwise stated. Statistical analyses
were performed using one-way ANOVA followed by Tukey
HSD test (Statistics Kingdom, Melbourne, Australia). A value
of p < 0.05 was considered statistically significant.

2.13. Additional Saﬂwnrf. All numerical calculations (spectra
and kinetics) were performed and visualized using Grace
(https:/fplasma-gate. weizmann.ac.il/Grace/). Structures were
depicted using UCSF Chimera [40]. Picture panels and reac-
tion schemes were generated using Inkscape (https:/
inkscape.org/).

3. Results

Based on previously published structures of the complexes
between human Trx1 and TrxR1 [60], we have analysed the
molecular interactions between the two proteins (Figure 1,
supplementary Fig. 1). We have also included, for compari-
son, E. coli Trx1 and TrxR [61]. E. coli TrxR has a much nar-
rower substrate specificity compared to the mammalian
enzyme and cannot reduce human Trxl, while the
mammalian-type TrxR1 can reduce both bacterial and mam-
malian Trxs (E. 8. . [50]). The first striking observation is the
lower amount of molecular interactions (suppl. Fig‘[. 1) and
the smaller area of interaction, 448 versus 561 A”, in the
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human complex (Figure 1(b)) compared to the bacterial
(Figure 1(e)). We have computed the electrostatic properties
of the proteins as outlined before [14] (Figures 1(c) and 1(f)).
The isosurfaces of the electrostatic potentialsat +1 k- T+ ¢!
(+25.8mV) of the interaction surfaces show an almost per-
fect complementarity in the immediate contact areas. More-
over, for the human complex, where only the left half of the
Trx is in direct contact, as depicted in Figure 1(b), this is even
true for the parts of the proteins that do not form direct
molecular interactions (other than long-range electrostatic
interactions), but only face each other (right side of the
marked areas of the proteins in Figure 1(c)).

3.1 Trx and TrxR Interact Independently of the Redox
Reaction and the Redox State of Trx. We proposed that elec-
trostatic complementarity is the major distinguishing feature
that controls the specific interactions of Trx family proteins
with their target proteins. The electrostatic landscape of Trx
family proteins shows only minor differences between their
reduced and oxidized forms (Figures 2(a) and 2(b), respec-
tively). Interactions of the proteins, i.e., the formation of an
encounter complex preceding the thiol or thiol-selenol
disulphide exchange reactions, should therefore be indepen-
dent of the subsequent redox reaction. To test this hypothe-
sis, we have generated an inactive mutant of Trx1, in which
both active site cysteinyl residues were exchanged for seryl
residues (C32,355). Figures 2(a)-2(c) depict the electrostatic
characteristics of the interaction interface of reduced, oxi-
dized, and €32,355 human Trx1 calculated from experimen-
tally determined structures demonstrating their similarity.
We have confirmed a previous report that the redox-
inactive C32,355 mutant is an inhibitor of the reduction of
wild-type Trxl by TrxR1 [62]. The mutant protein inhibits
the reaction by competing with the oxidized wild-type pro-
tein for binding to the reduced reductase in the insulin reduc-
tion assay (Figure 2(d)). From a secondary Lineweaver-Burk
plot (inset of Figure 2(d)), the K, was determined as
5.3 umold ' Next, we analysed the complex formation by dif-
ferential scanning fluorimetry (DSF, Figures 2(e)-2(h)). This
method allows to determine dissociation constants by moni-
toring how a binding event influences the thermal stability of
a protein. By fitting the data to the Boltzmann equation and
plotting the log [Trx| against the T,, in Hill plots, we have
obtained K values of 13.6 + 1.6 and 9.8 + 0.3 ymol-1 "' for
the wild-type and mutant proteins, respectively Table 1. For
further details of this approach, we refer to the supplemen-
tary material. All together, these similarities provide further
evidence that both wild-type and C32,355 Trx1 interact with
TrxR in the same way. Apparently, the interaction of the two
proteins does not require Trx to be oxidized, nor the thiol-
disulphide/selenosulphide exchange reaction to occur.
Fritz-Wolf et al. have presented a complex structure of
the mixed-disulphide intermediate snapshot between the
mutant proteins Trxl C358 and TrxR1 U498C [60]. Since
this complex was enforced by using mutated proteins, which
was also possible for various other permutations of point
mutants of Trxl and TrxR1 [63], we have prepared complex
structures of reduced wild-type and C32,35§ Trxl with
TrxR1 U498C and analysed them as well as the two Trxs
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{d) (e}

{f)

Fioure 1: Molecular interaction surfaces of the human Trxl-TrxR1 and E. coli Trxl-TrxR complexes. Cartoon representation of the
secondary structures of (a) human Trxl-TrxR1 complex PDB: 3qfa and (d) E coli Trx1-TrxR complex PDB: 1fém. The complex structure
was opened by rotating both Trx and TrxR structures by 90 forward and backward, respectively. The contact patches with direct
molecular contacts were highlighted in yellow using UCSF chimera (b, ¢). The isosurfaces of the electrostatic potential were depicted at +1
ky-T-¢" in blue (positive) and red (negative), respectively. The active site cysteinyl residues and interaction surfaces in the immediate

contact area in both proteins were encircled in white lines (e, f).

alone by all-atom molecular dynamics simulations. Over the
time course of 250 ns, both Trxs and both complexes behaved
in a very similar way (Figures 3(a) and 3(b)). The average
RMSD values of the Car atoms during the last 150 ns of the
simulations were 184 and 1.93A for the wild-type and
32,355 complexes, respectively. The RMSD between the
two most representative complexes of wild-type and mutant
was 242 A (complexes are shown in Figure 3(d)). The fluctu-
ation of the side chains was also very similar, both for the free
redoxins as well as for the redoxins bound to TrxR1. In gen-
eral, the fluctuations of the side chains within the contact
area decreased in the complexes, especially in the area of
the CxxC active site (Figure 3(c), RMSF).

Essentially all Trxs contain a tryptophanyl residue imme-
diately before the N-terminal active site cysteinyl residue.
TrxR1 residue W114 is located close to the active site seleno-
cysteinyl {in our model system cysteinyl) residue. Binding of
Trx1 to the reductase should thus decrease the solvent acces-
sibility of these two indole ring systems. Compared to the
simulation runs for the redoxins alone, the solvent accessible
surface area of Trxl W31 markedly decreased in the com-
plexes from around 2 to 0.5 A* (Figures 3(e) and 3(f)). Tryp-
tophan indole ring systems exhibit solvatochromatic
properties. In general, the fluorescence of tryptophanyl resi-
dues buried within a protein core or interaction surface is
quenched due to aromatic-aromatic interactions or energy
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Figure 2: Comparison between the wild-type and double cysteinyl mutant of hTrx1 and its respective complex with hTrxR1. (a—c) Reduced
and oxidized hTrxIWT compared to double cysteinyl mutant (a—¢, respectively) in three different representations: (i) isosurfaces of the
electrostatic potential at +1 kg- T-¢™" in blue (positive) and red (negative), (ii) electrostatic potential mapped on the solvent aceessible
surface al #4 ky-T-¢™', and (iii) secondary structure. (d) Lineweaver-Burk plot of inhibition kinetics measurements in the insulin
reduction assay. The inset depicts the plot of the slope of the Lineweaver-Burk plots against the concentration of the redox-inactive
mutant for the determination of the k. This assay was performed with the recombinant selenocysteine-containing TrxR. (e-h) Hill plots
depicting the log [Trx] against the melting temperature (T ) to determine the ECy; and k; values of the complexes. The T, values were
calculated form the original melting curves fitted to the Boltzmann equation; for further details, see supplementary material. These assays

were performed using the U498C mutant of human TrxR1.

TasLE 1: Dissociation constants and binding energy determined for
the interactions between Trxl and TrxR1.

hTrxl mutants n Fmrf}‘;-l" k]fnil'] kf:j_,
WT 12 1360+163 -27.79+029 0
32,358 12 9.80 + 0.31 -28.59+02 -0.79
K36E 12 5281008 -30.12+0.03 -233
K39E 12 9.68 £1.25 =28.64 £0.31 -0.85

transfer to neighbouring charged groups; see for instance
[64]. The decrease in solvent accessible area should thus
quench the tryptophanyl fluorescence upon complex forma-
tion. We compared the changes of Trp fluorescence of both
wild-type and C32,355 Trx1 upon complex formation with
TrxR1 U498C. For both protein complexes, we recorded
the expected fluorescence quenching (Figures 3(g) and 3(h)).

Changes in the absorption properties of Trp residues may
also induce changes in near and far UV circular dichroism
(CD) spectra. We have thus analysed the binding of oxidized
wild-type Trx1 and the active site cysteinyl double mutant to
the selenocysteinyl to cysteinyl (U498C) mutant of TrxR by
CD spectroscopy (supplementary Fig. 4). We have recorded
the individual spectra of both proteins and compared the
sum of both spectra to the ellipticity recorded for the proteins
together, ie., in an equilibrium reaction of the formation and
dissociation of the enzyme-substrate complex. The insets of
supplementary Fig. 4A and B depict the differences in ellip-
ticity between the spectra of the complexes and the sum. Both

difference spectra do not display major differences; however,
some smaller changes were found to be highly similar
between the wild-type and 32,358 proteins when incubated
with TrxR; these are slight increases in ellipticity at 205, 211,
217, and from 220 to 235nm. While these changes do not
prove complex formation per se, they provide further evi-
dence that both the wild-type and mutant proteins interact
with TrxR in a similar way.

3.2 Complementary Electrostatic Interaction Surfaces. To
analyse the importance of complementary electrostatic inter-
action surfaces for the mammalian Trx1-TrxR redox couple,
we have generated a number of Trx1 mutants that change the
electrostatic potential {Figure 4): first, within the immediate
contact area but, with one exception (K72), not involved in
direct molecular interactions (for these, please see suppl.
Fig. 2A-B); second, outside the immediate contact area but
on the surface that faces the reductase; and third, one mutant
with profound changes on the oppaosite side of the interaction
surface (Figures 4(a) and 4(b)). Following recombinant
expression in E. coli and purification applying immobilized
metal affinity chromatography, we have confirmed the fold-
ing and stability of all mutants using differential scanning
fluorimetry (suppl. Fig 3). Using a coupled assay with the
reduction of insulin, to keep the Trx in the assay mix oxi-
dized, we have analysed the reaction kinetics of recombinant
selenocysteine-containing TrxR1 with these mutants as sub-
strates, as summarized in Table 2 and Figure 5.

The mutations within or partly within the interaction
surface (K36E; D60N; D58,60,61N; Q63R; and Q63R,K94E)
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Fioure 3: Molecular dynamics simulations of the TrxR-Trx complexes. (a, b) RMSD comparison of wild-type and C32,358 Trx alone (lower
panels) and in complex with TrxR1 (top panels) over 250 ns. (¢) Root-mean-square fluctuations of hTrx! residues over 250 ns long MD
simulation of wild-type and C32,358 Trx and the respective complexes with TrxR1. The active site cysteinyl residues are indicated (blue
vertical lines). (d) Comparison of two representative structures from the 250 ns MD simulation of wild-type and cysteinyl double mutant
complexes. The caleulation of the representative structure was performed by Gromacs' clustering tool with RMSD cut-off of 0.2 nm.
Superimpositioning was performed using UCSF Chimera's MatchMaker tool. (e, f) Solvent accessible surface area of W31 of hTrxdWT
and hTrx1C32,355 in both complexes with hTrxR1 (red plot) and free (black plot) over 250 ns of MD simulation. (g h) Fluorescence
spectra of hTrx1-hTrxR1 U498C complexes (black) compared to the sum of the individually recorded spectra of hTrxl and hTrxR1. The
insets include the difference of the fluorescence signal between the complex- and sum spectra at 339.5 nm at different concentrations of

thioredoxin.

mostly resulted in a significantly reduced catalytic efficiency
of TrxR. This decreased efficiency was the result of an
increase in K, i.c., a reduced affinity of TrxR for these pro-
teins as substrates. The exception to this was the S67H muta-
tion with only subtle changes to the electrostatic potential
close to the N-terminal active site thiol (Figure 4). For this
mutant, the catalytic efficiency did not change significantly.
However, this was the result of both a significant decrease
in Ky, and k_,. Two mutants with changes in their electro-
static characteristics outside the immediate contact surface
but still faci.rlg TrxR (K39E and K94E) were analysed. For
K39E, the catalytic efficiency did not change significantly.
Again, this was the result of both a significant decrease in
K and k_,. The K94E mutant was the biggest surprise in
our analysis. The changes (positive to negative) introduced
here (see Figure 4) affected an area approx. 10 A away from
the active site thiol and the immediate contact area. Never-
theless, TrxR displayed the lowest catalytic efficiency with
this mutant as a result of both an increase in K,; and a drop
in k_,. The double mutant Q63R,K94E that combines
changes within and outside the area forming molecular inter-
actions with TrxR (other than long-range electrostatic inter-
actions) caused an increase in Ky and a decrease in k_,,
resulting in a catalytic efficiency comparable to those of the

single mutants (Table 2). Changes in the electrostatic poten-
tial on the side opposite to the interaction surface of Trxl
(A17RI53R) led to a small, but not significant, drop in k_,
and did not change the affinity of TrxR1 for this protein com-
pared to the wild-type.

We have also tested some of our human Trx1 mutants,
ie, those that were more similar to E coli Trxl
(Q63R,K94E; 567H; K72E; and K94E, see Figure 4 and suppl.
Fig. 6) as substrate for the E. coli reductase. As the wild-type
hTrxl, these failed to interact with the bacterial enzyme
(suppl. Fig. 5).

3.3. Human Cytosolic Trxs and Trx Domains. The human
genome encodes at least ten cytosolic Trxs or Trx domain-
containing proteins, i.e, Trxl, Txndc2, 3, 6, 8, 9, and 17,
Txnll, and Nrx. To our knowledge, only Trxl, Txndc2,
Txndcl7 (also known as TRP14), and Txnll have been
experimentally confirmed as substrates of TrxR1 [65-67).
Grx2, that is expressed in cytosolic and mitochondrial iso-
forms [68], has also been characterised as substrate for TrxR1
[69]. Nrx (nucleoredoxin) has been suggested as TrxR1 inter-
action partner [70]. Figure 6 summarizes the electrostatic
similarity of these proteins. The highest similarity in the elec-
trostatic properties was observed in the proteins that were
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Figure 4: Overview of hTrx] mutants in different representations. The first row shows the isosurfaces of the electrostatic potential at +1
ky-T-¢"' in blue (positive) and red {negative), respectively. The second row shows the electrostatic potential mapped to the water
accessible surface at +4 kg - T- ¢, The third row displays the cartoon representation of the secondary structure of wild-type and mutant
Trxls (a, b). The immediate contact areas of interaction surfaces were circled in green in the second row of both panels (a). All the
structures are oriented so that the N-terminal active site cysteinyl residues face towards the camera perspective (a) or rotated by 1807 (b).

characterised as TrxR1 substrates before. Interestingly,
Trxndel7 differs from the other redoxins significantly; how-
ever, it does show complementarity when rotated 180", sug-
gesting that this could reflect a unique mode of interaction
with TrxR1 (suppl. Fig. 6).

4. Discussion

The results presented here confirm that the binding of Trxl
to TrxR1 is independent of a subsequent redox reaction
between the proteins. Trxl does not need to be in the oxi-
dized disulphide form to bind to TrxR1. The redox-inactive
Trxl C32,355, presumably always in a conformation that
reflects reduced wild-type protein, binds to both reduced
and oxidized TrxR1. The redox reaction-independent bind-
ing of Trx to its reductase has been reported before. In
1994, Oblong and coworkers first reported that human
Trxl €32,35S is a competitive inhibitor of the reduction of

wild-type Trx1 by TrxR with a K, value of 6.7 ymol.l" [62],
and the K; of 5.3 ymol-"" estimated in this study is in good
agreement with this. This value is clcuse to the K,y of the
enzyme for wild type Trx1 (2.4 umold ™), demonstrating that
TrxR1 has similar affinities for both the wild-type and the
redox-inactive mutant. Oblong and coworkers also reported
detectable changes in CD spectra when wild-type and
C32,C355 were bound to TrxR [62]. Subsequently, the
32,358 mutant has been characterised as a dominant nega-
tive mutant of the Trx system when overexpressed in vivo.
For instance, in 1996, Gallegos et al analysed the effect of
Trx overexpression on the phenotype of breast cancer cells.
They reported that wild-type Trx expression increased cell
proliferation, but the expression of the ©€32,35§ mutant
inhibited cell growth and reversed the transformed pheno-
type of the cells. Xenografted into immunodeficient mice,
wild-type Trxl expression increased tumour formation,
while expression of the redox-inactive mutant inhibited
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TasLE 2: Kinetic analysis of the TrxR1 catalysed reduction of Trx1 variants in an insulin reduction-coupled assay.

. Ky k. Catalytic effici
Categories hTrel mutants n qul_l_| s.f‘ % mul-l'E-s'l
Wild-type WT 43 243+0.54 1552042 100.00% 6.38-10°7

K36E 13 9.82+1.83° 1.33£0.28 21.23% 135107

D60N 16 326+ 1.76 119+ 0.42 57.23% 3.65-107

D58,60,61N 17 5.83£205° 0.93+0.16 25.01% 16107

Inside or partly within the contact surface Q63K 15 6.37 + 1.57° 1.25£0.57 30.76% 196107
S67H 18 L36£075" L03:031°  11873% 757107

K72E 18 222+0.86 1.99 +0.39° 140.53% 896107

C73H 16 1.24 £ 0.36° 1224017 154.25% 9.84-107

Misxed type QB3R KME 15 709:188° 0.88+0.3° 19.46% 124107
K39E 18 145£043° 0.86+0.14° 92.98% 593.107

Dutside the contact surface but facing TrxR Q63R,KME 15 7.09 4 1.88° 0.88+0.3° 19.46% 124107
K94F & 3.78 £ 1.56° 0.45 £ 0.16° 18.66% 1.19-107

Opposite side AITRI53R 18 2734049 1.24+0.32 7121% 454107

tumour formation [71]. Yamamoto et al. reported in 2003
that transgenic cardiac-specific overexpression of the
32,355 mutant of Trx1 diminished the endogenous activity
of Trx [72]. Oh ¢t al. reported in 2004 the up- and downreg-
ulation of matrix metalloprotease 2 activities upon expres-
sion of wild-type and C32,358 Trxl, respectively, in human
dermal fibroblasts [73]. More recently, Das reported on the
effects of transgenic overexpression of both wild-type and
32,355 Trx1 in lung tissue. Wild-type Trxl increased the
resistance to hyperoxia-induced lung injury and increased
the levels of reduced Trx in the lung. Overexpression of the
redox-inactive mutant, however, decreased Trx activity and
even increased the degree of oxidation of endogenous wild-
type Trx in the tissue [74]. Taken together, these results dem-
onstrate that the binding of Trx1 to TrxR is independent of
the subsequent thiol-disulphide/selenosulphide exchange
reaction and does not require Trx to be in the oxidized
disulphide form.

Based on the analysis of the interaction of E. coli Trx and
phosphoadenylyl sulfate (PAPS) reductase, Palde and Carroll
suggested that Trxs recognize the oxidized form of its target
proteins with higher selectivity compared to their reduced
counterparts and that an increase in entropy may be a major
recognition force for their interaction [38]. Based on this
observation, the authors proposed a universal entropy-
driven mechanism for thioredoxin-target recognition. [t
should, however, be mentioned that the Trx/PAPS redox
couple may not be the most representative redox couple to
study the importance of the individual redox states, because
reduction and oxidation of PAPS reductase require extensive
conformational changes of the protein [75-78]. For the Trx-
TrxR redox couple discussed here, our results—as well as all
the before mentioned evidence—imply that the redox state
does not seem to have a major influence on the recognition
and formation of a complex between the two proteins.

Peng et al studied the reactivity of TrxA, TrxP, and TrxQ
from Staphylococcus aureus with persulphidated pyruvate
kinase as a model substrate. The three redoxins displayed
small differences in substrate specificity that were also dis-
cussed to be the result of electrostatic differences in the area
surrounding the N-terminal active site thiol [79]. We have
previously proposed and provided evidence that the binding
of Trx family proteins to their interaction partners and likely
all protein-protein interactions in aqueous solution require
geometrically compatible surfaces and, that given, are con-
trolled by complementary electrostatic surfaces [14, 39, 80].
Here, we have engineered mutants of Trx1 with changes in
their electrostatic potential landscape within and outside
the contact patch with TrxR. In summary, the inversion of
positive or negative potentials in areas that fell within the
immediate contact area with TrxR1 decreased the affinity of
the enzyme for its substrate without affecting k_,. The subtle
changes introduced with the S67H mutation close to the
cysteinyl residue attacked by the selenol of TrxR in the reac-
tion cycle decreased both K, and k_,. The effects of the
reversals in the electrostatic potential outside the immediate
contact surface but still facing TrxR depend on the positions.
While the more negative potential “north” of the N-terminal
active site cysteinyl residue (see Figures 1(c) and 2) did not
change the catalytic efficiency of TrxR, and the positive to
negative inversion 10A “east” of the active side (K94E)
caused the largest decrease in catalytic efficiency. The positive
potential of K94 faces complementary negative potentials on
TrxR; however, the oxygen atoms of the hydroxyl and car-
boxy groups responsible for this negative potential are in
18-22 A distance of the £-amino group of K94. These dis-
tances exclude direct long-range electrostatic interactions
as a potential explanation. Under the given conditions,
these should only be significant until a distance of
around 6 A.
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Figure 5: Kinetics of the reduction of the Trx1 mutants by TrxR. Michaelis-Menten plots for the proteins analysed. For details, eg., on
statistics and number of independent experiments, see Table 1 of the main text. All data are shown as mean + SD. The curves are the
nonlinear curve fittings to the Michaelis-Menten equation from which the kinetic constants were obtained. These assays were performed

with the recombinant selenocysteine-containing TrxR.

For our study, the tryptophanyl residues W31 and W114
of Trx1 and TrxR1, respectively, proved to be valuable for the
analysis of the interaction between these two proteins. W114

of TrxR1 is an unusually reactive residue. If not part of the
interaction surface with Trx, W114 is a solvent accessible res-
idue susceptible to oxidation. It was suggested that this may



Publications

65

Oxidative Medicine and Cellular Longevity 13

B ] 1
5- i

P = I e
Ve PRHYGRPD
PHLAUGRBRED

£2 o gle ¢10 PiodTesTe Wiz $1e8Te

Txnde8 Nrx_d? Txndel? Txnde® Txnded Trxl Txnde2  Grx2e  Tanded  Tanll

Fioure 6: Electrostatic similarity of human cytosolic thioredoxins and thioredoxin domain-containing proteins. The tree of electrostatic
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blue (positive) and red (negative), respectively. The second row shows the electrostatic potential mapped to the water accessible surface at
+4 kg« T+ ", The third row displays the cartoon representation of the secondary structure of wild-type and mutant Trxs. The orientation

of the structures is the same as in Figures 1 and 4(a).

serve regulatory functions; it may also serve as an electron
relay communicating with the FAD moiety. When oxidized,
it facilitates oligomerisation of TrxR1 into tetramers that
were also found in a crystal structure of TrxR1 [63]. More-
over, oxidatively modified W114 was suggested to contribute
to covalently bonded, but not disulphide-linked, dimers
between TRP14 and TrxR1 in cells [81].

Human and E. coli TrxR exhibit significant differences in
their substrate specificities. While the human reductase
accepts Trxs from different species and various low molecu-
lar weight compounds, E. coli TrxR is basically restricted to
its endogenous Trx substrates, and for an overview, see (E.
S. ]. [50]). To some degree, especially for the reduction of
low molecular weight compounds, this may be due to the
higher reactivity of the selenolate active site in the human
enzyme compared to the thiolate in its bacterial counterpart.
Owr study here provides a hypothesis for the distant specific-
ities of the bacterial and mammalian reductases for Trxs. The
E. coli enzyme requires significant more molecular interac-
tions (see Figure 1 and suppl. Figs. 2C and D). The contact
area is larger and concave. This requires a considerably
higher degree of geometrical complementarity. Moreover,
its electrostatic properties are more delicate and less binary
compared to the human. The human genome encodes at least
ten cytosolic Trxs or Trx domain-containing proteins, ie.,
Trxl, Txnde2, 3, 6, & 9, and 17, Txnll, and Nrx Tml,
Txndc2, and Txnll have been confirmed as substrates of
TrxR1 [66, 67]. Txndcl7 (also known as TRP14) was
reported to be reduced efficiently by TrxR1 but not by TrxR2
([&5, 82], 14). This is in contrast to Trx1 that can be reduced
by both reductases. Grx2, that is expressed in cytosolic and
mitochondrial isoforms [68], has also been characterised as
substrate for TrxR1 [69]. Nrx (nucleoredoxin) has been sug-
gested as TrxR1 interaction partner [70]. Figure 6 summa-
rizes the electrostatic similarity of these proteins. In

agreement with our hypothesis, the proteins that have been
characterised as TrxR1 substrates also show the highest sim-
ilarity in their electrostatic properties. The only exception to
this is Txndc17 that is clearly more distant. In fact, the elec-
trostatic properties of its interaction surface are basically
the opposite to the other functional redoxins (see Figure 6
and suppl. Fig. 6). Since this ought to block any fruitful inter-
action with TrxRs, we propose that Txndcl7 must interact in
a different way with TrxR1 compared to the other proteins. If
the orientation of the interaction surface of Txndcl? is
rotated by 180°, a fruitful interaction may become possible
(see suppl. Fig. 6). The lack of activity with TrxR2 may then
be the result of geometric constrains that inhibit these alter-
native interactions, since the attack of the selenclate on the
redoxin disulphide has to occur in an 180" angle in line with
the disulphide. A high geometric and electrostatic comple-
mentarity is required for the binding of a Trx to E. coli TrxR.
For the human TrxR1, the lower number of direct molecular
interactions and its more protruding active site (see
Figure 1(a)) may contribute to its ability to bind and reduce
a greater variety of Trxs. With this decreased importance of
geometric complementarity, the electrostatic compatibility
may be the primary factor controlling the enzyme affinity
for different redoxins as well as the efficiency of catalysis
(see Figure 4 and Table 2). That is why the human enzyme
also reduces E. coli Trx1 that only displays limited comple-
mentarity (see Figure 1 and suppl. Fig. 6), albeit with 14-
fold lower affinity and 154-fold lower catalytic efficiency
(E. 5.1. [50]).

Conclusions

Our study provides new insights into the molecular inter-
actions between human Trxl and its reductase TrxR1. We
confirmed that the transient protein-protein interactions,
i.e., the formation of an encounter complex between the pro-
teins, are independent of the subsequent redox reaction. The
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proteins must have an inherent affinity for each other in the
area of the thiol-disulphide/selenosulphide exchange reac-
tion controlling fruitful collisions in solution. The velocity
of the reaction is too fast to be the result of random collisions
between the proteins only. The only molecular forces that act
in considerable distance in solution are electrostatic attrac-
tion and repulsion. For human Trx1 and TrxR1 electrostatic
complementarity within the area covered in the encounter
complex, it appears to control the affinity of the reductase
for Trx, whereas electrostatic complementarity in areas out-
side this contact area can have a large influence on the cata-

lytic efficiency.
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Abstract

CRMP2/DPYL2 is an effector protein in the
semaphorin signaling pathway that controls
cytoskeletal dynamics, linking extracellular signals
to the formation of axonal networks. CRMP2 is
regulated by post-translational modifications
including a dithiol-disulfide redox switch. The
mechanisms of reduction of this switch were
established, the signal-induced oxidation, however,
remained unclear. Here, we show that CRMP2 is
oxidized through a redox relay involving the flavin-
mooxygenase MICAL1 and the peroxidase Prx1 as
specific signal transducers. Using molecular oxygen
and electrons provided by NADPH, MICAL
produces hydrogen peroxide and specifically
oxidizes Prx1 through direct interactions between the
proteins. Subsequently, Prx1 oxidizes CRMP2. The
lack of any components of this redox relay
dysregulates neurite outgrowth. Consequently, both
oxidation and reduction of CRMP2 require reducing
equivalents in the form of NADPH.

One-sentence-summary

The neurite outgrowth controlling protein
CRMP2 is regulated by a redox switch that is
oxidized through a MICAL1-Prx1 relay.

Introduction

The semaphorin (Sem) signaling pathway
contributes to the regulation of axonal outgrowth and
neuronal connectivity. Activation of the Sem3A
pathway induces growth cone collapse and retraction
of the outgrowths by controlling the de-
polymerization of the cytoskeleton that subsequently
allows the axons to change their direction. Sem3A
acts via a hetero-dimeric trans-membrane receptor
composed of neuropilin 1 (NP1) and a plexin A
(PlexA) family member (1, 2). Effector proteins
include the kinases CDKS5 and GSK3[ that
sequentially phosphorylate collapsin response
mediator protein 2 (CRMP2, gene: DPYSL2) (3).
CRMP2 was reported to regulate microtubuli
dynamics by binding to a-B-tubulin dimers. MICAL
(molecule interacting with CasL) proteins bind to the
cytoplasmic domain of PlexAs (4). The human
genome encodes three MICAL proteins. All contain
an N-terminal FAD-dependent monooxygenase
(MO) domain, followed by a calponin homology
(CH) and a LIM domain. Human MICAL 1 and 3
contain an additional C-terminal Rab-binding
domain (RBD) (5). MICALs can produce H,0; upon
activation of the Sem3A pathway (6). Furthermore,
MICALSs were characterized as specific oxidases of
actin methionyl residues (7, 8), thus regulating
microfilament dynamics.

In general, redox-mediated signal transduction
occurs by both reversible oxidation and reduction of
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key molecules. The side chains most vulnerable to
redox modifications are cysteinyl and methionyl
residues. Redox modifications occur — often rapidly
— under physiological conditions and they are highly
specific with respect to both, the molecules involved
and the nature of the redox modification; reversible
oxidation and reduction are key mechanisms in cell
signaling (9, 10). While the specificity of the
reduction of cysteinyl and methionyl residues has
always been attributed to catalysis by enzymes of the
thioredoxin (Trx) family (11), the oxidation reactions
were often attributed to rather unspecific reactions of
the proteins with ‘reactive’ species, most of all H,0,.
This model has been increasingly challenged, in
particular by the low reaction rates of the modified
side chains with H.0:. Cellular peroxidases, i.e. the
glutathione peroxidases and peroxiredoxins (Prxs)
display #10°-fold higher rate constants and are
generally high abundant proteins in mammalian
cells. It was thus suggested that these peroxidases
may function as receptors and transducers of redox
signaling, e.g. (12). CRMP2 has been reported to be
regulated by a dithiol-disulfide redox switch of two
cysteinyl 504 residues in the homo-tetrameric
quaternary complex, that is essential for neurite
outgrowth and axonal connectivity (6, 13). In vivo,
the reduction of this disulfide appears to be
specifically regulated by the cytosolic isoform of
glutaredoxin 2 (Grx2c), a process linked to both
formation of a neuronal network and the
progression of cancer cells (13-15). MICAL-
produced H:0: was suggested as potential source of
CRMP2 oxidation (14), however, the rate constant of
the direct reaction of CRMP2 with H:0: is also too
low to be of significance in vivo (16). In fact, two
studies provided evidence for the involvement of
Prx1 in the oxidation of CRMP2 (17, 18). We thus
hypothesized a signal-induced redox relay in the
semaphorin signaling pathway that involves both
MICAL1 and Prx1 as signal transducers and CRMP2
as effector protein.

Results

‘We hypothesized that Sem3A signaling induces a
redox relay involving a FAD-dependent
monooxygenase of the MICAL family, one of the
cytosolic Prxs, and CRMP2. The latter should then

affect axonal outgrowth by binding to tubulin and
actin, thus controlling cytoskeletal dynamics. We
have used purified recombinant human CEMP2 to
perform affinity capture assays in cell extracts. Using
Western blotting, we confirmed the interaction
between CRMP2 and both actin and tubulin (Fig.
1A). Moreover, also MICAL1 and Prx1 were
captured in this assay; their release from the complex
required reducing equivalents, indicating redox-
dependent associations.

We proposed the production of hydrogen
peroxide by a MICAL protein that leads to the
oxidation of a Prx. Subsequently, this Prx may
oxidize the Cys504 redox switch in tetrameric
CRMP2. We cloned, recombinantly expressed, and
purified the two cytosolic Prxs (Prx1-2) and the
monooxygenase domains of MICAL1-3, henceforth
named MICAL(1-3)-MO. All three recombinant
MICAL-MO domains contained oxidized FAD,
indicated by additional absorption bands at approx.
370 and 450 nm (Fig. 1B). For the comparison of
spectra of both liberated and MICAL bound FAD,
see Fig. S1. These proteins oxidized NADPH in the
presence of O, a reaction that yields H:0s, proving
their activity as monooxygenases (Fig. 1C). Next, we
incubated both Prx1 and Prx2 with the three
MICAL-MO domains in a one-to-one stoichiometry
(one Prx dimer to one MICAL-MO) in the presence
of NADPH. In this setting, all MICAL-MOs led to
the oxidation of the two Prxs, i.e. the formation of
the catalytic inter-molecular disulfide berween the
peroxidatic and resolving cysteinyl residues of two
Prx monomers (Fig. 1D). When a mutant of the
resolving cysteinyl residue of the Prxs was used,
dimer formation could not be observed. As a control,
we have also confirmed that MICALSs (in a 1:1
stoichiometry in the presence of oxygen and
NADPH) do not directly oxidize CRMP2 (Fig. 52).

To analyze the mechanisms of the MICAL
reaction and the oxidation of the Prxs, we have
turned to stopped-flow kinetics. As seen before,
MICAL1-MO oxidized NADPH in a concentration-
dependent manner in the presence of Oz at pH 7.4
and 298 K (Fig. 2A-B, reaction 1).
reaction 1: NADPH/H' + O; ~ NADP' + H:O:
Using linearized integrated second order kinetics, we
determined the rate constant of this reaction to be
137414 M"s"* (Fig. 2C, Suppl. Material). The
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exemplary difference spectra shown in Fig. 2D
demonstrate a decrease in absorbance between 340-
350 nm (NADPH oxidation), but not at 450 nm
(FAD reduction), indicating that FAD is oxidized
during all phases of this reaction. Noteworthy,
decrease in pH (to 6.0) and temperature (to 277 K)
did not significantly affect the rate constant of
reaction 1: 12647 M-s* (Fig. 2E-F). To analyze the
oxidation of the MICAL1-MO (reaction 2), we
incubated the protein with exactly the amount of
NADPH required to fully reduce the FAD to FADH,,
i.e. the concentration that equaled the sum of the
MICAL-MO and O: concentrations in the reaction
mix (Fig. 53). The reaction was started by mixing
this protein solution with an oxygen-containing
solution in the stopped-flow chamber.

reaction 2: FADH, + O, ~ FAD + H.,O,

The concentration of O: was determined from the
amount of (excess) NADPH oxidized by the enzyme
in a separate control experiment, see Fig. 53. The
oxidation of MICAL1-MO occurred fast, equilibrium
was reached in less than a second (Fig. 2G-H). When
we analyzed this reaction applying linearized
integrated second order kinetics, we found the
reaction to be bi-phasic (Fig. 21, Suppl. Material).
We determined the rate constant of the first reaction
to be = 1.940.2-10° M5, the rate constant of the
second phase to be 2.440.3-10° M":s". The spectra
recorded during these reactions did not provide any
evidence for the formation of any form of stable
intermediate. The difference spectra (Fig. 2J) display
a decrease at 462 nm and, to a lesser degree at 378
nm, typical for the oxidation of FADH; to FAD. We
thus concluded that the reaction of the FADH: with
0; occurs via an unstable peroxy-flavin intermediate
(reaction 3), that immediately decays to oxidized
FAD and H:O: (reaction 4), for details see Fig. 54.
reaction 3: FADH. + O, -~ FAD-OOH + H'
reaction 4: FAD-OOH + H" -« FAD + H,0,
‘We have also performed the oxidation of MICAL-
MO in the presence of Prxs. The remaining spectra,
however, did not suggest any other intermediates,
e.g. a charge transfer complex between the FAD and
the Prx. The reaction remained bi-phasic and the rate
constants were in the range of those determined for
the reaction in the absence of a Prx (Fig. 2K-L, Table
1). We thus conclude that the Prx is oxidized by
H:0: produced by the MICAL-MO domain and not

by direct transfer from the FAD to the peroxidatic
cysteinyl residue.

Next, we have analyzed the oxidation of Prx1-2
by catalytic amounts of the MICAL(1-3)-MOs. As
shown in Fig. 3A and Fig. S5, 60 nmol-1" of the
MICAL-MOs efficiently oxidize 10 pmol-1" of either
Prx when NADPH was present. This reaction was in
no way inhibited by the presence of excess catalase
(> 1000 U), suggesting that the H»0: produced by
the MICAL-MOs is not released into the solution to
be turned over by the Prxs. Although all MICAL-
MOs were able to oxidize the Prxs, the time course
of these reactions (Fig. 3B) evinced a clear
preference of MICAL1-MO for the oxidation of
either Prx. We have thus focused, from here on, on
MICALI1. Michaelis-Menten kinetics of the Prxs’
oxidation by the MICAL1-MO suggested that the
Prxs are in fact substrates of the monooxygenase.
Both Prxs were oxidized at similar rates (Fig. 3C,
Table 1, Fig. S6). We also analyzed this reaction
using a MICAL1-MO variant elongated by the
calponin homology domain of the native protein
(MICAL1-MO-CH, Fig. 56). As reported for the
oxidation of actin by MICAL, this enhanced the
catalytic efficiency, here approx. 3-fold (Fig. 3D,
Tablel). Together, these results support the formation
of an enzyme-substrate complex between the two
proteins in which the H:O: produced by MICAL is
directly shuttled to the peroxidatic cysteinyl residue
of the Prx. We have performed all atomistic
molecular dynamics simulation of this proposed
complex between MICAL1 and dimeric Prx1. Using
a start structure obtained by molecular docking, we
have analyzed the dynamics of the complex over the
time course of 250 ns (Fig. 4). Within 50 ns, the
simulation reached an equilibrium (Fig. 4D-E). In
this complex, one of the peroxidatic cysteinyl
residues of the Prx-dimer is placed at the exit of a
channel in MICAL]1 that connects to the
FAD/FADH: active site of the enzyme (Fig. 4F-G),
the side chains of both the peroxidatic and resolving
cysteinyl were at the low end of the spectrum (Fig.
4H), suggesting a rather stable conformation.

Next, we aimed to confirm the proposed redox
relay in an established human cellular model of
neuronal differentiation. SH-5Y5Y neuroblastoma
cells can be differentiated into mature neurons
through a variety of different mechanisms including
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treatment with retinoic acid (RA) (19). At first, we
have treated the cells in the neuroblast state with
1pg-ml’ Sem3A and analyzed the oxidation of Prx1
and CRMP2. Both proteins form a homodimeric
inter-molecular disulfide that can be identified after
non-reducing Western blotting. We found an increase
in both oxidized Prx1 and CRMP2 between 5 to 10
minutes after addition of the ligand (Fig. 5A). Since
we proposed a Sem3A-induced redox-relay from
MICAL1 to Prx1 to CRMP2, we repeated the
experiment with cells silenced for the expression of
MICAL1 (Fig. 5B-C). In the presence of MICALI,
we confirmed the oxidation of CRMP2 within
minutes following Sem3A treatment (Fig. 5C). With
silenced MICALL expression, however, Prxl
oxidation (Fig. 5B, analyzed by diagonal
electrophoresis, non-reducing vs. reducing
dimension, see Fig. 57), as well as CRMP2 oxidation
(Fig. 5C) were prevented. In the following, we have
induced the differentiation from the neuroblast state
to the neuron-like cells by treatment with RA over
the time course of 7 days. Oxidized CRMP2 started
to appear 48 hours after induction and reached a
maximum at day 5 (Fig. 5D-E), confirming earlier
results (13). With silenced expression of MICAL1 in
this model, Prx1 (Fig. 5F-H), but not Prx2 (Fig. 5J-
L), was significantly less oxidized 5 days after
induction of differentiation. The lack of increase in
the oxidized dimeric form of the Prx was not the
result of an over-oxidation of the monomeric form
(Fig. 5I). With silenced expression of Prx1, oxidation
of CRMP2 did not occur (Fig. SM-N). Next, we
investigated neurite outgrowth as physiological
function of the characterized redox relay. Compared
to controls, SH-SYS5Y cells with silenced expression
of either MICAL1, Prx1, or CRMP2 featured
significantly longer neurites (Fig. 50-U). The
average neurite length of cells lacking MICALI and
Prx1 increased 1.6-fold at day 5, the lack of CRMP2
led to a 1.4-fold increase at day 3 following the
beginning of RA treatment.

Discussion

The semaphorin signaling pathways are part of
the regulatory networks controlling the processes
that shape the developing nervous system, i.e. axon
guidance, synaptic plasticity, and neuronal migration

(2, 20, 21). Both MICAL and CRMP?2 are required
for the Sem signaling pathway and interact with the
cystosolic domain of the Sem receptor plexin A (4,
22). The activity of the MICAL monooxygenases is
required for their function in the pathway, for
instance MICALs directly oxidize actin and promote
growth cone collapse and cellular repulsion (4, 7, 8,
23, 24). CRMP2 contains a dithiol-disulfide redox
switch that is operated in the SH-5Y5Y model of
neuronal differentiation. Previous studies suggested
MICAL-produced H:0; as source of the oxidation
equivalents (6, 13, 14), however, this was put into
question by the low rate constant of the reaction, i.e.
0.82 M" s (16). In fact, more recent studies pointed
to 2-Cys Prxs as mediators of CRMP2 oxidation (18,
25, 26).

Here, we propose the following pathway and
mechanism of CRMP2 oxidation: MICAL1 is
activated in response to Sem3A signaling,
presumably by direct interaction with the Sem3A
receptor. Next, reduced MICAL1 (FADH:) reacts
fast with molecular oxygen vielding a peroxy-flavin
intermediate (FAD-0Q). This immediately decays to
H:0: and oxidized MICAL (FAD). The efficient
oxidation of the Prxs in the presence of excess
catalase (Fig. 1D) suggests that the H,0, is not
released but rather directly channeled to the
peroxidatic cysteinyl residue of Prx1, oxidizing it to
the sulfenic acid intermediate. This induces the
attack of the resolving cysteinyl residue of the
second Prx monomer, resulting in partial unfolding,
conformational changes and disulfide formation,
characteristic for the 2-Cys Prx reaction mechanism,
see e.g. (27). This ought to induce to the dissociation
of the MICAL-Prx complex. MICAL is re-reduced
by NADPH and Prx1 can transfer the disulfide to
CRMP?2 in dithiol-disulfide exchange reaction.

Various stages of development in the central
nervous system appear to be associated with changes
in the intra-cellular redox milieu. This has been
demonstrated for the production of H,0, (28, 29) that
participates, for instance, in axonal path finding (30).
MICAL proteins can produce H:0z, which made
them prime candidates as oxidases in redox signaling
pathways.

MICAL family proteins are conserved from
insects to vertebrates. The proteins are O and
NADPH-dependent monooxygenases. The domain
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structure of the three human isoforms, however,
differs. All three MICALSs contain the
monooxygenase domain (MO) with FAD as
prosthetic group at the N-terminus followed by
calponin homology and LIM domains. MICAL1 and
3 contain an additional C-terminal Rab-binding
domain (31). The C-terminal region of MICAL is
involved in the modulation of its activity and
mediates the interaction between MICAL and plexin
(32). This interaction was reported to release the
auto-inhibition of MICALs by their C-terminal
domain upon the binding of SemA to its receptor.
This release of MICALS is required for their redox
activity (33). Unlike Rab1, CasL, or Vimentin,
CRMP2 doesn’t seem to bind to the C-terminal
region but closer to the N-terminus including the
LIM domain (32, 34, 35). It remains unclear how the
interaction of MICALSs with the Sem receptor protein
plexinA affects the binding of CRMP2 (32).
MICALs catalyze the stereo-specific oxidation of
two methionyl residues (M44 and M47) in actin
filaments to methionyl-R-sulfoxides by the
production of H,O,, thereby facilitating actin de-
polymerization (8, 36-39). These modifications are
reversible through the action of methionine sulfoxide
reductases (40). These redox modifications of actin
were implied in axonal outgrowth, neuronal
plasticity, cell division, and cancer progression (31,
41, 42). The oxidation of actin by MICAL-MO was
enhanced when the following CH domain was
included in the recombinant protein (43, 44). We
confirm the higher catalytic efficiency of this
construct for the oxidation of the Prxs as well (Fig.
3C-D, Table 1).

The crystal structures available for MICAL-MO
domains imply a conformational change of the FAD
from an “out’ conformation in the oxidized state to
an “in’ conformation in the reduced state (38, 45).
This may be the explanation why the reduction of the
FAD by NADPH is the rate limiting step in the
MICAL monooxygenase reaction mechanism (Fig.
54). It may also explain why the rate constant of this
fully reversible reaction step appeared to be
independent of temperature or pH (Fig. 2A-F). The
rate was likely not limited by the electron transfer
reaction itself, but rather by the following
conformational changes. Reduced FAD immediately
reacted with molecular oxygen. The apparently bi-

phasic reaction likely resulted from the formation of
an unstable peroxy-flavin, which decays to H.0; and
the oxidized flavin (Fig. 54) (37). The rate constant
of the first step was too high for us to
spectroscopically verify the peroxy-flavin
intermediate (Fig. 2G-L). No spectroscopic evidence,
e.g. charge transfer complex, was detected that could
point to a direct reaction of Prx’s peroxidatic Cys;
with a peroxy-flavin. Despite the high homology
between the three human MICALSs (4), their catalytic
efficiency towards the oxidation of Prx1 and Prx2
differ distinctly (Fig. 3C-D, Table 1) with MICAL1
being the most efficient. Our structural models
suggest large differences in the electrostatic
properties that may be key to their diverse enzymatic
activities (Fig. S8) (46). Our molecular dynamic
simulations suggest an area of contact between
dimeric Prx1 and the MICAL1-MO domain that
complies with both the geometric restrains and
complementary electrostatic surfaces (Fig. 4A-C,
Fig. S8). Such a binding event brings the peroxidatic
cysteinyl residue of one monomer of the dimeric Prx
in close proximity to the active site opening in the
MICAL1-MO domain where the FAD is bound (Fig.
4F-G), the H:0; produced may then be directly
channeled to the Prx, which is supported by the
finding that catalase does not inhibit Prx oxidation.
(Fig. 3). The oxidation of CRMP2 by Prx1 was
demonstrated before. However, it seems that this
reaction requires at least one additional factor that
may act as scaffold bringing Prx1 and CRMP2 into
close enough proximity for the reaction to take place
(18, 32).

Different studies suggested an involvement of the
oxidized form of CRMP2 in the semaphorin
signaling pathway before although without clarifying
the mechanism of oxidation nor a sufficient
explanation for the specific reduction. The use of a
mutant thioredoxin in this enzymatic reaction leads
to the formation of an artificial disulfide (6, 37).

CRMP2 is subject to a variety of post-
translational modifications. Five phosphorylation
sites are located at the C-terminus (3, 47-50),
following the redox-sensitive cysteinyl residue 504
(13). The accessibility of the phosphorylation sites
may depend on the redox state of Cys504, implying a
cross talk between redox- and phosphorylation
signaling (16). Oxidation of the CRMP2 redox
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switch appears to be required for growth cone
retraction of outgrowing neurites. We have analyzed
the proposed redox relay in an established model of
neuronal differentiation (Fig. 5). Treatment of the
cells with Sem3A led to a fast increase in oxidation
of both Prx1 and CRMP2. Induction of
differentiation with retinoic acid triggers the
transcriptional induction of class 3 semaphorins (13,
51-53), as well as CRMP2 oxidation (13). Using
gene silencing in the differentiation model, we have
shown that the oxidation of Prx1 depends on the
presence of MICAL1 and the oxidation of CRMP2
on the presence of MICAL1 and Prx1. In contrast,
we did not find evidence for the involvement of
Prx2. As demonstrated here, the silencing of any of
the components of the oxidation redox relay results
in a 1.6-fold increase in average neurite length in the
differentiation model (Fig. 50-U). CRMP2's redox
switch is reduced by the cytosolic isoform of
glutaredoxin 2 and its operation was implied in
neuronal development and the control of cell
migration and invasion (14, 15). Collaboratively,
over-expression of Grx2c leads to an increase in
average neurite length (14). Silencing of the
expression of Grx2c in zebrafish embryos results in
an increase in oxidized CRMP2 in the developing
brain. In consequence, outgrowing axons are 4-fold
shorter, fail to establish an axonal scaffold, and
virtually all neurons perish apoptotically (14).

‘We propose receptor-induced redox relays for
both the oxidation and reduction of CRMP2 (Fig. 6)
that control these proteins functions, e.g. the
regulation of neurite outgrowth and neuronal
connectivity. Activation of the NP1/PlexA receptor
activates MICAL1. Using molecular oxygen and
electrons provided by NADPH, MICAL specifically
oxidizes Prx1, that in turn oxidizes the regulatory
CRMP2 disulfide, thereby affecting its biological
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Table 1 — Kinetic analysis of the reaction of MICAL1 with NADPH, molecular oxygen, and Prxs. The
apparent rate constants of MICAL1-MO with NADPH and molecular oxygen were determined by stopped-
flow kinetics (see Fig. 2). The Kx and Ve of MICAL1-MO and MICAL1-MO-CH with Prx1 and 2 as

substrates were determined in end-point assays (see Fig. 3).

Enzyme Substrate 2™ order rate constant (K.,,) n pH  Temperature
mol*-l-s* K
MICAL1-MO NADPH 163.8 £ 13.9 14 74 298
MICAL1-MO NADPH 140.5 £ 19.2 8 74 277
MICAL1-MO NADPH 126 + 6.7 10 6.0 277
MICAL1-MO 0 (1) 1.9+02-10° 5 74 298
(2) 2.4+0.3-10°
MICAL1-MO 0O; (Prx1 present) (1) 23+0.1-10° 7 74 298
(2) 3.2+05-10°
Substrate K. | n pH Temperature
pmol-1* s K
MICAL1-MO Prxl 304+08 0.28 + 0.03 3 74 298
MICALI-MO Prx2 227+3.1 0.31 +0.05 3 74 298
MICAL1-MO-CH Prxl 235+17 0.72 +0.03 3 74 298
MICAL1-MO-CH Prx2 142+ 0.8 0.57 +0.01 3 74 298
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Figure legends

Figure 1 - Prxs as potential targets of MICALs

(A) Affinity capture assay using immobilized recombinant pre-oxidized and pre-reduced CRMP2 as
bait. Lysates of HeLa cells (left) and HeLa-Grx2c” (right) cells (15) were incubated with the protein,
and eluted first under denaturing and second under reducing conditions. The input, flow through, and eluates
were analyzed by Western blotting for proteins implied in the semaphorin (Sem3A) signaling pathway
before. (B) UV-Vis spectra of the recombinantly expressed monooxygenase domains of MICALL, 2, and 3
demonstrate the presence of (oxidized) FAD in the proteins. (C) Consumption of NADPH measured as
decrease in A340 by MICAL1 in the presence of oxygen confirms the monooxygenase activity of the
purified protein. (D) Oxidation of 7 pmol-I"* Prx1 and 2 by 3.5 pmal-l" MICAL1, 2, and 3 in the absence and
presence of 1150 units catalase per 100 pl assay. MICALs, in the presence of molecular oxygen and 200
pmal-1" NADPH were incubated with two-fold molecular excess of wildtype Prx1 and 2 or mutants lacking
the resolving cysteinyl residue (Cg - S). The activity of all MICALs led to the oxidation of wildtype Prxs
both in the presence and absence of 1150 units (pmol H:0. per minute) of catalase.

Figure 2 - Reaction of the MICAL1 flavin monooxygenase domain
with NADPH and oxygen

The reaction of the FAD in the MICAL1 monooxygenase domain was analyzed by stopped flow kinetics. (A)
Consumption of 150 pmol-l* NADPH by 10 pmol-1"' MICAL1 at pH 7.4 and 298 K over the time course of 6
minutes analyzed by UV-Vis spectroscopy. (B) NADPH-dependence of the reactivity of 10 pmal-1" MICAL1
at pH 7.4 and 298 K followed by UV-Vis spectroscopy at 340 nm. (C) Linearized integrated second order
kinetics of the data displayed in (B) for the determination of the apparent second order rate constant (see
Suppl. Material). (D) Differences of the spectra shown in (A) at 311 and 35 s minus the first spectrum taken
at 1.78 ms. (E) NADPH-dependence of the reactivity of 10 pmol-1" MICAL1 at pH 6.0 and 277 K followed
by UV-Vis spectroscopy at 340 nm. (F) Linearized integrated second order kinetics of the data displayed in
(E) for the determination of the apparent second order rate constant (see Suppl. Material). ( G) Oxidation of
the FAD in 10 pmol-1"* MICAL1 at pH 7.4 and 298 K over the time course of 1 second analyzed by UV-Vis
spectroscopy. (H) Time course of the FAD oxidation followed by UV-Vis spectroscopy at 360, 370, and 450
nm. (I) Linearized integrated second order kinetics of the data displayed in (h, 450 nm) for the determination
of the apparent second order rate constants suggest a two-phasic reaction (see Suppl. Material). (J)
Differences of the spectra shown in (a) at 1780, 100, and 35.2 ms minus the first spectrum taken at 1.78 ms.
(K) Time course of the FAD oxidation in 10 pmol-1" MICALTI in the presence of 20 pmol1™" Prx followed by
UWV-Vis spectroscopy at 360, 370, and 450 nm. (L) Linearized integrated second order kinetics of the data
displayed in (K, 450 nm) for the determination of the apparent second order rate constants suggest a two-
phasic reaction (see Suppl. Material)

Figure 3 - Recombinant Prxs are oxidized by catalytical amounts
of MICALs

Michaelis-Menten kinetics of the Prxs' oxidation by the MICAL1 monooxygenase domain (MO) and the
MICAL1 monooxygenase-calponin homology domains (MO-CH]. (A) Analysis of the oxidation of 10
pmol1* pM Prx1 and 2 by 60 nmol-I'* MICAL1, 2, and 3-MO by SDS-PAGE. The reaction requires NADPH
and is not inhibited by the addition of 1150 units (pmol H:O: per minute) of catalase. (B) The time-course of
50 pmol-1" Prxs’ oxidation by 60 nmol-1" MICALSs suggests a preference of MICAL1 for the reaction. (C-D)
Michaelis-Menten kinetics of the oxidation of Prx1 and 2 (as indicated) by 60 nmol-1"* MICAL-MO (C) or 20
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nmol-1"* MICAL-MO-CH (D). All measurements were performed in the presence of 1150 units of catalase
per 100 pl assay and 200 pmol-1! NADPH.

Figure 4 - Docking and all atomistic molecular dynamics
simulation of a MICAL1-Prx1 complex

(A) Water accessible surface of the complex in side view (dimeric Prx1 in green, MICAL1-MO in gray,
interaction surfaces in yellow). (B-C) Interaction surfaces (in yellow) on Prx1 (B) and MICAL1 (C); the
complex was opened by 90° left (Prx1) and 90° right (MICALT1). (D) Root mean square deviation (rmsd) of
the peptide backbones in the complex over the course of the simulation (250 ns). (E) Solvent accessible
surface area (sasa) of the complex over the course of the simulation. (F-G) One of the peroxidatic cysteinyl
residues of the dimeric Prx1 faces the active site cavity of MICAL1; (G) is a magnification of (F, square).
(H) Average side chain fluctuations of the residues in the Prx1 dimer-MICAL1 complex, the peroxidatic
(Cyse) and the resolving (Cysz) are highlighted.

Figure 5 - The MICAL1-Prx1-CRMP2 redox relay in a model of
neuronal differentiation

(A) Time course of the redox states of CRMP2 and Prx1 in SH-SY5Y cells treated with 1pg-ml* Sem3A. (B-
C) Redox states of Prx1 (B, 2-D diagonal SDS-PAGE) and CRMP2 (C) in SH-SY5Y cells with silenced
expression of MICAL1 and treated with 1pg-ml* Sem3A for 150 s; the siRNA control was included in (C).
(D-E) Levels of oxidized (D) and reduced (E) CRMP2 in SH-SY5Y cells during their differentiation into
neuron-like cells induced by 10 pmol-1" retinoic acid (RA) added to the medium; n=3. (F-L) Redox states of
Prx1 and Prx2 in RA-treated SH-SY5Y cells depend on MICAL1; n=6. (F, J) Quantification of the redox
states analyzed by 2-D diagonal (G) and 1-D gel electrophoresis (H), n=7 and 6 for Prx1, n=9 and 8 for Prx2,
respectively. siRNA controls were included in (H) and (L). Silencing of MICALLI in cells did not induce
over-oxidation of Prxs as demonstrated with a Prx-50:2a specific antibody, control cell lysate treated with 1
mmol-1" H,0, was used as positive conirol (I). (M-N) Redox state of CRMP2 in the SH-SY5Y
differentiation model depends on Prx1. (M) Quantification of the redox state; n=4. (N) siRNA control and
exemplary Western blots. (0-U) Neurite outgrowth during SH-SYSY differentiation depends on MICALL,
Prx1, and CRMP2. (O) Neurite length in control, MICAL1 and Prx1-depleted cells after 120 hours of
differentiation. Each point represents the automated analysis of one picture of n=3 biological replicates. (P)
Neurite length in control and CRMP2-depleted cells after 72 hours of differentiation. Each point represents
the automated analysis of one picture of n=3 biological replicates. Sample pictures of the cells treated with
siControl (Q), siMICALI (R), siPrx1 (S), siCRMP2 (T, the associated siControl at the 72 hour time point is
not shown), and exemplary siRNA controls (U) are shown in the lower row. All box-plots depict the median
(line), the 75% quartiles (box) and the minimum and maximum values (whiskers). All densiometric analyses
were normalized to the total amount of protein on the respective lane of the blot. The p-values were
calculated applying an unpaired T-test analysis.

Figure 6 - NADPH-dependent redox relays in both the oxidation
and reduction of the CRMP2 thiol switch control axonal
outgrowth
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Material and Methods

Materials — Chemicals and enzymes were purchased from Sigma-Aldrich (St. Louis MO, USA), unless
otherwise stated, and were of analytical grade or better. The antibodies used in this work were as follows:
MICAL1 (14818-1-AP, Proteintech, Manchester, UK), Prxl (LF-MA0214, Abfrontier, Liestal, Switzerland),
Prx2 (54), PrxS0z: (ab16830, abcam, Cambridge, UK), CRMP2 (ab129082, abcam), actin (sc-47778, Santa
Cruz, Heidelberg, Germany), tubulin (T9026, Sigma-Aldrich), horseradish peroxidase conjugated anti-rabbit
and anti-mouse IgGs (Bio-Rad, Hercules, CA, USA).

Electrophoresis, Western blotting, and densiometric analysis — Protein concentrations were determined
using Bradford reagent (Bio-Rad, Hercules, CA, USA). All one-dimensional SDS-PAGE were run using
precasted mini-Protean TGX Stain-free gels (4-20%, Bio-Rad, Hercules, CA, USA). In two-dimensional
diagonal SDS-PAGE, proteins from cell lysates were denatured in sample buffer (1% SDS, 50% glycerol, 60
mM Tris/HCI pH 6.8, 2 mM EDTA, Bromphenol blue) and separated in the first dimension under non-
reducing conditions. Gel slices were incubated in 250 mM DTT (AppliChem, Darmstadt, Germany) and 100
mM pH neutral TCEP in sample buffer for 30 minutes at 65°C. After washing with sample buffer, the gel
slices were incubated for 20 minutes at room temperature and mild agitation with 100 mM NEM (Thermo
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Scientific, Weltham, MA, USA) in sample buffer. After a washing step with sample buffer, every single gel
lane was placed horizontally onto a pre-casted mini-Protean TGX Stain-free gels (4-20%, 7 cm IPG, Bio-
Rad, Hercules, CA, USA). Western blots were carried out using Trans-Blot Turbo system and the RTA Mini
PVDF Transfer Kit according to manufacturer’s instructions (Bio-Rad, Hercules, CA, USA). Blots were
developed by enhanced chemiluminescence staining and documented using a ChemiDoc XRS5+
documentation system (Bio-Rad, Hercules, CA, USA). Densiometric analyses of Western blots were
performed with the Image] software (version 1.53e). All values were normalized to the total amount of
protein on the blot, determined using the stain-free technology and the ImageLab software (version 6.0)
according to the manufacturer’s instructions (Bio-Rad, Hercules, CA, USA).

Cloning of expression constructs — MICALs monooxygenase (MO) domains and MICALI1-
monooxygenase and calponin homology (MO-CH) domains were amplified by PCR from human cDNA
using described oligonucleotides, ligated into pGEM-T vector (Promega, Madison, W1, USA), excised with
restriction endonucleases Ndel and Bglll (New England Biolabs, Ipswich, MA, USA), and ligated into the
Ndel and BamHI restricted pET15b vector (Merck, Darmstadt, Germany). Correct sequences were
confirmed by sequencing (SegLab, Géttingen, Germany). The oligonucleotides are listed in Table S1 (13,
35).

Recombinant expression and purification — For recombinant protein expression, 400 ml medium
containing the selective antibiotics were inoculated with 2% of an overnight culture of cells harboring the
dedicated expression construct, and incubated at 37°C under agitation. At ODgw= 0.6, expression was
induced by addition of 0.5 mM IPTG (isopropyl-B-D-thiogalactopyranoside, Carl Roth, Kaiserslautern,
Germany) and the temperature was lowered (to 20°C for Prxs, to 15°C for MICALS, or to 10°C for CRMP2).
Cells were harvested after 18-24 hours by centrifugation at 1500 x g for 30 minutes at 4°C. Bacteria were
lysed by incubation with lysis buffer for 20 minutes at room temperature and mild agitation, and subsequent
ultrasonic treatment with 2 cycles of 2.5 minutes, 70% intensity, 0.5 s cycle time (50% cycling) using a
Sonoplus HD2070 ultrasonic homogenizer (Bandelin, Berlin, Germany). Extracted lysate was clarified by
centrifugation at 17000 x g for 30 minutes at 4°C. Recombinant His-tagged proteins were purified by
immobilized metal affinity chromatography at 4°C using an Akta FPLC system according to manufacturer’s
protocol (GE Healthcare, Buckinghamshire, UK).

Cells used for the expression: E. coli BL21 (DE3) pRIL (Life Technologies, Paisley, UK) strain was used
for Prxs and CRMP2, E. coli Rosetta 2 (DE3) pLysS (Merck, Darmstadt, Germany) strain was used for
MICALSs. The following media were used: LB-Medium (Carl Roth, Kaiserslautern, Germany) for Prxs and
CRMP2, SOC medium (2% (w/v) Bacto tryptone, 0.5% (w/v) Bacto veast extract, 8.5 mM NaCl, 2.5 mM
KCl, 10 mM MgCl,, 20 mM glucose, pH 7) for MICALSs. Lysis buffers: 1 mg/ml lysozyme and 0.05 mg/ml
DNase [ in a 50 mM NaP buffer containing 140 mM NaCl, 20 mM Imidazole, pH 8 for Prxs and CRMP2, 1
mg/ml lysozyme, 0.05 mg/ml DNase [, 1 mM DTT, and 0.2% Tween 20 in a 50 mM Tris buffer containing
140 mM NaCl, 20 mM Imidazole, pH 8 for MICALSs. The following buffers were used for the purification:
50 mM NaP, 300 mM NaCl, 20 mM Imidazole, pH 8, as washing buffer, and 50 mM NaPF, 300 mM NaCl,
250 mM Imidazole, pH 8, as elution buffer for recombinant Prxs and CRMP2; for recombinant MICALs, a
50 mM Tris washing buffer containing 140 mM NaCl, 20 mM Imidazole, pH 8, and a 50 mM Tris elution
buffer containing 140 mM NaCl, 300 mM Imidazole, pH 8, were used.

Electrophoretic mobility shift assays — Protein concentrations were determined using NanoDrop 2000c
Spectrophotometer (VWR, Radnor, PA, USA), and calculated extinction coefficients (Prxl & = 18450 M
Lem, Prx2 Emo = 21430 M"-cm™, and MICALs-FAD £ = 11300 M™"-cm™). Purified Prxs were incubated
with 20 mM DTT (AppliChem, Darmstadt, Germany) and 10 mM TCEP pH 7 for 30 minutes at room
temperature and mild agitation. Excess of reductants were removed by gel filtration using NAPS columns
according to manufacturer’s instructions (GE Healthcare, Buckinghamshire, UK) in 50 mM Tris buffer, 100
mM NaCl, pH 8. The reaction was started by the addition of indicated FAD containing MICALSs to the
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reduced Prxs in presence of NADPH, and absence or presence of catalase, and stopped by denaturation with
sample buffer. The reaction was performed at room temperature for 15 minutes, unless otherwise stated.

Stopped-flow kinetics — Purified MICAL1-MO and reduced Prxs were rebuffered in 50 mM Tris, 140
mM NaCl, pH 7.4 buffer using PD-10 or NAPS columns, respectively, according to manufacturer’s
instructions (GE Healthcare, Buckinghamshire, UK). Flavin-containing MICAL concentration was
determined at 450 nm in a Jasco instrument. The kinetics of flavin NADPH consumption, flavin reduction, as
well as flavin oxidation, were measured in a stopped-flow spectrophotometer (SX20; Applied Photophysics,
Leatherhead, UK) with a mixing time of less than 2 milliseconds. The NADPH consumption was analyzed
following its absorbance at 340 nm, while the reduction of 10 pM flavin was followed by the absorbance
decrease at 450 nm in the presence of different NADPH concentrations at indicated temperature; upon flavin
reduction with excess of NADPH for 20 minutes, flavin oxidation was analyzed following the absorbance
increase at 450 nm after mixing with oxygenated buffer, in presence or absence of 40 pM reduced Prx2. All
data were collected and analyzed using the Pro-Data SX and Pro-Data Viewer software, respectively.
Deviations of the second order rate constants for the MICAL-catalyzed reduction of O, by NADPH and the
oxidation of MICAL-FADH; by O: were calculated as follows:

1.) For the MICAL-catalyzed reduction of O; by NADPH with the following reaction: NADPH/H™ + O:
w NADP" + H:0;, the reaction rate of can be expressed as:

) SLNADPHI_ _\ (napPH ) {0,]

With the following substitutions,
(2) x=[NADPH,—[NADPH =[0,},—[0.},
the expression rate law becomes:
ox
(3) ﬂ—ﬁz—k‘{[NADPH]o_I)'[[Oqu_x)
dx

@) = NADPH], ([0 © "

Integration:

= dx
(5 “..!-{[NADPHL}—J:]{[OJ{:_")

:k-j-ét

Integration using the method of partial fractions:
1 [ NADPH |,

(6 = -In [0 _
[0,L,—[NADPH], [ NADPH },—x

0—x

-1 k-t

Rearrangement and re-substitution yields:

= 1 | [Dz]:‘ENADPH]ﬂ_
) “T0,,—[NADPH], " [NADPH]0,),

(7 k-t

Upon re-arrangement, we obtain the linearized equation of the integrated second order kinetics:
[0,]-[NADPH],
[NADPH][0,],

In practice, [NADPH ], was given and controlled based on its molar absorptivity at 340 nm; [NADPH]
was calculated based on its molar absorptivity at 340 nm; [O:}, was determined experimentally based on the

(8 =In =k:[0,],—[ NADPH |-t
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maximal NADPH consumption in the assay mixture; and [O,] was calculated as [0;], — [NADPH], +
[NADPH].

2.) For the oxidation of MICAL-FADH: by Oz with the following reaction: M-FADH; + Oz - M-FAD +
H:0-, the reaction rate can be expressed as:

o 2P ik )0,

‘With the following substitutions,
(2) x:[ FADH:]U_IFADHzlz [Dz]n T [Ozlr

the expression rate law becomes:

(@) ==k FADH,}y—x)-[0.}y—x)

6x — .
@ S EDHL—x)0R—x) &
Integration:
. = N
& < Eprg—aog=x I

Integration using the method of partial fractions:
1 [FA-DHz]u in [Ozlu -

©) [0, [MDH, "[FDHL—x "[Ox

Rearrangement and re-substitution yields:
1 [OE]I*[FADHJQ_

) “[0h—[FDH} "[FADH{0;)

7

Upon re-arrangement, we obtain the linearized equation of the integrated second order kinetics:
[Oz]z'[FADHzln

® =", {0,],

=k-(0,),—[ FADH,},-t

In practice, [FADH:]: was given and controlled based on the maximal conversion to FAD in the assay
mixture; [FADH;] was calculated based on its molar absorptivity at 450 nm; [O:]p was determined
experimentally based on the maximal NADPH consumption in the assay mixture in control experiments; and
[O:] was calculated as [O:]o — [FADH: ]y + [FADH:].

Molecular Dynamics Simulations — The starting structure for the molecular dynamics simulation of the
MICAL1-Prx1 complex was prepared using HawkDock (56). The human MICAL1 and Prx1 models were
prepared by homology modeling using pdb entries 6ici and Shqp, respectively. The simulations were
performed in GROMACS 2016.3 (57), with AMBER-959ff-ILDN force field (58). The parametrization of
FAD was done with ACPYPE (59) script. The protein structure was solvated with TIP3P water in a cubic box
under periodic boundary conditions and at least 1 nm away from the edge of the box. Na* and Cl" ions were
added to neutralize the charge of the system. An initial energy minimization was performed using steepest
descent algorithm until the system converged to 1000 kI‘mol"-nm™. System equilibration was performed for
100 ps at a constant number of molecules, volume, and temperature 300 K (NVT) and for duration of 100 ps
with constant number of molecules, 1 bar pressure, and temperature 300 K (NPT). The duration of the
production simulation was 250 ns (125,000,000 time steps, 2 fs each). The bonded interactions of hydrogens
were constrained with LINCS algorithm (60). The Parrinello-Rahman (61) method was used for pressure
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coupling and the modified Berendsen thermostat — velocity rescale (62) for the temperature coupling. The
Particle Mesh Ewald (63) method was used for the calculation of the long-range electrostatic interactions; for
the short-range interactions, Verlet cut-off scheme with 1.5 nm cut-off distance was applied, for both
Coulomb- and van-der-Waals interactions. The RMSD and RMSF analysis and calculation of solvent
accessible surface area were performed with GROMACS. The representative structure of the simulation was
calculated with the linkage algorithm of cluster tool in GROMACS with the distance cut-off of 0.2 nm. The
further evaluation including the calculation of the surface of the representative structure was performed in
UCSF Chimera (64).

Cell culturing — DMEM, serum (FCS), antibiotics (penicillin, sireptomycin), trypsin, and PBS were
purchased from PAN-Biotech (Aidenbach, Germany), disposable plastics from Sarstedt (Nimbrecht,
Germany), and culture flasks from Greiner (Merck, Darmstadt, Germany). HeLa cells were propagated in
Dulbecco modified Eagle Medium (DMEM) with 1 g/l glucose, SH-SY5Y cells in HyClone MEM medium
with Earle’s Balanced Salt Solution (EBSS) and 2 mM L-Glutamine (GE Healthcare, Buckinghamshire, UK)
each supplemented with 10% (v/v) FCS, 100 units/ml penicillin, and 0.1 mg/ml streptomycin at 37°C.

Affinity capture assay — Purified recombinant CRMP2 was coupled to a cyano-bromid (CNBr)-activated
sepharose 4B matrix using coupling buffer (0.1 M NaHCO;, 0.5 M NaCl, pH 8.3) according to
manufacturer’s instructions (GE Healthcare, Buckinghamshire, UK). Immobilized CRMP2 was either
oxidized (1 mM H,0.) or reduced (5 mM pH-neutralized TCEP) for 30 minutes at room temperature and
agitation prior to the incubation with lysates of HeLa WT or HeLa Grx2c” (13) cells, respectively (cells were
harvested, washed once with PBS and lysed for 20 minutes at room temperature. Lysis buffer: 50 mM Tris,
150 mM NaCl, 1% (w/v) CHAPS, pH 7.5, 1-fold protease and phosphatase inhibitor mixture (Roche Applied
Science, Mannheim, Germany)). After 12-16 hours incubation, unbound proteins were removed by washing
followed by elution of bound proteins first under denaturing {100 mM acetic acid, pH 2.1) and second under
reducing (10 mM pH-neutralized TCEP) conditions. The input, flow-through and eluates were subjected to
SDS-PAGE and Western blot analysis.

Transient transfection — Cells were transiently transfected with 15 pg specific, custom-made siRNA
{Eurogentech, Seraing, Belgium) against MICAL1, Prx1, CRMP2 and an unspecific control (see Table 52).
5-10f SH-SY5Y cells were resuspended with the required siRNA in electroporation buffer (21 mM HEPES,
137 mM NaCl, 5 mM KCL, 0.7 mM Na:HPO., 6 mM D-glucose, pH 7.15) (65, 66). Transfections were
performed using the BTX ECM 630 electroporator at 230 V, 1050 pF, 500 Q. SH-SY5Y cells were
transfected three times, 72 hours apart each. 72 hours after the last ransfection, cells were harvested, washed
with PBS containing 100 mM N-ethyl maleimide (NEM, Thermo Scientific, Weltham, MA, USA), and lysed
(40 mM HEPES, 50 mM NaCl, 1 mM EDTA, 1 mM EGTA, 100 mM NEM, 2% (w/v) CHAPS, 1-fold
protease inhibitor mixture (Roche Applied Science, Mannheim, Germany)) for 20 minutes at room
temperature.

Semaphorin treatment — SH-SY5Y cells were treated with 1 pg/ml recombinant human Semaphorin 3A
Fc Chimera Protein (Bio-Techne, Minneapolis, MN, USA) for indicated times. Treatment was stopped by
harvesting, washing and lysis of the cells as indicated above.

Retinoic acid treatment — To initiate the differentiation into a neuron-like phenotype, SH-5Y5Y cells
were treated with 10 pM retinoic acid (AppliChem, Darmstadt, Germany) solved in dimethyl sulfoxide
(AppliChem, Darmstadt, Germany) for 120 hours, unless otherwise stated. Culturing medium containing
retinoic acid was replaced every 48 hours.

Neurite outgrowth analysis — Bright field microscopy (EVOS XL core microscope, AMG, Mill Creek,
WA, USA) pictures were taken 72 hours after the last transfection of specific siRNA and indicated time of
retinoic acid treatment. Analysis of the neurites length was performed using the dendrite length quantifier
plug in of Image] (67) and plotted with xmGrace.
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Table S1 - Oligonucleotides used for the cloning of expression vectors

Target mRNA

Oligonucleotides (forward and reverse)

MICAL1-MO 1-485

MICAL2-MO 1-505

MICAL3-MO 1-490

MICAL1-MO-CH 1-
616

3-CACACACATATGGCTTCACCTACCTCCACCAAC
3 -GTGTGTAGATCTCTACACATCATACAGGTCTCGTACCTGATTGG

5'-CACACACATATGGGGGAAAACGAGGATGAG

5 -GTGTGTAGATCTCTACACATCATACAGGTCTCGTACCTGATTGG
5'-CACACATATGATGGAGGAGAGGAAGCATGAGACCATGAACCC
5-GTGTAGATCTCTAAGTATCATATAAATGGCGCACCTGGCTTGGCC

5"-CACACACATATGGCTTCACCTACCTCCACCAAC
5- GTGTAGATCTCTAGTGGGCCATGCTCTTGAAGGC

Table S2 - siRNA sequences

siRNA target siRINA (sense/antisense)

siMICAL1 5-CCAUCCAACGGCGACUAAA
5-UUUAGUCGCCGUUGGAUGG

siPrxl 5"-GGCUGAUGAAGGCAUCUCG
5"-CGAGAUGCCUUCAUCAGCC

siCRMP2 5"-GAACCACUAUGAUCAUUGA
5-UCAAUGAUCAUAGUGGUUC

siConirol 5"-CAUUCACUCAGGUCAUCAG

5"-CUGAUGACCUGAGUGAAUG
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Figure S1 - Quantification of MICAL-bound and liberated FAD

The absorbance spectra of the freshly purified 28.3 pmol-1"* MICAL1-MO domain (black) and FAD
after denaturation of the protein with 0.2% SDS (red). The inset displays the linear dependence of
the absorbance at 450 nm of the concentration for both non-treated and 0.2% SDS treated free FAD.
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Figure S2 — MICALs do not directly oxidize CRMP2 in vitro

Oxidation of CRMP2 by MICAL-MO was followed by the formation of the inter-molecular
disulfide between two CRMP2 monomers, see refs. (6, 13). As for the Prxs, the reaction was
measured in the absence and presence of catalase. The first lane contained pre-reduced CRMP2, the
second pre-oxidized CRMP2. The reaction was performed in the presence of 150 pmol-1" NADPH.
As depicted, the MICAL-MO could not oxidize the regulatory CRMP2 disulfide.
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Figure S3 - Reduction of the FAD in MICAL1-MO by NADPH; O: quantification
in the assay solution

10 pM MICAL1-MO were incubated with excess NADPH over a time frame of 6 minutes. The
reduction of the FAD was followed by the decrease in absorbance at 450 nm. (A) Reduction of 10
pmol-" FAD in the MICAL1-MO domain by 400 pmoel-1" NADPH at pH 7.4 and 298 K over a
time course of 6 minutes analyzed by UV-Vis spectroscopy. (B) NADPH-dependent reduction of 10
pmol-1" MICAL bound FAD at pH 7.4 and 298 K followed by UV-Vis spectroscopy at 450 nm. (C)
Linearized integrated second order kinetics of the data displayed in (B) for the determination of the
apparent second order rate constant (detailed information for the calculations, see material and
methods). This analysis was also used to quantify the amount of molecular oxygen dissolved in the
reaction solutions from the amount of NADPH consumed for the full reduction of MICAL-MO in
the nitrogen atmosphere of the stopped-flow instrument. The lag phase in (B) and (C) was the time
before all oxygen in the assay solution was consumed.

wavelength [nm|

10

time [3]

g/11

T T e e i
H7.4,298 K X a1
0.14—”_ 1 R ] Ky = 2079423 M5
R e -U.SF_ - ;
E | S
= 50.12_ \ —E:E -1||:— o
1= 215
s 5
oot 138
g M NADPH || D
— 300
@008 — 333 \ 2l
] 350 \ :
367 A I
400 s g a[ )
0.06 450 = :
| i 3 oo




94 Publications

Figure S4 - Proposed reaction mechanism of the MICAL1-catalyzed Prx1
oxidation

After reduction of the FAD by NADPH at 2.1-10° M™s™, an unstable peroxy-flavin intermediate is
formed at > 1.9-10° M5, that immediately decays to oxidized FAD and H:0.. This H.0;,
however, is not released but directly channelled to one of the peroxidatic cysteinyl residue (Cy) of a
bound Prx dimer. The resulting sulfenic acid is attacked by the resolving cysteinyl residue (Cg)
leading to the inter-molecular disulfide between two Prx monomers.
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Figure S5 - Time course of the oxidation of the Prxs by catalytic amounts of
MICAL(1-3)-MO

Purified Prxs were pre-reduced with DTT and TCEP; excess of reductants were removed by gel
filtration chromatography. The reaction was started by the addition of MICALS in presence of
NADPH and catalase, and stopped by denaturation of all proteins with sample buffer. The reaction
mixtures were analyzed by SDS-PAGE. Oxidation of Prxs was quantified from the densiometric
analyses of the monomeric (reduced) and dimeric (oxidized) bands at 45 kDa with one (upper band)
or two (lower band) disulfides. Oxidation of Prx1 and Prx2 by MICALs-MO over 15 minutes, nl
(left panel) and n2 (right panel).
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Figure S6 - Oxidation of Prxs by catalytic amounts of MICAL1-MO and
MICAL1-MO-CH.

Purified Prxs were pre-reduced with DTT and TCEP; excess of reductants were removed by gel
filtration chromatography. The reaction was started by the addition of MICAL1-MO (A) or
MICAL1-MO-CH (B) to the reduced Prxs in presence of NADPH and catalase, and stopped by
denaturation of all proteins with sample buffer. The reaction mixtures were analyzed by SDS-
PAGE. Oxidation of Prxs was quantified from the densiometric analyses of the monomeric
(reduced) and dimeric (oxidized) bands at 45 kDa with one (upper band) or two (lower band)
disulfides. For more details on the MICAL domain structures, see ref. (31).
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Figure S7 - Principle of the diagonal electrophoresis

Principle (left) and example (right) for the 2D-diagonal electrophoresis. The first dimension SDS
PAGE is performed under non-reducing conditions, the second under reducing conditions. Oxidized
proteins may be shifted from the diagonal in two ways. Inter-molecular disulfides, such as in the
reaction mechanism of the Prxs, drop from the diagonal down to their normal molecular weight.
Proteins harboring intra-molecular disulfides may remain on the diagonal or slightly shift to the

side.
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Figure S8 - Further structural insights into the MICAL-Prx interactions
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.
>
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(A) Position of the FAD at the start of the MD simulation (pink) and the stable conformation over
the time course of the simulation (gray, colored by element). (B-E) Electrostatic properties of Prx1
(B) and MICAL1-MO (C) in the area of contacts (circled by yellow lines, see Fig. 4 in the main
text). The properties of MICAL2-MO (D) and MICAL3-MO (E) were added for comparison. The
pictures show the isosurfaces of the electrostatic potential at +/- 25 mV, see ref. (46) for further

details.
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