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Mechanistic insights into metal ion activation and
operator recognition by the ferric uptake regulator
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Ferric uptake regulator (Fur) plays a key role in the iron homeostasis of prokaryotes,

such as bacterial pathogens, but the molecular mechanisms and structural basis of Fur–DNA

binding remain incompletely understood. Here, we report high-resolution structures

of Magnetospirillum gryphiswaldense MSR-1 Fur in four different states: apo-Fur, holo-Fur, the

Fur–feoAB1 operator complex and the Fur–Pseudomonas aeruginosa Fur box complex. Apo-Fur

is a transition metal ion-independent dimer whose binding induces profound conformational

changes and confers DNA-binding ability. Structural characterization, mutagenesis, bio-

chemistry and in vivo data reveal that Fur recognizes DNA by using a combination of base

readout through direct contacts in the major groove and shape readout through recognition of

the minor-groove electrostatic potential by lysine. The resulting conformational plasticity

enables Fur binding to diverse substrates. Our results provide insights into metal ion

activation and substrate recognition by Fur that suggest pathways to engineer magnetotactic

bacteria and antipathogenic drugs.
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I
ron is essential for many biological processes in almost all
living organisms1,2. However, high concentrations of Fe(II) are
toxic due to the formation of highly reactive radicals via the

Fenton reaction3. To survive, the cell has strategies for tightly
regulating the cytoplasmic iron level. In most bacteria, iron
homeostasis is regulated primarily by the ferric uptake regulator
(Fur). Exceptions to Fur use in bacteria include Gram-positive
bacteria with high genomic GC content, such as Corynebacterium
and Streptomyces, in which the diphtheria toxin repressor (DtxR)
regulates iron homeostasis4,5.

Fur, which was first discovered in Escherichia coli, is a global
transcriptional regulator that directly controls the transcription of
over 90 genes involved in iron uptake, storage and metabolism6.
Fur controls the iron-regulated expression of Shiga toxin in
Shigella dysenteriae, haemolysin in E. coli and exotoxin A in
Pseudomonas aeruginosa7,8. Fur is vital to host/parasite inter-
actions because it controls the expression of many proteins
that function in iron-scavenging and uptake systems that can
acquire iron directly from haem or specifically internalize host
iron-binding proteins9. Analyses of different Fur-regulated
promoters in E. coli and P. aeruginosa led to identification of
the consensus Fe(II)-Fur-binding sequence, 50-GATAATGATA
ATCATTATC-30, known as the ‘Fur box’ (Supplementary
Table 1)10,11. In the classic Fur regulation pattern, monomeric
Fur binds iron, dimerizes and then binds to the promoter of
Fur-regulated genes to occlude binding of RNA polymerase and
repress gene transcription12. In addition to Fe(II), Fur is activated
by other divalent transition metal ions, with the following order
of activation: Zn(II)cCo(II)4Fe(II)4Mn(II)13.

Several holo-Fur structures have been solved, revealing a
modular domain organization including an N-terminal DNA-
binding domain (DBD) and a C-terminal dimerization domain
(DD). Metal ions mediate the binding of Fur to operators, and
metal ion-binding sites are diverse in bacterial species7,14–17.
Recently, a minor-groove readout mechanism used by Fur has
been proposed18. However, the molecular mechanisms for metal
ion activation and operator recognition by Fur remained poorly
understood. Unresolved issues include the mechanisms by which
metal ions activate Fur, and explanations for why Fur has such a
broad substrate-binding ability. Moreover, the lack of Fur–DNA

complex structures has prevented the design of antipathogenic
drugs.

A recent study identified a fur gene in Magnetospirillum
gryphiswaldense MSR-1. This study demonstrated that fur can
directly regulate the expression of several key genes involved in
iron transport and oxygen metabolism, and that fur can
complement a fur-defective mutant of E. coli in an iron-
responsive manner in vivo19,20. The fur gene plays a key role in
the formation of magnetosomes, which are uniform, nanosized
and membrane-enclosed magnetic crystals that have been used in
many biomedical applications due to their unique features21.

In this study, we present six crystal structures of apo-Fur, holo-
Fur, Fur in complex with the Fe2þ transport protein (feoAB1)
operator and the P. aeruginosa (or E. coli) Fur box. To address the
roles of each metal- and DNA-binding site, we performed
biochemical, biophysical and in vivo analyses of Fur wild type
(WT) and mutants. These structures, in conjunction with
mutagenesis and functional studies, allow us to uncover the
possible mechanisms of the metal ion-induced conformational
changes and the DNA recognition of broad target genes by
Fur.

Results
Fur recognizes the feoAB1 operator and P. aeruginosa Fur box.
MSR-1 Fur (MgFur) interacts with the feoAB1 promoter19. To
determine the specific Fur-binding sequences, DNase I
footprinting of the feoAB1 promoter was performed in the
presence of manganese ions. The feoAB1-coding strand showed a
25-base pair (bp) main protected region with the sequence
50-TTAATCGCAACTCATTCGCAATTGC-30, referred to as the
‘feoAB1 operator’ (Fig. 1a). The operator did not have the typical
features of the Fur box with three adjacent 50-GATAAT-30

hexamers. Additional gel shift assays showed that Fur binds
specifically to the feoAB1 operator and the P. aeruginosa Fur box.
When EDTA was added to chelate metal ions, Fur lost its
DNA-binding ability and was unable to bind to the feoAB1
operator or the P. aeruginosa Fur box (Fig. 1b). Competitive
binding of excess free DNA to Fur protein confirmed the
interaction between holo-Fur and the feoAB1 operator (Fig. 1c).
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Figure 1 | MgFur specifically binds to the feoAB1 operator and the P. aeruginosa Fur box. (a) DNase I footprinting of the coding strand of the feoAB1

promoter region identified using MgFur. Fluorograms correspond to the control protein (10mM bovine serum albumin) and to the protection reaction with

increasing concentrations of Fur (0.18, 0.72 and 3.6mM). The corresponding protected sequence is shown below. (b) Binding of Fur to the feoAB1 operator

or the P. aeruginosa Fur box depends on metal ions. (c) 30 DIG-labelled DNA probe and Fur protein were incubated with varying amounts of unlabelled DNA.

The DNA is that of the feoAB1 operator, and the position of the free probe is indicated. Lane 9, DNA probe; lane 10, standard binding reaction; lane 11,

standard binding reactionþ 30-fold molar excess of unlabelled probe DNA; lane 12, standard binding reactionþ 50-fold molar excess unlabelled DNA.
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Apo-Fur forms a transition metal ion-independent dimer. The
apo-MgFur structure was determined at 1.55Å resolution
(Table 1). The results showed that apo-Fur is made of two
monomers that form a stable dimer (Fig. 2a,b), with both
monomers consisting of residues 1–134 and nine disordered
C-terminal residues. Each monomer exhibited a modular archi-
tecture, including an N-terminal DBD and C-terminal DD,
connected by a flexible hinge formed by residues 83–88
(Supplementary Fig. 1a). The DBD was composed of four
consecutive a-helices (a1, a2, a3 and a4) followed by an
antiparallel b-sheet (b1�b2) (Fig. 2b). The DD contained a
mixed-a/b domain, in which a5 intersected between b4 and b5
(Supplementary Fig. 1a). The dimeric interface was primarily
formed by the DD, which was composed of two a5 and two b5
that formed intermolecular hydrophobic interactions and an
antiparallel b-sheet, respectively (Supplementary Fig. 2a,b). The
buried interface comprised 1,628.4 Å2 per molecule, indicating a
very strong interaction between the monomers. Additional size-
exclusion chromatography and analytical ultracentrifugation
results confirmed that apo-Fur exists as a dimer in solution
(Supplementary Fig. 2c,d).

Overall conformations of the two Fur monomers, especially in
the hinge region, differed greatly, with an overall root mean
squared deviation (r.m.s.d.) of 4.6 Å (Fig. 2b; Supplementary
Fig. 3a; Supplementary Movie 1). However, their DD and DBD
conformations were almost identical (r.m.s.d.¼ 0.9 and 0.4 Å,
respectively). Analysis of the crystal packing of the apo-Fur
structure revealed that the DBD is stabilized by other DBDs and
DDs from symmetric units. As apo-Fur is mostly dimeric in
solution, the positions of the DBD and hinge are flexible
(Supplementary Movie 1). Close analysis of the calculated Fourier
maps in proximity to the metal ion-binding sites failed to detect
any additional electron density. No absorption peak of transition
metal ions was found by X-ray absorption spectroscopy,

suggesting that the metal ion-binding sites are not occupied in
apo-Fur.

Metal ion binding induces conformational changes of the DBD.
Despite testing different metal ions through extensive screening,
we were unable to obtain crystals for holo-Fur. Sequence align-
ment showed that MgFur has a unique motif, made of Cys9,
Met14 and Met16 (Supplementary Fig. 1a). Therefore, we hypo-
thesized that these three residues might be easily oxidized during
protein crystallization.

We produced a C9L/M14L/M16V-triple mutant that success-
fully generated diffraction-quality holo-Fur crystals. The overall
structure of holo-Fur was a homodimer with the same secondary
structure as that of apo-Fur (Fig. 2b,c). The two monomers in
holo-Fur had nearly identical conformations (r.m.s.d.¼ 0.36Å)
that differed substantially from those in apo-Fur. The overall
holo-Fur structure from MSR-1 was similar to that from other
prokaryotes (for example, r.m.s.d.¼ 1.9 Å compared with that
from Vibrio cholerae)15. The large difference between the apo-
and holo-Fur structures arose from the conformations of the two
N-terminal DBDs and two hinges. Thus, the binding of two
Mn2þ ions stabilized the hinge conformation and induced
profound conformational changes of the DBD (Supplementary
Fig. 3b; Supplementary Movie 1). By binding metal ions, the
dimeric DD holds the DBD, and the DD is prepared to bind
target DNA (Supplementary Fig. 3c).

Each holo-Fur monomer contains two Mn2þ -binding sites
(site 1 and site 2). Site 1 links the DBD and DD. This site contains
a manganese ion, Mn1, that is hexacoordinated by two residues
(H33 and E81) from the DBD and three residues (H88, H90 and
E101) from the DD (Fig. 3a). Through using site 1, the DBD is
recruited to the DNA-binding site. Site 2 resides almost entirely
in the DD, within the b3 and b5 strands and a5 helix. In site 2,

Table 1 | Data collection and refinement statistics of MSR-1 Fur and complexes.

SeMet-apo-Fur Apo-Fur Holo-Fur SeMet-Fur-Mn2þ –
feoAB1 operator

Fur-Mn2þ–
feoAB1 operator

Fur-Mn2þ–P.
aeruginosa
Fur box

Data collection
Space group C2 C2 I222 C2 C2 C2
Cell dimensions
a, b, c (Å) 69.2, 78.5, 66.1 69.4, 78.2, 66.5 79.6, 96.8, 119.9 94.3, 68.7, 82.6 94.0, 68.6, 84.0 159.5, 42.9, 60.5
a, b, g (̊ ) 90, 108.9, 90 90, 108.7, 90 90, 90, 90 90, 109.3, 90 90, 108.7, 90 90, 94.9, 90

Resolution (Å)* 50–1.85 (1.88–1.85) 50–1.55 (1.58–1.55) 50–1.90 (1.93–1.9) 50–2.82 (2.87–2.82) 50–2.6 (2.64–2.6) 50–2.75 (2.8–2.75)
Rmerge (%) 5.4 (23.8) 5.7 (58.3) 6.9 (65.3) 7.8 (77.9) 8.2 (59.5) 8.3 (64.7)
I/sI 52.5 (6.1) 44.4 (2.9) 44.4 (2.8) 26.9 (2.2) 43.6 (2.2) 22.5 (2.1)
Completeness (%) 98.1 (90.0) 99.5(100.0) 99.5 (95.2) 91.4 (92.4) 97.1 (85.4) 94.5 (96.5)
Redundancy 7.3 (5.7) 5.1 (5.0) 9.3 (5.4) 6.2 (6.1) 10.4 (6.2) 8.8 (7.9)

Refinement
Resolution (Å) 50–1.85 (1.90–1.85) 50–1.55 (1.59–1.55) 50–1.9 (1.95–1.9) 45.73–2.82 (2.89–2.82) 44.56–2.6 (2.67–2.6) 30–2.75 (2.82–2.75)
No. of reflections 26,458 (1,572) 45,803 (3,295) 34,732 (2,277) 10,544 (772) 14,488 (920) 8,112 (432)
Rwork/Rfree (%) 17.4/20.7 (16.3/28.8) 18.9/20.4 (22.5/26.3) 20.3/22.7 (37.0/39.7) 23.8/27.5 (39.6/35.3) 23.2/26.5 (41.3/49.9) 22.6/24.9 (34.2/36.4)
No. of atoms
Protein 2,094 2,134 2,216 1,998 2,102 1,985
DNA/ion 72 33 16 1,059 1,028 487
Water 97 135 190 14 15 3

B-factors
Protein 31.0 28.3 34.3 89.6 77.0 45
DNA/ion 31.6 31.5 34.7 91.2 75.6 34.2
Water 32.2 34.2 40.3 72.8 61.2 29

r.m.s.d.
Bond lengths (Å) 0.008 0.006 0.010 0.004 0.005 0.007
Bond angles (�) 1.467 1.400 1.293 0.866 0.944 1.340
Ramachandran
plot (%)w

95.2/4.3/0.4/0.1 95.5/4.5/0/0 93.8/6.2/0/0 89.2/10.8/0/0 88.1/11.9/0/0 88.6/11.4/0/0

r.m.s.d., root mean squared deviation.
Note that all Fur protein in complex structures is C9L/M14L/M16V-triple mutant with the exception of SeMet-Fur-Mn2þ–feoAB1 operator.
*Statistics for the highest-resolution shell.
wResidues in most favoured, additional allowed, generously allowed and disallowed regions of the Ramachandran plot.
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the manganese ion, Mn2, is also hexacoordinated by residues
H87, D89, E108, H125 and Q111, while a water molecule
mediates interactions with the latter (Supplementary Table 2;
Supplementary Fig. 3a,e).

Site 1 is essential for Fur–DNA binding in vitro. The rela-
tionship of the two metal-binding sites in holo-Fur and their
functional roles are still unclear. To address these issues, we
performed titrations of the WT protein and two double mutants
(site-1 mutant H33A/H90A and site-2 mutant E108A/H125A)
with manganese ions by isothermal titration calorimetry (ITC).
The titration curve of WT Fur fits a two-binding-site model
(Fig. 3b), whereas the mutants only fit a one-binding-site model,
implying that one binding site was lost. WT Fur had a high-
affinity binding site 1 (Kd¼ 4.6 mM) and a low-affinity binding
site 2 (Kd¼ 71.0 mM). The two binding sites exhibited concerted

efforts, as disrupting one binding site lowered the binding affinity
of the other site by about one order of magnitude (Fig. 3d).

We examined whether these binding sites are functionally
relevant to the DNA-binding affinity through surface plasmon
resonance (SPR) experiments. The strongest DNA binding was
observed for the WT protein (KD¼ 85 nM). The E108A/H125A
mutation substantially decreased the affinity (KD¼ 272 nM), and
the H33A/H90A mutation abolished binding (Fig. 3c,d;
Supplementary Fig. 4c,d). These results demonstrate that the
metal ion-binding site 1 is sufficient for Fur to gain detectable
DNA-binding affinity in vitro. Although site 2 was not essential
for DNA binding, its disruption substantially reduced the DNA-
binding ability.

Overall structure of Fur-Mn2þ–DNA ternary complex. Fur
specifically recognizes the target sequences of regulated genes
and affects their transcription through poorly understood
mechanisms. We solved the structures of Fur bound to 25-bp
oligonucleotides containing either the feoAB1 operator or the
P. aeruginosa Fur box. We first tried to co-crystallize MgFur with
different lengths of the feoAB1 operator containing the specific
sequence; however, all of the crystals diffracted poorly. To obtain
diffraction-quality crystals, we mutated the feoAB1 operator to
generate a near-perfect inverted repeat. The sequence in the
co-crystal of the Fur-Mn2þ–feoAB1 operator ternary complex
was 50-TTAATTGCAAATCATTTGCAATTGC-30, carrying
three single-base-pair mutations (underlined). MgFur bound to
this sequence and to the original sequence with similar binding
affinities (Supplementary Fig. 4c,f). We also screened complexes
of the Fur–P. aeruginosa Fur box with different sequences at
the end regions. The sequence in the final co-crystal of the
Fur-Mn2þ–P. aeruginosa Fur box complex was 50-CGCGATAA
TGATAATCATTATCCGC-30. The functional structure was
generated by a crystallographic twofold axis.

The solved structure of the Fur-Mn2þ–feoAB1 operator
complex contained one Fur dimer bound to double-stranded
DNA (dsDNA) (Fig. 4a). Surprisingly, binding of two Fur dimers
to one dsDNA target site was found in the Fur-Mn2þ–
P. aeruginosa Fur box structure, with one dimer bound close to
the 50 end of the coding strand and the other dimer close
to the 30 end (Fig. 4b). The electron density corresponding to
the P. aeruginosa Fur box was sufficiently well resolved to
allow unambiguous assignment of the DNA nucleotide sequence,
except for one missing base at each 30 end (Fig. 4c; Supplementary
Fig. 5a,b). Consistent with this observation, each complex was
eluted as a single peak from a size-exclusion column with a
molecular weight corresponding to that of the complex structure
(Fig. 4d). Combined with the findings from the gel shift assay
(Fig. 1b, lanes 3–6) and a previous report22, these results suggest
that Fur can bind DNA targets at different ratios.

Superimposition of all DNA-bound Fur subunits with the
holo-Fur subunits using all Ca atoms revealed moderate
differences (r.m.s.d.¼ 1.2–2.1Å). In both complexes, DNA
binding resulted in a decreased distance (from 36 to 34Å)
between the a4 helices of the two monomers (Fig. 2d;
Supplementary Fig. 3c), such that the a4 recognition helices fit
better into consecutive major groove regions.

Fur recognizes DNA using base and shape readout modes. Fur-
bound DNA molecules were in a B-form conformation and
slightly bent away from the a4 helix at the interface with the
protein (Fig. 4a,b). Despite the sequence variation between the
two DNA target sites, each Fur monomer formed similar contacts
with both dsDNA strands using its DBD. The DBDs in one Fur
dimer did not interact with each other. The DBD recognized a
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characteristic 10- to 11-bp DNA target, which contained an
important G base, a conserved T base and an AT-rich region that
was characterized by a narrow minor groove (Fig. 4e;
Supplementary Fig. 5a,b). Most interactions were with residues
15–20 in the L1 loop (Fig. 4f; Supplementary Fig. 5c) and with the
a4 recognition helix (Fig. 4g; Supplementary Fig. 5d), which
interacted with functional groups at the major groove edges of the
base pairs forming the binding site (base readout)23. The L1 loop
formed contacts with DNA in the minor groove (shape
readout)24. This recognition mechanism differs substantially
from that of the iron-responsive transcriptional regulator DtxR,
in which a b-sheet (forming a ‘wing’) is used to bind DNA in the
minor groove25 (Supplementary Fig. 3d).

Most interactions between Fur and DNA occurred on the
phosphodiester backbone. Side chains of Thr17, Gln19 and Arg20
and the backbone of Val16 in the L1 loop formed hydrogen bonds
or electrostatic interactions with DNA phosphate groups in the
minor groove. Another sequence-independent interaction with
the DNA backbone occurred via the side chains of Thr54 and
Tyr56 and the backbone of Ser51 and Ala78 (Fig. 4e–g;
Supplementary Fig. 5a–d).

Lys15, Tyr56 and Arg57 recognized DNA through three
different modes of interaction (Supplementary Fig. 5a). In the
first recognition mode, the phenyl ring of Tyr56 in the a4 helix
forms van der Waals interactions with one or two consecutive T
bases in the major groove, such as the methyl groups of T150 and
T160 of the feoAB1 operator or T120 of the P. aeruginosa Fur box
(Fig. 4g; Supplementary Fig. 5d). This observation is consistent
with our SPR finding of a very weak DNA-binding signal for the
Y56A mutant (Fig. 4h), as well as with previous hydroxyl radical
footprinting and missing-T assay results demonstrating that loss
of thymine nucleotides impairs the DNA binding of Fur11.
Therefore, the thymine base is an essential recognition element
for direct contacts with Fur.

In the second recognition mode, Arg57 inserts into the major
groove, forming bidentate hydrogen bonds between its guanidi-
nium group and atoms O6 and N7 of a conserved guanine, such
as G7 of the feoAB1 operator and G10 of the P. aeruginosa Fur
box (Fig. 4g; Supplementary Fig. 5d). Arg57 also forms one
hydrogen bond with T150 of the P. aeruginosa Fur box. The

importance of this interaction was confirmed by the SPR
experiments, in which no DNA-binding ability was detected for
mutant R57A (Fig. 4h).

In the third recognition mode, Lys15 of the L1 loop inserts into
the minor groove with few direct interactions with DNA. For
example, it forms hydrogen bonds with A240 of the feoAB1
operator or with T6 and T210 of the P. aeruginosa Fur box
(Fig. 4f; Supplementary Fig. 5c). However, these interactions do
not have any base specificity26. To test whether Lys15 is required
for the DNA-binding ability of Fur, we measured the KD values
for the binding of the K15A mutant to the feoAB1 operator. The
K15A mutant had a substantially lower binding affinity than the
WT protein (977 versus 85 nM; Supplementary Fig. 4c,e).

Lys15 and sites 1 and 2 are essential for Fur function in vivo.
Both Lys15 and metal ion-binding site 2 affected the DNA-
binding ability of Fur and were not indispensable in vitro
(Supplementary Fig. 4e,h). We analysed the physiological
significance of Lys15 and binding site 2 in vivo by generating a
fur-defective strain of MSR-1 (F4) and complementary strains
capable of expressing WT (F4C), the single mutants K15A and
R57A, binding site-1 mutant H33A/H90A and binding site-2
mutant E108A/H125A. We examined the regulatory effect of Fur
and Fur mutants on the feoAB1 gene involved in iron metabolism.

Under the iron-repleted condition, relative expression levels of
the feoAB1 gene detected by quantitative real-time PCR (qPCR;
Fig. 5a, left two lanes) in WT and F4C strains were 5.81- and
3.57-fold higher, respectively, than levels under the iron-depleted
condition. These findings indicate that the feoAB1 gene is
obviously repressed in the WT and F4C strain. Consistent with
the in vitro results, in the F4 strain and strains containing R57A
and the binding site-1 mutant H33A/H90A, the difference
between the expression levels of feoAB1 under the iron-repleted
and iron-depleted conditions was not obvious, suggesting that
feoAB1 gene expression is not subject to regulation. Although the
K15A and binding site-2 E108A/H135A mutants still had
comparable DNA-binding abilities in vitro, both strains lost the
ability to repress feoAB1 gene expression under the iron-repleted
condition.
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The fur gene plays a key role in magnetosome formation by
MSR-1 (refs 19,20). Transmission electron microscopy (TEM)
results confirmed that all strains containing the four Fur mutants
and the F4 strain substantially reduced the total size of
magnetosomes that formed, with the smaller magnetosomes
being dispersed in cells and arranged in irregular chains
(Fig. 5d–h). Magnetosomes of the WT and F4C strains did not
show this reduction in size (Fig. 5b,c). These results suggest that
Lys15 and the two binding sites are essential for Fur function
in vivo.

Lys15 recognizes DNA through minor-groove shape readout.
The aforementioned results of two in vivo experiments revealed
that Lys15 is essential for Fur function. However, structure
analysis showed that the Lys15 residues anchored in the minor

groove of the Fur-Mn2þ–feoAB1 operator and the Fur-Mn2þ–
P. aeruginosa Fur box without base-specific contacts. To uncover
the recognition mechanism of Lys15, we further analysed the
DNA structure. The minor-groove region bound by the Lys15
side chains was narrower than its adjacent regions (Fig. 6, blue
line), with a minimum width of about 4Å (versus 5.8 Å for
standard B-DNA). The narrower minor groove might be an
intrinsic structural feature of the DNA sequence, or it may be
induced by Fur binding.

To distinguish between these possibilities, we probed minor-
groove topographies of unbound Fur targets using hydroxyl
radical-cleavage intensities27. This analysis indicated that both
DNA regions of the Lys15 contacts were characterized by an
intrinsically narrow groove in the absence of the protein
(Supplementary Fig. 6). The negative electrostatic potential in
the minor groove is enhanced as the groove width decreases24.
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The electrostatic potential of the narrow minor-groove regions
where the Lys15 residues bind were about 3 kT e� 1 more
negative than those of the wider minor groove of adjacent
regions (Fig. 6, red line). Thus, the positively charged Lys15
residues favourably bind to the intrinsically narrow minor groove
with enhanced negative electrostatic potential.

This observation suggests that the binding of Lys15 residues to
the target DNA is a specific form of the DNA shape readout
mechanism. Lysine, despite its positive charge and abundance on
protein surfaces has not been widely associated with this readout
mode24. Nevertheless, the results in Fur demonstrate that lysine
can play this role (Fig. 6). A survey of structures from other
protein families revealed additional examples where a lysine
binds to narrow minor-groove regions with enhanced negative
electrostatic potential (Supplementary Fig. 7).

Discussion
The classical iron-bound Fur repression model proposes that the
Fe2þ cofactor binds to apo-Fur monomers, followed by

dimerization of the iron-bound monomers28. However, prior to
this study, no apo-Fur structures without transition metal ions
had been reported. All available Fur structures7,14–17 possess at
least one metal ion per monomer and are dimers. In this study,
we solved the first apo-Fur structure without transition metal
ions and found that apo-MgFur is a transition metal ion-
independent dimer, providing a structural basis for further
studies of apo-Fur.

Upon binding of Mn2þ and DNA to Fur, we observed two
structural changes. First, the DBD underwent large conforma-
tional changes. Metal ions greatly stabilized the structure.
Differential scanning chromatography (DSC) results confirmed
that holo-Fur has higher Tm, tonset and DH values compared with
apo-Fur. Second, adding DNA triggered a change of the DBD
orientation, thereby enabling certain residues to interact with
DNA. The distance between the a4 recognition helices decreased
to 34Å, and the helices became better aligned with consecutive
major groove regions. Together, the metal ion-induced
caliper-like rotation and movement of the DBDs and the DNA
binding account for Fur activation. Overall, the mechanism of
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Fur regulation differs greatly from that of DtxR25,29, in which a
helix-to-coil transition and no DNA-induced conformational
changes were observed.

As a global regulator, Fur recognizes many target sites in the
genome17,30 that differ in length or sequence. Little information is
known about the DNA recognition mechanisms employed by
Fur. Here, we provide the first co-crystal structures of ternary
complexes of Fur family proteins with two DNA targets. The
caliper-like DBD employs two types of DNA recognition modes.
Recognition of the target DNA by Lys15 occurred through a
shape readout mechanism. In agreement with our finding, the
minor-groove readout of Hp Fur was previously demonstrated by
distamycin competition assays and IC box substitutions18. Tyr56
and Arg57 recognized substrates by base readout through
hydrophobic interactions and hydrogen bonds, respectively.
Sequence alignment and superimposition of the DBDs of other
prokaryotic Fur proteins illustrated that these three key DNA-
binding residues are highly conserved in almost the same spatial
positions (Supplementary Fig. 1c). Consequently, the Fur
recognition mechanism revealed in our structures is likely
conserved across prokaryotes.

Consensus Fur boxes found in different species further support
the above analyses. Other than the aforementioned four base
pairs and the AT-rich region, the identity of other base pairs and
the order of A/T base pairs in the AT-rich region seem to allow
random variations; thus, the sequence recognized by Fur is highly
degenerate. Due to the lack of a well-defined sequence specificity,
base-pair substitutions are tolerated without overall loss of
functionality. Our findings explain why Fur recognizes 490
diverse genes and degenerate sequences in the pathogens
V. cholerae and Campylobacter jejuni17,30.

We showed that Lys15 and a narrow minor groove are essential
features for Fur function. AT-rich sequences tend to form a
narrow minor groove because of negative propeller twisting,
which is stabilized by inter-base-pair hydrogen bonds in the
major groove31. We suggest that these sequence-dependent effects
on DNA structure confer the specific DNA conformations
observed in this study. Consensus sequences bound by Fur in
E. coli, P. aeruginosa, V. cholerae and C. jejuni are also AT
rich10,17,30,32. Hydroxyl radical-cleavage intensities demonstrated
that the narrow minor groove is an intrinsic feature of the
P. aeruginosa Fur box and other Fur-binding sequences. In our
structures, residues in the L1 loop and a2 helix detected the
minor-groove width through interactions with the DNA
backbone, and positioned Lys15 so that it inserted into the
minor groove and interacted with its negative electrostatic
potential. Thus, shape readout, rather than specific sequences
for high-affinity recognition, may be a hallmark of the Fur
proteins. Instead of being able to read only a stringent promoter
sequence, this specific property of recognizing DNA shape
confers a global regulatory function to Fur.

Individual contacts between Fur and DNA have precedents in
other structural classes of DNA-binding proteins. For example, a
recognition helix of a helix-turn-helix motif inserting into the
major groove (base readout) is commonly found in repressor
proteins. Side chains of positively charged residues inserting into
a narrow minor groove are observed in homeodomains and other
protein families24,33. This interplay between base and shape
readout has been described for many transcription factors26.

However, in contrast to our previous observations for
arginine24 and histidine34, Fur uses lysine to recognize the
enhanced negative electrostatic potential in the minor groove.
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Insertion into the narrow minor groove is associated with
desolvation, whose energetic cost is higher for lysine compared
with arginine24. While lysine insertion into the minor groove has
been previously observed35, through its recognition of enhanced
negative electrostatic potential in narrow minor-groove regions,
Fur extends the possible repertoire of shape readout by basic
amino acids. A survey of the Protein Data Bank revealed other
examples of lysine recognizing the narrow minor groove
(Supplementary Fig. 7), although the number of examples was
much fewer compared with arginine24.

Zinc ions were used in all previous Fur structures7,14–17.
However, the binding ability and coordination number of Zn2þ

differ greatly from those of Fe2þ , and these differences might
affect the study results (Supplementary Fig. 3e–g). In contrast, we
used Mn2þ to achieve reversible binding. Both sites in our
structures adopted the typical octahedral geometry of Fe2þ .
Moreover, all of the residues involved in metal ion binding are
conserved across Fur proteins from different species. In
agreement with the previously reported Mössbauer data of E.
coli Fur, site 1 is the Fe2þ -binding site with a 3His/2Glu ligand
set36. Another study13 indicated that E. coli Fur has a similar
affinity for Mn2þ and Fe2þ . Taken together, these observations
suggest that our structures may reflect the physiological state of
ferrous ion binding.

Apo-MgFur dimerization is independent of metal ions, and
mutations at sites 1 and 2 did not affect dimerization or the
secondary structural characteristics. Thus, it can be assumed that
both sites play regulatory roles in modulating Fur activity. Our
simplified model postulates that Fe2þ binding to site 1 activates
Fur to bind target DNAs. Without site-1 occupation, Fur cannot
bind to or repress any of its target genes; thus, iron homeostasis is
inhibited. However, the precise role played by site 2 in vivo is
currently not understood. One possibility is that, as a global
regulator, Fur regulates the expression of diverse genes that may
be responsive to different iron concentrations. Site-1 occupation
may not be sufficient to guarantee binding to all target genes
because of the substantial decrease in DNA-binding affinity after
losing site 2. As cellular iron concentrations increase, additional
Fe2þ binding to site 2 is needed to repress genes that are less
sensitive to iron. Hence, sites 1 and 2 can serve as an on–off
switch and a fine-tuner, respectively, for activity modulation. This
regulatory model is of particular importance for future structure-
based studies of inhibitors that target regulator sites.

Our results confirm that Fur can bind to different DNA targets
at various ratios. Cooperative binding of several Fur dimers to
one Fur box has been reported in other bacteria, such as Bacillus
subtilis37, Bradyrhizobium japonicum38, E. coli22, Helicobacter
pylori18 and Borrelia burgdorferi39, and even in the absence of
DNA40. Fur-tetramer models have also been proposed18,37, but
no crystal structures were reported. The two Fur dimers are
positioned on almost opposite sides of the double helix, in
contrast to the positioning of other prokaryotic helix-turn-helix
motif class repressors, such as the trp repressor41. The
phenomenon of two protein dimers binding on almost opposite
sides of one dsDNA has been observed in the DtxR–operator
complex25. However, the mechanisms markedly differ between
DtxR and Fur. The two DtxR dimers are arranged so that the
dimers do not interact with each other. In contrast, the two Fur
dimers do interact, mostly in the DNA major groove and between
the two antiparallel a3 helices of the Fur dimers. There are two
hydrogen bonds, two water-mediated hydrogen bonds and two
electrostatic interactions at the interface between Glu37, Tyr40,
Arg41 and Thr44 of each dimer, suggesting that the inferred
cooperativity arises from cross-dimer protein–protein contacts.
The negative electrostatic potential in the minor groove of the
P. aeruginosa Fur box is enhanced compared with that of the

feoAB1 operator, which might further increase the binding ability.
Thus, cooperativity can explain why the P. aeruginosa Fur box
can tolerate the loss of shape readout by Lys15 when a Fur
monomer is positioned at the end of a DNA fragment in the
crystal structure.

The sulphur-rich centre containing Cys9, Met14 and Met16
(Fig. 5i) is unique to MgFur and not found in non-magnetotactic
bacteria. These three residues are conserved in magnetotactic
bacteria (Supplementary Fig. 1b). Successful creation of diffrac-
tion-quality crystals by using the C9L/M14L/M16V-triple mutant
suggested that these three residues may be related to oxygen
sensitivity. Superimposition of the selenomethionine-substituted
and triple-mutated Fur-Mn2þ–feoAB1 operators revealed little
difference in their structures (r.m.s.d.¼ 0.46 Å).

To confirm the oxygen sensitivity of the sulphur-rich centre,
we constructed a complementary strain of fur, F4M, in which we
replaced the three residues (C9L/M14L/M16V). Compared with
F4C cells, the F4M cells not only synthesized normal magneto-
some chains, but also facilitated iron uptake and enhanced H2O2

and streptonigrin (SNG) tolerance (Fig. 5j–m). Although the
growth level with 200mM H2O2 was almost the same between the
two strains, the average magnetic response (Cmag) of the F4M
cell suspension (0.79±0.07) was increased 130% compared with
that of F4C (0.34±0.14). Thus, F4M seems to have a stronger
ability to synthesize magnetosomes than F4C under higher H2O2

concentrations. Compared with the F4C strain, the F4M strain
improved resistance to oxidative stress. These observations
illustrate that the sulphur-rich centre is sensitive to the oxygen
concentration in MSR-1 cells. Magnetosome-forming cells must
absorb large amounts of iron from the environment, and this
process induces a high level of intracellular oxidative stress. Fur
might function as a cellular oxygen sensor during evolution,
adjusting the balance between iron and oxygen metabolism with
the purpose of protecting MSR-1 cells.

Magnetosomes are difficult to create by artificial magnetic
particles42. Due to their unique characteristics, magnetosomes
have been used in many applications, such as magnetic separation
of biomolecules, drug delivery, early diagnosis and detection of
pathogens, hyperthermia treatment of cancer cells and magnetic
resonance imaging21. Culturing magnetotactic bacteria in
sufficient quantities to obtain large amounts of high-quality
magnetosomes can be difficult, as these bacteria can only be
synthesized under microaerobic conditions with sufficient iron43.
The modified F4M strain is more resistant to oxidation. Thus, our
results provide information for engineering magnetotactic
bacteria by structural approaches, with far-reaching potential
applications.

Fur controls the expression of toxins in pathogens and plays a
vital role in host/parasite interactions7–9. As no Fur homologues
are found in eukaryotes, Fur may be a potential target for the
design of antimicrobial agents. In conclusion, our findings
uncover the DNA recognition mechanism employed by Fur and
provide the molecular basis for designing antimicrobial agents.

Methods
Protein expression and purification. The fur gene was PCR-amplified from M.
gryphiswaldense and subcloned into a modified pET28a vector, in which the
thrombin recognition site was replaced by the tobacco etch virus protease recog-
nition site. The mutants were generated by site-directed mutagenesis. All plasmids
were verified by DNA sequencing. Proteins were expressed in E. coli strain BL21
(DE3). Full-length and selenomethionine-containing Fur proteins were over-
expressed and purified according to the reference44. Mutant proteins were
overexpressed and purified by the same procedure. To obtain crystals of the
protein–DNA complex, proteins were mixed with DNA fragments at an
approximate molar ratio at 4 �C for 2 h. Complexes were purified by gel filtration
chromatography (Superdex-200 10/30, GE Healthcare, UK) with a buffer of
Tris-HCl (20mM, pH 8.0), NaCl (100mM) and MnCl2 (1mM).
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DNA preparations. All DNA oligonucleotides were synthesized by Shanghai
Invitrogen. DNA duplexes used for crystallization and SPR experiments were first
annealed in a buffer of Tris-HCl (10mM, pH 8.0) and NaCl (100mM) by heating
the mixture at 90 �C for 5min and slowly cooling to room temperature over 2 h.

Crystallization. Crystals of apo-Fur and selenomethionyl-derivative proteins were
obtained using a reservoir consisting of 1.8M (NH4)2SO4 and 0.1M sodium citrate
at pH 5.5, 1.4M (NH4)2SO4 and 0.1M sodium citrate at pH 5.5, respectively44. To
obtain holo-Fur for crystallization, MnCl2 (final concentration: 1mM) was added
to the buffer, and the protein was concentrated to 10mgml� 1. Crystals were
obtained with the sitting-drop vapour-diffusion method over 10% PEG3000 in
CHES (0.1M, pH 9.0).

Different DNA fragments were attempted for crystallization of the Fur–DNA
complex. Only one attempted sequence (50-TTAATTGCAAATCATTTGCAAT
TGC-30) gave crystals with an acceptable diffraction. Crystals were grown at 16 �C
by the sitting-drop vapour-diffusion method. Crystals appeared in the mother
solution (30% PEG4000, 0.1M Tris-HCl pH 8.0 and 200mM Li2SO4) and grew to
full-size in 3 to 4 days. A solution of ethylene glycol (25% (v/v)) was added to the
reservoir solutions as cryoprotectant, and then the crystals were frozen in liquid
nitrogen until the X-ray diffraction study. Data were indexed, integrated and scaled
with HKL2000 (ref. 45). Data collection and processing statistics are shown in
Table 1.

Structure determination. The apo-Fur structure was determined by seleno-
methionine-based single-wavelength anomalous diffraction. The initial phase was
obtained by the program autoSHARP46. The figure of merit from the diffraction
phasing was 0.38. After density modification and automatic building, six chains
with 253 residues were docked with an Rwork of 24.1% and Rfree of 27.3%. The
model was manually built using the program COOT47, and refinement was
performed with REFMAC5 (ref. 48). The structure was refined to 1.55 Å with an
Rwork of 18.9% and Rfree of 20.4%.

The two molecules of holo-Fur protein were located by molecular replacement
with PHASER49, using the DBDs and DDs from apo-Fur as independent search
models. Model refinement was carried out with REFMAC5 (ref. 48), followed by
manual rebuilding with 2Fo� Fc and Fo� Fc maps. The structure was refined to
1.9 Å with an Rwork of 20.3% and Rfree of 22.7%.

By using the structure of holo-Fur as an input model, structures of the complex
of holo-Fur with DNA were successfully solved by molecular replacement in
PHASER. The position of the protein was confirmed by the anomalous signal of
the SeMet-Fur-Mn2þ–feoAB1 operator. Model refinement was carried out with
REFMAC5 (ref. 48). DNA molecules were included in the final stages of
refinement. Difference Fourier maps clearly showed electron densities for bound
DNA. Registry of the DNA base pairs was determined based on the shape of the
electron density corresponding to the DNA bases. The final model of the Fur–
feoAB1 operator was refined to 2.6 Å with an Rwork of 23.2% and Rfree of 26.5%. The
final model of the Fur–P. aeruginosa Fur box was refined to 2.75 Å with an Rwork of
22.6% and Rfree of 24.9%. For the structure of the Fur–P. aeruginosa Fur box
complex, one asymmetric unit contained one Fur dimer and one single-stranded
DNA molecule. The structure of one dsDNA fragment binding two Fur dimers was
obtained by a twofold axis using a symmetric operation.

Electrophoretic mobility shift assays (EMSA). DNA (30 pmol) was incubated
with protein (600 pmol) in HEPES (40mM, pH 7.0), NaCl (125mM) and FeSO4 or
MnCl2 or EDTA (2mM) at 25 �C for 1 h. Samples were analysed on native poly-
acrylamide gels (10% (v/v)) containing 0.5� Tris-borate buffer and visualized by
staining with ethidium bromide. In the EMSA competition experiment, digox-
igenin (DIG)-labelled DNA (0.5 pmol) and unlabelled DNA (0, 15 or 25 pmol)
were incubated with protein (1 pmol) at 25 �C for 30min. Samples were analysed
on native polyacrylamide gels (6% (v/v)) containing 0.5� Tris-borate buffer, and
were transferred to a nylon membrane for detection with the DIG Gel Shift Kit
(Roche, Mannheim, Germany). The nylon membrane was exposed to an X-ray film
for 15min.

DNase I footprinting assays. DNA fragments were prepared by PCR with a
fluorescent dye FAM-labelled primers, and the PCR products were purified by
agarose gel. Labelled DNA fragments (400 ng) and their respective proteins were
added to a final reaction volume of 50 ml with buffer (50mM Tris-HCl, pH 7.5,
200mM NaCl and 5mM MnCl2) and incubated at 25 �C for 1 h. DNase I (0.01U)
digestions were carried out for 1min at 25 �C. Digestions were stopped by adding
EDTA to the volume and heating the mixture at 90 �C for 10min. DNA fragments
were extracted by phenol–chloroform and precipitated by ethanol. Samples were
loaded with an internal lane size standard (ROX-500, Applied Biosystems) in a
3730 DNA Genetic Analyser (Applied Biosystems). Results were analysed with
GeneMarker (SoftGenetics, LLC, USA).

Circular dichroism spectroscopy. Circular dichroism (CD) spectra of various
proteins were collected on beamline VUV of the Beijing Synchrotron Radiation
Facility at 16 �C. All proteins were changed to a buffer solution (10mM MOPS,

pH 7.0 and 100mM (NH4)2SO4). Far-ultraviolet CD spectra (190� 250 nm) of Fur
proteins were scanned. A pure solvent baseline was measured with the same cell
and subtracted. All spectra were processed by the CDtool software package50. The
machine unit (mdeg) was converted into the per residue molar absorption unit,
delta epsilon (De) in M cm� 1, by normalization with respect to polypeptide
concentration and path length.

Isothermal titration calorimetry (ITC). Experiments were performed on a Nano
ITC instrument (TA Instruments) at 20 �C. WT or mutant Fur proteins were
diluted (60mM) and titrated against a buffer of Tris-HCl (20mM, pH 8.0), NaCl
(500mM) and MnCl2 (2–10mM). ITC data were processed with NanoAnalyze
software.

Differential scanning calorimetry (DSC). DSC experiments were performed with
a DSC calorimeter from MicroCal (Northampton, MA, USA) at a scan rate of
1.0 �Cmin� 1. Buffer (20mM Tris-HCl, pH 7.5 and 500mM NaCl) was used in the
reference cell of the calorimeter. Proteins were dialyzed on the buffer and used
at a concentration of 1.5mgml� 1. Data were analysed with the MicroCal DSC
standard analysis software.

Biosensor-binding assays. Binding of Fur proteins and DNA was detected by the
SPR biosensor technique with the ProteOn XPR36 system (Bio-Rad). Biotin-
labelled DNAs were captured on an NLC sensor chip (40–50 response units).
Binding was performed at 25 �C in buffer containing Tris-HCl (20mM, pH 8.0),
NaCl (150mM), MnCl2 (1mM) and Tween20 (0.005% (v/v)). WT or mutant Fur
proteins at different concentrations were injected over the DNA surface and blank
flow cell for 3min at a flow rate of 80 ml min� 1. All data were collected, processed
and analysed in the integrated ProteOn Manager software (Bio-Rad Laboratories)
with the 1:1 Langmuir binding model.

Construction of fur-mutant complement strains. Fur-mutant fragments were
subcloned into the pRK415 vector by using the Hind III and EcoR I sites. E. coli
S17-1 containing the appropriate plasmid and fur-defective mutant strain F4 were
the donor and recipient strains of biparental conjugation, respectively. The
appropriate pRK415 plasmids containing fur-mutant fragments were introduced
into F4, and the conjugants were screened by GmrTcrNir colonies. Complement
strains were confirmed by colony PCR.

Quantitative real-time PCR (qPCR). WT and fur-mutant strains were grown in
sodium lactate medium (SLM) to an optical density (OD)565 of 0.7. The culture was
split, with half being added to 2,20-dipyridyl (30 mM DIPy; low-iron condition) and
half to ferric citrate (60 mM; high-iron condition). Growth was continued for 2 h at
30 �C, and the cells were harvested. Total cellular RNA was isolated with Trizol
reagent (TIANGEN Biotech Co., Ltd, Beijing, China) and digested with RNase-free
DNase I (TaKaRa, Japan) for 2 h at 37 �C. The ratio of A260/A280 was used to
evaluate RNA quality and quantity using the NanoVue Spectrophotometer
(GE Healthcare).

RNA extracted from each sample was reverse-transcribed into complementary
DNA with M-MLV reverse transcriptase (Promega, USA). RNA (2 mg) was mixed
with random primer (2 ml), and double-distilled H2O (ddH2O) was added to reach
the final volume (12ml). The sample was incubated at 70 �C for 10min, followed by
2min on ice immediately thereafter. Then, M-MLV reverse transcriptase (1 ml),
M-MLV RT 5� buffer (4 ml), inhibitor (0.5 ml, TaKaRa), dNTP (1.25 ml of
10mmol) and ddH2O (1.25 ml) were added to the 12-ml mixture. The reaction
occurred sequentially at 30 �C for 10min, 42 �C for 1 h and 70 �C for 15min.

Quantitative PCR was performed in a LightCycler 480 RT-PCR System (Roche,
USA), using the LightCycler 480 SYBR Green I Master Kit according to the
manufacturer’s instructions (Roche). Specific primers (Supplementary Table 3)
were designed to yield 150- to 250-bp products. A PCR system (20 ml) was
prepared, which contained complementary DNA templates (2 ml) from different
samples, each primer (2 ml of 5 mM), SYBR Green I Mix (10ml) and water (4 ml).
The PCR procedure was performed according to the manufacturer’s instruction.
For a negative control, template DNA was replaced by PCR-grade water. Specificity
of the amplified PCR product was assessed by performing a melting curve analysis
on the LightCycler 480 Instrument. The rpoC gene encoding RNA polymerase
subunit b0 was chosen as the internal control and reference51.

To analyse the results, the relative expression of each gene was calculated by the
comparative crossing point (Cp) method. Relative expression was presented by
the formula 2–DDCp. The results displayed the expression fold changes between
MSR-1 cells treated with the iron chelator DIPy (30mM) and the cells treated with
ferric citrate (60 mM). Data from three replicates were averaged.

Cell growth and TEM. WT, F4 (fur mutant), F4C (fur complement stain) and
other fur-mutant complement strains (Supplementary Table 4) were cultured in
SLM with ferric citrate (20 mM) at 30 �C, 100 r.p.m. for 24 h. OD565 was measured
by a ultraviolet–vis spectrophotometer (UNICO2100, UNICO Instrument Co., Ltd,
Shanghai, China). Cmag was calculated by measuring the maximum and minimum
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scattering intensities52. Cells of each strain were coated on copper or carbon
grids and washed twice with ddH2O. Samples were observed directly by TEM
(JEM-1230, JEOL, Japan).

Tolerance to H2O2, SNG and iron content of strains. Strains (WT, F4, F4C and
F4M) were grown in SLM (100ml) supplemented with H2O2 (200, 500 or 800 mM)
at 30 �C. After 24 h, OD565 and Cmag were measured. SNG was prepared as a stock
solution (1mgml� 1) in dimethyl sulfoxide (DMSO). Strains (WT, F4, F4C and
F4M) were cultured in SLM at 30 �C until the stationary phase. Cultures with
added SNG (1 mgml� 1) or with the equivalent concentration of DMSO as a
control were incubated in a rotary shaker (100 r.p.m., 3 h, 30 �C) and serially
diluted 10-fold. An aliquot (10 ml) of each dilution was spotted on an agar plate
with sodium lactate-sodium glutamate medium and incubated 7 days at 30 �C.
Strains (WT, F4, F4C and F4M) were cultured in SLM (100ml) supplemented
with ferric citrate (20, 40 or 60 mM) at 30 �C for 24 h. The total intracellular iron
content was measured by ICP-OES (Optima 5300DV; Perkin-Elmer, Waltham,
MA, USA)53.

DNA shape analysis. Bound DNA conformations in the crystal structures were
analysed with CURVES 5.3 (ref. 54) where the values for all levels assigned to the
same nucleotide were averaged24. Hydroxyl radical-cleavage intensities
representing an experimental measure for minor groove width in unbound DNA
were derived with ORChID2 (ref. 27), as implemented in GBshape55.

Electrostatic potential calculation. Electrostatic potential was calculated for
DNA at a physiologic ionic strength of I¼ 0.145M in the absence of protein by
using the Poisson–Boltzmann solver DelPhi54, based on a previously described
protocol24. To express the electrostatic potential as a function of sequence,
reference points in the centre of the minor groove in approximately the plane of
base pair i were defined as geometric midpoints between the O40 atoms of
nucleotides iþ 1 in strand I and nucleotide i� 1 in strand II24.

References
1. Schaible, U. E. & Kaufmann, S. H. E. Iron and microbial infection. Nat. Rev.

Microbiol. 2, 946–953 (2004).
2. Waldron, K. J. & Robinson, N. J. How do bacterial cells ensure that

metalloproteins get the correct metal? Nat. Rev. Microbiol. 7, 25–35 (2009).
3. Keyer, K. & Imlay, J. A. Superoxide accelerates DNA damage by elevating free-

iron levels. Proc. Natl Acad. Sci. USA 93, 13635–13640 (1996).
4. Giedroc, D. P. & Arunkumar, A. I. Metal sensor proteins: nature’s

metalloregulated allosteric switches. Dalton Trans. 3107–3120 (2007).
5. Andrews, S. C., Robinson, A. K. & Rodriguez-Quinones, F. Bacterial iron

homeostasis. FEMS Microbiol. Rev. 27, 215–237 (2003).
6. Hantke, K. Iron and metal regulation in bacteria. Curr. Opin. Microbiol. 4,

172–177 (2001).
7. Pohl, E. et al. Architecture of a protein central to iron homeostasis: crystal

structure and spectroscopic analysis of the ferric uptake regulator. Mol.
Microbiol. 47, 903–915 (2003).

8. Prince, R. W., Storey, D. G., Vasil, A. I. & Vasil, M. L. Regulation of toxA and
regA by the Escherichia coli fur gene and identification of a Fur homologue in
Pseudomonas aeruginosa PA103 and PA01. Mol. Microbiol. 5, 2823–2831
(1991).

9. Vasil, M. L. & Ochsner, U. A. The response of Pseudomonas aeruginosa to iron:
genetics, biochemistry and virulence. Mol. Microbiol. 34, 399–413 (1999).

10. Ochsner, U. A. & Vasil, M. L. Gene repression by the ferric uptake regulator in
Pseudomonas aeruginosa: cycle selection of iron-regulated genes. Proc. Natl
Acad. Sci. USA 93, 4409–4414 (1996).

11. Escolar, L., Perez-Martin, J. & de Lorenzo, V. Binding of the fur (ferric uptake
regulator) repressor of Escherichia coli to arrays of the GATAAT sequence.
J. Mol. Biol. 283, 537–547 (1998).

12. Lee, J.-W. & Helmann, J. Functional specialization within the Fur family of
metalloregulators. Biometals 20, 485–499 (2007).

13. Mills, S. A. & Marletta, M. A. Metal binding characteristics and role of iron
oxidation in the ferric uptake regulator from Escherichia coli. Biochemistry 44,
13553–13559 (2005).

14. Pecqueur, L. et al. Structural changes of Escherichia coli ferric uptake regulator
during metal-dependent dimerization and activation explored by NMR and
X-ray crystallography. J. Biol. Chem. 281, 21286–21295 (2006).

15. Sheikh, M. A. & Taylor, G. L. Crystal structure of the Vibrio cholerae ferric
uptake regulator (Fur) reveals insights into metal co-ordination.Mol. Microbiol.
72, 1208–1220 (2009).

16. Dian, C. et al. The structure of the Helicobacter pylori ferric uptake regulator
Fur reveals three functional metal binding sites. Mol. Microbiol. 79, 1260–1275
(2011).

17. Butcher, J. et al. Structure and regulon of Campylobacter jejuni ferric uptake
regulator Fur define apo-Fur regulation. Proc. Natl Acad. Sci. USA 109,
10047–10052 (2012).

18. Agriesti, F. et al. FeON-FeOFF: the Helicobacter pylori Fur regulator
commutates iron-responsive transcription by discriminative readout of
opposed DNA grooves. Nucleic Acids Res. 42, 3138–3151 (2014).

19. Qi, L. et al. Fur in Magnetospirillum gryphiswaldense influences magnetosomes
formation and directly regulates the genes involved in iron and oxygen
metabolism. PLoS ONE 7, e29572 (2012).

20. Uebe, R. et al. Deletion of a fur-like gene affects iron homeostasis and
magnetosome formation in Magnetospirillum gryphiswaldense. J. Bacteriol. 192,
4192–4204 (2010).

21. Le Sage, D. et al. Optical magnetic imaging of living cells. Nature 496, 486–489
(2013).

22. Lavrrar, J. L. & McIntosh, M. A. Architecture of a fur binding site: a
comparative analysis. J. Bacteriol. 185, 2194–2202 (2003).

23. Rohs, R. et al. Origins of specificity in protein-DNA recognition. Annu. Rev.
Biochem. 79, 233–269 (2010).

24. Rohs, R. et al. The role of DNA shape in protein-DNA recognition. Nature 461,
1248–1253 (2009).

25. White, A. et al. Structure of the metal-ion-activated diphtheria toxin repressor/
tox operator complex. Nature 394, 502–506 (1998).

26. Slattery, M. et al. Absence of a simple code: how transcription factors read the
genome. Trends Biochem. Sci. 39, 381–399 (2014).

27. Bishop, E. P. et al. A map of minor groove shape and electrostatic potential
from hydroxyl radical cleavage patterns of DNA. ACS Chem. Biol. 6, 1314–1320
(2011).

28. Carpenter, B. M., Whitmire, J. M. & Merrell, D. S. This is not your mother’s
repressor: the complex role of fur in pathogenesis. Infect. Immun. 77,
2590–2601 (2009).

29. D’Aquino, J. A. et al.Mechanism of metal ion activation of the diphtheria toxin
repressor DtxR. Proc. Natl Acad. Sci. USA 102, 18408–18413 (2005).

30. Davies, B. W., Bogard, R. W. & Mekalanos, J. J. Mapping the regulon of Vibrio
cholerae ferric uptake regulator expands its known network of gene regulation.
Proc. Natl Acad. Sci. USA 108, 12467–12472 (2011).

31. Hancock, S. P. et al. Control of DNA minor groove width and Fis protein
binding by the purine 2-amino group. Nucleic Acids Res. 41, 6750–6760 (2013).

32. de Lorenzo, V., Wee, S., Herrero, M. & Neilands, J. B. Operator sequences of
the aerobactin operon of plasmid ColV-K30 binding the ferric uptake
regulation (fur) repressor. J. Bacteriol. 169, 2624–2630 (1987).

33. Joshi, R. et al. Functional specificity of a Hox protein mediated by the
recognition of minor groove structure. Cell 131, 530–543 (2007).

34. Chang, Y. P. et al. Mechanism of origin DNA recognition and assembly of an
initiator-helicase complex by SV40 large tumor antigen. Cell Rep. 3, 1117–1127
(2013).

35. Glasfeld, A., Koehler, A. N., Schumacher, M. A. & Brennan, R. G. The
role of lysine 55 in determining the specificity of the purine repressor for its
operators through minor groove interactions. J. Mol. Biol. 291, 347–361 (1999).

36. Katigbak, J. & Zhang, Y. Iron binding site in a global regulator in bacteria—
ferric uptake regulator (Fur) protein: structure, mossbauer properties, and
functional implication. J. Phys. Chem. Lett. 2012, 3503–3508 (2012).

37. Baichoo, N. & Helmann, J. D. Recognition of DNA by Fur: a reinterpretation of
the Fur box consensus sequence. J. Bacteriol. 184, 5826–5832 (2002).

38. Friedman, Y. E. & O’Brian, M. R. The ferric uptake regulator (Fur) protein from
Bradyrhizobium japonicum is an iron-responsive transcriptional repressor
in vitro. J. Biol. Chem. 279, 32100–32105 (2004).

39. Ouyang, Z., Deka, R. K. & Norgard, M. V. BosR (BB0647) controls the RpoN-
RpoS regulatory pathway and virulence expression in Borrelia burgdorferi by a
novel DNA-binding mechanism. PLoS Pathog. 7, e1001272 (2011).

40. Delany, I. et al. Autoregulation of Helicobacter pylori Fur revealed by functional
analysis of the iron-binding site. Mol. Microbiol. 46, 1107–1122 (2002).

41. Lawson, C. L. & Carey, J. Tandem binding in crystals of a trp represser/operator
half-site complex. Nature 366, 178–182 (1993).

42. Faivre, D. & Schuler, D. Magnetotactic bacteria and magnetosomes. Chem. Rev.
108, 4875–4898 (2008).

43. Zhang, Y. et al. Semicontinuous culture of Magnetospirillum gryphiswaldense
MSR-1 cells in an autofermentor by nutrient-balanced and isosmotic feeding
strategies. Appl. Environ. Microbiol. 77, 5851–5856 (2011).

44. Liu, Z., Chen, Z. & Wu, W. Crystallization and preliminary X-ray studies of
ferric uptake regulator from Magnetospirillum gryphiswaldense. Acta
Crystallogr. Sect. F Struct. Biol. Cryst. Commun. 68, 902–905 (2012).

45. Otwinowski, Z. & Minor, W. in Methods in Enzymology 276 (eds Charles W.
Carter, J. & Sweet, R. M.) 307–326 (Academic Press, 1997).

46. Vonrhein, C., Blanc, E., Roversi, P. & Bricogne, G. Automated structure
solution with autoSHARP. Methods Mol. Biol. 364, 215–230 (2007).

47. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development
of Coot. Acta Crystallogr. D Biol. Crystallogr. 66, 486–501 (2010).

48. Murshudov, G. N. et al. REFMAC5 for the refinement of macromolecular
crystal structures. Acta Crystallogr. D Biol. Crystallogr. 67, 355–367 (2011).

49. McCoy, A. J. et al. Phaser crystallographic software. J. Appl. Crystallogr. 40,
658–674 (2007).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms8642 ARTICLE

NATURE COMMUNICATIONS | 6:7642 | DOI: 10.1038/ncomms8642 | www.nature.com/naturecommunications 11

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


50. Lees, J. G. et al. CDtool-an integrated software package for circular dichroism
spectroscopic data processing, analysis, and archiving. Anal. Biochem. 332,
285–289 (2004).

51. Zhang, W. J. et al. Complex spatial organization and flagellin composition of
flagellar propeller from marine magnetotactic ovoid strain MO-1. J. Mol. Biol.
416, 558–570 (2012).

52. Schüler, D., Uhl, R. & Bäuerlein, E. A simple light scattering method to assay
magnetism in Magnetospirillum gryphiswaldense. FEMS Microbiol. Lett. 132,
139–145 (1995).

53. Rong, C. et al. FeoB2 Functions in magnetosome formation and oxidative stress
protection in Magnetospirillum gryphiswaldense strain MSR-1. J. Bacteriol. 194,
3972–3976 (2012).

54. Lavery, R. & Sklenar, H. Defining the structure of irregular nucleic acids:
conventions and principles. J. Biomol. Struct. Dyn. 6, 655–667 (1989).

55. Chiu, T. P. et al. GBshape: a genome browser database for DNA shape
annotations. Nucleic Acids Res. 43, D103–D109 (2015).

56. Petrey, D. & Honig, B. GRASP2: visualization, surface properties, and
electrostatics of macromolecular structures and sequences. Methods Enzymol.
374, 492–509 (2003).

57. Rocchia, W. et al. Rapid grid-based construction of the molecular surface and
the use of induced surface charge to calculate reaction field energies:
applications to the molecular systems and geometric objects. J. Comput. Chem.
23, 128–137 (2002).

Acknowledgements
We thank the staff at beamline BL17U1 at the Shanghai Synchrotron Radiation Facility,
beamline NE3A at the Photon Factory (Tsukuba, Japan) and the beamline 1W2B at the
Beijing Synchrotron Radiation Facility for excellent technical assistance during data
collection. This work was supported by the National Basic Research Program of China
(973 Program, 2011CB965304) and by the National Natural Science Foundation of China
(31222032, 31370720, 30870043, J1103520 and 31270093), extramural Scientists of State

Key Laboratory of Agrobiotechnology (2015SKLAB6-10) to Z.C. or Y.L., and by the
National Institutes of Health (grants R01GM106056 and U01GM103804) and Alfred P.
Sloan Foundation to R.R.

Author contributions
Y.L. and Z.C. conceived the project and designed the experiments. Z.D., Q.W., Z.L., M.Z.,
C.F., Q.Z., L.Y., L.Q., J.Z., X.W., X.H., X.Q., X.L. and W.W. executed the experiments.
R.R. designed and A.C.D.M. and T.-P.C. performed computational analyses. R.R., Y.L.
and Z.C. analysed the results and wrote the manuscript.

Additional information
Accession codes: The Protein Data Bank (PDB) accession numbers in this paper are
4RAY, 4RAZ, 4RB0, 4RB1, 4RB2 and 4RB3.

Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Deng, Z. et al. Mechanistic insights into metal ion activation
and operator recognition by the ferric uptake regulator. Nat. Commun. 6:7642
doi: 10.1038/ncomms8642 (2015).

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms8642

12 NATURE COMMUNICATIONS | 6:7642 | DOI: 10.1038/ncomms8642 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	Mechanistic insights into metal ion activation and operator recognition by the ferric uptake regulator
	Introduction
	Results
	Fur recognizes the feoAB1 operator and P. aeruginosa Fur box
	Apo-Fur forms a transition metal ion-independent dimer
	Metal ion binding induces conformational changes of the DBD
	Site 1 is essential for Fur–DNA binding in vitro
	Overall structure of Fur-Mn2+–DNA ternary complex
	Fur recognizes DNA using base and shape readout modes
	Lys15 and sites 1 and 2 are essential for Fur function in vivo
	Lys15 recognizes DNA through minor-groove shape readout

	Discussion
	Methods
	Protein expression and purification
	DNA preparations
	Crystallization
	Structure determination
	Electrophoretic mobility shift assays (EMSA)
	DNase I footprinting assays
	Circular dichroism spectroscopy
	Isothermal titration calorimetry (ITC)
	Differential scanning calorimetry (DSC)
	Biosensor-binding assays
	Construction of fur-mutant complement strains
	Quantitative real-time PCR (qPCR)
	Cell growth and TEM
	Tolerance to H2O2, SNG and iron content of strains
	DNA shape analysis
	Electrostatic potential calculation

	Additional information
	Acknowledgements
	References


