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Background:MiaB requires constant regeneration of one of its iron sulfur clusters to perform multiple catalytic cycles.
Results: Accessory Escherichia coli iron sulfur cluster biosynthesis factors GrxD and NfuA physically interacts with MiaB and
affects its activity in vivo.
Conclusion: GrxD and NfuA are functionally linked with MiaB.
Significance: GrxD and NfuA could be involved in the repair of the sacrificial cluster in MiaB.

The biosynthesis of iron sulfur (FeS) clusters, their trafficking
from initial assembly on scaffold proteins via carrier proteins to
final incorporation into FeS apoproteins, is a highly coordinated
process enabled bymultiprotein systems encoded in iscRSUAh-
scBAfdx and sufABCDSE operons in Escherichia coli. Although
these systems are believed to encode all factors required for ini-
tial cluster assembly and transfer to FeS carrier proteins, acces-
sory factors such as monothiol glutaredoxin, GrxD, and the FeS
carrier protein NfuA are located outside of these defined sys-
tems. These factors have been suggested to function both as
shuttle proteins acting to transfer clusters between scaffold and
carrier proteins and in the final stages of FeS protein assembly
by transferring clusters to client FeS apoproteins. Here we
implicate both of these factors in client protein interactions.
Wedemonstrate specific interactions betweenGrxD,NfuA, and
the methylthiolase MiaB, a radical S-adenosyl-L-methionine-
dependent enzyme involved in the maturation of a subset of
tRNAs. We show that GrxD and NfuA physically interact with
MiaB with affinities compatible with an in vivo function. We
furthermoredemonstrate thatNfuA is able to transfer its cluster
in vitro toMiaB, whereas GrxD is unable to do so. The relevance
of these interactions was demonstrated by linking the activity of
MiaBwithGrxD andNfuA in vivo.We observe a severe defect in
in vivoMiaB activity in cells lacking both GrxD and NfuA, sug-
gesting that these proteins could play complementary roles in
maturation and repair of MiaB.

The maturation of iron sulfur (FeS) cluster-containing pro-
teins continues to be a subject of great interest due to themajor
roles played by FeS proteins in cellular biochemistry of organ-
isms of all complexity from Escherichia coli to mammalian sys-
tems (1–5). Indeed, much is now known about the process sur-
rounding initial cluster assembly on an FeS scaffold protein, the
factors involved, and their interactions (4). Interactions
between FeS-containing scaffold proteins and FeS carrier pro-
teins acting downstream remain relatively poorly character-
ized, and the subsequent interactions of FeS carrier proteins,
which interact with and transfer nascent FeS clusters to their
target destination in client FeS apoproteins, have been analyzed
in only a few targeted cases (6–8). In thiswork,we implicate the
monothiol glutaredoxin GrxD and the FeS cluster carrier pro-
tein NfuA as physically and functionally interacting with the
radical S-adenosylmethionine (AdoMet)2-dependent methyl-
thiolase MiaB, indicating a potential role in enabling efficient
turnover of this enzyme.
We have previously implicated the E. colimonothiol glutare-

doxin GrxD as playing an as yet undefined role in FeS cluster
biosynthesis in E. coli due to the severe synthetic lethality of a
grxD mutation in combination with mutations of the Isc sys-
tem, themajor FeS cluster biosynthesis apparatus of the cell (9).
GrxD can form FeS cluster-containing complexes as both a
homodimer and a heterodimer with BolA (10, 11), a poorly
characterized protein involved in cell morphology and resis-
tance to stress (12). TheGrxDhomodimer andGrxD-BolA het-
erodimer complexes are both capable of intact transfer of their
FeS cluster to the model client protein apoferredoxin (Fdx) in
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vitro. Other in vitro work with Azotobacter vinelandii has
shown that the A. vinelandiiGrx5 monothiol glutaredoxin can
accept an FeS cluster from IscU and that A. vinelandii Grx-nif
can act to transfer an FeS cluster to the A-type carrier protein
A. vinelandii NifIscA (13). However, the in vivo role for GrxD
remains unknown, and the range of cellular processes impacted
remains uncharacterized. One potential clue as to in vivoGrxD
function in E. coli comes from protein-protein interaction data
(14). Sequential peptide affinity (SPA) purification of native lev-
els of GrxD-SPA and BolA-SPA affinity-tagged proteins
revealed that although GrxD co-purified with only small
amounts of BolA, the affinity purification of BolA resulted in
the co-purification of GrxD and small quantities of several
other proteins includingMiaB (14, 15) and the recently charac-
terized NfuA (8, 16).3 These data therefore implicated GrxD
(and/or BolA) andNfuA in in vivo binding of, and potential FeS
cluster transfer to, a client FeS apoprotein in MiaB.
NfuA is necessary for adaptation to oxidative stress and iron

starvation in E. coli and linked to aconitase A maturation in
A. vinelandii (16, 17). Recent work demonstrated that NfuA
acts as an FeS carrier protein that functions outside of defined
Suf or Isc biosynthesis systems and is involved in maturation of
aconitase B (AcnB) and the NuoG subunit of NADH dehydro-
genase in E. coli (8). MiaB is a radical AdoMet enzyme involved
inmethylthiolation of a subset of tRNAs, a process required for
theirmaturation (18, 19). The adenosinemodification, 2-meth-
ylthio-N6-isopentenyl adenosine (ms2i6A), is found at tRNA
position 37 next to the anticodon. The first step of ms2i6A syn-
thesis is catalyzed by MiaA and involves the addition of an iso-
pentenyl group at the N6 nitrogen of adenosine 37 (A-37) to
produce isopentenyl adenosine (i6A). The second step of the
reaction is catalyzed by MiaB and consists of both sulfur inser-
tion andmethylation at position 2 of i6A (15, 18–20). MiaB has
been proposed to utilize AdoMet to generate a tRNA substrate
for sulfur insertion. Sulfur insertion would then proceed, utiliz-
ing the auxiliary “nonradical AdoMet” 4Fe4S cluster as a sulfur
source (21, 22). A second equivalent of AdoMet is then used to
catalyze the methylation of the intermediate thio-N6-isopente-
nyl adenosine group (s2i6A). The proposed catalytic mecha-
nism of MiaB entails self-sacrifice and the use of one of its own
iron sulfur clusters as a substrate, suggesting that the enzyme
requires constant FeS cluster regeneration or repair to perform
multiple turnovers. Our goal is to validate and characterize the
physical interactions and intact FeS cluster transfer properties
of GrxD and NfuA withMiaB and determine how these factors
influence the methylthiolation activity of MiaB in vivo.

MATERIALS AND METHODS

Bacterial Strains and Plasmids—Plasmid vectors express-
ing N-terminal tagged E. coli His6-MiaB (pET6HMiaB), His6-
NfuA (pET6HNfuA), His6-SufA (pET6HSufA), His6-ErpA
(pET6HErpA), and His6-IscA (pET6HIscA) were created by
independently amplifying themiaB, nfuA, sufA, erpA, and iscA
genes from E. coli BW25113 genomic DNA by PCR and subse-
quent cloning of the PCR product into a pET28(b) vector
(Novagen) using NdeI and HindIII restriction sites incorpo-

rated into the oligonucleotide primers. Plasmid constructs
were freshly transformed into E. coli BL21(DE3) prior to use.
Plasmid constructs to overproduce GrxD, BolA, and Fdx and
their use were described previously (10).
MiaB C157A/C161A/C164A Mutant—The MiaB C157A/

C161A/C164A triplemutantwas constructed by amplifying the
5� part of the gene (nucleotides 1–490) with 5�-gggaatccatat-
gaccaaaaaactcc (introduction of a NdeI restriction site) and
5�-taggatcgtacgtggcatatttattggcgccttccatgatggagac (introduc-
tion of a BsiWI restriction site and theC157AandC161Amuta-
tions) (fragment 1) and the 3� part of the genewith 5�-gtgaaacg-
tacgctgtggtgccttacacccgtg (introduction of a BsiWI restriction
site and the C164A mutation) and 5�-ccgatcgaattcaccgac (con-
tains a EcoRV restriction site) (fragment 2). The restriction sites
are underlined.
The PCR DNA fragment 1 was digested using NdeI and

BsiWI, and the DNA fragment 2 was digested using BsiWI and
EcoRV. The two digested pieces of DNA were ligated in a
pET6HMiaB backbone digested by NdeI and EcoRV. The liga-
tion product was transformed into DH5� cells, positive clones
were verified by DNA sequencing, and constructs were desig-
nated pET6HMiaB3CA.
Protein Expression and Purification—All proteins were over-

produced andpurified to homogeneity exactly as described pre-
viously for GrxD (10) with the following modification: gel fil-
tration buffer contained 200 mM NaCl instead of 150 mM KCl.
Protein Cleavage—His-tagged proteins were cleaved using

the Novagen cleavage capture kit according to the specifica-
tions of the manufacturer.
Circular Dichroism (CD)—CD spectra (100�Mprotein) were

collected on a JASCO J-815 spectropolarimeter equipped with
a Peltier temperature controller and stirring module. Apopro-
tein spectra were collected aerobically. Reconstituted proteins
were prepared in an anaerobic chamber and analyzed in sealed
cuvettes. CD spectra were recorded with stirring under the fol-
lowing conditions: temperature � 25 °C; digital integration
time� 2 s; bandwidth� 1 nm; accumulations� 3; data pitch�
0.1 nm; and scan speed � 50 nm/min.
tRNA Extraction—The tRNA extraction protocol was

adapted from a previously described procedure (19) with the
following modifications. E. coli strains to be analyzed were
grown for 24 h at 37 °C in 1 liter of LB medium containing the
appropriate antibiotic. The cells were then centrifuged and
resuspended in 20 ml of 0.3 M sodium acetate, pH 4.5, 10 mM

EDTA, flash-frozen in liquid nitrogen, and stored at �80 °C
until use. Cells were lysed, and RNA was separated from cell
debris and proteins using phenol saturated with 300 mM

sodium acetate, pH 4.5, 10 mM EDTA. After purification on a
NucleoBond AX 2000 column and a washing step, the pellet
containing tRNAs was resuspended in water, snap-frozen, and
stored at �80 °C. tRNAs (300 �g) were digested for 16 h at
37 °C in 20 mM ammonium acetate, pH 5.1, in the presence of
30 units of nuclease P1 (Sigma) and 0.5 mM ZnSO4. Tris-HCl,
pH 7.4, was added to reach a concentration of 50 mM with 15
units of alkaline phosphatase (Sigma) and incubated for 4 h at
37 °C. Methanol was added to reach a concentration of 50%
(V/V), and the solution was applied to a 3K Centricon (Milli-3 N. Yeung, unpublished data.
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pore). The pass-through containing the digested nucleosides
was saved, lyophilized, and resuspended in 50% MeOH.
Analysis of Nucleosides from tRNAs by Liquid Chromatogra-

phy-Electrospray Ionization-Time-of-flight Mass Spectrometry
(LC-ESI-TOF-MS)—The solvents and chemicals used for these
analyses were of HPLC grade (Honeywell Burdick & Jackson).
Liquid chromatographic separation of nucleosides was con-
ducted at 50 °C with a Kinetex XB-C18 reversed phase column
(100-mm length, 3-mm internal diameter, 2.6-�mparticle size;
Phenomenex) using a 1200 series ZORBAX rapid resolution
high-performance liquid chromatography (HPLC) system
(Agilent Technologies). The injection volume for each mea-
surement was 8 �l. The mobile phase was composed of 10 mM

ammoniumacetate (Sigma-Aldrich) inwater (solventA) and 10
mM ammonium acetate in 90% acetonitrile and 10% water (sol-
vent B). Themobile phases weremade up from a stock solution
of 100 mM ammonium acetate and 0.7% formic acid (Sigma-
Aldrich) in water. Nucleosides were separated with the follow-
ing gradient: 20–100% B for 5 min, held at 100% B for 1 min,
100–20% B for 0.5 min, held at 20% B for 4 min. A flow rate of
0.4 ml/min was used throughout. Nucleosides were observed
via diode array detection at a UV absorbance wavelength of 260
nm. TheHPLC systemwas coupled to an Agilent Technologies
6210 TOFMS. Drying and nebulizing gases (i.e. nitrogen) were
set to 12 liters/min and 25 pounds/in2, respectively, and a dry-
ing gas temperature of 320 °C was used throughout. ESI was
conducted in the positive ion mode. ESI-MS experiments were
carried outwith a capillary voltage of 3.5 kV at 0.86 spectra/s for
the detection of [M � H]� ions. Data acquisition and process-
ing were performed by the Agilent MassHunter software
package.
Surface Plasmon Resonance—Surface plasmon resonance

experiments were performed on a Biacore T100 (GE Health-
care). TheHis tag-free protein of interest was covalently immo-
bilized to the carboxymethylated dextranmatrix on aCM5 sen-
sor chip (GE Healthcare) via primary amino groups using the
amine-coupling protocol (GE Healthcare). Purified and tag-
free GrxD, NfuA, MiaB, BolA, SufA, ErpA, and IscA were
injected at various concentrations. All experiments were per-
formed at a flow rate of 20�l/min in 100mMTris, pH 8, 100mM

NaCl, 2 mM dithiothreitol (DTT), 0.05% Tween 20. Binding of
analyte toMiaB at equilibriumwas plotted against analyte con-
centration, and the Biacore T100 evaluation software (Biacore)
program was used to create a nonlinear curve fit of the data.
Analytical Gel Filtration—Analytical gel filtration was per-

formed on a Superdex 75 PC 3.2/30 column connected to an
Ettan LC system (GEHealthcare). The columnwas equilibrated
with gel filtration buffer (50mMTris-HCl, pH 8.0, 150mMKCl,
2 mM DTT, 1.5 mM glutathione) unless otherwise specified.
Air-sensitive samples were taken out of an anaerobic chamber
(Coy Laboratory Products) in gastight syringes and loaded
immediately onto the column. Calibration was performed with
the low molecular weight gel filtration calibration kit (GE
Healthcare).
Reconstitution of the FeS Clusters in MiaB—Apo-MiaB (150

�M) was incubated in an anaerobic chamber at 25 °Cwith 0.014
eq of IscS and 5mM L-cysteine in reconstitution buffer (100mM

Tris-HCl, pH 8, 100 mM NaCl, 5 mM DTT). All components

were degassed before introduction into an anaerobic chamber.
Reconstitution reactions were set up to include all components
except iron and incubated with constant stirring for 20 min.
Reconstitution was initiated by the slow addition of 20 eq of
ammonium iron (III) sulfate (Sigma-Aldrich). The proteinmix-
turewas allowed tomix for a further 2 h before application onto
a Q-Sepharose column equilibrated with 50 mM Tris-HCl, pH
8. The column was rinsed with 5 column volumes of Tris-HCl,
pH 8, and the protein was eluted using 50 mM Tris-HCl, pH 8,
500 mM NaCl.
Reconstitution of the FeS Cluster in GrxD—Apo-GrxD or

His-tagged apo-GrxD was reconstituted exactly as described
previously (10).
Reconstitution of the FeS Cluster in NfuA—Apo-NfuA (100

�M) was incubated in an anaerobic chamber at 25 °C with 0.05
eq of IscS and 2 mM L-cysteine in reconstitution buffer. After
incubation for 20 min with constant stirring, 2 mM ammonium
iron (III) sulfate was slowly added. The protein mixture was
allowed to mix for a further 1 h before application onto a
Q-Sepharose column equilibrated with 50 mM Tris-HCl, pH 8.
The column was rinsed with 5 column volumes of 50 mM Tris-
HCl, pH 8, and the protein was eluted using 50 mM Tris-HCl,
pH 8, 500 mM NaCl.
Affinity Co-purification Assay—Apo-MiaB (100 �M) was

incubated for 1 h in 50mMTris-HCl, pH 8, 100mMNaCl, 5mM

DTT with the His-tagged bait protein. Samples were then
applied to a 1-ml HisTrap affinity column (GE Healthcare) and
washed five times with 1 ml of buffer containing 50 mM Tris-
HCl, pH 8, 100 mM NaCl, 5 mM DTT, and 40 mM imidazole to
remove unbound MiaB. Bound proteins were eluted in 0.5-ml
fractions with buffer containing 50mMTris-HCl, pH 8, 100mM

NaCl, 5 mM DTT, and 500 mM imidazole. Proteins present in
each fraction were analyzed by SDS-PAGE. When GrxD was
used as a bait, 2.5 mM glutathione was added to all the buffers
listed above.
Analysis of FeS Transfer—Apo-MiaB (100�M)was incubated

with either reconstituted His-tagged holo-GrxD or reconsti-
tuted His-tagged holo-NfuA (200 �M) as described in the affin-
ity co-purification assay and separated using a 1-ml HisTrap
affinity column. Separation was performed as described in the
affinity co-purification assay with the following modifications.
Washes weremade in a buffer containing 20mM imidazole, and
elution fractions were 1 ml. Proteins present in each fraction
were analyzed by SDS-PAGE and by UV-visible spectropho-
tometry (Agilent HP 8453 spectrophotometer). When GrxD
was used, 2.5 mM glutathione was added to all the buffers listed
above.
Knock-out Mutants—E. coli single gene deletion mutants

were taken from the KEIO collection (23). The E. coli nfuA/
grxD double mutant (SB5068) was constructed by mutagenesis
of grxD in an nfuA background according to the procedure
previously described (24). Primer sequences used for mutagen-
esis are available on request.

RESULTS

MiaB from E. coli Binds Two 4Fe4S Clusters—Biochemical
and spectroscopic characterization of MiaB from Thermotoga
maritima had shown that the protein binds two 4Fe4S clusters
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(25). However, previous work indicated that MiaB from E. coli
contained only a single FeS cluster (15). To address this discrep-
ancy, we reconstituted the FeS cluster(s) in E. coli MiaB. After
reconstitution, anA414/A280 ratio of 0.29was obtained, which is
very similar to that reported previously (25) (Fig. 1,A andB). To
confirm the presence of a second cluster in E. coli MiaB, we
targeted three cysteine residues located at positions 157, 161,
and 164, which are conserved in the radical AdoMet enzyme
family (21) and have been shown to be responsible for binding
the radical AdoMet FeS cluster in T. maritimaMiaB (25). Fol-
lowing reconstitution of the MiaB C157A/C161A/C164A
mutant, the protein displayed an A414/A280 ratio of 0.151, con-
sistent with only one 4Fe4S cluster being reconstituted (Fig.
1C). Taken together, these results indicate that MiaB from
E. coli can also bind two 4Fe4S clusters.
MiaB Directly Interacts with GrxD and NfuA—SPA purifica-

tion data previously indicated that E. coli GrxD and BolA co-
purify with each other, and FeS cluster-containing GrxD (�
BolA) complexes were biochemically characterized (10). Mass
spectrometry data also identified MiaB and NfuA as minor
components of GrxD-SPA and BolA-SPA affinity-purified
complexes (14).3We therefore sought to investigate the poten-
tial interaction ofMiaBwith GrxD, BolA, andNfuA using qual-
itative and quantitative approaches.
Affinity Co-purification of MiaB with GrxD and NfuA—To

validate the potential interaction between the putative FeS clus-

ter biosynthesis factors GrxD and NfuA and the FeS cluster
client protein MiaB, a series of affinity co-purification experi-
ments was performed. Untagged MiaB was incubated with
potential His-tagged partner proteins, and the mixture was
applied to a HisTrap column (Fig. 2). As expected, MiaB alone
was not retained by the nickel-nitrilotriacetic acid resin. The
same pattern was observed after MiaB was incubated with
ferredoxin, an FeS protein not known to interact with MiaB,
andHis-Fdx eluted alone upon the addition of a high amount of
imidazole. However, significant changes were observed in the
elution profile of MiaB after incubation with His-GrxD or His-
NfuA. The elution of MiaB is stretched over additional wash
steps, and a portion of the protein co-eluteswith eitherGrxDor
NfuA upon the addition of a high concentration of imidazole.
The reverse experiment (His-tagged MiaB mixed with
untagged partner) leads to the same results (data not shown).
To show the specificity of the interaction between MiaB and
GrxD/NfuA, additional co-purification experiments were per-
formed with BolA and three known E. coli A-type carrier pro-
teins, SufA, IscA, and ErpA (Fig. 2). A very small amount of
MiaB was observed to co-purify with BolA, suggesting a weak
association; however, no MiaB was detected as co-purifying

FIGURE 1. UV-visible analysis of apo- and holo-MiaB and gel filtration
comparison of holo-MiaB with holo-MiaB C157A/C161A/C164A. A, UV-
visible spectra of apo-MiaB (solid line) and reconstituted holo-MiaB (dashed
line). mAU, milliabsorbance units. B and C, gel filtration analysis after reconsti-
tution of MiaB (B) and MiaB C157A/C161A/C164A (C). Elution profiles followed
at 280 nm are indicated by a solid line, and elution profiles followed at 414 nm
are indicated by a dashed line. The ratio of the maximal peak absorption at 414
nm divided by the maximal peak absorption at 280 nm (indicated by the
arrows marked with b and a) was 0.29 for WT MiaB and 0.15 for MiaB C157A/
C161A/C164A. The spectra were normalized to identical total protein
concentration.

FIGURE 2. Analysis of MiaB affinity co-purification with potential inter-
acting protein partners. A–H, Apo-MiaB (100 �M) was incubated with: no
His-tagged protein (A), 100 �M His-tagged Fdx (B), 100 �M His-tagged GrxD
(C), 100 �M His-tagged NfuA (D), 100 �M His-tagged SufA (E), 100 �M His-
tagged ErpA (F), 100 �M His-tagged IscA (G), and 100 �M His-tagged BolA (H).
Samples were applied to a 1-ml HisTrap affinity column and washed as
described under “Materials and Methods.” Fractions were analyzed by
SDS-PAGE.
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with SufA, IscA, or ErpA. These results indicate that MiaB is
being retained on the column by only His-GrxD andHis-NfuA,
consistent with specific physical interactions occurring
between these proteins.
Quantitative Binding of GrxD and NfuA with MiaB by Sur-

face Plasmon Resonance (SPR)—SPR is routinely used to detect
and quantify the affinity of an interaction between protein
pairs. To confirm the physical interactions observed in the co-
purification assays, MiaB, GrxD, and NfuA were purified as
described, and binding between apo-MiaB and apo-GrxD or
apo-NfuA was probed by SPR. Apo-MiaB was covalently cou-
pled to the chip surface and resonance wasmonitored, whereas

increasing amounts of apo-GrxD were passed over the chip. A
dose-response curve was obtained where an increase in
response units was observed with increasing concentrations of
apo-GrxD (Fig. 3A). Results obtained from three independent
experiments indicate that apo-GrxD interacts with apo-MiaB
with a KD of 12.0 � 2.6 �M. The interaction between apo-MiaB
and apo-NfuA was also confirmed and quantified by passing
apo-MiaB over an apo-NfuA-coupled chip surface. The KD for
apo-NfuA binding to apo-MiaB was 44.0 � 5.2 �M (Fig. 3B).
The relevance of the interaction between NfuA and MiaB was
confirmed using AcnB, a reported client of NfuA, as a standard
(8). The affinity of the AcnB/NfuA interaction was determined

FIGURE 3. Interaction of GrxD and NfuA with MiaB and NfuA with AcnB by surface plasmon resonance. A, SPR sensorgram of the binding of 0.25, 0.5, 1, 2.5,
5, 10, 20, 40, 80, and 125 �M apo-GrxD to immobilized apo-MiaB on a CM5 chip. Inset: affinity curve of GrxD flowing on MiaB. The measured KD for this
experiment is 8.6 �M. The KD obtained for three independent experiments was 12.0 � 2.6 �M. B, SPR sensorgram of the binding of 2.5, 5, 10, 20, 40, 80, and 160
�M MiaB to immobilized NfuA on a CM5 chip. Inset: affinity curve of MiaB flowing on NfuA. The measured KD for this experiment is 41.0 �M. The KD obtained for
eight independent experiments was 44.0 � 5.2 �M. C, SPR sensorgram of the binding of 2.5, 5, 10, 20, 40, 80, 160, 225, and 320 �M AcnB to immobilized NfuA
on a CM5 chip. Inset: affinity curve of AcnB flowing on NfuA. The measured KD for this experiment is 60.0 �M. The KD obtained for three independent
experiments was 54.6 � 8.3 �M.
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to be KD � 54.6 � 8.3 �M by SPR (Fig. 3C). In contrast, no
interaction was observed between MiaB and ErpA, IscA, or
SufA (data not shown). These results were consistent with
those obtained via affinity co-purification. In the case of BolA,
no interaction with MiaB was observed by SPR despite indica-
tion of a weak interaction by co-purification. These data high-
light the need to utilize multiple approaches to identify and
validate protein interactions.
Complex Formation between GrxD and MiaB—To uncover

the nature of the complex(es) formed by the interaction of
GrxD with MiaB, we incubated the purified proteins together
under multiple conditions and analyzed the apparent molecu-
lar mass and FeS cluster content by analytical gel filtration (Fig.
4). MiaB eluted as a single major peak with an apparent molec-
ular mass of 51.7 � 1.3 kDa (expected molecular mass � 53.6
kDa) (Fig. 4A, peak II) and a minor peak corresponding to the
void volume of the column, which may indicate aMiaB protein

aggregate. FeS cluster reconstituted GrxD migrated as a mix-
ture of dimeric holo-protein (apparent molecular mass: 37.9 �
2.6 kDa) andmonomeric apoprotein (apparentmolecularmass:
17.5� 1.7 kDa), consistent with previously published data (Fig.
4A, peaks III and IV, respectively) (10). Following incubation of
apo-MiaB with reconstituted GrxD at a 1:1 ratio, the resulting
mixture was analyzed by gel filtration. The 280 nm elution pro-
file was found to contain only two resolved species by gel filtra-
tion. The major protein species was present in a peak corre-
sponding to an apparentmolecularmass of 60.0� 2.3 kDa (Fig.
4A, peak I), with an additional minor high molecular mass spe-
cies present in void volume. Strikingly, both of the peaks corre-
sponding to GrxD (Fig. 4A, peaks III and IV) were not observed
in the 280 nm absorbance profile. We believe these data are
consistent with the 60-kDa peak corresponding to a mixture of
a MiaB-GrxD complex and MiaB alone. The absence of both
apo-GrxD andholo-GrxD from the elution profile suggests that
both forms of GrxD are being trapped by MiaB and that this
interaction does not depend on the presence of an FeS cluster.
These observations are supported by analysis of the 414 nm
elution profile (Fig. 4B). Here the presence of the FeS cluster in
the profile of GrxD alone at 37.9 � 2.6 kDa (Fig. 4B, peak III) is
completely absent from the profile of the MiaB and GrxDmix-
ture. Noticeably, we observed a correspondingly large increase
in FeS cluster content (11.6–41.8 milliabsorbance units) and a
slight shift to higher mass at 60.0 � 2.3 kDa (Fig. 4B, peak I)
when comparing MiaB in the presence of GrxD to MiaB alone
(51.7 � 1.3 kDa) (Fig. 4B, peak II). These results are consistent
with an intact holo-GrxD-[2Fe2S] dimer binding and forming a
complex with apo-MiaB.
GrxDDoesNot Transfer an FeSCluster to Apo-MiaB—As the

above results provide evidence for holo-GrxD binding to apo-
MiaB, we investigated whether GrxD could transfer its cluster
to apo-MiaB. His-tagged reconstituted holo-GrxD was incu-
bated with apo-MiaB (1 MiaB:2 GrxD). After separation of
GrxD fromMiaB on aHisTrap affinity column, the purification
fractions were analyzed by SDS-PAGE and UV-visible spec-
troscopy. SDS-PAGE indicated that the wash fractions con-
tained only MiaB and that the elution fractions contained a
mixture of GrxD and MiaB (Fig. 5A). Although the MiaB-con-
taining wash fractions did not show the presence of an FeS
cluster (Fig. 5B), the elution fractions, containing both GrxD
andMiaB, displayed UV-visible spectra typical of a 2Fe2S clus-
ter (Fig. 5C). The apparent decrease of FeS cluster content in
the elution fractions is likely be due to the additional presence
of MiaB protein and not due to true FeS cluster degradation or
transfer (Fig. 5C). Additional experiments to ascertain whether
the FeS cluster in the GrxD/MiaB mixture remained present in
GrxD or had been transferred to MiaB were performed using
CD (Fig. 5D). The spectrumof reconstitutedGrxD is consistent
with previously published results (10). The CD spectra of holo-
GrxD showed three maxima at 316, 473, and 564 nm as well as
two minima at 355 and 525 nm. The CD spectra of apo- and
holo-MiaB were also recorded. As expected, apo-MiaB did not
show any features in the visible region (data not shown); how-
ever, the spectrum of holo-MiaB contained spectral features (a
minimumat 425 nmandmaxima at 316 and 500 nm) consistent
with the presence of 4Fe4S clusters (26). Upon incubation of

FIGURE 4. Analysis of complex formation between GrxD and MiaB. A and
B, elution profile monitored at 280 (A) and 414 nm (B) from reconstituted
holo-GrxD, apo-MiaB, and the incubation of apo-MiaB with reconstituted
holo-GrxD. Each protein was present at 100 �M. Peak labels (I–IV) were
assigned from higher to lower apparent molecular size and are described
under “Results.” mAU, milliabsorbance units.
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holo-GrxD with apo-MiaB, we observed an overall decrease of
the ellipticity of the CD spectrum of the mixture. However, the
new spectrum is characteristic of holo-GrxD only. Taken
together, these results indicate that GrxD physically interacts
with apo-MiaB but retains, and does not transfer, its FeS cluster
to the apoprotein under these conditions.
As a control, we also tested the ability of GrxD to transfer an

FeS cluster to NfuA. Upon incubation of holo-GrxD with apo-
NfuA, no spectroscopic changes were observed, and no FeS
cluster transfer to, and accumulation in, NfuA was detected
after gel filtration (data not shown).
NfuA Binds and Can Transfer a 4Fe4S Cluster to Apo-MiaB—

The complex formed by MiaB incubated with holo-NfuA was
also characterized using analytical gel filtration (Fig. 6A). Apo-
MiaB eluted as described previously (Fig. 4A, peak II and Fig.
6A, peak II), and His-tagged apo-NfuA eluted at 29.5� 1.4 kDa
(Fig. 6A, peak III) (expectedmolecular mass: 23.1 kDa). Follow-
ing incubation of equimolar concentrations of apo-MiaB and
apo-NfuA, gel filtration analysis revealed the presence of a sin-
gle major peak at 62.2 � 1.3 kDa (Fig. 6A, peak I) and the con-
comitant absence of a peak attributable to apo-NfuA. The

major peak is shifted to higher apparent molecular mass when
comparedwithMiaB alone, consistent with the formation of an
MiaB-NfuA complex.
Potential transfer of the FeS cluster from NfuA to MiaB was

monitored by incubating apo-MiaB with His-tagged reconsti-
tuted holo-NfuA. The sample was then applied to a HisTrap
affinity column to permit separation of MiaB and NfuA. Frac-
tions were analyzed by SDS-PAGE and revealed that onlyMiaB
was present in the wash fractions, whereas elution fractions
contained predominantly His-NfuA and a readily detectable
amount of MiaB (Fig. 6B). Significantly, the UV-visible spec-
trum (Fig. 6C) of the second wash fraction, shown to contain
only MiaB, had increased FeS cluster content when compared
with apoprotein of the same concentration. Concomitantly, the
UV-visible spectrum of the second elution fraction revealed a
dramatic decrease of FeS cluster content in NfuA (Fig. 6D).
These data support our observations of a MiaB-NfuA interac-
tion (Fig. 2 and Fig. 3B) and further indicate that NfuA has
transferred its 4Fe4S cluster to MiaB. To confirm that NfuA
was capable of complete maturation of MiaB and insertion of
4Fe4S clusters to both radical SAM and UPF0004 domains, we

FIGURE 5. GrxD does not transfer an FeS cluster to apo-MiaB. A, SDS-PAGE analysis of the fractions collected after incubation and HisTrap separation of
reconstituted holo-His-tagged GrxD (200 �M) and apo-MiaB (100 �M). B, UV-visible spectra of apo-MiaB (dashed line) and the second wash fraction (solid line).
C, UV-visible spectra of reconstituted holo-GrxD (dashed line) and the second elution fraction (solid line). D, CD spectra of 100 �M holo-GrxD, 100 �M holo-MiaB,
and 100 �M holo-GrxD after 1 h of incubation with 100 �M apo-MiaB. UV-visible spectra were normalized to identical total protein concentration (absorbance
at 280 nm). mDeg, millidegrees.
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assayed the ability of NfuA to transfer its cluster to the MiaB
C157A/C161A/C164Amutant. After incubation of an excess of
His-tagged holo-NfuA with apo-C157A/C161A/C164A MiaB
and separation of the two proteins using a HisTrap column, we
observed UV-visible spectra of the C157A/C161A/C164A
MiaB wash fractions consistent with the binding of a 4Fe4S
cluster (data not shown). These results were almost identical to
those reported for WTMiaB (Fig. 6) and indicate that NfuA is
capable of transferring 4Fe4S clusters intact to both binding
sites in MiaB.
NfuA and GrxD Have an Effect on the Activity of MiaB in

Vivo—MiaB is involved in the methylthiolation of a subset of
tRNAs (18, 20). To further link GrxD and NfuA to MiaB func-
tion and activity in vivo, tRNA analysis was performed. More
specifically, tRNA was isolated and digested, and both fully
modified nucleoside (ms2i6A) and partially modified nucleo-
side (i6A) were quantified using reverse phaseHPLC coupled to
a mass spectrometer to determine the ms2i6A/i6A ratio. The
analysis of tRNAs from E. coli BW25113 indicated that there
was 6.53 � 0.44 times more ms2i6A than i6A (Fig. 7A). This
result is consistent with previously published data (27).
Observed differences between ms2i6A/i6A ratios reported here
and elsewhere can be explained by the strong influence of
growth medium used to culture E. coli as well as the method of
tRNA preparation and analysis (28, 29). In this work, nucleo-
sides were identified by LC-ESI-TOF-MS and quantified by
HPLC-UV, which we believe is a more quantitative measure

than a number of spectral counts by the mass spectrometer. As
expected, the miaB mutant had an ms2i6A/i6A ratio of 0.03 �
0.04 as methylthiolation is blocked and no ms2i6A is produced
in that strain. Interestingly, analysis of the ms2i6a/i6a ratio in a
grxD mutant showed a ratio of 5.90 � 0.86, within an experi-
mental margin of error. A ratio of 4.99 � 0.51 was observed in
an nfuAmutant, indicating a slight but significant impairment
in ms2i6a production in this latter strain. In contrast, a bolA
mutant showed a slight increase of thems2i6a/i6a ratio to 7.62�
0.64. A significant difference in the ms2i6A/i6A ratio was
obtained in an nfuA/grxD double mutant that showed a 5-fold
decreasewhen comparedwith thewild typewith anms2i6A/i6A
ratio of 1.32 � 0.08. The observed decrease in the ms2i6A/i6A
ratio corresponds to a significant impairment of MiaB activity
in the nfuA/grxD double mutant (cf. either single mutant
strain). These results strongly support the specific physical
interaction and FeS cluster transfer data linking GrxD and
NfuA to MiaB function.
Genetic Interaction between GrxD and NfuA—Growth

curves made in LB medium on strains used for the nucleoside
quantification did not display any significant differences
between E. coli BW25113 and miaB, bolA, grxD, and nfuA
mutants (Fig. 7B). In contrast, the nfuA/grxD double mutant
displayed an impaired growth rate when compared with
BW25113 and both nfuA and grxD single mutants. However, it
should be noted that after a 24-h incubation, the cell density
was approximately the same in all the strains tested (data not

FIGURE 6. Complex formation and FeS cluster transfer analysis of the interaction between NfuA and MiaB. A, analysis of complex formation between
NfuA and MiaB. Gel filtration elution profiles were recorded at 280 nm for apo-MiaB (red), apo-NfuA (blue), and apo-NfuA � apo-MiaB (black). Each protein was
present at a concentration of 100 �M. Peak labels (I–III) were assigned from higher to lower apparent molecular size and are described under “Results.” mAU,
milliabsorbance units. B, SDS-PAGE analysis of the fractions collected after incubation and HisTrap separation of reconstituted His-tagged holo-NfuA (200 �M)
and apo-MiaB (100 �M). C, UV-visible spectra of apo-MiaB (dashed line) and the second wash fraction (solid line). D, UV-visible spectra of reconstituted holo-NfuA
(dashed line) and the second elution fraction (solid line). UV-visible spectra were normalized to identical total protein concentration (absorbance at 280 nm).
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shown). These results are indicative of an aggravating genetic
interaction between grxD and nfuA.

DISCUSSION

In this work, we demonstrate the specificity of physical inter-
actions between E. coli GrxD, NfuA, and an FeS cluster client
protein, the sulfur-donating radical AdoMet enzyme MiaB.
Moreover, we report that NfuA is capable of intact FeS cluster
transfer to apo-MiaB, whereas GrxD is not, and implicate both
of these factors as working synergistically to maintain MiaB
activity in the cell. Recent work based on in vitro FeS cluster
transfer experiments has suggested thatmonothiol glutaredox-
ins may act as FeS cluster shuttles (13), perhaps acting to trans-
fer clusters to (or between) A-type carrier proteins. This work
does not address the potential forGrxD to act in cluster transfer
between A-type carrier proteins, but demonstrates for the first
time a role for GrxD in the in vivo activity of an FeS client
protein. Moreover, we also report the first quantitative interac-
tion data for the final step in FeS protein maturation, the asso-
ciation of an FeS carrier protein and an apo-FeS client protein.
The quantitative binding data for the MiaB/NfuA interaction
(Fig. 3B) are in good agreementwith the data of theAcnB/NfuA
interaction, from which aconitase B had previously been estab-
lished as an NfuA client protein (8).
The members of the radical AdoMet superfamily are FeS

cluster-dependent enzymes that use S-adenosylmethionine to
perform a wide diversity of reactions, including the functional-
ization of inert C–H bonds (30). A small subset of these
enzymes is able to catalyze the formation of C–S bonds. E. coli
encodes four such enzymes: the biotin synthase, BioB (31), the
lipoic acid synthase, LipA (32), the ribosomal protein-modify-
ing enzyme, RimO (33), and the tRNA-modifying enzyme,
MiaB (18). Radical AdoMet enzymes such as MiaB require the
sacrifice of an auxiliary FeS cluster as a source of sulfur to per-
form their catalytic cycles (22). In the case of MiaB, studies
hypothesized that an iron sulfur cluster located in the N-termi-
nal part of the enzyme (a UPF0004 domain) would be a sacrifi-
cial sulfur donor to perform the sulfur insertion reaction fol-
lowed by a methylation reaction (21). Even in the presence of
cysteine and cysteine desulfurase, no more than one turnover
had been obtained for MiaB in vitro, suggesting that an as yet
uncharacterized repair mechanism is required (25).

We found that GrxD and NfuA can interact withMiaB using
multiple methods such as affinity co-purification, SPR, and gel
filtration. Affinity co-purification and SPR indicated that MiaB
interacts specifically with GrxD and NfuA as all the other
A-type carriers from E. coli such as SufA, IscA, and ErpA did
not interact with MiaB (Fig. 2). Affinity co-purification experi-
ments were enriched with quantitative data obtained by SPR.
To our knowledge, the only studies with quantitative data char-
acterizing the interactions involving FeS cluster biosynthesis
factors were between SufS/SufE and SufE/SufBCD (34) and
between IscS/IscU (35). Both of these studies indicated an
interaction in the low micromolar range (2 �M for IscS/IscU,
0.36�M for SufS/SufE, and 2.78�M for SufE/SufBCD). It should
be noted that these associations represent what are believed to
be highly specific interactionswithin and between cysteine des-
ulfurase subunits and their cognate primary scaffold proteins.
No quantitative data are available characterizing downstream
interactions between scaffold proteins and A-type carrier pro-
teins or between carrier proteins and (apo)-FeS client proteins.
Our SPR results indicated that MiaB interacts with GrxD

with aKD of 12.0� 2.6�M (Fig. 3A) and withNfuAwith aKD of
44.0 � 5.2 �M (Fig. 3B). We believe these affinities are compat-
ible with an in vivo function when one considers the increased
putative substrate range of carrier proteins where a handful of
factors may be responsible for maturation of at least 110 FeS
proteins (1). We should note that as these measures were made
using proteins in their apo form, it is possible that these affini-
ties could be modulated by the presence of an FeS cluster.
Indeed, recent work studying the interaction between NfuA
andAcnB showed thatNfuAwas preferentially interactingwith
an apo form of AcnB, although no quantitative data were
reported (8). As a bona fide client substrate of NfuA, we estab-
lished the KD for the AcnB/NfuA interaction to be 54.6 � 8.3
�M (Fig. 3C). These data are in close agreement with the data
obtained for MiaB and reinforce the physiological relevance of
such interactions. Small amounts of MiaB were previously
observed to co-purify with BolA via affinity purification (10,
14). In light of the data presented here, we now believe that the
presence of MiaB in these pulldown experiments was due to its
association with GrxD, perhaps as a component of a GrxD-
BolA heterodimer (10). The weak signal suggesting a BolA/

FIGURE 7. HPLC-LC analysis of modified nucleosides present in tRNA and growth curves of the strains used for the tRNA analysis. A, the ratio of
ms2i6A/i6A modified nucleosides present in E. coli BW25113 (WT) total tRNA and corresponding miaB, bolA, grxD, nfuA, and nfuA/grxD double mutant strains
was obtained after UV quantification of ms2i6A and i6A nucleosides present in total tRNA digests. Data represent results from three independent experiments
using three independent mutant isolates. B, E. coli BW25113 (WT), bolA, grxD, miaB, nfuA, and nfuA/grxD mutants were grown in LB for 24 h. The optical density
at 600 nm of the cultures was monitored over 24 h. The average of the A600 obtained by three independent experiments � the S.D. is plotted.
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MiaB interaction from affinity co-purification (Fig. 2) was not
reproduced using SPR (data not shown). The interaction
observed during the co-purification experiment is therefore
likely an artifact of a nonspecific interaction and reinforces the
necessity to use multiple methods to measure interactions.
A commonly used approach when characterizing FeS cluster

scaffold and carrier proteins is to assess their capacity to trans-
fer FeS clusters, intact, to partner carriers or model FeS client
apoproteins (8, 16, 17). Indeed, the in vitro transfer of an FeS
cluster from A. vinelandii IscU scaffold protein to the mono-
thiol glutaredoxinA. vinelandiiGrx5 and the transfer of an FeS
cluster from A. vinelandii Grx-nif (among others) to the
A. vinelandii NifIscA carrier protein have recently been
reported (13, 36). Likewise, Py et al. (8) reported the in vitro
transfer of FeS clusters from SufA and IscA to NfuA. These
transfer reactions were monitored spectroscopically, and no
physical interaction data, qualitative or quantitative, were
reported for the donor and recipient proteins. Indeed, remark-
able plasticity was observed and rapid cluster transfer was
noted from Arabidopsis thaliana GrxS14 and Saccharomyces
cerevisiaeGrx3 toA. vinelandiiNifIscA. This plasticitymay sug-
gest that in vitro FeS cluster transfer reactions are driven largely
by thermodynamics and, in the absence of additional physical
and functional interaction data, cannot alone document phys-
iologically relevant associations. With this caveat in mind, our
observation of a physical interaction and quasi-stable complex
formation (Fig. 6A) between MiaB and NfuA indicates that in
vitro FeS transfer from NfuA to MiaB is likely to be physiolog-
ically relevant (Fig. 6, B–D). Moreover, even in the absence of
observed cluster transfer from holo-GrxD to apo-MiaB, which
is perhaps not surprising given the capacity of GrxD to bind a
2Fe2S cluster and the presence of only 4Fe4S clusters in holo-
MiaB, the specific and quantitative physical interaction of
GrxD (apo and holo) with MiaB supports a functional interac-
tion between these proteins (Figs. 3 and 5).
To reconcile in vitro interaction and transfer data with func-

tion, we assayed the in vivo activity of MiaB in various mutant
backgrounds by monitoring levels of tRNA modification,
namely the ratios of i6A to ms2i6A (Fig. 7A). Quantification of
i6A andms2i6A indicated that grxD and nfuA single mutants do
not display major defects in ms2i6A production, perhaps due to
partial functional redundancy and additional compensating
factors within the cell. However, in stark contrast, an nfuA/
grxD doublemutant displayed amajor decrease inms2i6Awhen
compared with i6A. This indicates that both GrxD and NfuA
are important in maintaining the in vivo activity of MiaB.
As severe lack of tRNAmodification is seen only in the dou-

ble mutant, a simple hypothesis could be that NfuA and GrxD
are functionally redundant. We do not believe this functional
redundancy is at the molecular level, however, as in vitro bio-
chemical data indicate different properties for intact cluster
transfer from these factors to MiaB. Our current favored
hypothesis is thatGrxD andNfuA are functionally redundant at
the level of “maintaining MiaB activity” and fulfill different
functions with MiaB, such as de novo FeS cluster insertion and
FeS cluster repair or regeneration. We have illustrated a puta-
tivemodel for the interactions and functions ofGrxD andNfuA
with MiaB (Fig. 8).

Based on data reported here, NfuA is a strong candidate to be
themajor physiological provider of both 4Fe4S clusters present
in radical SAMandUPF0004 domains of apo-MiaB in vivo. The
role of GrxD is more speculative, but may be centered around
the repair or regeneration of the UPF0004 domain substrate
FeS cluster during MiaB turnover. This substrate FeS cluster
present after turnover is annotated as a 4Fe3S cluster in the
model, but has never been observed and remains to be charac-
terized. As presented in the model, we believe that holo-GrxD
could bind and repair the used substrate FeS cluster in the
UPF0004 domain, recreating the active form of MiaB. Alterna-
tively, apo-GrxD could scavenge the remaining used substrate
FeS cluster, generating holo-GrxD and an empty UPF0004
domain ready for a fresh round of de novo cluster insertion by
NfuA. Either function of repair or scavenging by GrxD would
likely make regeneration of the catalytically competent form of
MiaBmore efficient. From a cellular perspective, the absence of
GrxD may therefore slow down MiaB turnover, but could
potentially be compensated for by increased levels of MiaB in
the cell (or increased levels ofMiaB synthesis and degradation).
This could explain the observed lack of an effect onMiaB activ-
ity in a grxD null mutant. Likewise, lack of NfuA in the cell does
give rise to a small MiaB activity defect, but is likely compen-
sated for by increased regeneration of MiaB enzyme, by GrxD,
and by de novo cluster insertion into apo-MiaB directly by scaf-
fold proteins (IscU, SufBCD) or other as yet unidentified fac-
tors. Only in the nfuA/grxD double mutant where both a major
de novo biosynthesis factor and a major regeneration factor are

FIGURE 8. Proposed model for the interaction of MiaB with GrxD and
NfuA. MiaB is composed of three main domains, a TRAM domain that binds a
substrate tRNA molecule, a radical SAM domain that binds an AdoMet mole-
cule as well as a 4Fe4S cluster, and a UPF0004 domain containing the sacrifi-
cial substrate 4Fe4S cluster. NfuA can interact with and transfer 4Fe4S clusters
to both radical SAM and UPF0004 domains in apo-MiaB. Once MiaB is loaded
with two FeS clusters, the enzyme is able to methylthiolate its tRNA targets
(i6A) using two molecules of AdoMet (producing a 5�-deoxyadenosyl radical,
Ado., methionine, Met, and S-adenosyl-L-homocysteine, SAH) and a sulfur
atom, most likely sourced from the UPF0004 domain 4Fe4S cluster and result-
ing in the presence of a modified tRNA (ms2i6A) and a partially degraded
cluster (shown as 4Fe3S). To perform another turnover, this substrate cluster
requires regeneration either via direct repair or via “scavenge and replace”
mechanism. In the case of a direct repair mechanism, a GrxD homodimer
could sacrifice its 2Fe2S cluster to replace the missing sulfur atom in MiaB. If a
scavenge and replace mechanism occurs, GrxD could accept the used sub-
strate cluster from MiaB, regenerating an empty UPF0004 domain, a target for
de novo cluster insertion by NfuA.
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absent is a large defect in MiaB activity observed. The observa-
tion of someMiaB activity in an nfuA/grxD doublemutant sup-
ports a potential minor role for other unidentified factors in
MiaB maturation.
We believe that the observed synergistic effect of GrxD and

NfuA is larger in scope than MiaB alone, and evidence to sup-
port this is provided by growth studies (Fig. 7B). The growth
curves reported show that an miaB null mutant grows signifi-
cantly faster than an nfuA/grxD null mutant, indicating that in
addition to being involved in MiaB activity, GrxD and NfuA
affect the function of other cellular processes. The observation
of an aggravating genetic interaction between grxD and nfuA
mutations is congruous with the hypothesis that these factors
may fulfill primarily different roles with client proteins. Future
workwill explore the interactions ofGrxD andNfuAwithMiaB
and their impact on other cellular processes.
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