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Abstract The oxygen sensor fumarate nitrate reductase regu-
lator (FNR) of Escherichia coli contains in the active (anaerobic)
state a [4Fe—4S]** cluster which is lost after exposure to O,. In
aerobically prepared apoFNR, or in FNR obtained by treatment
of [4Fe—4S]-FNR with O, in vitro, intramolecular cysteine
disulfides are found, including the cysteine residues which serve
as ligands for the Fe-S cluster. It is shown here that the
reconstitution of [4Fe—4S]-FNR from this form of aerobic
apoFNR was preceded by a long lag phase when glutathione was
used as the reducing agent. Addition of E. coli glutaredoxins
(Grx) 1, 2 or 3 decreased the lag phase greatly and stimulated
the reconstitution rate slightly (about twofold). Reconstitution of
anaerobically prepared apoFNR, which has a lower cysteine
disulfide content, showed only a short lag phase, which further
decreased in the presence of Grx. It is concluded that in the lag
phase the cysteine disulfides of apoFNR become reduced for the
incorporation of the [4Fe—4S] cluster and that this reaction is
stimulated by Grx. Thioredoxin (Trx) 1 showed no stimulation
of FNR reconstitution in vitro. It is suggested that the function of
Grx might be of significance for the insertion of FeS cluster in
proteins containing disulfides.

© 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

The fumarate nitrate reductase regulator (FNR) of Esch-
erichia coli controls the expression of a large number of
genes in response to O, availability (for reviews compare
[1-4]). Under anoxic conditions FNR is a dimer carrying a
[4Fe—4S]** cluster per monomer, which is liganded by four
cysteine residues from the total of five cysteine residues of
the protein [5-9]. In the presence of O,, [4Fe-4S]-FNR is
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Abbreviations: FNR, fumarate nitrate reductase regulator; Grx,
glutaredoxin; NifSa4,, cysteine desulfurase from Azotobacter vinelandii
IscS, cysteine desulfurase from E. coli; Trx, thioredoxin

converted to [2Fe-2S]- FNR which is no longer active in
gene regulation [6,7,10-12]. After extended exposure to O,
the [2Fe-2S] cluster disintegrates, and apoFNR devoid of Fe
and sulfide is formed. ApoFNR prepared under anoxic
conditions contains low amounts of disulfides, and incuba-
tion of apoFNR or of reconstituted [4Fe—4S]- FNR under
oxic conditions causes formation of apoFNR with signifi-
cantly increased disulfide contents [13].

[4Fe—4S]- FNR can be reconstituted in vitro from aerobic or
anaerobic apoFNR [7,11,14,15]. Reconstitution has been
achieved by an artificial Fe-S cluster biosynthetic system using
Fe(Il), cysteine and cysteine desulfurase (from Azotobacter
vinelandii, NifSa, or from E. coli, IscS enzymes). Cysteine
desulfurase produces sulfide from cysteine in the presence of a
reducing agent such as dithiothreitol [16-18]. In vivo, addi-
tional proteins and factors are required. Thus, the FeS cluster
is preformed on a scaffold protein (IscU) in a process requiring
reducing equivalents and then inserted into the FeS cluster
protein [19]. Incorporation and liganding of the FeS-cluster
into apoFNR requires ligands Cys20, Cys23, Cys29 and
Cys122 in the reduced state. This raises the question whether
protein disulfide reductases such as glutaredoxin (Grx) or
thioredoxin (Trx) [20] support incorporation of the FeS cluster
by transferring cysteine disulfides of apoFNR to the thiol
state. Both disulfide reductase systems in principle could serve
this function.

In vivo, the presence of five alternative protein disulfide
reductases in E. coli (Grx1, 2 and 3; Trxl and 2) compli-
cates studies on the significance of protein disulfide reduc-
tases for FeS cluster insertion. Multiple mutations in the grx
or trx genes show growth deficiencies, which complicates in
vivo studies and interpretation of the results. Therefore, for
testing a potential role of the protein disulfide reductases in
the formation of [4Fe-4S]-FNR, stimulation of [4Fe—
4S]-FNR reconstitution by Grx or Trx was analysed in vi-
tro. E. coli contains at least three different Grx (Grx1, Grx2
and Grx3) and two Trx (Trxl and Trx2) which could take
over this role. The Grx isoforms Grxl, Grx2 and Grx3
(encoded by the grxA, grxB and grxC genes) have similar
functions and can replace each other in part [20]. With the
exception of Trx2, each of the five protein disulfide reduc-
tases was tested for its effect on FNR reconstitution. In this
way, it was possible to identify protein disulfide reductases
which are able to stimulate [4Fe-4S]- FNR reconstitution in
vitro.
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2. Materials and methods

2.1. Isolation of FNR, NifSy,, Grx and Trxl

For overexpression and purification of FNR under aerobic and
anaerobic conditions, E. coli CAG627pMW68 encoding an inducible
GST’-FNR fusion protein was used [15]. For isolation under anaerobic
conditions, GST'-FNR bound to the glutathione-Sepharose column
[15] was cleaved with thrombin, and FNR devoid of the protein tag
was eluted in anoxic Tris—HCI buffer (50 mM at pH 7.6) without using
glutathione. All steps were performed in an anaerobic cabinet. For the
isolation of FNR under aerobic conditions, growth and isolation were
performed under aerobic conditions with oxic buffers. NifSay, Trxl,
Grx1, Grx2, Grx3 and Grx2C12S were isolated as described [15,16,
21-23].

2.2. Reconstitution of [4Fe—4S]-FNR from apoFNR

[4Fe-4S]-FNR was reconstituted in buffer containing apoFNR
(6.5-20 uM), 0.3 mM (NH4),Fe(SOy4),, 1 or 2 mM cysteine, NifSay
and glutathione (1 mM) under anoxic conditions [15]. Where indicated,
Grx, NADPH (0.27 mM) and yeast glutathione reductase (6 pg/ml), or
Trx1, NADPH (0.27 mM) and Trx reductase (0.35 uM), were included
in addition. Reconstitution and cluster formation depended on the
presence of apoFNR [15] and was followed at 420 nm for the FeS
cluster formation relative to the protein content at 280 nm by mea-
suring an optical spectrum (280-550 nm) every 5 or 10 min in a diode
array spectrometer (Zeiss S10 with Winaspect software) [15].

2.3. Other methods

Sulfide formation from cysteine by NifSx, was measured in anoxic
solutions in the anaerobic cabinet by the formation of FeS in an anoxic
buffer containing 2 mM cysteine, 0.3 mM (NHy),Fe(SO4),, or by
sulfide formation by the methylene blue assay [16,24].

3. Results

3.1. Stimulation of FNR reconstitution by Grx2

Grx2, which is found in high concentrations (about 5 uM) in
E. coli [25,26], was tested for the effect on FNR reconstitution
in vitro. Glutathione was used as a reducing agent, since di-
thiothreitol, which is commonly used in vitro as the reducing
agent for FNR reconstitution, is an artificial reducing agent
which reduces non-specifically disulfides of proteins. Recon-
stitution was tested in a minimal Fe-S cluster biosynthetic
system under anoxic conditions consisting of apoFNR, Fe(II),
cysteine as a source for sulfur, and the NifSay,. This system
allows measuring the capacity of apoFNR as a receptor for a
[4Fe—4S] cluster [7,11,14,15]. The incorporation of the [4Fe—
4S] cluster in FNR was followed by the increase in absorption
at 420 nm and the appearance of a bright yellow-brownish
colour, which is typical for the [4Fe-4S] cluster in FNR. Re-
constitution of aerobically prepared apoFNR, which contains
about 2.8 mol cysteine disulfide/mol FNR, started after a long
lag phase (Fig. 1A). Inclusion of Grx2 caused a significant
decrease in the lag phase. With 5 uM Grx2, the lag phase was
largely decreased and the reconstitution rate was increased
about threefold. The amounts of reconstituted [4Fe—4S]- FNR
were similar in the presence and absence of Grx2. The ab-
sorption spectra of FNR reconstituted in the presence of Grx2
showed the same spectral characteristics as [4Fe—4S]- FNR
reconstituted without Grx2 (not shown).

Anaerobically prepared apoFNR responded in a different
way (Fig. 1B). In the absence of Grx, the formation of the [4Fe—
48] cluster started from the beginning, but with slow rates,
which rised with increasing reaction time. In the presence of 5
uM Grx2 on the other hand, the reconstitution started from the
beginning without lag phase and high rate. In some experiments
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Fig. 1. Effect of Grx2 on the reconstitution of aerobically (A) and
anaerobically (B) prepared apoFNR. Aerobically or anaerobically
prepared apoFNR (20 uM) was incubated under anoxic conditions
with NifSay, Fe(Il), cysteine, low amounts of glutathione (1 mM) and
various amounts of Grx2 (-@-, 0 pM; -A-, 1 uM; -B-, 5 uM) plus
NADPH plus glutathione reductase. Formation of [4Fe-4S] FNR was
followed spectroscopically at 420 and 280 nm.

(Fig. 1B), the reconstitution rate was not constant over the
complete experiment which could be due to other factors in-
volved in the reconstitution. Aerobic as well as anaerobic
apoFNR reconstituted in this way were capable of specific
binding to promoter DNA in a restriction protection assay [15].

When the same reconstitution experiments were performed
with dithiothreitol, which is capable of efficient and unspecific
reduction of cysteine disulfides, there was no extended lag
phase before onset of reconstitution, even when aerobically
prepared apoFNR was used. The rate of [4Fe—4S] cluster
formation was by factors of 3-5 higher compared to the rate
with glutathione [15]. Under these conditions, addition of
Grx2 showed no stimulation of the [4Fe—48S] cluster formation
(not shown).

3.2. Effects of Grxl and Grx3 on the stimulation of apoFNR
reconstitution

The effects of the other Grx of E. coli (Grxl and Grx3) on
apoFNR reconstitution were tested by applying cellular con-
centrations of the Grx, which differ considerably for the vari-
ous isoforms [20,22,25-27]. Grx1 caused a decrease in the lag
phase before onset of reconstitution of aerobic apoFNR, too
(Table 1). Supplying a mixture of Grxl, 2 and 3 resulted in
nearly complete loss of the lag phase for aerobic apoFNR,
suggesting that the effects of the Grx were additive (Table 1).
In addition, each of the Grx caused an up to threefold stim-
ulation of the reconstitution rate. The mixture of the Grx, or
higher concentrations, caused no further increase in the re-
constitution rate compared to the effect of the single additions
(Table 1).
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Table 1
Reconstitution of apoFNR and effects of Grx1, 2 or 3 in vitro

Condition Reconstitution rate  Lag phase

(nmol FNR/min) (min)

Aerobic apoFNR

GSH (1 mM) 0.03 300
GSH (1 mM) + Grx1 (0.2 uyM)  0.07 <300
GSH (1 mM) + Grx2 (5 uM) 0.09 <100
GSH (1 mM)+Grx3 (2.5 uM)  0.06 ND
GSH + Grxl1 (0.2 uM) + Grx2 0.08 <20
(5 M) + Grx3 (2.5 uM)
GSH (1 mM) + Grx2C12S 0.05 100
(5 uM)

Anaerobic apoFNR
GSH (1 mM) 0.02 ND
GSH (1 mM) + Grx2 (5 uM) 0.04 <20

Reconstitution of apoFNR (20 uM) was performed with 1 mM glu-
tathione as the reducing agent and by the addition of the Grx (Grxl, 2
and 3) as shown in Fig. 1. The rates of reconstitution (maximal rates)
and the lag phases were estimated from kinetic experiments (see Fig.
1). ND, not determined; GSH, reduced glutathione.

Grx reduce their substrates by the use of the two active site
cysteine residues (CPYC) or a monothiol mechanism em-
ploying the N-terminal cysteine and reduced glutathione. The
former mechanism can reduce both protein disulfides and
protein—glutathione mixed disulfides (protein-SG) [28]. The
monothiol mechanism is used for reducing mixed disulfides
between proteins and glutathione at the expense of mixed di-
sulfide formation between Grx and glutathione (protein-S-
SG + Grx-SH — protein-SH + Grx-S-SG  [29,30]). Therefore,
the monothiol mutant Grx2C12S of Grx2 [20,21] was tested
for its effect on FNR reconstitution. Grx2C12S stimulated
reconstitution of [4Fe-4S]- FNR from aerobic apoFNR with
glutathione as the reducing agent only slightly (Table 1). The
effect on the lag phase before onset of reconstitution, however,
was similar to that of wild-type Grx2.

3.3. Effect of Grx on sulfide formation by NifS 4,

NifSay or IscS catalyse desulfuration of cysteine, and by
reduction of a persulfide intermediate in NifSay, sulfide is re-
leased for the formation of the FeS cluster in the protein. The
effect of Grx on sulfide formation by cysteine desulfurase was
tested by the methylene blue assay, or by the formation of free
FeS in the presence of Fe(Il) in solution in the absence of
apoFNR. The precipitation of FeS is a direct measure for the
sulfide formation. Sulfide formation by NifSay, as measured
with the methylene blue assay (14 U/g), increased only 20% or
less by the addition of Grx1 when glutathione or dithiothreitol
was used as the reducing agents (Fig. 2). FeS formation by
cysteine desulfurase was also not stimulated by the presence of
Grx1 (not shown). Therefore, the stimulation of [4Fe-
4S]- FNR formation by Grx, in particular the decrease of the
lag phase before reconstitution, has to be caused by effects of
Grx on apoFNR, and not on NifS4, stimulation.

3.4. Lack of stimulation of FNR reconstitution by TrxI

The effect of Trx1 on the formation of [4Fe-4S]- FNR from
aerobic apoFNR was tested in vitro similar to the experiments
performed with the Grx. Trx1, which was reduced by Trx re-
ductase and NADPH, was present in concentrations up to 5
UM in the reconstitution assay. Trx1 concentrations of 5 pM
are close to the concentration within the bacteria [31]. How-
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Fig. 2. Sulfide formation by NifSs, under anoxic conditions in the
presence and absence of Grx1. NifS,, was incubated under anaerobic
conditions with cysteine and glutathione (-@-) or dithiothreitol (-H-)
and without (open symbols) or with (closed symbols) Grx1 (0.3 pM,
plus NADPH and glutathione reductase). At the time points indicated,
samples were withdrawn and assayed for sulfide by the methylene blue
assay.

ever, neither low nor high concentrations of Trxl caused
stimulation of [4Fe-4S]- FNR reconstitution, or of the lag
phase before onset of reconstitution (not shown). Trx1 was
also not able to stimulate the activity of the NifSs, when tested
for the formation of sulfide by the FeS precipitation assay in
an experiment performed similar to that in Fig. 2 with Grx.
Therefore, Trx1 is not able to stimulate reconstitution of [4Fe—
4S]-FNR, and it is assumed that the isoform Trx2 behaves
similar.

4. Discussion

4.1. Stimulation of FNR reconstitution by Grx in vitro

Here, the capacity of aerobic and anaerobic apoFNR as a
receptor for a [4Fe-4S] cluster and a potential role for Grx or
Trx in stimulating FeS cluster incorporation was studied.
Presence of disulfides in apoFNR obviously inhibits reconsti-
tution of [4Fe—4S]-FNR when glutathione is used as a re-
ducing agent. Presence of wild-type as well as monothiol Grx
significantly stimulates reconstitution. When glutathione is
replaced by a more potent (artificial) reducing agent like di-
thiothreitol, this inhibition is no longer observed and Grx has
no stimulatory effect. The stimulation was seen in particular in
a reduction of the lag phase of aerobic apoFNR, suggesting
that the increased disulfide content in aerobic apoFNR [13] is
responsible for the lag phase in FNR reconstitution. The di-
sulfide residues obviously are reduced more efficiently by the
Grx than directly by glutathione. This is reminiscent of a
similar effect during refolding of ribonuclease A by Grx1 and
protein disulfide isomerase [32].

Overall, the results suggest that the Grx stimulate the re-
duction of cysteine disulfides in apoFNR which then in turn
are capable of FeS cluster incorporation. According to this
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assumption the cysteine disulfides are reduced during the lag
phase, and in the second step the FeS cluster is inserted into
apoFNR containing reduced cysteine residues. The latter re-
action is only slightly stimulated by Grx. The reactions are not
stimulated by Trx, whereas all isoforms of Grx show the
stimulating effect.

4.2. Role for Grx in FeS cluster insertion in vivo?

Despite the stimulation of [4Fe-4S]- FNR reconstitution by
the Grx in vitro, it is not clear whether the Grx have a stim-
ulating effect on FeS cluster insertion in FNR or other FeS
proteins in vivo, too. In particular under oxic conditions, it is
feasible that the Grx have a role in the insertion of FeS clusters
of proteins. Under oxic or microoxic conditions, O, diffuses
rapidly into the cells [4,33] and could act as an oxidant for
cysteine thiolates. Thus, in yeast mitochondria, the monothiol
Grx5 (yGrx5) is required for formation of FeS proteins under
aerobic conditions [30]. Grx5 is supposed to reduce disulfides
of proteins under oxic conditions to enable FeS cluster inser-
tion, very similar to the function suggested here for the Grx in
FNR reconstitution. Thus, Grx might be of general signifi-
cance for insertion of FeS clusters in proteins of E. coli under
aerobic conditions. This situation would apply mainly to FeS
proteins other than FNR which are synthesized and functional
under aerobic conditions, similar to the situation with yGrx5
in yeast. For FNR, stimulation by Grx could be important
under microoxic conditions when FNR is already active [4,33].
Under such conditions presence of cysteine disulfides in FNR
could call for Grx for full stimulation of FNR (reconstitution).
Stimulation of FeS cluster insertion could be significant for
other proteins of aerobic metabolism carrying iron-sulfur
clusters. A clear-cut answer to the role of Grx in the formation
of iron—sulfur proteins will wait for in vivo studies with mu-
tants lacking the complete Grx system which has, however,
more general effects on aerobic growth of the bacteria.

Acknowledgements: The work was supported by a grant of Deutsche
Forschungsgemeinschaft and of the Fonds der Chemischen Industrie
to G.U. and by grants to A.H. from the Swedish Cancer Society, and
to A.V. from UR, the Karolinska Institute, and the Knut and Alice
Wallenberg Foundation.

References

[1] Green, J., Scott, C. and Guest, J.R. (2001) in: Advances in
Microbial Physiology, Vol. 44, pp. 1-34, Academic Press, New
York.

[2] Gunsalus, R.P. (1992) J. Bacteriol. 174, 7069-7074.

[3] Unden, G., Bongaerts, J., Becker, S., Holighaus, G., Schirawski, J.
and Six, S. (1995) Arch. Microbiol. 164, 81-90.

S. Achebach et al. | FEBS Letters 565 (2004) 203-206

[4] Unden, G. and Schirawski, J. (1997) Mol. Microbiol. 25, 205—
210.

[5] Kiley, P.J. and Beinert, H. (1998) FEMS Microbiol. Rev. 22, 341—
352.

[6] Lazazzera, B.A., Beinert, H., Khoroshilova, N., Kennedy, M.C.
and Kiley, P.J. (1996) J. Biol. Chem. 271, 2762-2768.

[7] Green, J., Bennett, B., Jordan, P., Ralph, E.T., Thompson, A.J.
and Guest, J.R. (1996) Biochem. J. 316, 887-892.

[8] Melville, S.B. and Gunsalus, R.P. (1990) J. Biol. Chem. 256,
18733-18736.

[9] Green, J., Sharrocks, A.D., Green, B., Geisow, M. and Guest,
J.R. (1993) Molec. Microbiol. 8, 61-68.

[10] Jordan, P.A., Thomson, A.J., Ralph, E.T., Guest, J.R. and Green,
J. (1997) FEBS Lett. 416, 349-352.

[11] Khoroshilova, N., Popescu, C., Miinck, E., Beinert, H. and Kiley,
P.J. (1997) Proc. Natl. Acad. Sci. USA 94, 6087-6092.

[12] Crack, J., Green, J. and Thomson, A.J. (2004) J. Biol. Chem. 279,
9278-9286.

[13] Achebach, S., Selmer, Th. and Unden, G. (unpublished).

[14] Khoroshilova, N., Beinert, H. and Kiley, P.J. (1995) Proc. Natl.
Acad. Sci. USA 92, 2499-2503.

[15] Tran, Q.H., Arras, T., Becker, S., Holighaus, G., Ohlberger, G.
and Unden, G. (2000) Eur. J. Biochem. 267, 4817-4824.

[16] Zheng, L., White, R.H., Cash, V.L., Jack, R.F. and Dean, D.R.
(1993) Proc. Natl. Acad. Sci. USA 90, 2754-2758.

[17] Zheng, L., White, R.H., Cash, V.L. and Dean, D.R. (1994)
Biochemistry 33, 4714-4720.

[18] Schwartz, C.J., Djaman, O., Imlay, J.A. and Kiley, P.J. (2000)
Proc. Natl. Acad. Sci. USA 97, 9009-9014.

[19] Agar, J.N., Krebs, C., Frazzon, J., Huynh, B.H., Dean, D.R. and
Johnson, M.K. (2000) Biochemistry 39, 7856-7862.

[20] Vlamis-Gardikas, A., Potamitou, A., Zarivach, R., Hochman, A.
and Holmgren, A. (2002) J. Biol. Chem. 277, 10861-10868.

[21] Shi, J., Vlamis-Gardikas, A., Aslund, F., Holmgren, A. and
Rosen, B.P. (1999) J. Biol. Chem. 274, 36039-36042.

[22] Aslund, F., Ehn, B., Miranda-Vizuete, A., Pueyo, C. and
Holmgren, A. (1994) Proc. Natl. Acad. Sci. USA 91, 9813-
9817.

[23] Dyson, H.J., Holmgren, A. and Wright, P.E. (1989) Biochemistry
28, 7074-7087.

[24] Siegel, L.M. (1965) Anal. Biochem. 11, 126-132.

[25] Vlamis-Gardikas, A., Aslund, F., Spyrou, G., Bergman, T. and
Holmgren, A. (1997) J. Biol. Chem. 272, 11236-11243.

[26] Potamitou, A., Holmgren, A. and Vlamis-Gardikas, A. (2002) J.
Biol. Chem. 277, 18561-18567.

[27] Prinz, W.A., Aslund, F., Holmgren, A. and Beckwith, J. (1997) J.
Biol. Chem. 272, 15661-15667.

[28] Bushweller, J.H., Aslund, F., Wiithrich, K. and Holmgren, A.
(1992) Biochemistry 31, 9288-9293.

[29] Vlamis-Gardikas, A. and Holmgren, A. (2002) Methods Enzymol.
347, 286-296.

[30] Rodriguet-Manzanque, M.T., Tamarit, J., Belli, J.R. and Herrero,
E. (2002) Molec. Biol. Cell. 13, 1109-1121.

[31] Holmgren, A., Ohlsson, 1. and Grankvist, M.-L. (1978) J. Biol.
Chem. 253, 430-436.

[32] Lundstrom-Ljung, J. and Holmgren, A. (1995) J. Biol. Chem. 270,
7822-7828.

[33] Becker, S., Holighaus, G., Gabrielzcyk, T. and Unden, G. (1996)
J. Bacteriol. 178, 4515-4521.



	Stimulation of Fe-S cluster insertion into apoFNR by Escherichia coli glutaredoxins 1, 2 and 3 in vitro
	Introduction
	Materials and methods
	Isolation of FNR, NifSAv, Grx and Trx1
	Reconstitution of [4Fe-4S]middotFNR from apoFNR
	Other methods

	Results
	Stimulation of FNR reconstitution by Grx2
	Effects of Grx1 and Grx3 on the stimulation of apoFNR reconstitution
	Effect of Grx on sulfide formation by NifSAv
	Lack of stimulation of FNR reconstitution by Trx1

	Discussion
	Stimulation of FNR reconstitution by Grx in vitro
	Role for Grx in FeS cluster insertion in vivo?

	Acknowledgements
	References


