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Abstract 11 

A variety of replication fork traps have recently been characterised in Enterobacterales, 12 

unveiling two different types of architecture. Of these, the degenerate type II fork traps are 13 

commonly found in Enterobacteriaceae such as Escherichia coli. The newly characterised type 14 

I fork traps are found almost exclusively outside Enterobacteriaceae within Enterobacterales 15 

and include several archetypes of possible ancestral architectures. Dickeya paradisiaca 16 

harbours a somewhat degenerate type I fork trap with a unique Ter1 adjacent to tus gene on 17 

one side of the circular chromosome and three putative Ter2-4 sites on the other side of the 18 

fork trap. The two innermost Ter1 and Ter2 sites are only separated by 18 kb, which is the 19 

shortest distance between two innermost Ter sites of any chromosomal fork trap identified so 20 

far. Of note, the dif site is located between these two sites, coinciding with a sharp GC-skew 21 

flip. Here we examined and compared the binding modalities of E. coli and D. paradisiaca Tus 22 

proteins for these Ter sites. Surprisingly, while Ter1-3 were functional, no significant Tus 23 

binding was observed for Ter4 even in low salt conditions, which is in stark contrast with the 24 

significant non-specific protein-DNA interactions that occur with E. coli Tus. Even more 25 

surprising was the finding that D. paradisiaca Tus has a relatively moderate binding affinity to 26 

double-stranded Ter while retaining an extremely high affinity to Ter-lock sequences. Our data 27 

revealed major differences in the salt resistance and stability between the D. paradisiaca and 28 

E. coli Tus protein complexes, suggesting that while Tus protein evolution can be quite flexible 29 

regarding the initial Ter binding step, it requires a highly stringent purifying selection for its 30 

final locked complex formation. 31 
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1. Introduction 35 

Most of our understanding of DNA replication termination originates from the biochemical 36 

characterisation of the replisomal proteins of Bacillus subtilis and Escherichia coli (Neylon et 37 

al., 2005; Schaeffer et al., 2005). Both model bacteria carry a replication fork trap system 38 

situated in the terminus region ensuring that replication forks can enter but not leave, thus 39 

preventing over-replication (Midgley-Smith et al., 2018). Initially, the E. coli replication fork 40 

trap system was assumed to be conserved across all bacteria (Louarn et al., 1977; Hill et al., 41 

1988). It was later found that the E. coli Tus-Ter system did not share any sequence or structural 42 

homology nor a similar binding mechanism with the B. subtilis RTP-Ter system (Bussiere et 43 

al., 1995; Wilce et al., 2001; Neylon et al., 2005). The RTP protein is only conserved in a subset 44 

of Bacillus species (Griffiths et al., 1998) and evolved independently of Tus. The notion that a 45 

replication fork trap is essential, was later dismissed by the observation that deletion of 46 

chromosomal tus in E. coli has little effect on overall cell viability (Roecklein et al., 1991; 47 

Gottlieb et al., 1992; Sharma and Hill, 1995). The rapid growth of genomic data supported this 48 

notion, e.g. Vibrio cholerae, a bacterium closely related to E. coli, is devoid of any replication 49 

fork trap system (Galli et al., 2019). Nevertheless, the tus gene is commonly found across 50 

Enterobacterales (Galli et al., 2019; Toft et al., 2021). 51 

Since its discovery (Hill et al., 1989; Kuempel et al., 1989), the E. coli Tus-Ter interaction has 52 

been intensely scrutinized, culminating into the elucidation of the Tus-Ter lock (TT-lock) 53 

mechanism of polar fork arrest (Mulcair et al., 2006), and more recently fuelling the 54 

development of new technological applications (Dahdah et al., 2009; Morin et al., 2010; Askin 55 

et al., 2011; Askin and Schaeffer, 2012; Moreau and Schaeffer, 2012b; Cooper et al., 2013; 56 

Johnston et al., 2014; Kamath et al., 2014; Willis et al., 2014; Willis et al., 2018; Jorgensen et 57 

al., 2019; Norouzi et al., 2021). The complex replication fork trap architecture in terms of 58 



4 

 

spatial distribution and number of Ter sites within the E. coli chromosome has recently been 59 

revised down to only six functional fork-arresting sites (Figure 1)(Toft et al., 2021). An 60 

examination of the fork traps of other Tus-dependent bacteria, revealed that the large number 61 

of Ter sites in E. coli are more of an exception (Figure 1). The study also revealed two distinct 62 

replication fork trap architectures (Toft et al., 2021): type I where the innermost Ter, acting as 63 

a repressor of the tus gene, is the primary fork arrest site (e.g. Edwardsiella tarda); and type II 64 

where the Ter vicinal to tus is less-frequently used as it is in the second position from the 65 

terminus (e.g. E. coli). Of importance, the newly identified type I fork trap architecture is 66 

almost exclusively found in bacteria outside of the Enterobacteriaceae family and for many of 67 

these species, such as E. tarda, it contains only two closely positioned Ter sequences in 68 

opposite orientation, near the dif site (Figure 1). Interestingly, the amino acid residues of E. 69 

coli Tus (EcTus) that make critical interactions with the C(6) base of Ter and are part of the 70 

cytosine binding pocket, are mostly conserved in E. tarda Tus (EtTus) despite having a 71 

moderate sequence identity with the E. coli protein (48%) (Figure 2A and B). Toft et al. (2021) 72 

hypothesised that in bacteria containing only two Ter sites to sequester replication forks, the 73 

Tus protein must be able to form a fail-safe TT-lock complex (Toft et al., 2021). The sharp 74 

terminus GC-skew switch observed for these species strongly suggests that replication forks 75 

never break through these Ter sites (Figure 1) whether due to fork arrest or collisions. Indeed, 76 

Kono et al. (2012) showed that for 65 Tus-harbouring bacteria, the sharp GC-skew pattern was 77 

best recreated by a model in which replication forks were arrested by random collision (10% 78 

of the time), the Tus-Ter fork trap (70% of the time) and at dif (20% of the time) (Kono et al., 79 

2012). Moreover, Rudolph et al. (2013) found that a sharp focusing of termination that is 80 

evident in wild-type E. coli is identical in a tus deletion mutant, suggesting that additional 81 

factors may work in concert with Tus and Ter (Rudolph et al., 2013). One of the most intriguing 82 

type I fork traps, with respect to its wide span and Ter sites as well as its dif and GC-skew 83 
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switch loci, was identified in Cedecea species (Figure 1) and suggests that replication stalling 84 

activity may not be a primary function of Tus here (Toft et al., 2021). These recent findings 85 

raise questions about the Ter-binding and lock forming ability of orthologous Tus proteins in 86 

type I replication fork traps. 87 

   88 
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 89 

Figure 1: Replication fork trap architectures and Ter site loci in Escherichia coli, Dickeya 90 

paradisiaca, Cedecea neteri and Edwardsiella tarda. The type I replication fork traps are 91 

shaded in light blue. The area shaded in grey represents the distance between the innermost Ter 92 

sites. The tus gene position is indicated (blue). GC-skew (green) and dif site are indicated for 93 

reference. Structures of Tus-Ter (PDB 2I05) and locked complexes (PDB 2I06) with the C(6) 94 

of Ter and Ter-lock DNA highlighted in yellow and their permissive (P) and non-permissive 95 

(NP) ends in green and red respectively.  96 
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Some orthologous Tus proteins of Salmonella typhimurium and enteritidis (type II), Klebsiella 97 

ozaenae (type II), Yersinia pestis and enterocolitica (type I), Proteus mirabilis (type I) and 98 

Serratia marcescens (type I) have only been examined briefly (Henderson et al., 2001). Two 99 

main conclusions emanated from the study: firstly, a selection of these Tus proteins was shown 100 

to bind to the E. coli TerB sequence using bacterial cell extracts in a band shift assay; secondly, 101 

four of these Tus proteins (S. typhimurium, S. enteritidis, K. ozaenae and Y. pestis) could be 102 

expressed in E. coli and were capable of arresting replication forks within a mini-chromosome 103 

carrying two oppositely-oriented E. coli TerB sites with their non-permissive end pointing 104 

toward the oriC. A somewhat lower fork arrest efficiency was observed for Y. pestis Tus (53% 105 

sequence identity between E. coli and Y. pestis Tus) at TerB (Henderson et al., 2001). All other 106 

Tus proteins were found to be slightly more efficient than the E. coli protein. Of note, only two 107 

Ter sites are present within a narrow type I replication fork trap in Y. pestis (Toft et al., 2021), 108 

suggesting that Y. pestis Tus may have a higher binding affinity and form a more efficient lock 109 

with its specific Ter sequences. Indeed, the vicinal Ter1 sequence in Y. pestis is one of the most 110 

distantly related to E. coli TerB, with only 17 conserved bases out of 23 (Toft et al., 2021). 111 

Unfortunately, none of these orthologous Tus proteins have been examined in any further detail 112 

for their ability to form a TT-lock complex. 113 

D. paradisiaca (Pectobacteriaceae) is a plant pathogen, recently proposed for reclassification 114 

into a new genus on the basis of genomic, phylogenetic and phenotypic analysis (Hugouvieux-115 

Cotte-Pattat et al., 2021). Only two genomes have been sequenced to date, with available 116 

literature limited to taxonomic studies and biochemical analysis for phenotyping purposes 117 

(Samson et al., 2005; Salplachta et al., 2015; Hugouvieux-Cotte-Pattat et al., 2021). D. 118 

paradisiaca  harbours a somewhat degenerate type I fork trap with a unique Ter1 adjacent to 119 

the tus gene on one side of the circular chromosome, and three putative Ter2-4 sites on the 120 

other side of the fork trap (Figure 1 and Figure 2). The two innermost Ter1 and Ter2 sites are 121 
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only separated by 18 kb. This is the shortest distance between two innermost Ter sites of any 122 

chromosomal fork trap identified so far. Of note, the dif site is located right between these two 123 

sites also coinciding with a sharp GC-skew flip (Toft et al., 2021). Here we examined the 124 

binding properties of D. paradisiaca Tus (DpTus) for these Ter sites to gain some insight into 125 

the possible precursor and mechanism leading to such a fork trap architecture, i.e. whether the 126 

bacterium initially adopted a wide or a narrow fork trap. A systematic approach including a 127 

green fluorescent protein-based electrophoretic mobility shift assay (GFP-EMSA) (Morin et 128 

al., 2012; Askin et al., 2016; Sorenson and Schaeffer, 2020a) and differential scanning 129 

fluorimetry of GFP-tagged Proteins (DSF-GTP) (Moreau et al., 2012; Moreau and Schaeffer, 130 

2013; Sorenson and Schaeffer, 2020b) was used to characterise and compare the binding of 131 

DpTus and EcTus to Ter and Ter-lock DNA species. Unexpectedly, no significant DpTus binding 132 

occurred with the outermost Ter4. Most surprising was the finding that DpTus exhibits moderate 133 

affinity for double-stranded Ter while retaining extremely high affinity for Ter-lock species 134 

even in low salt conditions, which is completely at odds with the E. coli data. Overall, our data 135 

may suggest that D. paradisiaca initially adopted a wide fork trap that subsequently narrowed 136 

through acquisition of additional Ter sites. 137 

   138 
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 139 
Figure 2: Phylogenetic analysis of Tus in Enterobacterales and the chromosomal fork 140 

trap architecture in D. paradisiaca. (A) Phylogenetic relationship of ~2500 Tus protein 141 

sequences using InterPro entries (IPR008865) highlighting the evolutionary distance of D. 142 

paradisiaca from E. coli and E. tarda (B) Chromosomal fork trap characteristics and 143 

classification of D. paradisiaca compared to E. coli and E. tarda. Fork trap size (kb) 144 

corresponds to the distance between the two innermost Ter sites of opposite polarity. 145 

Underlined bases represent a continuous identical sequence shared between Ter sequences 146 

vicinal to Tus. (C) Sequence alignment of the D. paradisiaca Ter and E. coli TerB sequences. 147 

Ter1 and TerB are located upstream the start codon of tus. The conserved 12 bp core Ter 148 

sequence is underlined and the G(6) base complementary to C(6) is highlighted in yellow. NP: 149 

non-permissive end (red), P: permissive end (green). (D) Circular representation of D. 150 
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paradisiaca chromosome. Illustrated from the outside to the centre of the circle: forward and 151 

reverse genes, labelled genomic locations of putative Ter sites, simplified annotation of the 152 

termination fork trap utilised, GC-skew over a 5000 bp moving window. The sharp GC-skew 153 

switches polarity at the replication origin and between the Ter1 (locus: 2262 kb) and Ter2 154 

(locus: 2244 kb) sites near dif (locus: 2251 kb). Adapted from Toft et al. (Toft et al., 2021) 155 

2. Materials and methods 156 

2.1. Expression and purification of TusGFP proteins 157 

EcTusGFP was expressed and Ni-affinity purified as previously described (Moreau et al., 2012). 158 

The DpTus coding sequence (Dd703_1900) was synthesised in a codon optimized form 159 

(Bioneer) and ligated into the GFP vector pIM013 (Moreau et al., 2010) to create pCT300 160 

(pET-N-6His-DpTusGFP-C). The pCT300 expression vector carrying the coding sequence of 161 

DpTusGFP was expressed in E. coli BL21(DE3)RIPL using Overnight Express TB Medium, 162 

containing 100 μg/ml ampicillin and 50 μg/ml chloramphenicol. In a 1 L flask, 100 mL of TB 163 

expression medium was inoculated with a bacterial loop sourced from a fresh overnight master 164 

plate culture and incubated at 37°C and 200 RPM until the optical density reached 0.7. Proteins 165 

were expressed over 72 hours at 16°C. Lysis and purification procedures were performed as 166 

for EcTusGFP (Moreau et al., 2012). Protein concentrations were determined by Bradford 167 

Assay and purity assessed by SDS-PAGE. Purified TusGFP samples were stored in buffer A 168 

(50 mM sodium phosphate (pH 7.8), 10% glycerol (v/v) and 2 mM β-mercaptoethanol).  169 

2.2. Size exclusion chromatography 170 

Purified DpTusGFP, EcTusGFP and GFP in buffer A were loaded (i.e. 200 µL of 100 µM stocks) 171 

individually on a Superdex 200 10/300 GL column connected to a BioLogic Duo-Flow system 172 

and BioLogic QuadTec UV-Vis detector (Bio-Rad). Size exclusion chromatography (SEC) 173 

was performed at 4°C, in buffer B (buffer A + 125 mM NaCl and without β-mercaptoethanol) 174 
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and a flow rate of 0.5 mL/min. Absorbance was recorded at 280 nm using BioLogic QuadTec 175 

UV-Vis detector (Bio-Rad) and plotted as a function of the retention time. GFP Fluorescence 176 

in each fraction (0.5 mL) of DpTusGFP was measured in the Bio-Rad CFX96 C1000 Touch 177 

Thermal Cycler (FAM channel) and superimposed onto the SEC elution profile obtained at 280 178 

nm absorbance. Purity of fractions containing purified proteins were evaluated by SDS-PAGE 179 

and Coomassie Blue staining. 180 

2.3. GFP-EMSA 181 

The binding of Ter species to TusGFP proteins was examined using a modified electrophoretic 182 

mobility shift assay (GFP-EMSA) (Askin et al., 2016; Sorenson and Schaeffer, 2020a).  183 

Briefly, 3 µL of a working stock of DpTusGFP or EcTusGFP (4 µM) in buffer A were mixed 184 

with 3 µL of Ter or Ter-lock DNA (4.5 µM) in buffer C (20 mM Tris-HCl (pH 8), 150 mM 185 

NaCl) and 6 µL of either ddH2O (yielding 37.5 mM final NaCl) or a 425 mM NaCl solution 186 

(yielding 250 mM final NaCl). Reactions were left at RT for 10 min and loaded onto a 1% 187 

agarose gel in TBE and run at 80 V for 40 min. Protein and DNA bands were visualised using 188 

a G:BOX Chemi XRQ. GFP fluorescence was first captured (Blue LED module, Filt525), 189 

followed by Gelred staining (in 3XGelred solution for 30 min) and DNA fluorescence (TLUM 190 

mid-wave, UV06). 191 

2.4. DSF-GTP 192 

All DSF-GTP (Moreau et al., 2012) reactions were run in Hard-Shell 96-Well PCR Plates (Bio-193 

Rad) sealed with Microseal B Adhesive sealer (Bio-Rad). Briefly, 50 μl reactions were 194 

equilibrated for 10 min at RT prior to melt curve analysis in a real-time thermal cycler (Bio-195 

Rad CFX96 C1000 Touch Thermal Cycler). Temperature range was set from 25 to 90°C, 196 

increasing in 0.5°C increments every 30 s and a stabilization phase of 30 s between increments. 197 
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GFP fluorescence was recorded using the FAM channel. Transition midpoint temperature (Tm) 198 

data were analysed in GraphPad Prism (version 8.3.1).   199 

2.5. Thermal stability of TusGFP-Ter and Ter-lock complexes 200 

The Tm of free TusGFP and TusGFP-Ter complexes were analysed at 37.5 mM, 144 mM, 250 201 

mM and 400 mM of NaCl by DSF-GTP. For this, 12.5 µL of DpTusGFP or EcTusGFP (4 µM 202 

in buffer A) were mixed with 12.5 µL of Ter or Ter-lock DNA (4.5 µM in buffer C) and 25 µL 203 

of water or NaCl solutions (212.5, 425 or 725 mM). Reactions were left at RT for 10 min and 204 

subject to the DSF-GTP protocol described above. All reactions were performed at least in 205 

triplicate.  206 

Additionally, the Tm of the TusGFP proteins in the presence of increasing Ter1 or Ter1-lock 207 

species (ranging from 1 - 10 µM final concentration) was analysed at 37.5 mM and 144 mM 208 

of NaCl by DSF-GTP to estimate their apparent dissociation constant (Kobs). Here, reactions 209 

were performed in duplicate. 210 

2.6. Mathematical and statistical analyses 211 

Statistics and number of biological and technical repeats are indicated in the relevant figure 212 

legends and methods. Statistical analyses were performed using GraphPad Prism 7. Data are 213 

expressed as mean values ± SD. To determine if TusGFP proteins are affected equally by the 214 

ionic strength of the buffer, a simple linear regression analysis was performed for the Dp and Ec 215 

TusGFP slopes. 216 

  217 
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3. Results and discussion 218 

3.1. In silico analyses and Rationale 219 

Recently, four putative Ter sites were identified in the D. paradisiaca replication fork trap 220 

(type I, ‘slightly degenerate’, Figure 2C) (Toft et al., 2021). Here, the left chromosomal arm 221 

contains a single Ter site vicinal to tus, while the right chromosomal arm contains three putative 222 

Ter sites in opposite orientation (Figure 2D). Of note, the distance between the innermost Ter 223 

sites is just ~18 kb (Figure 2D) which is in extreme contrast with the wide E. coli fork trap. 224 

Moreover, an extremely sharp terminal GC-skew switch coincides with the dif site midway 225 

between the vicinal Ter1 and Ter2 sites (Figure 2D), and is located halfway from the origin. 226 

Here, delineation of the leading mechanism of termination would be challenging. Yet, it is 227 

tempting to hypothesize that the innermost Ter sites must be extremely efficient at arresting 228 

replication forks, which can be examined by comparing their locking strength. Additionally, 229 

scrutinizing the binding of DpTus to the three putative Ter sequences of the right chromosomal 230 

arm may provide valuable insight into a possible need for backup Ter sites (e.g. are additional 231 

Ter sites required due to a lower Tus-Ter complex stability?), and the mechanisms of adoption 232 

and evolution of the replication fork trap architecture in D. paradisiaca. 233 

The formation of a TT-lock complex is crucial to arrest DNA replication in E. coli. Several 234 

residues (E49, I79, F140, H144, G149 and R198) found at the non-permissive face of EcTus 235 

have been shown to be important for Ter binding (Kamada et al., 1996) and efficient TT-lock 236 

formation to arrest incoming DNA replication forks (Mulcair et al., 2006; Elshenawy et al., 237 

2015). Most of these are fully conserved amongst Tus-harbouring bacteria (Toft et al., 2021). 238 

DpTus shares ~54% sequence identity with EcTus and 52% with EtTus (Figure 3A). A triangular 239 

comparison reveals that only 124 amino acid residues are identical between these proteins 240 

which are mostly clustered in highly conserved uninterrupted sequences (Figure 3A-B). 241 
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Among these, the critical E49, I79, F140, H144, G149 and R198 residues are fully conserved 242 

in DpTus (Figure 3A). However, in EtTus the corresponding EcTus I79 residue is conservatively 243 

substituted to L79. I79 is a key residue within the cytosine binding pocket of EcTus that makes 244 

a critical interaction with the C(6) base in the TT-lock complex (Mulcair et al., 2006; 245 

Elshenawy et al., 2015). Of note, the replication fork traps of E. coli (type II, ‘degenerate’) and 246 

E. tarda (type I, ‘ancestral’) are extremely different, i.e. six and two Ter sites respectively (cf 247 

Figure 1), and their respective Tus proteins are most divergent, sharing just 27 distinct residues 248 

in addition to the 124 residues in common between the three Tus proteins (Figure 3B). DpTus 249 

shares an additional 40 residues exclusively with EtTus, and another 48 distinct residues with 250 

EcTus (Figure 1 & Figure 3B). 251 

While there is no structural data for free EcTus, the structural coordinates of EcTus in complex 252 

with Ter and Ter-lock species are available (Kamada et al., 1996; Mulcair et al., 2006; 253 

Elshenawy et al., 2015). Protein structure homology modelling was performed on DpTus using 254 

the E. coli structure (PDB 2I06) as a template. The EtTus model structure is also shown for 255 

reference (Figure 3C). Despite the high similarities between these Tus structures, some 256 

differences can be seen in the ‘bottom jaw’ structural domain bearing the R198 residue. 257 

Structural changes that increase or decrease the flexibility of the ‘bottom jaw’ could 258 

significantly affect the properties of the TT-lock (Figure 3C). Here, we decided to focus on 259 

DpTus as it seemed to be the perfect choice to help us gain a better understanding of the 260 

evolution of the TT-lock mechanism within a simpler replication fork trap.   261 
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Figure 3: In silico analyses of DpTus. (A) Multiple sequence alignment (PRALINE) of Tus 263 

protein sequences from E. tarda (NC_013508), E. coli (U00096) and D. paradisiaca 264 

(NC_012880). (B) Shared and distinct amino acid residues between selected Tus proteins. 265 

Total number of Tus amino acid residues are in brackets. DpTus shares a similar number of 266 

residues with both EtTus and EcTus species. (C) Comparison of the 3D structure of EcTus (PDB 267 

2I06) with the modelled structures of DpTus (QMEAN = -0.79) and EtTus (QMEAN = -1.89) 268 

using SWISS-MODEL. Essential cytosine binding pocket residues are boxed (A) and dark grey 269 

(C). 270 

3.2. Thermal stability and quaternary structure analyses of DpTusGFP 271 

A pET vector system was used to express similar levels of GFP-tagged EcTus (EcTusGFP) and 272 

DpTus (DpTusGFP) and the proteins were purified in identical fashion using a streamlined lysis 273 

and Ni-affinity chromatography process (Moreau and Schaeffer, 2012a). The two fusion 274 

proteins include a slightly different linker sequence (Figure 4A) but show no significant 275 

difference in their electrophoretic mobility (Figure 4B). DSF-GTP has been successfully 276 

applied to examine the thermal stability of EcTusGFP and its binding to Ter sites (Moreau and 277 

Schaeffer, 2013). The DSF-GTP assay can accurately measure the transition midpoint (Tm) of 278 

the temperature-dependent denaturation of TusGFP in the presence or absence of DNA 279 

(Moreau et al., 2012). Consequently, it was important to ascertain that DpTusGFP was 280 

compatible with the DSF-GTP assay in the same buffer conditions as for EcTusGFP. A Tm value 281 

of 39.4±0.7℃ was determined for DpTusGFP in low salt buffer conditions (37.5 mM NaCl). 282 

The thermal stability of EcTusGFP is slightly higher in the same buffer with a Tm of 45.4±0.3℃ 283 

(Figure 4C). Neither DpTusGFP nor EcTusGFP generated a Tm during a second full DSF-GTP 284 

run, immediately after an initial short one from 25–50°C, demonstrating that these Tus proteins 285 

cannot refold after heat denaturation.  286 
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EcTus has previously been reported as a monomeric protein (Coskun-Ari et al., 1994). We 287 

examined the quaternary structure of Ec and DpTusGFP by size exclusion chromatography 288 

(SEC). DpTusGFP (63.8 kDa) and EcTusGFP (64.6 kDa) samples were run on a Superdex 200 289 

10/300 GL column and their elution profile confirmed a monomeric quaternary structure for 290 

both proteins (Figure 4D). The retention time (Rt) values of Ec and DpTusGFP peaks were 34.0 291 

and 34.5 min respectively. GFP was run as a proteolysis control yielding a single peak with a 292 

Rt of 35.6 min. The elution curves indicated that neither Dp nor EcTusGFP were proteolyzed, 293 

and this was confirmed by SDS-PAGE (Figure 4E). SDS-PAGE analysis (Figure 4E) clearly 294 

shows the removal of a protein band contaminant at 80 kDa that could be seen prior to SEC 295 

(Figure 4B). The difference in Rt observed for Ec and DpTusGFP may be due to a difference in 296 

their respective Stokes radius (Horiike et al., 1983), and would suggest that DpTusGFP could 297 

be more loosely packed, consistent with its lower thermal stability. Taken together, the SEC 298 

data show that DpTus just like EcTus is a monomer and does not significantly aggregate in the 299 

buffer conditions used, despite its lower thermal stability.  300 

 301 

  302 
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 303 

Figure 4: Comparison of DpTusGFP and EcTusGFP. (A) TusGFP constructs. Linker 304 

sequence differences are indicated. (B) SDS-PAGE of purified TusGFP. Gels were analysed 305 

with a G:BOX Chemi XRQ. From left to right: protein marker (M), GFP Fluorescence (Blue 306 

LED module, Filt 525) of EcTusGFP gel; same gel stained with Coomasie blue R-250; 307 

DpTusGFP fluorescence; and Coomassie-stained DpTusGFP gel. (C) DSF-GTP with DpTusGFP 308 

and EcTusGFP. (D) SEC of GFP (grey line, Rt = 35.6 min), EcTusGFP (red line, Rt = 34.5 min) 309 

and DpTusGFP (blue line, Rt = 34 min) measured at 280 nm (flowrate: 0.5 mL/min). The GFP 310 
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fluorescence of DpTusGFP fractions was measured using CFX96 Touch Real-Time PCR (FAM 311 

channel). (E) SDS-PAGE analysis of SEC peak fractions: DpTusGFP (1); EcTusGFP (2) and 312 

GFP (3). Note: SDS-PAGE samples were not heat denatured before loading to allow in-gel 313 

measurement of GFP fluorescence. As a result the TusGFP bands appear lower than expected 314 

for DpTusGFP (63.8 kDa) and  EcTusGFP (64.6 kDa). 315 

 316 

3.3. Comparison of Dp and EcTus binding to Ter and Ter-lock by GFP-EMSA 317 

A GFP-EMSA (Bond et al., 2017; Sorenson and Schaeffer, 2020a) was used to evaluate and 318 

compare the binding of Dp and EcTusGFP to different Ter and Ter-lock DNA species. The Ter-319 

lock oligonucleotides used in this study are partially single-stranded at their non-permissive 320 

end to free the C(6), allowing it to interact with the cytosine binding pocket of Tus (Figure 5A) 321 

(Moreau and Schaeffer, 2013). The D. paradisiaca Ter1 and Ter4 (Toft et al., 2021) as well as 322 

the strong TT-lock forming E. coli TerB and pseudo-TerF (Moreau and Schaeffer, 2012a) were 323 

chosen for cross comparison (Figure 5A). Ter1 and Ter4 were selected as they were 324 

hypothesised to be the strongest and weakest DpTus binders respectively, based on their loci in 325 

the type I fork trap architecture of D. paradisiaca (Figure 2D) as well as their sequence 326 

identities to TerB (Figure 5A). All protein-DNA complexes were assembled in low-salt 327 

conditions to increase their stability and maximise the chances of observing a band shift for 328 

weak Ter species, as well as in high-salt conditions to weaken non-specific protein-DNA 329 

interactions and make apparent any potential binding preference of DpTusGFP for the selected 330 

Ter or Ter-lock species.  331 

EcTusGFP produced similar discrete shifted bands with all Ter and Ter-lock DNA species in 332 

both low and high salt conditions demonstrating that its binding to weak or strong Ter species 333 

leads to formation of stable protein-DNA complexes that cannot be distinguished using GFP-334 
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EMSA. This was in stark contrast with DpTusGFP, which only produced discrete shifted bands 335 

with Ter1 and Ter1-lock as well as TerB and TerB-lock in both salt conditions (Figure 5B). 336 

Interestingly, DpTusGFP in the presence of Ter4, Ter4-lock and pseudo-TerF only produced 337 

faint smeared protein and DNA band shifts, that are almost completely lost in high salt (Figure 338 

5B), indicating highly unstable protein-DNA complexes with these Ter species. The very weak 339 

binding observed for the Ter4 and Ter4-lock species at 1 µM DpTusGFP in low-salt conditions 340 

suggests that this site is a pseudo-Ter in D. paradisiaca. 341 

  342 
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 343 

Figure 5: DNA binding of TusGFP to selected Ter and Ter-lock sequences. (A) Double-344 

stranded Ter1 compared to partially single-stranded Ter1-lock sequences with free C(6) base 345 

(red). The core Ter sequence is underlined. Base-changes between Ter species are indicated 346 

relative to the top strand of D. paradisiaca Ter1. The GC rich sequence (blue) increases the Tm 347 

and stability of the Ter species. (B) GFP-EMSA (Sorenson and Schaeffer, 2020a) was used to 348 

compare the binding of DpTusGFP to E. coli TerB (strong), TerB-lock (strong) and pseudo-349 
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TerF (weak), with its innermost Ter1, outermost Ter4 and Ter-lock analogues. The DNA-350 

binding of EcTusGFP with the same species was examined for reference. TusGFP (1 µM) were 351 

combined with Ter DNA (1.1 µM) in low and high-salt conditions and analysed by agarose gel 352 

electrophoresis. Top gels represent GFP fluorescence of TusGFP bands (Blue LED module, 353 

Filt525 on a G:BOX Chemi XRQ). Bottom gels represent GelRed fluorescence of DNA bands 354 

(TLUM mid-wave, UV06). GFP-EMSA was repeated twice per reaction. 355 

 356 

3.4. Ranking of D. paradisiaca Ter sites and lock formation using DSF-GTP  357 

DSF-GTP has previously been applied to examine the salt resistance of EcTusGFP in complex 358 

with various Ter and Ter-lock sequences (Moreau and Schaeffer, 2013). The authors found that 359 

the major factor that increased the salt resistance of EcTus is the formation of the TT-lock 360 

complex due to the increased number of base-specific interactions over non-specific 361 

interactions (Moreau and Schaeffer, 2013). Here, DSF-GTP was performed to directly compare 362 

the binding of Dp and EcTusGFP to various Ter and Ter-lock DNA (Figure 6A) in low, moderate 363 

and high salt conditions (i.e. 37.5-250 mM NaCl). 364 

The thermal stability of DpTusGFP increased at a linear rate of ~6℃/[NaCl (M)] which is twice 365 

the rate observed for EcTusGFP (~3℃/[NaCl (M)]), indicating that more stabilising interactions 366 

occur with salt ions for Dp than EcTusGFP (Figure 6B). No significant increase in Tm was 367 

observed for DpTusGFP in the presence of pseudo-TerF, Ter4 or Ter4-lock, at all NaCl 368 

concentrations (Figure 6B) confirming our band shift data (Figure 5B). Yet, the thermal 369 

stability profile of EcTusGFP in the presence of Ter4 was nearly identical to the one observed 370 

with pseudo-TerF (Figure 6B). Thus, the protein-DNA interactions in these complexes are 371 

mostly non-specific as previously reported for pseudo-TerF (Moreau and Schaeffer, 372 

2012b,a,2013; Toft et al., 2021). Furthermore, the salt resistance profiles of EcTusGFP in 373 
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complex with either Ter4 or Ter4-lock were essentially the same (i.e. curves do not cross), 374 

suggesting that Ter4 cannot form a TT-lock with EcTus. Taken together, our comparative GFP-375 

EMSA and DSF-GTP data suggest that Ter4 is a pseudo-Ter site that is not part of the D. 376 

paradisiaca replication fork trap. 377 

Unexpectedly, all other Ter-lock species stabilised DpTusGFP significantly more, at any NaCl 378 

concentration, than their corresponding Ter species (e.g. ΔTm(37.5 mM NaCl) = +20.6±0.3℃ for 379 

TerB-lock and +15.3±0.5℃ for TerB). This is in complete contrast to what is observed with 380 

EcTusGFP, where the strong Ter species are more stabilising than their corresponding Ter-lock 381 

species in low salt (e.g. ΔTm(37.5 mM NaCl) = +20.4±0.4℃ for TerB-lock and +23.4±0.4℃ for 382 

TerB) (Figure 6B). For EcTusGFP, this trend inverts at 250 mM NaCl where more base-specific 383 

protein-DNA interactions subside with TerB-lock than with TerB. In fact, TerB, Ter1 and their 384 

respective Ter-lock species are nearly identical in their respective protein stabilizing effects. 385 

At 144 mM NaCl, the ΔTm of DpTusGFP in complex with Ter1 and Ter1-lock (ΔTm(144 mM NaCl) 386 

= +1.8±1.2℃ and +11.4±1.2℃ respectively) are indistinguishable with TerB and TerB-lock 387 

(ΔTm(144 mM NaCl) = +2.1±1.0℃ and +11.1±1.1℃ respectively). The salt-resistance trends 388 

obtained with Ter2 and Ter2-lock also suggest a strong Ter capable of forming a TT-lock. 389 

Indeed, DpTusGFP in complex with Ter2-lock was just slightly more sensitive to salt (ΔTm(144 390 

mM NaCl) = +10.8±0.6℃) than with Ter1-lock.  391 

In E. coli, it has previously been shown that an A20T base substitution in TerB reduces 3-fold 392 

the fork arrest activity (33% fork arrest activity compared to TerB) while it increases ~3-fold 393 

the Kobs (90 pM for TerB to 290 pM for A20T TerB) (Coskun-Ari and Hill, 1997). The same 394 

base substitution is present in Ter3 and TerH (Figure 6A), calling into question as to whether 395 

Ter3 would be capable of arresting a replication fork in either bacterial species. In vitro, TerH 396 

has previously been shown to be a moderate Tus binder that cannot form a TT-lock with 397 
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EcTusGFP (Moreau and Schaeffer, 2012a). More recently, TerH has been reclassified as a 398 

pseudo-Ter site due to its inability to arrest replication forks in vivo in addition to its low protein 399 

occupancy (i.e. only 13% of the Tus binding observed at TerB in overexpressed Tus conditions) 400 

(Toft et al., 2021). As such, we hypothesised that TerH and its pseudo-lock form could help 401 

identify if D. paradiasiaca Ter3 is a true or pseudo-Ter site. We found that Ter3 and TerH are 402 

quite similar with respect to their EcTusGFP stabilization profiles and trends, however Ter3 is 403 

slightly more stabilising (Figure 6B). At 144 mM NaCl, the Tm values obtained for EcTusGFP 404 

in complex with Ter3 were higher than with TerH (ΔTm(144 mM NaCl) = +12.0±0.6℃ and 405 

+9.8±0.4℃ respectively). The same trend was observed for DpTusGFP with Ter3 and TerH 406 

(ΔTm(144 mM NaCl) = +1.5±0.4℃ and +1.2±0.6℃ respectively). 407 

The TerH-lock dataset (Figure 6B) obtained with DpTusGFP was rather unexpected. EcTusGFP 408 

in complex with TerH-lock has been shown to be less stable than with TerH at 150 mM KCl 409 

using either SPR (Moreau and Schaeffer, 2012a) or DSF-GTP (Moreau and Schaeffer, 2013), 410 

i.e. TerH-lock t1/2 = 412 s and TerH t1/2 = 1244 s. A G(5) base next to C(6) in TerH had been 411 

suggested to impair TT-lock formation due to possible bulky steric hindrances as the same base 412 

substitution is also found in pseudo-TerF (Moreau and Schaeffer, 2012a). As such, we expected 413 

to see a similar stabilization of DpTusGFP with either TerH or TerH-lock at 144 mM NaCl. 414 

However, TerH-lock was far more stabilizing than TerH. It seems that the much lower affinity 415 

of DpTusGFP for double-stranded Ter DNA makes it possible to detect the specific stabilizing 416 

effects of even very weak Ter-lock species. However, we cannot dismiss the alternative that 417 

TerH-lock is simply forming a better TT-lock with DpTusGFP despite having no biological 418 

relevance here.   419 

In summary, we found that Ter1 and Ter3 are similar, and slightly less stabilizing than Ter2 420 

with DpTusGFP (Figure 6C). However, the DpTusGFP-Ter3-lock data suggest formation of a 421 
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significantly weaker protein-DNA complex than with Ter1-lock and Ter2-lock (Figure 6C). 422 

Taken together, a clear ranking is obvious for D. paradisiaca Ter sites with respect to their 423 

binding and ability to lock onto DpTus, i.e. Ter1 ≈ Ter2 > Ter3. 424 

 425 
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 426 
Figure 6: Thermal stability profiles of Dp and EcTusGFP bound to Ter and Ter-lock 427 

sequences in low, moderate and high ionic strength. (A) Sequence alignment of the D. 428 

paradisiaca and E. coli Ter sequences. The conserved 12 bp core sequence is underlined and 429 

the G(6) base complementary to C(6) is red. The GC rich sequence (blue) increases the Tm of 430 

the Ter species. (B) Thermal stability curves of DpTusGFP (blue) and EcTusGFP (red) in 431 

complex with Ter (continuous lines) and Ter-lock (dotted lines) species. Reactions were 432 

performed at 1 µM protein and 1.1 µM DNA in the presence of 37.5, 144 and 250 mM NaCl 433 

(n ≥ 3). A linear regression model was used to determine the significant difference for the salt 434 

dependence slopes for free TusGFP (p=0.0393, DFd=27). (C) Ranking of Ter and Ter-lock-435 

dependent thermal stabilization of DpTusGFP. ΔTm values were calculated as Tm(TusGFP-Ter) - 436 

Tm(TusGFP) at 144 mM NaCl.437 

3.6. Major differences in DNA binding between Dp and EcTus 438 

Our DSF-GTP data revealed striking differences between Dp and EcTusGFP with respect to their 439 

Ter and Ter-lock binding modalities. The significantly lower thermal stability and salt-440 

resistance of the DpTusGFP complex formed with Ter compared with Ter-lock species is 441 

puzzling. Here, the pseudo-Ter4 was used to differentiate the non-specific and base-specific 442 

DNA binding contributions that are driving Tus-Ter and TT-lock complex formation for each 443 

Tus species. As such, the thermal stability curves obtained with Ter4 were used as a proxy to 444 

highlight the thermal stabilization contributions of non-specific DNA binding to the proteins 445 

which are negligible in the case of DpTusGFP. For this, the ΔTm values obtained with Ter4 at 446 

NaCl concentrations ranging from 37.5-400 mM were simply overlaid on the ΔTm curves 447 

obtained for each TusGFP with TerB and Ter1 as well as their respective Ter-lock species 448 

(Figure 7). These Ter sites were chosen as they are the strongest Ter sites (vicinal to tus) in 449 

their respective bacterial replication fork traps. Our data presentation allows for easy 450 
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comparison of the individual and cumulative contributions of base-specific, non-specific (i.e. 451 

DNA backbone) as well as concentration-dependent NaCl effects on the thermal stability of Ec 452 

and DpTusGFP.  453 
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 454 

Figure 7: Differences in the specific and non-specific DNA binding properties of Dp and 455 

EcTusGFP in complex with strong Ter and Ter-lock species. The thermal stability curves of 456 

pseudo-Ter4 obtained with Dp or EcTusGFP were overlaid to highlight the thermal stabilization 457 

contributions from non-specific DNA binding to these proteins. ΔTm values were calculated as 458 

Tm(free TusGFP or TusGFP-Ter) - Tm(TusGFP at 37.5 mM NaCl) to indicate the concentration-dependent 459 

stabilization effects of NaCl on free TusGFP.460 
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The ΔTm values obtained for DpTusGFP-Ter1-lock were systematically larger than with Ter1 461 

at all NaCl concentrations. The same pattern was observed with TerB-lock when compared to 462 

TerB. Hence, a greater number of protein-DNA interactions must occur with Ter-lock species 463 

in DpTus. If these interactions are base-specific, the ionic strength of the buffer should have a 464 

comparatively lesser effect on the ΔTm of DpTusGFP-Ter-lock complexes as base-specific 465 

protein interactions should be impacted less than electrostatic (non-specific) interactions, 466 

which is indeed what we do observe. As such, we can argue that DpTus makes considerably 467 

more specific-contacts with Ter-lock than Ter, highlighting the importance of TT-lock 468 

formation to arrest replication forks in D. paradisiaca.  469 

The EcTusGFP data with the same DNA species were in complete contrast, especially for Ter 470 

binding (e.g. DpTusGFP-Ter1 ΔTm(144 mM NaCl) = + 1.7℃ and EcTusGFP-Ter1 ΔTm(144 mM NaCl) = 471 

+ 15℃). It is clear that DpTus has substantially weaker affinity for double stranded Ter than 472 

EcTus which can reasonably be attributed to a comparatively lesser number of protein-DNA 473 

contacts. The salt-resistance profiles of these protein complexes are also dramatically different. 474 

Overall, it is evident that EcTus-DNA complexes are systematically more resistant to salt (cf 475 

DpTusGFP-Ter1 ΔTm(250 mM NaCl) = 0℃ and EcTusGFP-Ter1 ΔTm(144 mM NaCl) = + 4.5℃). Despite 476 

the major differences noted above, at 37.5 mM NaCl, the binding of Ter-lock species to 477 

DpTusGFP or EcTusGFP results in a near identical thermal stabilization of these proteins. Yet 478 

the non-specific protein-DNA binding contributions highlighted by the hashed area in the 479 

EcTusGFP data is quasi inexistent in DpTusGFP (Figure 7). This is probably the most striking 480 

difference between these proteins with respect to their DNA binding profile. If we tentatively 481 

subtract the non-specific contributions toward protein-DNA complex formation we could argue 482 

that different environmental growth conditions could have been the driving forces behind the 483 

different binding modes of Ec and DpTus, where EcTus evolved to bind and lock onto Ter in 484 

higher ionic strength conditions. One simple way to increase the salt resistance of a protein-485 
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DNA complex is via increase of the number of basic amino acid residues and non-specific 486 

electrostatic interactions. The significant differences in net charge and theoretical isoelectric 487 

point (pI) between EcTus (UniProt ID: P16525, (Asp + Glu) = 33, (Arg + Lys) = 43, net charge 488 

= +10, pI = 9.57) and DpTus (UniProt ID: C6C580, (Asp + Glu) = 35, (Arg + Lys) = 39, net 489 

charge = +4, pI = 8.67) support this proposition. 490 

With respect to the differences in DNA-binding modes between Dp and EcTus, we hypothesise 491 

that EcTus makes more interactions with the non-permissive end of Ter (i.e. with both DNA 492 

strands) than DpTus. Furthermore, the larger increase in thermal stabilization of DpTus with the 493 

Ter-lock species likely indicates that a greater number of protein-DNA contacts occur within 494 

its cytosine binding pocket compared to EcTus.  495 
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3.7. Affinity of DpTusGFP for Ter1 and Ter1-lock 496 

DSF-GTP has previously been applied to compare the affinity of EcTusGFP for various Ter and 497 

Ter-lock sequences. It is the only method that is compatible with a wide range of ionic strength 498 

conditions (Moreau and Schaeffer, 2013). The differences in observed dissociation constant 499 

(Kobs) values for the various Ter and Ter-lock species in complex with EcTusGFP obtained by 500 

DSF-GTP (Moreau and Schaeffer, 2013), mirrored previous surface plasmon resonance 501 

(Moreau and Schaeffer, 2012a) and qPCR binding assay data (Moreau and Schaeffer, 2012b). 502 

The Tm values of DpTusGFP were determined in the presence of Ter1 and Ter1-lock at 503 

concentrations ranging from 1 to 10 μM and compared to EcTusGFP in both low and moderate 504 

salt conditions.   505 

 506 

 Figure 8: Affinity of Dp and EcTusGFP for Ter1 and Ter1-lock in low and moderate salt 507 

conditions. DSF-GTP data were obtained with 1 μM constant TusGFP in the presence of 508 

increasing concentrations of Ter species (1-10 μM) and are presented with ∆Tm expressed as a 509 

function of the logarithm of Ter concentration. Error bars represent the SD (N = 2). The Kobs, 510 

slope and R-square values are shown in Table 1. 511 

In low salt conditions (37.5 mM NaCl), the Kobs for EcTusGFP-Ter1 and Ter1-lock complexes 512 

could not be accurately determined (<10-15 M) yet Ter1 is clearly the most stabilizing. Previous 513 
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EcTus low-salt data obtained with TerB and TerB-lock mirror this pattern (Moreau and 514 

Schaeffer, 2013). DpTusGFP-Ter1 was the least stable complex (Kobs(37.5 mM NaCl) = 10-9.4). 515 

Interestingly, the relative thermal stability of the DpTusGFP-Ter1-lock complex (Kobs(37.5 mM 516 

NaCl) = 10-14.9 M) increases significantly more than the EcTusGFP-Ter1-lock with rising Ter1-517 

lock concentration. An even steeper rise in thermal stabilization can be seen with DpTusGFP-518 

Ter1. We are not sure what the steeper thermal stabilization slope means for DpTus but suspect 519 

that it is the result of different kinetics in complex formation between these species. 520 

Astoundingly, the binding of DpTusGFP to Ter1-lock yields an impressive 100,000-fold 521 

increase in complex stability (i.e. when compared over Ter1) in these low-salt conditions. 522 

Indeed, we are not aware of any DNA-binding protein where the removal of 6 nucleotides from 523 

one strand of its DNA target leads to such a massive increase in complex stability. 524 

Table 1: Ter1 and Ter1-lock-induced stabilization of Dp and EcTusGFP 525 

Complex NaCl 
(mM) X-intercept Kobs (M) R squared Slope 

DpTusGFP-Ter1 37.5 -9.35 10-9.4 0.9968 3.57 
144 -6.44 10-6.4 0.9885 5.23 

DpTusGFP-Ter1-lock 37.5 -14.89 10-14.9 0.9657 2.16 
144 -8.10 10-8.1 0.9894 4.40 

EcTusGFP-Ter1 37.5 -35.14 <10-15* 0.8526* 0.75 
144 -8.68 10-8.7 0.9571 4.82 

EcTusGFP-Ter1-lock 37.5 -34.80 <10-15* 0.8000* 0.66 
144 -9.28 10-9.3 0.9888 3.82 

* Kobs cannot be estimated 526 

At 144 NaCl, Kobs values could be determined for all complexes allowing a direct comparison 527 

between Ec and DpTusGFP. Overall, in these moderate salt conditions, DpTusGFP-Ter1 is ~ 200-528 

fold less stable than EcTusGFP-Ter1 yet DpTusGFP-Ter1-lock is only 15-fold less stable than 529 

EcTusGFP-Ter1-lock. EcTusGFP has a similar affinity for Ter1 and Ter1-lock obscuring the 530 

specific contributions of TT-lock formation in these conditions. Interestingly, the large 531 
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differences that were observed for the slopes between Ec and DpTusGFP complexes in low salt 532 

were not apparent at 144 mM NaCl. However, the binding of DpTusGFP to Ter1-lock (Kobs(144 533 

mM NaCl) = 10-8.1 M) is still 50-fold stronger than to Ter1 (Kobs(144 mM NaCl) = 10-6.4 M).  534 

The relatively low pI of DpTus (compared to EcTus) already hinted toward the possibility that 535 

less electrostatic interactions might occur with the DNA backbone. Detailed examination of 536 

the electrostatic surface potential of the modelled structures of the DpTus in complex with Ter 537 

and Ter-lock yielded simple yet elegant explanations for its unique DNA-binding profile 538 

(Figure 9). Indeed, major differences in electrostatic surface potential could be observed at the 539 

non-permissive face of Ec and DpTus. Of these, the P135E and A137E switches in DpTus 540 

(compared to EcTus) immediately stand out as differences that would significantly reduce its 541 

non-specific binding to DNA and overall affinity to Ter. On the other hand, it seems that the 542 

cytosine-binding pocket is strengthened by the P148R switch in DpTus, via formation of 543 

additional electrostatic interactions. The relatively moderate salt resistance of the DpTusGFP-544 

Ter1-lock further supports this proposition.  545 

The significant increase in stability for the Ter-lock complex is obviously fundamental to fork 546 

arrest activity in DpTus. However, Tus must first find and bind a double stranded Ter sequence 547 

and wait until the GC(6) base pair is unzipped by a translocating DNA helicase to form a locked 548 

complex. The significantly lower binding affinity of DpTus for Ter1 raises a fundamental 549 

question as to how DpTus can find a Ter site and stay on it? This is particularly puzzling, if we 550 

consider that no more than 100 EcTus proteins are present in an E. coli bacteria at any given 551 

time (Gottlieb et al., 1992). 552 
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 553 
Figure 9: Major differences in the electrostatic surface potential at the non-permissive 554 

faces of EcTus and DpTus complexes. Crystal structures of EcTus in complex with Ter (top left, 555 

PDB 2I05) and Ter-lock DNA (top right, PDB 2I06). The DpTus structure was modelled using 556 

SWISS-MODEL (https://swissmodel.expasy.org/) with EcTus-Ter (PDB 2I05) as template and 557 

aligned in ChimeraX (available at: https://www.cgl.ucsf.edu/chimerax/) to the EcTus-Ter 558 

(bottom left, PDB 2I05) and EcTT-lock (bottom right, PDB 2I06). Boxed regions display the 559 

difference in charge distributions and residues of the proteins. Details of Ter and Ter-lock 560 

structures without Tus are also shown for reference. Note: The portion of Ter sequence in the 561 

EcTus-Ter structure (PDB 2I05) is identical to Ter1. See Figure S1 for further sequence details 562 

and structural viewpoints, and Figure S2 for reference E. coli NUCPLOT protein-DNA 563 

interaction maps.       564 

https://swissmodel.expasy.org/
https://www.cgl.ucsf.edu/chimerax/
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 565 
 566 

4. Conclusions and perspective 567 

A recent in silico analysis of the fork trap architecture of D. paradisiaca identified four putative 568 

Ter sites, organised as a single unbreachable Ter site vicinal to tus on the left chromosomal 569 

arm to arrest clockwise travelling replication forks, and three Ter sites in opposite orientation 570 

on the right chromosomal arm with the outermost sites potentially acting as backups (Toft et 571 

al., 2021). Our DSF-GTP data unambiguously showed that DpTus can bind to Ter and form a 572 

TT-lock complex with Ter1-3 but not with Ter4, which we reclassified as a pseudo-Ter site. 573 

The innermost Ter1 and Ter2 are the strongest and most stabilising DpTus binding sites 574 

followed by a slightly weaker Ter3. The ranking of these Ter sites correlated well with their 575 

individual chromosomal locations and sequence identities to TerB. The strongest D. 576 

paradisiaca TT-lock complexes are formed with the two innermost Ter sites and the GC-skew 577 

switch coincides with an equal use of these for fork arrest. These findings negate a requirement 578 

for backup Ter sites to arrest replication forks in D. paradisiaca. The obvious trend of 579 

weakening and increasing mutations from innermost to outermost Ter sites suggests that there 580 

are minimal evolutionary driving forces at play for outer Ter sites to remain functional. As 581 

such, it seems probable that D. paradisiaca adopted a relatively wide plasmid-borne fork trap 582 

(Galli et al., 2019) that was perfectly positioned to stop a clockwise moving replication fork 583 

yet required further adjustments to halt the anticlockwise moving fork.  584 

The 50-fold lower DpTus binding affinity for double-stranded Ter1 compared with the Ter1-585 

lock in moderate salt conditions (144 mM NaCl) was completely unexpected and most 586 

intriguing. This is in sharp contrast with the EcTus protein, which binds with comparable high 587 

affinity to both Ter and Ter-lock species, and where the differences in dissociation rates and 588 

affinity between these species are mostly masked at 150 mM KCl (Mulcair et al., 2006; Moreau 589 
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and Schaeffer, 2012a). In fact, formation of the E. coli TT-lock can only be observed at 250 590 

mM KCl as a ~40-fold decrease in dissociation rate for the Ter-lock species (Mulcair et al., 591 

2006; Moreau and Schaeffer, 2012a). It would be reasonable to assume that DpTus would not 592 

significantly bind to its Ter sites if expressed in the low numbers reported for EcTus (Gottlieb 593 

et al., 1992). Thus, given its moderate affinity to Ter, it can be argued that DpTus must be 594 

expressed at much higher levels, enabling it to act as a repressor and bind its other Ter sites in 595 

D. paradisiaca. We propose that the integrated transcriptional negative feedback loop of the 596 

Tus-Ter system essentially allows the affinity of Tus for its vicinal Ter site to evolve relatively 597 

freely. However, the different salt resistance and binding affinity profiles of Ec and DpTus 598 

proteins for the highly conserved Ter sequence, also highlight the importance of the TT-lock 599 

mechanism in fork arrest. This dynamic process must be central to the selection of functional 600 

Tus proteins while they evolve and adapt to different conditions (e.g. ionic strength, pH and 601 

temperature). 602 

The pseudo-Ter4 data highlighted the large contribution of non-specific and electrostatic 603 

interactions towards EcTus-DNA complex formation, and the extremely low affinity of DpTus 604 

for non-specific DNA even in low salt conditions. Initially, we hypothesised that the lower 605 

affinity of DpTus for its vicinal Ter1 was due to a reduced number of basic residues, compared 606 

to EcTus. The DpTus modelled structure showed obvious differences in the number and 607 

distribution of basic and acidic residues, offering a better justification for its moderate Ter 608 

binding. The pseudo-TerH-lock data indicated that significant stabilizing interactions are 609 

occurring within the cytosine binding pocket of DpTus, yet this species cannot form a lock with 610 

EcTus. Examination of the cytosine binding pocket revealed the presence of R148 that is 611 

perfectly placed to increase the lock strength in DpTus by promoting additional electrostatic 612 

interactions with the phosphate backbone. This finding can explain the DpTusGFP stability data 613 

with pseudo-TerH-lock as well as the lower salt resistance observed with Ter-lock species. We 614 
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cannot be sure how the 6 nucleotides that are missing in the Ter1-lock species (compared to 615 

Ter1, Figure 5A) are affecting the stability of DpTusGFP, however based on the EcTusGFP data 616 

we would expect a detrimental effect mirroring previous EcTus-TerB-lock data (Mulcair et al., 617 

2006; Moreau and Schaeffer, 2012a,2013). Thus, it is possible that E. coli and D. paradisiaca 618 

TT-lock complexes may be equally stable despite their differences in Kobs, especially if we 619 

consider the different environmental conditions of these bacteria. Indeed, gut contents have 620 

variable salinities that can reach 4% with a high sodium over potassium ratio (Seck et al., 2019), 621 

while potato tubers that are commonly infected by Dickeya species (Helmann et al., 2022) have 622 

much lower salinity with a high potassium to sodium ratio (Beals, 2019). Overall, our data 623 

support the notion that a loss of protein-DNA contacts in the Tus-Ter complex can be 624 

compensated for by increasing the interactions (e.g. electrostatic) in the locked species. 625 

Further studies are clearly warranted to examine the kinetics, dynamics and structures of DpTus 626 

in complex with its Ter and Ter-lock species. Mutational analyses, especially of the cytosine 627 

binding pocket residues would be valuable to reveal their specific contributions to the TT-lock. 628 

While the presence of six high-affinity and lock forming Ter sites (TerA-E and G) in E. coli 629 

will likely remain obscure, we are confident that future comparative studies of simpler fork 630 

traps (e.g. E. tarda and C. neteri) and their associated Tus proteins will shed new light on this 631 

unique system. Finally, with its surprisingly negligible binding to non-target DNA, DpTus is 632 

poised to become an attractive alternative to EcTus, which can be problematic in 633 

biotechnological applications (Toft et al., 2021; Toft et al., 2022) where specificity is key 634 

(Morin et al., 2010; Johnston et al., 2014; Larsen et al., 2014). 635 
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