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Abstract  18 

Bacteriophage T7 infects Escherichia coli and evades the host defence system. The 19 

Ocr protein of T7 was shown to exist as a dimer mimicking DNA and to bind to host 20 

restriction enzymes, thus preventing the degradation of the viral genome by the host. 21 

Here we report that Ocr can also inhibit host transcription by directly binding to 22 

bacterial RNA polymerase (RNAP) and competing with the recruitment of RNAP by 23 

sigma factors. Using cryo electron microscopy, we determined the structures of Ocr 24 

bound to RNAP. The structures show that an Ocr dimer binds to RNAP in the cleft, 25 

where key regions of sigma bind and where DNA resides during transcription 26 

synthesis, thus providing a structural basis for the transcription inhibition. Our results 27 
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 2 

reveal the versatility of Ocr in interfering with host systems and suggest possible 28 

strategies that could be exploited in adopting DNA mimicry as a basis for forming 29 

novel antibiotics. 30 

 31 

Impact statement 32 

DNA mimicry Ocr protein, a well-studied T7 phage protein that inhibits host restriction 33 

enzymes, can also inhibit host transcription through competing with sigma factors in 34 

binding to RNA polymerase. 35 

 36 

Introduction 37 

Bacteriophage T7 infects Escherichia coli and hijacks the host cellular machinery to 38 

replicate its genome (Studier 1972, Kruger and Schroeder 1981). The T7 genome 39 

encodes 56 proteins with many functioning as structural proteins for the 40 

bacteriophage. A number of T7 proteins are known to specifically inhibit the bacterial 41 

cellular machinery. For example, proteins gp0.7, gp2 and gp5.7 inhibit cellular 42 

transcription (Camara, Liu et al. 2010, Tabib-Salazar, Liu et al. 2018) whereas gp0.3 43 

inhibits restriction enzymes (Studier 1975) . 44 

 45 

Gp0.3 is the first T7 gene expressed after infection and T7 variants lacking gene 0.3 46 

were shown to have genomes susceptible to E. coli restriction systems (Studier 47 

1975). Subsequently the 117 amino acid protein gp0.3 was named Overcome 48 

Classical Restriction (Ocr) (Kruger and Schroeder 1981). Ocr is abundantly 49 

expressed and forms a dimer that mimics the structure of a slightly bent 20 base pair 50 

B-form DNA (Walkinshaw, Taylor et al. 2002) (Issinger and Hausmann 1972) and 51 

blocks the DNA binding grooves of the type I restriction/modification enzyme, 52 

preventing the degradation and modification of the T7 genome by the host. 53 

Intriguingly, Type I restriction/modification enzyme is present in very low numbers 54 

(estimated at ~60 molecules per cell, (Kelleher and Raleigh 1994)). Since Ocr is a 55 
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DNA mimicry protein, it is possible that the abundantly expressed Ocr also interferes 56 

with other DNA processing systems of the host. Indeed early evidence of an 57 

interaction between Ocr and the host RNA polymerase (RNAP) was obtained using 58 

pull-down affinity chromatography (Ratner 1974). 59 

 60 

RNA polymerase is the central enzyme for transcription, which is a highly controlled 61 

process and can be regulated at numerous distinct functional stages (Kornberg 1998, 62 

Decker and Hinton 2013). The large majority of transcription regulation, however, is 63 

executed at the recruitment and initiation stage (Browning and Busby 2004, Hahn 64 

and Young 2011, Browning and Busby 2016). To ensure transcription specificity, 65 

bacterial RNAP relies on sigma () factors to recognise gene-specific promoter 66 

regions. E. coli has seven sigma factors which can be grouped into two classes, the 67 

70 class represented by 70, responsible for transcribing housekeeping genes, and 68 

the 54 class, responsible for transcribing stress-induced genes (Feklistov, Sharon et 69 

al. 2014, Browning and Busby 2016). Much work has yielded a detailed mechanistic 70 

understanding of how transcription directed by 70 and 54 is initiated (Zhang, Feng et 71 

al. 2012, Glyde, Ye et al. 2018). Specifically, the two large RNAP subunits  and ’ 72 

form a crab claw structure that encloses the DNA binding cleft, accommodating the 73 

transcription bubble and the downstream double-stranded (ds) DNA (Bae, Feklistov 74 

et al. 2015, Zuo and Steitz 2015).  75 

 76 

Inhibiting host transcription is widely exploited by bacteriophages including T7 on E. 77 

coli and P23-45 on T. thermophilus (Tagami, Sekine et al. 2014, Tabib-Salazar, Liu 78 

et al. 2017, Ooi, Murayama et al. 2018). Gp0.7, gp2 and gp5.7 of T7 were shown to 79 

inhibit bacterial RNAP (Camara, Liu et al. 2010, Tabib-Salazar, Liu et al. 2017). 80 

Gp0.7 is a protein kinase that phosphorylates the E. coli RNAP-σ70, resulting in 81 

transcription termination at sites located between the early and middle genes on 82 
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the T7 genome, gp2 specifically inhibits 70-dependent transcription and gp5.7 83 

inhibits S, responsible for stationary phase adaptation (Bae, Davis et al. 2013, 84 

Tabib-Salazar, Liu et al. 2018). Two proteins gp39 and gp76 of bacteriophage P23-85 

45 were shown to inhibit T. thermophilus transcription (Tagami, Sekine et al. 2014, 86 

Ooi, Murayama et al. 2018). Importantly, RNAP is a validated antibacterial target and 87 

novel inhibitors for RNAP hold promise for potential new antibiotic development 88 

against antimicrobial resistance (Ho, Hudson et al. 2009, Srivastava, Talaue et al. 89 

2011, Ma, Yang et al. 2016). 90 

 91 

In this work, we investigate the potential effects of Ocr on the host transcriptional 92 

machinery. Our results with purified components show that Ocr can bind to RNAP 93 

and inhibit both 70 and 54 dependent transcription. Specifically we establish that an 94 

Ocr competes with sigma binding, thus affecting recruitment. Using structural biology, 95 

we show that the Ocr dimer directly binds to RNAP at the RNAP cleft, where sigma 96 

factors and the transcription bubble bind, suggesting that Ocr interferes with 97 

transcription recruitment by competing with sigma factor binding, and also interferes 98 

with transcription initiation. Our work thus reveals the detailed molecular mechanisms 99 

of how Ocr can influence the host through inhibiting transcription in addition to its role 100 

in knocking out restriction and modification. These new structural details of RNAP-101 

Ocr complexes allow comparisons with known transcription initiation complexes and 102 

other phage proteins suggesting new avenues to be exploited for inhibiting bacterial 103 

transcription and combating antibiotic resistance. 104 

 105 

Results  106 

Ocr interacts with RNAP with high affinity 107 

An early study by Ratner (Ratner 1974) showed that upon T7 infection, Ocr protein 108 

was detected in pull-down experiments using host RNAP as bait, suggesting that Ocr 109 
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could associate with the host transcriptional machinery. To assess if Ocr can engage 110 

with RNAP directly, we carried out in vitro interaction studies using purified 111 

components (Figure 1, Figure 1 - figure supplement 1). We observed that purified 112 

Ocr co-eluted with RNAP in gel filtration experiments, suggesting a tight interaction of 113 

RNAP and Ocr sufficient to withstand the lengthy elution time of the complex during 114 

chromatography (Figure 1A-C). The complex persisted for the order of minutes 115 

during chromatography, suggesting a stable complex. To quantify the interactions, 116 

we carried out binding experiments between RNAP and Ocr using microscale 117 

thermophoresis (MST). Our results show the binding affinity (dissociation constant) is 118 

around 50 nM, similar to that of RNAP with sigma factors (Figure 1D-F). These 119 

results thus confirm the basis for the RNAP-Ocr interaction observed by David 120 

Ratner many years ago using a pull-down affinity chromatography assay (Ratner 121 

1974). Interestingly, our observed affinity for RNAP is about three orders of 122 

magnitude lower than the values observed for the association of Ocr with the EcoKI 123 

type I restriction modification enzyme (Atanasiu, Su et al. 2002). 124 

 125 

Structures of Ocr in complex with RNAP 126 

In order to understand how Ocr interacts with RNAP, we subjected the purified 127 

complex from size-exclusion chromatography to cryo electron microscopy (cryoEM) 128 

single particle analysis.  After several rounds of 2D classification, which allowed us to 129 

remove ice contaminations, very large particles or particles much smaller than RNAP, 130 

the particles were subject to 3D classifications using the structure of the RNAP 131 

filtered to 60 Å as an initial model (PDB code 6GH5, Figure 2 – figure supplement 132 

1). Two classes with clear density for Ocr were refined to 3.7 and 3.8 Å resolution 133 

respectively (Figure 2, Figure 2 – figure supplement 2 and supplement 3). The 134 

electron density for RNAP is clear and two distinct structural models of RNAP (taken 135 

from PDB code 6GH6 and 6GH5) can be readily fitted into the two reconstructions 136 

(Figure 2 and Figure 2 – figure supplement figure 3A). The remaining density 137 
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region that is not accounted for by RNAP can accommodate an Ocr dimer (Figure 2 138 

– figure supplement 3A). The density for many side chains of Ocr is visible, which 139 

allows accurate positioning of the Ocr atomic structure (PDB code 1S7Z) (Figure 2 – 140 

figure supplement 3B-3C). The regions with the highest resolution within the 141 

reconstruction are in the RNAP core (Figure 2 – figure supplement 2), where 142 

density for many side chains is clearly visible (Figure 2 – figure supplement 3C). 143 

 144 

During 3D classification, it is clear that a number of different conformational and 145 

structural classes exist within the dataset and two distinct classes were identified due 146 

to their widely differing RNAP conformations (Figure 2 – figure supplement 1). 147 

Bacterial RNAP consists of five subunits forming a crab claw shape with the two 148 

large subunits  and ’ forming the claws (or clamp) which enclose the RNAP 149 

channel that accommodates the transcription bubble and downstream double-150 

stranded (ds) DNA.  The RNAP clamp is highly dynamic and single-molecule Forster 151 

Resonant Energy Transfer data has shown that the RNAP clamp adapts a range of 152 

conformations from closed to open involving more than 20 Å movement and 20o 153 

rotation of the clamp (Chakraborty, Wang et al. 2012). Our recent structural work 154 

showed that specific clamp conformations are associated with distinct RNAP 155 

functional states with the widely opened clamp conformation associated with the 156 

DNA loading intermediate state (Glyde, Ye et al. 2018).  157 

 158 

In both of the distinct RNAP-Ocr complex structures, Ocr remains as a dimer upon 159 

binding to RNAP (Figure 2A-B). In one structure, the entire Ocr dimer inserts deeply 160 

into the RNAP cleft, occupying the full RNAP nucleic acid binding channel including 161 

where the transcription bubble and the downstream DNA resides in the 162 

transcriptional open and elongation complexes (Figure 2A, Figure 2C, Figure 3A). 163 

In this interaction mode, the RNAP clamp is wide open and both Ocr subunits are 164 

involved in the interactions (Figure 2A, Figure 3B, Figure 2 – figure supplement 3), 165 
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we thus denote it as the “wide clamp structure”. The second structure involves only 166 

one of the two Ocr subunits within the dimer contacting RNAP, occupying only the 167 

downstream DNA channel. Here the RNAP clamp is less open and we denote this 168 

structure the “narrow clamp structure” (Figure 2B, Figure 2 – figure supplement 3).  169 

 170 

In the wide clamp structure, the RNAP clamp conformation is very similar to the 171 

conformation observed in the transcription initiation intermediate complex where the 172 

clamp is wide open and DNA is partially loaded into the cleft (Glyde, Ye et al. 2018)). 173 

In this structure, the Ocr dimer inserts into the RNAP channel and each of the two 174 

Ocr subunits, which we term proximal and distal, makes distinct interactions with 175 

RNAP. The proximal subunit is deeply embedded in the RNAP cleft and occupies the 176 

space for the template strand DNA, the complementary newly synthesised RNA and 177 

the non-template strand DNA (Figure 2 and Figure 3, magenta (Bae, Feklistov et al. 178 

2015, Zuo and Steitz 2015, Glyde, Ye et al. 2018)). The distal Ocr subunit occupies 179 

the position of the downstream DNA (Figure 2 and Figure 3A, yellow). The 180 

negatively charged surface of the proximal Ocr complements the highly positively 181 

charged surface of the surrounding RNAP and fits snugly into the channel formed by 182 

 and ’ subunits (Figure 3B-C). The distal Ocr subunit mimics the downstream DNA 183 

in its interactions with the ’ clamp. Superposition of the ’ clamp in the RNAP-Ocr 184 

structure with that of open complex structure (RPo) shows the distal Ocr monomer 185 

aligns with downstream dsDNA in RPitc (Figure 3B). However, the Ocr dimer has a 186 

rigid conformation that resembles a bent B-DNA. Consequently, in order to maintain 187 

the interactions between both Ocr subunits and RNAP, the ’ clamp has to open up 188 

(to ~ 58 Å in RNAP-Ocr from ~30 Å in RPo) to accommodate the Ocr dimer 189 

compared to RPo that accommodates a transcriptional bubble and dsDNA (Figures 190 

2 and 3).  191 

 192 
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In the narrow clamp mode, the proximal Ocr subunit interacts with the ’ clamp, 193 

again mimicking downstream DNA in RPo although the clamp is more open (~45 Å) 194 

compared to that in RPo (~30 Å) (Figure 2B-C). Interestingly, although an Ocr 195 

monomer surface mimics that of a dsDNA in the overall dimension and the negative 196 

charge distributions, the Ocr subunit in the narrow clamp structure does not exactly 197 

overlay with the downstream dsDNA in RPo when RNAP is aligned on the bridge 198 

helix, the highly conserved structural feature that is close to the active centre and 199 

connects  and ’ clamps (Figure 4A). Instead Ocr is shifted upwards compared to 200 

the dsDNA in RPo (Figure 4). Inspecting the structures of Ocr and RNAP explain the 201 

differences. The downstream dsDNA binding channel of RNAP consists of  and ’ 202 

clamps on two sides and the ’ jaw domain as a base, providing a positively charged 203 

environment on three sides, required to accommodate and engage with the 204 

negatively charged DNA during transcription (Figure 4). Although an Ocr monomer 205 

has a largely negatively charged surface, there are also positively charged areas on 206 

the Ocr surface, especially those facing the ’ jaw domain (Figure 4B right panel). 207 

In order to maintain the interactions between Ocr and the ’ clamp and to overcome 208 

charge repulsions with the ’ jaw, the ’ clamp is opened up, shifting Ocr upwards 209 

and away from the jaw domain.  210 

 211 

Ocr inhibits transcription in vivo and in vitro  212 

In order to understand the significance of Ocr binding to RNAP, we investigated the 213 

effects of Ocr on bacterial transcription.  We first analysed the effects of Ocr in vivo 214 

on cell growth and transcription using E. coli MG1655 cells expressing Ocr from a 215 

plasmid vector under the control of an arabinose-inducible promoter. The range of 216 

growth conditions used are summarised in (Figure 5 - table supplement 1).  217 

 218 
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An Ocr-mediated growth inhibition effect was observed exclusively in minimal 219 

modified M9 media, at both temperatures tested, regardless of the level of Ocr 220 

inducer (Figure 5). The Ocr expression in minimal and complete medium was 221 

confirmed using peptide mass fingerprinting by detecting N- and C-terminal tryptic 222 

peptides derived from Ocr (Figure 5 – table supplement 2). The inhibitory effect of 223 

Ocr in vivo does not appear to be strongly dependent on inducers, consistent with 224 

some leaky expression from the pBAD18cm vector in the absence of arabinose 225 

induction. It is possible that addition of extra arabinose does not greatly increase Ocr 226 

level because Ocr inhibits its own expression through inactivating RNAP at the 227 

promoter that drives Ocr expression.  An example growth curve comparison is shown 228 

in Figure 5A.  229 

 230 

The effect of Ocr on transcription in minimal modified M9 medium was further 231 

assessed using the chromosomal -galactosidase gene as a reporter. During the 5 232 

hour period following induction of -galactosidase with IPTG, a~10-fold increase of 233 

normalised -galactosidase activity was observed in E. coli cells not expressing Ocr 234 

compared to those expressing Ocr (Figure 5B, left panel). Moreover, at 15 hours 235 

post-induction there was a 4-fold increase of normalised -galactosidase activity in 236 

cells not expressing Ocr between induced and un-induced cells, while the -237 

galactosidase activity in cells expressing Ocr was lower overall and the observed 238 

difference between induced and un-induced cells was less than 2-fold (Figure 5B, 239 

middle panel).   Subsequently, measurements of lacZ mRNA using reverse 240 

transcription followed by quantitative polymerase chain reaction (RT-qPCR) showed 241 

that the observed -galactosidase activity is concomitant with lacZmRNA levels 242 

(Figure 5B, right panel), confirming that Ocr was inhibitory for transcription in vivo.  243 

 244 
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Having established that Ocr can inhibit transcription in vivo, we next assayed its 245 

effects in vitro.  Since Ocr binds to the DNA binding cleft of RNAP, Ocr could 246 

potentially interfere with a wide range of transcriptional controls. We thus assessed 247 

transcription by the housekeeping 70 as well as the major variant 54 using short-248 

primed RNA (spRNA) assays performed on various promoter DNAs (see Materials 249 

and Methods).  250 

To determine the effect of Ocr on RNAP-70 transcription activity we performed an in 251 

vitro transcription assay using different promoters and promoter variants such as 252 

linear 70 promoter and one variant with a mismatched “pre-opened” DNA sequence 253 

(-6 to -1) that favours open complex formation (Zuo and Steitz 2015), or lacUV5 254 

promoter (Camara, Liu et al. 2010) as well as a T7A1 supercoiled promoter (Figure 6 255 

A-C, Figure 6 – figure supplement 1). Data revealed that adding 5 M Ocr 256 

significantly decreased activity of RNAP-70 on the different promoters in the range of 257 

90% - 30%, while in the presence of equimolar concentrations of Ocr to 70 0.4 M 258 

Ocr showed a modest inhibitory effect of 30% - 10%. On the linear promoter in the 259 

presence of 5 M Ocr the amount of spRNA was significantly reduced when Ocr was 260 

added prior or after the holoenzyme formation (Figure 6A-B I-II and Figure 6 – 261 

figure supplement 1 I-II) however, the effect of Ocr on RNAP-70 open complex 262 

formation was less pronounced (Figure 6A-B III and Figure 6 – figure supplement 263 

1 III). Ocr did not abolish transcription on the supercoiled T7A1 promoter at the same 264 

extent as on the linear promoters, indicating a role for DNA topology and perhaps the 265 

energy barriers of DNA opening in open complex formation and promoter sensitivity 266 

to Ocr (Figure 6C I-III). 267 

 268 

The effect of Ocr on RNAP-σ54 dependent transcription was assessed using different 269 

variants of Sinorhizobium meliloti nifH promoter including linear wild-type, 270 

supercoiled wild-type  and linear DNA with mismatched bases between -10 and -1 271 
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(Chaney and Buck 1999, Glyde, Ye et al. 2018), presenting a pre-opened 272 

transcription bubble (Figure 6 D-E and Figure 6 – figure supplement 1). The 273 

PspF1-275 protein was used as an activator of RNAP-54 transcription to promote open 274 

complex formation (see Materials and Methods). On both linear and supercoiled nifH 275 

promoters the RNAP-σ54 complexes were sensitive to Ocr, and in the presence of 276 

5M Ocr transcriptional activity was reduced to 30% of the activity obtained in the 277 

absence of Ocr (Figure 6D-E I-III). Once the open complex was formed by the action 278 

of PspF1-275, the Ocr protein showed a 50% inhibitory effect on transcription (Figure 279 

6D-E IV). In contrast, the effect of Ocr on the RNAP-σ54R(336)A  mutant was lower 280 

(Figure 6 – figure supplement 1). This mutant was chosen because 54 mutated at 281 

R336 to Ala can bypass the requirement of activator protein when the transcription 282 

bubble is pre-opened (Chaney and Buck 1999, Xiao, Wigneshweraraj et al. 2009, 283 

Glyde, Ye et al. 2018). In the presence of equimolar concentrations of Ocr to 54 (0.4 284 

M) the inhibitory effect was not as pronounced with around 80% activity on linear 285 

nifH promoter and 60% activity on supercoiled nifH promoter. These data indicate 286 

that (i) RNAP core and RNAP-70 and RNAP-54 holoenzyme are sensitive to Ocr, 287 

(ii) once an open complex is formed the effect of Ocr is reduced and (iii) consistent 288 

with (ii) with the RNAP-σ54R(336)A bypass mutant and with pre-opened transcription 289 

bubble, the open complex is more efficiently formed than those driven by PspF1-275 290 

(Figure 6E and Figure 6 – figure supplement 1B), thus Ocr is less effective in 291 

inhibiting transcription. 292 

 293 

Ocr inhibits RNAP recruitment and open complex formation 294 

 295 

Since Ocr interfered with both 70 and 54 dependent transcript formation (above), we 296 

wanted to investigate whether it does so through interfering with RNAP recruitment 297 

by sigma and/or other processes required for transcription. Specifically, we probed 298 
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the ability of Ocr in interfering with RNAP- holoenzyme formation (recruitment) and 299 

the transcription-competent open complex for both 54 and 70.  300 

 301 

Using purified components and gel mobility shift assays (Figure 7), Ocr was 302 

observed to disrupt a pre-formed RNAP-54 holoenzyme resulting in the formation of 303 

an RNAP-Ocr complex. Adding Ocr to pre-formed holoenzyme, the Native PAGE 304 

gels clearly showed the gradual disappearance of RNAP-54 holoenzyme and the 305 

appearance of the RNAP-Ocr complex. Due to the lower sensitivity of 54 to 306 

coomassie blue staining, the displaced free 54 from the RNAP-54 holoenzyme was 307 

observed by western blotting with an antibody to the His-tag on 54. The 54 was 308 

released when equimolar Ocr was added. Increasing Ocr concentration to 4 times 309 

that of 54 showed that the pre-formed holoenzyme was almost completely disrupted 310 

and much more 54 was released (Figure 7A comparing lanes 5-6, 9-12, Figure 7 – 311 

supplement figure 1A). Furthermore, when Ocr was incubated with RNAP first, the 312 

ability of RNAP to form a holoenzyme with 54 was significantly reduced (comparing 313 

Figure 7A lanes 5-8). These results thus demonstrate that Ocr inhibits and disrupts 314 

the formation of RNAP-54 holoenzyme in vitro. Similar experiments with 70 showed 315 

that Ocr prevents RNAP-70 holoenzyme formation and disrupts pre-formed RNAP-316 

70 holoenzyme. The MST experiment of Ocr binding to RNAP-70 revealed that Ocr 317 

can displace 70 with an IC50 of 41 nM (Figure 7B, figure 7 – supplement figure 318 

1B-C). 319 

 320 

The open complex represents a transcription-ready functional complex. Using 321 

promoter DNA containing pre-opened transcription bubbles allows formation of stable 322 

open complexes for RNAP-70 and RNAP-54R336A. Interestingly, preincubation of 323 

RNAP with excess of Ocr showed that the ability of RNAP to form open complex with 324 

54-DNA or 70-DNA was less pronounced (Figure 7D-E I). The inhibition is less 325 
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effective compared to its effects on holoenzyme (Figure 7A-B lanes 7-10, I, II). Once 326 

the open complex is formed, the ability of Ocr to disrupt the open complex is limited 327 

(compare Figure 7D-E III), suggesting that Ocr mainly acts at the initial recruitment 328 

stage and open complex formation, consistent with the in vitro transcription results 329 

(Figure 6). However, given the limited effects on pre-opened open complex, Ocr is 330 

unlikely to act effectively on an actively transcribing RNAP. 331 

 332 

Discussion 333 

Ocr is a bifunctional protein  334 

Our data here demonstrate a new activity for Ocr in inhibiting the host transcriptional 335 

machinery in addition to its role in inhibiting the type I restriction/modification systems 336 

of the host. Thus Ocr is a bifunctional DNA mimic protein. 337 

 338 

Structures of Ocr in complex with RNAP and the in vitro Ocr competition experiments 339 

clearly show that Ocr can inhibit transcription. The structures of Ocr-RNAP show that 340 

Ocr occupies the space where RII.1-RII.3 of 54 and 1.1 and 3.2 of 70 reside, thus it 341 

would directly compete with 70 and 54 binding, inhibiting holoenzyme formation 342 

(Figure 8A-B (Murakami 2013, Yang, Darbari et al. 2015)). Even when holoenzyme 343 

is pre-formed, Ocr can compete with  for RNAP binding. The cleft where Ocr binds 344 

is also where the transcription bubble and downstream DNA reside in the open 345 

complex and elongation complex, thus explaining how Ocr inhibits open complex 346 

formation (Vassylyev, Vassylyeva et al. 2007, Zuo and Steitz 2015).  347 

 348 

In vitro transcription results show a larger effect when Ocr is added prior to 349 

holoenzyme formation but only limited effects once the open complex forms. This 350 

dependence on the stage at which Ocr is added to RNAP is reminiscent of the 351 

dependence on the stage at which Ocr is added to a Type I restriction/modification 352 
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reaction (Bandyopadhyay, Studier et al. 1985). These results are in agreement with 353 

direct competition experiments (Figure 7) showing that Ocr effectively inhibits 354 

holoenzyme formation but has only limited effects on the pre-formed open complex 355 

and or transcribing RNAP. This is consistent with the very slight effects on 356 

transcription in rich media, as under rapid growth conditions where transcriptional 357 

activities are high, the majority of the RNAP in cells is associated with DNA and is 358 

engaged in transcription, either as open promoter complexes or elongation 359 

complexes. However, using minimal media where growth is slowed down, 360 

transcription activities are reduced. Here some RNAP molecules presumably are not 361 

associated with DNA allowing Ocr to effectively inhibit holoenzyme and open 362 

complex formation, explaining its growth conditional inhibitory effect in vivo (Figure 363 

5). 364 

 365 

Our data suggest an answer to the puzzle of why Ocr is so abundantly 366 

overexpressed immediately upon a T7 infection (Issinger and Hausmann 1972), 367 

when its classical target, the Type I restriction/modification enzyme, is present in very 368 

low numbers (estimated at ~60 molecules per cell, (Kelleher and Raleigh 1994)). The 369 

very tight binding between Ocr and Type I restriction/modification enzymes ensures 370 

complete inhibition of restriction and modification. It would appear from our data that 371 

the excess Ocr molecules could start the process of shutting down host transcription 372 

by binding to any non-transcribing RNAP. Subsequently the expression of other 373 

phage proteins, gp0.7, gp2 and gp5.7, completes the shutdown of host RNAP. This 374 

staged but possibly coordinated inhibition of host machinery might play an important 375 

role in phage infection and requires further in vivo investigations.  376 

 377 

The bifunctionality observed in Ocr may also be shared by other DNA mimic proteins. 378 

For example, the phage T4 Arn protein targeting the McrBC restriction enzyme also 379 

has weak interaction with histone-like protein H-NS (Ho, Wang et al. 2014). Arn is 380 
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very similar in shape to Ocr but since T4 requires the host RNAP throughout its life 381 

cycle it is unlikely to target RNAP as strongly as Ocr. Additional functions may also 382 

exist for other DNA mimics like phage  Gam protein (Wilkinson, Troman et al. 2016) 383 

and the recently discovered anti-CRISPR proteins (Wang, Chou et al. 2018). How 384 

the multifunctionality of these proteins are utilised by phage is an interesting topic for 385 

further study. 386 

  387 

Comparisons with other RNAP inhibiting bacteriophage proteins 388 

Several other bacteriophage proteins have been reported to inhibit transcription. 389 

These include T7 gp2 and gp5.7, which inhibits E. coli RNAP, and P23-45 gp39 and 390 

gp76, which inhibit T. thermophilus transcription. Structural and biochemical studies 391 

show that gp2 specifically inhibits 70-dependent transcription through the 392 

interactions and stabilisation of the position of the inhibitory region 1.1 of 70, 393 

between the and ’ clamps at the rim of the downstream DNA binding channel 394 

(Figure 8C, (Bae, Davis et al. 2013). Gp39 binds at region 4 of A and restricts its 395 

conformation so that it is unable to bind to -35 promoter regions (Figure 8D, (Tagami, 396 

Sekine et al. 2014)). Gp76 on the other hand, binds deeply in the RNAP cleft, 397 

preventing open complex formation as well as transcription elongation (Figure 8D, 398 

(Ooi, Murayama et al. 2018)). However, the binding site of gp76 is adjacent to, but 399 

not overlapping the 70 region 3.2, thus gp76 does not inhibit holoenzyme formation 400 

(Figure 8E).  401 

 402 

In all the cases above, the bacteriophage proteins do not inhibit holoenzyme 403 

formation. Ocr on the other hand, inhibits holoenzyme formation per se and can 404 

disrupt a pre-formed holoenzyme (Figure 7A-B). Structural comparisons show that 405 

Ocr occupies spaces deep inside the RNAP cleft, where normally 70 region 1.1 and 406 

region 3.2, as well as 54 region II reside. Ocr binding would thus prevent binding 407 
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as well as destabilise bound , preventing holoenzyme formation. Ocr can also 408 

inhibit open complex formation but is unable to effectively disrupt pre-formed open 409 

complex (Figure 7C-D III). This is due to the stable nature of open complex and the 410 

overlapping binding sites of Ocr and DNA to RNAP. Furthermore, the clamp is closed 411 

in the open complex, a conformation incompatible with Ocr binding (Figure 2).  412 

 413 

Unique features of Ocr defines its ability in specific DNA processing systems 414 

Ocr was shown to mimic a dsDNA in both shape and charge distribution 415 

(Walkinshaw, Taylor et al. 2002) and an Ocr dimer mimics a slightly bent B-form 416 

DNA. Ocr has been shown to occupy the DNA binding grooves of type I 417 

restriction/modification enzymes through specific interactions, thus preventing viral 418 

DNA from being degraded or modified by the host restriction/modification system 419 

(Atanasiu, Su et al. 2002, Kennaway, Obarska-Kosinska et al. 2009).  420 

 421 

The structural model of the archetypal Type I restriction/modification enzyme EcoKI 422 

(Kennaway, Obarska-Kosinska et al. 2009) shows a close association of Ocr with the 423 

M.EcoKI modification methyltransferase core of the Type I restriction/modification 424 

enzyme (Kennaway, Taylor et al. 2012). The surface area of the methyltransferase is 425 

76,152 Å2 and that of the complex is 84,055 Å2. The surface area of the Ocr dimer 426 

(Walkinshaw, Taylor et al. 2002) (PDB  1S7Z) is 13,130 Å2, thus 2614 Å2 is buried on 427 

the interface of Ocr with M.EcoKI. The surface area buried in the wide and narrow 428 

complexes of Ocr with RNAP is 2573 Å2 and 1811 Å2 respectively. Therefore it is not 429 

surprising that both Ocr-RNAP and Ocr-M.EcoKI complexes are sufficiently stable to 430 

persist during lengthy size exclusion chromatography experiments (Figure 1 and 431 

(Atanasiu, Su et al. 2002)). 432 

 433 

In this work, we show that Ocr remains as a dimer and binds at the downstream DNA 434 

channel of RNAP via the complementary charge interactions between the positively 435 
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charged RNAP channel and the negatively charged Ocr dimer. However, due to the 436 

extensive positively charged surface within RNAP, the binding is not specific. Indeed, 437 

two distinct binding modes have been detected which allow either the proximal or 438 

distal Ocr monomer to interact with the positively charged ’ clamp. The RNAP clamp 439 

opens up in the “wide clamp” binding mode in order to accommodate the Ocr dimer 440 

conformation while maintaining the charge complementarity, both deep inside the 441 

cleft and with the ’ clamp. When the clamp is closed as in the transcriptional open 442 

complex, even though there is ample space to accommodate one Ocr subunit, the 443 

charge repulsion between the ’ jaw domain and the Ocr surface results in the 444 

opening of the ’ clamp, thus shifting Ocr upwards and away from the ’ jaw domain. 445 

These structures demonstrate that the structural flexibility of RNAP clamp plays a 446 

key roles in its ability to accommodate Ocr. A study of the kinetics of the formation of 447 

the complexes between Ocr and RNAP would be interesting and may show multiple 448 

consecutive reactions as found for the interaction of a small DNA mimic Uracil 449 

glycosylase inhibitor (UGI) with uracil glycosylase (Bennett, Schimerlik et al. 1993). 450 

 451 

The interactions and structures of Ocr with RNAP observed here suggest that Ocr 452 

could potentially interact and inhibit other DNA processing enzymes through a series 453 

of non-specific interactions with dsDNA binding sites/channels. However, the rigidity 454 

and the bent conformation of the Ocr dimer imposes constraints on the binding sites, 455 

which are optimised for the restriction enzymes it inhibits but can still be 456 

accommodated by the structurally flexible RNAP DNA binding channel. The rigidity of 457 

the dimer is defined by the interactions between the Ocr subunits. Work presented 458 

here suggests that Ocr could be modified to fine-tune its DNA mimicry for binding to 459 

specific DNA processing proteins, either by reducing the rigidity of the dimer or 460 

changing the bend angle to create a new dimer interface. DNA mimicry has been 461 

proposed as a potential effective therapeutic tool (Putnam and Tainer 2005, Roberts, 462 
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Stephanou et al. 2012), Ocr could thus be exploited to create specific variants that 463 

can target specific DNA binding proteins, especially those that are shown to be 464 

antibiotic targets. In addition, our data here show that Ocr can effectively inhibit 465 

transcription under stress conditions when transcriptional activity is reduced. It is thus 466 

possible that during other growth conditions/phases, such as stationary phases or 467 

persistence, Ocr could be effectively utilised to inhibit transcription and thus bacterial 468 

survival.  469 

 470 

Materials and Methods 471 

 472 

RNAP-Ocr complex formation 473 

E. coli RNA polymerase was purified as previously reported (Yang, Darbari et al. 474 

2015). As well as being purified as previously described (Sturrock 2001), Ocr was 475 

ligated into pOPINF vector with a N-terminal His-tag. Three purification steps (Ni-476 

NTA affinity, Heparin, and Gel filtration chromatography) were employed, which 477 

generated homogeneous Ocr protein as judged by SDS-PAGE gel. The RNAP-Ocr 478 

complex was purified by gel filtration chromatography. Initially RNAP (final 479 

concentration 14.5 µM) and Ocr (all Ocr concentrations are for the dimeric form, final 480 

concentration 58.0 µM) were mixed at a 1:4 molar ratio in a 150 µl reaction volume 481 

and the mixture (150 µl) was incubated on ice for 30 mins before being loaded onto 482 

the gel filtration column with a flowrate of 0.3 ml/min (Superose 6 10/300, GE 483 

Healthcare) and eluted in buffer containing 20 mM Tris pH8.0, 150 mM NaCl, 1 mM 484 

TCEP, 5 mM MgCl2. The fractions were run on SDS-PAGE and the presence of Ocr 485 

was confirmed by Western blot against the His-tag. The same amount and 486 

concentration of RNAP and Ocr alone were also loaded on a Superose 6 10/300 487 

column separately as a control subsequently.  488 

 489 

Microscale thermophoresis (MST)  490 

All MST experiments were performed using a Monolith NT.115 instrument 491 

(NanoTemper Technologies, Germany) at 22 ℃. PBS (137 mM NaCl, 2.7 mM KCl, 492 

10 mM Na2HPO4, 1.8 mM KH2PO4) supplemented with 0.05% Tween-20 was used 493 

as MST-binding buffer for all experiments. In all cases hydrophobic treated capillaries 494 

were used. σ54 and σ70 were purified to homogeneity as described previously 495 

(Nechaev and Severinov 1999, Yang, Darbari et al. 2015). Ocr, σ54, and σ70 were all 496 

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

The copyright holder for this preprint (whichthis version posted October 29, 2019. ; https://doi.org/10.1101/822460doi: bioRxiv preprint 

https://doi.org/10.1101/822460
http://creativecommons.org/licenses/by/4.0/


 19 

His tagged and labelled with the kit (Monolith His-Tag Labeling Kit RED-tris-NTA 2nd 497 

Generation) separately. The labelled Ocr and sigma factors were diluted to a 498 

concentration of 50 nM and mixed with an equal volume of a serial dilution series of 499 

RNAP incubated at room temperature for 20 min before loading into MST capillaries. 500 

For Ocr competitive binding with σ70 holoenzyme, 50 nM of his-labeled σ70 501 

holoenzyme, diluted in MST-binding buffer, was mixed with equal volumes of a 502 

dilution series of Ocr in MST-binding buffer. Single MST experiments were performed 503 

using 70% LED power and 40-60% MST power with a wait time of 5 s, laser on time 504 

of 30 s and a back-diffusion time of 5 s. MST data were analyzed in GraphPad Prism 505 

and the data were fitted with the Hill equation. The mean half effective concentration 506 

(EC50) values were calculated with standard error (SE). In the competitive binding 507 

experiment with Ocr and σ70-RNAP holoenzyme, the data were fitted using on a 508 

variable slope model [log(inhibitor) vs. response curves] from which one could 509 

determine the IC50 of Ocr [the concentration of that provokes a response half way 510 

between the maximal (Top) response and the maximally inhibited (Bottom) response). 511 

Each experiment was repeated at least three times. 512 

 513 

CryoEM Sample preparation 514 

For structural studies using cryoEM, the His-tag of Ocr was cleaved and the 515 

purification procedure was as previously reported (Sturrock, Dryden et al. 2001). The 516 

complex was formed as described above. The RNAP-Ocr complex sample was 517 

concentrated to 0.6 mg/ml and 3.5 µl of the complex was applied to R2/2 holey 518 

carbon grids (Quantifoil). The vitrification process was performed using a Vitrobot 519 

Mark IV (FEI) at 4 ℃ and 95% humidity, blotted for 1.5 s with blotting force -6.  The 520 

grid was then flash frozen in liquid ethane and stored in the liquid nitrogen before 521 

data collection. 522 

 523 

Electron microscopy data collection 524 

The cryoEM data were collected at eBIC (Diamond Light Source, UK) on a Titan 525 

Krios using EPU (FEI) operated at 300 kV and a K2 summit direct electron detector 526 

(Gatan). The data were collected with a defocus (underfocus) range between 1.5 µm 527 

to 3.5 µm. A total of 3543 micrographs were collected at pixel size of 1.06 Å/pixel and 528 

a dose of 50 e-/Å2 and each micrograph was fractioned into 41 frames (1.21 e-529 

/Å2/frame). 530 

 531 

Image processing 532 
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The procedure of data processing is summarised in Fig. S2. Frame alignment and 533 

dose weighting were carried out with MotionCor2 (Zheng, Palovcak et al. 2017) 534 

before estimating CTF parameters using Gctf (Zhang 2016) and particle picking 535 

using Gautomatch (https://www.mrc-lmb.cam.ac.uk/kzhang/Gautomatch/) without a 536 

template. The picked particles were then extracted into boxes of 256 × 256 pixels. 537 

Initial 2D classification of the data was carried out in Cryosparc (Punjani, Rubinstein 538 

et al. 2017) to remove junk particles due to ice contamination or other defects on the 539 

grids. Subsequent image processing was carried out in Relion 2.1 (Scheres 2012). 540 

Briefly, the particles were separated using 3D classification. Three out of five classes 541 

were subsequently refined using the RNAP from the closed complex RPc (EMD-542 

3695) filtered to 60 Å as the initial reference map. The remaining two classes were 543 

discarded due to their lack of clear structural features, probably derived from 544 

particles that are of poor quality. After combining the remaining three classes and 545 

refinement, one more round of focused 3D classification by applying a mask around 546 

Ocr was carried out to separate different complexes or conformations. Two classes 547 

with clearly different conformations of RNAP and both with Ocr bound, were refined, 548 

polished and post-processed (with masking and sharpening), resulting in the final 549 

reconstructions at 3.7 Å (for the wide clamp RNAP-Ocr) and 3.8 Å (for the narrow 550 

clamp RNAP-Ocr) based on the gold-standard Fourier shell correlation (FSC) at 551 

0.143 criterion.  552 

 553 

Model building, refinement and structural analysis 554 

The RNAP from RPo (PDB code: 6GH5) and RPip (PDB code: 6GH6) was used as 555 

an initial model for the model building of narrow clamp and wide clamp 556 

reconstructions, respectively. Briefly, the RNAP was first fitted into the RNAP-Ocr 557 

density map in Chimera (Goddard, Huang et al. 2007). Subsequently the RNAP 558 

structure was subject to flexible fitting using MDFF (Trabuco, Villa et al. 2009).  The 559 

Ocr crystal structure (PDB code: 1S7Z) was manually fitted into the extra density of 560 

the RNAP-Ocr map in Coot (Emsley, Lohkamp et al. 2010). Jelly body refinement in 561 

Refmac (Murshudov, Skubak et al. 2011)  and real space refinement in Phenix 562 

(Afonine, Grosse-Kunstleve et al. 2012) were used to improve the model quality. The 563 

final statistics of the model are in Table 1. The figures used for structure analysis and 564 

comparison were produced in Pymol (The PyMOL Molecular Graphics System, 565 

Version 2.0 Schrödinger, LLC) and UCSF Chimera (Goddard, Huang et al. 2007).  566 

 567 

Native gel mobility assay and western blotting 568 
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σ54 and its mutant σ54R336A as well as σ70 were purified to homogeneity as described 569 

previously (Nechaev and Severinov 1999, Yang, Darbari et al. 2015). All the 570 

reactions were carried out in the binding buffer (20 mM Tris-HCl pH8.0, 200 mM KCl, 571 

5 mM MgCl2, 1 mM DTT, 5% glycerol) at room temperature, for the sequentially 572 

addition of different components in each step, the incubation time was 573 

approximately15-20 min and all the gels used were polyacrylamide. To test the 574 

effects of Ocr on holoenzyme formation for both σ54 and σ70, all the reactions were 575 

carried out in 20 µl at room temperature. The order of addition, final concentrations 576 

and molar ratio of different components are listed in corresponding figures. For each 577 

20 µl reaction, 10 ul was taken out and loaded into one polyacrylamide gel (4.5%) 578 

and the remaining 10 ul of each sample was loaded to another identical gel (4.5%) 579 

and run in parallel for 160 mins at 80 volts at 4 ℃ cold room. One gel was then 580 

stained with Coomassie blue and visualised, whilst the other gel was used for 581 

western blotting against the His-tagged protein of either σ54 or σ70, following the 582 

standard western blotting protocol (iBlot 2 Dry Blotting System, Thermo Fisher 583 

Scientific).  584 

 585 

To test the effects of Ocr on the formation of the σ54 and σ70 open complexes, DNA 586 

probes used in this study were all Cy3 labelled and the promoter sequences used for 587 

σ54 open complexes is the same as in our previous work (Glyde, Ye et al. 2017, 588 

Glyde, Ye et al. 2018). For σ70 open complex experiments, the non-template DNA 589 

used was 5’-ACTTGACATCCCACCTCA 590 

CGTATGCTATAATGTGTGCAGTCTGACGCGG-3’, and the template DNA used was 591 

5’-CCGCGTCAGACTCGTAGGATTATAGCATACGTGAGGTGGGATGTCAAGT -3’. 592 

All the other reactions were carried out at room temperature. The sequence of 593 

addition, the final concentration, molar ratios of different reactions are described in 594 

respective figures. All the gel (5 %) are run at 4℃  in cold rooms, with 100 volts for 75 595 

mins. The results were analysed by visualizing and quantifying the fluorescent 596 

signals of Cy3, attached to the DNA probes.  597 

 598 

All the experiments were repeated at least once and the results are consistent with 599 

each other.  600 

 601 

Small primed RNA assays 602 

 All reactions were performed in 10 ul final volumes containing: STA buffer (Burrows 603 

et al., 2010), 100 nM holoenzyme (1:4 ratio of RNAP:σ54), 20 nM promoter DNA 604 
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probe (for 54 dependent transcription open complex formation, 4 mM dATP and 5 605 

mM PspF1-275 were also present)  and incubated at room temperature. The sp RNA 606 

synthesis was initiated by adding 0.5 mM dinucleotide primer (ApG, ApA, CpA or 607 

UpG), 0.2 mCi/ml [α-32P] GTP (3000 Ci/mmol) or 0.2 mCi/ml [α-32P] UTP (3000 608 

Ci/mmol). The reaction mixtures were quenched by addition of 4 µl of denaturing 609 

formamide loading buffer and run on a 20% denaturing gel and visualised using a 610 

Fuji FLA-5000 Phosphorimager. At least three independent experiments were carried 611 

out and values were within 5% of the relative % values measured.  612 

 613 

Bacterial growth curves  614 

Growth of E. coli MG1655 cells not expressing Ocr (WT/pBAD18cm) and expressing 615 

Ocr (WT/pBAD18cm[ocr]) was monitored for 20 hrs using a FLUOstar Omega plate 616 

reader (BMG LABTECH). Starting cultures of 0.1 OD600 were inoculated in four 617 

different media, Luria-Bertani Broth (LB, Bertani REF) with low (5 g/L) and high (10 618 

g/L) salt concentration, nutrient broth (Oxoid) and modified M9 medium (Teknova), at 619 

two different temperatures, 37oC and 25oC. Expression of Ocr was induced using two 620 

different concentration of arabinose, 0.02%(w/v) and 0.2%(w/v).  621 

 622 

Beta-galactosidase assays  623 

Gene expression levels of beta-galactosidase in E. coli MG1655 cells not expressing 624 

Ocr (WT/pBAD18cm) and expressing Ocr (WT/pBAD18cm[ocr]) were assessed 625 

using 0.002 mg/ml fluorescein di(beta-D-galactopyranoside) (FDG; Sigma-Aldrich). 626 

FDG results in fluorescence signals, which are proportional to the enzymatic 627 

activities after being hydrolysed to fluorescein by beta-galactosidase. Beta-628 

galactosidase expression was induced by 1 mM IPTG 5 hrs post-inoculation.  629 

 630 

RNA extraction, DNase digestion, reverse transcription and quantitative 631 

polymerase chain reaction (RT-qPCR)  632 

Following the beta-galactosidase assays, total bacterial RNA was extracted from E. 633 

coli MG1655 cells using the RNeasy Mini Kit (Qiagen) according to the 634 

manufacturer’s instructions. Residual DNA was digested by DNase I (Promega) and 635 

cDNA synthesis was performed using 500 ng of RNA and the SuperScript IV reverse 636 

transcriptase (Invitrogen) according to the manufacturer’s instructions. Quantitation 637 

of the beta-galactosidase mRNA levels was performed using the specific 638 

oligonucleotide primers 5’-ATG GGT AAC AGT CTT GGC GG-3’ and 5’-GGC GTA 639 

TCG CCA AAA TCA CC-3’, the Power SYBR Green PCR Master Mix (Applied 640 
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Biosystems) and the relative standard curve quantitation method as implemented by 641 

the OneStep Plus Real-Time qPCR System (Applied Biosystems).    642 
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 661 

Table and Figure legends  662 

 663 

Table 1 – cryoEM data collection and image processing statistics 664 

 665 

Figure 1. RNAP interacts with Ocr and can form a stable complex with Ocr. A) 666 

Gel filtration chromatography profiles of RNAP (green), Ocr (blue) and RNAP-Ocr 667 

complex (orange). B) SDS-PAGE of the corresponding fractions from (A) as 668 

indicated by colored dashed lines in (A) and the purified RNAP and Ocr as 669 

comparison, the same below in (C). C) Western blotting of samples from RNAP-Ocr 670 
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gel filtration fractions to verify the presence of Ocr co-eluting with RNAP, here only 671 

Ocr is his-tagged. D–F). MST experiments measure the binding affinity (Kd) of Ocr, 672 

σ70 and σ54 with RNAP.  673 

 674 

Figure 2.  Structures of RNAP-Ocr in two different binding modes in two 675 

orthogonal views. A) “wide-clamp” mode. B) “narrow-clamp” mode. RNAP and 54 676 

were shown as surface, Ocr shows as cartoon. The color key is below the figure. α-677 

grey, -pale cyan, ’-wheat, ω-slate, 54-palegreen, Ocr–magenta (proximal subunit) 678 

and yellow (distal subunit), DNA-black (NT: non-template strand DNAT: template 679 

strand DNA). C) RNAP-54 open promoter complex (PDB code 6GH5).  680 

 681 

Figure 3. Detailed interactions between Ocr and RNAP in the “wide-clamp” 682 

conformation. A) and -B)comparison with initial transcribing complex structure 683 

(PDB 6GFW). C) Ocr resides in the positively charged RNAP channel. D-E) Detailed 684 

charge distributions of RNAP and Ocr in the interacting regions. Blue – positive, red 685 

– negative. 686 

 687 

Figure 4. Detailed interactions between RNAP and Ocr in the “narrow-clamp” 688 

conformation. A) Two orthogonal views of RNAP-Ocr narrow-clamp structure 689 

(RNAP shows as surface and Ocr shows as cartoon (magenta and yellow), overlaid 690 

with σ54 open complex structure. B) Insets dash-lined box and its enlarge view shows 691 

negative charge distribution of Ocr facing ’ clamp and the orthogonal view shows 692 

the slightly positively charge distribution of Ocr facing ’ jaw domain. The distal 693 

monomer (yellow) not involved in the interactions is shaded. 694 

 695 

Figure 5. in vivo data showing Ocr can inhibit transcription. A) growth of E. coli 696 

cells in the presence and absence of Ocr in minimal media. B) normalised β-697 

galactosidase activity during a 5 h period (left); β-galactosidase activity (middle) and 698 

lacZ mRNA levels (right) at 15 h post-induction in the presence and absence of Ocr. 699 

At least three independent experiments were performed, each including 3-5 technical 700 

replicates. Error bars represent standard derivations.  701 

 702 

Figure 6. In vitro transcription assays. A)-C) spRNA experiments on σ70 using a 703 

range of promoter DNAs. Reaction schematics are shown with I, II, III representing 704 

experiments when Ocr is added during different stages transcription initiation. A 705 

control lane without Ocr is also shown. D)-E) spRNA experiments on σ54 using nifH 706 
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linear promoter DNA and supercoil promoter DNA. Reaction schematics are shown 707 

with I, II, III, IV representing experiments when Ocr is added during different stages 708 

transcription initiation. A control lane without Ocr is also shown. All experiments were 709 

performed at least three times and values were within 5% of the relative percentage 710 

value shown. 711 

 712 

Figure 7. Competition experiments of Ocr on holoenzyme and open complex 713 

formation of σ54 and σ70 as assayed by native-PAGE gels. A) Ocr and 54 714 

holoenzyme formation, B) Ocr and 70 holoenzyme formation. Reaction scheme are 715 

indicated above. E indicates core enzyme RNAP, I, II, III indicate the point when Ocr 716 

is added. Protein and DNA concentration are shown. In lane 7, 9 and 11, a 1:1 molar 717 

ratio of Ocr to  was used, whereas in lanes 8, 10, 12, a 4:1 ratio of Ocr to  was 718 

used.  C) Ocr and its effect on 54 open complex formation, D) Ocr and its effect on 719 

70 open complex formation, The reaction schematics are shown, I, II, III indicates 720 

that point when Ocr was added during the reaction. For open complex in (C) and (D), 721 

all the reactions including 100 µg/ml heparin.  722 

 723 

Figure 8. Comparisons with sigma and other phage proteins in binding to 724 

RNAP. A) Ocr overlay with RNAP-54 holoenzyme, B) Ocr overlay with RNAP-70 725 

holoenzyme C) Complex structure of gp2 of T7 with 70 holoenzyme (PDB 4LLG), D) 726 

Complex structure of gp76-gp39 of P23-45 with 70 holoenzyme (PDB 5XJ0), E) 727 

Enlarged view of gp76 and 70. RNAP shows as cartoon and coloured as grey, σ70 728 

shows as surface and coloured pale green. Gp2, gp39, gp76 are show as surface 729 

and coloured as firebrick, light pink and firebrick, respectively. 730 

 731 

 732 
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                           Table 1 Cryo-EM data collection and refinement statistics 
  

  
Data collection and Processing   
Magnification 
Total micrographs 
Movie frames 
Pixel size (Å) 

47393 
3543 
41 
1.055 

 

Defocus range (µm) -1.2 to -3  
Voltage (kV) 300  
Electron dose (e-/Å-2) 
Total particles 
FSC threshold 
 
3D Reconstruction(RELION) 
Particles 
Resolution (Å) 

49.53 
753783 
0.143 

 
Wide clamp 
33646 
3.7 

 
 
 
 
Narrow clamp 
27312 
3.8 

 
Model refinement and quality 
   Resolution (Å) 
 
R.m.s.deviations 

 
 
3.7 
 

 
 
3.8 

    Bond length (Å) 0.003 0.003 
    Bond angle (°) 0.788 0.813 
 
Ramachandran plot 

  

    Favored regions (%) 92.03 91.43 
    Allowed regions (%) 7.80 8.48 

Outlier 
 
Validation 
All-atom clashscore 
Rotamer outliers (%) 
C-beta deviations 

0.18 
 
 
4.16 
0.19 
0 

0.09 
 
 
4.17 
0 
0 
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Figure 1. RNAP interacts with Ocr and can form a stable complex with Ocr. A) Gel filtration

chromatography profiles of RNAP (green), Ocr (blue) and RNAP-Ocr complex (orange). B) SDS-

PAGE of the corresponding fractions from (A) as indicated by colored dashed lines in (A) and the

purified RNAP and Ocr as comparison, the same below in (C). C) Western blotting of samples from

RNAP-Ocr gel filtration fractions to verify the presence of Ocr co-eluting with RNAP, here only Ocr

is his-tagged. D–F). MST experiments measure the binding affinity (Kd) of Ocr, σ70 and σ54 with

RNAP.
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Figure 2. Structures of RNAP-Ocr in two different binding modes in two orthogonal views.

A) “wide-clamp” mode. B) “narrow-clamp” mode. RNAP and s54 were shown as surface, Ocr shows

as cartoon. The color key is below the figure. α-grey, b-pale cyan, b’-wheat, ω-slate, s54-palegreen,

Ocr–magenta (proximal subunit) and yellow (distal subunit), DNA-black (NT: non-template strand

DNA,T: template strand DNA). C) RNAP-s54 open promoter complex (PDB code 6GH5).
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Figure 3. Detailed interactions between Ocr and RNAP and in the “wide-clamp”

conformation. A)-B) comparison with initial transcribing complex structure (PDB 6GFW). C)
Ocr resides in the positively charged RNAP channel. D-E) Detailed charge distributions of

RNAP and Ocr in the interacting regions. Blue – positive, red – negative.
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Figure 5. in vivo data showing Ocr can inhibit transcription. A) growth of E. coli cells in the presence and

absence of Ocr in minimal media. B) normalised β-galactosidase activity during a 5 h period (left); β-

galactosidase activity (middle) and lacZ mRNA levels (right) at 15 h post-induction in the presence and

absence of Ocr. At least three independent experiments were performed, each with 3-5 technical

replicates.

A

B
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Figure 6. In vitro transcription assays. A)-C) spRNA experiments on σ70 using a range of promoter

DNAs. Reaction schematics are shown with I, II, III representing experiments when Ocr is added during

different stages transcription initiation. A control lane without Ocr is also shown. D)-E) spRNA

experiments on σ54 using nifH linear promoter DNA and supercoil promoter DNA. Reaction schematics

are shown with I, II, III, IV representing experiments when Ocr is added during different stages

transcription initiation. A control lane without Ocr is also shown. All experiments were performed at least

three times and values were within 5% of the relative percentage value shown.
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Figure 7. Competition experiments of Ocr on holoenzyme and open complex formation of

σ54 and σ70 as assayed by native-PAGE gels. A) Ocr and s54 holoenzyme formation, B) Ocr and

s70 holoenzyme formation. Reaction scheme are indicated above. E indicates core enzyme RNAP,

I, II, III indicate the point when Ocr is added. Protein and DNA concentration are shown. In lane 7,

9 and 11, a 1:1 molar ratio of Ocr to s was used, whereas in lanes 8, 10, 12, a 4:1 ratio of Ocr to s

was used. C) Ocr and its effect on s54 open complex formation, D) Ocr and its effect on s70 open

complex formation, The reaction schematics are shown, I, II, III indicates that point when Ocr was

added during the reaction. For open complex in (C) and (D), all the reactions including 100 µg/ml

heparin.
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Figure 8. Comparisons with sigma and other phage proteins in binding to RNAP. A) Ocr

overlay with RNAP-s54 holoenzyme, B) Ocr overlay with RNAP-s70 holoenzyme C) Complex

structure of gp2 of T7 with s70 holoenzyme (PDB 4LLG), D) Complex structure of gp76-gp39 of

P23-45 with s70 holoenzyme (PDB 5XJ0), E) Enlarged view of gp76 and s70. RNAP shows as

cartoon and coloured as grey, σ70 shows as surface and coloured pale green. Gp2, gp39, gp76

are show as surface and coloured as firebrick, light pink and firebrick, respectively.
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Figure 1 - figure supplement 1. Quality of proteins used in this study as judged by SDS-
PAGE gels. 
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Figure 2 – figure supplement 1. cryoEM data quality and Image processing flowchart.

Included are a typical micrograph, representative 2D classes and image processing flowchart,

and finally two distinct RNAP-Ocr complex obtained.
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Figure 2 – figure supplement 2. Quality of the two distinct RNAP-Ocr final 3D 
reconstructions. A) “wide-clamp” B) “narrow-clamp”. (A) and (B) shows local resolution maps 

in surface view and cut-through views (separated by resolution indicator), and angular 

distribution of particles (the extreme right panel of (A) and (B)). C) are the corresponding FSC 

curves of wide-clamp and narrow-clamp structures including corrected, unmasked, masked and 

phase randomized masked maps). D) FSC curves of model vs map for the two reconstructions.
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Figure 2 – figure supplement 3. Representative electron density maps in the two

reconstructions. A) showing overall fit of the atomic structural models into the corresponding

reconstructions. Maps are filtered to local resolutions. left panel - wide clamp conformation (global

resolution at 3.7 Å), right panels - narrow clamp conformation (global resolution at 3.8 Å). B)

Views showing structural models of Ocr fitted into the electron density map and the surrounding

RNAP. C). Well defined regions showing clear density of RNAP and Ocr including side chains.
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Growth Conditions Growth 
InhibitionGrowth Medium Temperature OCR Induction

LB broth (low salt) 37oC - NO
LB broth (low salt) 37oC 0.02%(w/v) arabinose NO
LB broth (low salt) 37oC 0.20%(w/v) arabinose NO
LB broth (low salt) 25oC - NO
LB broth (low salt) 25oC 0.02%(w/v) arabinose NO
LB broth (low salt) 25oC 0.20%(w/v) arabinose NO
LB broth (high salt) 37oC - NO
LB broth (high salt) 37oC 0.02%(w/v) arabinose NO
LB broth (high salt) 37oC 0.20%(w/v) arabinose NO
LB broth (high salt) 25oC - NO
LB broth (high salt) 25oC 0.02%(w/v) arabinose NO
LB broth (high salt) 25oC 0.20%(w/v) arabinose NO
Nutrient broth 37oC - NO
Nutrient broth 37oC 0.02%(w/v) arabinose NO
Nutrient broth 37oC 0.20%(w/v) arabinose NO
Nutrient broth 25oC - NO
Nutrient broth 25oC 0.02%(w/v) arabinose NO
Nutrient broth 25oC 0.20%(w/v) arabinose NO
Modified M9 medium 37oC - YES
Modified M9 medium 37oC 0.02%(w/v) arabinose YES
Modified M9 medium 37oC 0.20%(w/v) arabinose YES
Modified M9 medium 25oC - YES
Modified M9 medium 25oC 0.02%(w/v) arabinose YES
Modified M9 medium 25oC 0.20%(w/v) arabinose YES

peptide sequence start (aa) end (aa) previous aa next aa
MAMSNMTYNNVFDHAYEMLK 1 20 - E
ENIR 21 24 K Y
ENIRYDDIR 21 29 K D
YDDIR 25 29 R D
DVIR 77 80 K -

Figure 5 - Table Supplement 1. Pairwise comparisons of E. coli cells expressing Ocr

(WT/pBAD18cm[ocr]) versus cells not expressing Ocr (WT/pBAD18cm).

Figure 5 - Table Supplement 2. Tryptic peptides derived from Ocr following PMF of E. coli cell 

extracts.
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Figure 6 – figure supplement 1. In vitro transcription assays. spRNA experiments on σ70

and σ54 using mismatch DNA (* Indicates that the DNA used here is the same as in Figure 7D -

for open complex formation.)
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Figure 7 – figure supplement 1. Ocr interferes with holoenzyme formation of s54 and s70,

related to Fig. 5A-B. western blots against His-tags of s54 and s70 in the Native-PAGE gels
as Fig.5A-B A) Ocr and s54 holoenzyme formation. B) Ocr and s70 holoenzyme formation.

Reaction schemes are indicated above. E represents core enzyme RNAP, I, II, III indicate the

point when Ocr is added during the reactions. Proteins and DNA concentrations are shown. In

lanes 7, 9, 11. a 1:1 molar ratio of Ocr to s was used, whereas in lane 8, 10, 12, a 4:1 molar ratio

of Ocr to s was used. C) Microscale thermophoresis (MST) experiment of Ocr binding to the RNAP-s70

holoenzyme, supporting that Ocr competes with sigma in RNAP binding.
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