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Abstract 19 

Sodium azide inhibits bacterial growth by inhibiting the activity of SecA, an ATPase 20 

required for translocation of proteins across the cytoplasmic membrane. To investigate the 21 

mechanism of action of azide, we used transposon directed insertion-site sequencing (TraDIS) to 22 

screen a high-density library of transposon insertion mutants for mutations that affect the 23 

susceptibility of E. coli to azide. Insertions in genes encoding most components of the Sec 24 

machinery increased susceptibility to azide. However, insertions truncating the C-terminal 25 

extension (CTE) of SecA decreased susceptibility of E. coli to azide. Insertions in genes 26 

encoding many metal binding proteins also increased susceptibility to azide, and transcriptional 27 

profiling suggested that treatment with azide disrupted iron homeostasis. The presence of iron in 28 

the media decreased the susceptibility of E. coli to azide, and mutations in the secA gene that 29 

confer resistance to azide altered the response of E. coli to iron limitation, suggesting a 30 

connection between iron metabolism and protein translocation. Although previous work suggests 31 

that SecA binds to zinc, SecA copurified with iron when expressed at physiological levels, and 32 

azide disrupted the interaction of the C-terminal metal-binding domain (MeBD) with iron in 33 

vivo. Biophysical analysis of metal binding by the MeBD using isothermal titration calorimetry 34 

and 1H-nuclear magnetic resonance indicated a clear binding preference for Fe2+ over Zn2+. 35 

These results indicate that the physiological ligand of SecA is iron and that azide inhibits SecA 36 

by disrupting iron binding. 37 

 38 

Importance 39 

 Sodium azide is a common preservative that inhibits bacterial growth by inhibiting SecA, 40 

an ATPase that is required for transporting proteins across the cytoplasmic membrane. Previous 41 
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studies have suggested that azide inhibits the ATPase activity SecA by slowing the rate of 42 

nucleotide exchange. However, our results suggest that azide inhibits SecA by disrupting the 43 

structure of the C-terminal MeBD. It is thought that this domain binds to Zn2+. However, our 44 

results indicate that the MeBD normally binds to Fe2+ and that azide disrupts the interaction of 45 

the MeBD with Fe2+. Furthermore, mutations in the secA gene that confer azide resistance also 46 

cause a defect in the response of E. coli to iron depletion. SecA-dependent protein translocation 47 

is generally thought to be unregulated. However, these results suggest that the activity of SecA 48 

could be regulated in response to iron limitation. 49 

 50 

Introduction 51 

The Sec machinery is responsible for transporting proteins across (and inserting proteins 52 

into) the cytoplasmic membrane. In bacteria, the core Sec machinery consists of the integral 53 

membrane proteins SecY, SecE and SecG, which form a channel in the cytoplasmic membrane, 54 

and SecA, a soluble ATPase that either pushes (1) or to ratchets (2) proteins through the SecYEG 55 

channel (3-5). The structure of SecA can be divided into two regions. In E.coli, the catalytic core 56 

consists of the N-terminal ~830 amino acids. It contains the ATPase activity of the protein and is 57 

required for protein translocation (6-8). In addition, most SecAs contain a shorter C-terminal 58 

extension (CTE), which is not required for protein translocation (9). In E. coli, the CTE consists 59 

of a structurally flexible linker domain (FLD) of ~50 amino acids and a C-terminal metal-60 

binding domain (MeBD) of ~20 amino acids (10), which coordinates a Zn2+ by a CXCX8CH 61 

motif (11). In E. coli, the CTE is required for the interaction of SecA with SecB (12), a 62 

chaperone that is required for the translocation of a subset of Sec substrates (13), and binding of 63 

the MeBD to Zn2+ stabilises this interaction (11). However, the MeBD is present in many species 64 
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that lack a SecB homologue (10, 14), suggesting that it has additional functions. Indeed, the near 65 

universal presence of the CTE (and the strong conservation of the variant found in E. coli) 66 

suggests a strong selective pressure for this function. It has been suggested that the CTE could 67 

inhibit the activity of the catalytic core (15). However, the physiological relevance of this 68 

autoinhibition and the conditions under which the CTE might autoinhibit SecA are unknown.   69 

A number of “auxiliary” Sec components assist in protein translocation. Besides SecB, these 70 

include SecD, SecF, YidC and YajC, which form a supercomplex with SecYEG (16) and assist 71 

in the insertion of integral membrane proteins (16-20). In addition, the translocation of a subset 72 

of proteins, consisting mostly of integral membrane proteins, is dependent on a ribonucleoprotein 73 

complex known as the signal recognition particle (SRP) (21-23). 74 

Sodium azide inhibits bacterial growth by inhibiting the activity of SecA (24, 25). Although 75 

azide interferes with a number of biological processes (26-33), mutations that confer azide 76 

resistance map almost exclusively to the secA gene (24, 25, 34), and azide causes a nearly 77 

complete block in SecA-mediated protein translocation within minutes of addition to growing 78 

cells (25). All of the mutations that have been identified to date alter amino acid residues located 79 

in the catalytic core of SecA, and most of these are located in one of its two nucleotide binding 80 

domains (24), which make up the ATPase. Azide inhibits F-ATPases and appears to do so by 81 

inhibiting nucleotide exchange (33). At very high concentrations (10-20 mM), azide also appears 82 

to inhibit nucleotide exchange by SecA in vitro (33, 35), and azide could act by a similar 83 

mechanism on SecA. However, the concentration of azide required to block SecA-dependent 84 

protein translocation in vivo (1-2 mM) is about an order of magnitude lower than the 85 

concentration required to partially inhibit SecA in vitro (25, 36), suggesting that azide has a 86 

different mechanism of action in vivo.  87 
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In this study, we screened a pool of ~1 million independent transposon-insertion mutants for 88 

mutations that increased sensitivity to azide using transposon-directed insertion site sequencing 89 

(TraDIS) (37). Insertions in genes encoding most components of the Sec machinery caused 90 

increased sensitivity to azide. However, insertions in the secA gene resulted in decreased 91 

sensitivity to azide. These insertions resulted in production of a protein lacking the CTE, 92 

suggesting a role for the CTE in sensitivity to azide. TraDIS also suggested that azide disrupts 93 

iron homeostasis, and transcriptional profiling indicated that this disruption occurs on the same 94 

time scale as inhibition of SecA. In addition, azide-resistant secA mutants display an altered 95 

response to iron limitation. These results led us to investigate the role of the MeBD in the 96 

inhibition of SecA by azide. We found that SecA preferentially binds to iron in vitro and in vivo 97 

and that treating cells with azide disrupts the interaction of the MeBD with iron in vivo. Taken 98 

together, our results suggest that azide inhibits SecA by sequestering iron from the C-terminal 99 

MeBD and disrupting its structure. 100 

  101 

Results 102 

Identification of genes that affect the susceptibility of E. coli to sodium azide using 103 

TraDIS. To identify insertion mutations that affected the susceptibility of E. coli to azide, we 104 

grew a library of >1 million independent transposon insertion mutants in the absence or presence 105 

of subinhibitory concentrations of azide. Mutants containing insertions that increase 106 

susceptibility to azide should grow more slowly in the presence of azide and therefore produce 107 

fewer progeny. Likewise, mutations that decrease susceptibility to azide should produce more 108 

progeny in the presence of azide. We therefore determined the number of progeny produced by 109 

each of the mutants in the library in a semi-quantitative fashion using Illumina sequencing.  110 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 6, 2017. ; https://doi.org/10.1101/173039doi: bioRxiv preprint 

https://doi.org/10.1101/173039
http://creativecommons.org/licenses/by-nc-nd/4.0/


6 

Initial experiments indicated that concentrations of 1 mM sodium azide or greater almost 111 

completely inhibited the growth of E. coli in LB. However, 0.5 mM sodium azide caused partial 112 

growth inhibition; and concentrations of 0.25 mM or less had a minimal effect on growth 113 

(supplemental figure S1A). We therefore grew the TraDIS library in the presence of 0.25 mM 114 

or 0.5 mM sodium azide or in the absence of azide. A cursory examination of the data indicated 115 

that mutations affecting the Sec and cell envelope biogenesis machineries were depleted during 116 

growth in the presence azide (supplemental figure S1B), and a genome-wide comparison of the 117 

degree of depletion or enrichment (figure 1A; supplemental data S1) appeared to support this 118 

observation. Functional clustering analysis of the most depleted mutants using NCBI-DAVID 119 

(38) indicated that they affected genes in four functional categories: (i) protein translocation, (ii) 120 

cell envelope biogenesis, (iii) redox homeostasis and (iv) metal-ion binding proteins.  121 

To confirm the results of our TraDIS screen, we examined the growth rates of a selected 122 

subset of single gene deletion mutants predicted by the TraDIS screen to have a growth defect in 123 

the presence of azide. Of the seven mutants tested (including those containing ΔsecG, ΔyajC, 124 

ΔdsbA, ΔcpxR, Δgor, ΔahpC and ΔtrxC mutations), six grew significant more slowly than the 125 

parent in the presence of azide (supplemental table S1). In addition, the growth defect of the 126 

ΔyajC mutant could be complemented by IPTG-inducible expression of yajC from a plasmid 127 

(supplemental figure S1C), indicating that the increased sensitivity of this mutant was not 128 

caused by polar effects on the expression of the downstream secD and secF genes (39). In 129 

contrast to the other sec mutants, cells containing insertions in the secA and secB genes became 130 

enriched during growth in azide (figure 1A). All of the insertions in secA that decreased 131 

susceptibility to azide were located in the region encoding the non-essential CTE, and the 132 

majority truncated the protein between amino acids 822 and 829 (figure 1B). Mutants containing 133 
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either (i) an IS1 insertion in secA at codon 827 or (ii) a ΔsecB deletion mutations grew 134 

significantly more rapidly than the parent in the presence of 0.5 mM azide (figure 1C). The close 135 

correlation between the sensitivity of the individual mutants to azide and the degree of depletion 136 

or enrichment in insertion mutants during growth in azide indicated that the results of the TraDIS 137 

screen were robust. 138 

Transcriptional response of E. coli to azide. SecA is a metal binding protein, and oxidation 139 

of the metal-coordinating cysteines in the MeBD inactivates SecA in vitro (40). It was therefore 140 

possible that inhibition of SecA was the result of the effect of azide on metal-ion homeostasis or 141 

oxidative stress. However, because cells must be cultured in the presence of azide for TraDIS, it 142 

was also possible that either (or both) of these effects was indirect. In order to determine whether 143 

either effect occurred on the same time scale as inhibition of SecA, we investigated the 144 

transcriptional response of E. coli to azide using a DNA microarray (supplemental data S2A). 145 

Treatment of cells with 2 mM azide for 10 minutes resulted in a strong increase in the amount of 146 

the secA transcript. To determine the effect of azide on different regulatory networks (including 147 

responses to oxidative stress and disruptions in metal ion homeostasis), we identified the 148 

regulatory proteins controlling the expression of genes displaying the largest (>log10 0.5) change 149 

in mRNA levels (supplemental data S2B) and grouped the regulatory proteins into functional 150 

classes (figure 2; supplemental data S2C). The class of regulatory proteins that controlled the 151 

largest number of these genes (75) respond to changes in the respiratory state of the cell, and the 152 

class controlling the second-largest number of genes (57) were those that bind metal cofactors. 153 

These results indicated that the disruption of metal-ion homeostasis occurred on the same time 154 

scale as the disruption of SecA-dependent protein translocation. However, only ten genes were 155 
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controlled by proteins responding to oxidative stress, suggesting that the azide does not inhibit 156 

SecA by causing oxidative stress. 157 

Effect of metal ion availability on sensitivity to azide. If azide inhibited SecA by 158 

perturbing metal-ion homeostasis, the availability of metal ions could affect the sensitivity of E. 159 

coli to azide. To investigate this possibility, we measured the zone of inhibition in a confluent 160 

lawn of cells surrounding a filter disc containing 10 μmol of sodium azide (table 1) (24). The 161 

presence of 1 mM EDTA in the plate caused a moderate but reproducible increase in the size of 162 

the zone of inhibition, consistent with the idea that azide affects metal-ion homeostasis. In 163 

addition, the presence of 100 μM FeSO4 in the plate (but not ZnSO4) caused a small but 164 

reproducible decrease in the sensitivity of E. coli to azide, suggesting that this effect was the 165 

result of a decrease in iron availability. We also examined the effect of EDTA on the growth of 166 

eight isogenic azide-resistant secA mutants (azi-1, azi-4, azi-5, azi-7, azi-8, azi-16, azi-D1 and 167 

azi-D2). Two of these mutations were isolated for this study and contain C389T (azi-D1) and 168 

T556G (azi-D2) point mutations in the secA gene, which cause T130I and Y186D substitutions, 169 

respectively. The azi-4 and azi-5 alleles encode the same amino acid substitution at position 645 170 

and served as internal controls. In contrast to the parent, the presence of EDTA decreased the 171 

sensitivity of most of the mutants to azide (table 1), suggesting that azi mutations alter the 172 

response of the mutants to metal limitation. This decreased sensitivity did not appear to be 173 

caused by a defect in Sec-dependent protein translocation since EDTA increased the sensitivity 174 

of other sec mutants to azide (supplemental table S2). 175 

Effect of azide-resistant secA alleles on the response to iron limitation. To examine 176 

whether azi mutations alter the response of E. coli to iron limitation, we examined the growth of 177 

these mutants in M63 glucose minimal media from which we omitted iron (normally M63 178 
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contains ~3 μM FeSO4 (41)). A ΔentA mutant, which cannot synthesise enterobactin, could not 179 

grow in this media in the absence of an alternative iron siderophore, such as citrate, indicating 180 

that growth in this media was dependent on enterobactin-dependent uptake of Fe3+. The parent 181 

strain displayed three distinct exponential growth phases with two diauxic shifts in this media. 182 

The beginning of the first diauxic shift was marked by a decrease in growth rate at OD600 ~ 0.5 183 

(table 2). The addition of 10 μM EDTA to the media decreased the growth rate during the first 184 

exponential growth phase but did not affect the cell density at which the first diauxic shift began 185 

(figure 3A; table 2), indicating that the rate of growth in the first growth phase was limited by 186 

metal-ion availability. However, the presence of 20 μM FeCl3 in addition to 10 μM EDTA 187 

restored the growth rate in the first phase and caused the first diauxic shift to disappear (figure 188 

3A; table 2). We obtained similar results when 10 μM FeCl3 was added to the media in the 189 

absence of EDTA. Taken together, these results suggested that the first diauxic shift was the 190 

result of depletion of iron from the media and that the rate of growth in the first exponential 191 

phase was limited by the rate of iron uptake. The rates of growth of all of the azi mutants in the 192 

first growth phase, except azi-7, were indistinguishable from that of the parent both in the 193 

presence and absence of EDTA (table 2), indicating these mutations do not decrease the rate of 194 

iron uptake (e.g. by causing a defect in translocation). However, the length of the first diauxic 195 

shift for several azi mutants (azi-1, azi-7, azi-8 and azi-D1) was significantly longer than that of 196 

the parent (see figure 3B for examples). Indeed, two of the mutants (azi-1 and azi-8) did not 197 

recover at all during the course of the experiment. We obtained similar results using RPMI 198 

media, which is also iron-limited, and this effect could be enhanced by blocking enterobactin-199 

dependent iron uptake in RPMI using mouse lipocalin-2 (42) (D. Huber, unpublished data).  200 
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SecA copurifies with iron. The MeBD of SecA is thought to bind Zn2+ (11, 40), but our 201 

results raised the possibility that the physiological ligand is iron. Iron-binding proteins are 202 

frequently mismetallated during purification because oxidation of the bound Fe2+ under aerobic 203 

conditions can reduce the affinity of the protein for the metal ion (43, 44). This reduction in 204 

affinity allows contaminating transition metals, which are more stable in aerobic conditions, to 205 

compete with iron for binding. In addition, SecA is normally produced at very high levels for 206 

purification, which could intensify the competition for free metal. In order to avoid these issues, 207 

we rapidly purify SecA from cells in which it was produced at more physiological levels. To this 208 

end, we used a variant of SecA that contains a biotin covalently attached at its C-terminus 209 

(SecA-biotin). SecA-biotin was produced from an IPTG-inducible copy of the secA-biotin gene, 210 

which was located on the chromosome. This gene was the sole copy of secA in this strain (45), 211 

and the strain required the presence of a minimum of 10 μM IPTG in the media for growth. In 212 

contrast to SecA produced from a plasmid (46), the addition of up to 1 mM IPTG did not have a 213 

detectable effect on growth. We rapidly purified SecA-biotin from cells grown in the presence of 214 

10 μM and 1 mM IPTG using Streptactin-coupled sepharose beads. Streptactin is an engineered 215 

variant of streptavidin that has a similar affinity for biotin. After purification, the beads contained 216 

significant amounts of only two proteins: SecA-biotin and the biotin-carboxyl carrier protein 217 

(BCCP) (supplemental figure S2). Analysis of the zinc and iron content of the purified protein 218 

using optical emission spectroscopy (ICP-OES) indicated that iron was the major metal species 219 

present at both induction levels (figure 4A). Because BCCP is not known to bind to metal ions, 220 

the iron content of the sample was likely due to copurification with SecA. 221 

Azide disrupts binding of the MeBD to iron in vivo. To investigate whether azide disrupts 222 

binding of the MeBD to iron, we determined the metal content of the CTE purified from cells 223 
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treated with 2 mM NaN3 for 10 minutes. To aid in purification, the CTE was fused at its N-224 

terminus to SUMO from Saccharomyces cerevisiae, which contained an N-terminal triple 225 

StrepTag II (Strep-SUMO-CTE). This fusion protein allowed relatively rapid purification of the 226 

CTE using Streptactin beads. We analysed the Mn, Fe, Ni, Co, Cu and Zn content of the eluted 227 

protein by mass spectrometry (ICP-MS). Only Zn2+ and Fe2+ were found in significant amounts. 228 

Furthermore, both ICP-MS and ICP-OES indicated a strong reduction in the amount of Fe 229 

copurified with the protein from azide-treated cells (figure 4B), suggesting that azide disrupts 230 

the interaction of SecA with iron in vivo. Furthermore, the Strep-SUMO-CTE purified from 231 

azide-treated cells was much more prone to aggregation than protein purified from untreated 232 

cells (figure 4C), suggesting that treatment with azide disrupts the structure of the CTE. 233 

Effect of azide on the oxidation state of the MeBD. To investigate whether azide could 234 

directly oxidise the metal-coordinating cysteines in the MeBD, we measured the rate of metal 235 

release by purified Zn2+-bound SecA. The presence of 20 mM azide did not detectably increase 236 

the basal rate of metal-ion release by SecA. Indeed, the rate of metal release in the presence of a 237 

strong oxidant (H2O2) was slow (apparent second order rate constant ~0.024 ± 0.006 M-1s-1) 238 

(supplemental figure S3), suggesting that the metal-coordinating cysteines are relatively 239 

refractory to oxidation. We could not detect any change in the oxidation state of the metal-240 

coordinating cysteines of SecA from azide-treated cells in vivo (A. Iqbal and D. Huber, 241 

unpublished data). 242 

Structural basis for the interaction of the MeBD with Fe2+. We wished to investigate the 243 

metal-binding properties of the MeBD in more detail in vitro. To this end, we used a synthetic 244 

peptide consisting of the C-terminal 27 amino acids of SecA (MeBDwt; figure 5A). Isothermal 245 

titration calorimetry (ITC) indicated that the affinity of the MeBDwt peptide for Zn2+ was ~36 246 
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nM (supplemental figure S4A). We could not measure the interaction of MeBDwt with Fe2+ 247 

because oxidation of Fe2+ interfered with calorimetric measurements. However, the presence of 248 

300 μM MeBDwt slowed the oxidation of 600 μM FeSO4 under aerobic conditions, suggesting 249 

that MeBDwt could interact with Fe2+ (supplemental figure S4B). We could not detect any 250 

significant heat exchange apart from the heat of mixing when the MeBDwt peptide was mixed 251 

with FeCl3, suggesting that MeBDwt has a much lower affinity for Fe3+ than for Zn2+. 252 

We next investigated the effect of Zn2+ and Fe2+ on the structure of the MeBDwt peptide 253 

using 1H-NMR. The addition of Zn2+ to MeBDwt caused a significant change in the 1H-NMR 254 

spectrum compared to the metal-free peptide, similar to what has been reported previously (10) 255 

(supplemental figure S5A). The addition of Fe2+ to the peptide resulted in a substantial 256 

quenching and broadening of 1H signals, which was due to the paramagnetic properties of iron 257 

(supplemental figure S5A). A reduction in signal was not observed for a control peptide in the 258 

presence of Fe2+, indicating this quenching and broadening for the MeBDwt peptide was due to 259 

interaction with Fe2+. The presence of 10 mM NaN3 also did not strongly affect the 1H-NMR 260 

spectrum of the Zn2+-bound peptide. However, it did cause some small perturbations in the 1H-261 

NMR spectrum Fe2+-bound MeBDwt although the significance of these perturbations was 262 

unclear (supplemental figure S5B). The addition of 10 mM NaN3 did not detectably affect the 263 

electron paramagnetic resonance (EPR) from the bound Fe2+ bound by the MeBDwt peptide (A. 264 

Shah, T. Cranford-Smith and J. E. Lovett, unpublished data), suggesting that azide does not 265 

directly oxidise the bound Fe2+. 266 

The signals from many of the 1H atoms in the MeBDwt peptide could be assigned to 267 

particular amino acids. The hydrogens that showed the strongest loss of signal in the presence of 268 

Fe2+ were those in amino acids nearest to the Zn2+ ion in structural models of the MeBD (10, 47), 269 
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suggesting that the overall structure of the Fe2+-bound is similar to that of the Zn2+-bound 270 

peptide. The effect of the bound metal ion was particularly distinctive for the methyl hydrogens 271 

in valine, which were well separated in the 1H-NMR spectrum (figure 5B). The addition of 272 

competing concentrations of Zn2+ to Fe2+-bound MeBDwt peptide did not cause a detectable 273 

change in the 1H-NMR spectrum, suggesting that the peptide preferentially binds to Fe2+ (figure 274 

5C). B. R. Dempsey, et al. (10) previously noted the presence of a highly conserved serine 275 

residue at position 15 of the MeBDwt peptide (position 889 in full-length SecA; figure 5A). 276 

Because this residue is not directly involved in coordinating Zn2+ or in binding to SecB (47), we 277 

reasoned it could be important for determining the specificity of the MeBD for iron. An alanine 278 

substitution at this position (MeBD-S15A in figure 5A) allowed Zn2+ to more effectively 279 

compete with Fe2+ for binding to the peptide (figure 5D). In addition, the degree of quenching of 280 

the 1H signals was less pronounced for the MeBD-S15A peptide compared to MeBDwt (compare 281 

the red lines in figure 5C and 5D), suggesting it has a lower affinity for Fe2+ than the wild-type 282 

peptide. However, the affinity of the MeBD-S15A peptide for Zn2+ (KD ~ 46 nM) was nearly 283 

identical to that of the MeBDwt peptide in ITC experiments (supplemental figure S4C), 284 

suggesting that this serine is required for the specificity for Fe2+.   285 

 286 

Discussion  287 

Our results suggest that the MeBD of SecA binds to iron and that azide inhibits the activity 288 

of SecA by disrupting the interaction of the MeBD with iron (figure 6A). When produced at 289 

physiological levels and purified rapidly to prevent air oxidation, SecA copurifies with iron, and 290 

biophysical analysis of the metal-binding properties of the MeBD suggested a marked binding 291 

preference for Fe2+ or over Zn2+. TraDIS, transcriptional profiling and physiological experiments 292 
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all suggested that azide disrupts iron homeostasis, and iron availability affects the sensitivity of 293 

E. coli to azide. Finally, our TraDIS screen implicated the CTE of SecA in the sensitivity of E. 294 

coli to azide, and treating cells with azide disrupted the interaction of the MeBD with iron in 295 

vivo. Previous work suggested that the CTE inhibits the interaction of SecA with polypeptides in 296 

vitro and that the interaction of SecA with its binding partners, such as SecB, can relieve this 297 

inhibition (15). If this were the case, disrupting the structure of the MeBD would result in 298 

inhibition of SecA (e.g. because it could not interact effectively with its binding partners), but 299 

removal of the entire CTE would abrogate autoinhibition. In addition, mutations that destabilise 300 

the autoinhibited form of the protein would be expected to cause the protein to become less 301 

sensitive to sequestration of the bound iron (figure 6B). This model could explain why such a 302 

wealth of mutations that can confer azide resistance (e.g. see (24, 35, 48)). It is not clear why 303 

mutations that truncate SecA have not been isolated in previous screens for azide resistance, but 304 

it is possible that some degree of autoinhibition is required for survival in the presence of azide. 305 

Our results do not exclude the possibility that azide inhibits SecA by preventing nucleotide 306 

exchange, as has previously been suggested (24, 33, 35). However, they do raise the possibility 307 

that this mechanism may not be relevant in vivo. 308 

Iron is an essential micronutrient, and iron availability is an important cue for changes in 309 

growth conditions (49-53). Our results suggest that autoinhibition of SecA could be involved in 310 

the physiological response of bacteria to changes in iron availability. All of the azi mutants that 311 

we tested altered the response of E. coli to metal limitation, and many azi mutants display defects 312 

in recovering from iron limitation. In addition, insertions truncating the secA gene were 313 

previously identified in a genetic screen for Acinetobacter baumanii mutants defective for 314 

growth under iron limitation (54). Finally, the SecA proteins of members of the 315 
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Lactobacillaceae, Aerococcaceae and Leuconostocaceae families of the lactic acid bacteria lack 316 

a CTE. These bacteria have a very low requirement for iron because they evolved to grow in 317 

milk, which is very limited for iron (55). Indeed, some Lactobacillus species appear to have lost 318 

the requirement for iron entirely (56). A relatively small number of species, including the 319 

Cyanobacteria, Chloroflexi, Chlamydiae and some branches of the high G/C Actinobacteria, 320 

contain SecAs with a different CTE. However, this does not rule out the possibility that these 321 

CTEs sense iron by a different mechanism.  322 

Azide could disrupt binding of SecA to Fe2+ by at least two mechanisms. As noted by M. W. 323 

Bowler, et al. (33), azide inhibits many proteins due to its properties as a metal ligand (26-31). 324 

Although our results suggest that azide does not strongly affect the affinity of SecA for Fe2+, it is 325 

possible that sequestration of iron by other iron-binding proteins results in indirect competition 326 

between these proteins and SecA in vivo. Alternatively, it is possible that oxidation of  Fe2+ to 327 

Fe3+ in the presence of azide decreases the affinity of SecA for the bound iron. EPR experiments 328 

indicate that azide does not directly oxidise the bound Fe2+. However, our TraDIS experiments 329 

suggest that treating cells with azide could result in the indirect oxidation of Fe2+.  Finally, it is 330 

possible that azide causes inhibition of SecA by a combination of these mechanisms in vivo.  331 

Our finding that SecA binds to Fe2+ contradict previous work suggesting that Zn2+ is the 332 

physiological ligand of the MeBD (11). However, the protein used in this previous study was 333 

purified extensively under aerobic conditions (11). As a result, any iron initially present was 334 

likely oxidised Fe3+, which has a lower affinity for the MeBD. In contrast to Fe2+, Zn2+ is stable 335 

and soluble under aerobic conditions, and it is a common trace contaminant in buffers used for 336 

purification. In addition, many Fe2+-binding proteins can also bind to Zn2+ (frequently with 337 

higher affinity) (57). Indeed, the apparent affinity of the MeBD for SecB in this study closely 338 
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mirrored the Irving-Williams series (Mn < Fe < Co < Ni < Cu = Zn) (11, 57, 58), suggesting that 339 

this assay measured the strength of the interaction between the peptide and the metal ion. Fe2+ 340 

and Zn2+ can occupy similar tetrahedral geometries (57), and our NMR experiments suggest that 341 

the structures of iron- and zinc-bound forms of the MeBD are likely very similar, which could 342 

explain why zinc-bound SecA is still functional in vitro (11, 47). Finally, the KD of the complex 343 

between the MeBD and Zn2+ (nanomolar) is orders of magnitude higher than the intracellular 344 

concentration of Zn2+ predicted from the affinities of the Zn2+-dependent regulators, such as Zur 345 

and ZntR (femtomolar) (57). However, the affinity of the MeBD for Fe2+ must be nanomolar or 346 

lower, which is consistent with the affinity of iron-dependent regulator proteins such as Fur (57, 347 

58). Taken together, these results indicate that Fe2+, and not Zn2+, is the physiological ligand of 348 

SecA. 349 

 350 

Methods 351 

Chemicals and media. All chemicals were purchased from Fisher or Sigma-Aldrich unless 352 

indicated. Synthetic peptides were synthesised by Severn Biotech (Kidderminster, UK) or using 353 

an in house peptide synthesiser, and the quality of the peptides was checked in house using 354 

MALDI mass spectrometry. Cells were grown using LB or M63 media containing 0.2% glucose 355 

and 1 mg/ml arginine from which we omitted the addition of FeSO4 (M63 (low iron)) (41, 59). 356 

Otherwise, where noted, NaN3, isopropylthiogalactoside (IPTG), ethylenediaminetetraacetic acid 357 

(EDTA), FeSO4, FeCl3, ZnSO4 or LCN-2 were added to the media at the indicated concentration. 358 

In general FeSO4 was used instead of FeCl2 because it was less prone to spontaneous oxidation. 359 

Where required, ampicillin (200 μg/ml) or kanamycin (30 μg/ml) were added to the growth 360 

media.    361 
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Strains and plasmids. Strains and plasmids were constructed using common methods (59, 362 

60). Strain MG1115 (secA827::IS1) was a kind gift from M. Grabowicz and T. Silhavy 363 

(Princeton University). Single gene deletion mutants from the Keio collection (61) were obtained 364 

from the E. coli genetic stock centre (CGSC; Yale University, New Haven, Connecticut), as were 365 

strains AB251 (azi-1), AB4027 (azi-5), W208 SR AzR (azi-4), JE1011 (azi-16), Hfr Hayes (azi-366 

7) and χ2224 (azi-8). Novel azide-resistant secA mutants were selected as in J. L. Huie and T. J. 367 

Silhavy (24). The mutations in these azi mutants and the genotypes of DRH997 (azi-D1) and 368 

DRH998 (azi-D2) relative to the parent were confirmed using whole-genome sequencing 369 

(MicrobesNG, Birmingham). Plasmid pDH545 was constructed by PCR amplifying a fragment 370 

of the secA gene encoding the C-terminal 70 amino acids and cloning into plasmid pCA597 cut 371 

with BsaI and BamHI (62). A description of all the strains and plasmids used in this study can be 372 

found in supplemental table S3 in the supplement. 373 

TraDIS. TraDIS was carried out similar to G. C. Langridge, et al. (37). 50 ml of LB broth 374 

containing 0, 0.25 or 0.5 mM NaN3 were inoculated with 10 μl of a library of ~1 million E. coli 375 

BW25113 mini-Tn5 insertion mutants, and the cultures were grown to OD600 1.0 or until growth 376 

ceased (OD600 ~ 0.9 for cultures grown in the presence of 0.5 mM NaN3). Genomic DNA was 377 

extracted using a Qiagen QIAamp DNA blood mini kit and then processed using a two-step PCR 378 

method (63), which results in Illumina-compatible products.  The PCR products were purified 379 

using the Agencourt AMPure XP system by Beckman Coulter and were sequenced using an 380 

Illumina MiSeq sequencer. Sequencing reads were mapped to the E. coli reference genome 381 

NC_007779.1 (E. coli K-12 substr. W3110). The number of insertions in the CDS for each gene 382 

was then determined. To reduce the amount of noise due to sequencing assignment errors, genes 383 

that exist in multiple copies on the chromosome (e.g. insertion elements and rRNA operons) 384 
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were eliminated from the analysis in supplemental data S1. In addition, genes containing 15 or 385 

fewer total insertions across all three conditions were eliminated in the data presented in figure 1 386 

and were not used for functional clustering analysis. BED files of the processed sequences 387 

aligned to NC_007779.1, the sequence file used for alignments and the features file used for 388 

assessing the location of the insertions are available at figshare.com (doi: 389 

10.6084/m9.figshare.5280733).  390 

Gene expression profiling. A 20 ml culture of E. coli BW25113 was grown to OD600 0.8 and 391 

split into two 10 ml cultures. Half of the culture was incubated with 2 mM NaN3 for 10 minutes 392 

after which the total RNA was prepped using a Qiagen RNEasy kit. Microarray analysis was 393 

carried out by the Functional Genomics and Proteomics Service (University of Birmingham, 394 

UK). cDNA was produced by arbitrary PCR using a poly-A primer from two technical RNA 395 

extraction replicates. cDNA from azide-treated cells was fluorescently labelled with Cy5, and 396 

cDNA from untreated cells was labelled with Cy3. It was then hybridised to an E. coli DNA 397 

microarray using a Two-Color Agilent Low Input Quick Amp Labeling Kit (Agilent), version 6. 398 

The slide was scanned using an Agilent Scanner C and Agilent Scan Control Software V.8.5 at a 399 

resolution of 3μm, and the data was extracted using Agilent Feature extraction software V 10.10. 400 

Expression data is available at NCBI-GEO. 401 

Azide-sensitivity assay. The indicated strain was carefully swabbed on a plate from a fresh 402 

overnight culture using a disposable sterile cotton swab to produce an even lawn of bacteria. A 6 403 

mm antibiotic assay (Merck-Millipore) was placed in the centre of the lawn, and 10 μl of a 1 M 404 

solution of NaN3 was spotted on the filter disc. The diameter of the zone of clearing or of 405 

inhibition was determined by averaging the diameter measured at right angles. Azide resistance 406 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 6, 2017. ; https://doi.org/10.1101/173039doi: bioRxiv preprint 

https://doi.org/10.1101/173039
http://creativecommons.org/licenses/by-nc-nd/4.0/


19 

assays were carried out using variants of E. coli MC4100 in order to keep the results as 407 

comparable as possible to J. L. Huie and T. J. Silhavy (24). 408 

Growth in iron-limiting media. MC4100 or the indicated mutant were grown to saturation in 409 

M63 (low iron) containing 9 μM FeCl3 and subcultured 1:100 into M63 (low iron) containing the 410 

indicated concentration of EDTA or FeCl3. The cultures were grown shaking at 37˚C in 96-well 411 

round-bottom plates that were sealed a gas-permeable membrane in a BMG Labtech 412 

CLARIOStar plate reader, and the OD600 was measured every 10 minutes for 16 hours. Each 413 

measurement is the result of at least three independent cultures.  414 

Determination of metal content of SecA-biotin and Strep-SUMO-CTE. To determine the 415 

metal content of full-length SecA-biotin, strain DRH839 was grown in the indicated 416 

concentration of IPTG to OD600 ~ 1 and lysed using cell disruption. Cell lysates were incubated 417 

with Streptactin-serpharose for 15 minutes on ice, and the sepharose beads were washed several 418 

times with buffer (50 mM HEPES, pH 7.5, 100 mM K·acetate, 10 mM Mg·acetate, 0.1% nonidet 419 

P40). Metal was eluted from the beads by incubating with metal elution buffer (10 mM HEPES, 420 

pH 7.5, 50 mM EDTA) at 55˚C for 30 minutes. Protein was eluted from the beads by boiling in 421 

SDS sample buffer, and the protein content was determined using a Bradford assay. To 422 

determine the effect of azide on binding of Strep-SUMO-CTE to iron, BL21(DE3) cells 423 

containing plasmid pDH543 was grown to OD600 1.0, and production of Strep-SUMO-CTE was 424 

induced using 1 mM IPTG. After 1 hour, cultures were split, and half the culture was treated 425 

with 2 mM NaN3 for 10 minutes. Cells were rapidly cooled, harvested by centrifugation and 426 

lysed using B-PER cell lysis reagent from Pierce (Rockford, Illinois). Cell lysates were 427 

incubated for 15 minutes with 50 μl of a 50% Streptactin-Sepharose slurry that had been pre-428 

equilibrated with wash buffer (10 mM HEPES (potassium salt) pH 7.5, 100 mM potassium 429 
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acetate) and washed extensively with wash buffer or with wash buffer containing 10 mM NaN3, 430 

as indicated. Next, the samples were washed using 10 mM HEPES (potassium salt) pH 7.5 and 431 

the excess liquid was dried using a SpeedVac. Total protein was eluted off of the column using 432 

using 10 mM HEPES (potassium salt) pH 7.5 buffer containing 7M guanidinium hydrochloride. 433 

The propensity to aggregate was determined by diluting 50 μl of the guanidinium-denatured 434 

protein into 950 μl of a 20 mM HEPES buffer and measuring light scattering at 500 nm. Where 435 

indicated, the metal content of the samples was determined using inductively coupled plasma-436 

mass spectrometry (ICP-MS) or inductively coupled plasma-optical emission spectroscopy (ICP-437 

OES) (School of Geography, Earth and Environmental Sciences, University of Birmingham, 438 

UK). 439 

Zinc-release assay. Full-length SecA was purified similar to D. Huber, et al. (64) except that 440 

the protein was not subjected to an on-column denaturation step. SecA was charged with Zn2+ by 441 

incubating 40 μM of the purified protein with an equimolar concentration of ZnCl2. Excess metal 442 

was removed from the protein using a 5 ml HiTrap Desalting Column (GE Healthcare). To 443 

measure the rate of Zn2+ release, 4 μM SecA was incubated in buffer containing 20 mM HEPES 444 

(potassium salt), pH 7.5, 100 mM potassium acetate, 20 mM magnesium acetate and 100 μM 4-445 

(2-Pyridylazo)resorcinol (PAR) in the presence of the indicated concentration of H2O2 or in the 446 

presence of 20 mM NaN3. The increase in PAR absorbance was measured every 60 s for 90 447 

minutes at 492 nm using a BMG Labtech FLUOStar plate reader. 448 

Isothermal titration calorimetry (ITC). ITC measurements were carried out in a MicroCal 449 

VP-ITC titration calorimeter (Piscataway, NJ, USA). All solutions were centrifuged for 5 min at 450 

13,000 rpm and then thoroughly degassed under vacuum for 5 min with gentle stirring 451 

immediately before use. A solution of the indicated metal ion (0.1 mM) in the titration syringe 452 
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was titrated into a solution of the indicated peptide (0.01 mM) in the sample cell (Vo = 1.4037 453 

ml). Both peptide and metal ion were dissolved in the same buffer (20 mM Na·HEPES, pH 7, 50 454 

mM NaCl, 1.0 mM TCEP). Titrations consisted of a preliminary 2 µl injection followed by 50 6 455 

µl injections of 12 s duration with 700 s between each injection. All experiments were carried 456 

out at 25˚C and an initial reference power of 10 µcal/sec. The raw data was analysed with Origin 457 

7.0 using one-binding site model and was corrected for the heat of dilution of the metal ion in the 458 

absence of peptide.  459 

1H-NMR. All NMR spectra were carried out on a Bruker 900 MHz spectrometer at 25 °C 460 

using a cryogenically cooled 5mm TCI probe and excitation sculpting for water suppression on a 461 

sample in 90% H2O/10% D2O. Sequence specific assignments were completed using a TOCSY 462 

experiment in 90% H2O/10% D2O using a DIPSI2 spin-lock with a mixing time of 65 ms. The 463 

data set was comprised of 32 transients and 512 increments with a spectral width of 10 ppm. 1D 464 

data sets comprised 16 transients, 32k data points and a spectral width of 16 ppm. All 1D data 465 

were processed using Topspin 3.2.6 software using an exponential window function with a line 466 

broadening of 1 Hz. 467 

Western blotting. Samples were resolved by SDS-PAGE and blotted to nitrocellulose. 468 

Membranes were then developed using a primary α-SecA (rabbit) antiserum and a secondary 469 

horseradish peroxidase coupled anti-rabbit antiserum (GE Healthcare) (60). 470 
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Figure legends 653 

Figure 1. Effect of insertion mutations on growth in the presence of azide. (A & B) A library 654 

of >1 million independent mini-Tn5 insertion mutants was grown in the absence or presence of 655 

0.25 or 0.5 mM NaN3, and the number of cells containing insertions at each site in the final 656 

culture was counted using Illumina sequencing. (A) The change in the number of insertions in 657 

each gene was quantified by taking of the fraction of the number of insertions in a gene after 658 

growth in the presence of 0.5 mM azide over the number of insertions in the gene after growth in 659 

the absence of azide. The log2 of this fraction was plotted in order of increasing enrichment. The 660 

location of several representative genes (secA, secB, secF, secG, secM, yidC, yajC, cpxR, dsbA, 661 

ahpC, gor and trxC) are indicated. (B) Profile of mini-Tn5 insertions in the secA gene after 662 

growth of the TraDIS library in the absence (black) or presence of 0.25 (blue) or 0.5 mM (red) 663 

NaN3. The approximate location of codon 822 is indicated. (C) Doubling times of MC4100 664 

(parent), DRH1075 (MC4100 secA827::IS1) and DRH918 (MC4100 ΔsecB::KanR) in LB in the 665 

presence of 0.5 mM NaN3. The approximate doubling time of all three strains in the absence of 666 

azide is indicated by the dotted line. Error bars are one s.d. 667 

  668 

Figure 2. Graphical representation of the classes of regulatory proteins controlling the 669 

genes displaying the largest change in expression after treatment with azide. A culture of 670 

cells growing was grown to exponential phase in LB. Half of the culture was left untreated and 671 

the other half was treated with 2 mM NaN3 for 10 minutes. The mRNA profiles of the two 672 

samples were then determined using a DNA microarray. The regulatory proteins controlling the 673 

expression of genes displaying a > ~3-fold (log10 0.5) increase or decrease change in mRNA 674 

levels were determined and sorted into the indicated functional classes. For each functional class, 675 
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each colour represents a different regulator protein. Full details of the analysis can be found in 676 

supplemental data S2. 677 

 678 

Figure 3. Example growth curves of E. coli MC4100 and azi mutants in M63 (low Fe). Cells 679 

were grown in M63 minimal salts lacking FeSO4 and containing 0.2% glucose (M63-Fe) at 37˚C 680 

in a 96-well microtiter dish, and growth was determined by measuring the OD600. The log2 of the 681 

OD600 is plotted versus time. (A) Growth of the parent strain (MC4100) in M63-Fe (solid black 682 

line) or M63-Fe to which 10 μM EDTA (dotted grey line) or 10 μM EDTA and 20 μM FeCl3 683 

(grey line) were added. The approximate locations of the two diauxic shifts in M63-Fe are 684 

indicated with arrows. (B) Growth of the MC4100 (parent; solid black line), DRH1019 (azi-7; 685 

dotted grey line) and DRH1020 (azi-8; solid grey line) in M63-Fe. Parameters determined from 686 

these growth curves are given in Table 2.  687 

 688 

Figure 4. Interaction of SecA with iron in vivo. (A) DRH839 (plac-secA-biotin) was grown to 689 

OD600 ~ 1 in the presence of either 10 μM or 1 mM IPTG, as indicated. SecA-biotin was rapidly 690 

purified from the cell lysates using Streptactin-sepharose media. The iron and zinc content of the 691 

samples was determined using optical emission spectroscopy (ICP-OES) and was normalised to 692 

the total protein content.  (B & C) Cells producing Strep-SUMO-CTE were incubated in the 693 

absence (untreated) or presence of 2 mM NaN3 for 10 minutes. Strep-SUMO-CTE was purified 694 

from the cell lysates using Streptactin resin and washed extensively with buffer. (B) The iron 695 

content of the samples was determined using mass spectrometry (ICP-MS) and normalised to the 696 

protein content of the sample as determined by Bradford assay. Confidence intervals are one s.d. 697 

(C) The bound protein was eluted from the resin by denaturation using 7M guanidinium and then 698 
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diluted to renaturing conditions. Aggregation of the protein was determined by measuring light 699 

scattering at 500 nm. Confidence intervals are the s.e.m. 700 

 701 

Figure 5. NMR analysis of Fe2+-binding activity of the MeBD of SecA (A) Clustal omega 702 

alignment of the MeBDs from E. coli, Rhizobium loti, Bacillus subtilis, Lactococcus lactis, 703 

Treponema pallidum, Bifidobacterium longum and Bacteroides thetaiotamicron . The sequence 704 

of the S15A peptide is shown in alignment below. Positions of the known metal-coordinating 705 

residues are bolded. The conserved serine (position 889 in full length SecA) is depicted in red. 706 

(B, C &D) 1H-NMR spectra of the region corresponding to the valine hydrogens. (B) 1H-NMR 707 

spectra of 1 mM MeBDwt peptide in the absence of metal (blue) or presence of 1.2 mM FeSO4 708 

(red) or ZnSO4 (green). (C & D) 1H-NMR spectra of 1 mM MeBDwt (C) or MeBD-S15A (D) in 709 

the absence of metal (Apo, blue) or in the presence of 1.2 mM FeSO4 (red). Alternatively, 1.2 710 

mM competing ZnSO4 was added to peptide that had been preincubated with 1.2 mM FeSO4 711 

(purple). Chemical shifts (ppm) are aligned to panel D and indicated below. 712 

 713 

Figure 6. Diagram of the proposed mechanism of action of azide. See text for full description. 714 

(A) Full-length SecA exists in two states: an inactive “apo” state and an active Fe2+-bound state. 715 

Under normal growth conditions, SecA occupies the active state. However, treatment of cells 716 

with azide results in sequestration of iron from SecA and inactivation of the protein. Not 717 

depicted: removal of the CTE results in a protein that is constitutively active. (B) Single amino 718 

acid substitutions and small deletions destabilise the inactive form of SecA and cause it to be 719 

partially active even in the “apo” state. 720 

  721 
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Legends for supplemental items 722 

Figure S1. Effect of sodium azide concentration on growth. (A) Strain BW25113 was 723 

cultured in LB in the absence (red) or presence of 0.0625 mM (orange), 0.125 mM (yellow), 0.25 724 

(green), 0.5 (cyan), 1.0 (blue) or 10 mM (purple) sodium azide. The optical density at 600 nm 725 

(OD600) was measured approximately every 30 minutes. (B) Number of insertions at each 726 

location in the secG, yajC and cpxR genes after growth of the TraDIS library in the absence 727 

(black) or presence of 0.25 (blue) or 0.5 (red) mM NaN3. The scale of the x-axis differs in each 728 

example. (C) Complementation of the azide-dependent growth defect of a ΔyajC mutant. The 729 

parent (BW25113; WT) and ΔyajC mutant strains were transformed with either a plasmid 730 

conferring IPTG-inducible expression of the yajC gene (pTrc-YajC) or the empty vector 731 

(pTrc99a), as indicated, and grown in the presence of 0.25 mM NaN3. Expression of the yajC 732 

gene was induced using 0.05, 0.1, 0.2 or 1 mM IPTG, as indicated. 733 

 734 

Figure S2. Defects oxidative stress response machinery cause increase sensitivity to azide. 735 

Strain DRH839 was grown to OD600 = 1 in LB in the presence of 10 μM or 1 mM IPTG, as 736 

indicated. SecA-biotin was purified from the cell lysates using streptactin-sepharose beads. The 737 

purified protein was resolved using SDS-PAGE and stained using a Coomassie stain. Dilutions 738 

of each sample corresponding to the indicated amount of protein were loaded on the gel to detect 739 

the presence of less prominent bands. The running positions of SecA-biotin and the biotin-740 

carboxyl carrier protein (BCCP) are indicated. 741 

 742 

Figure S3. Rate of Zn2+ release by SecA during incubation in the presence of different 743 

concentrations of hydrogen peroxide. 4 μM SecA that was pre-charged with Zn2+ was 744 
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incubated in the absence or presence of 50 mM, 10 mM or 2 mM hydrogen peroxide or 20 mM 745 

NaN3. The concentration of free Zn2+ released upon oxidation of the cysteines in the MeBD was 746 

determined by measuring the increase in PAR absorbance and 492 nm. 747 

 748 

Supplemental figure S4. Binding of the MeBDwt and MeBD-S15A peptides to iron and 749 

zinc. (A & C) The affinity of MeBDwt (A) and MeBD-S15A (C) were determined using 750 

isothermal titration calorimetry by titrating a ZnSO4 solution into metal-free peptide at a 751 

concentration of 10 μM. After subtracting the heat of injection of ZnSO4 from the raw data, the 752 

binding parameters were calculated assuming that there is one metal binding site per peptide. 753 

The calculated KD, ΔH and ΔS of the complexes are indicated. Confidence intervals are 1 s.d. 754 

(B) 600 μM FeSO4 was incubated on its own in buffer or in the presence of 300 μM MeBDwt 755 

peptide for 30 minutes at room temperature under aerobic conditions. The yellow colour of the 756 

solution is an indication of the formation of Fe3+. 757 

 758 

Figure S5. 1H-NMR suggests the MeBD binds to iron and that azide affect the structure of 759 

the iron-bound peptide. (A) 1H-NMR spectra of the amide hydrogen region for the WT MeBD 760 

peptide. 1 mM peptide was incubated in the absence (blue) or presence of 1.2 mM FeSO4 (red) 761 

or ZnSO4 (green). (B) 1H-NMR spectra of 1 mM WT MeBD peptide in the presence of 1.2 mM 762 

FeSO4 in the absence (red) or presence (blue) of 20 mM NaN3. 763 

 764 

Table S1. Relative growth rates of single gene deletion mutants from the Keio collection. 765 

 766 

Table S2. Effect of EDTA on the sensitivity of E. coli BW25113 and sec mutants. 767 
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 768 

Table S3. Strains and plasmids used in this study. 769 

 770 

Data S1. Summary of TraDIS results. (A) Number of insertions per gene for two independent 771 

Illumina sequencing runs. The number of sequencing reads for all three conditions for each run 772 

was similar. However, to make the number of reads for each condition more comparable across a 773 

single run, the total number of reads per gene was normalised to the total number of sequencing 774 

reads for the "+0.5 mM" condition (which displayed the largest number of reads for both runs). 775 

0.1 was added to prevent division by 0 when calculating the insertion indexes for Data S1B. (B) 776 

Average fold change in the number of insertions (log2) in the indicated concentration of NaN3 777 

compared to growth in its absence. 778 

 779 

Data S2. Transcriptional profiling of azide treated cells. A culture of E.coli BW25113 in 780 

exponential phase was divided. Half was treated with 2 mM NaN3 for 10 minutes. mRNA was 781 

prepped from the treated and untreated samples and changes in mRNA levels were determined 782 

using a DNA microarray. (A) Expression profiling data of E. coli BW25113 treated with 2 mM 783 

NaN3 for 10 minutes compared to untreated cells. Listed are the Blattner accession number for 784 

each gene, the common name for the gene (from EcoCyc) and the log10 of the fold change in 785 

mRNA level. (B) Regulators controlling the expression of genes displaying a > 100.5-fold or <10-
786 

0.5-fold change in mRNA levels. Regulators were determined from RegulonDB. (C) Regulators 787 

grouped by functional category. Regulators were grouped into the categories given at 788 

http://www.mrc-lmb.cam.ac.uk/genomes/madanm/reports/tf92info.html except for metal-binding 789 

regulatory proteins, which were determined manually.  790 
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Table 1. Effect of metal availability on the sensitivity of E. coli MC4100 and azi mutants to 791 

azide. 792 

  Zone of clearingb 

Strain Substitutiona LBc +EDTAc +FeSO4
c +ZnSO4

c 

MC4100 

(secA+) 

N/A 27.3 ± 2.4 33.3 ± 2.4 24.5 ± 0.5 28.5 ± 1.5 

azi-1 N379I 18.3 ± 0.3 13.0 ± 1.0 NDd NDd 

azi-4 L645Q 19.3 ± 0.3 16.5 ± 0.5 NDd
 NDd

 

azi-5 L645Q 17.0 ± 3.0 9.5 ±  0.5 NDd
 NDd

 

azi-7 L179Y < 6 10.5 ± 4.5 NDd
 NDd

 

azi-8 R561H 15.0 ± 1.0 8.5 ± 2.5 NDd
 NDd

 

azi-16 L515F 23.5 ± 5.5 14.0 ± 8.0 NDd
 NDd

 

azi-D1 T130I 19.0 ± 2.9 12.8 ± 1.3 NDd
 NDd

 

azi-D2 Y186D 19.7 ± 3.0 < 6 NDd
 NDd

 

aAmino acid substitution encoded by azi mutation. 793 

bThe diameter of the zone of clearing in a confluent lawn of bacteria surrounding a 6 mm 794 

antibiotic assay disc containing 10 μl of a 1 M solution of NaN3; units in mm. Confidence 795 

intervals are one s.d. 796 

cAzide was determined on LB agar plates. Where indicated, EDTA (1 mM), FeSO4 (100 μM) or 797 

ZnSO4 (100 μM) was incorporated into the growth media. Confidence intervals are one s.d. 798 

dNot determined 799 

  800 
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Table 2. Growth of E. coli MC4100 and azi mutants in M63 (low Fe) media. 801 

  Doubling time first growth phaseb   

 

 

Strain 

 

 

Substitutiona 

 

 

M63 (low Fe)c 

 

 

+EDTAc 

 

+EDTA 

+FeCl3
c 

Cell density at 

onset of first 

diauxic shiftd 

 

 

Recoveryd 

MC4100 

(secA+) 

N/A 82.8 ± 1.1 118.7 ± 6.1 82.7 ± 4.0 0.53 ± 0.02 66 ± 16 

azi-1 N379I 80.6 ± 10.7 127.1 ± 0.9 68.5 ± 4.2 0.59 ± 0.01 >610 

azi-4 L645Q 82.2 ± 3.2 103.8 ± 8.5 73.1 ± 4.5 0.50 ± 0.07 70 ± 12 

azi-5 L645Q 86.2 ± 9.0 109.9 ± 7.4 72.3 ± 7.6 0.60 ± 0.03 77 ± 6 

azi-7 L179Y 94.9 ± 3.6 125.0 ± 20.5 76.7 ± 6.9 0.55 ± 0.01 197 ± 15 

azi-8 R561H 85.5 ± 1.2 119.0 ± 3.6 71.9 ± 8.3 0.52 ± 0.03 >610 

azi-16 L515F 86.2 ± 7.8 104.2 ± 1.8 73.3 ± 1.7 0.59 ± 0.01 60 ± 10 

azi-D1 T130I 94.9 ± 4.9 112.8 ± 5.0 71.1 ± 2.3 0.60 ± 0.01 113 ± 6 

azi-D2 Y186D 80.6 ± 1.9 107.1 ± 6.0 86.0 ± 9.2 0.56 ± 0.03 64 ± 19 

aAmino acid substitution encoded by azi mutation 802 

bIn minutes. Confidence intervals are one s.d. 803 

cM63 containing 0.2% glucose from which FeSO4 has been omitted. Where indicated, EDTA (10 804 

μM) or FeCl3 (20 μM) were added to the growth media. Confidence intervals are one s.d. 805 

dIn M63(low iron), units in OD600. Confidence intervals are one s.d. 806 

eThe amount of time between the initial decrease in the growth rate of the first exponential 807 

growth phase and the maximum growth rate in the second exponential growth phase in M63(low 808 

iron), units in minutes. Confidence intervals are one s.d. 809 
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