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Abstract  

Initiation of transcription in Escherichia coli is facilitated by promoter specificity factors, such as 

σ70, which bind promoter dsDNA when in complex with RNA polymerase (RNAP), in which it is 

in an extended conformation with solvent-exposed DNA-interacting residues. If so, what in the 

structure of apo-σ70 prevents binding to promoter dsDNA at high affinity? By performing cross-

linking mass spectrometry (CL-MS) and integrative structural modelling we elucidate structure 

models of apo-σ70 that exhibit burial of almost all DNA-binding residues. In vivo CL-MS detects 

crosslinks unique to the compact fold of apo-σ70 that occur at stationary growth phase. 

Conclusively, we provide structural information to show that the high affinity DNA-binding 

capabilities of apo-σ70 are conformationally-inhibited and can be activated mostly in the context 

of transcription. 

One-Sentence Summary: This work provides a structural mechanism for why apo-σ70 does not 

bind promoters at high affinity when it is not in the direct context of transcription. 
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Main Text 

σ promoter specificity factors are well-known as proteins that facilitate specific binding of RNA 

polymerase (RNAP) to gene promoters in bacteria(1, 2). Among the different types of σ factors in 

E. coli, σ70 binds promoters of house-keeping genes, mostly under normal growth conditions at 

log phase(3). The mechanism of initiating DNA transcription involves the binding of σ70 onto the 

DNA promoter sequence, only when σ70 is part of the RNAP holoenzyme complex(4). To form 

the RNAP-σ70 complex, better known as the RNAP holoenzyme, σ70 adapts the structural 

organization, in which σ70 regions 2 and 4 (σR2 and σR4, respectively) bind core RNAP β-β' 

RNAP subunits, with σR4 binding the β subunit on one far end of the complex, and σR2 binding 

the β' subunit at the other far end. Then, in the context of the RNAP holoenzyme, proper binding 

of the σ70 subunit to a promoter initially forms the RNAP-promoter closed (RPC) complex, where 

σR4.2 binds the -35 promoter element, σR2.3 and σR2.4 bind the -10 promoter element, σR1.2 

binds the promoter discriminator sequence, σR3 interacts with the -10 upstream extended element 

and the C-terminal domain of the α subunit dimer of RNAP also interact with the promoter UP 

element(5). The formation of the RPC is then followed by a cascade of DNA isomerization 

events(6–10), which end with a stretch of 10-12 bases of promoter DNA right upstream to the 

transcription start site that melts and forms the DNA transcription bubble, stabilized within the 

RNAP-promoter open (RPO) complex(11, 12). Importantly, throughout transcription initiation 

complex, σ70 exhibits an extended structure, whereby σR2 and σR4 are far apart from each other, 

to facilitate proper promoter binding. However, as all proteins including σ70 are synthesized 

separately, σ70 may exist in bacteria also in an unbound form, at least until it binds to RNAP. When 

σ70 is not bound to RNAP, it can bind anti-σ factors that will repress transcription by competing 

with RNAP on the interaction with σ70 and even by sequestering σ70 out of the cytoplasm(13–15). 

Yet, different factors may lead to the release of σ70 from its interaction with anti-σ factors, and 

back into the cytoplasm, until it rebinds RNAP(16–19). Therefore, this process among others 

might dictate the lifetime in which σ70 will exist in an unbound form. 

Structurally, the protein databank (PDB) includes many entries of the transcription initiation 

complex, including with σ70 as a subunit within these complexes(4, 8, 20–30). Exploring the PDB 

for σ70 structures not in the context of RNAP identifies only a few E. coli structures of separate σ70 

regions, such as σR4 bound to several transcription factors(31–33), the unbound σR2(34, 35), as 

well as the structures of regions of house-keeping σ factors from other bacteria(35, 36). Yet, to the 

best of our knowledge, a structural description of the full-length apo-σ70 has not yet been reported. 

Still, there have been in vitro biochemical reports showing that apo-σ70 adopts a predominant 

distinct compact conformation(37–40), which undergoes an overall structural reorganization upon 

binding core RNAP, inducing a transition from an unbound state to the RNAP-bound state(41–

45). In that respect, it is noteworthy that the σ70 regions are connected by flexible peptide 

linkers(35), and upon binding to RNAP to form the holoenzyme, the σ70 regions preserve their 

fold, while the linkers extend and allow the reorganization of the σ70 regions one relative to the 

other(46–48). 

If so, what are the structures and conformations of σ70 as an unbound protein, apo-σ70, in solution? 

To answer this question, we first perform single-molecule Förster resonance energy transfer 

(smFRET)(49, 50) experiments to show that apo-σ70 is found predominantly in a compact 

conformation, and that free promoter dsDNA in the absence of RNAP can induce a low amount of 

small conformational changes in apo-σ70 only at low affinity. Relying on the fact that most of apo-

σ70 in solution is found in one predominant conformation, we perform in vitro cross-linking mass-
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spectrometry (CL-MS) experiments(51–57) on purified recombinant σ70. Then, we compare the 

resolved pairs of residues and their recovered Cα-Cα distance ranges to the same features in existing 

PDB structures of full-length σ70. Our results can be explained only if the apo-σ70 has a more 

compact structure than those provided in the PDB. To provide a working structure model of the 

apo-σ70, we used the CL-MS inter-residue spatial information as restraints to drive PatchDock(58, 

59) integrative structural modeling of σ70. The resulting structure models of apo-σ70 confirm the 

compact structural organization between σ70 regions and provide insights as to why apo-σ70 is 

unable to bind dsDNA at high affinity when it is not part of the transcription complex. 

 

Finally, results from in vivo CL-MS on σ70 in E. coli report on abundance of inter-residue 

proximities unique to the compact apo-σ70 conformation, not in log phase when σ70 is recruited for 

transcription, but rather in the stationary bacterial growth phase when alternative σ factors are 

recruited for transcription. 

 

Single-molecule Förster resonance energy transfer of dual labeled σ70 

A FRET donor dye (ATTO 550) and acceptor dye (ATTO 643) were conjugated through stochastic 

labeling to cysteines at residues 442 and 579 of σR2 and σR4, respectively (see Supplementary 

Materials). The conformation of apo-σ70 was first examined with smFRET (Fig. 1, A), and 

exhibited results consistent with previously published data of similar smFRET measurements(40): 

a predominant FRET sub-population with high FRET efficiency that can be explained by a 

conformation of the apo-σ70 with regions 2 and 4 in close proximity. Importantly, the dyes labeling 

these residues of the RNAP-bound extended conformation of σ70, is expected to yield a FRET 

efficiency of ~0.5(40). Further analysis using multi-parameter photon-by-photon hidden Markov 

modeling (mpH2MM)(60) shows transitions in the tens of ms (table S1) between a major FRET 

sub-population with high mean FRET values (fig. S1, A, blue and red) and a minor FRET sub-

population with slightly lower FRET efficiency (fig. S1, A, green), which represent a predominant 

compact and a minor populated less compact σ70 conformation, but surely not the fully extended 

one (i.e., it is expected to exhibit a mean FRET efficiency of ~0.5). Yet most of the protein in apo 

form exhibits a high FRET sub-population that is associated with a compact conformation (Fig. 1, 

A and fig. S1, A). Incubating the dye-labeled σ70 with 2 µM dsDNA lacCONS promoter(61, 62) 

leads to a small fraction of σ70 molecules to exhibit a FRET sub-population at slightly lower FRET 

efficiency, which corresponds to a larger distance between σR2 and σR4 (Fig. 1, C and fig. S1, C). 

However, at 100 nM of the promoter dsDNA this conformational change still exists (fig. S1, B, 

green), but its population decreases to that in the absence of dsDNA (Fig. 1, B), which can only 

be seen after mpH2MM analysis.  The transition rates from the compact conformation represented 

by the high FRET sub-populations to a less compact one represented by a slightly lower FRET 

sub-population, are of tens of ms, increasing to hundreds of ms in the presence of dsDNA. In 

previous smFRET studies of σ70 it was shown that in the presence of RNAP, 500 nM promoter 

dsDNA was sufficient to induce a full FRET shift towards mid-FRET values(40). In fact, other 

smFRET studies also show that in the presence of RNAP a full shift of FRET values occurs at only 

few nM of dsDNA (9, 10). Therefore, apo-σ70 can bind dsDNA in a nonspecific manner only at 

low affinity (fig. S1), and binding of σ70 to RNAP activates its high affinity binding capabilities to 

dsDNA promoters. 

In summary, the smFRET results suggest that apo-σ70 is in an equilibrium between two states, a 

predominant compact conformation and a minor slightly less compact conformation that is still 

more compact than the fully extended one. Therefore, we can assume that Cα-Cα distances between 

σ70 regions that are far apart in the RNAP-bound extended conformation, which should not yield 
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close proximities, would yield the short proximities that will allow crosslinking to occur efficiently 

in the apo form. Therefore, we set to explore the structural features of the predominant compact 

apo-σ70 conformation using CL-MS and integrative structural modeling. 

 

 

Unique features of apo-σ70 relative to existing structures  

We performed in vitro CL-MS after validating that σ70 is transcriptionally active (fig. S2). Then, 

we attained short- and intermediate-scale spatial information, by using the zero-length primary 

amine to carboxylate coupler 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium 

chloride (DMTMM)(53) and the primary amine to primary amine crosslinker 

bis(sulfosuccinimidyl)-substrate (BS3), which report on pairs of residues within Cα-Cα distances 

<16 or <30 Å, respectively(53) (see Supplementary Materials). The high-ranking crosslinking 

results are summarized in tables S2 and S3 for BS3 and DMTMM, respectively. The 

interconnectivity between σ70 regions is graphically shown in an arcs diagrams (fig. S3), including 

ones expected to be distanced from each other (e.g., σR2 and σR4) as seen in PDB structures of 

the RNAP-bound σ70 (see tables S2 and S3, in red). We test the satisfaction of the recovered inter-

residue distance ranges against the inter-residue distances in existing PDB structures of the RNAP-

bound σ70 in the context of holoenzyme (Fig. 2), RPO (fig. S4), and transcription initiation ternary 

complexes other than RPO (fig. S5). In all RNAP-bound σ70 PDB structures of all transcription 

initiation states, 43-46% of the BS3 crosslinking data, and 25-38% of the DMTMM crosslinking 

data fit within the structural coordinates (Fig. 2, and figs. S4, S5). Performing the same test on a 

structure model we predicted using RoseTTAFold(63), we find the same level of agreement with 

the crosslinking data (Fig. 3, A). Following that, we find similar results also with model structures 

produced by AlphaFold2(64, 65) and by OmegaFold(66). Across all PDB structures tested, we 

detect the same crosslinked pairs of residues that do not agree with the spatial distances presented 

in the PDB structures. Interestingly, these crosslinks include mostly ones connecting σR4 and σR3 

with σR2.   

 

Integrative structure models of apo-σ70  

Results of smFRET together with the large fraction of residue pairs that were found to be in close 

proximity, unlike their larger distances in the RNAP-bound σ70 structures, warrants the use of the 

CL-MS data as restraints in modeling the potential structure of the apo-σ70. Importantly, we do not 

identify any crosslinked pairs of residues involving the σR1.1, probably due to it being connected 

via a disordered linker(5). Also, crosslinks within the same region were not used in the docking 

process since we treat the regions as rigid building blocks, which do not change their fold. Instead, 

we use the crosslinks that were not used as restraints for validating the resulting structure models. 

Structural comparison of σR2 and σR4 of the full length RNAP-bound σ70 to the NMR structures 

of σR2 and σR4 alone, shows that in both cases the domains indeed maintain their overall fold(31). 

Using the CL-MS derived spatial restraints, we perform docking between the regions, using 

PatchDock(59), on pair of consecutive regions at a time (see Supplementary Materials). In this 

iterative approach, we make sure to start with the structural parts that include a large number of 

crosslinked pairs of residues, and hence their results are more constrained and include less degrees 

of freedom. The stepwise results of the process, and the final structure models are shown (Fig. 4, 

A). Inspecting the attained structure models of apo-σ70 against the crosslinking data, we achieve a 

significant increase in the percentage of crosslinks that are now found within the cutoff distances 

covered by the crosslinkers. The compact structure of the apo-σ70 retrieved from PatchDock 

exhibits an addition of up to 36% BS3 CL-MS data, and an addition of up to 15% with DMTMM 

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

The copyright holder for this preprintthis version posted October 15, 2022. ; https://doi.org/10.1101/2022.10.14.512049doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.14.512049
http://creativecommons.org/licenses/by-nc-nd/4.0/


5 

 

crosslinking data (Fig. 4, B), relative to the results of the comparisons against the extended 

conformation of σ70 in the RNAP-bound PDB structures. 

 

Structure-function comparisons of apo-σ70 structure models against RNAP-bound structures  

Next, we perform a comparison between the top-ranking structure models we recovered for the 

apo-σ70 against the RNAP-bound σ70 structure predicted using RoseTTAFold, which turns out to 

yield a similar structure model as other existing prediction algorithms, such as AlphaFold2 as well 

as OmegaFold (see Supplementary Materials). We perform structural comparisons to assess the 

validity of the resulting structure models, by comparing regions of exposed or buried residues, and 

residues potentially interacting with RNAP or DNA. Comparison of σR1.2 and σR2 residues of 

the structure models and the RNAP-bound σ70 structure, within the RNAP holoenzyme, reveals 

exposed residues of σR1.2 in both compact and extended structures, whereas these residues are 

known to interact with the promoter discriminator sequence and with the β’ RNAP subunit within 

transcription initiation ternary complexes, (Fig. 5, A). In the RNAP-bound σ70, σR2 residues that 

act as recognition determinants in binding the core RNAP β` and the -10 promoter sequence, are 

exposed and hence can be available for interaction with proximal residues (Fig. 5, B). However, 

while some of the residues interacting with the β` RNAP subunit at RNAP-bound stages remain 

on the outer surface in the PatchDock-based structure models of apo-σ70 (e.g., R373, K377, E381, 

L384, Q400, L402, D403, Q406 and N409), the σ70 residues that construct the recognition site for 

the -10 promoter sequence are mostly buried inside the compact conformation of apo- σ70 due to 

the interaction of σR2 with σR3 and σR4 (Fig. 5, B). This suggests that an initial interaction of 

exposed σ70 residues with residues of RNAP is required for enabling the exposure of all DNA 

binding residues in σ70, and by that further facilitating its specific DNA binding capabilities.  

The organization of σR4 on top of σR3 within the PatchDock-based structure models of the apo-

σ70, shield σR4 residues that otherwise directly interact with the -35 promoter element. However, 

RNAP interacting residues are left exposed on the outer surface of the structure (Fig. 6, A). Taking 

a closer look at σR3, in the PatchDock-based structure models of apo-σ70, we notice that most 

residues that at later transcription initiation stages interact with the template strand DNA, and all 

residues that interact with the nontemplate strand DNA are buried inside the structure and are 

hence inaccessible. Moreover, most residues that interact with the β and β’ RNAP subunits are 

located on the exterior surface of σR3.2 and extending through the flexible linker connecting σR3 

to σR4 (Fig. 6, A). Therefore, these residues are likely to interact first with RNAP, most probably 

through σR3.2 interaction with the region of RNAP that forms the RNA exit channel. As for σR4 

itself, while residues that at later stages interact with the -35 promoter element within the 

transcription initiation complex are spotted on the surface of the RNAP-bound σ70, these residues 

are located on the interior of the PatchDock-based structure models of apo-σ70 (Fig 6, B). This 

suggests, there is little to no interaction between the closed form of σR4 in apo-σ70 and DNA prior 

to RNAP holoenzyme formation. Interactions of σR4 with RNAP are through the β-flap and the 

β’ subunit. Although σR4 is organized in close proximity to σR3 in the PatchDock-based structure 

models, the residues interacting with the β and β’ subunits are exposed on the surface of the protein 

both in the extended and compact structures of σ70 (Fig 6, B). Nevertheless, in the compact apo-

σ70 structure models, the linker connecting σR4 to σR3 (determining the position of the σR4-RNAP 

interface) is retracted (Fig 6, A). Therefore, the extension of the linker should occur first to enable 

the subsequent full interaction of σR3 and σR4 with RNAP β and β’ subunits, as part of forming 

the RNAP holoenzyme, which is only possible through initial σR3 interaction with the RNAP. 

This is indeed consistent with previous knowledge, where it was shown that truncation of the linker 
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causes release of the σR4(46, 48). All of the above, support the notion of holoenzyme formation 

prior to DNA interaction, which then enables full σ70-DNA binding in context of transcription. 

Furthermore, we use the electrostatic maps of the core RNAP (PDB code: 3LU0(67)) and the 

RNAP-bound σ70 (PDB code: 6PSQ(8)) structures generated via the APBS Electrostatics 

software(68) using PyMOL, as well as the PDB structure of the RPC complex (PDB code: 6PSQ), 

and the tool PDBePISA(69) as a means to forming a hypothesis on the initial interaction between 

σ70 and RNAP. Within the transcription complex, σR1.1, σR3 and σR4 may interact with β and β` 

subunits, and σR1.2 and σR2 may interact only with β` subunit. While the extended structure of 

σ70 exhibits surface-exposed residues that interact with the β and β` subunits of RNAP, some of 

these residues appear to be buried in the PatchDock-based structure. Accordingly, we propose that 

specific interactions of the exposed residues are required to enable full interaction between σ70 and 

RNAP to properly form the RNAP holoenzyme. Generated electrostatic maps of the core RNAP 

and σ70 structures show that the β- σ70 and β`-σ70 binding interfaces are positively charged (fig. S6, 

A), while the interacting interface of σ70 in the apo-σ70 structure is negatively charged (e.g., σ70 

regions 1.1, 1.2, 2.2, 3.2 and 4.1; fig. S6). While these σ70 regions are exposed in the extended 

RNAP-bound σ70 structure (fig. S6, A), the electrostatic map of the PatchDock-based structure 

reveals how all negatively-charged regions that potentially interact with the core RNAP are buried, 

except for σR3.2 and the linker connecting it to σR4.1 (fig. S6, B). Next, we examined σ70 residues 

within the structure of RPC that interface with the RNAP β or β’ subunits. Within the compact 

structure of apo-σ70, ~60% of σR3.2 residues that potentially interact with the β or β`subunits of 

the RNAP are either negatively-charged (e.g., E532, D528, E527, D524, D519, E518 and E511) 

or polar (e.g., S520, T512, S509) residues (fig. S7). These residues are potential candidates for 

making initial σ70-RNAP contacts. Interaction of these residues may lead to extensions of the 

σR3.2-σR4.1 linker, which causes the conformational change bringing σR4 closer to its interaction 

site with the β-flap and the zinc finger motif on the β` subunit to help lock σR4 in place. 

Overall, the compact predominant conformation of apo-σ70 buries most of the DNA interacting 

residues making them inaccessible, while some RNAP interacting residues are exposed, which 

supports the notion of RNAP holoenzyme formation as a necessary step for activating σ70's specific 

promoter binding capabilities. 

Finally, after providing structure models of apo-σ70 and potential roles in RNAP binding 

recognition and regulation of the DNA binding domains of σ70, all in vitro, we explore the 

possibility that the recovered apo-σ70 conformation, or at least its unique structural characteristics, 

exist also in living E. coli cells. 

 

CL-MS in E. coli identifies apo-σ70 occurs in living bacterial cells 

Next, we explore if unique signatures of the compact conformation of apo-σ70 appear in E. coli 

cells. We performed in vivo CL-MS (see Methods) during the logarithmic and stationary bacterial 

growth phases, using disuccinimidyl suberate (DSS) as crosslinker, which shares the same end-to-

end length and crosslinking chemistry as BS3, but unlike BS3 is capable of passively crossing into 

cells. During the stationary phase σ38 (i.e., σS) replaces σ70 in binding RNAP, swapping most of 

the σ70, which should now be in the apo form(70). Ultimately, this enrichment of apo-σ70 should 

introduce unique inter-residue close proximities between pairs of residues that can be explained 

only by the compact conformation of apo- σ70 and were previously captured during the in vitro 

experiments using BS3 as crosslinker. Out of the 49 crosslinked pairs of residues that we attained 

in vitro and could not explain by the extended RNAP-bound σ70 structure, we identified 11 of them 

again in vivo not during the log phase, but rather during the stationary phase (table S2). This finding 

by itself suggests that a conformation of σ70 that resembles the compact apo-form exists also in the 
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cell, in a state in which apo-σ70 can be anticipated. The crosslinked pairs of residues captured in 

vivo are displayed on top of the compact structure 1 retrieved from PatchDock, and the extended 

structure model retrieved from RoseTTAFold (Fig. 3, B). Out of all crosslinked pairs of residues 

captured in vivo during the stationary phase >70% can be explained by the PatchDock compact 

apo-σ70 conformation, compared to 51% agreement with the extended conformation (Fig. 3, B). 

During the log growth phase, the housekeeping σ factor, σ70, is mostly bound to the RNAP to 

enable synthesis of proteins necessary for exponential growth. Therefore, all crosslinked pairs of 

residues captured in log phase agree with the extended structure, while crosslinks that represent 

the compact structure were not captured at all (fig. S8). 
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Discussion 

In this work, we provide evidence that apo-σ70, unbound to RNAP, is in a compact conformation, 

in which σR2 is in close proximity to σR3 and σR4, as shown also by previous works(37–40). We 

elucidate a structure model of the apo-σ70 and demonstrate that most of its DNA binding residues 

are deeply buried, and therefore inaccessible. The buried residues may become accessible mostly 

upon holoenzyme formation, where σ70’s conformational change is induced, making DNA binding 

more efficient.  

In vitro CL-MS is limited in that it reports solely on pairs of residues that were within a given 

distance range and not on the pairs of residues that were at longer distances (for further discussion 

of the CL-MS data see Supplementary text). Therefore, it raises the question of whether or not the 

extended conformation of σ70 also exists intrinsically and dynamically in apo-σ70. In fact, smFRET 

studies by Vishwakarma, Cao et al. suggested that such intrinsic conformational dynamics may 

exist in E. coli apo-σ70(40). In their work, they show that the FRET efficiencies between a donor 

dye labeling residue 579 of σR4 and an acceptor dye labeling residue 442 of σR2 are grouped into 

a predominant high-FRET sub-population, and a minor mid-FRET sub-population. Using the same 

labeling positions with different dyes we attain similar results. Overall, both results point towards 

a preexisting conformational equilibrium between a predominant compact conformation and a 

minor less compact conformation of apo-σ70, and that introducing RNAP and nanomolars of 

dsDNA promoter is enough to fully extend the conformation of σ70. Similar smFRET 

measurements done in this work on apo-σ70 in the presence of dsDNA demonstrate that high 

dsDNA concentration in the absence of RNAP may still induce partial DNA binding of σ70, 

perhaps through the few already exposed DNA-binding residues. However, the majority of σ70 

stays in the high FRET sub-population. In the presence of lower dsDNA concentrations, changes 

to the amount of molecules in each FRET sub-population are not observed (for further discussion 

see Supplementary text). Overall, these results show that σ70 may partially bind dsDNA in the 

absence of RNAP, and at low affinity, as opposed to DNA binding in the presence of RNAP occurs 

at high affinity. In that respect, it is important to mention that σ70 has been reported to bind DNA 

structures that deviate from the dsDNA one (e.g., ssDNA in aptamers)(45), however not 

necessarily to dsDNA, and even if yes, not necessarily at high affinities. Most importantly, apo-

σ70 is found predominantly in the compact conformation, which warrants the use of CL-MS to 

objectively report on spatial features of its underlying structure that was not yet resolved. 

A major achievement presented in our work is the integrative structure model of apo-σ70. However, 

the question that is left, is whether or not this conformation exists also in E. coli. In vivo, we 

managed to capture pairs of residue distances, which were captured also in vitro and can only be 

described by the compact conformation of apo-σ70. Importantly, this finding might report on a 

biologically-relevant event, where σ70 exists in the bacterial cell in stationary phase in an unbound 

state, rather than being degraded, as presented in the models. Nevertheless, we do take into account 

the fact that these results were achieved using a high copy number plasmid of σ70, and hence might 

also be influenced by over-expression effects. If over-expression would serve a problem, we would 

expect to observe the unique crosslinking signatures of the compact apo-σ70 conformation also in 

log-phase. However, none of them appeared in log-phase, which serves to show that over-

expression effects probably do not introduce artificially high numbers of leftover unbound σ70.  

In summary, we propose integrative structure models of apo-σ70 as means to show the general 

structural organization in the compact conformation, that buries its DNA-binding residues, and by 

that self-inhibit the high affinity promoter binding capabilities σ70 has only upon activation by 

binding to RNAP and inducing a conformational change that exposes these residues.   
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Fig. 1. Apo-σ70 is unable to specifically bind dsDNA. Single molecule concentration of apo-σ70 

labeled at residues 442C and 579C with ATTO 550 and ATTO 643. (A) Apo-σ70, a major 

population exist at high FRET with a tale towards lower FRET efficiencies. (B) Apo-σ70 with 100 

nM dsDNA, exhibits no significant change in the major high FRET population. (C) Apo-σ70 with 

2 μM dsDNA, exhibits a slight increase in sub-population with lower FRET.  
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Fig. 2. In vitro apo-σ70 crosslinked pairs of residues displayed on top of σ70 PDB structures 

within the RNAP holoenzyme. (A) BS3 crosslinked pairs and (B) DMTMM crosslinked pairs. 

Blue and red – distances between pairs of crosslinked residues that are within or are not within the 

Cα-Cα distance which is covered by the crosslinker, respectivly.  
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Fig. 3. Apo-σ70 in vitro and in vivo CL-MS data have a higher satistfction rate with the 

compact structure. RossetaFold model (top row), and compact PatchDock structure 1 (bottom 

row). (A) In vitro BS3 and (B) DMTMM crosslinked pairs of residues. (C) In vivo DSS crosslinked 

pairs of residues. Blue and red – distances between pairs of crosslinked residues that are within or 

are not within the Cα-Cα distance which is covered by the crosslinker, respectivly.  
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Fig. 4. Stepwise results of Patch-Docking σ70 regions using the CL-MS spatial information as 

restraints. (A) σNER in yellow, σR2 in green, σR3 in magenta, σR4 in red and σR1.2 in orange. 

In each step a σ70 region is introduced to the previous result, together with CL-MS derived 

restraints. (B) The two structures retrieved from PatchDock. For each structure, the BS3 

crosslinking data is displayed on the left, while DMTMM data is on the right. Blue and red – 

distances between pairs of crosslinked residues that are within or are not within the Cα-Cα distance 

which is covered by the crosslinker, respectivly.  
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Fig. 5. σR1.2 and σR2 residues that interact with RNAP and DNA in the RNAP-bound state. 

Solvent exposed residues are displayed as sticks, while residues buried inside the structure are 

displayed as spheres. Left panels – compact apo-σ70, right panels – extended RNAP-bound σ70. 

Illustrations of the two forms are provided by connected dots, with colors that match the σ70’s 

specific region color presented at the bottom. (A) Residues that potentially interact with the RNAP 

subunit β` or with the discriminator element are shown in bright and dark orange, respectivly. (B) 

Residues interacting with the β and β` subunits or the -10 promoter element are shown in bright 

and dark green, respectivly (labeled residues are exposed to solvent – R376, K380, E384, L387, 

Q403, L405, D406, Q409 and N412). 
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Fig. 6. σR3 and σR4 residues that interact with RNAP and DNA in the RNAP-bound state. 

Solvent-exposed residues on the exterior surface of σ70 are displayed as sticks and residues buried 

inside the structure are displayed as spheres. Left panels – compact apo-σ70, right panels – extended 

RNAP-bound σ70. Illustrations of the two forms are provided by connected dots, with colors that 

match the σ70’s specific region color presented at the bottom. (A) Residues that potentially interact 

with the β and β` subunits or with the -10 extended element are shown in magenta or pink, 

respectivly. (B) Residues interacting with the β and β` subunits or with the -35 promoter element 

are shown in dark or light red, respectivly. 
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