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The full regulatory potential of the ferric uptake regulator (Fur)
family of proteins remains undefined despite over 20 years of
study. We report herein an integrated approach that combines
both genome-wide technologies and structural studies to define
the role of Fur in Campylobacter jejuni (Cj). CjFur ChIP-chip assays
identified 95 genomic loci bound by CjFur associated with functions
as diverse as iron acquisition, flagellar biogenesis, and non-iron ion
transport. Comparative analysis with transcriptomic data revealed
that CjFur regulation extends beyond solely repression and also
includes both gene activation and iron-independent regulation.
Computational analysis revealed the presence of an elongated
holo-Fur repression motif along with a divergent holo-Fur activa-
tion motif. This diversity of CjFur DNA-binding elements is sup-
ported by the crystal structure of CjFur, which revealed a unique
conformation of its DNA-binding domain and the absence of metal
in the regulatory site. Strikingly, our results indicate that the apo-
CjFur structure retains the canonical V-shaped dimer reminiscent of
previously characterized holo-Fur proteins enabling DNA interac-
tion. This conformation stems from a structurally unique hinge do-
main that is poised to further contribute to CjFur’s regulatory
functions by modulating the orientation of the DNA-binding do-
main upon binding of iron. The unique features of the CjFur crystal
structure rationalize the binding sequence diversity that was un-
covered during ChIP-chip analysis and defines apo-Fur regulation.

gene regulation | metal regulation | transcription factor | DNA-protein
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Iron is critical to many fundamental biological processes, in-
cluding DNA synthesis, respiration, and the tricarboxylic acid

cycle. Unfortunately, although iron is essential for life, it can also
be toxic under physiological conditions. Its ability to undergo
facile oxidation–reduction can catalyze the production of noxious
radical species by Fenton or Haber–Weiss chemistry (1). Most
Gram-negative bacteria maintain a remarkably precise control
over cytoplasmic iron levels through the transcriptional regulator
Fur (ferric uptake regulator) (1, 2). In the classical Fur regulation
paradigm, Fur binds ferrous ions and the dimeric Fe2+–Fur
complex (holo-Fur) recognizes target sequences upstream of
iron-regulated genes and represses their transcription (2). In
addition to regulating genes involved in iron homeostasis, Fur has
been shown to play an important role in the modulation of bac-
terial virulence, acid, nitrosative, and oxidative resistances, and
redox metabolism (2–9).
In some bacterial species, Fur has been reported to directly

activate gene expression, establishing a significant departure from
the classical model of Fur regulation (6, 7, 10). In Helicobacter
pylori (Hp), apo-HpFur represses transcription of the bacter-
ioferritin-like gene pfr and the superoxide dismutase gene sodB,
resulting in transcriptional activation of these genes in the pres-
ence of iron (10). Also, work on Bradyrhizobium japonicum Fur
protein (BjFur) and the Fur homolog BosR in Borrelia burgdorferi
have demonstrated that certain Fur-family proteins can recognize
multiple consensus binding sequences (11, 12). Recent tran-
scriptomic analyses have revealed that Campylobacter jejuni Fur
(CjFur) regulates, either positively or negatively, more than 60

genes encoding proteins involved in iron acquisition, oxidative
stress defense, flagellar biogenesis, and energy metabolism (4, 13).
However, these studies failed to discriminate direct from indirect
gene-regulatory mechanisms.
The structural basis underlying the regulation of gene expression

by Fur proteins has been extensively documented (14–22). Fur
proteins consistently fold into two domains consisting of an
N-terminal DNA-binding domain (DBD) linked by a hinge region
to a C-terminal dimerization domain (DD). In contrast to the
common fold of these proteins, the coordination, number, and
geometry of the metal binding sites within Fur-family proteins di-
verge (2, 14, 15, 20, 22, 23). Despite these studies, the structural
determinants controlling the divergent mode of regulation of gene
expression by this family of proteins have remained unresolved.
We herein provide the full extent of the C. jejuni Fur regulon

using a chromatin immunoprecipitation and microarray analysis
approach (ChIP-chip). Our results establish that CjFur regulates
95 transcriptional units and report the presence of apo- and
holo-CjFur gene repression and activation in C. jejuni. Corre-
spondingly, crystallographic studies reveal that apo-CjFur adopts
the canonical V-shaped dimer characteristic of holo-Fur pro-
teins, with two zinc ions per protomer. However, comparative
analysis of apo-CjFur with other known Fur proteins reveals that
apo-CjFur’s DBD is rotated by 180° compared with other known
Fur structures, a structural rearrangement stemming from a
reorientation of the apo-CjFur hinge region. Overall, our results
highlight the structural diversity of the Fur family of proteins and
rationalize the consensus binding sequences revealed by our
ChIP-chip and transcriptomics data.

Results
Identification of in Vivo Genome-Wide CjFur-Regulatory Targets.
Transcriptomic analysis of a Δfur mutant in the presence or ab-
sence of iron established that CjFur may activate and repress gene
expression in both holo and apo forms (4). Given that tran-
scriptomic approaches cannot distinguish direct from indirect reg-
ulation, we sought to identify CjFur-binding regions on a genomic
scale using ChIP-chip experiments. We identified 95 high-confi-
dence CjFur-regulated transcriptional units (Table S1); however,
due to the high gene density in the C. jejuni genome, we could not
distinguish between intergenic and intragenic binding. Fig. 1A
shows a schematic representation of the CjFur binding sites along

Author contributions: J.B., S.S., J.-F.C., and A.S. designed research; J.B. and S.S. performed
research; J.S.B. contributed new reagents/analytic tools; J.B., S.S., J.-F.C., and A.S. analyzed
data; and J.B., J.-F.C., and A.S. wrote the paper.

The authors declare no conflict of interest.

*This Direct Submission article had a prearranged editor.

Database deposition: Crystallographic data, atomic coordinates, and structure factors
reported in this paper have been deposited in the Protein Data Bank, www.pdb.org
(PDB ID code 4ETS).
1J.B. and S.S. contributed equally to this work.
2To whom correspondence may be addressed. E-mail: jean-francois.couture@uottawa.ca
or astintzi@uottawa.ca.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1118321109/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1118321109 PNAS | June 19, 2012 | vol. 109 | no. 25 | 10047–10052

M
IC
RO

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118321109/-/DCSupplemental/st01.xlsx
www.pdb.org
http://www.rcsb.org/pdb/explore/explore.do?structureId=4ETS
mailto:jean-francois.couture@uottawa.ca
mailto:astintzi@uottawa.ca
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118321109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118321109/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1118321109


the C. jejuni chromosome together with C. jejuni’s response to iron
limitation at midlog phase. Our results are in agreement with pre-
viously known CjFur-regulated genes, and ChIP-chip results were
validated by quantitative (q)PCRanalysis for several identified Fur-
binding regions (Fig. S1) (4, 13). Fur ChIP-enriched genes were
categorized into clusters of orthologous groups (COG) categories
according to their functional annotation (Fig. 1B). As expected, the
COG category for inorganic ion transport and metabolism was
found to be statistically overrepresented. This functional category
comprises genes encoding iron transporters, including the enter-
obactin (ceuB), heme (chuAB), and ferric-lactoferrin (ctuA/chaN)
transporters.
Identified CjFur-enriched genes were also compared with the

CjFur regulon and iron stimulon that were previously obtained by
comparing the transcriptional profiles of the wild type with a fur
deletion mutant and by studying the transcriptional response of
C. jejuni to iron limitation (4, 13) (Table S1). The CjFur regulon
identified using ChIP-chip is significantly different from those
previously proposed using transcriptomic approaches (4, 13).
This is most likely due to the fact that transcriptional approaches
cannot differentiate between direct and indirect regulation (and
will identify both), cannot identify genes transcriptionally silent
under the tested conditions, and would not detect genes exhib-
iting small changes in expression. In contrast, ChIP-chip will
identify all direct targets that are bound by Fur under the tested
conditions independently of fold change. Only 17 of our identi-
fied 95 ChIP targets were previously found to be members of the
CjFur regulon. Whereas the majority of these genes were found
to be under holo-CjFur repression (∼53%), our analysis also
revealed holo-CjFur activation (four genes), apo-CjFur re-
pression (four genes), and apo-CjFur activation (two genes). It
should be noted that in some cases our transcriptomic data may
not be able to definitively differentiate between some of the
different forms of CjFur regulation, as several genes display both
apo and holo forms of CjFur regulation. Therefore, we used RT-
qPCR and gel-shift assays with apo-Fur protein to confirm the
CjFur-dependent regulation of several CjFur ChIP targets (Fig.

2). Importantly, the apo-Fur protein extract was confirmed to be
free of iron by inductively coupled plasma mass spectrometry
(ICPMS) analysis (Table S2). As shown Fig. 2, apo-Fur exhibits
a strong DNA-binding activity with fragments derived from the
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Fig. 1. (A) Genomic map of CjFur-enriched transcriptional units overlaid with C. jejuni’s transcriptional response to iron limitation. The outer ring lists all of
the transcriptional units that were enriched under Fur ChIP (≥1.5 enrichment, P ≤ 10−4). Blue denotes the gene that was found to be enriched under Fur ChIP.
The inner ring displays the transcriptional response of each gene to iron limitation, with green denoting iron-repressed genes and red denoting iron-activated
genes (≥1.5 fold change, P ≤ 10−4). The figure was made using Circos version 0.54 (34). (B) COG functional groups present in CjFur ChIP-enriched tran-
scriptional units. CjFur ChIP-enriched genes encompass a diverse range of COG functional categories, indicating that CjFur plays regulatory roles beyond iron
metabolism. The COG functional category inorganic ion transport and metabolism was found to be statistically overrepresented (*). (C) Consensus sequences
for CjFur binding sites. (Left) Holo-CjFur repression consensus sequence, with its palindromic sequence highlighted with arrows. (Right) Holo-CjFur activation
consensus sequence. Consensus sequences were made using WebLogo 3 (http://weblogo.berkeley.edu).
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holo-Fur (C) and apo-Fur (D and E) demonstrating direct Fur binding to the
promoter regions of genes found to be differentially expressed by RT-qPCR.
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centrations were 0, 50, 100, 200, and 1,000 nM. The promoter region for
dsbB has been previously shown to be bound by apo-Fur in vitro (24).
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upstream regions of the genes rrc and cj1345c. In addition, it has
recently been reported that dsbB is apo-Fur–repressed in C.
jejuni (24), and this gene was both identified as a target in our
ChIP results and also found to be apo-Fur–regulated by RT-
qPCR (Fig. 2). There were 78 genes that were identified as Fur
targets in our ChIP assay that were not previously thought to be
Fur-regulated. Only 30 of these genes are iron-regulated (Table
S1). The fact that ∼50% of the identified CjFur genes are not
iron-regulated indicates that many of CjFur’s regulatory roles are
iron-independent. Moreover, as the transcript level of most
CjFur ChIP targets (∼82%) was not significantly affected in
a Δfur mutant, this indicates the presence of complex regulatory
circuits comprising additional transcription factors.

Bioinformatic Analysis of Potential Fur Binding Sites. The 5′ non-
coding regions of the CjFur targets were further analyzed for the
presence of conserved sequences that would represent CjFur
binding sites. The dataset comprised all CjFur targets and sub-
sets of transcriptional units categorized based on the modes of
CjFur regulation (holo/apo, activation/repression). Despite our
extensive testing of different subgroups and alternate transcrip-
tional start sites, we failed to identify a universal consensus se-
quence for all of the CjFur targets and, similarly, we were unable
to identify a motif for genes regulated by apo-CjFur. After these
analyses, we then sought to identify enriched motifs in the genes
regulated by CjFur in the presence of iron. In sharp contrast with
apo-CjFur–regulated genes, we identified consensus motifs for
holo-CjFur–activated and –repressed genes. The consensus se-
quence of the holo-Fur–repressed CjFur targets (Fig. 1C) is very
similar to the CjFur consensus sequence previously reported (4).
This consensus sequence is typical of classical Fur boxes and
contains an internal palindromic 7-1-7 sequence. Interestingly,
our analysis also detected the presence of a consensus sequence
for holo-Fur–activated genes (Fig. 1C). The identified consensus
sequence is significantly different from previously identified Fur
boxes. It is nonpalindromic, and contains two direct repeat
sequences of TTTGG that differ markedly from the two inverted
repeats in the Fur box (TGATAAT).

Crystal Structure of CjFur. To understand the biochemical deter-
minants underlying the different modes of Fur regulation, the
structure of CjFur was determined at 2.1 Å resolution using
single-wavelength anomalous dispersion experiments (Table S3).
The structure consists of two protomers (A and B) that form the
asymmetric unit and the functional dimer (Fig. 3 and Fig. S2).
Protomer A consists of residues 4–83 and 90–149, whereas pro-
tomer B comprises residues 2–16 and 26–154. CjFur contains two
modular domains forming an N-terminal DNA-binding domain
and a C-terminal dimerization domain. The DBD of CjFur is
composed of five consecutive α-helices (α1, α2, α3, α3−2, and α4)
followed by a two-stranded antiparallel β-sheet (β1−β2). The tip
of β2 is connected to the DD by an 8-residue hinge region. The
DD folds as a mixed-α/β domain in which β3-β4-β5 form a twisted
β-sheet intersected, between β4 and β5, by the α5-helix. The
structure ends with a short α-helix (α6) that coordinates one
zinc ion.
After elucidating the CjFur structure, we sought to analyze the

structural differences between CjFur and other structurally
characterized Fur and Fur-like homologs. Using lsqkab (25), the
HpFur, Vibrio cholerae (Vc)Fur, Pseudomonas aeruginosa (Pa)
Fur, and CjFur structures were overlaid and the rmsd was cal-
culated (26). We noted that, with the exception of CjFur, all Fur
structures aligned reasonably well, with an rmsd of ∼1.8 Å for
all atoms (Fig. S3). Other Fur proteins consistently orient their
α1-helix outside of the V-shaped cleft and their two-stranded
antiparallel β-sheet inside the dimer. In contrast, alignment of
CjFur with any Fur proteins (rmsd of ∼15 Å for all atoms)
revealed drastic differences in the position of the DBD

secondary-structure elements. These differences include a 180°
rotation of CjFur’s DBD, which positions the β1−β2 β-sheet on
the exterior of the structure and the α1-helix within the V-shaped
dimer (Fig. 3A). Close inspection of the overlay of CjFur with
HpFur (CjFur’s closest homolog) revealed that CjFur’s DBD
repositioning stems from the conformation of the CjFur hinge
region. Indeed, in CjFur, the hinge region is elongated, whereas
the structurally equivalent region of HpFur is bent in such a way
that it adopts a loose turn. Overall, these observations suggest
that the CjFur hinge region plays an important role in controlling
the orientation of the DBD.

Metal Binding Sites of CjFur. After establishing that CjFur adopts
a peculiar structural conformation, we hypothesized that metal
coordination would also diverge from other Fur homologs. To
confirm this hypothesis, anomalous Fourier difference maps were
calculated and the resulting electron density was analyzed. For
consistency, we have used the nomenclature recently used for
designating metal binding sites in HpFur (14). The CjFur struc-
ture contains two occupied Zn2+ binding sites (referred therein as
S1 and S3) per protomer. The S1 site contains a Zn2+ ion that is
tetracoordinated by two pairs of cysteine residues (C105/108 and
C145/148) (Fig. S4A) and is found in the DD of CjFur. This zinc
binding site is known to be important for maintaining the struc-
tural integrity of the protein and dimerization in HpFur (27).
Given that the S1 site is also found in HpFur and Bacillus subtilis
(Bs)PerR and that both proteins exhibit an additional C-terminal
α-helix (Fig. 3C and Fig. S4A), these results suggest that Fur
proteins harboring an additional C-terminal α-helix coordinate
a structural Zn2+ ion in the S1 site.
The second metal binding site, S3, lies between β5 and α5 and is

in close proximity to the C-terminal end of the hinge that links the
DBD to theDD. In the S3 site, the Zn2+ ion is hexacoordinated by
residues D101, E120, andH137 and two water molecules. The first
water molecule (referred therein as W1) is located 2.2 Å from the
Zn2+ ion and makes a 2.6-Å hydrogen bond with the side-chain
amide group of N123. The second water molecule (W2) engages in
two hydrogen bonds with the carbonyl group and carboxylate
moiety of H99 and E115, respectively (Fig. S4C). This type of co-
ordination is drastically different from the HpFur and VcFur
S3 sites, which tetracoordinate the Zn2+ ion and lack metal-co-
ordinating water molecules. Although the number of coordination
inCjFur is analogous to PaFur, there are differences in themode of
coordination. In PaFur, W2 is absent and replaced by the imid-
azole side chain ofH86. In contrast, CjFur is able to coordinateW2
due to the aforementioned 180° rotation of CjFur’s DBD, which
places the backbone carbonyl group of H99 in an orientation
permissive for a W2-mediated hydrogen bond with the Zn2+ ion.
In addition, E115, which engages in the second W2-mediated hy-
drogen bond, is unique to CjFur.
Recent reports have suggested that the S2 metal binding site is

the iron-sensing site in several Fur proteins (2). The crystal struc-
tures of VcFur, HpFur, and PaFur revealed that all these proteins
coordinate metal ions at S2 using different geometries and modes
of coordination (14, 15, 22). Close analysis of the calculated
Fourier maps in proximity to the CjFur S2 site failed to detect
electron density, suggesting that the CjFur S2 site is unoccupied.
Consistent with this observation, only three metal-coordinating
residues (H100, H102, and E113) could be located at the putative
iron binding S2 site (Fig. S4B). Moreover, ICPMS analysis con-
firmed the absence of contaminating iron in our protein prepara-
tion (Table S2). The absence of metal in the S2 site can be
explained by the rotation of CjFur’s DBD, which positions two of
the putative Fe2+-coordinating residues, namely E93 and H99, in
a nonpermissive orientation for engaging in metal coordination.
Because there is a lack of metal in the S2-regulatory site, the CjFur
crystal structure is in the apo form.However, our apo-CjFur crystal

Butcher et al. PNAS | June 19, 2012 | vol. 109 | no. 25 | 10049

M
IC
RO

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118321109/-/DCSupplemental/st01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118321109/-/DCSupplemental/st01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118321109/-/DCSupplemental/st03.docx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118321109/-/DCSupplemental/pnas.201118321SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118321109/-/DCSupplemental/pnas.201118321SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118321109/-/DCSupplemental/pnas.201118321SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118321109/-/DCSupplemental/pnas.201118321SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118321109/-/DCSupplemental/pnas.201118321SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118321109/-/DCSupplemental/pnas.201118321SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1118321109/-/DCSupplemental/st02.docx


structure still adopts the canonical V-shaped conformation that is
characteristic of other holo-Fur crystal structures.

Discussion
Our study defines the apo-Fur structure and the Fur regulon in
C. jejuni. The structural analysis also reveals a possible mechanism
for apo-CjFur regulation, whereas our ChIP-chip results signifi-
cantly expand known CjFur target gene loci, unveiling regulatory
roles beyond iron homeostasis. The central regulatory role of CjFur
is highlighted by the identification of over 95 Fur binding sites in
proximity to genes encoding proteins involved in diverse biological
pathways ranging from metal homeostasis (including iron, zinc,
tungsten, and molybdenum) to flagellar and membrane biogenesis,
energy production and conversion, and stress responses.
Consistent with the classical role of Fur as a holo-Fur repressor

of iron-acquisition genes (2), the CjFur targets comprise all of the
genes known to be involved in iron acquisition (e.g., ferric-

enterobactin, heme and lactoferrin transporters). Remarkably,
whereas half of the CjFur binding sites are associated with iron
regulation, only a fourth of the CjFur targets were previously
reported to be deregulated in a fur mutant. This pattern is not
unprecedented, and was also observed for the HpFur and PaFur
regulons (28, 29).
Genes that were found to be CjFur targets but not differentially

expressed in a Δfur mutant include genes involved in flagellar
biogenesis and genes involved in zinc and molybdate/tungsten
transport. Members involved in flagellar biogenesis include the
major C. jejuni flagellins (flaAB) and numerous glycosylation pro-
teins (e.g., pseA and pseF). By analogy, the HpFur regulon also
contains several genes involved in flagellar biogenesis (28). This
absence of differential expression of the flagellum genes in the fur
mutant likely reflects the complex regulatory transcriptional cas-
cade for flagellar genes in C. jejuni. Indeed, transcriptional control
over flagellar biogenesis is quite extensive inC. jejuni, involving two

Fig. 3. (A) Crystal structure of CjFur. Orthogonal views of the CjFur crystal structure in which protomers A and B are rendered in orange and blue,
respectively. β-Sheets and α-helices are labeled accordingly, and zinc atoms are depicted as gray spheres. (B) Electrostatic surface potential of the CjFur crystal
structure. Electrostatic potentials are contoured from +10 kbTe

−1 (blue) to −10 kbTe
−1 (red) (kb = Bolzmann’s constant, T = temperature in Kelvin and

e = charge of an electron). (C) Sequence alignment of Fur and Fur-like proteins. Sequence alignment of Fur proteins [C. jejuni (Cj), H. pylori (Hp), V. cholerae
(Vc), P. aeruginosa (Pa), E. coli (Ec)] and of the Fur-like Zur fromMycobacterium tuberculosis (MtZur), Nur from Streptomyces coelicolor (ScNur), and PerR from
B. subtilis (BsPerR). Sequences were aligned using the ClustalW option in MEGA5 (35). CjFur secondary-structure elements are shown above the alignment.
Asterisks indicate the residues involved in the predicted CjFur S2 site. S1 residues are shaded in orange, predicted S2 residues are in yellow, and S3 residues are
in blue. Positions with 100% amino acid conservation are indicated by dark gray, 100–80% by medium gray, and 80–60% by light gray. kb, Bolzmann’s
constant; T, temperature in Kelvin; e, charge of an electron.
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σ factors (σ28 and σ54), the FlgSR two-component system, and the
FlhF regulator (30). The CjFur regulon also includes the zinc,
molybdate, and tungstate transporters ZupT, ModB, and TupB,
respectively (31, 32). The direct regulation of these transporters by
CjFur reveals additional roles for CjFur in transition-metal ho-
meostasis beyond iron regulation.
Interestingly, although we identified four modes of CjFur reg-

ulation, holo- and apo-CjFur repression and activation, only two
distinct CjFur DNA-binding motifs could be identified. The motif
identified for holo-CjFur–repressed genes matches the consensus
sequence previously identified, whereas the motif identified in
holo-CjFur–activated genes bears little similarity to the holo-Fur–
repressed motif (4). The fact that CjFur recognizes two distinct
consensus sequences is not unprecedented, as recent work on the
Fur homolog BosR in B. burgdorferi demonstrated that this Fur-
like protein could recognize three distinct consensus sequences
(11). Similarly, multiple unique DNA recognition sites were also
reported for the B. japonicum Fur protein (12). Overall, our
observations highlight the expanding repertoire ofDNA sequences
recognized by the Fur family of proteins.
Although CjFur should share similar structural features with

Fur proteins from other bacteria, none of the previously crystal-
lized proteins has been demonstrated to bind multiple consensus
sequences, and onlyHpFur is known to regulate gene expression in
its apo form. Moreover, the crystal structure of HpFur failed to
provide structural insights into apo-HpFur function, and previous
work has suggested that the structure of CjFur differed from other
Fur-family proteins (33). Because our results indicate that CjFur
recognizes divergent DNA consensus sequences and regulates
gene expression independently of iron, we reasoned that CjFur
must possess unique structural features that have not yet been
described for the Fur family of proteins. Accordingly, comparative
analyses of our CjFur crystal structure with other Fur and Fur-like
proteins reveal several similarities and differences. Comparable to
all Fur proteins, CjFur contains two protomers that form the ca-
nonical V-shaped dimer characteristic of holo-Fur proteins. Sim-
ilarly, analysis of CjFur metal binding sites reveals that the S1 site
in CjFur contains a zinc ion that is tetracoordinated by two pairs of
cysteine residues, forming a C4 zinc-finger motif, an important
structural determinant for dimerization inHpFur and also found in
BsPerR (27). The S3 site is also occupied by a zinc ion hex-
acoordinated by residues including E120, D101, andH137 and two
water molecules. Although the position of the S3 site is analogous
to that of other Fur proteins, it differs significantly from the tet-
racoordination state observed in HpFur. The final metal binding
site is known as the S2 site, and is the regulatory metal binding site
in HpFur, VcFur, and PaFur. Strikingly, this S2 site is unoccupied
in CjFur, indicating that the structure of CjFur represents the apo
form of the protein. However, unlike the previously obtained apo-
BsPerR structure (21), which has lost its V-shaped conformation
upon reorientation of its DBD in a near-planar arrangement (Fig.
S4), apo-CjFur maintains the canonical V-shaped conformation
reminiscent of other holo-Fur proteins. These observations likely
stem from several interdomain contacts between the CjFur DBD
and DD. First, residues located at the N-terminal end of α1, which
include N5, V6, and GE7, make several van der Waals contacts,
hydrophobic interactions, and hydrogen bonds with the CjFurDD.
Second, residues found in the C-terminal end of α2, which include
Y38 and H39, make extensive interactions with residues encom-
passing the β3−β4 hairpin of the CjFur DD. Third, the residues
succeeding the C4 zinc finger of the DD fold back onto the DBD
and engage in several hydrophobic contacts with a loop connecting

α2 and α3 of the DBD. Altogether, this extensive network of
interactions is strikingly different from apo-BsPerR, in which no
contacts between the DBD and DD domains are observed. Alto-
gether, these interactions provide a rationale underlying the for-
mation of apo-CjFur’s V-shaped conformation. Finally, this
conformation places several basic residues on the tip of the V-
shaped structure (Fig. 3B) in a position amenable for engaging in
electrostatic interactions with DNA. Thus, our structure provides
a snapshot view of an apo-Fur protein.
In addition to adopting the V-shaped conformation, further

comparative analyses of apo-CjFur with known holo-Fur struc-
tures identified notable differences in the orientation of its DNA-
binding domain (14–17, 19, 22). Indeed, whereas all holo-Fur
proteins align relatively well with each other (rmsd of ∼1.8 Å),
apo-CjFur displays striking structural differences in the orienta-
tion of its DBD. This conformational difference stems from
a notable rearrangement of the CjFur hinge region, which posi-
tions the α1-helices inside the V-shaped dimer. Thus, the CjFur
hinge region is poised to play an important role in modulating the
orientation of the DBD, and likely contributes to the rotation of
the DBD upon iron binding. These results are in line with a recent
study showing that metallation of HpFur S2 triggers a conforma-
tion change, which results in the formation of an active holo-Fur
protein (14). These observations may also suggest that residues
composing the CjFur hinge region allow for an increased degree
of freedom and thereby the positioning of the DBD in multiple
orientations. However, given that the CjFur S2 site lacks a metal
ion but the apo-CjFur structure maintains a V-shaped confor-
mation, we postulate that additional mechanisms confer to CjFur
the ability to bind to divergent DNA sequences and maintain a V-
shaped conformation in the absence of metal in the S2 site. This
added complexity would give CjFur the ability to selectively reg-
ulate gene expression depending on other environmental factors
along with iron.
In conclusion, our results imply that the DNA-binding prop-

erties of CjFur will diverge depending both on the occupancy of its
regulatory S2 site and the orientation of its unconventional hinge
region. In a broader context, these results support the observed
four modes of Fur regulation, apo- and holo-Fur activation and
repression. Finally, our study has not only provided a genome-
wide view of Fur binding in C. jejuni but also provides a view of an
apo-Fur structure.

Materials and Methods
C. jejuni and Escherichia coli strains were grown under standard conditions
with antibiotic supplementation as needed. CjFur was purified and used to
generate anti-CjFur antibodies and for crystallization trials. ChIP-chip
experiments were completed and the results were analyzed as previously
described (4, 34). CjFur ChIP enrichment was confirmed using qPCR of known
Fur targets. Consensus sequence analysis of CjFur ChIP targets using MEME
(http://meme.nbcr.net) was done as described previously (4). The CjFur
crystal structure was solved using single-wavelength anomalous diffraction
datasets generated from the Life Sciences Collaborative Access Team
beamline at the Advanced Photon Source in Chicago. For details, see SI
Materials and Methods.
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