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SUMMARY 22 

The E. coli hicAB type II toxin-antitoxin (TA) locus is unusual by being controlled by two 23 

promoters and by having the toxin encoded upstream of the antitoxin. HicA toxins contain a 24 

double-stranded RNA-binding fold and cleaves both mRNA and tmRNA in vivo while HicB 25 

antitoxins contain a partial RNase H fold and either a helix-turn-helix (HTH) or ribbon-helix-helix 26 

(RHH) domain. It is not known how a HTH DNA-binding domain affects higher-order structure 27 

for the HicAB modules. Here, we present crystal structures of the isolated E. coli HicB antitoxin 28 

and full-length HicAB complex showing that HicB forms a stable DNA-binding module and 29 

interacts in a canonical way with HicA despite the presence of an HTH-type DNA-binding domain. 30 

No major structural rearrangements take place upon binding of the toxin. Both structures expose 31 

well-ordered DNA-binding motifs allowing a model for DNA binding by the antitoxin to be 32 

generated. 33 

34 
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INTRODUCTION 35 

Toxin-antitoxin (TA) modules are present on many bacterial plasmids and chromosomes and 36 

thought to be involved in adaptation to varying growth conditions (Page and Peti, 2016). By 37 

definition, TA modules encode a toxin able to globally downregulate metabolism, and an antitoxin 38 

that counters this action by one of several mechanisms (Harms et al., 2018). Of the six identified 39 

types of TA modules, type II modules encode two proteins that form a stable complex during 40 

normal growth, thus inactivating the toxin (Page and Peti, 2016; Unterholzner et al., 2013). 41 

Widespread examples of type II TA modules include the relBE, vapBC, and mazEF families that 42 

are all abundant in both bacteria and archaea. In these families, the toxin gene encodes an RNase 43 

(or RNA interferase) that targets either mRNA (RelE/MazF) (Pedersen et al., 2003; Zhang et al., 44 

2003), or tRNA/rRNA (VapC) (Winther et al., 2013) when activated. Expression of type II TA 45 

modules is regulated through direct binding of either the antitoxin or the entire TA complex to the 46 

promoter region (Gerdes et al., 2005). Therefore, type II antitoxins are modular proteins containing 47 

two domains, one that physically interacts with and blocks the toxin and a DNA-binding domain, 48 

usually either a ribbon-helix-helix (RHH) or helix-turn-helix (HTH) motif (Page and Peti, 2016). 49 

In some cases, binding affinity for DNA, and thus the level of transcriptional repression of the 50 

toxin, is controlled by the ratio of toxin to antitoxin in the cell via a mechanism termed conditional 51 

cooperativity (Loris and Garcia-Pino, 2014; Overgaard et al., 2008). When the TA complex is 52 

formed at toxin levels below the antitoxin (i.e. excess of antitoxin), the toxin functions as a co-53 

repressor, thus positively affects the antitoxin:DNA interaction, thus blocking transcription. In 54 

contrast, at higher than 1:1 ratios (i.e. excess of toxin), the toxin can act as a de-repressor by 55 

binding to the preformed TA:DNA complex and physically destabilise it, causing activation of the 56 

TA operon, and thus an increase in toxin expression (Brown et al., 2013). But overall, toxin-57 
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antitoxin systems display a great structural and functional variety both with respect to activity of 58 

the toxin and transcriptional regulation. For example, there are also examples of toxins that do not 59 

affect DNA binding by the antitoxin at all (Talavera et al., 2019).  60 

 61 

Most TA loci are organised with the antitoxin encoded upstream of the toxin and for type II 62 

modules, the proteins are often expressed via translational coupling between the two ORFs to 63 

ensure an excess of antitoxin and efficient neutralisation of toxin activity during normal cell 64 

growth. However, exceptions to this general rule are observed for the higBA, mqsRA, and hicAB 65 

families, where the toxin genes, higB, mqsR, and hicA, are all encoded upstream of their respective 66 

antitoxins, higA, mqsA, and hicB (Jorgensen et al., 2009; Tian et al., 2001; Yamaguchi et al., 2009). 67 

hicAB (Haemophilus influenzae contiguous) loci are found in both bacteria and archaea and 68 

constitute a broad family of more than 200 hicA and 450 hicB genes (Makarova et al., 2006). In 69 

Escherichia coli, the hicAB operon is induced in response to amino acid and carbon starvation and 70 

activation of the HicAB TA complex is believed to require degradation of the HicB antitoxin by 71 

the stress-induced protease Lon, thus releasing the toxin (Jorgensen et al., 2009). Functional 72 

studies have further revealed that E. coli hicAB is unique in that it is controlled by two promoters. 73 

One of these is regulated in the canonical way by HicB binding and gives rise to a transcript that 74 

produces only the antitoxin, while an upstream promoter is activated by the E. coli competence 75 

factor Sxy and the cAMP-activated global transcriptional regulator CRP and leads to expression 76 

of both toxin and antitoxin (Turnbull and Gerdes, 2017). It has also been shown that HicA does 77 

not act as a co-repressor of DNA binding by the antitoxin HicB but can still destabilise the DNA 78 

complex at high ratios of toxin:antitoxin (above 1:1), thus activating the operon under conditions 79 

in which the toxin is in excess (Turnbull and Gerdes, 2017). 80 
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 81 

Like other type II toxins, HicA appears to target translation by inducing non-specific cleavage of 82 

messenger RNA (mRNA) and apparent sequence-specific cleavage of transfer-messenger RNA 83 

(tmRNA) at unique AAAC sites, in both cases in a ribosome-independent manner (Jorgensen et 84 

al., 2009). Surprisingly, HicA does not contain a classical RNase fold and sequence and structural 85 

analysis have demonstrated that it is in fact more similar to double-stranded RNA binding proteins 86 

(Makarova et al., 2006). Moreover, the toxin is very small for a putative enzyme (~55 amino acids), 87 

and although some data indicate that it may function as an independent RNase (Bibi-Triki et al., 88 

2014; Kim and Wood, 2010; Thomet et al., 2019), it is currently not fully established whether 89 

HicA can cleave RNA directly or depends on other factors when activated in vivo. HicB is also an 90 

unusual antitoxin in that it contains a partial RNase H fold in its N terminus and either a helix-91 

turn-helix (HTH) or ribbon-helix-helix (RHH) DNA-binding domain at its C-terminal end 92 

(Makarova et al., 2006). A crystal structure of a HicAB complex from Yersinia pestis (HicAB3Yp) 93 

lacking the RHH-type DNA-binding domain demonstrated that HicB interacts with HicA via helix 94 

α1 of the RNase H motif (Bibi-Triki et al., 2014). A conserved histidine residue (His 28 in Y. 95 

pestis) is required for toxicity of HicA in vivo. The dsRNA binding fold of HicA was subsequently 96 

confirmed by an NMR structure of the isolated toxin from Burkholderia pseudomallei (HicABp) 97 

(Butt et al., 2014). Subsequent crystal structures of intact HicAB complexes from Streptococcus 98 

pneumoniae (HicABSp) (Kim et al., 2018) and B. pseudomallei (HicABBp) (Winter et al., 2018) 99 

have shown that higher-order, octameric toxin:antitoxin assemblies are formed through dual 100 

dimerisation as observed for other type II TA systems (Harms et al., 2018). For HicABBp, it was 101 

shown that the isolated HicB antitoxin forms a tetramer with the RHH domains exposed for DNA 102 

binding but with two of four HicA-interacting helices tucked away. Binding of HicA to each HicB 103 
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antitoxin thus requires exposure of the interacting helices, which induces a concomitant structural 104 

reorganisation that disrupts the DNA-binding sites and thus provides a rationale for how HicA can 105 

de-repress HicB-operator binding at high toxin:antitoxin ratios. But given that the octamer depends 106 

on the DNA-binding domains, it has so far not been clear if the same principles apply for HicAB 107 

modules containing an HTH-type DNA-binding domain, although a similar type of de-repression 108 

has been observed (Turnbull and Gerdes, 2017). 109 

 110 

Here, we report crystal structures of the full-length wild-type E. coli HicAB complex (HicABEc) 111 

as well as the isolated HicB antitoxin (HicBEc), featuring an HTH-type DNA-binding motif. 112 

Despite the differences in DNA-binding motif, HicABEc maintains the canonical mode of toxin-113 

antitoxin interaction observed for other HicAB family members, an observation that supports the 114 

understanding of TA antitoxins as modular proteins consisting of distinct toxin-interacting and 115 

DNA-interacting domains. HicBEc dimerises via its C-terminal domain but in contrast to what was 116 

observed for the RHH-containing HicB antitoxins, no major structural rearrangements take place 117 

upon toxin binding. Both HicAB and HicB display well-ordered HTH domains organised in a 118 

conformation directly compatible with operator binding at adjacent DNA major grooves, 119 

consistent with HicA not functioning directly as a co-repressor. Nevertheless, we show that 120 

HicABEc and free HicBEc interact differently with operator DNA in vitro, suggesting that the toxin 121 

affects the kinetics of DNA binding by the antitoxin. 122 

 123 

RESULTS 124 

E. coli HicAB forms a compact tetramer. The wild-type, full-length E. coli HicAB complex was 125 

expressed and purified to homogeneity (see STAR Methods for details) and crystals of seleno-126 
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methionine (Se-Met) labelled protein belonging to the trigonal space group P3221 were used for 127 

determining the structure to 2.3 Å by single-wavelength anomalous diffraction (SAD). The 128 

crystallographic asymmetric unit contains two copies of both the HicA toxin and HicB antitoxin 129 

forming a heterotetrameric complex. Due to weak crystal packing contacts on the side of the 130 

complex exposed to solvent, the first six amino acids of one of the toxin molecules could not be 131 

built, and the initial electron density for one of the antitoxin molecules was poor throughout its C-132 

terminus. Nevertheless, nearly all residues for both HicA (1-58) and HicB molecules (residues 1-133 

138) could eventually be built by iterative reciprocal space refinement and manual rebuilding, and 134 

the final structure has Rwork=24.1%, Rfree=27.3% with a good overall geometry (see Table 1 for 135 

crystallographic statistics). As seen before, HicA adopts an αβββα double-stranded RNA-binding 136 

fold, whereas HicB adopts a partial RNase H fold (βββαβα) that tightly interacts with the toxin, in 137 

addition to a C-terminal HTH DNA-binding motif (αααβ) (Figure 1A). The tetramer in the 138 

asymmetric unit is formed by interaction of two nearly identical HicA:HicB complexes (root mean 139 

square deviation, r.m.s.d. = 0.51 Å over 136 Cα atoms) through dimerisation of the C-terminal 140 

domains of HicB via the β5 strand (Figure 1B). The theoretical molecular mass of a HicAB 141 

heterodimer is approximately 22 kDa. However, the protein in solution has an apparent molecular 142 

mass of ~44 kDa as estimated by size exclusion chromatography (Figure S1A), suggesting that 143 

the biologically relevant unit is in fact the HicA2HicB2 heterotetramer. Surprisingly, PISA analysis 144 

(Krissinel and Henrick, 2007) suggests that the complex might also be stable as an octamer formed 145 

through dimerisation of two heterotetramers (HicA4HicB4). This stoichiometry would involve 146 

contacts between a small region in the RNase H domain of HicB consisting of a short, two-stranded 147 

β sheet and a loop (Figure S1B). However, interactions are relatively loose in this region and the 148 

presence of two sulphate ions between tetramers further suggests that the interactions could be a 149 
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result of the high sulphate crystallisation condition. Thus, based on combined biochemical and 150 

structural evidence, we consider the HicA2HicB2 heterotetramer as the most likely biological 151 

entity. Interestingly, given that the HicAB tetramers are formed via the HicB C-terminal region, 152 

the higher-order structure observed for HicABEc differs significantly from the other structures of 153 

HicAB complexes that contain an RHH-type DNA binding domain (Figure S1C). 154 

 155 

HicB interacts tightly with a conserved histidine residue in HicA. HicB interacts with HicA 156 

via packing of helix α1 of the partial RNase H motif against the β sheet of HicA (Figure 2A) in a 157 

similar manner to what has been observed for the RHH-containing HicAB complexes (Figures 2B 158 

and S2A-C). The overall mechanism of toxin inhibition by the antitoxin thus appears to be 159 

independent of the type of HicB DNA binding domain, confirming the modular nature of type II 160 

antitoxin proteins consisting of an N-terminal toxin-interacting domain and a C-terminal DNA-161 

binding domain. In the HicABEc complex, the conserved His23, which has been functionally linked 162 

to the toxicity of HicA (Bibi-Triki et al., 2014; Butt et al., 2014) is firmly coordinated by hydrogen 163 

bonds to Asp41 and Thr27 from HicB (Figure 2A). A similar pattern is observed in HicABSp, 164 

where the histidine residue (His36) is fixed by Thr33 and Glu47 (Figure 2B). Additional polar 165 

and charged interactions ensure a high toxin-antitoxin affinity in the E. coli complex, including 166 

HicA Asn22, which appears to help orient HicB Asp41 (Figure 2A). The conserved histidine 167 

(Figure 2C, marked by a *) forms part of a small motif that includes a glycine and a 168 

serine/asparagine just before the histidine (GSNH in HicAEc) and its coordination is structurally 169 

conserved among all available HicAB complex structures (Figures S2A and S2B). 170 

 171 
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To confirm the functional importance of the key residues involved in toxin-antitoxin interactions, 172 

Asn22 and His23 in HicA were individually mutated and the resulting TA modules tested in an in 173 

vivo growth assay where HicA toxin was activated through inducible, ectopic expression. For this, 174 

the E. coli hicA gene was cloned into pBAD33 under the control of the pBAD arabinose inducible 175 

promoter and transformed into either E. coli K-12 MG1655 wild type or MG1655ΔhicAB cells. 176 

To analyse the effects of toxin and/or antitoxin induction, spot dilution tests and growth curves 177 

were recorded (Figures 3A and 3B). Overexpression of hicA in the wild-type MG1655 178 

background exhibited only mild toxicity when compared to the empty vector control, both on 179 

plates and in liquid media (Figures 3A and 3B). We therefore decided to test the toxicity in a 180 

hicAB deletion mutant to avoid rescue of HicA mediated toxicity by chromosomally encoded 181 

HicB. As expected, expression of wildtype hicA in a 'hicAB background was toxic when 182 

compared to the empty vector control as evident from the decreased number of bacterial colonies 183 

at higher dilutions and shallower growth curves in liquid culture (Figures 3A and 3B). 184 

Interestingly, the His23Ala HicA mutant displayed no observable toxicity indicating that this 185 

residue is essential for HicA activity. On the other hand, the Asn22Ala variant behaved similarly 186 

to wildtype hicA suggesting that the Asn in the EcHicA GSNH motif is not absolutely required for 187 

function (Figure 3B). This is consistent with a role of this residue in interacting with the antitoxin 188 

as shown above.  189 

 190 

E. coli HicB only undergoes slight structural rearrangements upon HicA binding. In order to 191 

understand the effects of toxin binding to the central HicB antitoxin dimer, we decided to 192 

determine the structure of isolated HicBEc, which, unusually for a TA antitoxin (Yamaguchi et al., 193 

2011), appears to have a stable structure in isolation. For this, full length E. coli HicB was 194 
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expressed as Se-Met substituted protein, purified to homogeneity, crystallised, and the structure 195 

determined independently from HicABEc by Se-SAD phasing to 2.25 Å (see Table 1 for 196 

crystallographic statistics). The crystals of isolated HicB belong to the monoclinic space group P21 197 

and have two molecules per asymmetric unit that form a homodimer, which is supported by PISA 198 

analysis (Figure 4A). Despite differences in crystal packing, the isolated HicB dimer is structurally 199 

very similar to its HicA-bound form with an r.m.s.d. between all Cα atoms of 0.85 Å (Figure 4B). 200 

This suggests that HicBEc does not undergo any major structural rearrangements upon binding to 201 

HicAEc, which is consistent with the observation that HicA does not function as a co-repressor of 202 

HicB in vivo (Turnbull and Gerdes, 2017). It is also in contrast to the distinctly different open and 203 

closed conformations observed for HicBBp in the presence or absence of HicABp (Winter et al., 204 

2018), respectively, and suggests that the type of antitoxin DNA binding domain not only dictates 205 

higher order structure but also affects regulation of TA conformation and activity. The interactions 206 

between HicB monomers are mostly hydrophobic and include several leucine and valine residues. 207 

Unsurprisingly, these are not conserved in the other HicB orthologues for which structures are 208 

available, which are organised through an RHH-type DNA binding domain. Additional polar 209 

interactions are found between Glu71 in one chain and Gln123 in the other, as well as between 210 

Asp120 and Ser75 (Figure 4C). Across species, the HicB antitoxin molecules thus resemble each 211 

other in their N-terminal domains (that neutralise HicA), while they differ significantly in their 212 

DNA-binding domains and dimerisation interface (Figure 4D). This is also noticeable at the 213 

sequence level, where divergence is evident in the C-terminal region (Figure 2C). Notably, 214 

dimerisation of HicBEc occurs using a β-strand following the core HTH motif, whereas HicBYp, 215 

HicBSp, and HicBBp all dimerise using the entire RHH fold. An important consequence of this is 216 

that the RHH-containing HicB antitoxins only form a single, dimeric DNA-binding unit, while the 217 
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HTH-containing antitoxins have two separate DNA-binding domains. This is most likely 218 

important for the interaction with the promoter region and possibly also the effects, if any, of HicA 219 

on HicB DNA binding.  220 

 221 

HicAB and HicB interact differently with promoter DNA. Type II antitoxins bind specifically 222 

to their promoter region to repress transcription, but with very varying affinities. For the HicAB 223 

modules with RHH-type antitoxins, both HicBYp and the HicABYp complexes were found to bind 224 

operator DNA near the -10 box with similar affinities (Bibi-Triki et al., 2014) while for HicABSp, 225 

the affinity to DNA was slightly higher for the HicA2B2 tetramer (4.2 μM) than the isolated HicB2 226 

dimer (8.8 μM) (Kim et al., 2018). For HicABBs, a very high affinity of 3 nM was measured for 227 

isolated HicB while titration of HicA lead to more than a 100-fold decrease in affinity, consistent 228 

with the structural observation that the complex reorganises upon toxin binding (Winter et al., 229 

2018). This demonstrates that the high affinity conformation induced by HicA is related to both 230 

the type of DNA-binding domain and the higher-order structural organisation of the TA complex. 231 

In E. coli, HicB was previously shown to interact weakly with a 147 bp dsDNA fragment 232 

containing the upstream region of hicA while the toxin HicA did not affect this binding 233 

significantly. Consistently it was observed that strains lacking HicA toxin did not result in 234 

increased transcription suggesting that it is not required for repression of hicO and that HicB alone 235 

is sufficient (Turnbull and Gerdes, 2017).  236 

 237 

Since protein expression conditions have been shown to affect how some toxin-antitoxin 238 

complexes interact with DNA in vitro (Jurenas et al., 2019), we decided to investigate binding of 239 

the HicBEc and HicABEc complexes used for structural studies to a shorter, 33 bp DNA fragment 240 
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which only covers the pseudo-palindromic hicO operator located between the -35 and -10 regions 241 

upstream of hicA translational start site (Figure 5A, green). Electrophoretic mobility shift assays 242 

(EMSAs) were carried out using a constant DNA concentration of 20 nM duplex and increasing 243 

concentrations of either purified HicBEc (Figure 5B) or HicABEc complex (Figure 5C). For the 244 

isolated HicBEc antitoxin, shifts were smeary suggesting a relatively unstable protein-DNA 245 

complex and making accurate assessment of the KD dissociation constant difficult (Figure 5B). 246 

Consistently, ITC reports a low affinity in the μM range. For the HicABEc complex, on the other 247 

hand, a clear shift appeared starting at 500 nM of a (HicA2B2)Ec tetramer, possibly in two different 248 

oligomeric states as suggested by the presence of the two bands (Figure 5C). As the concentration 249 

of HicABEc increased, an additional "super shifted" band appeared, suggesting the formation of a 250 

higher-order complex with a different molar ratio of protein and DNA (Figure 5C, lanes with 251 

[HicABEc] above 0.8 μM). Mg2+ is not required for protein-DNA interaction as the band shifts 252 

were identical in presence of EDTA (Figure 5C, last four lanes). Using ITC, an estimated 253 

dissociation constant around 800 nM was obtained. Finally, we attempted to purify the protein-254 

DNA complexes using size exclusion chromatography. Consistent with the results from EMSA 255 

and ITC, we were not able to purify the HicBEc-DNA complex, while HicABEc-DNA (44 kDa + 256 

20 kDa) could be purified as a stable protein-DNA complex as evident from the peak shape and 257 

OD280:OD260 ratio (Figure S3). Together these observations indicate that E. coli HicB binds to 258 

DNA with different kinetics and slightly lower affinity compared to the HicAB complex, perhaps 259 

with increased on and off rates. This would explain both the different behaviour during EMSA as 260 

well as our inability to purify the HicB:DNA complex by chromatography. Together, this suggests 261 

a subtle effect of HicA on DNA-binding by HicB, possibly related to the length of the DNA oligos 262 

used in this case. 263 
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 264 

A model for binding of HTH-type HicAB complexes to DNA. The ribbon-helix-helix (RHH) 265 

and helix-turn-helix (HTH) motifs are among the most well-characterised DNA binding domains 266 

and are found in a myriad proteins from a wide range of species (Harrison, 1991). The RHH motif 267 

interacts with DNA by inserting two adjacent β-sheets (positioned as a result of dimerisation) into 268 

the DNA major groove (Schreiter and Drennan, 2007). In the HTH motif, on the other hand, two 269 

α-helices in a single domain connected by a short loop (turn) are positioned nearly perpendicularly 270 

to one another and likewise fit in the major groove (Pabo and Sauer, 1984). Of these, the first helix 271 

contributes mostly non-specific protein-DNA backbone interactions (Brennan and Matthews, 272 

1989; Harrison, 1991), while the second helix is named the "recognition helix" as it allows an 273 

extended number of direct and indirect contacts between the side chains and the DNA bases. 274 

Significantly, the overall structural similarity between HTH domains from a wide range of proteins 275 

allows us to accurately model how HicB might bind operator DNA. The transcriptional repressor, 276 

SinR (SinRBs) is an HTH-containing protein indirectly blocking biofilm formation in B. subtilis 277 

(Newman et al., 2013). The crystal structure of SinRBs bound to a promoter DNA revealed specific 278 

recognition pattern involving α2 of the HTH motif and the major groove of DNA (Figure 6A) 279 

(Newman et al., 2013). Structural alignment between SinRBs and HicBEc shows high similarity 280 

(r.m.s.d. = 0.86 Å over 89 Cα atoms), allowing us to produce a model for binding of HicB to DNA 281 

(Figure 6B). In this model, the α2 helices of both HicBEc chains fit into the major groove of DNA 282 

as observed in the SinRBs structure with no major clashes between the antitoxin and the DNA. The 283 

α2 helix and Gln94, which is located in helix α1 are predicted to be important for DNA recognition. 284 

Alignment of the HicAB complex is also possible with no major clashes, so we consider it likely 285 

that the HicAB complex binds in a similar way (Figure 6C). In summary, modelling of the DNA-286 
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bound form of the HicB and HicAB complexes is consistent with HicB forming a structurally 287 

stable unit, which changes little, both when HicA and DNA binds. 288 

 289 

DISCUSSION 290 

In this paper, we present the structures of the E. coli HicAB and isolated HicB complexes revealing 291 

the molecular basis of how HicAB-type TA modules can function with different types of DNA-292 

binding domains. The complexes form stable structures featuring two protruding HTH DNA-293 

binding motifs both in a conformation compatible with DNA binding in two adjacent major 294 

grooves. We furthermore show that the structure of the HicB homodimer changes very little upon 295 

HicA binding consistent with the finding that for this TA module, the toxin does not function as a 296 

co-repressor. Nevertheless, binding of HicA appears to have a subtle effect on interaction of HicB 297 

with DNA. 298 

 299 

HicAB modules display widely different higher-order structures. One of the most surprising 300 

features of the HicAB family is the great structural variety displayed among its members. In Y. 301 

pestis, HicABYp was reported to form a HicA2HicB4 heterohexamer but using a different 302 

interaction surface than observed for other HicAB complexes (Bibi-Triki et al., 2014). Both 303 

HicABSp and HicABBp were found as hetero-octamers, again with unique interaction surfaces 304 

including the central β sheets of the two neighbouring antitoxins away from the RHH motif. 305 

Moreover, while all HicA toxins are highly similar, the antitoxin folds, particularly the DNA 306 

binding domains, differ significantly between the four structures determined so far. The HicABSp 307 

structure shows even larger overall differences, as the two HicBSp monomers extend 308 

asymmetrically from the heterotetramer (Figure S1C). The structural deviation is most evident for 309 
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the α2/α3 helices of HicBSp, which form the actual RHH motif, suggesting that the fold of the 310 

DNA-binding domain affects overall TA complex structure significantly. The RHH DNA-binding 311 

domain is most well-defined in the HicABBp structure, which clearly demonstrates that 312 

dimerisation happens through the RHH motif itself (Figure S1C). Together this means that at 313 

present, there are at least three different variants of higher-order structure among HicAB 314 

complexes (octamer, hexamer, and tetramer), hence there is no real consensus despite similar 315 

domain structures. 316 

 317 

HicBs with HTH and RHH motifs cluster in discrete phylogenetic groups. In order to 318 

understand how HTH and RHH motifs are distributed among bacterial HicAB modules, we 319 

performed an extensive sequence analysis of available sequences. From this, a phylogenetic tree 320 

based on the sequences of 50 HicB homologues from bacteria was generated (Figure S4). HTH 321 

and RHH domains were assigned using HTH Finder in the EMBOSS Explorer and Phyre2 (Kelley 322 

et al., 2015). Interestingly, we find that HicB antitoxins with RHH motifs are prevalent in 323 

Firmicutes while HicBs with HTH motifs are prevalent in gamma-proteobacteria. This suggests 324 

that the two sub-families (RHH and HTH) evolved separately, possibly to control transcription in 325 

different ways or responding to different signals. Future functional analysis of additional members 326 

of each family will hopefully reveal any common features. 327 

 328 

HicA may have a yet uncharacterised role at high toxin:antitoxin ratios. Interestingly, and 329 

despite the structures being very similar, binding of the isolated HicB antitoxin to DNA shows 330 

different kinetics compared to the HicAB complex, as analysed by EMSA, ITC, and gel filtration 331 

assays. The functional implications of this difference are not yet clear, especially since HicA does 332 
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not appear to function as a co-repressor. This is in marked contrast to some of the RHH-type 333 

HicAB complexes, where there are large co-repressor effects of the toxins.  334 

 335 

Dimerisation of E. coli HicB was found to involve a short β-strand in the C-terminal domain of 336 

each chain, separate from the DNA-binding domain. This is a clear difference from all HicAB 337 

structures reported to date containing the RHH-type DNA-binding domain, which dimerise using 338 

the DNA binding domain itself and consequently only form a single DNA binding unit. This 339 

difference may be the reason why higher-order HicABEc:DNA complexes were observed at higher 340 

protein concentrations in our EMSA assays. Intriguingly, it was previously shown that at 341 

toxin:antitoxin ratios above 1:1, HicA de-represses the effect of HicB (Turnbull and Gerdes, 2017). 342 

This aspect of the function of HicABEc is not addressed in our structural studies, which were all 343 

carried out at 1:1 toxin:antitoxin concentration. Thus, it is possible that the HicAB tetramer can 344 

bind additional copies of HicA and form a complex that is not yet characterised. Further functional 345 

and structural studies are thus required to fully understand how this TA module is able to bind 346 

DNA and regulate transcription. 347 
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 365 

MAIN FIGURE TITLES AND LEGENDS 366 

Figure 1. The HicABEc complex consists of three functional domains and forms a tetramer. 367 

A. Cartoon representation of the HicABEc complex (middle). The HicA toxin (blue) has a double-368 

stranded RNA-binding domain (dsRBD). The crystal structure of an archaeal intein-encoded 369 

homing endonuclease (PI-PfuI, PDB ID 1DQ3), which also contains a dsRBD domain (r.m.s.d. = 370 

3.2 Å for 287 Cα atoms) is shown above in blue (Ichiyanagi et al., 2000). The central domain of 371 

the HicB antitoxin (green) that interacts with HicA contains a partial RNase H motif (light green). 372 

The structure of Bacillus halodurans RNase H (PDB ID 1ZBI) is shown below with the partial 373 

fold (r.m.s.d. = 6.7 Å for 112 Cα atoms) coloured (Nowotny et al., 2005). Finally, the HicB helix-374 

turn-helix DNA-binding motif is shown in dark green with the structure of a similar domain from 375 

the Bacillus subtilis SinR regulator (PDB ID 3ZKC) (r.m.s.d. = 0.86 Å for 89 Cα atoms) shown 376 

above (Newman et al., 2013). B. The HicABEc heterotetramer as observed in the crystallographic 377 

asymmetric unit, shown in two orthogonal views. The tetramer is formed by two highly similar 378 
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HicAB dimers with an r.m.s.d of 0.51 Å for 136 Cα atoms. A schematic representation of the toxin-379 

antitoxin organisation is shown as an inset. Individual proteins and the HTH DNA-binding motifs 380 

are indicated with bold letters. See also Figure S1. 381 

 382 

Figure 2. Toxin-antitoxin interactions are conserved among HicAB orthologues. A. 383 

Interactions between the HicA toxin (blue) and the HicB antitoxin (green) surrounding the 384 

conserved His23 in HicABEc. Relevant side chains are shown in sticks (coloured by chain) and 385 

residues in the GSNH motif are in red. B. Like A, but showing interaction in the HicABSp complex 386 

(PDB ID 5YRZ) surrounding His36 (Kim et al., 2018). C. Top, multiple sequence alignment of 387 

the structurally characterised HicA toxins (HicAEc, HicA3Yp, HicASp, and HicABp) along with 388 

putative HicA toxins from Pseudescherichia vulneris (HicAPv, WP_042391502.1), Oligella 389 

urethralis DNF00040 (HicAOu, WP_081941467.1), and Franconibacter pulveris DJ34 (HicAFp, 390 

WP_024559403.1). Below, sequence alignment of HicB antitoxins containing either a HTH-type 391 

(HicBEc, HicBPv, and HicBOu) or RHH-type (HicB3Yp, HicBSp, and HicBBp) DNA-binding domain 392 

(Bibi-Triki et al., 2014; Butt et al., 2014; Kim et al., 2018; Winter et al., 2018). The putative HicB 393 

antitoxins are the corresponding antitoxins of the HicA toxins listed above, i.e. Pseudescherichia 394 

vulneris (HicBPv, WP_042391501.1), Oligella urethralis DNF00040 (HicAOu, WP_036557413.1), 395 

and Franconibacter pulveris DJ34 (HicAFp, WP_048888289.1). Conserved regions are boxed and 396 

universally conserved residues are on a red background. Moreover, the residues in HicBEc that 397 

interact with HicAEc are shown on a green background. Every tenth amino acid is indicated with a 398 

dot (·). Secondary structure observed in the HicABEc (green) and HicABBp (blue) structures are 399 

shown above and below the corresponding sequences. The conserved histidine residue of HicA is 400 
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indicated with an * and the DNA-binding domains of the HicB antitoxins are indicated with a blue 401 

line for RHH and a green line for HTH. See also Figure S2. 402 

 403 

Figure 3. His23, but not Asn22, is essential for HicA toxicity. A. Dilution spot tests of strains 404 

carrying either wt, hicA or the mutations N22A or H23A. Overnight cultures of E. coli MG1655 405 

or MG1655ΔhicAB harbouring either the empty vector pBAD33 (vector), pKT8 (hicA), pKT253 406 

(hicAN22A), or pK254 (hicAH23A) were serially diluted 10-fold and spotted onto either LBA 407 

("uninduced") or LBA supplemented with 0.2% arabinose to induce toxin expression ("induced"). 408 

B. Growth curves of the indicated strains on either a MG1655 (wt) or MG1655ΔhicAB 409 

background. Overnight cultures of the aforementioned strains were grown into exponential phase 410 

and back-diluted into fresh LB media with or without 0.2% arabinose and grown at 37 °C. Data 411 

are represented as mean ± SEM. 412 

 413 

Figure 4. Isolated HicBEc forms a homodimer with no major rearrangements upon HicA 414 

binding. A. Cartoon representation of the HicBEc homodimer with monomers shown in dark/light 415 

brown and with secondary structure elements indicated. B. Structural alignment of the HicAB 416 

complex and isolated HicB, demonstrating that no large structural rearrangements occur in the 417 

HicB dimer upon HicA binding. C. Details of the dimerisation interface between HicBEc 418 

molecules. The interface is mostly maintained by hydrophobic interactions between Leu and Val 419 

side chains. D. Structures of single HicB monomer from various species demonstrating the distinct 420 

DNA binding motifs (RHH or HTH). Isolated HicBBp, Burkholderia pseudomallei HicB in the 421 

closed conformation (PDB ID 6G1N) (Winter et al., 2018), isolated HicBEc, Escherichia coli HicB 422 

(this work), HicBSp, Streptococcus pneumoniae HicB extracted from the HicAB complex (PDB 423 
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ID 5YRZ) (Kim et al., 2018), and isolated HicB3Yp, Yersinia pestis HicB (PDB ID 4P7D) (Bibi-424 

Triki et al., 2014). The DNA binding motifs are enclosed in rectangles. The dimerisation interfaces 425 

are shown with a faint grey background.  426 

 427 

Figure 5. HicB and HicAB differ in their interaction with promoter DNA. A. Overview of the 428 

hicAB promoter region. The 33-bp DNA sequence used for binding assays is shown on a green 429 

background and the palindromic sequence is indicated with bold letters. B. Left, electrophoretic 430 

mobility shift DNA-binding assay (EMSA) using a fixed (20 nM) concentration of DNA and 431 

increasing HicBEc concentrations as indicated. The markers show the location of single-stranded 432 

and double-stranded DNA as well as the protein-DNA complex. Control lanes with FAM-labeled 433 

forward DNA oligo (ssDNA), and DNA duplex (dsDNA) are indicated. The gels are representative 434 

of at least three repetitions. Right, isothermal calorimetry (ITC) binding assay in which DNA is 435 

titrated into HicBEc (n = 0.9 ± 0.03 and Kd = 8.7 ± 0.9 µM). C. Left, EMSA using increasing 436 

concentrations of HicABEc, otherwise as in B. The last four lanes include 20 mM EDTA to check 437 

for the effect of Mg2+ on DNA binding. The molar ratio (30:1 HicAB:DNA) used for the lane 438 

indicated with an asterisk (*) was used fpr size exclusion chromatography (Figure S3). Right, ITC 439 

binding assay in which DNA is titrated into preformed HicABEc complex (n = 0.93 ± 0.02 and Kd 440 

= 813 ± 30 µM). See also Figure S3. 441 

 442 

Figure 6. Structural model for binding of HicABEc to DNA. A. Crystal structure of Bacillus 443 

subtilis SinR (SinRBs) bound to DNA via the HTH DNA-binding motif (green, PDB 3ZKC) in two 444 

orthogonal views (Newman et al., 2013). B. Structural model for HicB binding to DNA. The model 445 

was generated by alignment to the SinR-DNA complex (r.m.s.d. = 0.86 Å for 89 Cα atoms) and 446 
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without adjusting individual domains of HicAB. C. Structural model for HicAB binding to DNA, 447 

based on B. The DNA-binding motifs are coloured green. The top view (right) shows that no 448 

clashes are expected upon DNA binding by the HicAB complex as a result of HicA binding. See 449 

also Figure S4. 450 

451 
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MAIN TABLES AND LEGENDS 452 
Table 1. Crystallographic data collection and refinement statistics. 453 

 HicABEc  HicBEc  

PDB ID 6HPB 6HPC 

Data Collection    

Wavelength (Å) 0.9794 0.9794 

Resolution range  62.0 – 2.28  
(2.36 – 2.28) a 

57.6 – 2.26  
(2.34 – 2.26) 

Space group P3221 P1211 

Unit cell dimensions 
a, b, c, (Å) 
α, β, γ (o) 

 
100.0, 100.0, 88.9 

90, 90, 120 

 
43.1, 60.4, 59.3 
90, 103.8, 90 

Total reflections 46,480 (4640) 27,192 (2664) 

Unique reflections 23,248 (2320) 13,836 (1363) 

Multiplicity 2.0 (2.0) 3.4 (1.9) 

Completeness (%) 97.6 (100.0) 98.8 (98.6) 

Rmerge (%) 5.5 (103.8) 3.3 (108.2)  

I/σ(I) 21.6 (1.5)  26.0 (1.2) 

CC1/2 (%) 99.5 (67.2)  99.9 (52.6)  

Phasing Statistics   

Number of sites 8 / 10 4 / 6 

Sigano 6.38 (0.68) 2.4 (0.51) 

Figure of Merit (SAD/DM)b 0.28 / 0.62 0.35 / 0.71 

Refinement      

Average B-factor (Å2) 79.7 85.4 

No. of reflections 23,243 (2320) 13,822 (1361) 

No. of reflections (free) 1162 (116) 691 (68) 

R-work (%) 24.1 (32.4) 22.7 (32.4) 

R-free (%) 27.3 (38.2) 26.8 (44.8) 

No. of atoms   

   protein 3044 2146 

   solvent 154 39 

   ligand  15 - 

r.m.s.d. bonds (Å)  0.031 0.007 

r.m.s.d. angles (o) 2.59 1.29 

Ramachandran statistics 
Favored (%) 
Allowed (%) 
Outliers (%) 

 
95.23 
3.45 
1.33 

 
97.43  
2.57 
0.0 

aNumbers in parentheses refer to the outermost resolution shell. 454 
bSAD refers to the FOM for initial phasing while DM is after density modification. 455 
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STAR METHODS 456 

LEAD CONTACT AND MATERIALS AVAILABILITY 457 

Further information and requests for resources and reagents should be directed to and will be 458 

fulfilled by Ditlev E. Brodersen (deb@mbg.au.dk). 459 

 460 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 461 

E. coli BL21 (DE3) (Novagen) was used for protein expression and MG1655 for experiments 462 

requiring an E. coli wild type strain background. Cells were grown in LB Broth (Sigma Aldrich) 463 

supplemented with 100 µg/mL ampicillin (protein expression) or chloramphenicol (toxicity 464 

assays). 465 

 466 

QUANTIFICATION AND STATISTICAL ANALYSIS 467 

Growth curves were recorded by measuring OD600 in liquid cultures. Data are represented as 468 

mean ± SEM calculated based on at least 5 repeats. 469 

 470 

METHOD DETAILS 471 

Plasmid construction. To construct expression vectors (Table S1), PCR fragments were 472 

amplified with Q5 high fidelity DNA polymerase (NEB) using the oligos listed in Table S2 and 473 

cloned into corresponding plasmids after digestion with Roche fast-digest enzymes. 474 

pKT53 and pKT54. To construct overexpression vectors to purify HicAM3, hicAM3 was amplified 475 

with primers 1 and 2 (pKT53, N-term his6::hicAM3) or 3 and 4 (pKT54, C-term his6::hicAM3) using 476 

pKT10 as template. The fragment was then digested with BamHI and HindIII and cloned into 477 

pMG25 under the control of IPTG-inducible promoter PA1/04/03. 478 
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pKT130. To construct an overexpression vector to co-purify HicB and HicA, hicA, including an 479 

encoded N-terminal TEV-cleavable His6-tag was amplified from E. coli MG1655 genomic DNA 480 

with primers 5 and 2, digested with BamHI and HindIII and cloned into pKT38 downstream of 481 

hicB, resulting in vector pKT130 harboring hicB::hicA::his6 (N-terminally tagged). 482 

pKT253 and pKT254. hicA mutants were constructed via two step PCR. Two overlapping 483 

fragments harboring the mutation was amplified from E. coli MG1655 genomic DNA using primer 484 

pairs 6 + 7 and 8 + 9 (pKT253, hicAN22) or 6 + 10 and 11 + 9 (hicAH23A). Fragments were joined 485 

with a second round of PCR using flanking primers 6 and 9, digested with XbaI and PstI and 486 

cloned into pBAD33 under the control of L-arabinose inducible promoter PBAD, resulting in 487 

pKT253/pKT254, which is isogenic to pKT8 but containing hicAN22A/hicAH23. 488 

 489 

Mutant toxicity assay. E. coli strains MG1655 (wt) and MG1655'hicAB, harbouring either the 490 

empty pBAD33 vector or pBAD33 vector encoding hicA variants, were grown at 37 qC in LB 491 

supplemented with chloramphenicol. For plate assays, overnight cultures were serially diluted 10-492 

fold in 1x PBS and 10 µl was spotted onto LB agar with chloramphenicol, with or without 0.2 % 493 

arabinose to induce the pBAD promoter. Plates were incubated for 16 hours at 37 qC before 494 

imaging. For growth assays, overnight cultures were back-diluted to 0.005 OD600 and grown 495 

through six generations, before being back-diluted into fresh LB with or without 0.2 % arabinose. 496 

Cultures were then grown in a Synergy H1 (BioTek) microplate reader with continuous orbital 497 

shaking. Two biological replicates each with 3 technical replicates were carried out.   498 

 499 

Protein expression and purification. Competent cells carrying the His6-TEV-HicB:HicA or 500 

His6-TEV-HicB expression plasmid were grown overnight at 37°C with shaking in lysogeny broth 501 
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(LB) medium, supplemented with 100 µg/mL ampicillin. For large-scale cultivation, 2 L LB 502 

media, supplemented with ampicillin, were inoculated with 50 mL of the overnight culture. The 503 

cells were then grown at 37 °C with shaking until OD600 reached approximately 0.6-0.8. The cells 504 

were harvested by centrifugation (1500x g for 10 minutes) and were used to inoculate 6 L minimal 505 

media supplemented with 100 µg/mL ampicillin, glucose, vitamins, and amino acids excluding L-506 

methionine. After approximately 3 hours of shaking at 37 °C, 20 µg/mL selenomethionine was 507 

added and the cells were grown until OD600 reached approximately 0.6-0.8. Protein expression was 508 

induced with 0.5 mM isopropyl‐β‐D‐thiogalacopyranoside (IPTG) and expression continued, 509 

overnight 24 °C. For protein purification, cells were resuspended in lysis buffer (50 mM Tris-HCl 510 

pH 8.0, 500 mM NaCl, 5 mM MgCl2, 20 mM imidazole, 3 mM β-mercaptoethanol, βME) 511 

supplemented with 10 mM phenyl methylsulfonyl fluoride (PMSF) and 10 µg/mL DNase. The 512 

cells were lysed by sonication and cell debris was removed by centrifugation (23,000x g for 45 513 

min). The cleared lysate was applied on a pre-packed 1 mL Ni-NTA SuperFlow column (Qiagen), 514 

pre-equilibrated with the lysis buffer. The protein was eluted in a stepwise gradient using lysis 515 

buffer with increasing concentrations of imidazole (30 mM, 50 mM, 75 mM, 150 mM, and 300 516 

mM imidazole). The eluate was then incubated with TEV protease (30-80 µg TEV protease per 1 517 

mg protein) and dialysed against lysis buffer at 19 °C overnight. After the dialysis step, the sample 518 

was re-applied to a 1 mL Ni-affinity column and the flow through containing the cleaved complex 519 

or the antitoxin was collected and concentrated by using Vivaspin® centrifugal concentrator with 520 

a relevant molecular weight cut-off. The sample was then subjected to a final size exclusion 521 

chromatography step using Superdex 200 10/300 (GE Healthcare) preequilibrated in 30 mM Tris-522 

HCl pH 8.0, 100mM NaCl, 5 mM MgCl2, 5 mM βME. Peak fractions were pooled and 523 
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concentrated to 2-3 mg/mL. Final protein concentration was assessed by NanoDrop spectroscopic 524 

measurements using OD280 and theoretical, calculated extinction coefficients. 525 

 526 

Crystallisation and structure determination. Sitting drops were prepared in Swissci MRC 2-527 

drop crystallisation plates (Hampton Research) by mixing 200 nL protein solution with 200 nL 528 

reservoir solution using the Mosquito® nanoliter protein crystallisation robot (TTP Labtech). 529 

Plates were incubated at 4 °C or 19 °C. For the HicAB complex, initial hits were obtained after 3 530 

days and optimized in 0.1 M sodium acetate pH 4.6 and 2 M ammonium sulphate at 19 °C with 531 

the complex concentration of 2 mg/mL. For HicB, crystals were obtained in 2 days from 4% 532 

Tacsimate, pH 4.0 and 12% PEG 3350 at 19 °C. In both cases, the crystals were cryo-protected in 533 

the mother liquor by the addition of 30% glycerol. Single-wavelength anomalous datasets were 534 

collected at 100 K and 0.9794 Å wavelength, suitable for phasing with seleno-methionine 535 

substituted protein at the PETRA III beamlines P13 and P14 in Hamburg, Germany. The data was 536 

processed and scaled using XDS and XSCALE (Kabsch, 2010), and data quality was assessed 537 

using Phenix.xtriage (Adams et al., 2010). Initial phases for the HicABSeMet and HicBSeMet models 538 

were calculated using SHELX C/D/E (with 8 and 4 heavy atom sites, respectively) or Crank2 539 

experimental phasing pipelines (Sheldrick, 2010; Skubak and Pannu, 2013). Phenix.autosol and 540 

Phenix.resolve were used for density modification and to improve the phases (Adams et al., 2010). 541 

The structures were built in Coot and refined in Phenix.refine (Afonine et al., 2012). Figures were 542 

created in PyMOL (Schrodinger, 2015). For the DNA-bound model, previously determined 543 

structures of proteins with an HTH motif bound to DNA were identified in the Protein Data Bank. 544 

The model with the lowest r.m.s.d. (SinRBs) was chosen for modelling by structural alignment of 545 
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SinRBs with DNA to HicBEc. Alignment of HicBEc and HicABEc was then used to generate the 546 

model for the TA complex bound to DNA. 547 

 548 

Electrophoretic mobility shift assays. 33-base DNA oligos corresponding to the sequence in the 549 

promoter region of the hicAB operon were designed based on previously reported DNA footprint 550 

assays. The forward oligo (5′-ACACGGAGGTAAACACTAATGTTTACTTTGTTG-3′) and the 551 

complementary reverse oligo (5′-CAACAAAGTAAACATTAGTGTTTACCTCCGTGT-3′) were 552 

synthesized and purified via HPLC by Eurofins Genomics. The forward/5' oligo was designed with 553 

the 5'-carboxy-fluorescein (FAM) fluorescent dye to allow visualisation of the DNA at 492 nm 554 

excitation and 517 nm emission during binding assays. The lyophilised oligos were resuspended 555 

in TE buffer according to the oligo synthesis report provided by the manufacturer. The 556 

concentration of each oligo was measured using a NanoDrop after the resuspension, and molar 557 

concentration was calculated using the given molecular masses. For EMSA, 6% native PAGE 558 

(polyacrylamide gel) was prepared with a size of 20x22 cm. The fluorescence labelled forward 559 

oligo and the reverse oligo were annealed using equimolar concentrations (100 µM) at 96 °C for 560 

2 minutes in DNA binding buffer (30 mM Tris-HCl pH 8.0, 100 mM NaCl, 5 mM MgCl2, 5 mM 561 

βME). The final concentration of dsDNA was calculated using the concentration measured using 562 

a NanoDrop and the sum of molecular masses of the two oligos. The reaction was then kept at 563 

room temperature for one hour to allow slow cooling. The protein (44 kDa tetramer) and dsDNA 564 

(20 kDa) dilutions were prepared in 30 mM Tris-HCl pH 8.0, 100-300 mM NaCl, 5 mM MgCl2, 5 565 

mM βME. The reaction mixtures contained a constant concentration of dsDNA (20 nM) and 566 

variable concentrations of HicAB or HicB (20 nM-20 µM). Each of the 20 µL reaction contained: 567 

1x gel filtration buffer, 20 nM dsDNA, and the corresponding protein. The reactions were 568 
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incubated at 37 °C for 5 minutes. TBE or TB was used as running buffer. The gels were pre-run 569 

in the preferred running buffer for 30 minutes at 100 V at 4 °C. Finally, the gels were run for 570 

approximately 3-4 hours at 100 V at 4 °C. DNA was visualised using a Typhoon Trio imager (GE 571 

Healthcare). 572 

 573 

Isothermal titration calorimetry (ITC) assays. Each protein was applied to the size exclusion 574 

column equilibrated with the same running buffer (30 mM Tris-HCl 8.0, 100 mM NaCl, 5 mM 575 

MgCl2, 5 mM βME). The proteins were then concentrated by centrifugation using the relative 576 

molecular weight cut-off VivaSpin centrifugal concentrators at 4000x g. Proteins were diluted to 577 

approximately 10 µM and the titrant concentration was kept at 100 µM. ITC measurements were 578 

performed with Affinity ITC calorimeter (TA instruments) at 20 °C with a stirring rate of 75 rpm. 579 

A constant volume of 2 µL titrant was injected into the cell with an injection interval time of 250 580 

s. The low solubility of the proteins and the expected medium range Kd of the interaction with 581 

DNA (based on the EMSA work) determined direction of the titration with the DNA titrated into 582 

the protein solution. For the titration of DNA into HicAB, 110.0 μM of DNA were titrated into 583 

10.0 μM of the complex. For the titration of HicB into HicA, 85 μM of HicB were titrated into 584 

10.0 μM of HicA and for the titration of DNA into HicB, 390.0 μM of DNA were titrated into 13.0 585 

μM of HicB. All data were processed and analysed using the NanoAnalyse and Origin software 586 

packages and the independent binding model was used for the fitting and thermodynamic 587 

parameters determination (from three repeats). In all cases the value of the binding stoichiometry 588 

was not enforced during the fitting procedure and was in every case observed between 0.9 and 1.0 589 

(the exact values are reported in Figure 5), supporting the validity of the 1:1 model used to analyse 590 

the experimental data. 591 
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 592 

DATA AND CODE AVAILABILITY 593 

The structures were deposited in the Protein Data Bank under ID codes 6HPB (HicABEc) and 594 

6HPC (HicBEc). 595 

596 
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SUPPLEMENTARY FIGURES 

 

Figure S1. Purification and higher-order structure of HicAB complexes, Related to Figure 1. A. 

Size exclusion chromatogram of HicABEc showing that the complex elutes with an approximate 

molecular mass of 44 kDa corresponding to a heterotetramer. The void volume of the column (~8 

mL, Vo) and elution volumes of standard proteins are shown. The inset shows an SDS-PAGE gel of 

one of the peak fractions from the column. Standard molecular weight markers are indicated (kDa). 

B. Left, the putative HicABEc hetero-octamer formed through crystallographic symmetry as suggested 



 

 

by PISA (Krissinel and Henrick, 2007) shown in two perpendicular views. Sulphate ions are shown 

in ball-and-stick (yellow/red) at the centre. Right, schematic overview of the octamer organisation 

with colours corresponding to subunit colours in the cartoon. The HTH DNA-binding motifs are 

shown on a faint grey background. C. Left, crystal structure of the HicABYp complex (PDB ID 4P78), 

lacking the RHH DNA-binding domain (Bibi-Triki et al., 2014). Middle, structure of the HicABSp 

complex (PDB ID 5YRZ), which shows structural asymmetry in the RHH-type DNA-binding domain 

(Kim et al., 2018). Right, structure of the HicABBp complex (PDB ID 6G26), which was found as a 

hetero-octamer (Winter et al., 2018). The RHH-type DNA-binding domains are indicated with 

rectangles. 



 

 

 

Figure S2. HicA-HicB interactions, Related to Figure 2. A. Interactions between the HicA toxin 

(purple) and the HicB antitoxin (blue) surrounding the conserved His28 in HicAB3Yp (PDB ID 4P78) 

(Bibi-Triki et al., 2014). Relevant side chains are shown in sticks (coloured by chain) and residues in 

the GS(N)H motif are in red. B. As A, for the HicABBp complex (PDB ID 6G26) (Winter et al., 2018). 

C. Multiple structure alignment of HicBBp, HicBEc, HicBYp, HicBSp and their corresponding HicA 

toxins showing that toxin-antitoxin interactions are conserved among the HicAB complexes and 

involve the α1 helix of the antitoxin and the conserved histidine residue. The α1 helix is shown as 

cartoon, the histidine residues are shown as sticks, and the rest of the structural elements are shown 

as Cα trace for clarity.  



 

 

 

Figure S3. HicAB-DNA complex formation, Related to Figure 5. A. Size exclusion chromatogram 

of the HicABEc (44 kDa) and HicABEc-DNA (64 kDa) complexes. HicAB and DNA were incubated 

at a 30:1 molar ratio (509 µM HicAB:17 µM DNA), corresponding to the lane indicated with an 

asterisk (*) in Figure 5C, only 1000-fold more concentrated as required for crystallisation 

experiments. The shift in A260:A280 ratio (indicating DNA) and elution volume strongly suggests DNA 

binding and thus formation of the HicAB-DNA complex has taken place.  



 

 

 



 

 

Figure S4. HicB orthologues with HTH and RHH motifs cluster in discrete phylogenetic groups. 

Related to Figure 6. A phylogenetic tree based on the sequences of 50 HicB homologs from bacteria. 

The sequences were sampled from the NCBI database and aligned with Vector NTI (Invitrogen). 

Alignment by MUSCLE yielded a phylogram with a similar topology (not shown). The HTH and 

RHH domains were assigned using HTH Finder in EMBOSS Explorer 

(http://www.bioinformatics.nl/emboss-explorer/) and Phyre2 (Kelley LA et al. Nature Protocols 10, 

845-858, 2015). Color codes: blue: gamma-proteobacteria; green: beta-proteobacteria; red: 

firmicutes; orange: spirochaetes; black: riflebacteria; magenta: deltaproteobacteria; light green: 

fibrobacter; light blue: alfaproteobacteria.  

 

http://www.bioinformatics.nl/emboss-explorer/


 

 

SUPPLEMENTARY TABLES 

Table S1. Related to Figure 3. List of expression vectors  

Plasmid  Genotype Reference 

pMG25 pUC lacIq PA1/O4/O3, AmpR Gerdes Lab collection 

(unpublished) 

pKT38 pMG25::hicB+ (Turnbull and Gerdes, 2017) 

pKT39 pMG25:his6hicB (N-term) (Turnbull and Gerdes, 2017) 

pKT40 pMG25:hicBhis6 (C-term) (Turnbull and Gerdes, 2017) 

pKT53 pMG25::his6::hicAM3 (N-term) This work 

pKT54 pMG25:hicAM3his6 (C-term) This work  

pKT130 pMG25::hicB::his6-TEV-hicA This work  

pBAD33 p15 araC PBAD, CmR (Guzman et al., 1995) 

pKT8 pBAD33:hicA+ (GTG start codon) (Turnbull and Gerdes, 2017) 

pKT10 pBAD33:hicAM3 (P36A/R37A) (Turnbull and Gerdes, 2017) 

pKT253 pBAD33:hicAN22A This work 

pKT254 pBAD33:hicAH23A This work 

  



 

 

Table S2. Related to Figure 3. List of oligos  

Primer Sequence 

1 CCCCGGTACCGGATCCAAAATAAGGAGGAAAAAAAAATGCATCACCA

TCACCATCACAAACAAAGCGAGTTCAGACG 

2 GGGGCTCGAGAAGCTTAACTCAAACCGAGTTGTTTC 

3 CCCCGGTACCGGATCCAAAATAAGGAGGAAAAAAAAATGAAACAAAG

CGAGTTCAG 

4 GGGGCTCGAGAAGCTTAGTGATGGTGATGGTGATGACTCAAACCGAGT

TGTTTCAG 

5 CCCCGGATCCAAAATAAGGAGGAAAAAAAAATGCACCATCACCATCA

CCATGAGAATTTGTATTTTCAGGGTAAACAAAGCGAGTTCAGAC 

6 CCCCTCTAGAAGGAGGAAAAAAAGTGAAACAAAGCGAGTTCAGACG  

7 GAAACCTGAGTTTCAAATGGGCGCTGCCATTCGCTACATCGA 

8 TCGATGTAGCGAATGGCAGCGCCCATTTGAAACTCAGGTTTC 

9 CCCCCTGCAGTTAACTCAAACCGAGTTGTTTC 

10 CATGAAACCTGAGTTTCAAAGCGTTGCTGCCATTCGCTACAT 

11 ATGTAGCGAATGGCAGCAACGCTTTGAAACTCAGGTTTCATG 
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