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Abstract

Monothiol glutaredoxins (Grxs) with a noncanonical CGFS active site are found in all kingdoms of life. They
include members with a single domain and thioredoxin-Grx fusion proteins. In Saccharomyces cerevisiae, the
multidomain Grx3 and Grx4 play an essential role in intracellular iron trafficking. This crucial task is mediated
by an essential Fe/S cofactor. This study shows that this unique physiological role cannot be executed by single
domain Grxs, because the thioredoxin domain is indispensable for function in vivo. Mutational analysis revealed
that a CPxS active site motif is fully compatible with Fe/S cluster binding on Grx4, while a dithiol active site
results in cofactor destabilization and a moderate impairment of in vivo function. These requirements for Fe/S
cofactor stabilization on Grx4 are virtually the opposite of those previously reported for single domain Grxs.
Grx4 functions as iron sensor for the iron-sensing transcription factor Aftl in S. cerevisize. We found that Aftl
binds to a conserved binding site at the C-terminus of Grx4. This interaction is essential for the regulation of
Aftl. Collectively, our analysis demonstrates that the multidomain monothiol Grxs form a unique protein family
distinct from that of the single domain Grxs. Antioxid. Redox Signal. 15, 19-30.

Introduction S. cerevisiae harbors two classical cytosolic dithiol Grxs (Grx1
and Grx2) that are involved in protection against oxidative
GLUTAREDOXINS (Grxs) are members of the highly con- stress (19, 20, 39), an unusual dithiol Grx (Grx8) (13), three
served thioredoxin (Trx) fold superfamily (20, 22, 36). monothiol Grxs (Grx3, Grx4, and Grx5) with a canonical CGFS-
Classical Grxs are small glutathione (GSH): disulfide- active site (53) and two with a noncanonical CSYS- (Grx6) and
oxidoreductases that primarily catalyze glutathionylation CPYS-active site motifs (Grx7) (26, 41). The latter are cis-Golgi
and deglutathionylation of target proteins (7, 19, 20, 22, 36,42,  localized monothiol Grxs that are capable of catalyzing dithiol-
55, 60). Classical Grxs usually contain a dithiol CP(Y/F)C disulfide redox reactions similar to dithiol Grxs.
motif in their active site. By contrast, monothiol Grx with only The mitochondrial monothiol Grx5 is conserved through-
one cysteinyl side chain in a CGFS active site motif do rarely  out the eukaryotes and most likely of bacterial origin (18). In S.
possess oxidoreductase activity (18, 36, 55). Instead, they are  cerevisine, Grx5 plays a crucial role in the protection of mito-
capable of binding a (2Fe/2S) cluster that bridges two Grx  chondria against oxidative stress (19, 53). In addition, its de-
monomers and that is coordinated by the active site cysteine letion is associated with low activities and assembly defects of
residues and two molecules of GSH (18, 36, 51). This capa- Fe/S cofactor containing enzymes, indicating that Grx5 is
bility to bind iron—sulfur (Fe/S) clusters is shared by several involved in the maturation of cellular Fe/S proteins (35, 46,
dithiol Grxs with noncanonical dithiol C(S/G)(Y/F)C active 53, 63). This function is conserved in vertebrates (8, 64, 66).
site motifs such as poplar GrxC1 and human Grx2 (14, 37,58).  Grx5 and other monothiol Grxs with CGFS active site motifs
In photosynthetic organisms, further potential Fe/S cofactor-  bind a labile 2Fe/2S cofactor that can be mobilized and in-
binding Grx variants exist (11, 55). To date, two physiological  serted into other Fe/S proteins in vitro (4, 25, 28, 51, 55, 57).
roles for monothiol Grxs with Fe/S cofactors have been Grx5 can be functionally replaced by other Fe/S cluster-
identified. They are involved in the biogenesis of cellular Fe/S ~ binding Grxs, collectively suggesting that the mitochondrial
proteins (57) and they play a central role in cytosolic iron monothiol Grxs may function as scaffolds for the de novo
trafficking (47). For the identification of these physiological —synthesis of Fe/S clusters or as transfer protein that mediate
functions, the analysis in baker’s yeast Saccharomyces cerevisine  the insertion of Fe/S cofactors into recipient apo-proteins (3, 4,
has been fundamental. 45, 57).
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The cytosolic monothiol glutaredoxins Grx3 and Grx4
(Grx3/4) of S. cerevisiae are highly homologous proteins that
belong to a subgroup of the Grxs consisting of an N-terminal
Trx domain and one (fungi), two (vertebrates) or three (plants)
C-terminal monothiol Grx domains (1, 18, 55). Monothiol Grxs
with this multidomain architecture are restricted to eukaryotes.
Low levels of Grx3/4 induce the loss of function of, virtually,
all cellular Fe-dependent pathways that eventually results in
cell death. This loss of function is caused by a general failure in
the insertion of iron into iron-dependent proteins and mito-
chondria despite high intracellular iron levels, indicating that S.
cerevisiae Grx3/4 play a central role in cytosolic iron trafficking
(47). Grx3/4 bind iron in form of an Fe/S-cofactor in their
native environment in vivo. Defects in iron-binding induce the
same lethal phenotype as cells lacking Grx3/4 altogether. In
vivo iron binding has been demonstrated for human Grx3 (PI-
COT), suggesting that the role of the multidomain Grxs in iron
trafficking is likely conserved (16).

Grx3 and Grx4 play a central role in the regulation of cel-
lular iron homeostasis of S. cerevisine. They directly interact
with the iron-responsive transcription factor Aftl that plays a
central role in the adaptation to iron-depriving conditions (29,
50, 59). The majority of genes controlled by Aftl encode
products that function in cellular iron uptake or iron transport
across intracellular membranes. Aftl shuttles between the
cytosol and nucleus in an iron-responsive manner and acts as
transcriptional activator (29, 50, 59, 65). In the absence of
Grx3/4 or its bound Fe/S cofactor, Aftl is constitutively ac-
tivated, indicating that the Grx3/4 bound Fe/S cofactor
functions as the cytosolic iron sensor for Aftl. The regulatory
role of the cytosolic monothiol Grx in cellular iron homeo-
stasis is functionally conserved in fungi that utilize iron reg-
ulatory systems that are unrelated to those from S. cerevisiae
(27, 31, 40).

Here we report a detailed in vivo structure/function anal-
ysis of the cytosolic monothiol glutaredoxin Grx4 in S. cere-
visiae. Mutational analysis of CGFS active site residues of Grx4
revealed different requirements for the stabilization of the Fe/
S cofactor on Grx4 in vivo than previously reported for single
domain Grxs. In addition, we show that single domain Grxs
cannot functionally complement the multidomain Grx4, be-
cause the N-terminal Trx domain is essential for in vivo
function. Collectively, our analysis strongly suggests that the
multidomain monothiol Grx represent a unique subclass
within the Trx protein family that is functionally distinct from
that of the single domain Grxs.

Materials and Methods

Yeast wild type strain W303-1A, grx5A, Gal-GRX4/grx3A
(W303-1A, pGRX4:GAL-L-natNT2; grx3:LEU2), and Gal-
GRX4/AFT1-lux cells (Gal-GRX4/grx3A, AFT1-luc2::HIS3)
were cultivated in minimal medium containing all re-
commended supplements (synthetic complete medium [SC]),
2% w /v glucose (synthetic complete medium with glucose) or
3% w/v glycerol (61). Iron-replete media were supplemented
with 50 uM FeCl;. Minimal medium lacking FeCl; was obtained
from Formedium. Gal-GRX4 cells were depleted for Grx4 to
critical levels by cultivation in synthetic complete medium with
glucose for 64 h prior to analysis. For growth assays, cells were
depleted for 40h, 1:5 serial dilutions were spotted to SC plates
supplemented with glucose, galactose, or glycerol and
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incubated for 2-3 days. S. cerevisiae and S. pombe Grx4 were
expressed from vector pCM189 under the control of the tetO;
promoter or the endogenous GRX4 promoter. S. cerevisiae Grx4
was expressed with a C-terminal Myc-tag. Site-directed mutants
were generated by PCR-mediated nucleotide exchange using
appropriate primers (67), chimeric constructs by PCR-driven
overlap extension (17). Human Grx3 and S. cerevisiae Grx5 were
expressed from vector p416MET25 and D. melanogaster Grx3
from p426TDH3 (Supplementary Table S1; Supplementary Data
are available online at www liebertonline.com/ars)

In vivo radio-labeling of yeast with “°FeCl; (Perkin-Elmer)
and measurement of Fe-55 incorporation into proteins by
immunoprecipitation was carried out as described (43). An-
tibodies were raised in rabbits against recombinant proteins.
Antibodies against C-Myc or HA were obtained from Santa-
Cruz. Enzyme activities of aconitase and catalase, and the
promoter strength of the FET3 promoter using FET3-GFP re-
porter plasmids were determined as described (43). In vitro
Fe/S cluster reconstitutions were performed according to (6).
For analysis of Aftl-Grx4 interactions, Myc-tagged Grx4 was
expressed in Gal-GRX4/grx3A/AFT1-Lux cells that harbor
the endogenous AFT1 gene fused to a C-terminal luciferase
gene. Cells were depleted for endogenous Grx4, Grx4-Myc
was immunoprecipitated with «-Myc antibodies as described
(43) and coimmunoprecipitated luciferase-derived lumines-
cence was quantified in a multiplate reader (Infinite M200,
TECAN). Error bars represent the standard error of the mean
(n>4).

Results

Analysis of the Grx active site residues in iron sensing
and iron delivery by Grx3/4

Previous work on the cytosolic Trx-Grx fusion protein
Grx3/4 in S. cerevisize showed that these proteins harbor an
Fe/S cofactor that is bound on active site of the Grx domain
and is essentially required for the passage of iron throughout
the cytosol (47). The fact that iron-binding to S. cerevisiae
Grx3/4 can be followed in the endogenous host in vivo and is
associated with an essential cellular function represents
a unique opportunity to systematically study structure-
function relationships in monothiol Grxs. Our first aim was to
precisely define the role of the Fe/S cofactor binding site in
Fe/S cluster stabilization and cytosolic iron handling of Grx4
in vivo. For this, the amino acid residues adjacent to the con-
served cysteine of the CGFS active site were systematically
substituted by other naturally occurring amino acid residues
and the modified proteins were expressed in yeast under the
control of the native GRX4 promoter (Table 1).

At first, we studied the effect of the substitution of glycine
to proline, since recombinant Grxs with a CPFS or CPYS ac-
tive site have been shown previously to virtually lose the
ability to bind Fe/S cofactors in vitro (6, 58, 62). Grx4 proteins
with CPES, CPYS, or CGYS active sites were expressed with a
C-terminal Myc-tag from a plasmid under the control of the
endogenous GRX4 promoter in the regulatable yeast strain
Gal-GRX4/grx3A. In this strain (termed Gal-GRX4), GRX3 is
deleted and GRX4 is expressed under the control of the glu-
cose-repressible GAL-L promoter. To define the effect of these
mutations on cell viability, Gal-GRX4 cells were depleted for
endogenous Grx4 by cultivation in glucose containing SC
minimal medium and serial dilutions were spotted onto SC
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TaBLE 1. NATURAL OCCURRENCE OF GLUTAREDOXIN
AcTIve SITE MoTirs UseD IN THIS STUDY

Motif Example Localization Source
CGFs Grx4 Cytosol Saccharomyces
cerevisiae
CPFS o-Glutathione Cytosol Homo sapiens
transferase
Al-1
CGYS  Nonnatural —
CPYS Grx7 Cis-golgi S. cerevisiae
CGFC  GrxC Cytosol Roseovarius. sp.
TM1035
CPFC Grx C2 Cytosol P. trichocarpa
CsYC  Grx2 Cytosol H. sapiens
CPYC  classical dithiol Cytosol Ubiquitous

Residues that deviate from the Grx4 active site are underlined.
[For an overview see ref. (11).]
Grx, glutaredoxin.
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minimal media supplemented with the nonfermentable car-
bon source glycerol. While Grx4-depleted Gal-GRX4 cells
failed to grow on this medium, the three modified Grx4 pro-
teins supported growth of Gal-GRX4 cells at virtually the
same rates as wild type Grx4 expressed from the same plas-
mid (Fig. 1B). Consistent with this observation, Gal-GRX4
cells expressing these mutants showed activities of the mito-
chondrial Fe/S protein aconitase and of the cytosolic heme
protein catalase that were similar to those found in cells that
expressed wild type Grx4 (Fig. 1C). To analyze iron binding to
these Grx4 variants, the proteins were overproduced with a C-
terminal Myc-tag under the control of the strong tetO; pro-
moter in wild type yeast cells and radio-labeled with Fe-55
in vivo. Subsequently, the proteins were immunoprecipitated
with ¢-Myc antibodies and the amount of coprecipitated Fe-55
was quantified by scintillation counting. Remarkably, the
CPFS, CPYS, and CGYS active site variants displayed iron
binding levels very similar to that of wild type Grx4 (Fig. 1E).
Since the proteins were expressed at comparable levels, these
data demonstrate that a CPxS active site motif does neither
significantly affect the co-ordination of an Fe/S cofactor, nor

FIG. 1. A proline in the |A Grx4 Cc

glutaredoxin (Grx) active 1 125 144 244 aue o

site does not affect iron ADPC CGFS 4?;’-" ' — : i 0 1
handling by Grx4. (A) Sche- 27 171 ¥ 034

matic presentation of the do- Trx Grx C5

main structure of Grx4. (B-D) % g |

Gal-GRX4 cells expressing B 25

wild type and the indicated Grx4: 8 b

Grx4 mutants under the con- - < '

trol of the GRX4 promoter |WT(CGFS)EE 00 ==

were grown in synthetic = 06 -

complete medium with glu- > -
cose (SD) to deplete endoge- CPFS =

nous Grx4. (B) After 40h, CPYS E S 04

fivefold serial dilutions were @ -_—%

spotted onto glycerol-contain- = :

ing synthetic complete mini- w% 021

mal medium and cultivated at o

30°C. Grx4 levels were as- -

sessed by immunostaining : i

with a-Myc. Cytosolic Hsp70 A . wT CPFS CPYS CGYS
served as a loading control. WT - CPFS CPYSCGYS Es

(C) After 64 h, enzyme activi- x4

ties of aconitase and catalase |D (g 2 1 L -
of cell extracts and (D) the ac- = E 284 - =
tivity of the FET3 promoter %" > 55

were determined. (E) W303- [§ ¢ 75 — £ 2

1A wild type cells expressing | ® :..03 '8‘_'-“';

wild type Gr.x4 and the indi- 363 E 50 i = 53 -

cated site-directed mutants |£ g 2 E

under the control of the tetO, [ 2 T

promoter were cultivated in f;' 8 251 == w o0 WT r_j_CPFS CPYS CGYS
iron-poor minimal SD me- "u_l" g )

dium for 16h and radio- |“3 Grxd

labeled with 10 uCi Fe-55 for - WT - CPFS CPYS CGYS

2h. Grx4 proteins were im- Hsp70

munoprecipitated from cell o~ - O

extracts with a-Myc beads and
coprecipitated ~Fe-55 was

quantified by scintillation counting. Grx4 and Hsp70 levels were assessed by immunostaining. Cells harboring the empty vector
pCM189 (-) served as controls. Error bars indicate the standard error of the mean (SEM) (1 > 4).


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3811&iName=master.img-000.jpg&w=360&h=371

22

the function of Grx4 in cytosolic iron handling. This finding
distinguishes the cytosolic multidomain Trx-Grx fusion pro-
teins from the single-domain Grxs that display a destabiliza-
tion of the Fe/S cluster upon insertion of a proline into the Grx
active site (6, 58, 62).

In S. cerevisiae, the iron bound to Grx3/4 serves as iron
sensor for the iron-responsive transcription factor Aftl that
activates the expression of the genes involved in cellular iron
uptake upon iron limitation (47, 48, 52). To study the effect of
mutations in the active site on the role of Grx4 in iron sensing,
we determined the promoter strength of the Aftl-dependent
FET3 gene in Gal-GRX4 cells using a FET3 promoter-GFP
fusion construct as a reporter (43). While the FET3 promoter
was fully activated in Grx4-depleted cells, Gal-Grx4 cells that
expressed the CGYS mutant showed a basal expression of the
FET3 promoter similar to those expressing the wild type
protein (Fig. 1D). By contrast, cells expressing the CPFS and
CPYS variants from the endogenous GRX4 promoter dis-
played a partial activation of the FET3 promoter that is in-
dicative for a partially deregulated Aftl. Apparently, a
proline in the Grx active site affects the function of Grx4 in
iron sensing, despite the fact that this residue does not sig-
nificantly affect iron binding. Apparently, subtle changes in
the environment of the Fe/S cofactor are already sufficient to
partially disturb iron sensing by Aftl.

Since Grx3/4 are essential for viability in S. cerevisiae, the
function of the cytosolic monothiol Grxs cannot be taken over
by their cytosolic dithiol counterparts (47, 49). This likely
suggests that a dithiol active site may be incompatible with a
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function in iron handling. We therefore constructed Grx4
variants with the CSYC active site of human GRX2, a CGFC
motif, and the classical dithiol CPFC and CPYC motifs
(Table 1). All four dithiol Grx4 variants supported growth of
Gal-GRX4 cells at virtually the same rates as the wild type
protein (Fig. 2A). Activities of the mitochondrial Fe/S protein
aconitase were reduced by 25%-50% in Gal-GRX4 cells ex-
pressing these mutant proteins, while catalase activities were
affected more strongly, especially by Grx4 variants with di-
thiol motifs that also harbored a proline in position 2 (Fig. 2B).
Strikingly, all dithiol Grx4 variants displayed a strong decline
in Fe-55-binding in our in vivo radio-labeling assay (Fig. 2D).
This effect was generally stronger in mutants with an active
site proline (up to ~12-fold reduced in comparison to wild
type) than in those with a CSYC or CGFC motif (2.6-5.5-fold
reduced). In addition, Gal-Grx4 cells expressing any of the
dithiol Grx4 variants displayed a full activation of the FET3
promoter, indicating that the dithiol Grx4 variants are unable
to regulate the Aftl transcription factor (Fig. 2C). Apparently,
Aftl discriminates between monothiol and dithiol Grxs and
cannot be regulated by dithiol Grxs. Whether Aftl directly
recognizes the second cysteine residue or responses to the
diminished amount of Fe/S cofactor on these Grx4 mutants
cannot be distinguished. Taken together, the introduction of
a dithiol active site motif has a noticeably stronger effect on
iron binding to the cytosolic Trx—Grx fusion proteins and their
function in iron delivery and iron sensing than the introduc-
tion of a proline in position 2. By contrast, single-domain Grxs
can efficiently bind Fe/S cofactors, despite the fact that they
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sing wild type and the indi-
cated Grx4 variants under the
control of the GRX4 promoter
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may contain a natural dithiol active site, as is the case for
human Grx2, but are generally more sensitive to the intro-
duction of a proline residue (14, 37, 58).

Similar to single domain monothiol Grxs, in vitro reconsti-
tution assays showed that GSH serves as a ligand for the Fe/S
cofactor of Grx4 (Supplementary Fig. S1). To test the role of
the noncovalently bound GSH for in vivo function, two mu-
tations into the GSH binding site, T211R and D226R, were
introduced that critically affect GSH binding (6). Consistent
with the in vitro data, the T211R and D226R mutant displayed
a ~2-fold lower iron binding when expressed from a strong
promoter in wild type cells (Supplementary Fig. S1). Never-
theless, both proteins fully complemented the growth defects
and low enzyme activities of Grx4-depleted Gal-GRX4 cells
when expressed from the endogenous GRX4 promoter (Sup-
plementary Fig. S1). Apparently, a reduced affinity for the Fe/
S cluster is not critical for Grx4 function in vivo. A catalytic
function of the Trx domain was previously excluded since the
catalytic cysteine of the Trx active site was not required for
Grx4 function in vivo (47). In support of this conclusion, a
W33D mutant in which the conserved tryptophan adjacent to
the Trx active site was replaced by aspartate displayed wild
type iron binding and fully rescued Gal-GRX4 cells (Supple-
mentary Fig. S1B).

Dissection of the role of the Trx domain

The analysis above showed that only the conserved cyste-
ine of the CGFS active site motif is absolutely essential for
function of Grx3 and Grx4 in S. cerevisiae (47). Hence, the fact
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that the cytosolic monothiol Grxs are essential and can thus
not be functionally replaced by their cytosolic dithiol coun-
terparts Grx1 and Grx2 is not explained by differences in their
Grx active site alone. To define whether this lack of functional
complementation by dithiol Grxs was restricted to differences
in the Grx domain, we investigated, whether the mitochon-
drial single domain monothiol Grx5 from S. cerevisiae can take
over the function of Grx3/4. Grx4 has been shown to com-
plement grx5A cells when targeted to the mitochondria,
demonstrating a high degree of functional conservation (44).
Surprisingly, a cytosolic version of Grx5 that lacks the N-
terminal 27 amino acid residues that constitute the mito-
chondrial targeting sequence (AN-Grx5) failed to rescue the
growth defects of Gal-GRX4 cells on both respiratory growth
conditions in the presence of glycerol and under the less harsh
fermentative growth conditions in the presence of glucose
when over-expressed from the strong MET25 promoter
(Fig. 3A and data not shown). Consistent with this, Gal-GRX4
cells expressing AN-Grx5 displayed low aconitase and cata-
lase activities and showed a fully activated FET3 promoter
(Fig. 3B). Sub-cellular fractionation experiments confirmed
that AN-Grx5 was expressed in the cytosol (Fig. 3C). Appar-
ently, the single domain monothiol Grx5 cannot functionally
replace the cytosolic multidomain Grx proteins. These data
suggest that the Trx domain of the cytosolic multidomain Grx
proteins may carry an essential function. To demonstrate this
conclusion, we expressed the Grx and the Trx domain of Grx4
separately in yeast cells. Indeed, both domains failed to rescue
Gal-GRX4 cells with respect to cell growth and function of
iron-dependent enzymes, despite the fact that they were

FIG. 3. Single domain
monothiol Grxs do not sup-
port Grx4 function. (A) Gal-
GRX4 cells over-expressing
wild type Grx4, a cytosolic
version of Saccharomyces cere-
visize Grx5 (AN-Grx5), the N-
terminal thioredoxin (Trx)
domain or the C-terminal Grx
domain of Grx4 or under the
control of the fetO; or MET25
promoters were analyzed for Grxd
growth on minimal media
supplemented with glucose 5
or galactose as described in
Figure 1B. (B) Gal-GRX4 cells
expressing the indicated pro-
teins were analyzed for aco-
nitase and catalase enzyme
activities and FET3 promoter
activities. (C) Gal-GRX4 cells
expressing AN-Grx5 were
grown in SD minimal me-
dium, mitochondria (Mito)
and postmitochondrial su-
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highly expressed (Fig. 3A, B). Taken together, these observa-
tions demonstrate that the multidomain monothiol Grxs are
functionally distinct from their single domain counterparts in
that the N-terminal Trx domain is essential for function.

Next, we investigated whether homologous multidomain
monothiol Grxs from other species can, in contrast to their
single domain cousins, functionally replace S. cerevisine Grx4.
Human Grx3 (PICOT), D. melanogaster Grx4, and S. pombe
Grx4 were overproduced under the control of the TDH3
promoter in Gal-GRX4 cells. Of these, S. pombe Grx4 was able
to partially complement the growth defect of Gal-GRX4 cells,
as it supported fermentative growth on glucose-containing,
but not respiratory growth on glycerol-containing media (Fig.
4A). When S. pombe Grx4 was expressed at endogenous levels
under the control of the S. cerevisise GRX4 promoter, the
complementation was less efficient (Fig. 4A). Consistent with
this, the overexpression of S. pombe Grx4 induced a moderate
recovery of aconitase and catalase enzyme activities to 20%—
30% of the rates observed with S. cerevsiae Grx4 (Fig. 4B). The
high-copy suppressor phenotype of S. pombe Grx4 demon-
strates that the eukaryotic multidomain monothiol Grx pro-
teins are functional orthologs. Nevertheless, significant
species-specific differences exist that preclude functional
complementation studies in S. cerevisiae. Since the mito-
chondrial single domain Grx5 can be functionally replaced by
a large variety of foreign Grxs, this lack of complementation is
significant (4). Remarkably, S. pombe Grx4 bound ~ 3-fold
more iron than S. cerevisize Grx4 upon over-expression in
wild type cells (Fig. 4C). Apparently, the lack of full com-
plementation by S. pombe Grx4 is caused by an impaired iron
delivery from Grx4, rather than defects in Fe/S cofactor
assembly.
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To positively demonstrate the essential role of the Trx do-
main, we constructed Grx4 chimeras in which the S. cerevisiae
Grx or Trx domains were substituted by the corresponding
domains from S. pombe Grx4 or human Grx3 (Fig. 5A). All
construct retained the poorly conserved linker of S. cerevisiae
Grx4 and were expressed under the control of the S. cerevisiae
GRX4 promoter. Chimeric proteins with Grx or Trx domains
from S. pombe rescued the growth defect of Gal-GRX4 cells on
both fermentative and nonfermentative carbon sources as
efficient as S. cerevisine wild type Grx4 (Fig. 5B and data not
shown). The chimera with the more distantly related human
Trx domain failed to rescue Grx4-depleted cells when ex-
pressed from the endogenous GRX4 promoter, but showed a
partial complementation upon overproduction (Fig. 5B). Both
S. pombe-S. cerevisize Grx4 chimeras improved the enzyme
activities of aconitase to ~70% and that of catalase to 30%-—
70% of those observed with S. cerevsiae Grx4 (Fig. 5C). Con-
sistent with this observation, both chimeras bound iron with
similar affinities as S. cerevisine Grx4 when overproduced in
wild type cells (Fig. 5D). Together, these data show that the
Trx or Grx domains of S. cerevisine Grx4, which are nonfunc-
tional when expressed alone (Fig. 3), gain function when
fused to foreign Trx or Grx domains and that the degree of
complementation depends on the evolutionary distance.
These data therefore demonstrate that the Trx and the Grx
domain are both essential for the function of the multido-
main monothiol Grxs.

Identification of the Aft1 interaction site

Aftl-like transcription factors are restricted to a group of
ascomycetes yeast (2) (Supplementary Fig. S2). In the majority
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of fungi, including S. pombe, cellular iron homeostasis is reg-
ulated by an interplay of an iron responsive repressors that
are unrelated to Aftl (15, 23, 31). Surprisingly, the two S.
pombe-S. cerevisine Grx4 chimeras behaved diametrically dif-
ferent with respect to their ability to regulate Aftl (Fig. 5C).
The chimera harboring the S. cerevisize Grx domain reduced
the expression of the Aftl-dependent FET3 promoter in Gal-
GRX4 cells to similar levels as those that expressed S. cerevisiae
wild type Grx4. By contrast, cells that expressed the chimera
harboring the S. pombe Grx domain displayed the full induc-
tion of the FET3 promoter, which is indicative for a deregu-
lated Aftl (Fig. 5C). Since both chimeras bound iron and
rescued the iron-handling defects of Gal-GRX4 cells, this ob-
servation suggests that the regulation of Aft1 likely involves a
regulatory part on the Grx domain that is missing in the
corresponding domain of S. pombe Grx4. The amino acid se-
quence of the Grx domains of the cytosolic Grx4 proteins from
these two fungi is highly conserved. It was therefore

remarkable that the immediate C-termini of the Aftl-
regulating S. cerevisiae proteins Grx3 and Grx4 differed con-
siderably from that of S. pombe Grx4 (Fig. 6A). We therefore
constructed a S. cerevisiae Grx4 mutant, S.p.-C-term, in which
the last 16 residues were replaced by the corresponding 14 C-
terminal residues from S. pombe Grx4 (Fig. 6A). This substi-
tution mutant indeed failed to suppress the induction of FET3
when expressed in Gal-GRX4 cells (Fig. 6C, top). The protein
otherwise rescued the growth defects and low enzyme ac-
tivities of depleted Gal-GRX4 cells as efficiently as wild type
Grx4 and did not display any alterations in Fe-55 binding (Fig.
6B-D). Collectively, these observations demonstrate that the
C-terminus of S. cerevisine Grx4 is essential for the regulation
of Aftl.

In the simplest scenario, the C-terminus of Grx4 represents
a specific binding site for the Aft1 transcription factor. Due to
its endogenous low expression levels, the interaction of Aftl
with other proteins is difficult to analyse by conventional
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immunological techniques. To increase the sensitivity of de-
tection, the genomic copy of the AFT1 open reading frame in
Gal-GRX4 cells was fused at its C-terminus with the open
reading frame of firefly luciferase (Fig. 6E, top). The corre-
sponding Aftl-luc2 fusion protein retained function, as it was
able to confer an iron-responsive expression of the FET3 gene
(data not shown). The resulting Gal-GRX4/AFT1-luc2 cells
were transformed with plasmids over-expressing wild type
and the C-terminal exchange mutant GRX4 S.p.-C-term with a
Myc-tag. Cells were depleted by cultivation in galactose-free
media, the Grx4 proteins were immunoprecipitated with -
Myc antibodies from cell lysates and the amount of coim-
munoprecipitated Aftl-luc2 protein was quantified from the
luciferase activity associated with the immuno-beads. Sig-
nificant amounts of luciferase activity coimmunoprecipitated
with wild type Grx4 by this approach (Fig. 6E). However, ~4-
fold less luciferase activity was coimmunoprecipitated with

the C-terminal exchange mutant and these levels were only
~2-fold above background. Since both Grx4 proteins were
expressed at comparable levels (Fig. 6D), these data demon-
strate that the iron-responsive transcription factor binds to the
extreme C-terminal end of the cytosolic monothiol Grx3/4
proteins in vivo and that this interaction is essential for the
regulation of cellular iron homeostasis in S. cerevisiae.

Discussion

In recent years a growing number of Grxs with non-
canonical active site motifs have been described (10, 11, 18, 26,
36, 41, 56). For most of these, their physiological roles are
unknown and the functional relationships between the indi-
vidual Grxs and their degree of interchangeability within a
cell are unclear. Monothiol Grxs with a CGFS active site rep-
resent a well-conserved protein family that is found in all
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kingdom:s of life (18). They include members with a single Grx
domain and multidomain proteins consisting of an N-termi-
nal Trx domain and one to three C-terminal monothiol Grx
domains (1, 18, 55). In fungi and vertebrates, single domain
monothiol Grxs are found in mitochondria where they play an
auxiliary role in iron—sulfur cluster assembly (32, 46, 54). This
function can be taken over by other monothiol Grxs, including
multidomain monothiol Grxs and Grxs with noncanonical
active site motifs, indicating that this function tolerates a
considerable degree of structural variations (4, 44, 55). The
physiological relevance of this interchangeability, however, is
not clear and hampers the identification of specific physio-
logical roles for the noncanonical Grx. Recently, the multi-
domain monothiol Grxs Grx3/4 of S. cerevisiae have been
shown to play an essential role in the passage of iron from the
cytosolic labile iron pool to its sites of utilization (47). Similar
to single domain monothiol Grxs, S. cerevisine Grx3/4 harbor
an Fe/S cofactor at the active-site of the Grx domain, and this
cofactor is essential for the generation and/or transfer of in-
tracellular iron in a bioavailable form (33, 47). This novel
physiological role raises the question anew in how far the
monothiol Grxs indeed form a coherent group of functionally
orthologous members with Fe/S cofactors. The fact that iron-
binding to S. cerevisiae Grx3/4 can be followed in the endog-
enous host in vivo and is associated with an essential cellular
function represented an unique opportunity to answer this
question by a systematic study of structure/function rela-
tionships in multidomain monothiol Grxs. Our analysis
showed that the unique physiological role multidomain
monothiol Grxs can not be executed by single domain Grxs,
because the Trx domain is indispensable for in vivo function.
In addition, it allowed the identification of structural differ-
ences at the Grx active site that contribute further to the in vivo
functional incompatibilities between the Fe/S cofactor-
binding single domain and multidomain Grxs.

In contrast to most classical dithiol Grx with a CPYC active
site motif, monothiol Grxs, including the multidomain Grxs
from S. cerevisine, are capable of binding a bridged Fe/S co-
factor at the Grx active-site (4, 12, 33, 47, 51, 62). The change of
the second glycine of the canonical monothiol CGFS active site
motif into a proline as found in the active site of classical
dithiol Grxs is likely responsible for this lack of Fe/S cofactor
coordination (6, 58, 62). In contrast to these conclusions based
on the analysis of single-domain Grxs, we found that variants
of the multidomain Grx4 with CP(Y/F)S active site motifs
bind iron with virtually wild type affinities in their native host
and were fully functional. Further, the introduction of a sec-
ond cysteine into the active site affected the stability of the Fe/
S cofactor on Grx4 in vivo and its function in iron handling.
This observation is again in contrast to single domain Grxs
such as human Grx2 that may accommodate Fe/S cofactors in
a di-thiol active site (21, 37, 58). Just recently, also the first Fe/
S cluster coordinating dithiol Grx with a CPYC active site has
been described (9). The introduction of a canonical dithiol
CP(Y/F)C active site motif caused a further decline in Grx4
function, but still did not fully abolish its function. Appar-
ently, the in vivo role of the monothiol Grx in cytosolic iron
trafficking tolerates a considerable variation in its active site.
Nevertheless, despite the clear differences in the requirements
for Fe-cluster binding of single domain and multidomain
Grxs, only the conserved first cysteine of the CGFS active site
is absolutely essential for in vivo function of all monothiol

Grxs (5, 47, 48). Hence, the fact that the function of the cyto-
solic monothiol Grxs cannot be taken over by their cytosolic
dithiol counterparts is not explained by differences in their
Grx active site alone.

Despite the apparent flexibility of the Grx active site with
respect to Grx4 function, the single domain monothiol Grx5
was unable to substitute Grx4 and the Grx domain of Grx4
was alone not functional. This observation contradicts previ-
ous results obtained with S. cerevisiae Grx3 (48). However, this
previous work employed a strain background in which Grx3/
4 are not essential and the Grx-domain construct used in-
cluded the complete linker domain of Grx3 plus a part of the
Trx domain. Thus, a major conclusion of our work is that the
N-terminal Trx domain is absolutely required for in vivo
function of the multidomain Grxs. Apparently, the fusion of a
N-terminal Trx domain with a C-terminal Grx domain rep-
resents not only a structural difference between the multido-
main monothiol Grx and their single domain counterparts,
but is an indispensable and decisive part for the execution of a
novel, specialized function. The fact that the Grx domain of S.
cerevisine Grx4 gained function when fused to Trx domains
from other species is consistent with this conclusion. Further,
the surprising observation that Grx4 can not be efficiently
rescued by multidomain Grxs from other species clearly dis-
tinguishes the multidomain monothiol Grx from their single
domain cousins that can be efficiently substituted by a large
variety of different Grxs (4). These species-specific differences,
however, are not confined to the Trx or Grx domain alone and
preclude further functional complementation studies in S.
cerevisize. What could be the function of the Trx domain? A
Trx-related enzymatic role can be excluded, since the con-
served cysteine of the Trx active site and the adjacent con-
served tryptophan are not required for function. It is therefore
more likely that this domain may function as a docking-site
for interacting partners involved, for instance, in Fe/S cluster
assembly on the cytosolic monothiol Grxs. Since Trxs interact
directly with a variety of target proteins, this docking-site
model is attractive (7, 22, 38). Bona-fide interaction partners,
however, are currently unknown, except for the BolA protein
Fra2 and the iron-responsive transcription factor Aftl (30, 33,
48, 52).

The physical interaction between Grx3/4 and Aftl was the
first evidence that linked the multidomain Grxs to cellular
iron metabolism (48, 50, 52). The cooperation between Grx3/4
and Aftl is a central aspect in the regulation of cellular iron-
uptake as the Grx3/4-bound Fe/S cluster serves as iron sensor
that communicates the cytosolic iron status to Aftl (47). Our
analysis revealed that the regulation of Aftl by Grx3/4 is
generally more sensitive to changes in the Grx active site than
their function in iron delivery. Strikingly, the sensing mech-
anism of Aftl transcription factor is incompatible with a di-
thiol Grx active site, explaining how Aftl discriminates
between the monothiol and dithiol Grxs present in the yeast
cytosol. With respect to the high levels of cytosolic dithiol
Grxs in S. cerevisiae, this discrimination makes perfect sense.

We found that Aftl binds directly to the immediate C-
terminus of Grx4. Since the loss of interaction results in the
constitutive activation of Aftl-dependent transcription, a di-
rect physical interaction between Grx3/4 and Aftl is essential
for signal transmission from Grx3/4 to Aftl. The same con-
stitutive activation was seen when the Grx3/4-bound cluster
is destroyed (47). Whether the Grx3/4-bound Fe/S cofactor is
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also directly involved in Aftl binding is not known. Re-
markably, except for the de-regulation of Aftl, the loss of
interaction between Aftl and Grx4 has no effect on cellular
iron-dependent pathways, as cells expressing a Grx4 variant
with a modified C-terminus that did not support the regula-
tion of Aftl displayed wild type activities of iron-dependent
enzymes and showed no growth defects. Hence, the function
of the monothiol Grxs in cytosolic iron delivery is indepen-
dent from their function in the regulation of cellular iron ho-
meostasis and can be physically separated.

Aftl-like transcription factors are restricted to a group of
ascomycetes yeast (2). The immediate C-terminal end of the
multidomain Grxs is highly conserved in all Aftl-containing
fungi (Supplementary Fig. S2). This observation is significant,
as the C-termini of multidomain Grxs is poorly conserved in
eukaryotes. It is therefore likely that the C-terminus of the
multidomain-Grxs constitutes a specific binding-site for Aftl-
like transcription factors that can be recognized by a con-
served signature motif (Supplementary Fig. S2). In S. pombe, a
direct interaction between Grx4 and the iron-responsive reg-
ulator Php4 is essential for the regulation of Php4 (40). Aftl
and Php4 are structurally unrelated, and the C-terminal ends
of S. pombe Grx4 and Grx3/4 from S. cerevisiae differ consid-
erable (Fig. 6A) (2, 29, 31, 40). It is therefore tempting to
speculate that Php4 may bind to the C-terminal end of
S. pombe Grx4. Php4 is functional, but not structurally, related
to the iron-responsive repressor HapX that plays a central
role in the regulation of iron homeostasis in a majority of
fungi (15, 23, 31). Remarkably, phylogenetic analysis of the
C-termini of multidomain Grxs reveal that the C-termini of
the multidomain Grxs of fungi with HapX repressors form two
coherent branches that are separated from Aftl-containing
yeast (Supplementary Fig. S2). One group includes only as-
comycetes yeasts with a C-terminal Grx motif relatively
similar to that of Aftl-containing yeasts. The other branch
includes only ascomycetes with HapX repressors. These dis-
play a conserved C-terminal Grx motif that is clearly distinct
from that of Aftl-containing yeasts. Despite subtle differ-
ences, the C-termini of the multidomain Grxs of HapX and
Aftl-containing fungi are clearly related but differ completely
from those of higher eukaryotes (Supplementary Fig. S2).
Collectively, these observations suggest that the C-terminus
of the cytosolic multidomain Grxs serves as a binding-site for
iron-responsive transcriptional regulators throughout the
fungal kingdom (Fig. 6F).

To date, three iron-responsive transcription factors from S.
cerevisiae are known, Aftl, its paralog Aft2 and Yap5. The
latter plays a central role in the regulation of vacuolar iron
storage (34). All three transcription factors are de-regulated in
cells lacking Grx3 and Grx4, suggesting that these monothiol
Grxs are likely directly involved in their regulation (48). In-
deed, we could show that Grx4 interacts with Aft2 when both
proteins are overproduced in wild type cells (Supplementary
Fig. S3). Whether Yapb also directly interacts with Grx3/4 or
is activated in response to defects in iron delivery caused by
low levels of these cytosolic monothiol Grxs is unknown. In
addition, S. cerevisiae harbors several iron-responsive tran-
scription factors that do not response directly to iron but to
metabolites that are synthesized in an iron-dependent man-
ner, such as Leu3 and Hap1 (24). Their de-regulation in cells
lacking Grx3/4 is clearly related to defects in cytosolic iron
handling caused by low levels of Grx3/4 (47, 48). In verte-
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brates, post-transcriptional regulation via iron-regulatory
proteins IRP1 and IRP2 is central for cellular iron homeostasis
(2, 29, 31, 40). However, whether multidomain monothiol
Grxs such as PICOT are involved in the regulation of IRP1 and
IRP2 is currently unknown.

Taken together, our study defines the multidomain
monothiol Grxs as a functionally separate subgroup within
the Trx family. This subgroup is distinct from that of the single
domain monothiol Grxs, despite the fact that both groups
contain members that may harbor Fe/S cofactors, because the
Trx domain is essential for in vivo function. The single domain
monothiol Grxs are found in all kingdoms of life and include
members that play an auxiliary role in cellular Fe/S protein
maturation in eukaryotes. By contrast, multidomain mono-
thiol Grxs are found only in eukaryotes where they are in-
volved in cytosolic iron delivery and in the regulation of
cellular iron homeostasis in fungi.
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