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ABSTRACT: Human glutaredoxin 3 (Glrx3) is an essential
[2Fe-2S]-binding protein with ill-defined roles in immune cell
response, embryogenesis, cancer cell growth, and regulation of
cardiac hypertrophy. Similar to other members of the CGFS
monothiol glutaredoxin (Grx) family, human Glrx3 forms
homodimers bridged by two [2Fe-2S] clusters that are ligated
by the conserved CGFS motifs and glutathione (GSH). We
recently demonstrated that the yeast homologues of human Glrx3
and the yeast BolA-like protein Fra2 form [2Fe-2S]-bridged
heterodimers that play a key role in signaling intracellular iron
availability. Herein, we provide biophysical and biochemical
evidence that the two tandem Grx-like domains in human Glrx3
form similar [2Fe-2S]-bridged complexes with human BolA2.
UV−visible absorption and circular dichroism, resonance Raman, and electron paramagnetic resonance spectroscopic analyses of
recombinant [2Fe-2S] Glrx3 homodimers and [2Fe-2S] Glrx3−BolA2 complexes indicate that the Fe−S coordination
environments in these complexes are virtually identical to those of the analogous complexes in yeast. Furthermore, we
demonstrate that apo BolA2 binds to each Grx domain in the [2Fe-2S] Glrx3 homodimer forming a [2Fe-2S] BolA2−Glrx3
heterotrimer. Taken together, these results suggest that the unusual [2Fe-2S]-bridging Grx−BolA interaction is conserved in
higher eukaryotes and may play a role in signaling cellular iron status in humans.

CGFS monothiol glutaredoxins (Grx) represent a subclass of
Grxs present in all branches on the evolutionary tree. Both
prokaryotes and eukaryotes typically possess single-domain
monothiol Grxs with the signature CGFS active site.
Eukaryotes also have multidomain CGFS-type Grxs with one
monothiol thioredoxin (Trx)-like domain at the N-terminus
and one or more monothiol Grx-like domains at the C-
terminus (Figure 1A). The specific molecular functions of
CGFS Grxs are probably best characterized in yeast, for which
emerging evidence suggests that they play critical roles in iron
metabolism via formation of [2Fe-2S]-bridged homodimers.1,2

The Fe−S ligands in CGFS Grxs are provided by the two Cys
ligands from the Grx active sites and two glutathione molecules
(GSH or γ-glutamylcysteinylglycine).3,4 Eukaryotic single-
domain CGFS Grxs, such as Saccharomyces cerevisiae and
human Grx5, are localized to mitochondria where they are
proposed to facilitate transfer of nascent Fe−S clusters to target
proteins during maturation of Fe−S cluster-containing
proteins.5−7 Multidomain CGFS Grxs (e.g., yeast Grx3 and
Grx4) are localized to the cytosol and/or nucleus. In yeast,
[2Fe-2S]-bridged Grx3 and Grx4 homodimers are proposed to
transport iron from cytosolic pools to iron-dependent enzymes
and the mitochondrion.2 In addition, yeast Grx3 and Grx4 help
regulate cellular iron homeostasis by inhibiting the activity of
the two Fe-responsive transcription factors (Aft1 and Aft2) that

activate transcription of iron uptake and storage genes.2,8−10

Both trafficking and regulation functions for Grx3 and Grx4
require binding of the GSH-ligated [2Fe-2S] cluster via the
CGFS active site.2,8

Humans have one multidomain CGFS Grx (Glrx3) that
participates in a variety of signaling pathways and processes.
Glrx3 was initially identified in T lymphocytes as a negative
regulator of protein kinase C-θ and hence is frequently
mentioned in the literature as the PKC-interacting cousin of
thioredoxin (PICOT) protein.13 Studies in rodents demon-
strate that Glrx3 is also a negative regulator of cardiomyocyte
hypertrophy and is essential for viability.14,15 In addition, Glrx3
is overexpressed in certain human cancers and plays a role in
regulating tumor growth and metastasis.16,17 Interestingly, a
recent study indicates that human Glrx3 binds iron in vivo and
forms [2Fe-2S]-bridged homodimers in a manner similar to
that of its yeast homologues.18 However, while yeast Grx3 and
Grx4 each have one Grx-like domain, human Glrx3 has two
tandem Grx-like domains (Figure 1A) that both form a [2Fe-
2S] bridge with another Glrx3 monomer. The two Grx-like
domains in hGlrx3 share a high degree of sequence identity
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with each other (60%) and with the Grx-like domains in yeast
Grx3 and Grx4 (∼48−56%) (Figure 1B). In contrast, the Trx-
like domains in yeast and human CGFS-type Grxs are less well
conserved (<27% sequence identity).19 The Trx-like domain is
not involved in [2Fe-2S] binding because removal of this
domain does not disrupt [2Fe-2S]-bridged homodimer
formation in either yeast or human CGFS-type Grxs.1,18

However, the Trx-like domain is required for the essential
function of yeast Grx3 and Grx4 in both intracellular iron
trafficking and regulation of iron metabolism, possibly via
mediation of protein−protein interactions.20 Despite the
identification of human Glrx3 as an [2Fe-2S]-binding protein
and the well-documented role of other monothiol Grxs in iron
metabolism, no studies have yet reported a specific connection
between mammalian Glrx3 and iron metabolism.
Several lines of evidence, including affinity purification, yeast

two-hybrid studies, and gene co-occurrence analysis, indicate
that the monothiol Grxs functionally and physically interact
with another widely conserved protein family, the BolA-like
proteins.11 Genetic studies in yeast demonstrate that the Grx−
BolA interaction is required for efficient iron-dependent
inhibition of the Aft1 and Aft2 transcriptional activators.10

We recently unveiled the molecular details of the Grx−BolA
interaction, demonstrating that the yeast BolA-like protein Fra2
forms a [2Fe-2S]-bridged heterodimeric complex with yeast
Grx3 or Grx4, with iron ligands provided by a cysteine from
Grx3 or Grx4, a histidine from Fra2, and GSH.1,12 Under iron
replete conditions, this [2Fe-2S]-bridged complex is proposed
to inhibit Aft1 and Aft2 activity, leading to deactivation of the
iron regulon. These studies thus established the ubiquitous
CGFS monothiol Grxs and BolA-like proteins as a novel type of
Fe−S cluster binding regulatory complex.

Because the monothiol Grx−BolA interaction plays an
important role in yeast iron metabolism, the purpose of this
study was to determine whether human Glrx3 interacts with a
human BolA-like protein in a similar manner. Using
biochemical, spectroscopic, and analytical techniques, we
demonstrate that each Grx-like domain in Glrx3 forms a
[2Fe-2S]-bridged complex with human BolA2. Our results
indicate that the coordination environment of the [2Fe-2S]
cluster in these complexes is identical to their yeast homologues
with both cysteinyl and histidyl ligation. Furthermore, we
demonstrate that apo-BolA2 binds to the two tandem Grx
domains in the [2Fe-2S] Glrx3 homodimer to form a [2Fe-2S]
Glrx3−BolA2 heterotrimeric complex. Overall, these results
suggest that the [2Fe-2S]-bridged Grx−BolA interaction is
conserved in higher eukaryotes and may play a role in human
iron metabolism.

■ EXPERIMENTAL PROCEDURES
Plasmid Construction. The full-length cDNA for human

Glrx3 (Glrx3) (Open Biosystems) with the Trx-like domain
and both Grx-like domains was amplified via polymerase chain
reaction (PCR) and subcloned into pRSFDuet-1 (Novagen)
using NdeI and KpnI restriction sites to generate pRSFDuet-1-
Glrx3. For expression of one or both Grx-like domains
[domains A and B (see Figure 1A)], deletion mutants of
human Glrx3, Glrx3130−335 [expressing Glrx3(A,B)] and
Glrx3234−335 [expressing Glrx3(B)], were constructed by site-
directed mutagenesis of pRSFDuet-1-Glrx3 (QuikChange Site-
Directed Mutagenesis Kit, Stratagene) using primers listed in
Table S1 of the Supporting Information to generate pRSFDuet-
1-Glrx3(K130M) and pRSFDuet-1-Glrx3(K234M), followed
by digestion with NdeI and religation to create pRSFDuet-1-
Glrx3130−335 and pRSFDuet-1-Glrx3234−335, respectively.
pRSFDuet-1-Glrx3130−230 [expressing Glrx3(A)] was con-
structed through PCR amplification using pRSFDuet-1-Glrx3
as the template and primers listed in Table S1 of the
Supporting Information, followed by insertion into NdeI and
KpnI restriction sites in pRSFDuet-1. The cDNA for human
BolA2 lacking the 66 N-terminal amino acids (Open
Biosystems) was amplified by PCR and subcloned into NcoI
and BamHI restriction sites in the first multiple cloning site of
pETDuet-1 (Novagen) to generate pETDuet-1-BolA2Δ1−66.
The sequence integrity of all plasmids was confirmed by
double-stranded DNA sequencing (Environmental Genomics
Facility, University of South Carolina School of Public Health).

Protein Expression and Purification. Human Glrx3
lacking the Trx-like domain but including both Grx domains
in tandem [denoted Glrx3(A,B)] was overexpressed in
Escherichia coli strain BL21(DE3) and grown in LB at 30 °C
until the OD600 reached 0.6−0.8, followed by induction with 1
mM isopropyl β-D-thiogalactoside (IPTG). The cells were
collected 18 h after induction, resuspended in 50 mM Tris-
MES (pH 8.0) and 5 mM GSH, sonicated, and centrifuged to
remove cell debris. The cell-free extract was loaded onto a Q
Sepharose anion-exchange column (GE Healthcare) pre-
equilibrated with 50 mM Tris-MES (pH 8.0) and 5 mM
GSH, and the protein was eluted with a 0 to 1 M NaCl
gradient. The reddish-brown fractions containing [2Fe-2S]
Glrx3(A,B) were pooled, and (NH4)2SO4 was added to these
fractions until a final concentration of 1 M was reached. The
protein was loaded onto a Phenyl-Sepharose column (GE
Healthcare) pre-equilibrated with 50 mM Tris-MES (pH 8.0),
100 mM NaCl, 1 M (NH4)2SO4, and 5 mM GSH and eluted

Figure 1. Domain structure and amino acid sequence alignment of
yeast (y) and human (h) cytosolic CGFS-type Grxs. (A) Domain
structure of yeast Grx3 and Grx4 and human Glrx3. (B) Multiple-
sequence alignment of the two Grx-like domains (GrxA and GrxB) in
human Glrx3 with the single Grx-like domains in yeast Grx3 and Grx4
using ClustalW2.39 Identical residues are highlighted in black and
similar residues in gray. Red asterisks denote the locations of the
signature CGFS active site.
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with a decreasing (NH4)2SO4 gradient. The fractions
containing apo- and holo-Glrx3(A,B) as judged by sodium
dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−
PAGE) and UV−visible spectroscopy were concentrated via
the addition of 5% glycerol (v/v) and stored at −80 °C.
Single domains Glrx3(A) and Glrx3(B) were overexpressed

in BL21(DE3) and grown at 30 °C in LB until the OD600
reached 0.6−0.8. The cultures were induced with 1 mM IPTG
and grown for 18 h at 16 °C. Purification of Glrx3(A) and
Glrx3(B) was performed using the same procedures described
above for Glrx3(A,B), except that both of these constructs were
collected in the flow-through of the Phenyl-Sepharose column
as both apo and holo forms. We note here that Glrx3(A)
purification resulted in low but measurable levels of the Fe−S
cluster-bound form. To facilitate further biochemical analysis of
the holo form, Glrx3(A) was subjected to anaerobic cysteine
desulfurase-mediated Fe−S cluster reconstitution and repur-
ification in the presence of GSH, ferrous ammonium sulfate,
and L-cysteine as described previously.1 The spectroscopic
features of this reconstituted form were identical to those of the
as-purified Fe−S cluster-bound form.
Coexpression of Glrx3 constructs Glrx3(A,B), Glrx3(A), and

Glrx3(B) with BolA2 was accomplished by cotransformation of
BL21(DE3) cells with one of the pRSFDuet-1-Glrx3 expression
vectors and pETDuet-1-BolA2Δ1−66. Glrx3-BolA2 complexes
were purified following the same protocol described above for
Glrx3(A) and Glrx3(B). The fractions containing the Glrx3−
BolA2 complex were present in the Phenyl-Sepharose flow-
through and further concentrated and loaded onto a HiLoad
Superdex 75 gel filtration column (GE Healthcare) pre-
equilibrated with 50 mM Tris-MES (pH 8.0), 150 mM NaCl,
and 5 mM GSH. The purest fractions of Glrx3−BolA2
complexes as judged by SDS−PAGE and UV−visible spectros-
copy were collected, concentrated via the addition of 5%
glycerol (v/v), and stored at −80 °C. For all the protocols
described above, the purification steps using Q Sepharose and
Phenyl-Sepharose columns were performed under anaerobic
conditions (<5 ppm O2) in a glovebox (Coy Laboratory
Products, Inc.) to preserve the Fe−S cluster, while the steps
using the HiLoad Superdex 75 gel filtration column were
conducted aerobically with N2-purged buffers.
For purification of BolA2 alone, BL21(DE3) cells were

transformed with pETDuet-1-BolA2Δ1−66 and grown in 1 L of
LB medium at 30 °C until the OD600 reached 0.6−0.8. After an
18 h induction with 1 mM IPTG, the cells were collected,
resuspended in 25 mM MES-NaOH (pH 6.0), sonicated, and
centrifuged to remove cell debris. The cell-free extract was then
loaded onto an SP FF column (GE Healthcare) pre-
equilibrated with 25 mM MES-NaOH (pH 6.0) and the
protein eluted with a 0 to 1 M NaCl gradient. BolA2-containing
fractions were concentrated and loaded onto a HiLoad
Superdex 75 gel filtration column (GE Healthcare) pre-
equilibrated with 50 mM Tris-MES (pH 8.0) and 150 mM
NaCl. The purest fractions of BolA2 as judged by SDS−PAGE
were collected and concentrated via the addition of 5% glycerol
(v/v) and stored at −80 °C.
Biochemical and Spectroscopic Methods. The calcu-

lated extinction coefficient for each apoprotein studied was
used to standardize the Bradford assay (Bio-Rad). Subse-
quently, protein concentrations were routinely determined by
the Bradford assay using BSA as the calibration standard. Iron
concentrations were determined using the colorimetric
ferrozine assay.21 Acid-labile sulfur concentrations were

determined using published methods.22,23 GSH measurements
of the purified Fe−S protein complexes were described
previously.1 Analytical gel filtration analyses were performed
on a Superdex 75 10/300 GL column (GE Healthcare) pre-
equilibrated with 50 mM Tris-MES (pH 8.0), 150 mM NaCl,
and 5 mM GSH and calibrated with the Low Molecular Weight
Gel Filtration Calibration kit (GE Healthcare) as previously
described.1 UV−visible absorption, circular dichroism (CD),
resonance Raman, and X-band (9.6 GHz) EPR spectra were
recorded as previously described.12 The samples for spectro-
scopic studies were handled under anaerobic conditions in a
glovebox (<2 ppm O2).

Titration of [2Fe-2S]2+ Cluster-Bound Glrx3 with
BolA2. The titration of [2Fe-2S]2+-bound Glrx3(A), Glrx3(B),
or Glrx3(A,B) with apo-BolA2 was monitored under anaerobic
conditions at room temperature using UV−visible CD
spectroscopy. Reactions were conducted in 50 mM Tris-MES
(pH 8.0) and 5 mM GSH, with the [2Fe-2S]2+ cluster
concentration kept constant at ∼35 μM and BolA2:[2Fe-2S]
ratios varying from 0 to 2.5. Samples were equilibrated for 5
min at room temperature after addition of BolA2 prior to CD
spectra being recorded. Similar saturation binding curves were
obtained for more concentrated samples (200 μM [2Fe-2S]2+

and 25−400 μM BolA2), indicating stoichiometric conditions
at both [2Fe-2S]2+ concentrations tested.

■ RESULTS AND DISCUSSION
Glrx3 and BolA2 Form an Fe−S Cluster-Containing

Complex. Given the importance of the [2Fe-2S] Fra2−Grx3/4
complex in yeast iron sensing, we sought to test whether
human Glrx3 forms a similar complex with the human
homologue of Fra2. Mammalian cells have three BolA
homologues denoted BolA1, BolA2, and BolA3. The solution
structure of mouse BolA2 has been determined;24 however, no
specific molecular function has been assigned to any of the
three human BolA proteins. A recent study demonstrated that a
mutation in mitochondrion-localized human BolA3 results in
defects in mitochondrial Fe−S enzymes, suggesting a role in
maturation of mitochondrial Fe−S proteins.25 Human BolA2 is
the closest homologue to yeast Fra2 in the BolA phylogenetic
tree (35% identical, 56% similar)24,26 and lacks a predicted
mitochondrial targeting signal; thus, it is the most likely partner
for human Glrx3. To determine whether human Glrx3 interacts
with BolA2, we cloned both sequences and expressed the
recombinant proteins individually or together in E. coli.
Untagged, full-length Glrx3 and BolA2 could not be visibly
detected by SDS−PAGE when expressed alone or together,
indicating low expression levels or protein instability (data not
shown). To overcome this problem, we created truncated
constructs of both proteins to optimize expression of the
soluble protein. Glrx3 was successfully expressed with the two
tandem Grx-like domains intact (residues 130−335), but
lacking the N-terminal Trx-like domain [designated Glrx3-
(A,B)]. In addition, the individual Grx-like domains were
expressed separately [designated Glrx3(A) and Glrx3(B)].
Improved BolA2 expression was achieved by removing the
nonconserved N-terminus (residues 1−66).
Each Glrx3 construct [Glrx3(A), Glrx3(B), and Glrx3(A,B)]

was purified as apo and reddish-brown [2Fe-2S] cluster-bound
complexes, in agreement with a previous report.18 The apparent
molecular masses and the iron and acid-labile sulfide content of
the holo complexes were consistent with the formation of
approximately one bridging [2Fe-2S]2+ cluster for each single-
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Grx-like domain complex [∼0.90 [2Fe-2S]2+ cluster per
Glrx3(A) homodimer and ∼0.85 [2Fe-2S]2+ cluster per
Glrx3(B) homodimer] and two bridging [2Fe-2S] clusters for
the two-domain construct [∼1.90 [2Fe-2S]2+ clusters per
Glrx3(A,B) homodimer] (Figure 2 and Table 1). Thus, as in

yeast1 and as previously demonstrated for human Glrx3,18

removal of the Trx-like domain does not impact the [2Fe-2S]-
bridging homodimeric interaction. Upon coexpression with

BolA2, each Glrx3 construct coeluted with BolA2 as a reddish-
brown complex, as well. The calibrated molecular masses of the
Glrx3(A)−BolA2 and Glrx3(B)−BolA2 complexes indicate that
the single-domain Glrx3(A) and Glrx3(B) constructs each form
heterodimeric complexes with BolA2. Iron and acid-labile
sulfide analyses of these samples indicate ∼0.65 [2Fe-2S]2+

cluster per Glrx3(A)−BolA2 heterodimer and ∼0.75 [2Fe-
2S]2+ cluster per Glrx3(B)−BolA2 heterodimer. The apparent
molecular mass of the Glrx3(A,B)−BolA2 complex is
essentially similar to that of holo Glrx3(A,B), and also the
sum of the calibrated masses of the Glrx3(A)−BolA2 and
Glrx3(B)−BolA2 complexes, which suggests that BolA2 and
Glrx3(A,B) form a 2:1 heterotrimeric complex. The Fe and S
content of this form is consistent with ∼1.5 [2Fe-2S]2+ clusters
per Glrx3(A,B)−BolA2 heterotrimer (Table 1). Overall, the
analytical and biochemical evidence clearly demonstrates that
each Grx-like domain in the Glrx3 monomer is able to
coordinate a [2Fe-2S]2+ cluster with a Grx-like domain from
another Glrx3 monomer or from BolA2. This result parallels
our finding in yeast that Grx3 and Grx4 can form either [2Fe-
2S]-bridged homodimers or [2Fe-2S]-bridged heterodimers
with the yeast BolA-like protein Fra2.1 The Fe−S clusters in
human Glrx3 homodimers are oxidatively labile and are
gradually degraded in air over a period of ∼1 h. In contrast,
the Glrx3−BolA heterocomplexes are stable in air for at least 3
h (data not shown). Thus, BolA2 binding stabilizes the [2Fe-
2S]2+ clusters against oxidative degradation as previously
demonstrated for yeast [2Fe-2S] Fra2−Grx3/4 complexes.1

UV−Visible Absorption and CD Spectroscopy Reveal
Differences in Cluster Coordination Environments in
Human [2Fe-2S] Glrx3 and [2Fe-2S] Glrx3−BolA2
Complexes. The UV−visible absorption spectra of the
holodimeric forms of all three Glrx3 constructs are nearly
identical with dominant absorption peaks at 320 and 410 nm
similar to [2Fe-2S]2+-bridged monothiol Grx homodimers from
other organisms1,27,28 (Figure 3). In contrast, the UV−visible
CD spectra of [2Fe-2S]2+-bridged monothiol Grx homodimers
display considerable variability.1,27,29 This variability is illus-
trated by comparing the CD spectra of human Glrx3(A,B) and
S. cerevisiae Grx3, which represent the extremes in the range of
observed spectra (Figure 4A). Notably, the spectra differ in
terms of the magnitude of CD intensity rather than the energies
of discrete electronic transitions. Taken together with near-
identical UV−visible absorption and resonance Raman spectra,
vide infra, this indicates changes in the asymmetry of the cluster
protein environment, rather than significant changes in the
cluster coordination environment. Such changes in the cluster
protein environment presumably reflect conformational or
oligomeric state differences resulting from effects of concen-
tration or medium. Indeed, in the case of plant GrxS14,
addition of DTT resulted in conversion from one form to the
other.27 More structural work is clearly required to address the
origin of the differences in the CD spectra of [2Fe-2S]2+-
bridged monothiol Grxs.
Both the UV−visible absorption and CD spectra of the [2Fe-

2S]2+ centers in all Glrx3−BolA2 complexes are significantly
different from those of the [2Fe-2S]2+ centers in the holodimer
forms of the three Glrx3 constructs (Figure 3). In particular, the
dominant visible absorption bands in the 375−500 nm region
in [2Fe-2S]2+ Glrx3 homodimers are blue-shifted by 15−20 nm
in all [2Fe-2S]2+ Glrx3−BolA2 complexes, with concomitant
major changes in the intensity and wavelengths of the visible
CD bands. Overall, these results demonstrate distinct differ-

Figure 2. Grx-like domains of Glrx3 are copurified with BolA2 as
[2Fe-2S]-bridged complexes. (A) SDS−PAGE analysis of purified
Glrx3−BolA2 [2Fe-2S]-bound complexes. A minus sign indicates
protein samples obtained by expression and purification of Glrx3
constructs alone. A plus sign indicates samples derived from
coexpression and copurification of Glrx3 constructs with BolA2. The
gel indicates that all purified complexes are >95% pure. (B) Gel
filtration chromatograms of apo (top) and [2Fe-2S] (bottom) forms
of Glrx3 and BolA2 (0.5−1 mg loaded). The elution positions of the
molecular mass standards used for column calibration are shown at the
top of the chromatograms.
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ences in the cluster ligation and asymmetry of the cluster
environments for the [2Fe-2S]2+ centers in Glrx3−BolA2
complexes compared to Glrx3 homodimers. Moreover, both
the UV−visible absorption and CD spectra of the human
Glrx3−BolA2 complexes are similar to that of the S. cerevisiae
Grx3−Fra2 heterodimer complex (see Figure 4B for a
comparison of the CD spectra), which has been shown to
involve a subunit-bridging [2Fe-2S]2+ cluster that is ligated by
cysteines from Grx3 and GSH, and a conserved histidine in
Fra2.
Resonance Raman and EPR Studies of Human Glrx3

and Glrx3−BolA2 Complexes. The resonance Raman
spectra of [2Fe-2S]2+ centers in the Fe−S stretching region
are exquisitely sensitive to changes in cluster ligation and the
Fe−S−C−C dihedral angles of coordinated cysteine resi-
dues.30−32 Hence, the observation of almost identical resonance
Raman spectra for the [2Fe-2S]2+ centers in each of the three
human Glrx3 and S. cerevisiae Grx3 homodimers (Figure 5A)
and in plant chloroplast GrxS1427 demonstrates identical [2Fe-
2S]2+ clusters with analogous coordination environments. In
each case, the number and frequencies of the observed Fe−S
stretching modes are characteristic of all-cysteinyl ligation and
therefore in accord with subunit-bridging [2Fe-2S]2+ clusters
ligated by the active site cysteines of the two Grxs and two
GSHs as characterized by crystallography.3,4

Our previous spectroscopic studies of the S. cerevisiae Grx3−
Fra2 complex revealed that formation of the heterodimeric
complex is accompanied by dramatic changes in the [2Fe-2S]
cluster ligation, environment, and redox properties.1 For
example, the resonance Raman spectrum reveals frequency
shifts, particularly in the low-energy region, that are indicative
of partial histidyl cluster ligation based on comparison with
published data for Rieske-type proteins (two His ligands at one
Fe site),31,33,34 His-to-Cys Rieske-type protein variants (one
His ligand),35 and mitoNEET (one His ligand).36 Mixing of the

Fe−N(His) and Fe−S(Cys) stretching modes results in
splitting of the out-of-phase predominantly Fe−S(Cys)
stretching mode at 288 cm−1 into bands at 275 and 300
cm−1 (Figure 5). Moreover, both EXAFS and 14N ENDOR
studies confirmed the presence of a single His ligand for the
[2Fe-2S]2+,+ cluster in the S. cerevisiae Grx3−Fra2 complex,1

and subsequent mutagenesis studies identified the His ligand as
His103 in Fra2,12 which is highly conserved in all BolA-type
proteins, including human BolA2. Comparison of the resonance
Raman spectra of [2Fe-2S]2+-bridging human Glrx3 homo-
dimers and Glrx3−BolA2 complexes (Figure 5) clearly
demonstrates frequency shifts analogous to those observed
for the [2Fe-2S]2+-bridging S. cerevisiae Grx3 homodimers and
Grx3−Fra2 heterodimers, indicating analogous cluster coordi-
nation in each of the human Glrx3−BolA2 complexes. In
particular, the out-of-phase predominantly Fe−S(Cys) stretch-
ing mode at 288 cm−1 is split into two bands at 271 and 296
cm−1, indicating a single His ligand for the [2Fe-2S]2+ cluster.
Overall, the frequencies and relative intensities of the bands in
the resonance Raman spectra of the human Glrx3−BolA2
complexes are very similar to those observed for the S. cerevisiae
Grx3−Fra2 complex, except for frequency downshifts of up to 7
cm−1, indicating slightly weaker bonding for the [2Fe-2S]2+

centers in the human Glrx3−BolA2 complexes.
EPR and absorption studies of cluster-bound homodimeric S.

cerevisiae Grx3 have shown that the S = 0 [2Fe-2S]2+ center is
irreversibly degraded, via a transient S = 1/2 [2Fe-2S]

+ cluster,
upon reduction with sodium dithionite under anaerobic
conditions.1,27 Rapid freezing within 5 s of anaerobic addition
of stoichiometric dithionite revealed a slow relaxing axial S = 1/2
resonance (g|| = 2.03, g⊥ = 1.94, and gav ∼ 1.97) accounting for
0.2 spin/[2Fe-2S] cluster, which was not observed in samples
treated with a 10-fold excess of dithionite and incubated for 10
min before being frozen. Analogous behavior was observed for
the [2Fe-2S]2+ cluster-bound human Glrx3(A) homodimer

Table 1. Molecular Masses and Iron and Acid-Labile Sulfide Analyses of Glrx3 and BolA2 Complexesc

aFe and acid-labile S measurements are reported as moles of Fe and S per mole of complex (dimer or trimer). bNot determined. cThe experimental
masses (in daltons) are from gel filtration analyses in Figure 2B. Fe and S measurements are the averages of three independent samples. The column
labeled Model depicts the predicted domain arrangement and oligomeric state of the apo and [2Fe-2S]-bridged Glrx3 and BolA2 complexes.
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(Figure 6A), which exhibits a very similar axial resonance from
a transient S = 1/2 [2Fe-2S]

+ species (g|| = 2.02, g⊥ = 1.94, and
gav ∼ 1.97) that is still observed without significant broadening
at 70 K and accounts for 0.1 spin/[2Fe-2S] cluster, upon
reduction with stoichiometric dithionite and rapid freezing. The
additional g = 2.0 feature is attributed to an isotropic radical
species based on variable-temperature EPR studies. Hence, the
[2Fe-2S]2+ center in the Glrx3(A) homodimer is both
oxidatively and reductively labile. In contrast, the [2Fe-2S]+

centers in dithionite-reduced samples of human Glrx3(B) and
Glrx3(A,B) are stable and give rise to slow relaxing rhombic
resonances (g = 2.01, 1.97, and 1.92, and gav = 1.97, and g =
2.01, 1.95, and 1.91, and gav = 1.96, respectively) (see Figure
6A) that each account for 1.0 spin/[2Fe-2S] cluster. The latter
is likely to be a composite resonance from two noninteracting
[2Fe-2S]+ clusters involving a slightly modified and stabilized
form of the Glrx(A) [2Fe-2S]+ cluster, because no half-field
signal indicative of weak magnetic interaction between the two
[2Fe-2S]+ clusters was observed. This is in accord with the
proposed structure for the [2Fe-2S]-bridged human Glrx3
homodimer, which has the two clusters separated by at least 25

Å.18 While the origin of the observed differences in the
stabilities of the [2Fe-2S]+ centers and the anisotropies of the
EPR resonances from the individual A and B domains and in
the combined (A,B) domains of human Glrx3 is unknown at
present, the gav values (1.96−1.97) are consistent with complete
cysteinyl ligation being preserved upon reduction in all cases.1

Evidence that the single histidyl ligand for the [2Fe-2S]2+

centers in the human Glrx3−BolA complexes is retained in the
reduced cluster was provided by EPR spectroscopy (Figure
6B). The [2Fe-2S] center in the S. cerevisiae Grx3−Fra2
complex was found to undergo reversible redox cycling and to
exhibit a stable S = 1/2 [2Fe-2S]

+ center with a near-axial EPR
signal (g = 2.01, 1.92, and ∼1.87, and gav ∼ 1.93) accounting for
1.0 spin/[2Fe-2S] cluster upon dithionite reduction.1 The low
gav value, compared to those of [2Fe-2S]+ centers with
complete cysteinyl ligation (typically gav ∼ 1.97), is character-
istic of [2Fe-2S]+ centers with one histidyl ligand, and this was
confirmed by 14N ENDOR spectroscopy.1 Hence, the
observation of analogous, stable S = 1/2 [2Fe-2S]

+ centers (g

Figure 3. (A) UV−visible absorption and (B) CD spectra of [2Fe-2S]-
bridged Glrx3 homodimers (solid lines) and Glrx3−BolA2 complexes
(dashed lines). ε and Δε values are based on the [2Fe-2S] cluster
concentration.

Figure 4. Comparison of the UV−visible CD spectra of [2Fe-2S]-
bridged human Glrx3(A,B) and S. cerevisiae Grx3 homodimers (A) and
[2Fe-2S]-bridged human Glrx3(A,B)−BolA2 and S. cerevisiae Grx3−
Fra2 complexes (B). The spectra of S. cerevisiae Grx3 and the Grx3−
Fra2 complex are taken from ref 1, and Δε values are based on the
[2Fe-2S] cluster concentration.
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= 2.01, 1.91, and 1.88, and gav ∼ 1.93) accounting for 1.0 spin/
[2Fe-2S] cluster in dithionite-reduced samples of each of the
human Glrx3−BolA2 complexes provides compelling evidence
of analogous histidyl-ligated [2Fe-2S]+ clusters (Figure 6B). In
addition, the observation that the EPR spectrum of the two
[2Fe-2S]+ centers in the human Glrx3(A,B)−BolA2 complex
has the same line shape and is not significantly broadened
compared to that of the single [2Fe-2S]+ centers in human
Glrx3(A)−BolA2 and Glrx3(B)−BolA2 complexes indicates no
significant magnetic interaction between the clusters in the
human Glrx3(A,B)−BolA2 complex, suggesting that the
clusters are separated by at least 20 Å.
BolA2 Binds to [2Fe-2S] Glrx3 Forming a [2Fe-2S]

BolA2−Glrx3 Heterotrimer. To determine the stoichiometry
and nature of the binding interaction between BolA2 and [2Fe-
2S] Glrx3, we monitored changes in the CD spectrum of the
[2Fe-2S] Glrx3(A,B) homodimer upon titration with apo-
BolA2. As shown in Figure 7A, increasing concentrations of
BolA2 lead to changes in the CD spectrum, suggesting
increased formation of the [2Fe-2S] Glrx3(A,B)−BolA2
heterotrimer. The CD spectral changes were plotted as a
function of the BolA2:[2Fe-2S] ratio to evaluate the binding
interaction (Figure 7A, bottom). The saturation binding
experiment suggests that the stoichiometry of the complex is

0.6−0.7 BolA2 per [2Fe-2S] cluster [or 1.2−1.4 BolA2 per
Glrx3(A,B) homodimer]. This result differs from our parallel
studies in yeast demonstrating that yeast Fra2 binds [2Fe-2S]
Grx3 with a 1:1 stoichiometry.12 Gel filtration chromatography
and SDS−PAGE analysis of the titration samples confirmed
formation of the Glrx3(A,B)−BolA2 heterotrimer (data not
shown); however, the residual [2Fe-2S] Glrx3(A,B) homo-
dimer was also isolated, indicating incomplete conversion from
homodimer to heterotrimer. This interpretation is consistent
with the final titration CD spectrum that suggests a mixture of
[2Fe-2S] Glrx3(A,B) and the [2Fe-2S] Glrx3(A,B)−BolA2
complex [compare the red line in Figure 7A to as-purified
spectra of [2Fe-2S] Glrx3(A,B) and [2Fe-2S] Glrx3(A,B)-
BolA2 in Figure 3]. Given the presence of two tandem Grx-like
domains in Glrx3, it is possible that binding of BolA2 to one
domain may preclude binding of BolA2 to the second domain
or that BolA2 may have different affinities for the two Grx-like
domains. However, we performed similar BolA2 titration
studies on single-domain [2Fe-2S] Glrx3(A) and [2Fe-2S]
Glrx3(B) homodimers and found stoichiometries (0.5−0.7
BolA2 per [2Fe-2S]) and CD spectral changes similar to those
of the [2Fe-2S] Glrx3(A,B) homodimer (Figure 7B,C). Thus,
the two Grx-like domains do not have significant differences in

Figure 5. Comparison of the resonance Raman spectra of [2Fe-2S]-
bridged human Glrx3 and S. cerevisiae Grx3 homodimers (A) and
human Glrx3−BolA2 and S. cerevisiae Grx3−Fra2 complexes (B) using
457.9 nm laser excitation. Samples were ∼2 mM in [2Fe−2S] cluster
and were in the form of a frozen droplet at 17 K. Each spectrum is the
sum of 100 scans, with each scan involving photon counting for 1 s at
0.5 cm−1 increments with 6 cm−1 spectral resolution. Bands due to
lattice modes of ice have been subtracted from all spectra. The spectra
of S. cerevisiae Grx3 and the Grx3−Fra2 complex are taken from ref 1.

Figure 6. X-Band EPR spectra of the S = 1/2 [2Fe-2S]+ centers in
dithionite-reduced human Glrx3 and S. cerevisiae Grx3 (A) and human
Glrx3−BolA2 and S. cerevisiae Grx3−Fra2 complexes (B). Samples
were reduced under anaerobic conditions by addition of stoichiometric
sodium dithionite (i.e., a 2-fold excess of reducing equivalents) and
frozen within 5 s in liquid nitrogen. EPR conditions: microwave
frequency, 9.60 GHz; modulation frequency, 100 kHz; modulation
amplitude, 0.65 mT; microwave power, 1 mW; temperature, 26 K. The
spectra of S. cerevisiae Grx3 and the Grx3−Fra2 complex are taken
from ref 1.

Biochemistry Article

dx.doi.org/10.1021/bi2019089 | Biochemistry 2012, 51, 1687−16961693



BolA2 binding ability, and the incomplete conversion is not due
to the presence of the second domain. Overall, these results
indicate that BolA2 can partially displace Glrx3 monomers to
form [2Fe-2S]-bridged complexes with the Grx-like domains of
Glrx3. However, the data also suggest that a fraction of both the
single- and double-domain Glrx3 homodimers is in a
conformation that is nonfunctional for interaction with BolA2.
In summary, our studies demonstrate that the [2Fe-2S]-

bridging Grx−BolA interaction first detected in yeast is
conserved in humans. Whether human Glrx3−BolA complexes
are also involved in human iron metabolism remains unknown,
but the available information does provide several clues linking
human Glrx3 and Grx−BolA complexes with iron metabolism.
First, human Glrx3 binds iron in vivo,18 indicating its
involvement in iron metabolism. Second, the human
mitochondrial BolA homologue (BolA3) plays an essential
role in the maturation of mitochondrial Fe−S proteins,
presumably via formation of a complex with the mitochondrial
CGFS-type glutaredoxin Grx5.25 Third, human Glrx3 also
interacts with the Fe−S binding protein CIAPIN1,37 which is
required for cytosolic Fe−S cluster biogenesis.38 Finally, human
Glrx3 partially rescues the growth defects and iron accumu-
lation in some S. cerevisiae grx3Δgrx4Δ mutants, suggesting that
human Glrx3 can partially complement the functions of yeast
Grx3 and Grx4 in iron homeostasis.15 Taken together with the
findings presented herein, these results suggest that human
Glrx3 and BolA2 are likely to play important roles in iron
metabolism via formation of [2Fe-2S]-bridged complexes.
However, more work will be needed to clarify the roles of
[2Fe-2S] Glrx3 versus those of [2Fe-2S] Glrx3−BolA2
complexes in vivo, as well as the specific function of the Trx-
like domain.
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