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 2 

ABSTRACT 20 

Iron is essential for most organisms. However, two problems are associated with the use of iron for 21 

aerobically growing organisms: (i) its accumulation leads to the formation of toxic reactive oxygen species 22 

and  (ii) it is present mainly as the highly insoluble ferric iron which makes the access to iron difficult. As a 23 

consequence, a tight regulation of iron homeostasis is required. This regulation is achieved in many 24 

bacteria by the ferric uptake repressor Fur. The way how the activity of Fur is controlled, has so far 25 

remained elusive. Here, we have identified the Fur antirepressor FurA (previously YlaN) in the model 26 

bacterium Bacillus subtilis and describe its function to release Fur from the DNA under conditions of iron 27 

limitation. The FurA protein physically interacts with Fur, and this interaction prevents Fur from binding to 28 

its target sites due to a complete re-orientation of the protein. Both in vivo and in vitro experiments using 29 

a reporter fusion and Fur-DNA binding assays, respectively, demonstrate that the Fur-FurA interaction 30 

prevents Fur from binding DNA and thus from repressing the genes required for iron uptake. Accordingly, 31 

the lack of FurA results in the inability of the cell to express the genes for iron uptake under iron-limiting 32 

conditions. This explains why the furA gene was identified as being essential under standard growth 33 

conditions in B. subtilis. Phylogenetic analysis suggests that the control of Fur activity by the antirepressor 34 

FurA is confined to, but very widespread in bacteria of the class Bacilli. 35 

 36 

IMPORTANCE 37 

Iron is essential for most bacteria since it is required for many redox reactions. Under aerobic conditions, 38 

iron is both essential and toxic due to radical formation. Thus, iron homeostasis must be faithfully 39 

controlled. The transcription factor Fur is responsible for this regulation in many bacteria; however, the 40 

control of Fur activity has remained open. Here we describe the FurA protein, a so far unknown protein 41 

which acts as an antirepressor to Fur in Bacillus subtilis. This mechanism seems to be widespread in B. 42 

subtilis and several important pathogens and might be a promising target for drug development. 43 

 44 
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 49 

INTRODUCTION 50 

Living organisms require the presence of micronutrients to survive. Iron is one of these micronutrients that 51 

is essential; however, trace amounts of the metal are sufficient to sustain the life of  bacteria. The difference 52 

between iron and other trace minerals such as zinc or manganese is the facile redox transformation 53 

between ferric (Fe3+) and ferrous iron (Fe2+) (1). Enzymes that bind iron as a cofactor make use of this 54 

transformation for electron transport with the iron acting as the electron acceptor and donor.  55 

As many other essential metal ions, iron is not only required for life, but its accumulation can also 56 

have toxic effects. During aerobic respiration superoxide radicals are produced as byproducts. To remove 57 

superoxide, it is converted to H2O2 by the enzyme superoxide dismutase. H2O2 can then be detoxified by 58 

catalase or peroxidase but it can also react with ferrous iron via the Fenton reaction. A product of this 59 

reaction is the hydroxyl radical (for review see 2, 3). H2O2 can also react with superoxide in the ferrous iron 60 

catalyzed Haber-Weiss reaction to yield the hydroxyl radical (4). These radicals can cause damage to many 61 

biological macromolecules which can ultimately lead to cell death (5). To prevent such damage, cells can 62 

detoxify superoxide and H2O2, repair organic molecules such as DNA, and finally regulate the amount of 63 

free ferrous iron in the cell. 64 

Life on earth emerged under anaerobic conditions; thus iron was mostly present in the highly 65 

soluble ferrous form. Presumably, bacteria adapted very early to the use of iron for enzymatic reactions 66 

(6). With the development of oxygenic photosynthesis, the atmosphere turned aerobic, and this drastically 67 

changed bacterial evolution with respect to iron metabolism. On one hand, bacteria evolved aerobic 68 

respiration because the oxidation power of oxygen ultimately yielded much more energy than 69 
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fermentation or any other respiration. On the other hand, this also led to the probably unintended 70 

production of superoxide and H2O2. As described, both compounds readily react with ferrous iron to form 71 

reactive oxygen species. Simultaneously, with increasing amounts of oxygen in the atmosphere ferrous 72 

iron rapidly oxidizes to the highly insoluble ferric iron, or more specifically to ferric hydroxides that rapidly 73 

precipitate (from 10-6 M free ferrous iron under anoxic conditions to 10-10 M complexed and 10-17 M free 74 

ferric iron under aerobic conditions (7). Bacteria require 10-5 to 10-7 M for optimal growth, so they had to 75 

develop mechanisms to acquire sufficient iron from their environment (1).  76 

Iron acquisition is growth-limiting for many bacteria, in particular for pathogens that acquire iron 77 

from the host. To make insoluble ferric iron available for the cell, bacteria use siderophores, low molecular 78 

weight compounds that bind ferric iron with high affinity and thereby solubilize it (1). The ferri-siderophore 79 

complex is then taken up by specific transport systems, typically ABC-transporters in Gram-positive 80 

bacteria (8). The Gram-postive model organism Bacillus subtilis encodes proteins for the synthesis of 81 

several siderophores and systems for the uptake of different iron sources (9). Additionally, many bacteria 82 

also produce an uptake system for elemental iron (10, 11). In B. subtilis, this transporter is named EfeUOB 83 

and transports elemental ferric iron into the cell (12).  84 

Since iron is essential but also toxic, intracellular iron levels need to be tightly regulated. This 85 

regulation is mediated by Fur, the ferric uptake regulator. According to the COG database (13), Fur is 86 

conserved in many archaea and most bacteria. Fur belongs to the ferric uptake regulator family which 87 

includes Zur, the major regulator of zinc homeostasis and PerR which responds to peroxide stress. Fur 88 

regulates the expression of at about 60 genes in B. subtilis (14, 15, see http://www.subtiwiki.uni-89 

goettingen.de/v4/regulon?id=protein:F899F1EE27E6D503BCC06BC52E3C7FD80B8EF725 for a complete 90 

list of the B. subtilis Fur regulon, 16). Fur almost exclusively represses the expression of its target genes 91 

which are mostly iron uptake and siderophore synthesis systems (14). An exception is the Fur-activated 92 

pfeT gene which encodes an efflux pump (17, 18). Fur consists of an N-terminal DNA-binding domain and 93 

a C-terminal domain which is thought to bind ferrous iron as a cofactor and which mediates dimerization 94 
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(19, 20). It has long been assumed that Fur binds ferrous iron as a cofactor but only recently it could be 95 

shown that Fur actually reversibly binds an iron sulfur cluster in Escherichia coli (21).   96 

 Even though it could not be shown, it is widely assumed that B. subtilis Fur senses the intracellular 97 

iron concentration by binding ferrous iron (22, 23). With decreasing extracellular iron concentrations the 98 

Fur regulon is derepressed in three waves in B. subtilis (15). First, iron uptake systems for elemental iron, 99 

ferric citrate and petrobactin are expressed. Sequentially, the synthesis of the siderophore bacillibactin 100 

and uptake systems for bacillibactin and the hydroxamate siderophores to scavenge iron occurs before 101 

the iron-sparing response is initiated to inhibit the translation of iron binding proteins mediated by the 102 

regulatory RNA fsrA (24).  103 

 Despite the absence of direct evidence for the binding of iron to Fur, there has been only little 104 

research regarding possible other mechanisms that regulate Fur (25). However, recent studies revealed 105 

that there are proteins which modulate the activity of Fur in different bacteria. In Salmonella enterica, the 106 

EIIANtr protein of the non-canonical phosphotransferase system regulates the expression of iron uptake 107 

genes via Fur by a direct protein-protein interaction which results in the release of Fur from its DNA binding 108 

sites (26). Another but similar mechanism was recently found in uropathogenic E. coli, where the proteins 109 

YdiV and SlyD cooperatively bind Fur and reduce its DNA binding (27). These results indicate that the 110 

regulation of Fur, which was assumed to be exclusively dependend on ferrous iron, actually involves Fur 111 

antagonists that might be more common then previously anticipated. 112 

We are interested in the functional characterization of unknown or poorly studied proteins in the 113 

model bacterium B. subtilis. Although B. subtilis is one of the best studied bacteria, the function of many 114 

proteins remains to be elucidated. The YlaN protein a highly abundant but only poorly studied protein (28, 115 

29). Moreover, the ylaN gene is essential under standard growth conditions (30, 31). Both the very high 116 

expression and the essentiality suggest that the YlaN protein plays a very important role in the cell. 117 

Recently it was shown that t he ylaN gene becomes dispensable when ferric iron is added to the growth 118 

medium (32). This provides a strong indication that the YlaN protein is involved in the control of iron 119 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 28, 2023. ; https://doi.org/10.1101/2023.09.28.559918doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.28.559918
http://creativecommons.org/licenses/by-nc-nd/4.0/


 6 

homeostasis. Moreover, recent in vivo crosslinking data revealed an intriguing interaction between YlaN 120 

and Fur which indicates that YlaN might be another Fur antagonist and thus exert its role in iron 121 

homeostasis via Fur (33, 34).  122 

In this work, we have studied the role of YlaN in the control of iron homeostasis in B. subtilis. We 123 

confirm the direct protein-protein interaction between Fur and YlaN, and show that Fur is unable to bind 124 

its target DNA in the presence of YlaN. Thus, YlaN acts as an molecular antirepressor of Fur which we 125 

rename FurA. 126 

 127 

 128 

RESULTS 129 

 130 

FurA becomes dispensable in the absence of Fur. It has been shown that the essential furA 131 

(previously ylaN) gene becomes dispensable if ferric iron is added to the growth medium (32). Based on 132 

the interaction between FurA and the Fur regulator protein, we hypothesized that FurA might antagonize 133 

Fur to allow the expression of iron uptake systems at low iron concentrations. If this were true, the deletion 134 

of the furA gene under standard conditions might be toxic as a result of continued repression of the genes 135 

for iron uptake by Fur. To test this idea, we attempted the deletion of furA in the fur mutant GP879. As a 136 

control, we used the isogenic wild type strain B. subtilis 168. In agreement with the published data, furA 137 

could not be deleted under standard conditions or if the plates were supplemented with ferrous iron. 138 

However, the deletion was possible if the medium was supplemented with ferric iron. In contrast, the furA 139 

gene could be deleted under all three conditions in the fur mutant strain GP879. These results confirm the 140 

conditional essentiality of FurA depending on the iron supply and they suggest that FurA might be needed 141 

to prevent some harmful activity of Fur under conditions of iron limitation. 142 

FurA is quasi-essential under standard growth conditions. When the concept of essentiality was 143 

introduced, a gene was regarded essential if it could not be activated under standard growth conditions 144 
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for the organism, i. e. on LB medium supplemented with glucose at 37°C for B. subtilis (31, 35). Today, we 145 

know that several essential genes can in fact be deleted under standard conditions but that the mutant 146 

strains immediately acquire suppressor mutations that help to overcome the growth-limiting problem. 147 

Such genes are called quasi-essential as they remain essential under standard conditions in the genomic 148 

context of the standard wild type strain.  149 

The possibility to delete furA from a fur mutant suggested that furA might also be quasi-essential. 150 

Thus, we made use of the furA mutant GP3324 that had been isolated in the presence of ferric iron as 151 

described above. The strain was cultivated on standard sporulation medium under iron-limiting condition. 152 

As expected, we observed the development of few individual colonies that most likely resulted from the 153 

acquisition of suppressor mutations. We re-isolated eight independent colonies that had appeared in the 154 

absence of added iron or in the presence of ferrous iron each, and sequenced their fur alleles as we already 155 

knew that fur mutants tolerate the inactivation of furA. Of the total of 16 mutants, all but one had single 156 

point mutations in the Fur coding sequence that resulted in amino acid substitutions in the Fur protein. 157 

These mutations all occurred in the N-terminal part of the protein which is required for DNA binding 158 

indicating that the mutated Fur versions are impaired in DNA binding (19). Several of the substitutions 159 

were observed in multiple mutants, both from seleection without added iron or in the presence of ferrous 160 

iron (see Fig. 1A).  Interestingly, several of these suppressor mutants had a reddish colony colour which 161 

could also be observed in the fur deletion strain when grown on plates with additional ferric iron (Fig. 1B). 162 

It can thus be assumed that DNA binding of Fur in the suppressors with the reddish phenotype was 163 

completely abolished whereas DNA binding of Fur in the suppressors with white colony colour was only 164 

reduced.  165 

One of the suppressor mutants, GP3368, had no mutation in the fur coding sequence. Whole 166 

genome sequencing, however, identified the accumulation of mutations in the spoIIM-fur region directly 167 

upstream of fur. Importantly, one of the mutations affects the presumptive -10 region of the fur promoter 168 

and a one base deletion results in a shortened spacer (16 bp instead of 17 bp) between the -35 and -10 169 
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regions (see Supplemental Figure S1) suggesting that the promoter was not active and that Fur was not 170 

properly expressed in this mutant.  171 

Taken together, these results demonstrate that furA is a novel quasi-essential gene. Under 172 

standard conditions on complex medium, the deletion of furA causes the immediate acquisition of 173 

suppressor mutations that interfere with Fur activity or expression. Moreover, these results support the 174 

idea that the Fur  repressor becomes toxic for the cells in the absence of FurA and iron, i.e. under 175 

conditions that require expression of the iron uptake genes that are all members of the Fur regulon. 176 

Ferrous iron is perceived as iron limitaton in B. subtilis. The attempts to delete the furA gene 177 

have revealed an important difference between the two different states of iron: the availability of ferric 178 

iron allowed the deletion of furA whereas this was not possible in the presence of ferrous iron. Moreover, 179 

cultivation of the furA mutant GP3324 in the absence of iron and in the presence of ferrous iron selected 180 

precisely the same mutations in Fur. Thus, the B. subtilis cells seemed to perceive the presence of ferrous 181 

iron as an iron limitation. To test this idea, we tested growth of the ∆furA strain GP3324 on plates with 182 

different iron sources. The strain was propagated directly from a cryo culture on sporulation plates with 183 

0.5 mM of different iron sources. This concentration was used since the ∆furA strain can grow on plates 184 

supplemented with 0.5 mM Fe(III)citrate. No growth was observed with the ferrous iron source Fe(II)Cl2. 185 

The few cells that appeared are likely to be suppressor mutants. On the other hand, the cells grew with 186 

the addition of 0.5 mM Fe(III)Cl3. Since Fe(III)citrate consists of ferric iron and the iron chelator citrate, we 187 

wondered whether the growth phenotype had something to do with the chelation of iron. Intriguingly, the 188 

addition of Na3citrate (1 g/l) to the plates allows growth of the ∆furA mutant also with Fe(II)Cl2. Moreover, 189 

the addition of sodium citrate to plates without any additional iron also led to weak growth of the furA 190 

mutant. Taken together, these results indicate that the furA is able to grow with ferrous iron sources, 191 

provided they are made available by citrate-mediated chelation. In this case, even the low amounts of iron 192 

present in the sporulation medium allow at least a faible growth. Thus, the problem with ferrous iron is its 193 

low bioavailability. 194 
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FurA affects the activity of the Fur-controlled dhbA promoter. The dhbACEBF-ybdZ operon 195 

encodes the enzymes for the synthesis of the siderophore bacillibactin (36). It is one of the Fur-controlled 196 

operons, and it is induced as a part of the second wave of Fur-controlled genes that are expressed upon 197 

iron limitation (15). We used the activity of the dhbA promoter as an indicator of Fur activity. For this 198 

purpose, we fused the dhbA promoter region to a promoterless lacZ gene encoding -galactosidase and 199 

integrated this dhbA-lacZ fusion into the B. subtilis genome of the wild type strain and the isogenic fur 200 

mutant GP879. The resulting strains, GP3331 and GP3356, respectively, carrying the dhbA-lacZ fusion were 201 

cultivated in CSE-Glc minimal medium supplemented with 0.1 µM and 500 µM of ferrous and ferric iron. 202 

As shown in Fig. 2, a strong promoter activity was determined at 0.1 µM iron, irrespective of the redox 203 

state of the iron ions. Expression was substantially reduced at the increased iron concentration in the wild 204 

type strain. For ferrous iron, we observed an about twofold decrease of expression, whereas a twelvefold 205 

decrease was detected in the case of ferric iron. This result corresponds well to the observation that 206 

ferrous iron is less bioavailable for the bacteria, so that it causes only a weak repression of dhbA 207 

expression. In the fur mutant GP3356, we observed high -galactosidase under all tested conditions. The 208 

strong repression of dhbA expression in response to ferrous iron, and the dependence of repression on a 209 

functional Fur protein is in excellent agreement with published data (37). We also tested the expression 210 

of the dhbA-lacZ fusion in the wild type strain GP3331 in complex medium (LB) in the presence and absence 211 

of 500 µM ferrous or ferric iron. In this case, the activity was already rather low in the absence of added 212 

iron (45 unit per mg of protein as compared to 700 ... 900 units in minimal medium in the presence of 0.1 213 

µM of iron), probably due to the presence of iron in the complex medium which is likely to cause a basal 214 

repression. However, the expression was fivefold repressed if one of the iron ions was added (see Fig. 3A 215 

for Fe3+, data not shown for Fe2+). For further experiments, we used LB medium and ferric iron. 216 

To test the role of FurA in the Fur-mediated regulation of the dhbA promoter, we constructed 217 

additional strains carrying the dhbA-lacZ fusion in a furA single and furA fur double mutant. The resulting 218 

strains were GP3366 and GP3361, respectively. As shown in Fig. 3A, expression in the fur mutant was 219 
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strongly enhanced as compared to the wild type background and independent from the iron 220 

concentration. The rather weak expression in the wild type strain in the absence of added iron is in good 221 

agreement with the conclusion that this medium already contains some iron. The loss of FurA in addition 222 

to Fur in GP3361 had no effect on the dhbA promoter activity. Finally, we tested dhbA promoter activity 223 

in the furA mutant (GP3366). For this strain, only background activities were observed under both 224 

conditions. We conclude that FurA exerts its role via Fur, as already suggested as a result from the 225 

suppression analysis. The lack of promoter activity in the furA single mutant is in excellent agreement with 226 

the above conclusion that the Fur-controlled genes for iron uptake might be completely repressed in the 227 

absence of FurA thus resulting in the essentiality of FurA in standard LB medium. 228 

The deletion of furA resulted in complete repression of the dhbA promoter, likely due to the 229 

inability to release Fur from its target DNA in the absence of FurA. Given the observed physical interaction 230 

between the two proteins, it is tempting to speculate that the overexpression of FurA might cause the 231 

release of Fur from its target sites and thus induction of dhbA expression even in the presense of iron. To 232 

test this hypothesis, we put the furA gene under the control of the strong degQhy promoter in the 233 

expression plasmid pBQ200. The resulting plasmid was pGP3897. This plasmid as well as the empty vector 234 

pBQ200 were then introduced into strain GP3331 that harbors the dhbA-lacZ fusion. Again, the strains 235 

were grown in LB medium in the presence or absence of 500 µM ferric citrate. As observed before for the 236 

wild type strain, we found a fivefold repression of dhbA expression in the presence of the empty vector 237 

(see Fig. 3B). In contrast, expression was strongly increased in the presence of pGP3897 when FurA was 238 

overproduced. We even observed a substantial expression in this strain if 500 µM ferric citrate were 239 

present. This observation indicates that the overexpression of FurA counteracts the repressing effect 240 

caused by Fur and strongly suggests that FurA acts as a bona fide antagonist of Fur. 241 

Physical interaction between Fur and FurA. Previous proteome-wide interaction studies with B. 242 

subtillis detected an interaction between Fur and FurA (33, 34). If FurA acts as an antagonist to Fur, it 243 

seems most likely that this activity is achieved by the physical interaction between the two proteins. To 244 
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confirm this interaction, we decided to verify the interaction in vivo in B. subtilis and to reconstitute it in a 245 

heterologous system. 246 

To confirm the interaction between Fur and FurA, and to distinguish primary from indirect 247 

interactions, we studied the binary interaction using the bacterial two-hybrid screen. In this system, 248 

interacting proteins reconstitute the B. pertussis adenylate cyclase, resulting in cAMP synthesis and 249 

subsequent activation of -galactosidase synthesis. As shown in Fig. 4A, Fur and FurA showed a strong 250 

direct interaction. This observation is in excellent agreement with previous results (33, 34). Moreover, 251 

FurA exhibited a strong self-interaction which corresponds to the previously reported formation of 252 

homodimers for the FurA protein from Staphylococcus aureus (38). None of the two proteins showed an 253 

interaction with the Zip protein, which was used as the negative control. Thus, the interaction between 254 

FurA and Fur is specific. To test, whether the interaction depends on the availability of iron, we also 255 

performed the two hybrid screen in the presence of 500 µM of either ferric or ferrous iron. The results 256 

were indistiguishable from those obtained in the absence of added iron (data not shown). This may result 257 

from internal iron accumulation in E. coli. 258 

In a second setup, we tested the physical in vivo interaction between FurA and Fur by co-259 

precipitation (see Fig. 4B). For this purpose, we constructed a strain that expressed Fur carrying a C-260 

terminal FLAG tag for immunological detection (GP3367). This strain was then transformed either with the 261 

empty vector pGP382 (39) or with plasmid pGP3867 for the expression of FurA fused to a C-terminal Strep-262 

tag for affinity chromatography. Both strains were cultivated in CSE-Glc minimal medium with 0.1 or 500 263 

µM ferric citrate. The protein extracts were then passed over a StrepTactin column to bind the FurA-Strep, 264 

washed and Strep-tagged proteins with their potential interaction partners were eluted. Two proteins, 265 

PycA and AccB, were eluted from the StrepTactin column for both the empty vector control and the strain 266 

expressing FurA-Strep. These proteins contain a biotin cofactor that causes binding to the matrix and are 267 

good indicators that the experimental setup was suitable. Upon expression of FurA-Strep, we observed 268 

copurification of a protein of about 20 kDa which corresponds to FLAG-tagged Fur. The identity of the band 269 
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was confirmed by a Western blot using antibodied directed against the FLAG tag (see Fig. 5). As observed 270 

in the two-hybrid screen, the Fur protein was copurified with FurA both at high and low iron 271 

concentrations. Again, the low iron concentration used in this experiment may still be sufficient to allow 272 

the interaction between the two proteins.  273 

FurA prevents the DNA-binding activity of Fur. All our experiments support our initial hypothesis 274 

that FurA can bind Fur and interfere with the repression of target genes by Fur. To get direct evidence for 275 

this, we performed DNA binding assays with the dhbA promoter region and purified Fur protein. As shown 276 

in Fig. 5, the DNA fragment was retarded in the presence of Fur, indicating binding of Fur to its target DNA. 277 

In contrast, no shift was observed with the purified FurA protein. The addition of both Fur and FurA to the 278 

DNA did not result in DNA binding. This observation is in excellent agreement with the idea that FurA might 279 

prevent Fur from binding to DNA. To ensure that the effect of FurA addition to the DNA and Fur is specific, 280 

we performed a control experiment in which we used the HPr protein of the phosphotransferase system 281 

as the seond protein in the assay. As FurA, HPr is a small acidic protein. The results observed with the 282 

promoter DNA and Fur were as described above. Similarly, the HPr protein did not interact with the DNA. 283 

However, the presence of HPr in addition to the promoter fragment and Fur did not prevent the formation 284 

of the Fur-DNA complex indicating that HPr is unable to interfere with the DNA binding activity of Fur (Fig. 285 

5). Taken together, our results demonstrate that FurA specifically interacts with Fur to prevent it from 286 

binding to its target DNA sequences and thus to allow the expression of genes that are under negative 287 

control by Fur. 288 

AlphaLink based model for the FurA-Fur complex. The AlphaLink (40) prediction (model 289 

confidence: 0.75) of the B. subtilis Fur-dimer (Fig. 6A) resembles a V-shaped conformation, similar to other 290 

Fur-proteins which interact with DNA (41). If we include the FurA interaction, Fur undergoes a large 291 

conformational change (Fig. 6B). The AlphaLink model (model confidence: 0.84) directly leverages the 292 

experimental crosslinking MS data (34, 42) which support the interaction. Cross-links were found between 293 

Lys-74 in the DNA-binding domain of Fur and the Lys residues 23 and 26 of FurA (34). Upon interaction 294 
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with Fur, FurA grabs the DNA-binding domains of Fur and the Fur dimerization interface disassembles, 295 

resulting in a breaking of the functional dimer and a complete re-orientation of the DNA-binding domain 296 

(see http://www.subtiwiki.uni-goettingen.de/v4/predictedComplex?id=168 and 297 

http://www.subtiwiki.uni-goettingen.de/v4/predictedComplex?id=169 for an interactive display of the 298 

Fur dimer and the Fur-FurA complex as well as Supplementary Movie S1). The rotation and acompanying 299 

re-orientation of the DNA-binding domains explains the loss of the DNA-binding activity of Fur upon 300 

interaction with FurA. 301 

  302 

DISCUSSION 303 

 304 

The FurA (YlaN) protein belongs to a small group of so far unknown proteins that are strongly expressed 305 

under essentially all conditions in B. subtilis (29). Of those about 40 proteins, FurA is the only that is 306 

essential under standard laboratory growth conditions (30, 35). This made the protein an important target 307 

for functional analysis. The data presented in this study identify the so far unknown protein FurA as a bona 308 

fide antirepressor of the Fur regulator. The interaction between the two proteins interferes with the 309 

binding of Fur to its DNA targets and thus results in the expression of the iron uptake systems which are 310 

all subject to Fur-mediated transcription repression. 311 

 The data presented in the acompanying paper suggest that FurA perceives the primary signal of 312 

the system, the intracellular iron concentration in the form of ferrous iron (43). In this form, the protein 313 

does not interact with Fur, and Fur can bind to its DNA target sites to repress the expression of genes for 314 

iron uptake systems and to activate expression of an iron exporter gene. In contrast, under conditions of 315 

iron limitation, apo-FurA can bind to Fur, and thus break open the Fur dimer, resulting in release of Fur 316 

from its target sites as shown in this work (see Fig. 7). This interaction allows the expression of Fur-317 

controlled genes for iron uptake systems if iron gets scarce, and is thus a prerequisite for the growth of B. 318 

subtilis under conditions of iron depletion. This explains why the FurA gene is essential for B. subtilis under 319 
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standard conditions. Since iron limitation is the rule rather than the exception for bacteria that live under 320 

aerobic conditions, mechanisms that allow the effective induction of genes for iron acquisition are of key 321 

importance. 322 

  Fur-mediated control of iron homeostasis is widespread in both Gram- negative and Gram-positive 323 

bacteria. For long time, it was assumed that the Fur protein directly responds to the presence of ferrous 324 

iron (44). However, despite intensive research there is no clear support for this idea in the published data 325 

body and the direct sensing of iron by Fur has remained controversial (45, 46). In contrast, there is clear 326 

evidence that zinc ions act as cofactor for the regulator of zinc homeostasis Zur, another Fur-type regulator 327 

(47). Only more recent studies with Gram-negative bacteria and the data presented in this and the 328 

acompanying study suggest that Fur may be controlled by regulatory protein-protein interactions in many 329 

bacteria (25, 43, for review). As observed in this study, the Fur antagonists YdiV and PtsN of E. coli and S. 330 

enterica, respectively, are required in both bacteria to allow expression of Fur-repressed genes if the cell 331 

experience iron limitation (26, 27). 332 

 An analysis of the phylogenetic distribution of FurA reveals that the protein is present exclusively 333 

in the Bacilli subgroup of the Firmicutes (13). In this class, FurA is present in most species with the 334 

exception of the lactic acid bacteria and few other species. Interestingly, most bacteria that possess Fur 335 

family transcription factors, encode multiple, typically three of these proteins, Fur, PerR, and Zur. Those 336 

bacteria of the Bacilli class that lack FurA, do also lack the Fur protein. Most of them have PerR and Zur, 337 

with the notable exception of Lactobacillus acidophilus and Streptococcus pneumoniae that completely 338 

lack Fur type regulators. In the genus Jeotgalibacillus, one species, J. malaysiensis possesses both Fur and 339 

FurA, whereas J. donkookensis encodes neither of the two proteins. There are only two bacteria among 340 

the Bacilli that seem to possess Fur but not FurA, Aneurinibacillus soli CB4 and Tumebacillus avium 341 

AR23208. This might result from issues with the genome sequences, or these bacteria have evolved 342 

specific strategies to control Fur activity. 343 
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 The two-faced role of iron as an important player in cellular energy metabolism on one hand and 344 

its toxicity on the other make the presence of effective systems to control iron homeostasis critical for 345 

bacterial life. B. subtilis possesses several systems that sense and respond to iron availability. The global 346 

system is the Fur/ FurA repressor/ antirepressor couple which controls the expression of iron uptake and 347 

export systems, of proteins that counteract oxidative stress, and of a regulatory RNA and its chaperone 348 

proteins (15, 16). As a result of Fur/FurA-dependent regulation, the genes for iron uptake are not 349 

expressed if the metal is already abundant in the cell. The antirepressor activity of FurA allows expression 350 

of iron uptake genes as soon as iron gets limiting. This is a strategic decision of the cell as it determines 351 

which protein of the iron homeostasis system will be present or not in the future. However, Fur-dependent 352 

control is not sufficient if iron gets limiting and immediate measures must be taken to increase its 353 

availability. Citrate chelates iron, suggesting that large citrate pools are rather problematic for the cell if 354 

iron gets limiting. Indeed, B. subtilis has also found a solution for this problem: aconitase, an enzyme of 355 

the citric acid cycle, needs an FeS cofactor. In the absence of iron, apo-aconitase is an RNA-binding protein. 356 

In B. subtilis, it binds to the citZ mRNA that specifies citrate synthase to trigger its degradation, and to 357 

prevent the synthesis of even more citrate synthase from pre-synthesized mRNA molecules (48, 49). To be 358 

completely on the safe side and to prevent any further citrate synthesis, the cell should also degrade or 359 

otherwise inactivate citrase synthase during iron limitation; however, this issue remains to be investigated. 360 

 The discovery of the activity of FurA as an antirepressor to Fur in B. subtilis is important for our 361 

better understanding of the physiology of this important model organism (50). B. subtilis is the model 362 

organism for a large group of Gram-positive bacteria, that includes many important pathogens such as S. 363 

aureus, Listeria monocytogenes, or Bacillus anthracis that also possess the Fur/FurA couple. Iron is the 364 

growth-limiting factor for most pathogenic bacteria in the human body. Accordingly, the investigation of 365 

the control of iron homeostasis is also very important to better understand the processes of infection and 366 

disease and to develop novel treatments. Since FurA is essential under conditions of iron limitation not 367 
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only in B. subtilis but also in S. aureus (see acompanying paper, 43), it might be an attractive novel target 368 

for drug development. 369 

 370 

MATERIALS AND METHODS 371 

Strains, media and growth conditions. E. coli DH5α and Rosetta DE3 (51) were used for cloning 372 

and for the expression of recombinant proteins, respectively. All B. subtilis strains used in this study are 373 

derivatives of the laboratory strain 168. They are listed in Table 1. B. subtilis and E. coli were grown in 374 

Luria-Bertani (LB) or in sporulation (SP) medium (51,52). For growth assays and the in vivo interaction 375 

experiments, B. subtilis was cultivated in LB, SP, or CSE-Glc minimal medium (52, 53). CSE-Glc is a 376 

chemically defined medium that contains sodium succinate (6 g/l), potassium glutamate (8 g/l), and 377 

glucose (1 g/l) as the carbon sources (53). Iron sources were added as indicated. The media were 378 

supplemented with ampicillin (100 µg/ml), kanamycin (50 µg/ml), chloramphenicol (5 µg/ml), or 379 

erythromycin and lincomycin (2 and 25 µg/ml, respectively) if required. LB and SP plates were prepared 380 

by the addition of Bacto Agar (Difco) (17 g/l) to the medium. 381 

DNA manipulation. Transformation of E. coli and plasmid DNA extraction were performed using 382 

standard procedures (51). All commercially available plasmids, restriction enzymes, T4 DNA ligase and DNA 383 

polymerases were used as recommended by the manufacturers. B. subtilis was transformed with plasmids, 384 

genomic DNA or PCR products according to the two-step protocol (52). Transformants were selected on 385 

SP plates containing erythromycin (2 µg/ml) plus lincomycin (25 µg/ml), chloramphenicol (5 µg/ml), 386 

kanamycin (10 µg/ml), or spectinomycin (250 µg/ml). DNA fragments were purified using the QIAquick 387 

PCR Purification Kit (Qiagen, Hilden, Germany). DNA sequences were determined by the dideoxy chain 388 

termination method (51).  389 

Construction of mutant strains by allelic replacement. Deletion of the fur and furA genes was 390 

achieved by transformation of B. subtilis 168 or GP879 with a PCR product constructed using 391 

oligonucleotides to amplify DNA fragments flanking the target genes and an appropriate intervening 392 
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resistance cassette as described previously (54). The integrity of the regions flanking the integrated 393 

resistance cassette was verified by sequencing PCR products of about 1,100 bp amplified from 394 

chromosomal DNA of the resulting mutant strains.  395 

Phenotypic analysis. In B. subtilis, amylase activity was detected after growth on plates containing 396 

nutrient broth (7.5 g/l), 17 g Bacto agar/l (Difco) and 5 g hydrolyzed starch/l (Connaught). Starch 397 

degradation was detected by sublimating iodine onto the plates. 398 

 Quantitative studies of lacZ expression in B. subtilis were performed as follows: cells were grown 399 

in CSE-Glc or LB medium supplemented with iron sources as indicated as indicated. Cells were harvested 400 

at OD600 of 0.5 to 0.8. -Galactosidase specific activities were determined with cell extracts obtained by 401 

lysozyme treatment as described previously (52). One unit of -galactosidase is defined as the amount of 402 

enzyme which produces 1 nmol of o-nitrophenol per min at 28° C. 403 

Genome sequencing. To identify the mutations in the suppressor mutant strains GP3368 (see 404 

Table 1), the genomic DNA was subjected to whole-genome sequencing. Concentration and purity of the 405 

isolated DNA was first checked with a Nanodrop ND-1000 (PeqLab Erlangen, Germany), and the precise 406 

concentration was determined using the Qubit® dsDNA HS Assay Kit as recommended by the manufacturer 407 

(Life Technologies GmbH, Darmstadt, Germany). Illumina shotgun libraries were prepared using the 408 

Nextera XT DNA Sample Preparation Kit and subsequently sequenced on a MiSeq system with the reagent 409 

kit v3 with 600 cycles (Illumina, San Diego, CA, USA) as recommended by the manufacturer. The reads 410 

were mapped on the reference genome of B. subtilis 168 (GenBank accession number: NC_000964) (55). 411 

Mapping of the reads was performed using the Geneious software package (Biomatters Ltd., New Zealand) 412 

(56). Frequently occurring hitchhiker mutations (57) and silent mutations were omitted from the screen. 413 

The resulting genome sequence was compared to that of our in-house wild type strain. Single nucleotide 414 

polymorphisms were considered as significant when the total coverage depth exceeded 25 reads with a 415 

variant frequency of ≥90%. All identified mutations were verified by PCR amplification and Sanger 416 

sequencing. 417 
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Plasmid constructions. To express the Fur and FurA proteins carrying a N-terminal His-tag in E. 418 

coli, the fur and furA genes were amplified using chromosomal DNA of B. subtilis 168 as the template and 419 

appropriate oligonucleotides that attached specific restriction sites to the fragment. Those were: BamHI 420 

and XhoI for cloning fur in pET-SUMO (Invitrogen, Germany), and BamHI and SalI for cloning furA in 421 

pWH844 (58). The resulting plasmids were pGP3589 and pGP2583 for Fur and FurA, respectively. 422 

For overexpression of furA in B. subtilis, we constructed plasmid pGP3897. For this purpose, the 423 

furA gene was amplified and cloned between the BamHI and SalI site of the expression vector pBQ200 424 

(59). For the expression of FurA carrying a C-terminal Strep-tag in B. subtilis, we used plasmid pGP3867. 425 

This plasmid was obtained by cloning the furA gene between the BamHI and SalI sites of the expression 426 

vector pGP382 (39). To add a FLAG tag epitope to the Fur protein, we constructed plasmid pGP3899 by 427 

cloning the fur gene between the BamHI and HindIII sites of pGP1331 (60). 428 

Plasmid pAC7 (61) was used to a construct translational fusion of the dhbA promoter region to the 429 

promoterless lacZ gene. For this purpose, the promoter region was amplified using oligonucleotides that 430 

attached EcoRI and BamHI restriction to the ends of the products. The fragments were cloned between 431 

the EcoRI and BamHI sites of pAC7. The resulting plasmid was pGP3594. 432 

Protein expression and purification. E. coli Rosetta(DE3) was transformed with the plasmid 433 

pGP371 (62), pGP2583, and pGP3589 encoding His-tagged versions of PtsH, FurA, and Fur, respectively. 434 

For overexpression, cells were grown in 2x LB and expression was induced by the addition of isopropyl 1-435 

thio-β-D-galactopyranoside (final concentration, 1 mM) to exponentially growing cultures (OD600 of 0.8). 436 

The His-tagged proteins were purified in 1x ZAP buffer (50 mM Tris-HCl, 200 mM NaCl, pH 7.5). Cells were 437 

lysed by four passes (18,000 p.s.i.) through an HTU DIGI-F press (G. Heinemann, Germany). After lysis, the 438 

crude extract was centrifuged at 46,400 x g for 60 min and then passed over a Ni2+nitrilotriacetic acid 439 

column (IBA, Göttingen, Germany). The proteins were eluted with an imidazole gradient. After elution, the 440 

fractions were tested for the desired protein using SDS-PAGE. The purified proteins were concentrated in 441 

a Vivaspin turbo 15 (Sartorius) centrifugal filter device (cut-off 5 or 50 kDa). The protein samples were 442 
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stored at −80°C until further use. The protein concentration was determined according to the method of 443 

Bradford (63) using the Bio-Rad dye binding assay and bovine serum albumin as the standard.  444 

Electromobility shift assay (EMSA) with DNA. To analyze the binding of Fur to the dhbA promoter 445 

region, we performed EMSA assays with a 284 bp dhbA promoter fragment that carries the Fur binding 446 

site and purified Fur, FurA, and PtsH proteins. 200 ng of DNA and 80 pmoI of the proteins were used. The 447 

samples were first prepared without the proteins only with DNA, buffer and water and heated for 2 448 

minutes at 95°C. Then the proteins were added in different combinations and the samples were incubated 449 

for 30 minutes at 37°C. Meanwhile, the EMSA gels were applied to a pre run at 90 V for 30 minutes 450 

immersed in TBE buffer (51). Afterwards, 2 µl of the loading dye were added and the samples were loaded 451 

into the gel pockets. The gel was run for 3 hours at 110 V. Then, the gels were immersed in TBE containing 452 

HDGreen® fluoreszence dye (Intas, Germany). After 2 minutes the gels were photographed under UV light. 453 

In vivo detection of protein-protein interactions. To verify the interaction between Fur and FurA 454 

in vivo, cultures of B. subtilis GP3367 (Fur-FLAG) containing pGP3867 (FurA-Strep), or the empty vector 455 

control (pGP382), were cultivated in 500 ml CSE-Glc medium containing the indicated iron source until 456 

exponential growth phase was reached (OD600 ~ 0.4-0.6). The cells were harvested immediately and stored 457 

at -20°C. The Strep-tagged protein and its potential interaction partners were then purified from crude 458 

extracts using a StrepTactin column (IBA, Göttingen, Germany) and D-desthiobiotin as the eluent. The 459 

eluted proteins were separated on an SDS gel and potential interacting partners were analyzed by staining 460 

with Colloidal Coomassie and Western blot analysis using antibodies raised against the FLAG-tag.  461 

Bacterial two-hybrid assay. Primary protein-protein interactions were identified by bacterial two-462 

hybrid (BACTH) analysis (64). The BACTH system is based on the interaction-mediated reconstruction of 463 

Bordetella pertussis adenylate cyclase (CyaA) activity in E. coli BTH101. Functional complementation 464 

between two fragments (T18 and T25) of CyaA as a consequence of the interaction between bait and prey 465 

molecules results in the synthesis of cAMP, which is monitored by measuring the β-galactosidase activity 466 

of the cAMP-CAP-dependent promoter of the E. coli lac operon. Plasmids pUT18C and p25N allow the 467 
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expression of proteins fused to the T18 and T25 fragments of CyaA, respectively. For these experiments, 468 

we used the plasmids pGP3868-pGP3875, which encode N-and C-terminal fusions of T18 or T25 to fur and 469 

furA. The plasmids were obtained by cloning the fur and furA between the KpnI and BamHI sites of pUT18C 470 

and p25N (64). The resulting plasmids were then used for co-transformation of E. coli BTH101 and the 471 

protein-protein interactions were then analyzed by plating the cells on LB plates containing 100 µg/ml 472 

ampicillin, 50 µg/ml kanamycin, 40 µg/ml X-Gal (5-bromo-4-chloro-3-indolyl-ß-D-galactopyranoside), and 473 

0.5 mM IPTG (isopropyl-ß-D-thiogalactopyranoside). The plates were incubated for a maximum of 36 h at 474 

28°C.  475 

 Modelling of the structure of the FurA-Fur complex. We predicted the FurA-Fur complex structure 476 

with AlphaLink2 v2 (40) using crosslinking MS data (34). For each prediction, we ran 3 recycling iterations. 477 

The final model is the best prediction out of 5 samples picked by highest model confidence. 478 
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Table 1. B. subtilis strains used in this study. 660 

Strain Genotype Source or Reference 

168 trpC2 Laboratory collection 

GP879 trpC2 ∆fur::ermC This study 

GP3321 trpC2 ∆fur::ermC ∆furA::cat This study 

GP3324 trpC2 ∆furA::cat This study 

GP3331 trpC2 amyE::(PdhbA-lacZ aphA3) pGP3594 → 168 

GP3356 trpC2 ∆fur::ermC amyE::(PdhbA-lacZ aphA3) GP879 → GP3331 

GP3361 trpC2 ∆fur::ermC ∆furA::cat amyE::(PdhbA-lacZ aphA3) GP3321 → GP3331 

GP3366 trpC2 ∆furA::cat amyE::(PdhbA-lacZ aphA3) GP3324 → GP3331 

GP3367 trpC2 fur-FLAG spc pGP3899 → 168 

GP3368 trpC2 ∆furA::cat point mutations in spoIIM-fur 

intergenic region 

Suppressor of GP3324 (no 

iron) 

   

 661 
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Figure legends 665 

 666 

Fig. 1 Mutations in Fur upon deletion of the furA gene. A. Alignment of the sequences of Fur proteins 667 

from different bacteria. The DNA-binding and dimerization domains are highlighted in light green and 668 

magenta, respectively. The positions of point mutations in the individual suppressor mutants are shown 669 

by arrows. The numbers indicate how often an individual amino acid substitution was found. The orange 670 

arrows indicate that the corresponding mutant colonies were reddish as the fur mutant. Bsu, B. subtilis; 671 

Bli, Bacillus licheniformis; Sau, S. aureus; Eco, E. coli. B. Growth of wild type and mutant strains of B. subtilis 672 

on a LB agar plate containing 2.5 mM ferric iron. The deletion of the fur gene results in a red colony color. 673 

 674 

Fig. 2 Effect of iron on the activity of the dhbA promoter. Cultures of a wild type strain (GP3331) and the 675 

isogenic fur mutant (GP3356) carrying a dhbA-lacZ fusion were grown with the indicated iron 676 

supplementation, and promoter activities were determined by quantification of -galactosidase activities. 677 

The values are averages of three independent experiments. Standard deviations are shown.  678 

 679 

Fig. 3. The impact of FurA on dhbA promoter activity. A. Effect of furA deletion. Strains carrying a dhbA-680 

lacZ fusion were cultivated in LB with or without added ferric citrate, and promoter activities were 681 

determined by quantification of -galactosidase activities. The values are averages of three independent 682 

experiments. Standard deviations are shown. WT, GP3331; fur, GP3356, fur furA, GP3361; furA, 683 

GP3366. B. Effect of furA overexpression. B. subtilis GP3331 without any plasmid (WT) and GP3331 carrying 684 

plasmid pGP3897 for furA overexpression or the empty vector pBQ200 were cultivated in LB with or 685 

without added ferric citrate, and promoter activities were determined by quantification of -galactosidase 686 

activities. The values are averages of three independent experiments. Standard deviations are shown. 687 

 688 
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Fig. 4. Physical interaction between FurA and Fur. A. Bacterial two-hybrid assay to test the interaction 689 

between Fur and FurA. N- and C-terminal fusions of both proteins to the T18 or T25 domain of the 690 

adenylate cyclase (CyaA) were created and the proteins were tested for interaction in E. coli BTH101. Blue 691 

colonies indicate an interaction that results in adenylate cyclase activity and subsequent expression of the 692 

reporter β-galactosidase. B. Evaluation of proteins co-purified with Fur. Protein complexes isolated from 693 

B. subtilis GP3367 (Fur-FLAG) containing either the empty vector pGP382 or pGP3867 (FurA-Strep). The 694 

strains were grown in CSE-Glc minimal medium supplemented with ferric citrate as indicated. The wash 695 

and the second elution fractions from each purification were loaded onto the SDS-PAA gel and analyzed 696 

by silver staining. The positions of the intrinsically biotinylated proteins PycA and AccB as well as of Fur-697 

FLAG and FurA-Strep are shown. The lower panel shows a Western blot using antibodies raised against the 698 

FLAG tag to detect the Fur-FLAG protein. 699 

 700 

Fig. 5. FurA is an antagonist of the DNA-binding activity of Fur. Gel electrophoretic mobility shift assay of 701 

Fur binding to dhbA promoter fragments.  The components added to the assays are shown above the gels. 702 

 703 

Fig. 6. AlphaLink and cross-linking data suggest the structure of the FurA-Fur complex. A: AlphaLink 704 

prediction (model confidence: 0.75) of the Fur dimer. B: AlphaLink prediction (model confidence: 0.84) of 705 

the FurA-Fur complex with crosslinking MS data. The Fur dimer undergoes a large conformational change. 706 

All crosslinks (shown as blue lines) are satisfied in the prediction. 707 

 708 

Fig. 7. Model for the control of Fut activity by FurA. At high iron concentrations, the Fur dimer binds its 709 

target DNA sequences in the promoter regions of genes involved in iron homeostasis. The FurA protein 710 

binds ferrous iron and is unable to interact with Fur. If iron gets limiting, apo-FurA forms a complex with 711 

Fur, resulting in the release of Fur from its targets, and thus in expression of genes for iron uptake. 712 

 713 
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Supplemental material 714 

 715 

Supplemental material is available online only. 716 

 717 

Fig. S1, Mutations in the spoIIM-fur intergenic region of the suppressor mutant GP3368.  718 

Movie S1, Disassembly of the functional Fur dimer upon interaction with FurA. 719 

 720 

 721 

 722 

 723 
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	ABSTRACT
	IMPORTANCE
	Iron is essential for most bacteria since it is required for many redox reactions. Under aerobic conditions, iron is both essential and toxic due to radical formation. Thus, iron homeostasis must be faithfully controlled. The transcription factor Fur ...
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	RESULTS
	FurA becomes dispensable in the absence of Fur. It has been shown that the essential furA (previously ylaN) gene becomes dispensable if ferric iron is added to the growth medium (32). Based on the interaction between FurA and the Fur regulator protein...
	FurA is quasi-essential under standard growth conditions. When the concept of essentiality was introduced, a gene was regarded essential if it could not be activated under standard growth conditions for the organism, i. e. on LB medium supplemented wi...
	The possibility to delete furA from a fur mutant suggested that furA might also be quasi-essential. Thus, we made use of the furA mutant GP3324 that had been isolated in the presence of ferric iron as described above. The strain was cultivated on stan...
	One of the suppressor mutants, GP3368, had no mutation in the fur coding sequence. Whole genome sequencing, however, identified the accumulation of mutations in the spoIIM-fur region directly upstream of fur. Importantly, one of the mutations affects ...
	Taken together, these results demonstrate that furA is a novel quasi-essential gene. Under standard conditions on complex medium, the deletion of furA causes the immediate acquisition of suppressor mutations that interfere with Fur activity or express...
	Ferrous iron is perceived as iron limitaton in B. subtilis. The attempts to delete the furA gene have revealed an important difference between the two different states of iron: the availability of ferric iron allowed the deletion of furA whereas this ...
	FurA affects the activity of the Fur-controlled dhbA promoter. The dhbACEBF-ybdZ operon encodes the enzymes for the synthesis of the siderophore bacillibactin (36). It is one of the Fur-controlled operons, and it is induced as a part of the second wav...
	To test the role of FurA in the Fur-mediated regulation of the dhbA promoter, we constructed additional strains carrying the dhbA-lacZ fusion in a furA single and furA fur double mutant. The resulting strains were GP3366 and GP3361, respectively. As s...
	The deletion of furA resulted in complete repression of the dhbA promoter, likely due to the inability to release Fur from its target DNA in the absence of FurA. Given the observed physical interaction between the two proteins, it is tempting to specu...
	Physical interaction between Fur and FurA. Previous proteome-wide interaction studies with B. subtillis detected an interaction between Fur and FurA (33, 34). If FurA acts as an antagonist to Fur, it seems most likely that this activity is achieved by...
	To confirm the interaction between Fur and FurA, and to distinguish primary from indirect interactions, we studied the binary interaction using the bacterial two-hybrid screen. In this system, interacting proteins reconstitute the B. pertussis adenyla...
	In a second setup, we tested the physical in vivo interaction between FurA and Fur by co-precipitation (see Fig. 4B). For this purpose, we constructed a strain that expressed Fur carrying a C-terminal FLAG tag for immunological detection (GP3367). Thi...
	FurA prevents the DNA-binding activity of Fur. All our experiments support our initial hypothesis that FurA can bind Fur and interfere with the repression of target genes by Fur. To get direct evidence for this, we performed DNA binding assays with th...
	AlphaLink based model for the FurA-Fur complex. The AlphaLink (40) prediction (model confidence: 0.75) of the B. subtilis Fur-dimer (Fig. 6A) resembles a V-shaped conformation, similar to other Fur-proteins which interact with DNA (41). If we include ...
	DISCUSSION
	The FurA (YlaN) protein belongs to a small group of so far unknown proteins that are strongly expressed under essentially all conditions in B. subtilis (29). Of those about 40 proteins, FurA is the only that is essential under standard laboratory grow...
	The data presented in the acompanying paper suggest that FurA perceives the primary signal of the system, the intracellular iron concentration in the form of ferrous iron (43). In this form, the protein does not interact with Fur, and Fur can bind to...
	Fur-mediated control of iron homeostasis is widespread in both Gram- negative and Gram-positive bacteria. For long time, it was assumed that the Fur protein directly responds to the presence of ferrous iron (44). However, despite intensive research ...
	An analysis of the phylogenetic distribution of FurA reveals that the protein is present exclusively in the Bacilli subgroup of the Firmicutes (13). In this class, FurA is present in most species with the exception of the lactic acid bacteria and few...
	The two-faced role of iron as an important player in cellular energy metabolism on one hand and its toxicity on the other make the presence of effective systems to control iron homeostasis critical for bacterial life. B. subtilis possesses several sy...
	The discovery of the activity of FurA as an antirepressor to Fur in B. subtilis is important for our better understanding of the physiology of this important model organism (50). B. subtilis is the model organism for a large group of Gram-positive ba...
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