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Glutaredoxins that contain a Cys-X-X-Cys active site motif are glutathione-dependent thiol-disulfide
oxidoreductases. Vertebrate glutaredoxin 2 is characterized by two extra cysteines that form an intra-
molecular disulfide bridge. Zebrafish glutaredoxin 2 contains four additional cysteines that are conserved
within the infraclass of bony fish (teleosts). Here, we present a biochemical and biophysical characteriza-
tion of zebrafish glutaredoxin 2, focusing on iron-sulfur-cluster coordination. The coordination of
[2Fe2S]?**-clusters in monomers of this protein was revealed by both absorption and Méssbauer spectros-
copy as well as size exclusion chromatography. All other holo-glutaredoxins represent [FeS]-cluster
bridged dimers using two molecules of non-covalently bound glutathione and the N-terminal active site
cysteines as ligands. These cysteine residues were not required for [FeS]-cluster coordination in zebrafish
glutaredoxin 2. A crystal structure of the teleost protein revealed high structural similarity to its human
homologue. The two vertebrate-specific cysteines as well as two of the teleost-specific cysteines are posi-
tioned within a radius of 7 A near the C-terminus suggesting a potential role in [FeS]-cluster coordination.
Indeed, mutated proteins lacking these teleost-specific cysteines lost the ability to bind the cofactor.
Hence, the apparent mode of [FeS]-cluster coordination in zebrafish glutaredoxin 2 could be different
from all yet described [FeS]-glutaredoxins.
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1. Introduction A subfamily of Grxs lacking the C-terminal active site cysteine
(Cys-X-X-Ser) and therefore named monothiol Grxs, has been dis-
covered and investigated during the last decade [1,4]. Both mono-

thiol and dithiol Grxs, have been characterized as [FeS]-cluster

Glutaredoxins (Grxs) are glutathione (GSH)-dependent thiol-
disulfide oxidoreductases that are known to function in the main-

tenance of cellular redox homeostasis and thiol-redox signaling via
reduction of glutathionylated thiols or protein disulfides [1,2]. Grxs
are characterized by a Cys-X-X-Cys active site motif and a common
structure, the thioredoxin (Trx)-fold, comprised of a four stranded
B-sheet surrounded by three to five a-helices [3].

Abbreviations: Grx, glutaredoxin; GSH, glutathion; GSSG, glutathione disul-
phide; HED, hydroxyethyl disulphide; Trx, thioredoxin.
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coordinating proteins in virtually all kingdoms of life [1,5,6]. [FeS]-
clusters are inorganic cofactors with a variety of functions, mostly
supporting electron transfer reactions, e.g. in proteins that are essen-
tial for life due to their importance in protein translation, nucleotide
excision repair, and DNA replication [7-9]. In most proteins, [FeS]-
clusters are coordinated via cysteine and/or histidine residues [10].
The group of [FeS]-cluster containing proteins was expanded to
include Grxs in 2005 with the identification of human Grx2 as
[FeS]-cluster coordinating enzyme [11]. In contrast to other
[FeS]-proteins, holo-hGrx2 was found to be enzymatically inactive
and to require a non-protein ligand, glutathione (GSH), for cluster
coordination [11,12]. All available crystal structures of mono-, and
dithiol Grxs indicate that these proteins bind a [2Fe2S]**-cluster
bridged between two monomers via the N-terminal active site cys-
teines and two molecules of non-covalently bound GSH [13-17].
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It was previously reported that monothiol [FeS]-cluster contain-
ing Grxs are involved in iron homeostasis [18,19] and [FeS]-cluster
biosynthesis [5]. The [FeS]-cluster in dithiol Grxs may serve as re-
dox sensor [12], as GSH in holo-Grxs is in constant exchange with
free GSH, thereby connecting cluster stability to the cellular redox
potential [11,12].

The human genome and that of other vertebrates encodes for
two dithiol Grxs (Grx1 and Grx2) as well as two monothiol Grxs
(Grx3 and Grx5) [1]. With the exception of Grx1, all human Grxs
have been identified as [FeS]-cluster containing Grxs [11,16,20].
It was suggested that substitution of the proline residue in the con-
sensus active site motif Cys-Pro-Tyr-Cys (Grx1) with another ami-
no acid, e.g. serine as in Grx2, allows for the coordination of the
[FeS]-cluster [12-14].

The gene encoding human Grx2 (hGrx2) gives rise to three differ-
ent isoforms, each having distinct sub-cellular locations: hGrx2a in
mitochondria and hGrx2b and 2c variants in nucleus and cytosol,
respectively [21]. The homologue of hGrx2c in zebrafish, an impor-
tant model organism for investigation of vertebrate embryonic
development, is zebrafish Grx2 (zfGrx2). We recently demonstrated
the essential function of zfGrx2 for embryonic brain development, as
knock-down of zfGrx2 inhibited the formation of the axon scaffold
and induced apoptotic cell death in developing neurons [22].

In this study we performed a biochemical and biophysical analy-
sis of zfGrx2 with regard to its ability to coordinate a [FeS]-cluster.

2. Materials and methods
2.1. Protein expression and purification

Plasmids for the expression of zfGrx2 variants were generated
by rolling circle PCR as described before [22], or by using the pri-
mer pairs listed in Table S1. Expression of recombinant protein
was performed in auto-induction medium [23] using Escherichia
coli BL21(DE3)pRIL (Stratagene) harboring the respective pET15b
plasmid. The cultures were incubated at 37 °C for 1 h followed by
36 h at 18 °C, and the protein was purified as previously described
[22]. The concentration of the enzyme was determined by spec-
troscopy using the A,gonm extinction coefficient of 3480 M~! cm™'.

For Mossbauer spectroscopy, bacteria were grown in iron-de-
pleted Vogel-Bonner medium [24] until they reached an ODggg of
0.8. Together with 0.5 mM isopropyl B-p-thiogalactoside for induc-
tion of zfGrx2 expression, the medium was supplemented with
2mg 17! 57FeCls.

2.2. Oligomerisation analysis

The quarternary structure of zfGrx2 was analyzed by size exclu-
sion chromatography. ZfGrx2 was applied to a Superdex G200 col-
umn (GE healthcare) equilibrated with 50 mM sodium phosphate,
300 mM NaCl, 10% glycerol, pH 8.0 and absorbance at 280 and
320 nm was recorded.

2.3. Bioinformatics

Primary sequence was analyzed with ClustalW [25] and
blast2p.

2.4. Crystallization and data collection

For crystallization experiments, purified zfGrx2 was concen-
trated to 42 mg ml~'. The protein was crystallized at 4 °C by the sit-
ting drop vapor diffusion method (100 nl protein, 50 nl reservoir
solution including 5 mM GSSG). Drops were equillibrated against
20 pl of reservoir solution containing 0.3 M NaKC4H40g, 2 M (NHy),-

S04,0.1 M CgHsNas0, pH 5.0. Asingle prism shaped crystal (approx-
imately 50 x 100 x 270 um) grew after six weeks and was
transferred directly to the reservoir solution supplemented with
20% (v/v) glycerol and cryo-cooled in liquid nitrogen for storage
and data collection.

2.5. Data collection and processing

Data were collected at 100 K using a Rigaku FRE+ SuperBright
rotating copper anode X-ray generator equipped with varimax HF
optics and a Saturn 944+ CCD detector. Data were integrated and
scaled with the HKL2000 package [26]. Data collection statistics
are summarized in Table S2. The data were indexed and scaled
as trigonal space group R32 to 2.6 A resolution.

2.6. Structure solution and refinement

The structure of zfGrx2 was solved by molecular replacement
using PHASER [27] as implemented through PHENIX [28] using
the hGrx2 structure (PDB ID 2FLS) as the search model. The initial
electron density maps were of good quality and a model was built
using COOT [29]. Iterative rounds of refinement and fitting were
performed using PHENIX and COOT until convergence to a final
Rfactor aNd Reree Of 18.9% and 25.0%, respectively. Refinement statis-
tics are summarized in Table S2.

2.7. Determination of enzymatic activity

Enzymatic activity of zfGrx2 was measured using the hydroxy-
ethyl disulfide (HED) assay [30]. Calculated kinetic constants are
the result of three independent measurements.

2.8. Spectroscopy

UV-Vis spectra, as well as cluster and protein stability measure-
ments were recorded with a Shimadzu UV-1200 spectrophotome-
ter. Mossbauer spectroscopy was performed with alternating
constant acceleration of the y-source. The minimum experimental
line width was 0.24 mm s~ (full width at half-time). The temper-
ature was kept constant using the Oxford Instruments Mdssbauer
Spectromag cryostat. Isomer shifts are quoted relative to metallic
iron at 300 K. X-band EPR spectra were recorded with a Bruker
Elexsys E500 spectrometer equipped with a helium flow cryostat
(Oxford Instruments ESR 910), an NMR gaussmeter, and a Hew-
lett-Packard frequency counter.

3. Results

A gene encoding a protein homologous to hGrx2 was identified
as zfGrx2 [31]. ZfGrx2 possesses a total of eight cysteine residues;
two in the dithiol active site motif (Cys37 and Cys40), two verte-
brate-specific cysteines (Cys28 and Cys113) that have been re-
ported to establish an intra-molecular disulfide in hGrx2 [11,13],
and four additional cysteine residues (Cys16, Cys90, Cys116 and
Cys117) which are uniquely conserved in the teleost infraclass
with as yet unknown function (Fig. S1). We determined the crystal
structure of zfGrx2 to identify the positions of these extra cysteines
in the hope that this would provide clues as to their biochemical
function.

3.1. Crystal structure of zfGrx2

ZfGrx2 was crystallized aerobically in the presence of glutathi-
one disulfide (GSSG) and the structure was determined to 2.6 A
resolution (PDB ID 3UIW). Two molecules are present in the
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asymmetric unit (chains A and B) forming a crystallographic dimer
which then associates with two symmetry related molecules by an
inter-molecular disulfide formed between Cys116 in molecules A-
A’ and B-B’ forming a crystallographic tetramer (Fig. 1A). The two
molecules that make up the asymmetric unit are very similar hav-
ing an overall root mean square deviation of 0.6 A based on all Co.
atoms.

The overall structure of zfGrx2 possesses a Trx-fold with a four
stranded mixed beta-sheet flanked by five a-helices and is almost
identical to that of hGrx2 (PDB ID 2FLS) (RMSD: 0.38 A based on
84 Ca atoms) (Fig. 1B). A GSH molecule is bound to the conserved
GSH binding site and has an almost identical orientation and
interactions with the protein as observed for the structure of
hGrx2 (Fig. 1B, Fig. S2). The GSH-glutamyl carboxylate forms
hydrogen bonds to the backbone amides of Gly94 and Ser95
(2.8 A). The GSH cysteinyl backbone nitrogen hydrogen bonds to
the backbone carbonyl oxygen of Val81 (2.6 A), and the GSH gly-
cine carboxylate forms an electrostatic interaction with the side
chain amine of Lys34 (2.7 A) and hydrogen bonds to the side
chain nitrogen of GIn69 (2.5 A). The Cys-Pro-Tyr-Cys active site
motif is located in the beginning of helix o-2, where Cys37 forms
a mixed disulfide bond with the bound GSH (S-S bond distance
2.1 A). The teleost-specific Cys16 is located at the beginning of
helix a-1 and is exposed to the surface, whereas Cys90 is semi-
buried and located at the end of strand B-4. Cys28 and Cys113,
which are located at the beginning of strand B-1 and the end of
helix a-5, respectively, form an intra-molecular disulfide which
anchors the N- and C-terminus of the protein and is semi-buried
at the interface between the crystallographic dimers (Fig. 1C).
This disulfide bond is also present in hGrx2 where it preserves
structural integrity [12,13]. Both Cys116 and Cys117 are located
at the C-terminus of the protein. Cys116 forms a disulfide with
Cys116 of a symmetry related molecule of the same chain but
from a different asymmetric unit (i.e. A116-A’'116/B116-B'116).
Chain A Cys117, which is buried in the crystallographic dimer
interface, is located 3.6-5.5A from the Cys28-Cys113 disulfide
in the symmetry related molecule A'. In summary, four cysteines
(Cys28, Cys113, Cys116 and Cys117) from a single chain of zfGrx2
are clustered within a 7 A radius near the C-terminus (Fig. 1C).
The absence of an [FeS]-cluster in the crystal structure is not unu-
sual for Trx family members due to the high instability of such a
complex under crystallization conditions. Thus, further biochem-
ical and biophysical characterization was required to understand
how zfGrx2 coordinates its [FeS]-cluster.

3.2. [FeS]-cluster coordination in zfGrx2

Recombinantly expressed and purified zfGrx2 appeared as yel-
low/brownish colored protein like other Grxs characterized as
[FeS]-cluster coordinating proteins. As other [FeS]-Grxs, zfGrx2
displayed absorbance bands at 320 and 420 nm that are character-
istic for proteins with a coordinated [2Fe2S]-cluster [10] (Fig. 2A).
ZfGrx2 appeared as predominantly monomeric protein with an
apparent mass of 19 kDa (calculated mass including His-tag:
17 kDa) by gel filtration chromatography (Fig. 2B, Fig. S3A). Sur-
prisingly, both the monomeric and dimeric form showed absor-
bance at 320 nm. This suggested that in contrast to all yet
described [FeS]-Grxs, the [FeS]-cluster can be coordinated by
monomeric zfGrx2.

To determine the ligands necessary for [FeS]-cluster coordina-
tion, we investigated several cysteine to serine variants regarding
their ability to bind the cofactor. ZfGrx2C37S, lacking the N-termi-
nal active site cysteine essential for [FeS]-cluster coordination in all
other Grxs, showed no difference in the ability to coordinate the
cluster compared to its wildtype counterpart (Fig. 2A and B). Muta-
tion of the teleost specific Cys16 and Cys90, as well as the ex-
change of the C-terminal active site Cys40 to serines did not alter
the spectral properties characteristic for the presence of an [FeS]-
cluster (Fig. 2C). Surprisingly, the variants lacking either or both
of the teleost-specific residues Cys116 and Cys117 at the C-termi-
nus lost the ability to coordinate the chromophore in both the
monomer and dimer fractions (Fig. 2D and E). Cys116 and
Cys117 are in close spatial proximity to Cys28, one of the cysteine
residues forming an intra-molecular disulfide in zfGrx2. Substitu-
tion of Cys28 to a serine abolished the ability of zfGrx2 to bind
the [FeS]-cluster (Fig. 2F). However, loss of the [FeS]-cluster in
zfGrx2C28S may be due to the increased protein instability, as ob-
served in hGrx2 [13] (Fig. 2G).

In addition to UV/VIS spectroscopy, the coordination of a
[2Fe2S]-cluster in zfGrx2 was confirmed by zero-field Mdssbauer
spectroscopy measurements (Fig. 2H). The same protein used for
Mossbauer spectroscopy was also applied to gel-filtration and ap-
peared mainly as monomeric protein as described before (Fig. S3B).
The spectrum recorded at 80 K showed an asymmetric Lorentzian
doublet consisting of two subspectra. The main species (subspec-
trum I, 72% abundance) had an isomer shift of 6=0.29 mms~, a
quadrupole splitting of AEg=0.40 mms~', and a Lorentzian line
width of T'fyhm = 0.41 mm s~!. The Méssbauer parameters of this

predominant subspectrum are characteristic for Fe' in tetrahedral

Fig. 1. Crystal structure of zfGrx2 (PDB ID 3UIW). (A) The two molecules in the asymmetric unit (A and B, dark blue and brick red) form a crystallographic tetramer with two
symmetry related molecules (A’ and B/, cyan and pink) via a Cys116 inter-molecular disulfide bridge. (B) Superposition of zfGrx2 (dark blue) with hGrx2 (light green, PDB ID
2FLS). The GSH molecules are shown as sticks colored yellow (zfGrx2) and magenta (hGrx2). (C) Ribbon representation of the crystallographic dimer formed between two

symmetry related molecules (A and A’) with a close up view of the dimer interface.
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Fig. 2. ZfGrx2 monomers coordinate a [2Fe2S]?*-cluster. (A) UV-Vis spectra of freshly purified zfGrx2 (solid, black) and zfGrx2C37S (solid, gray) indicate coordination of an
[FeS]-cluster by absorbance at 320 and 420 nm. (B) Elution profiles of zfGrx2 (black) and zfGrx2C37S (gray) (280 nm: solid, 320 nm: dashed) separated by a Superdex G200
column. (C) UV-Vis spectra of zfGrx2C16S (dashed, black), zfGrx2C40S (dotted, gray), zZfGrx2C90S (dotted, black). (D) UV-Vis spectra of zfGrx2C116S (dashed/dotted, gray),
zfGrx2C117S (dashed/dotted, black). (E) Elution profile of zfGrx2C116/117S (280 nm: solid, 320 nm: dashed). (F) UV-Vis spectra of zfGrx2C28S (dashed, gray). (G) Protein
stability measured as turbidity at indicated temperatures of zfGrx2 (white squares) and zfGrx2C28S (black circles). (H) Zero-field Mdssbauer spectroscopy of zfGrx2 (1.4 mM)
recorded at 80 K. Dots represent the measuring points which are the base for the calculated Lorentzian doublet (black line) consisting of two subspectra (gray lines). (I, K)
[FeS]-cluster stability was measured following decrease in absorbance at 420 nm upon exposure to air (I) and 0.5 mM dithionite (K) at 25 °C without (black) or with 2 mM
GSH (gray). UV-Vis spectra were normalized to absorbance at 276 nm. For molecular mass calibration see Fig. S2.
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Fig. 3. Enzymatic activity of zfGrx2. Activity measurements of zfGrx2 after
purification (black circles, kcats™!=4.24+0.36) and after [FeS]-cluster removal
following dithionite treatment (white squares, kcats~' = 4.50 + 0.26), zfGrx2C37S
(black  squares, not active) and zfGrx2C116/117S (white circles,
keats~! =3.36 £ 0.28) were determined by HED assays.

sulfur coordination. Additional experiments have shown that the
cluster was silent in electro-paramagnetic resonance spectroscopy
(data not shown). The combination of EPR and Mdossbauer data
strongly suggests the presence of a dinuclear [2Fe2S]**-cluster
with coupled spins and ground state S = 0 coordinated by four cys-
teine residues in zfGrx2. Subspectrum II (28% abundance) with
0=040mms~', AEG=0.80mms !, and Tpypm=0.38mms™!
most likely arose from non-protein bound Fe®* aggregates
(Fig. 2H).

Although the crystal structure of zfGrx2 demonstrated that GSH
binds in a similar fashion compared to hGrx2 [13], GSH did not
support stability of the [FeS]-cluster during exposure to air
(Fig. 2K) or dithionite (Fig. 2L). The above presented results suggest
that the [FeS]-cluster is not bound by the active site cysteine and
should therefore not inhibit enzymatic activity of the holo-protein.
Indeed, compared to the kcat s 'of 4.24 + 0.36 of holo-zfGrx2 di-
rectly after purification, which is in the range of mammalian
apo-Grx2s [12], the enzymatic activity of zfGrx2 did not change
significantly after removal of the [FeS]-cluster with dithionite
(kcat s~! of 4.50 £ 0.26). The determined activity of zfGrx2C116/
117S (kcats~! of 3.36+0.28) was similar to wildtype protein,
whereas zfGrx2C37S was, as expected, not active (Fig. 3).

4. Discussion

Dithiol Grxs are characterized by the Trx-fold and the presence
of a Cys-X-X-Cys active site [1]. Although this motif is well known
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for the coordination of metals in a variety of proteins, not all mem-
bers of the Trx family are [FeS]-proteins [32]. Features inhibiting
metal coordination are the presence of the cis-proline [33] and
the proline residue, located within the consensus active site motif
Cys-Pro-Tyr-Cys [12-14]. Variants of Grxs and Trx1 in which a pro-
line within the active site was replaced or introduced, gained or
lost the ability to coordinate the chromophore, respectively
[12,14,34]. However, recently the first [FeS]-Grx with the consen-
sus active site motif has been identified [35]. Independent of the
primary active site sequence, all analyzed [FeS]-Grxs coordinate
the cluster via the N-terminal active site cysteines of two protom-
ers inhibiting enzymatic activity of the holo-protein [1]. The other
ligand is contributed by the thiols of non-covalently bound GSH
[1]. GSH is in constant exchange with surrounding GSH and high
GSH concentrations are thereby stabilizing holo-Grxs [12,14]. All
these Grx-specific characteristics of [FeS]-cluster binding are not
observed in zfGrx2.

Surprisingly, the presence of an [2Fe2S]-cluster was not limited
to zfGrx2 dimers. In contrast to its human homologue, freshly puri-
fied holo-zfGrx2 was enzymatically active, not stabilized by GSH,
and its N-terminal active site variant C37S retained the spectral
properties of a [FeS]-cluster protein. Thus, it is possible that the
proline in the consensus active site of zZfGrx2 prevents [FeS]-cluster
coordination. Substitution of this proline makes the structure more
flexible [13], whereas the proline present in the zfGrx2 active site
may interfere with [FeS]-cluster coordination (Fig. S4). We demon-
strated that the teleost-specific cysteine residues Cys116 and
Cys117 as well as the vertebrate-specific Cys28 are important for
[FeS]-cluster coordination in zfGrx2. The crystal structure of apo-
zfGrx2 revealed that these cysteines are in close proximity to
Cys113. The inter-molecular disulfide formed between Cys116 of
two asymmetry related molecules is likely to be a crystallographic
artifact, whereas the intra-molecular disulfide formed between
Cys28 and Cys113 appears to be conserved in vertebrates. As pre-
viously been shown by NMR spectroscopy, the C-termini of Grxs
are very flexible [36,37]. Therefore, the formation of an environ-
ment allowing the coordination of an [FeS]-cluster by the four cys-
teines in the monomeric protein is possible. However, in order to
coordinate the cofactor the structural disulfide has to be reduced.
This has recently been observed in the structure of the first Grx-do-
main of hGrx3, with cysteines in similar but not identical positions
(PDB ID 3ZYU, Johansson et al., manuscript in preparation). Thus, it
may be possible that zfGrx2, and potentially homologues from
other teleostei, may be able to coordinate an [FeS]-cluster using
the four sulfhydryl residues Cys28, Cys113, Cys116 and Cys117
(Fig. 4).

hGrx1 CPYC
C CSYC C—
GSH
hGrx2
/ GSH
C CSsYC C—
C C—CC

zfGrx2 —C—C——CPYC

Fig. 4. Proposed [FeS]-cluster coordination of zfGrx2. In comparison to human
Grx1, which is not able to coordinate an [FeS]-cluster and hGrx2 that uses the N-
terminal active site cysteines and GSH as ligands to form an [FeS]-cluster bridged
dimer (representing the so far only identified mode of cofactor coordination in
Grxs), zfGrx2 uses potentially four cysteines to coordinate an [FeS]-cluster in
monomers. Cysteine residues suggested as ligands are marked.

The cysteines that likely coordinate the [FeS]-cluster in zfGrx2
are present in all yet identified teleost homologues (Fig. S1). Our
study indicates that various undetected modes of [FeS]-cluster
coordination in Grxs may exist and might have been established
independently during evolution. Cluster coordination in zfGrx2
seems to be a cross between Grxs and ferredoxins. The [2Fe2S]-
cluster in Aquifex aeolicus ferredoxin, which was recently recog-
nized as Trx-fold protein, is coordinated by four cysteines located
near the site corresponding to that of the active site in Trxs and
Grxs [38].

In summary, we provide evidence that zfGrx2 may bind an
[FeS]-cluster using an alternative coordination mode when com-
pared to all other [FeS]-Grxs described. Additional studies are
needed to further elucidate the details of how these cysteines are
able to coordinate the [2Fe2S]-cluster and to investigate the func-
tion of this cluster in bony fish.
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