
The biochemical properties of Escherichia coli Fur (EC-Fur) 
and its role in iron homeostasis have been studied for almost 
three decades (Hantke, 1981), and homologs from multiple 
bacteria (e.g., Pseudomonas, Vibrio, Salmonella, Yersinia, Neisseria,
Listeria, and Bacillus) have been described. When the intra-
cellular level of iron is high the Fur protein complexes with 
Fe2+ and will, in most cases, act as a repressor (for exceptions 
see Delany et al., 2004; Lee et al., 2007). Fur-Fe2+ dimers will 
bind to specific Fur binding sites (called Fur boxes) in promoter 
regions and reduce transcription of the associated genes. The 
“classical” Fur box is a 19 nt palindromic sequence centered 
on an A or T (de Lorenzo et al., 1987). Recently, several con-
sensus sequences from different bacteria have been suggested, 
and they usually differ from the “classical” Fur box by being 
centered on a degenerate nucleotide (N), which is positioned 
3 nt downstream relative to the A/T center nucleotide in the 
classical E. coli Fur box. For example, the vibrio Fur box 
consensus (5 -AATGANAATNATTNTCATT-3 ) (Ahmad et

al., 2009b) is nearly identical to that of Bacillus subtilis

(Fuangthong and Helmann, 2003) and Yersinia pestis (Zhou et 

al., 2006; Gao et al., 2008). Moreover, Schneider and co-
workers (Chen et al., 2007) recently used computer-based 
methods to search for Fur boxes in E. coli, B. subtilis, and P. 

aeruginosa, and found that they are highly similar and posi-

tioned 3 nt downstream relative to the “classical” E. coli Fur 
box. Intriguingly, under low iron conditions the Vibrio vulnificus

Fur protein can bind with low affinity to a 37-nt sequence in 
the fur promoter region and positively regulate Fur expression 
(Lee et al., 2007). It is unknown how the Fur protein interacts 
with this sequence, but the central 15-nt of the sequence 
strongly resembles the central part of the vibrio Fur box 
(TGCAAATTGTTATTA and TGANAATNATTNTCA, res-
pectively) (center of pseudo-palindrome is shown in italic). 

Genes that are differentially expressed in an iron-dependent 
manner have been mapped in wild-type and/or fur mutants 
(e.g., Stojiljkovic et al., 1994; Baichoo et al., 2002; Grifantini et 

al., 2003; Mey et al., 2005b; Zhou et al., 2006; Gao et al., 2008), 
and include genes important for acquisition and storage of 
iron, oxidative stress, and other stress responses, metabolism, 
chemotaxis, motility, in addition to a number of genes with 
unknown function. Importantly, Fur also regulates expression 
of ryhB, which encode the RyhB regulatory small RNA (Massé 
and Gottesmann, 2002; Mey et al., 2005a). When expressed, 
RyhB partially base-pairs with a subset of mRNAs and target 
these for degradation (Massé et al., 2003). Because ryhB is 
negatively regulated by Fur, the RyhB mRNA targets are 
apparently positively regulated by Fur under high iron 
concentrations, i.e., when the Fur-Fe2+ complex is repressing 
RyhB expression. 

Three crystal structures of Fur have been solved, i.e., a 
structure of Fur from Pseudomonas aeruginosa (PA-Fur) (Pohl 
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The Ferric uptake regulator (Fur) is a global transcription factor that affects expression of bacterial genes in 

an iron-dependent fashion. Although the Fur protein and its iron-responsive regulon are well studied, there 

are still important questions that remain to be answered. For example, the consensus Fur binding site also

known as the “Fur box” is under debate, and it is still unclear which Fur residues directly interact with the

DNA. Our long-term goal is to dissect the biological roles of Fur in the development of the disease cold-water

vibriosis, which is caused by the psychrophilic bacteria Aliivibrio salmonicida (also known as Vibrio 

salmonicida). Here, we have used experimental and computational methods to characterise the Fur protein 

from A. salmonicida (AS-Fur). Electrophoretic mobility shift assays show that AS-Fur binds to the recently 

proposed vibrio Fur box consensus in addition to nine promoter regions that contain Fur boxes. Binding

appears to be dependent on the number of Fur boxes, and the predicted “strength” of Fur boxes. Finally,

structure modeling and molecular dynamics simulations provide new insights into potential AS-Fur–DNA

interactions.
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et al., 2003), a structure of the N-terminal DNA-binding 
domain of E. coli Fur (EC-Fur) (Pecqueur et al., 2006), and a 
near complete (i.e., no electron density map of the last 17 
amino acids) structure of Vibrio cholerae Fur (VC-Fur) (Sheikh 
and Taylor, 2009). The structures are similar, although some 
differences can be noted, i.e., in the metal binding sites. For 
example, in VC-Fur and PA-Fur a Zn2+ in the dimerization 
domain (Zn1) appears to be tetra- and hexa-coordinated, 
respectively (see Sheikh and Taylor, 2009). The Fur protein 
functions as a homodimer, in which each monomer apparently 
contains one Zn2+ and one Fe2+ binding site, and consists of 
one N-terminal DNA-binding domain (residues 1-83 in PA-
Fur) and one C-terminal dimerization domain (residues 84-
135 in PA-Fur). The DNA-binding domain has four helices in 
front of two anti-parallel beta-strands, and exhibits a winged 
helix fold. In a PA-Fur–DNA structure model helix 4 was 
implicated in DNA binding, and in EC-Fur a tyrosine residue 
(Tyr 56) in helix 4 is in direct contact with the DNA target, 
and is in close proximity with two thymines (pos. 15 and 16) in 
the Fur binding site (Tiss et al., 2005). By using computer-
based methods we recently showed that several other Fur 
residues (e.g., K13, R18, R56, R69, Q60, and H76) might also 
significantly contribute to Fur-DNA interactions (Ahmad et

al., 2009a).  
Aliivibrio salmonicida (formerly Vibrio salmonicida) is a 

psychrophilic and moderately halophilic marine bacteria, and 
is the causative agent of cold-water vibriosis. The complete 
genome sequence of A. salmonicida strain LFI1238 was recently 
published (Hjerde et al., 2008). It encodes a temperature-
dependent siderophore-based iron sequestration system (see 
Colquhoun and Sørum, 2001), three tonB systems that provide 
energy for uptake of iron, and a Fur protein. We recently 
predicted Fur binding sites on a global scale for available 
Aliivibrio/Vibrio genomes, and found 60 single genes and 20 
operons that are potentially Fur-regulated in A. salmonicida

(Ahmad et al., 2009b). In this current work we characterised 
basic properties of Fur from A. salmonicida (AS-Fur). The fur

gene was cloned, over-expressed and purified, and AS-Fur–
DNA interaction was studied using EMSA and computer-
based methods. Our data provide further insights into the 
correlation between Fur-binding, and the number/“strength” 
of Fur boxes. Also, we identified new Fur residues and Fur 
box nucleotides that might be directly involved in protein-
DNA interactions. 

Materials and Methods 

Cloning, expression and purification of AS-Fur 

The fur gene from A. salmonicida was PCR-amplified and cloned into 
the pDEST14 Gateway expression vector according to the manu-
facturers instructions (Invitrogen, USA). AS-Fur was expressed in E. 

coli BL21(DE3) cells and was grown in LB broth with 100 µg/ml 
ampicillin. Over-expression was initiated from the T7 promoter at 
OD600=0.6 by adding 0.5 mM Isopropyl -D-1-thiogalactopyranoside 
(IPTG) (Promega, USA) at 20°C, and grown over night. Finally, cells 
were harvested by centrifugation at 5,000 g for 30 min at 4°C and 
resuspended in lysis buffer (25 mM Tris-HCl; pH 8.0, 1 M NaCl,     
1 mM EDTA) to an OD600 of about 35. The solution was stored at -
20°C, or kept at 4 C, depending on when the subsequent purification 
steps were done. Next, 1 tablet EDTA-free proteinase inhibitors 

(Roche, Swizerland) was added and the cells were disrupted by 
sonication using a Vibracell ultrasonic processor VCX 750 (Sonics and 
Materials). Sonication settings were 9.9 sec on and 9.9 sec off for   
45 min, maximum allowed temperature in solution was set to 20°C, 
and 40% intensity. After sonication the crude extract was centrifuged 
at 25,000 g for 30 min at 4°C to separate the recombinant protein 
from the majority of cell debris. The AS-Fur protein was affinity 
purified by running the supernatant on a 5 ml His-trap column (GE 
Healthcare, UK) using the Äkta FPLC (GE Healthcare) at 4°C. Buffer 
A (50 mM Tris-HCl; pH 8.0, 1 M NaCl, 5 mM -mercaptoethanol and 
1% glycerol) was used as the running buffer and the flow rate was set 
at 1.0 ml per min. AS-Fur was finally eluted with buffer B (Buffer 
A+500 mM Imidazole) by collecting 5 ml fractions and measuring the 
optical density at 280 nm. Fractions containing AS-Fur were collected 
and loaded on a Superdex 200 10/300 gel filtration column (GE 
Healthcare) equilibrated with 50 mM Tris-HCl (pH 8.0), 200 mM 
NaCl, 5 mM -mercaptoethanol, and 1% glycerol, and the flow rate 
set at 0.4 ml/min. Fractions containing AS-Fur protein were pooled. 
AS-Fur was concentrated using an Amicon Ultra-4 spin column with 
cut-off of 5,000 Da (Millipore, USA). AS-Fur was unstable under our 
storage conditions and typically aggregated within 5-7 days. New 
batches of AS-Fur were therefore freshly made before experiments. 
The final yield of AS-Fur was measured using a spectrophotometer 
with the wavelength of 280 nm and the theoretical extinction 
coefficient of AS-Fur. 

Electrophoretic gel mobility shift assay (EMSA) 

Radio-labelled PCR products of 80 bp or 194-245 bp were used as 
DNA probes. These were amplified in standard PCR reactions using 
synthetic oligonucleotides or A. salmonicida genomic DNA as template, 
respectively. To ensure equal amounts of labeled DNA target in each 
EMSA reaction the DNA targets were prepared as follows: DNA 
targets were PCR-amplified from 250 ng templates using 10 µM of 
“cold” upstream primer and 10 µM [ -32P] end-labeled downstream 
primer. PCR products were subsequently purified using QIAquick 
Nucleotide Removal kit (QIAGEN, Germany) to remove unincor-
porated nucleotides and primers. Finally, 10,000 cpm of PCR product 
was used in each reaction. As an extra control, PCR products were 
run on agarose gels and stained with Ethidium bromide to ensure 
equal amounts of DNA. 

Synthetic oligonucleotide templates 5 -GGTGATCAGTGTGGA 
AATGATAATAATTATCATTTGCGTAGTGGGAGTG-3  (“consensus”), 
5 -GGTGATCAGTGTGGAAATGAGAATGGTTATTATTTGCGTAG 
TGGGAGTG-3  (RyhB-1), 5 -GGTGATCAGTGTGGAGTTGAGAT
TAGATCTCATTGCGTAGTGGGAGTG-3  (RyhB-2) and 5 -GGTG 
ATCAGTGTGGATATCTTATTGATAATTAATGCGTAGTGGGAG 
TG-3  (RyhB-3) contained the Fur box (underlined) flanked by 
sequences that are unfavorable for Fur binding. PCR products were 
amplified from these oligonucleotides with primer pair fwd (5 -GTAAA 
ACGACGGCCAGGTGATCAGTGTGGA-3 ) and rev (5 -CAGGAA 
ACAGCTATGACACTCCCACTACGCA-3 ).  

Gene promoters from A. salmonicida were PCR-amplified using 
primers 5 -TGTGACGTAGATCTATTTTTACAAACC-3  and 5 -AAG 
TTGACGAGGCCACTTTAG-3  (VSAL_I2118, formerly TVS 2098), 
5 -TTTTTCATCAAAGTATTGAGCACT-3  and 5 -AAGCAAAGAA 
AGCGCAAAAA-3  (VSAL_II0868, formerly TVS4378), 5 -ATATCC 
CTGCTCCCCAAAAT-3  and 5 -TCTGCATCGATTTCTTGTGC-3
(VSAL_I0833, formerly TVS0690), 5 -GCGTAACGCTAGATTTGAG 
TTC-3  and 5 -TTCCAATATTATGTGAAACCACAC-3  (VSAL_p320_ 
27, formerly pVS320_0029), 5 -TCCTATATAAAGTAATTCAGCCTGT 
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GA-3  and 5 -CGCGATGGTTATTTTCCACT-3  (VSAL_I1951, formerly 
TVS1921), 5 -GGATGAATGCCTTCTTTCATTT-3  and 5 -AAACGA 
GGTTGACGAGGAAC-3  (VSAL_I0891, formerly TVS0751), 5 -
GGACGTTAATTCGTCCCTTTT-3  and 5 -TTCTTGTGCTCTAGG 
AGATAGGG-3  (VSAL_I1342, formerly TVS1251), and 5 -ATCC 
AAAACAAAAGCGCATC-3  and 5 -TTGTTCGCCAAAAGTCTTCA-
3  (VSAL_I1864, formerly TVS1829). 

Purified AS-Fur was incubated for 20 min in binding buffer 
containing 20 mM Tris acetate, pH 8.0, 1 mM MgCl2, 50 mM KCl, 1 
mM DTT, 50 ng polyD(AT), and 100 µM MnCl2. Thereafter, labeled 
DNA (10,000 cpm) was mixed with the desired concentration of AS-
Fur and incubated for another 10 min before the reaction was loaded 
on the gel. Samples were run on native 6% polyacrylamide/1× TB 
gels at 200 V for 2-2 1/2 h at 6°C with circulating buffer. The gel was 
finally dried and exposed to a phosphor imaging screen (Fujifilm, 
Japan). The phosphor imaging screen was scanned using a BAS-5000 
phosphoimager (Fujifilm), and the ImageGauge v4.0 software was 
used to analyse the results.  

Computational details 

A homology model of AS-Fur was built using the crystal structures of 
PA-Fur (1MZB, shares ca. 56% sequence identity to AS-Fur) and EC-
Fur (2FU4, shares ca. 80% sequence identity to AS-Fur in the DNA-
binding domain) as templates, with the help of the Modeller software 
(Sali and Blundell, 1993). Superimposition of the modeled AS-Fur 
with PA-Fur and EC-Fur gives a root mean square deviation (RMSD) 
of 1 and 0.8 Å, respectively. After finishing our computer analyses the 
crystal structure of VC-Fur, which was solved at 2.6 Å resolution by 
molecular replacement methods based on the PA-Fur structure, was 
published (Sheikh and Taylor, 2009). The structures of the individual 
domains of PA- and VC-Fur are very similar, with a slightly different 
orientation of the DNA-binding domains. Even so, we wanted to 
evaluate if knowledge on the VC-Fur structure would significantly 
change our results. We therefore superimposed the monomers A and 
B of VC-Fur with the corresponding monomers of AS-Fur. The 
resulting RMSD values were 2.2 and 1.9 Å, respectively, which 
indicate that the structures of the individual domains are highly 
similar. Also, the DNA-binding and dimerization domains of AS-Fur 
and VC-Fur were superimposed and resulted in RMSD values of 0.4 
and 0.7 Å, respectively. In summary, based on our superimpositions 

we conclude that the modeled AS-Fur structure, which is based on the 
PA-Fur structure, is highly similar to the recently published VC-Fur, 
and our analyses with the modeled AS-Fur should therefore be valid. 

The vibrio-specific Fur box (5 -AATGATAATAATTATCATT-3 )
and a control sequence (i.e., the sequence with the least conserved 
nucleotide at each position; 5 -CCGTGCGCACTCCGCAGGG-3 )
were next manually docked separately to the AS-Fur protein model. 
Docking was done based on the recently published PA-Fur–DNA 
model (Ahmad et al., 2009a). Molecular dynamics (MD) simulations 
and binding free energy calculations were performed as previously 
described (Ahmad et al., 2009a). Briefly, MD simulations on the AS-
Fur–DNA complex (with bound Fe2+ at site 2) were done using the 
AMBER 9 simulation package (Case et al., 2008), and the molecular 
mechanics-Poisson-Boltzmann surface area (MM-PBSA) and molecular 
mechanics-generalised Born surface area methods (MM-GBSA) were 
used to calculate the binding energy and the per-residue free energy 
decomposition of the protein-DNA complex, respectively. 

To examine the stability of the simulations RMSD of backbone 
atoms versus simulation time was calculated. RMSD was calculated 
relative to the first structure from the production phase, and the result 
showed that structures were stable throughout the MD simulations 
(Fig. 1). In addition, the total energy, temperature, pressure, volume, 
and density deviations were plotted against time, and all these 
properties were stable throughout the simulations (data not shown). 
Finally, to evaluate the stability (or convergence) of the computed 
free energies, we plotted the sum of the gas phase energies and the 
solvation free energy for the AS-Fur-DNA complex extracted from 
MD simulations, stable energies with fluctuation within 2% of the 
mean value were observed (Fig. 2). 

Results and Discussion 

Basic properties of Fur from members of the Vibrionaceae 
family 
The Fur protein is highly conserved within the Vibrionaceae

family (gamma-proteobacteria), which is dominated by different 
groups of vibrios (Fig. 3). Vibrio Fur proteins are 54-58% 
identical to the PA-Fur, and encode an additional 12-15 amino 
acids at the C-terminal end (similar to EC-Fur). The optional 
C-terminal tail has been associated with metal binding, folding  

Fig. 1. RMSD plot of AS-Fur consensus and AS-Fur negative control as a function of time for MD simulations.
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Fig. 2. Plot of the sum of gas phase energies and the solvation free energy for MD simulations.
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Fig. 3. Basic properties of Fur from the Vibrionaceae family. (A) Summary of phylogenetic tree by Thompson and co-workers (Thompson et al., 
2007) based on the atpA gene showing evolutionary relationships between representatives of the Vibrionaceae family. The majority of
representatives are different species of vibrios. The Aliivibrio fischeri group is the formerly V. fischeri group which includes A. salmonicida.
Numbers in parentheses denote the number of sequences included in the analysis. Filled circles denote groups that are represented in the Fur 
sequence alignment (B). (B) Secondary structure elements for PA-Fur as deduced from the crystal structure (Pohl et al., 2003) are shown. BS, 
potential binding site residues for iron; Y56, tyrosine 56 which is in direct contact with DNA target (Tiss et al., 2005); C92-C95 and C132-C135, 
cysteine residues involved in disulfide bridge formation in E. coli (D'Autréaux et al., 2007). At each position an asterisk indicates identical 
residues, a colon denotes conserved substitutions, and a dot represents semi-conserved substitutions.
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activation and dimerization (Pecqueur et al., 2006), and 
contains two cysteine residues (C132 and C137 in E. coli), which 
in E. coli form a disulfide bridge in their oxidised state 
(D'Autréaux et al., 2007). Interestingly, C132 in the Vibrio 

alginolyticus Fur protein appears to be inessential as it can be 
replaced without significant changes to the activity of the 
protein (Liu et al., 2007), and the last 12 residues of the Fur 
protein from the closely related Vibrio harveyi (Fig. 3A) can be 
deleted without loss of protein function (Sun et al., 2008). The 
A. salmonicida fur encodes a protein of 147 amino acids (i.e., 
AS-Fur) with a theoretical pI of 5.75 and a theoretical 
molecular weight of 16.6 kDa. AS-Fur is 83% identical to the 
V. cholerae Fur and 79% identical to EC-Fur. Differences in 
primary sequence of the compared Fur proteins are primarily 
located at the C-terminal end (Fig. 3B). Finally, residues 
important for direct interaction with DNA (Y56; Tiss et al., 
2005), metal binding (H33, E81, H90, and E100; Pohl et al., 2003), 
and disulfide bridge formation (C93 and C96, C133 and C138;
Pecqueur et al., 2006; D'Autréaux et al., 2007) are conserved in 
all vibrios and aliivibrios. 

DNA binding of A. salmonicida Fur  
To study DNA binding of AS-Fur, the corresponding gene 
from A. salmonicida was cloned into a Gateway vector for 
over-expression in E. coli. Expression produced AS-Fur, which 
was purified to apparent homogeneity. The subsequent gel 
filtration analysis revealed that the protein mainly exists as a 
homodimer in solution (Fig. 4). Purified AS-Fur and a radio-
labeled DNA target was next used in an electrophoretic mobility 
shift assay (EMSA) to test for AS-Fur–DNA complex formation. 
A 250 nt PCR-amplified fragment from the promoter region 
of ryhB (encodes the RyhB sRNA) was used as the DNA 
target. The A. salmonicida ryhB promoter region contains three 
predicted Fur boxes immediately upstream of the sRNA-

encoding sequence (Fig. 5A), and expression of RyhB is highly 
dependent on iron (Ahmad et al., 2009b). Interestingly, 
instead of changing the promoter mobility to a single slow-
moving band, the EMSA analysis showed that AS-Fur is 
responsible for gradually decreasing promoter mobility as AS-
Fur concentrations increases (Fig. 5B). This gel retardation 
pattern is consistent with an increasing number of AS-Fur on 
the DNA, and is in agreement with earlier studies that showed 
Fur polymerization on specific DNA sequences (Le Cam et al., 
1994). Furthermore, specificity of DNA binding was shown by 
adding increasing amounts of unlabeled ryhB promoter DNA 
(i.e., competitor DNA) to the binding reaction, which resulted 
in increasing mobility of the radio-labeled target. In contrast, 
addition of a similar-sized DNA fragment with no Fur box 
(i.e., non-competitor DNA) did not alter the EMSA profile 
(data not shown).

Binding of AS-Fur to promoters correlates with the iron 
responsiveness of genes and the “strength” of Fur 
boxes 
In a previous study, we predicted Fur boxes in front of 60 
single genes and 20 operons in the A. salmonicida genome, 
and tested previously unrecognised Fur-regulated genes and 
operons (7 genes and 2 operons) for iron responsiveness using 
Northern blot analysis (Ahmad et al., 2009b). In this current 
study we PCR-amplified the nine previously tested promoters 
and run EMSA. Figure 6A shows the resulting phosphoimage 
scan, schematic drawings of each promoter (which include 
predicted Fur boxes), and the iron responsiveness of the genes. 
In general, DNA binding correlates well with the iron respon-
siveness of genes and the “strength” of predicted Fur boxes. 
For example, the four strongest mobility shifts correspond to 
those genes that are most responsive to iron (i.e., 16.5-8.3 fold 
change), and they all contain two or three predicted Fur boxes. 
Furthermore, at least one Fur box in each promoter has a high 
(12-16) or medium (8-11) Patser score. High Patser scores 
indicate high probability for Fur-binding. 
  All tested promoters contain at least two Fur boxes, and it is  

Fig. 4. Gel filtration of AS-Fur. The gel filtration chromatogram
shows that the purified AS-Fur protein has a molecular weight of ~40
kDa in solution, which is consistent with an AS-Fur homodimer (38
kDa).
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Fig. 6. EMSA using AS-Fur and promoter DNA. (A) Increasing concentrations of AS-Fur (0 nM, 150 nM, 225 nM, 450 nM, and 900 nM) was 
added to nine radio-labelled PCR-amplified promoters. The associated genes are expressed in an iron-dependent fashion (Ahmad et al., 2009b), 
and fold change of expression during iron-poor conditions compared to standard conditions is indicated. Binding of AS-Fur to DNA targets were 
categorised as strong (++++), good (+++), weak (++) or poor (+). Patser scores of individual Fur boxes are shown. Values to the left are for 
Fur boxes in sense orientation and values to the right are for Fur boxes in anti-sense orientation. The first nucleotide in the translation start codon is 
defined as position +1. (B) Autoradiogram showing AS-Fur–binding to the vibrio “consensus” sequence and individual Fur boxes from the ryhB

promoter (RyhB-1, RyhB-2, and RyhB-3). The DNA targets were 80 nt in length and were PCR-amplified from synthetic DNA templates (see
‘Material and Methods’ for details). Sequences of each Fur box in sense orientation, and the associated Patser score for RyhB-1, RyhB-2, and 
RyhB-3 are shown. (C) Sequence alignment of all Fur boxes shown in (A) and (B). Sequence from sense and anti-sense orientations are shown.
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possible that AS-Fur binds to these cooperatively. To test Fur 
boxes individually we produced shorter PCR products (approx. 
80 bp in length), which contained one single Fur box flanked 
by sequences that are unfavorable for AS-Fur binding. The 
vibrio Fur box “consensus” (5 -AATGATAATAATTATCATT-
3 ) and three Fur boxes from the ryhB promoter, with Patser 
scores 12.8/12.9, 9.1/9.3 or 6.0/– (“–” denotes below threshold 
value), were PCR-amplified and tested for AS-Fur binding 
using EMSA (Fig. 6B). First, the results show that AS-Fur 
produces a strong shift in complex with the “consensus” target. 
However, mobility shifts do not increase with higher concen-
trations of AS-Fur, which suggests that AS-Fur does not 
aggregate on the DNA maybe because the DNA is only 80 nt 
in length, and contains only one Fur box. Second, the results 
show correlation between the Patser score of the individual 
ryhB-associated Fur boxes and the mobility shifts, i.e., higher 
Patser score is associated with stronger shift. This is perhaps 
not surprising because the Patser score value is based on 
similarity to the vibrio Fur box consensus sequence (Fig. 6C). 
Even so it demonstrates the usefulness of using computer 
predictions to search for transcription factor binding sites.  

Binding free energy for AS-Fur–DNA complex 
Our EMSA results show that AS-Fur recognizes and binds to 
the proposed vibrio-specific Fur box consensus, and that 
binding of AS-Fur to promoters correlates, in general, with 
the responsiveness of genes to iron and the strength of predicted 
Fur boxes. Next, we used MD simulations to approximate the 
strength of AS-Fur–DNA interactions, and to predict amino 
acid and nucleotide residues that significantly contribute to 

this interaction. MD simulations were performed using the AS-
Fur (with ferrous iron at metal site 2) in complex with the 
vibrio Fur box “consensus” or the “anti-consensus” (negative 
control) DNA. Binding free energies were calculated using the 
MM-PBSA method (Srinivasan et al., 1998; Kollman et al., 
2000). The binding energy values were calculated to -6.21 and 
67.31 kcal/mol, respectively (Table 1). The former value is 
similar to that calculated for PA-Fur in complex with the E. 

coli “classical” Fur box and Fe2+ at metal site 2 (-8.9 kcal/mol) 
(Ahmad et al., 2009a), whereas the latter value strongly 
support that the AS-Fur– “anti-consensus” complex is unfa-
vorable. In summary, our calculations suggest that the AS-Fur 
protein recognizes the vibrio Fur box specifically and that it 
binds with strong affinity. 

AS-Fur residues potentially involved in interaction with 
the DNA 
By calculating the contribution of individual residues to the 
overall binding free energy, we next predicted potential AS-
Fur residues that directly interact with the DNA (the vibrio 
“consensus”, 5 -AATGATAATAATTATCATT-3 ). Figure 7 
shows that a number of amino acid residues contribute signify-
cantly to the overall binding free energy of the AS-Fur–DNA 
interaction. The majority of contributing residues overlap with 
those predicted in our recent study, in which the PA-Fur was 
used in complex with the E. coli Fur box (Ahmad et al., 2009a). 
However, a number of contributing residues are specific to 
AS-Fur, including K42, N60, H72, S78, K98, K117, and R121, 
whereas a few contributing residues (R31, R115, and R117) 
are specific to PA-Fur. PA-Fur significantly differs from vibrio 

Table 1. Binding free energies for AS-Fur–DNA complexes

Molecular model Eelec EvdW Eint Gnp Gpol Ggas+solv T Stot Gtot

AS-Fur–DNA (vibrio Fur-box) 2410.36 (5.5) -124.46 (0.3) 0 (0) -20 (0.1) -2343.35 (5.1) -77.46 (0.6) -71.25 (0.8) -6.21 (1.4)

AS-Fur–DNA (neg. control) 2886.14 (9.9) -125.02 (0.4) 0 (0) -20.05 (0.1) -2762.42 (9.4) -21.35 (0.6) -88.66 (0.8) 67.31 (1.4)

Binding free energy values were computed from MM-PBSA single trajectories. Values are in kcal/mol. Numbers in parentheses are standard errors of the mean and
were calculated by dividing the standard deviation by the square-root of the number of snapshots (500). Eelec, Coulombic energy; EvdW, van der Waals energy; Eint,
internal energy; Gnp, non-polar salvation free energy; Gpol, polar solvation free energy; Ggas+solv =Eelec +EvdW  +Eint + Gnp + Gpol; TStot, Total entropic contributions; Gtot 

= Ggas+solv - TStot.

Fig. 7. Free energy of binding per residue for AS-Fur, in complex with vibrio “consensus” Fur box. Based on the calculations, residues
contributing significantly to Fur-DNA interaction are highlighted.
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Fur proteins in sequence composition (approx. 56% identity 
between PA-Fur and AS-Fur), and some species-specific 
interactions between Fur and DNA can therefore be expected. 

Vibrio-specific Fur box residues involved in interaction 
with AS-Fur 
Using the same approach as described above, contribution of 
individual nucleotide residues to the overall binding free 
energy in the AS-Fur–vibrio Fur box complex was calculated. 
Figure 8 shows that A14 and C16 (correspond to A17 and C19 
in E. coli) contribute favorably to the interaction on both 
strands, whereas T13 (T16 in E. coli) was found to contribute 
to binding on one strand. It is unclear to us if the strand-
specific contribution of T13 is due to real differences in 
interactions between the DNA and the Fur homodimer, or if 
it is due to an artifact in the MD simulations and binding free 
energy calculations. Using a mass spectrometry-based method, 
EC-Fur and the E. coli “classical” Fur box, Tiss and co-
workers (Tiss et al., 2005) showed that T12 and T13 (corres-
pond to T15 and T16 in E. coli) directly interact with the 
protein. In summary, A14 and C16, which are conserved in B.

subtilis and Y. pestis, represent new potential interaction sites 
between Fur and DNA. A structure presentation of potential 
interactions between AS-Fur and the vibrio “consensus” DNA 

Fig. 8. Free energy of binding per residue for vibrio “consensus” Fur box, in complex with AS-Fur. (A) Per-residue binding free energy
decomposition for sense strand of vibrio Fur box “consensus” and negative control. (B) Per-residue binding free energy decomposition for anti-
sense strand of vibrio Fur box “consensus” and negative control. Highlighted DNA residues contribute favorably to the free energy of binding for 
AS-Fur and the vibrio Fur box.

- 4

- 3

- 2

- 1

0

1

2

3

4

5

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Consensus (anti-sense strand)
Negative control (anti-sense strand)

- 2

- 1

0

1

2

3

4

5

(A)

(B)

A14

C16T13

A14 C16

D
ec

om
po

si
tio

n 
en

er
gy

 (k
ca

l/m
ol

)
D

ec
om

po
si

tio
n 

en
er

gy
 (k

ca
l/m

ol
)

Consensus (sense strand)
Negative control (sense strand)

Fig. 9. Ribbon presentation of potential interactions between AS-Fur
and the target DNA. The presented structure was chosen as the
complex with the average overall energy during the last 4 ns of MD
simulations. Highlighted DNA and amino acid residues contribute
significantly to the free energy of binding for AS-Fur and the vibrio
Fur box (see Figs. 8 and 9). For the sake of clarity only a selected
amino acids residues have been highlighted. The figure was made
using the Accelrys Discovery Studio Visualizer software. 
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is shown in Fig. 9, and indicates that the C16 nucleotide and 
the Tyr56, Arg57 and Arg70 amino acids are in close proximity. 

Conclusions

Knowledge on Fur from different bacterial species is conti-
nuously increasing. As a result species-specific functions of 
Fur also accumulate. Our model system is the Gram-negative 
bacterium A. salmonicida, which is responsible for cold-water 
vibriosis in Atlantic salmon and cod. It is our goal to elucidate 
the roles of Fur during the development of this disease. 
Previously, we have employed computational methods to 
establish the Vibrionaceae Fur box and used this information 
to predict Fur binding sites in A. salmonicida, and used 
experimental methods to verify the iron responsiveness of a 
set of genes. In this study we used EMSA to show Fur-binding 
to the proposed Fur box, as well as to several other promoters 
of proposed Fur-regulated genes. Finally, we performed MD 
simulations and binding free energy calculations to evaluate 
AS-Fur–DNA interactions and to predict important nucleotides 
and amino acid residues possibly involved in AS-Fur–DNA 
binding.
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