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Abstract (150 words max) 21 

 22 

OmpA, a protein commonly found in the outer membrane of Gram-negative bacteria, has 23 

served as a paradigm for the study of -barrel proteins for several decades. In Escherichia 24 

coli, OmpA was previously reported to form complexes with RcsF, a surface-exposed 25 

lipoprotein that triggers the Rcs stress response when damage occurs in the outer membrane 26 

and the peptidoglycan. How OmpA interacts with RcsF and whether this interaction allows 27 

RcsF to reach the surface has remained unclear. Here, we integrated in vivo and in vitro 28 

approaches to establish that RcsF interacts with the C-terminal, periplasmic domain of OmpA, 29 

not with the N-terminal -barrel, thus implying that RcsF does not reach the bacterial surface 30 

via OmpA. Our results suggest a novel function for OmpA in the cell envelope: OmpA 31 

competes with the inner membrane protein IgaA, the downstream Rcs component, for RcsF 32 

binding across the periplasm, thereby regulating the Rcs response.  33 
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Introduction 34 

The cell envelope is the morphological hallmark of Gram-negative bacteria. It consists of an 35 

inner membrane (IM) surrounding the cytoplasm as well as an outer membrane (OM), an 36 

asymmetric bilayer with phospholipids in the inner leaflet and lipopolysaccharides in the 37 

outer leaflet (Silhavy, Kahne, and Walker 2010). The two membranes are separated by the 38 

periplasm, a compartment in which lies a thin layer of peptidoglycan. The cell envelope is 39 

essential for viability: the OM serves as a permeability barrier against toxic compounds 40 

present in the environment while the peptidoglycan provides shape and osmotic protection to 41 

cells (Okuda et al. 2016, Typas et al. 2012, Egan, Errington, and Vollmer 2020). 42 

 43 

Given the functional and structural importance of the envelope, bacteria need to respond to 44 

breaches in envelope integrity in a fast and adequate manner. Bacteria have therefore evolved 45 

sophisticated signaling systems that monitor envelope integrity and respond to perturbations 46 

(Ruiz and Silhavy 2005, MacRitchie et al. 2008, Delhaye, Collet, and Laloux 2019). In 47 

Escherichia coli and the Enterobacteriaceae, the Rcs system detects damage to the OM and 48 

the peptidoglycan (Wall, Majdalani, and Gottesman 2018, Laubacher and Ades 2008, Farris et 49 

al. 2010). In response, Rcs modulates the expression of dozens of genes, including those 50 

involved in the biosynthesis of colanic acid, an exopolysaccharide that accumulates on the 51 

cell surface to form a protective capsule (Wall, Majdalani, and Gottesman 2018, Laloux and 52 

Collet 2017). 53 

 54 

Rcs signal transduction involves a multi-step phosphorelay (Wall, Majdalani, and Gottesman 55 

2018). Under stress, the IM histidine kinase RcsC autophosphorylates, transfers the 56 

phosphoryl group to the IM protein RcsD and finally to the cytoplasmic response regulator 57 

RcsB. Rcs activity is modulated by two proteins that are not part of the phosphorylation 58 
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cascade: RcsF and IgaA. RcsF is an OM lipoprotein that senses most Rcs-inducing cues, 59 

while IgaA is an essential IM protein that down-regulates Rcs (Takeda et al. 2001, 60 

Dominguez-Bernal et al. 2004) by interacting with RcsD (Wall, Majdalani, and Gottesman 61 

2020). When perturbations occur in the peptidoglycan or in the OM, RcsF, while remaining 62 

anchored in the OM, reaches across the periplasm to interact with IgaA, leading this protein to 63 

alleviate its inhibition of the phosphorelay, turning on Rcs (Cho et al. 2014, Hussein et al. 64 

2018). In the absence of stress, RcsF is occluded from IgaA by interacting with OM proteins. 65 

A complex between RcsF and BamA, the core component of the -barrel assembly machinery 66 

(BAM), was identified (Cho et al. 2014, Konovalova et al. 2014) and its structure solved 67 

(Rodriguez-Alonso et al. 2020). This complex forms as an intermediate (Cho et al. 2014, 68 

Konovalova et al. 2014): delivery of unfolded OM -barrels (OMPs) to BAM triggers the 69 

release of RcsF from BamA and its transfer to OMP partners (Rodriguez-Alonso et al. 2020). 70 

Three abundant OMPs (OmpA, OmpC and OmpF) have been identified as RcsF partners 71 

(Cho et al. 2014, Konovalova et al. 2014). Under stress conditions, newly synthesized RcsF 72 

molecules fail to interact with BamA (Cho et al. 2014): they remain in the periplasm, free to 73 

bind IgaA, triggering Rcs.  74 

 75 

Crucially, whereas the general view is that OM lipoproteins are oriented toward the 76 

periplasm, previous work concluded that at least a portion of RcsF, a protein which is 77 

composed of an N-terminal disordered linker and a C-terminal globular domain required for 78 

signaling (Leverrier et al. 2011, Rogov et al. 2011), is exposed on the cell surface; OmpA, 79 

OmpC, and OmpF, but not BamA (Cho et al. 2014), were identified as potential vehicles for 80 

RcsF surface exposure (Cho et al. 2014, Konovalova et al. 2014, Konovalova, Mitchell, and 81 

Silhavy 2016). In a topological model of RcsF surface exposure (Konovalova et al. 2014), the 82 

lipid moiety of RcsF is anchored in the outer leaflet of the OM and the N-terminal disordered 83 
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linker is exposed on the cell surface before being threaded through the lumen of the OMP 84 

partners. However, definitive evidence for this model is still lacking.  85 

 86 

In addition, because OmpC, OmpF, and OmpA belong to two distinct structural groups, it is 87 

unclear whether RcsF interacts with its three OMP partners in a similar way. Indeed, OmpC 88 

and OmpF form 16-stranded -barrels that associate into trimers in the OM. Because they 89 

form large -barrels, they display a central pore (Basle et al. 2006, Yamashita et al. 2008, 90 

Radhakrishnan, Pritchard, and Viollier 2010, Housden et al. 2013) that is large enough to 91 

accommodate a disordered peptide such as the RcsF linker. The situation is less clear for 92 

OmpA: although this protein, the most abundant OMP in E. coli, has been studied for more 93 

than four decades, how it folds remains controversial. While some studies indicate that OmpA 94 

can also fold into a 16-stranded -barrel with a large central pore (Singh et al. 2003, 95 

Stathopoulos 1996), the predominant view is that OmpA adopts a two-domain structure with 96 

an N-terminal 8-stranded -barrel inserted in the OM (Pautsch and Schulz 1998) and a C-97 

terminal, globular domain in the periplasm (De Mot and Vanderleyden 1994, Park et al. 98 

2012). In this conformation, the -barrel of OmpA is too small to accommodate a 99 

polypeptide. Thus, despite the tremendous work that has been done on OmpA, we do not 100 

know whether this protein adopts the large -barrel structure when in complex with RcsF, or 101 

whether it folds into the predominant two-domain conformation. If the latter, where does 102 

RcsF bind OmpA? 103 

 104 

To resolve these outstanding structural and mechanistic questions, here we dissected the 105 

OmpA-RcsF complex. By combining in vivo site-specific photo-crosslinking, targeted 106 

proteolysis, and nuclear magnetic resonance (NMR) titration, we established that OmpA 107 

adopts its two-domain structure when in complex with RcsF and that it is the C-terminal, 108 
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periplasmic domain—not the -barrel—that interacts with the lipoprotein. In addition, we 109 

identified residues in RcsF and in OmpA that are involved in the interaction, thus providing 110 

information about the binding interface. Taken together, our results indicate that the topology 111 

of OmpA-RcsF is different from that of OmpC/F-RcsF; they also imply that RcsF does not 112 

use OmpA to reach the cell surface. This has important implications for how RcsF senses OM 113 

stress: if the linker of RcsF is not on the surface in the OmpA-RcsF complex, then OmpA-114 

RcsF cannot serve to monitor the state of the lipopolysaccharide leaflet via direct interactions 115 

with lipopolysaccharide molecules, as previously proposed (Konovalova, Mitchell, and 116 

Silhavy 2016). Finally, we determined the equilibrium dissociation constants of both the C-117 

terminal domain of OmpA and the periplasmic domain of IgaA for RcsF and provide 118 

evidence suggesting that OmpA and IgaA compete for RcsF binding across the periplasm. 119 

Our results support a model in which OmpA serves as a buffer for RcsF, titrating it from 120 

IgaA, thereby fine-tuning Rcs activity.  121 
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Results 122 

 123 

RcsF interacts with the C-terminal region of OmpA in vivo 124 

The stress sensor lipoprotein RcsF was previously shown to be surface-exposed (Cho et al. 125 

2014, Konovalova et al. 2014), and OmpA was described as a possible vehicle for its surface 126 

exposure (Cho et al. 2014, Konovalova et al. 2014). However, how OmpA folds when in 127 

complex with RcsF and whether this interaction allows RcsF to become surface-exposed 128 

remain to be determined. 129 

 130 

To close this gap, we characterized the OmpA-RcsF interaction. In a previous study, we 131 

identified six RcsF residues (in the N-terminal disordered linker and at the tip of the signaling 132 

domain) as being part of the interaction interface between RcsF and OmpA (Cho et al. 2014). 133 

These residues were identified using a site-specific photo-crosslinking strategy in which a 134 

photoreactive, crosslinkable amino acid is inserted at specific positions in the protein of 135 

interest, with the help of an exogenous orthogonal tRNA/aminoacyl-tRNA synthetase pair 136 

(Chin et al. 2002). We first sought to confirm and extend these results to more clearly define 137 

the binding interface in RcsF. Instead of using the hydrophobic crosslinker p-benzoyl-L-138 

phenylalanine like before (Cho et al. 2014), we used N
6
-((3-(3-methyl-3H-diazirin-3-139 

yl)propyl)carbamoyl)-L-lysine (DiZPK), a lysine analog with substantially higher photo-140 

crosslinking efficiency than p-benzoyl-L-phenylalanine (Zhang et al. 2011). We selected 11 141 

positions distributed along the RcsF sequence, including four (R21, Q28, Q33, R45) in the 142 

disordered linker and seven on the surface of the signaling domain (N54, Q79, R89, K98, 143 

E110, P116, Q121) (Figure 1). After UV illumination, a ~55 kDa band, the size of the OmpA 144 

(40 kDa)-RcsF (14 kDa) complex, formed and was detected with an anti-RcsF antibody 145 

(Figure 1) for the following variants (in decreasing intensity): RcsFR89X, RcsFP116X, RcsFQ79X, 146 
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RcsFR45X, RcsFK98X, RcsFQ121X, RcsFN54X, and RcsFE110X. The identity of the ~55 kDa band as 147 

OmpA-RcsF was further verified by showing that it did not form in ∆ompA cells (Figure 1 – 148 

figure supplements 1 and 2). Thus, as in our previous study (Cho et al. 2014), complex 149 

formation was observed when the photoactivatable amino acid was inserted in the linker 150 

(R45) or at the tip of the signaling domain (Q79 and P116). The complex also formed when 151 

DiZPK was incorporated in other regions of the signaling domain, such as -helix 1 (N54), -152 

helix 2 (R89 and K98), -strand 2 (E110), and -strand 3 (Q121) (Figure 1). Noteworthy, 153 

residues Q79 , R89 and P116 are part of the binding interface between RcsF and the luminal 154 

wall of the BamA -barrel in the recently published structure of the BamA-RcsF complex 155 

(Rodriguez-Alonso et al. 2020). Taken together, these observations substantially enlarge the 156 

region of RcsF known to interact with OmpA. Of note, we observed that the RcsFR45X, 157 

RcsFR89X and RcsFK98X variants formed a UV-dependent band migrating slightly higher than 158 

the OmpA-RcsF complex (Figure 1). Focusing on RcsFR89X, we identified this band as a 159 

complex between RcsF and OmpC/F because it did not form when ompR, a transcription 160 

factor required for the production of OmpC and OmpF (Hall and Silhavy 1979, Chubiz and 161 

Rao 2011), was deleted (Figure 1 – figure supplement 2).  162 

 163 

We next sought to identify where RcsF binds OmpA. The general view is that OmpA consists 164 

of two domains, an 8-stranded -barrel anchoring the protein in the OM and a soluble C-165 

terminal domain located in the periplasm, where it binds the peptidoglycan (De Mot and 166 

Vanderleyden 1994, Park et al. 2012) (Figure 2A). However, an alternative conformation has 167 

been proposed in which OmpA folds into a large, 16-stranded -barrel (Singh et al. 2003, 168 

Stathopoulos 1996) (Figure 2A). To gain insight into where RcsF binds OmpA and to 169 

characterize OmpA’s conformation when in complex with RcsF, we first engineered an 170 

OmpA variant with a thrombin cleavage site inserted after residue V189 (OmpATH_189), in the 171 
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middle of the OmpA sequence (Figure 2B). Taking the two-domain structure as a reference, 172 

the cleavage site was inserted between the N- and C-terminal domains. We then selected three 173 

DiZPK-containing RcsF mutants (RcsFR45X, RcsFQ79X, RcsFR89X) that formed a covalent 174 

complex with OmpA at high levels when exposed to UV light (Figure 1). These variants 175 

display DiZPK in three regions of RcsF: in RcsFR45X, DiZPK is present at the end of the 176 

disordered linker, while RcsFQ79X displays DiZPK in the large loop at the tip of the signaling 177 

domain and RcsFR89X displays it on the central -helix 2 (Figure 1). These variants were 178 

expressed in E. coli cells also producing OmpATH_189, and complex formation was induced 179 

with UV light (Figure 2C). For all three RcsF variants, digestion of the 55-kDa OmpATH_189-180 

RcsF complex with thrombin yielded a ~35 kDa band that was recognized by both anti-RcsF 181 

and anti-His antibodies (Figure 2C, D). Given the presence of a His-tag in the C-terminus of 182 

OmpA (Materials and Methods), we concluded that RcsF (14 kDa) interacts with the C-183 

terminal region of OmpA (~16 kDa) in vivo. 184 

 185 

To further delineate the region of OmpA that is important for complex formation, a second 186 

OmpA mutant with a thrombin cleavage site inserted after residue I243 (OmpATH_243) was 187 

generated (Figure 2B). Like OmpATH_189, OmpATH_243 (~10 kDa) could be photo-crosslinked 188 

to the three DiZPK-containing RcsF variants described above (Figure 2C, D). In all three 189 

cases, thrombin digestion of the OmpATH_243-RcsF complexes generated a smaller band (~30 190 

kDa) that was recognized by anti-RcsF antibodies (Figure 2C, D). In contrast to OmpATH_189-191 

RcsF, which underwent complete digestion, OmpATH_243-RcsF only underwent partial 192 

cleavage (Figure 2C, D), which probably reflected decreased accessibility of the cleavage site 193 

to the protease. This ~30 kDa band was also detected by anti-His antibodies (Figure 2D), 194 

indicating that the three tested residues of RcsF bind the region of OmpA between residue 195 

I243 and the C-terminus. 196 
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 197 

The C-terminal region of OmpA is necessary and sufficient for binding RcsF 198 

The results above indicated that RcsF interacts with the C-terminal region of OmpA, raising 199 

the question of whether the N-terminal region also participates in this interaction. To probe 200 

this potential interaction directly, we generated an OmpA variant lacking the C-terminal 201 

moiety (OmpA1-170) and tested whether it could be crosslinked to RcsF (Figure 3A). Chemical 202 

crosslinking was carried out with 3,3’-dithio-bis[sulfosuccinimidylpropionate] (DTSSP) (Cho 203 

et al. 2014). Whereas complexes formed in cells expressing wild-type OmpA, no complex 204 

was detected in cells producing OmpA1-170 (Figure 3A). In addition, expression of OmpA1-170 205 

did not suppress the activation of the Rcs system (Figure 3A, see Figure 3 – source data 1 for 206 

statistics) that occurs in cells lacking OmpA and that results from the inability of RcsF to 207 

interact with this -barrel (Cho et al. 2014). 208 

 209 

To test whether the N-terminal domain of OmpA was indirectly required for the OmpA-RcsF 210 

complex to form, we generated a hybrid protein (OmpAX) in which the C-terminal region of 211 

OmpA (OmpA171-325), corresponding to the periplasmic domain in the two-domain structure, 212 

was fused to OmpX (Figure 3B). OmpX is a small 8-stranded -barrel that constitutes a 213 

structural homolog of the N-terminal region of OmpA when it folds as a small -barrel (the 214 

two -barrels can be superimposed with a root mean square deviation (RMSD) of 2.49 Å; 215 

Figure 3 – figure supplement 1A). OmpX does not share sequence homology with the N-216 

terminal region of OmpA (~25%) and can thus be considered as an OM anchor for the C-217 

terminal region when fused to the latter as in OmpAX (Figure 3B). We found that OmpAX 218 

could be crosslinked to RcsF (Figure 3B) and that its expression fully suppressed Rcs 219 

activation (Figure 3B, see Figure 3 – source data 1 for statistics). Because we could not 220 

completely exclude the unlikely possibility that OmpAX could rearrange into a large -barrel 221 



 11 

able to bind RcsF, we prepared an additional variant of OmpA (OmpAPal) in which the C-222 

terminal domain (OmpA171-325) was fused to the signal sequence and lipobox (for lipid 223 

modification; (Szewczyk and Collet 2016)) of the OM lipoprotein Pal, thus converting the C-224 

terminal domain of OmpA into a lipoprotein (Figure 3C). Remarkably, expression of OmpAPal 225 

led to the formation of OmpAPal-RcsF and substantially decreased Rcs activity (Figure 3C, see 226 

Figure 3 – source data 1 for statistics). In these experiments, we confirmed that the expression 227 

levels of OmpA1-170, OmpAX and OmpAPal were similar to those of the wild type (Figure 3 – 228 

figure supplement 2). Thus, the C-terminal region of OmpA is necessary and sufficient for the 229 

interaction with RcsF, and the N-terminal region is dispensable. Altogether, these results are 230 

consistent with the conclusion that OmpA adopts its two-domain structure—and not the large 231 

-barrel conformer—when in complex with RcsF. We therefore conclude that RcsF interacts 232 

with the C-terminal, globular domain of OmpA and that this interaction takes place on the 233 

periplasmic side of the OM. 234 

 235 

RcsF interacts with the periplasmic domain of OmpA in vitro 236 

We next sought to validate our in vivo observations by probing the formation of a complex 237 

between RcsF and the soluble, periplasmic domain of OmpA (OmpA186-325) in vitro using 238 

purified proteins. However, attempts to pull-down OmpA186-325 with a soluble, His-tagged 239 

version of RcsF failed (data not shown), suggesting that the interaction between these two 240 

proteins was weak. Because NMR is a highly effective tool to investigate weak protein-241 

protein interactions (Vaynberg and Qin 2006), we employed NMR titration experiments of 242 

15
N-labeled OmpA186-325 by RcsF. In this approach, the 

15
N-

1
H 2D NMR spectra of OmpA 243 

were recorded upon addition of increasing amounts of RcsF (2 and 10 molar equivalents); 244 

when OmpA and RcsF interact, concentration-dependent perturbations in the NMR spectra 245 

appear. Upon addition of RcsF, several OmpA residues showed chemical shift variations in 246 
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15
N-

1
H 2D correlation experiments (Figure 4A, B, see Figure 4 – source data 1 for details). 247 

Most of the shifted residues (T240, G244, S245, D246, A247, G251, L252, K294 and A297; 248 

Figure 4B) were located near the tip of the periplasmic domain (Figure 4C, D), identifying 249 

this region, and in particular a flexible loop between -strand 2 and -helix 3, as part of the 250 

binding interface with RcsF. The importance of this loop for the OmpA-RcsF interaction was 251 

confirmed using site-specific photo-crosslinking: OmpA was strongly crosslinked to RcsF 252 

when DiZPK was introduced at residue D246, while weak complex formation was observed 253 

with OmpAR242X and OmpAY248X (Figure 4E). These results nicely fit with those obtained 254 

using OmpATH_243 (Figure 2B) that identified the same region of the C-terminal domain of 255 

OmpA as part of the zone of interaction with RcsF. Thus, taken together, our results allow us 256 

to conclude that RcsF interacts with the C-terminal domain of OmpA in its globular 257 

conformation, not only in vivo but also in vitro.   258 

 259 

IgaA and OmpA likely compete for RcsF across the periplasmic space 260 

RcsF turns on the Rcs response by interacting with the periplasmic domain of the IM protein 261 

IgaA under stress (Hussein et al. 2018). Here, we found that the interaction between RcsF and 262 

OmpA takes place in the periplasm (Figure 5A), thus suggesting that OmpA and IgaA 263 

compete for binding RcsF across this compartment. To investigate this hypothesis, we 264 

determined the effect of artificially increasing the IgaA concentration on the formation of the 265 

IgaA-RcsF and OmpA-RcsF complexes. In these experiments, a triple Flag-tagged, functional 266 

version of IgaA (Hussein et al. 2018) was expressed from an inducible plasmid. To monitor 267 

complex formation, we carried out chemical crosslinking using 268 

bis(sulfosuccinimidyl)suberate (BS3), a bifunctional crosslinker. Increasing the levels of IgaA 269 

led to changes in the IgaA-RcsF and OmpA-RcsF complexes that were inversely correlated: 270 

whereas overexpressing IgaA led to more IgaA-RcsF, it decreased the levels of the OmpA-271 
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RcsF complex (compare lanes 9 and 10 with lanes 7 and 8 in Figure 5B). Thus, IgaA and 272 

OmpA seem to compete for RcsF across the periplasm. Because IgaA (200 copies per cell; (Li 273 

G-W 2014)) is far less abundant than OmpA (200,000 copies), even when overexpressed (we 274 

estimate that IgaA levels were increased 8-40 fold over baseline (Figure 5 – figure 275 

supplement 1; Materials and Methods) in the experiment above), these results suggested that 276 

IgaA has a substantially higher affinity for RcsF than OmpA. To probe this directly, we 277 

determined the affinity constants of the periplasmic domains of OmpA and IgaA for RcsF. 278 

Note that the periplasmic domain of IgaA interacts with RcsF in vivo and in vitro (Cho et al. 279 

2014, Hussein et al. 2018)). First, from the NMR shift data, we calculated the equilibrium 280 

dissociation constant (KD) of OmpA186-325 for RcsF as being 125 ± 85 µM (Figure 5C). 281 

Second, using biolayer interferometry, we measured that the periplasmic domain of IgaA has 282 

a KD of 1.6 ± 0.3 nM for RcsF (Figure 5D, see Figure 5 – source data 2 for statistics). Thus, 283 

these values confirm that IgaA has substantially more affinity for RcsF than OmpA (see 284 

Discussion). Interestingly, we noted that the BamA-RcsF complex was not modified by the 285 

increased expression of IgaA (lanes 7-10 in Figure 5B), which is consistent with the fact that 286 

BamA has a much higher affinity for RcsF (KD~400 nM; (Rodriguez-Alonso et al. 2020)) 287 

than OmpA.   288 
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Discussion 289 

 290 

OmpA is unlikely the vehicle allowing RcsF to reach the surface 291 

OmpA was first purified from E. coli membranes in 1977 (Chai and Foulds 1977) and has 292 

served as a model for OMP assembly since then. Although the predominant view is that 293 

OmpA folds into a two-domain conformation, with an N-terminal 8-stranded -barrel and a 294 

C-terminal periplasmic domain, an alternative conformation in which OmpA forms a single, 295 

16-stranded -barrel, has been proposed to also exist (Singh et al. 2003, Stathopoulos 1996). 296 

Here, we integrated in vivo (Figures 2, 3, 4 and 5) and in vitro (Figures 4 and 5) approaches to 297 

dissect the interaction between OmpA and the lipoprotein RcsF; altogether, our data establish 298 

that OmpA is in the two-domain conformation in the OmpA-RcsF complex and that it is the 299 

C-terminal, periplasmic domain of OmpA that interacts with RcsF. Using protein-protein 300 

docking and molecular dynamics simulations, we built a three-dimensional model taking into 301 

accounts the results of the cross-linking experiments; in this model, RcsF and the periplasmic 302 

domain of OmpA show a good surface complementarity, with a buried accessible surface of 303 

1087 Å
2
. In this model, all six residues mutated to DiZPK (RcsFR45X, RcsFQ79X, RcsFR89X, 304 

OmpAR242X, OmpAD246X, and OmpAY248X) are situated in close proximity to residues from the 305 

binding partner (Figure 6A), in good agreement with the crosslinking data. Interestingly, the 306 

peptidoglycan-binding region of OmpA (Park et al. 2012) remains accessible and is oriented 307 

in the direction opposite to the N-terminal end of RcsF. Our conclusions have two important 308 

implications. 309 

 310 

First, we and others previously showed that portions of RcsF are surface-exposed (Cho et al. 311 

2014, Konovalova et al. 2014) and proposed OmpA, OmpC, and OmpF as vehicles for 312 

surface exposure (Cho et al. 2014, Konovalova et al. 2014). Understanding how RcsF reaches 313 
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the surface is crucial: lipoprotein surface exposure is an emerging concept in E. coli and 314 

Enterobacteriaceae (Szewczyk and Collet 2016, Konovalova and Silhavy 2015) and how 315 

lipoproteins cross the OM remains to be clearly established. It was proposed that it is the N-316 

terminal linker of RcsF that is exposed on the surface before being threaded through the 317 

lumen of OmpA and other OMPs (Konovalova et al. 2014). However, when OmpA adopts the 318 

two-domain conformation, as in the OmpA-RcsF complex, its -barrel domain does not have 319 

an open channel (Figure 3 – figure supplement 1B) to accommodate the RcsF linker. We 320 

therefore conclude that RcsF does not reach the surface when in complex with OmpA, and 321 

predict that only OmpC and OmpF (which form large -barrels) serve as vehicles for surface 322 

exposure. The fact that only a subset of the DiZPK-containing variants of RcsF that form a 323 

complex with OmpA also form a complex with OmpC/F (Figure 1) also supports the idea that 324 

the topology of OmpA-RcsF is different from that of OmpC/F-RcsF.  325 

 326 

Second, a model was proposed in which RcsF, when in complex with OmpA, uses its 327 

positively charged, surface-exposed N-terminal linker to sense when interactions between 328 

lipopolysaccharide molecules are disturbed (Konovalova, Mitchell, and Silhavy 2016). 329 

However, if the RcsF linker is not surface-exposed in the OmpA-RcsF complex, as we show 330 

here, then the function of OmpA-RcsF in Rcs needs to be re-evaluated (see below). 331 

Importantly, we found that lipopolysaccharide alterations caused by sub-lethal concentrations 332 

of polymyxin B induce Rcs in MG1655 cells lacking ompA (Figure 6 – figure supplement 1, 333 

see Figure 6 – figure supplement 1 – source data 1 for statistics), in contrast to what was 334 

previously reported in another strain background (MC4100) (Konovalova, Mitchell, and 335 

Silhavy 2016), which further questions the potential role of OmpA-RcsF in sensing 336 

lipopolysaccharide defects.  337 

 338 
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It will also be interesting to investigate the role of the BAM machinery in the assembly of 339 

OmpA-RcsF. It was reported that the formation of the OmpA-RcsF complex was likely 340 

mediated by BAM during the assembly of OmpA (Cho et al. 2014, Konovalova et al. 2014). 341 

However, our finding that RcsF interacts with the C-terminal, periplasmic domain of OmpA, 342 

whose folding is unlikely to depend on BAM (Noinaj, Gumbart, and Buchanan 2017), 343 

questions this conclusion. Further experiments, including pulse-chase experiments, will be 344 

carried out to clarify this point. Given that BAM both interacts with RcsF and assembles 345 

OmpA in the OM, we anticipate that interpreting the data will be challenging, and therefore 346 

these experiments are outside the scope of this publication. 347 

 348 

OmpA functions as a buffer for RcsF 349 

Finally, if OmpA does not allow RcsF to reach the surface, what could be the function of the 350 

OmpA-RcsF complex? On the basis of our results, we propose that the role of OmpA in Rcs 351 

is to modulate the activity of this system. Consider the equilibrium dissociation constants of 352 

the IgaA-RcsF and OmpA-RcsF complexes: 353 

𝐾𝑑
OmpA−RcsF

 =  
[OmpA][RcsF]

[OmpA−RcsF]
   (1) 354 

𝐾𝑑
IgaA−RcsF

 =  
[IgaA][RcsF]

[IgaA−RcsF]
    (2). 355 

We estimate that OmpA’s C-terminal domain is present in the periplasm at ~1 mM, RcsF at 356 

~15 µM, and IgaA at ~1 µM (Materials and Methods). If we take into account these estimates, 357 

then the following equation can be derived from (1) and (2) (Materials and Methods): 358 

 [IgaA − RcsF] =
𝐾𝑑

ratio[OmpA−RcsF]

1000+ 𝐾𝑑
ratio[OmpA−RcsF]

     (3) 359 

 360 

   where 𝐾𝑑
ratio= 

𝐾𝑑
OmpA−RcsF

𝐾𝑑
IgaA−RcsF . 361 
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Because OmpA is highly abundant, [OmpA] can be considered constant. Thus, according to 362 

equation (1), the concentration of the OmpA-RcsF complex increases linearly with the 363 

concentration of RcsF in the periplasm (Figure 6 – figure supplement 2). From equation (3), 364 

we conclude that the concentration of IgaA-RcsF will also increase as a function of [RcsF] in 365 

the periplasm. However, in this case, the increase is not linear, but is decelerated and follows 366 

a hyperbolic curve (Figure 6 – figure supplement 2), indicating that OmpA functions as a 367 

buffer for RcsF, negatively impacting its ability to activate Rcs. The buffering function of 368 

OmpA is nicely illustrated by the fact that exposure to low concentrations of polymyxin B 369 

causes higher Rcs induction in cells lacking ompA than in the wild type (Figure 6 – figure 370 

supplement 1).  371 

 372 

We acknowledge that the ~80,000-fold difference in affinity for RcsF that we measured 373 

between IgaA and OmpA (Figure 5) does not seem to support the function of OmpA as a 374 

buffer for RcsF: with such a high affinity for RcsF, IgaA should always outcompete OmpA 375 

and formation of the IgaA-RcsF complex should be constitutive, which is not the case 376 

(Hussein et al. 2018). To explain the apparent discrepancy between the in vivo observations 377 

and the in vitro measurements, we propose that intracellular factors such as attachment of the 378 

periplasmic domains of these proteins to their respective membrane anchors (we used the 379 

soluble periplasmic domains of OmpA, IgaA and RcsF for the in vitro measurements) and 380 

binding of OmpA to the peptidoglycan (Reusch 2012) modulate the affinity of OmpA and 381 

IgaA for RcsF in vivo, allowing them to actually compete for RcsF. It is remarkable that 382 

OmpA, a protein that had mostly been known for its role in stabilizing the OM, is also 383 

involved in the network controlling the activity of Rcs, one of the most complex signal 384 

transduction systems in bacteria (Cho et al. 2014, Hussein et al. 2018, Laloux and Collet 385 



 18 

2017), whose correct functioning is critical for success of commensal Enterobacteriaceae and 386 

virulence of pathogens.   387 
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Materials and Methods 388 

 389 

Bacterial strains, primers, and plasmids  390 

The bacterial strains and primers used in this study are listed in Supplementary Files 1 and 2, 391 

respectively. The parental E. coli strain DH300 is a MG1655 derivative containing a deletion 392 

of the lac region; it also carries a chromosomal rprA::lacZ fusion at the λ phage attachment 393 

site to monitor Rcs activation (Majdalani, Hernandez, and Gottesman 2002). The ompA, 394 

ompR and rcsF deletion mutants were obtained by transferring the corresponding alleles from 395 

the Keio collection (kan
R
) (Baba et al. 2006) into DH300 (Majdalani, Hernandez, and 396 

Gottesman 2002) via P1 phage transduction, which was verified via PCR. To excise the 397 

kanamycin-resistance cassette, we used pCP20 as previously described (Datsenko and 398 

Wanner 2000). To insert ompA-His (encoding OmpA with six histidines at the C-terminus), 399 

ompATH189-His, ompATH243-His, and ompX-ompA171-325 on the chromosome at the ompA locus, 400 

we performed λ-Red recombineering (Yu et al. 2000) with the pSIM5-Tet plasmid 401 

(Koskiniemi et al. 2011). First, a cat-sacB cassette encoding chloramphenicol acetyl 402 

transferase (cat) and SacB, a protein conferring sensitivity to sucrose, was amplified from 403 

strain CH1990 using primers “ompA_delCmSB F” and “ompA_delCmSB R”. The resulting 404 

PCR product shared 40 bp of homology to the 5’ UTR and 3’ UTR of ompA at its 5’ and 3’ 405 

ends, respectively, and was used for -Red recombineering (Yu et al. 2000). We selected 406 

transformants for chloramphenicol resistance and verified that the cat-sacB cassette replaced 407 

ompA by sequencing across the junctions. The cat-sacB cassette was subsequently replaced by 408 

one of the versions of ompA (ompA-His, ompATH189-His, ompATH243-His, or ompX-ompA171-409 

325) using λ-Red recombineering and negative selection on sucrose-containing medium 410 

(Thomason et al. 2014, Gennaris et al. 2015). ompA-His, ompATH189-His, and ompATH243-His 411 

were amplified via PCR using primers “cmSB to OmpA_F” and “cmSB to OmpAhis_R” and 412 
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plasmids pPR11, pPR11189thrombin, and pPR11243thrombin (see below) as templates, respectively. 413 

The PCR product of ompX-OmpA171-325 was generated using primers “JLEo20-F-Chrom-414 

OmpX” and “JLEo22-R-Chrom-OmpACt”, and pJLE17-OmpX-OmpACter as template. 415 

Strains were verified through DNA sequencing. To delete ompA171-325, we performed λ-Red 416 

recombineering on the chromosome at the ompA locus in a way similar to the description 417 

above. Briefly, the kanamycin cassette from the strain SEN588 (ΔompA::kan) was PCR-418 

amplified using primers “ompAc_delKm F” and “ompAc_delKm R” to encompass the 419 

flanking regions of ompA171-325. We selected transformants for kanamycin resistance. 420 

 421 

The plasmids used in this study are described in Supplementary File 3. pSC253, encoding 422 

RcsF, was constructed via digestion of pSC202 (Cho et al. 2014) with KpnI and HindIII and 423 

insertion of the generated fragment into pBAD18 (Guzman et al. 1995). To generate the rcsF 424 

variants containing an amber codon (TAG) at selected positions, site-directed mutagenesis 425 

was performed on pSC253 using primers described in Supplementary File 2. To generate 426 

pPR11, ompA-His was PCR-amplified using primers “OmpA(NcoI) F” and “OmpA-his(XbaI) 427 

R” and chromosomal E. coli DNA as template. The PCR product was inserted into pDSW204 428 

restricted with NcoI and XbaI, generating pPR11. To insert thrombin cleavage sites after 429 

residues 189 and 243 in OmpA, site-directed mutagenesis was performed using primer pair 430 

“189VPRGS thr_F” and “189VPRGS thr_R” and primer pair “243LVPR thr_F” and 431 

“243LVPR thr_R”, respectively, on pPR11, yielding pPR11189thrombin [OmpA(189-Val-Val-432 

Pro-Arg-Gly-Ser-Gln-190)] and pPR11243thrombin [OmpA(243-Ile-Leu-Val-Pro-Arg-Gly-244)], 433 

respectively. pJLE17-OmpX-OmpA171-325 (encoding OmpAX) was constructed as follows. 434 

The two PCR products corresponding to ompX and OmpA171-325 were generated using primer 435 

pair “OmpX(NcoI)F” and “OmpX-OmpAc_R” and primer pair “OmpX-OmpAc_F” 436 

“JLEo16-R-XbaI-OmpACt”, respectively, and chromosomal E. coli DNA as template. To join 437 
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the two PCR fragments, overlapping PCR was performed using primers “OmpX(NcoI)F” and 438 

“JLEo16-R-XbaI-OmpACt”, generating the PCR product encoding OmpAX. Next, the PCR 439 

product of OmpAX was digested with NcoI and XbaI and ligated with pDSW204 pre-digested 440 

with NcoI and XbaI, yielding pJLE17-OmpX-OmpACter. pKiD22, expressing OmpAPal, was 441 

constructed as follows. The sequence encoding the signal sequence and lipobox of the 442 

lipoprotein Pal was PCR-amplified using primers “Palss(NcoI)F” and “Palss-OmpAc_R” 443 

and the sequence encoding OmpA171-325 using primers “Palss-OmpAc_F” and 444 

“OmpA_stop_Flag3(KpnI)R”. Chromosomal E. coli DNA was used as template. To join the 445 

two PCR fragments, overlapping PCR was performed using primers “Palss(NcoI)F” and 446 

“OmpA_stop_Flag3(KpnI)R”. The PCR product encoding ssPal-OmpA171-325 was digested 447 

with NcoI and KpnI and ligated with pDSW204, pre-digested with NcoI and KpnI, 448 

yielding pKiD22. 449 

 450 

 To generate pPR21, site-directed mutagenesis was performed on pPR11 using primers 451 

“OA_stopTGA_F” and “OA_stopTGA_R” to insert a stop codon upstream of the 6xHis tag. 452 

To generate the ompA variants containing an amber codon (TAG) at selected positions, site 453 

directed mutagenesis was performed on pPR21 using primers described in Supplementary File 454 

2. To obtain pKiD5, OmpA186-325 with an N-terminal Strep-tag but no signal sequence was 455 

PCR-amplified using primers “KiDo14-F-NdeI-Strep-OmpACTD” and “KiDo15-R-SacI-Rbs-456 

OmpACTD” and chromosomal E. coli DNA as template. The PCR product was digested with 457 

NdeI and SacI and inserted into pET21a. To prepare a version of pAM238 containing lacI
q
, a 458 

trc promoter, and a triple Flag tag (Flag3), we prepared a PCR product using primers “lacIq 459 

NsiI_F” and “flag3-KpnI_R” and pMER77 as template (Hemmis et al. 2011). This product 460 

was digested with NsiI and KpnI and ligated with pAM238 pre-digested with PstI and KpnI. 461 

To reduce the basal activity of the trc promoter, we modified the -10 region (from TATAAT 462 
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to CATTAT) and the -35 region (from TTTACA to TTGACA), generating pSC231 (Weiss et 463 

al. 1999). The coding sequences for OmpA and IgaA were obtained by PCR-amplification 464 

using primer pair “OmpA(NcoI) F” and “OmpA XbaI flag R” and primer pair “IgaA(NcoI) F” 465 

and “IgaA XbaI flag3 R”, respectively. Each product was digested with NcoI and XbaI and 466 

ligated into pSC231 pre-digested with the same enzymes, generating pPR4 and pSC237, 467 

respectively. 468 

 469 

In vivo site-specific photo-crosslinking using DiZPK  470 

We used the site-specific photo-crosslinking method described previously (Cho et al. 2014) 471 

with some modifications. To incorporate N
6
-((3-(3-methyl-3H-diazirin-3-472 

yl)propyl)carbamoyl)-L-lysine (DiZPK) into RcsF, we used the pSup-Mb-DIZPK-RS plasmid 473 

encoding an evolved Methanosarcina barkeri pyrrolysyl-tRNA synthetase (PylRS) and an 474 

optimized tRNACUA
Pyl

 suppressor (Zhang et al. 2011). DH300 rcsF (PL358) cells were co-475 

transformed with pSup-Mb-DIZPK-RS and one of the plasmids containing an amber codon in 476 

rcsF in pSC253. Cells were grown in 3-(N-morpholino)propanesulfonic acid (MOPS) 477 

minimal medium supplemented with 0.2% glucose, 0.2% L-arabinose (MOPS-478 

glucose/arabinose minimal medium), and 0.8 mM DiZPK (no supplement of other amino 479 

acids; see the reasons for using MOPS medium below) (Neidhardt, Bloch, and Smith 1974). 480 

Cell cultures were grown to an OD600 of 1-1.2 and 1 mL of samples was irradiated with UV 481 

light at 365 nm or left unirradiated for 10 min. Cells were precipitated with trichloroacetic 482 

acid (TCA), and the pellets were washed with acetone and solubilized in 60 μL of SDS-483 

sample buffer before further analysis. We used a similar method to incorporate DiZPK into 484 

OmpA with minor modifications; DH300 ompA (PR46) cells were co-transformed with 485 

pSup-Mb-DIZPK-RS and one of the plasmids containing an amber codon in ompA in pPR21. 486 

Cells were grown in LB medium supplemented with 0.2% L-arabinose, 200 µM IPTG and 1 487 
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mM DiZPK. Cell cultures were grown to an OD600 of 1 and 0.75 mL of samples was 488 

irradiated with UV light at 365 nm or left unirradiated for 10 min. Cells were precipitated 489 

with TCA, and the pellets were washed with acetone and solubilized in 100 µL of SDS-490 

sample buffer before further analysis. 491 

 492 

In previous experiments incorporating p-benzoyl-L-phenylalanine into RcsF, we used LB as 493 

the growth medium (Cho et al. 2014). However, we found that the expression levels of the 494 

DiZPK-containing RcsF mutant proteins were substantially lower when cells were grown in 495 

LB (data not shown); in contrast, the expression levels of RcsF were greatly enhanced in 496 

MOPS-glucose/arabinose minimal medium (data not shown). Therefore, we used MOPS-497 

glucose/arabinose minimal medium for all photo-crosslinking experiments involving DiZPK-498 

containing RcsF variants. 499 

 500 

Synthesis of DiZPK 501 

DiZPK was synthesized as described previously (Zhang et al. 2011). 502 

 503 

Immunoprecipitation of RcsF-containing complexes and thrombin cleavage 504 

Protein samples in SDS-sample buffer (without reducing agent) were denatured for 15 min at 505 

65 °C and 15 min at 95 °C with vigorous shaking. Next, the samples were diluted in 750 µL 506 

of KI buffer (50 mM Tris-HCl [pH 8], 2% Triton X-100, 150 mM NaCl, 1 mM EDTA) and 507 

centrifuged at 4 °C for 3 min at 12,000 x g to harvest the PG. Photo-crosslinked RcsF 508 

complexes were immunoprecipitated by adding 1 µL of undiluted guinea pig anti-RcsF 509 

antibody (Cho et al. 2014) and 10 µL of protein A/G magnetic beads (Pierce
TM

); samples 510 

were incubated for 1 h on a wheel at room temperature. After three washes with 500 µL of KI 511 

buffer, RcsF complexes were eluted with 20 µL of glycine buffer (100 mM glycine [pH 1.5], 512 
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0.1% Triton X-100) after 10 min of incubation at room temperature. Proteins samples were 513 

neutralized with 2 µL of 1.5 M Tris-HCl [pH 8.8] and diluted with 18 µL of KI buffer before 514 

SDS-PAGE and immunoblotting or thrombin cleavage. For thrombin cleavage, 20 µL of the 515 

elution samples were incubated for 1 h at room temperature with 1 µL of thrombin (thrombin 516 

from bovine plasma, Sigma). Samples were analyzed via SDS-PAGE and immunoblotting as 517 

indicated in the figure legends. 518 

 519 

Immunoblotting and antibodies 520 

Protein bands were transferred from the gels onto nitrocellulose membranes (Millipore) using 521 

a semi-dry electroblotting system. The membranes were blocked with 5% skim milk. The rest 522 

of the immunoblot steps were performed using standard protocols. Signal from antibody 523 

binding was visualized by detecting chemiluminescence from the reaction of horseradish 524 

peroxidase with luminol. Polyclonal RcsF antibodies were purified against the carboxy-525 

terminal domain of RcsF as previously described (Cho et al. 2014) and used at a dilution of 526 

1:20,000 in 1% skim milk in 50 mM Tris-HCl [pH 7.6], 0.15 M NaCl and 0.1% Tween 20 527 

(TBST). Since we found that the anti-OmpA antibody only recognizes the periplasmic domain 528 

(data not shown), we used an antibody directed against loop 4 of the ß-barrel of OmpA to 529 

detect OmpA1-170. The anti-OmpA antibodies are gifts from the Lloubes and Bernstein 530 

laboratories (Cascales et al. 2002, Hussain and Bernstein 2018). These antibodies were used 531 

at dilutions of 1:20,000 and 1:10,000, respectively. The anti-His antibody conjugated to 532 

horseradish peroxidase (Qiagen) was used at a dilution of 1:5,000. The anti-Flag M2 533 

monoclonal antibody (F1804, Sigma) was used at a dilution of 1:20,000. 534 

 535 

In vivo 3,3’-dithio-bis[sulfosuccinimidylpropionate] and bis(sulfosuccinimidyl)-suberate 536 

(BS3) crosslinking 537 
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DTSSP and BS3 (CovaChem) are bifunctional primary amine crosslinkers; DTSSP contains a 538 

disulfide bond in its spacer arm. In vivo crosslinking has been performed as described 539 

previously (Cho et al. 2014). The media used are MOPS-glucose minimal medium 540 

(Neidhardt, Bloch, and Smith 1974) (Figure 3) and LB (Figure 5) 541 

 542 

β-galactosidase assay 543 

E. coli cells were grown in MOPS-glucose minimal medium (Neidhardt, Bloch, and Smith 544 

1974) or LB to mid-log phase (OD600 = 0.4-0.6). β-galactosidase activity was measured as 545 

described previously (Zhang and Bremer 1995). 546 

 547 

Expression and purification of RcsF, OmpA186-325 and of the periplasmic domain of IgaA  548 

Expression and purification of RcsF with a C-terminal His-tag were performed as previously 549 

described (Leverrier et al. 2011). E. coli BL21(DE3) cells harboring pKiD5 expressing N-550 

terminal Strep-tagged OmpA186-325 were grown   at 37°C in M9-glucose minimal medium 551 

containing 1 g/L 
15

NH4Cl (99%, 
15

N; Eurisotop) to uniformly label the protein with 
15

N. The 552 

expression was induced by adding 1 mM IPTG at an OD600 of 0.5. After a 5h induction, cells 553 

were harvested by centrifugation and resuspended in 20 mL of lysis buffer (20 mM Tris-HCl, 554 

500 mM NaCl [pH8], containing a protease inhibitor cocktail (Complete®, Roche)). Re-555 

suspended cells were stored at -20 °C. Frozen cells were thawed on ice and lysed by two 556 

passages through a French pressure cell at 1,500 psi. The soluble fraction was isolated after 557 

centrifugation for 1h at 40,000 x g at 4 °C. The supernatant was filtered through 558 

0.45 μm filters and loaded onto a 5 mL Strep-Tactin column (IBA, Lifesciences), previously 559 

equilibrated in buffer A (50 mM NaH2PO4, 100 mM NaCl [pH7.0]). After a washing step 560 

with buffer A, elution was performed with buffer A supplemented with 2.5 mM D-561 

desthiobiotin. The sample was then further purified using size-exclusion chromatography on 562 
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a HiLoad 16/60 Superdex 75 column (GE Healthcare) using buffer A. To express IgaA361-654 563 

with a C-terminal His-tag, E. coli SHuffle T7 cells harboring pSC211 were grown at 37°C in 564 

LB. Expression of the protein was induced by adding 1 mM IPTG at an OD600 of 0.5. After a 565 

5h induction, cells were harvested by centrifugation and resuspended in 20 mL of lysis buffer. 566 

Re-suspended cells were stored at -20 °C. Frozen cells were thawed on ice and processed as 567 

explained above for Strep-tagged OmpA186-325. IgaA361-654 was purified using Ni-NTA agarose 568 

beads (5 mL; IBA Lifescience), previously equilibrated in buffer B (20 mM NaH2PO4, 150 569 

mM NaCl [pH7.5]). After washing the resin with buffer B supplemented with 20 mM 570 

imidazole, proteins were eluted with five column volumes of buffer B supplemented with 200 571 

mM imidazole. As a final purification step, a size-exclusion chromatography was performed 572 

using a HiLoad 16/60 Superdex 200 column (GE Healthcare) with buffer B. Purity was 573 

checked via SDS-PAGE with Coomassie Staining and concentration was performed 574 

using Vivaspin Turbo apparatus (Sartorius) with a 5 kDa molecular weight cut-off.  575 

 576 

NMR titration experiments of 
15

N-labelled OmpA186-325 with RcsF 577 

50 µM
 15

N-labelled OmpA186-325 in buffer A at 25°C was titrated with increasing 578 

concentrations of unlabelled RcsF in buffer A to reach 2 and 10 RcsF/OmpA186-325 molar 579 

ratios. To follow 
15

N-
1
H resonances chemical shifts perturbations, 

15
N-

1
H BEST-TROSY-580 

HSQC correlation experiments were recorded at 25°C using Bruker AVANCE spectrometer 581 

operating at 700 MHz proton frequency equipped with a TCI cryoprobe (Favier and Brutscher 582 

2011). OmpA186-325 assignments were transposed from BMRB entry 25030. Chemical shift 583 

perturbations (CSP) were calculated on a per-residue basis for the highest substrate-to-protein 584 

ratio as described previously (Egan et al. 2018). Spectra were processed with Topspin 3.57 585 

(Bruker) and analyzed with ccpnmr 3 (https://www.ccpn.ac.uk). 586 

 587 

https://www.ccpn.ac.uk/
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Western blot analysis 588 

 589 

Quantitation of the intensity of the bands was done by optical densitometry and analyzed 590 

using ImageQuant TL processing software (ImageQuant TL v8.1.0.0, GE HEalthcare). After 591 

background correction, the values were normalized by the intensity of non-specific bands 592 

detected by the polyclonal antibody.   593 

 594 

Biolayer interferometry 595 

Biolayer Interferometry Experiments (BLI) were recorded on an OctetRED96e (Fortebio) 596 

using streptavidin (SA) biosensors (Fortebio). To biotinylate RcsF, RcsF-His (5mg/mL in 0.1 597 

M MES [pH 5.5]) was incubated with Biotin-LC-Hydrazide (1.25 mM, final concentration; 598 

Sigma) and N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide (EDC; 6.5 mM, final 599 

concentration)  during 2h at 22°C under agitation. Biotininylated RcsF was dialysed against 600 

buffer C (10 mM Hepes, 150 mM NaCl [pH7.5]) and immobilized at 5 µg/mL onto SA tips in 601 

buffer C supplemented with 0.02% Tween-20 to reach ~3.5 nM of immobilization level. 602 

RcsF-loaded biosensors were dipped into different concentrations of the periplasmic domain 603 

of IgaA (5.9 nM to 30 nM) in buffer C at 23°C. Kinetics were recorded with 1000 sec 604 

association and 1000 sec dissociation phases, and repeated 4 times with 10mM HCl pulses (18 605 

sec in total) used for regeneration between cycles. Sensorgrams were subtracted for 606 

contribution of buffer alone and binding of non-functionalized biosensors. Kinetic analysis of 607 

the data was performed using 1:1 interaction model in the ForteBio data analysis software. KD 608 

obtained from 4 independent injection series were averaged and produced a KD of 1.6 nM 609 

with a standard deviation of 0.3. 610 

 611 

Estimation of the expression levels of IgaA 612 
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Overexpressed IgaA has a triple Flag tag (IgaA-Flag3). To compare the expression levels of 613 

IgaA to those of OmpA, we generated a triple Flag-tagged version of OmpA (OmpA-Flag3); 614 

this variant was expressed from an IPTG-inducible plasmid in the ompA strain. If we compare 615 

the intensity of the signal corresponding to OmpA-Flag3 detected either by the anti-OmpA or 616 

the anti-Flag antibodies, we estimate the anti-Flag antibodies to be ~25 times more sensitive 617 

than the anti-OmpA antibodies (lanes 1-4 in Figure 5 – figure supplement 1). With this value 618 

in hand, we can now compare the expression levels of IgaA-Flag3 to those of untagged OmpA 619 

produced from the chromosome and detected with the anti-OmpA antibodies (lanes 5-9 in 620 

Figure 5 – figure supplement 1); because the intensities of OmpA and IgaA-Flag3 in lane 8 are 621 

similar, we estimate that IgaA-Flag3 is 25 times less abundant than OmpA when IgaA is 622 

expressed with 250 µM IPTG; likewise, we estimate the levels of IgaA-Flag3 to be ~1/125 623 

(0.8%) of those of OmpA when IgaA is expressed with 50 µM IPTG. Because the 624 

concentration of OmpA is ~1 mM, we estimate the concentration of overexpressed IgaA to be 625 

40 and 8 µM, respectively.  626 

 627 

Molecular modelling 628 

HADDOCK 2.4 web server (van Zundert et al. 2016, Wassenaar et al. 2012) was used for 629 

protein-protein docking using the structures 2MQE for OmpA-CTD (Ishida, Garcia-Herrero, 630 

and Vogel 2014) and 2L8Y for RcsF (Rogov et al. 2011). Six residues identified from the 631 

crosslinking experiments were considered as active during the docking calculations: 242, 246 632 

and 248 for OmpA and 45, 79 and 89 for RcsF. The resulting clusters were inspected visually, 633 

and the one compatible with the interaction between the periplasmic domain of OmpA and the 634 

peptidoglycan (Park et al. 2012) was selected for further refinement using molecular 635 

dynamics. Molecular dynamics simulations were carried out with GROMACS version 2020.1 636 

(Abraham et al. 2015) using the OPLS-AA (Jorgensen, Maxwell, and Tirado-Rives 1996) 637 
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force field. Each system was energy-minimized until convergence using a steepest descents 638 

algorithm. Molecular dynamics with position restraints was then performed (50 ps NVT and 639 

50 ps NPT), followed by the production run of 50 ns. During the position restraints and 640 

production runs, the V-rescale and Parrinello-Rahman methods were used for temperature and 641 

pressure coupling, respectively. Electrostatics were calculated with the particle mesh Ewald 642 

method. The P-LINCS algorithm was used to constrain bond lengths, and a time step of 2 fs 643 

was used throughout. 644 

 645 

Estimation of the concentrations of OmpA, RcsF and IgaA in the periplasm 646 

According to (Li et al. 2014), each cell contains ~200,000 molecules of OmpA in rich media, 647 

which corresponds to ~3.448 x 10
 -19

 mol (200,000/Avogadro constant). If we consider the 648 

volume of an E. coli cell to be 10
-18

 m
3
 (10

-15
 L) and compare it to a cube with 1 µm edges (E. 649 

coli has 0.5 µm in width and 2 µm in length; EcoliWiki 650 

ecoliwiki.net/colipedia/index.php/Escherichia_coli), we calculate that the cellular 651 

concentration of OmpA is ~3.448 x 10
 -4

 M. The volume of the envelope being ~30% of the 652 

total cell volume (Stock, Rauch, and Roseman 1977), we calculate that the concentration of 653 

the C-terminal domain of OmpA in the periplasm is ~1 mM. If we perform the same 654 

calculations for RcsF and IgaA (~3,000 and ~200 copies/cell, respectively), we find that their 655 

periplasmic concentrations are ~15 µM and ~1 µM, respectively.  656 

 657 

OmpA functions as a buffer for RcsF 658 

The equilibrium dissociation constants for the OmpA-RcsF and IgaA-RcsF complexes are: 659 

𝐾𝑑
OmpA−RcsF

 =  
[OmpA][RcsF]

[OmpA−RcsF]
    (1) 660 

𝐾𝑑
IgaA−RcsF

 =  
[IgaA][RcsF]

[IgaA−RcsF]
         (2). 661 

If we divide (1) with (2), we obtain: 662 
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𝐾𝑑
OmpA−RcsF

𝐾𝑑
IgaA−RcsF  =  

[OmpA][IgaA−RcsF]

[IgaA][OmpA−RcsF]
    (3). 663 

If we replace  
𝐾𝑑

OmpA−RcsF

𝐾𝑑
IgaA−RcsF  by 𝐾𝑑

ratio, then we can rearrange equation (3) to 664 

[IgaA−RcsF]

[IgaA]
=

𝐾𝑑
ratio[OmpA−RcsF]

[OmpA]
  (4). 665 

Under physiological conditions, we estimate the concentration of IgaA to be ~1 µM (see 666 

above). Thus, because [IgaA] + [IgaA-RcsF] = 1 µM, equation 4 can be successively 667 

rearranged to 668 

[IgaA−RcsF]

1−[IgaA−RcsF]
=

𝐾𝑑
ratio[OmpA−RcsF]

[OmpA]
    (5),   

1−[IgaA−RcsF]

[IgaA−RcsF]
=

[OmpA]

𝐾𝑑
ratio[OmpA−RcsF]

    (6), 669 

1

[IgaA−RcsF]
=

[OmpA]

𝐾𝑑
ratio[OmpA−RcsF]

+ 1  (7),  
1

[IgaA−RcsF]
=

[OmpA]+ 𝐾𝑑
ratio[OmpA−RcsF]

𝐾𝑑
ratio[OmpA−RcsF]

    (8), 670 

yielding: 671 

[IgaA − RcsF] =
𝐾𝑑

ratio[OmpA−RcsF]

[OmpA]+ 𝐾𝑑
ratio[OmpA−RcsF]

 (9). 672 

In equation (1), [OmpA], which is ~1000 µM, can be considered as a constant. Therefore, 673 

equations (1) and (9) become: 674 

[OmpA − RcsF] =  
1000 [RcsF]

𝐾𝑑
OmpA−RcsF   (10) 675 

[IgaA − RcsF] =
𝐾𝑑

ratio[OmpA−RcsF]

1000+ 𝐾𝑑
ratio[OmpA−RcsF]

=  
[OmpA−RcsF]

1000/𝐾𝑑
ratio+ [OmpA−RcsF]

 (equation 3 in the 676 

discussion) = 

1000 [RcsF]

𝐾
𝑑
OmpA−RcsF

1000/𝐾𝑑
ratio+ 

1000 [RcsF]

𝐾
𝑑
OmpA−RcsF

 (11). 677 

Thus, from equation (11), we conclude that whereas [OmpA-RcsF] increases linearly to 678 

[RcsF], [IgaA-RcsF] increases proportionally, but not linearly, to [RcsF]. Thus, OmpA 679 

functions as a buffer for RcsF. 680 

 681 

Analysis of protein structures 682 
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Protein structures were downloaded from the Protein Data Bank (http://www.rcsb.org; PDB 683 

codes are indicated) and visualized using PyMOL Molecular Graphics System (Version 2.3.4, 684 

Schrödinger, LLC). FASTA protein sequences were downloaded from Uniprot 685 

(http://www.uniprot.org/).   686 
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Figure Legends 709 

Figure 1. Defining the binding interface of RcsF on OmpA using in vivo site-specific 710 

photo-crosslinking. 711 

Upper panel: ∆rcsF cells expressing wild-type (WT) RcsF or DiZPK-containing RcsF 712 

variants (from pSC253) were irradiated with UV light (+) or not (-), and protein samples were 713 

immunoblotted with an anti-RcsF antibody. A 55 kDa band, corresponding to the size of the 714 

OmpA-RcsF complex, was observed for eight of the mutants (R45, N54, Q79, R89, K98, 715 

E110, P116, Q121). Lower panel: residues of RcsF were replaced by DiZPK to map the zone 716 

of interaction with OmpA. In this cartoon of the NMR structure of RcsF (PDB: 2L8Y), the 717 

truncated N-terminal portion of the protein is shown as a dashed line and the residues that 718 

were found to interact with OmpA appear in magenta. The side chains of the residues that 719 

were selected for further experiments are shown as spheres, and other side chains are 720 

represented as sticks. 721 

 722 

Figure 1 — figure supplement 1. The UV-dependent 55 kDa band is the OmpA-RcsF 723 

complex.  724 

To confirm the identification of the 55 kDa band as OmpA-RcsF, two DiZPK-containing 725 

RcsF variants (K98 and E110) were expressed from pSC253 in ∆rcsF and ∆rcsF∆ompA cells. 726 

Following UV exposure, the 55 kDa band only formed in cells in which OmpA was produced. 727 

Protein samples were immunoblotted with an anti-RcsF antibody. 728 

 729 

Figure 1 — figure supplement 2. The band migrating above the OmpA-RcsF complex is 730 

the OmpC/F-RcsF complex. 731 

A band migrating slightly higher than OmpA-RcsF was observed with the RcsFR89X variant 732 

expressed from pSC253 in ∆rcsF cells following UV exposure. This band corresponds to the 733 

OmpC/F-RcsF complex because it did not form in cells lacking ompR, a transcription factor 734 

required for the production of OmpC and OmpF. The unknown band marked by * migrates 735 

lower than OmpA-RcsF.  736 

 737 

Figure 2. RcsF interacts with the C-terminal portion of OmpA in vivo. 738 

(A) Schematic of the two conformations of OmpA. Left: the predominant view is that OmpA 739 

adopts a two-domain structure, with an N-terminal -barrel embedded in the OM and a C-740 

terminal periplasmic domain binding the peptidoglycan. Right: an alternative conformation in 741 

which OmpA folds into a large -barrel has also been proposed (Singh et al. 2003, 742 

Stathopoulos 1996). (B) Schematic of OmpA variants containing a thrombin-specific cleavage 743 

site (scissors at positions V189 and I243) and a 6x-histidine tag (orange) at the C-terminus. 744 

(C-D) In vivo site-specific photo-crosslinking of RcsF. ∆rcsF cells co-expressing one of the 745 

DiZPK-containing RcsF variant (R45X, Q79X, or R89X) together with OmpA (wild-type, or 746 

with a thrombin site inserted at V189 or I243) were UV-irradiated. The RcsF variants were 747 

expressed from pSC253; OmpA, OmpATH_189 and OmpATH_243 were expressed from the 748 

chromosome. After immunoprecipitation with anti-RcsF, protein samples were incubated (+) 749 

or not (-) with thrombin and immunoblotted with an anti-RcsF (C) or an anti-His-tag antibody 750 

(D). At least partial digestion of the ~55 kDa complex corresponding to OmpA-RcsF occurred 751 

with all three DiZPK-containing RcsF variants, yielding a band (RcsF-
Cleaved

OmpATH_189 or 752 

RcsF-
cleaved

OmpATH_243) migrating at lower molecular weights that was detected by both 753 

antibodies.  754 
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Figure 3. The periplasmic domain of OmpA is necessary and sufficient for the 755 

interaction with RcsF in vivo. 756 

 757 

(A) Upper panel: Schematic of the truncated OmpA variant corresponding to the 8-stranded 758 

ß-barrel domain (OmpA1-170). Middle panel: In vivo chemical crosslinking of RcsF to OmpA 759 

and OmpA1-170. WT, ΔompA and  ΔompA::ompA1-170 DH300 cells were incubated with or 760 

without 3,3’-dithio-bis[sulfosuccinimidylpropionate] (DTSSP). Proteins were immunoblotted 761 

with anti-RcsF (same for the middle panel in B and C). The OmpA-RcsF complex was 762 

detected in WT cells but not in cells expressing OmpA1-170. Lower panel: ß-galactosidase (ß-763 

gal) activity was measured using the transcriptional rprA-lacZ fusion on the chromosome 764 

(Majdalani, Hernandez, and Gottesman 2002) using the same DH300 strains as in the middle 765 

panel (same for the lower panel in B and C). Deleting ompA induces Rcs, expression of 766 

OmpA1-170 does not restore basal Rcs activity. (B) Upper panel: Schematic of the hybrid 767 

protein consisting of a fusion between the 8-stranded ß-barrel OmpX and the periplasmic 768 

domain of OmpA (OmpA171-325) (OmpAX). Middle panel: In vivo chemical crosslinking of 769 

RcsF to OmpA and OmpAX. WT, ΔompA and  ΔompA::ompAX cells were incubated with or 770 

without DTSSP. The RcsF-OmpA complex was detected in WT cells as well as in cells 771 

expressing OmpAX (RcsF-OmpAX). Lower panel: Deleting ompA induces Rcs, expression of 772 

OmpAX restores basal Rcs activity. (C) Upper panel: Schematic of the C-terminal domain of 773 

OmpA (OmpA171-325) fused to the signal sequence and lipobox of the OM lipoprotein Pal 774 

(OmpAPal). Middle panel: In vivo chemical crosslinking of RcsF to OmpA and OmpAPal. WT 775 

and ΔompA harboring pDSW204, an empty vector, used as control, and  ΔompA cells 776 

harboring pKiD22, expressing OmpAPal from an IPTG-inducible promoter, were incubated 777 

with or without DTSSP. The OmpA-RcsF complex was detected in WT cells as well as in 778 

cells expressing OmpAPal (OmpAPal-RcsF). Lower panel: Deleting ompA induces Rcs, 779 

expression of OmpAPal substantially decreases Rcs activity. See Figure 3 – source data 1 for 780 

details and statistics of middle panels. Mean (n=3) and standard deviation (error bars) are 781 

shown. Differences were evaluated with Student’s t test (ns, not significant; *p<0.05; 782 

***p<0.001).  783 

 784 

Figure 3 – source data 1.  785 

Raw source data for middle panels of Figure 3 A,B,C. 786 

 787 

Figure 3 — figure supplement 1. The 8-stranded ß-barrels of OmpA and OmpX are 788 

structurally similar and do not display an open channel through the membrane. 789 

(A) Superimposition of the structures of the membrane-embedded -barrels of OmpA (blue; 790 

PDB: 1QJP; residues 1-170) and OmpX (green; PDB: 2M07). The two ß-barrels, which have 791 

no sequence homology, can be superimposed
 
with an

 
RMSD of 2.49 Å. (B) Surface 792 

representation of the ß-barrel domain of OmpA (PDB: 1QJP; residues 1-170). The right panel 793 

is rotated 90° around the horizontal axis from the left panel. In this conformation, OmpA does 794 

not display an open channel. 795 

 796 

Figure 3 — figure supplement 2.  The expression levels of the OmpA variants are similar 797 

to those of wild-type OmpA.  798 

(A,B) Cells expressing OmpA1-170 (A) and OmpAX (B) from the chromosome were harvested 799 

at mid-log phase (OD600 = 0.4-0.6) and immunoblotted with antibodies specific for the 800 

periplasmic domain of OmpA (anti-OmpA186-325) or the -barrel domain (anti-OmpA1-170) 801 

(Materials and Methods). (C) Cells harboring pKiD22 were harvested at mid-log phase 802 

(OD600=0.4-0.6). Expression of OmpAPal was induced with IPTG (20 µM). The membrane 803 

fraction was analyzed by SDS-PAGE and proteins stained with Coomassie Blue. 804 
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 805 

Figure 4. RcsF interacts with the periplasmic domain of OmpA in vitro.  806 

(A) An expanded region of the HSQC titration spectra of 
15

N-labeled OmpA186-325 with RcsF. 807 

Several residues in the 
1
H/

15
N BEST-TROSY-HSQC spectrum of OmpA (blue) show 808 

chemical shift perturbations (CSP) upon addition of RcsF at molar ratios of RcsF to OmpA of 809 

2 (green) and 10 (red). Arrows indicate the direction of the chemical shift changes upon 810 

addition of RcsF to OmpA. (B) CSPs induced by the addition of RcsF to 
15

N-labeled 811 

OmpA186-325. Residues that showed CSP larger than two standard deviation are colored in 812 

blue. Cartoon (C) and surface (D) view of OmpA186-325 (PDB: 2MQE): top view (on the left) 813 

and bottom view (on the right). The residues in OmpA that undergo a CSP larger than two 814 

standard deviation (as in panel B) appear as dark blue and are labeled. Most of these residues 815 

are located between β-strand 2 and α-helix 3. The residues R242 and Y248 that do not interact 816 

well with RcsF in (E) are colored in light blue. (E) To confirm the importance of the loop 817 

between β-strand 2 and α-helix 3 of OmpA for the interaction with RcsF, we used site-818 

specific photo-crosslinking. ΔompA rcsF
+
 cells expressing wild-type (WT) OmpA or three 819 

DiZPK-containing OmpA variants (OmpAR242X, OmpAD246X, and OmpAY248X) from pPR21 820 

were irradiated with UV light (+) or not (-), and protein samples were immunoblotted with an 821 

anti-RcsF antibody. A strong 55 kDa band, corresponding to the size of the OmpA-RcsF 822 

complex, was observed with the OmpAD246X variant, confirming the NMR data. Weak 823 

complex formation was also observed with OmpAR242X and OmpAY248X. The expression 824 

levels of the OmpA variants were verified by immunoblotting (lower panel).  825 

 826 

Figure 4 – source data 1.  827 

Raw source data for Figure 4A,B: the HSQC titration spectra of 
15

N-labeled OmpA186-325 with 828 

RcsF. 829 

  830 

Figure 5. OmpA likely competes with the IM protein IgaA for RcsF.  831 

(A) Cartoon of the E. coli cell envelope, with IgaA in the IM and RcsF and OmpA in the OM. 832 

RcsF, an OM lipoprotein, interacts with OmpA. When in complex with RcsF, OmpA adopts 833 

its two-domain conformation, with an N-terminal -barrel embedded in the OM and a C-834 

terminal domain soluble in the periplasm. The periplasmic domain of OmpA interacts with 835 

RcsF, likely competing with IgaA for RcsF binding. Copy numbers are from (Li et al. 2014). 836 

(B) Impact of over-expressing IgaA on the OmpA-RcsF complex (left). Cells harboring 837 

pSC231, an empty vector used as control, or pIgaA (pSC237, expressing IgaA-Flag3 from an 838 

IPTG-inducible promoter) were harvested at mid-log phase and incubated without (lanes 1-6) 839 

or with (lanes 7-12) BS3. Protein samples were immunoblotted with α-Flag (upper panel), α-840 

RcsF (middle panel), or α-OmpA171-325 (lower panel) antibodies. IgaA-Flag3 was expressed in 841 

WT (lanes 2-4 and 8-10), ∆rcsF (lanes 5 and 11), and ∆ompA cells (lanes 6 and 12) with the 842 

indicated IPTG concentrations. Quantitation (see Figure 5 – source data 1 for details) of the 843 

IgaA-RcsF and OmpA-RcsF complexes detected by the anti-RcsF antibodies is shown (right 844 

panel).* and **, non-specific bands detected by the polyclonal α-RcsF antibody. (C) Plot of 845 

the chemical shift perturbation (CSP) measured on OmpA resonances as a function of the 846 

RcsF:OmpA ratio. Only the residues with significant CSP (colored in blue in Fig.  4B) are 847 

plotted and used to fit the KD. (D) The interaction between RcsF and the periplasmic domain 848 

of IgaA was probed by biolayer interferometry (BLI). Sensortips carrying immobilized RcsF 849 

were dipped into increasing concentrations of IgaA (5.9, 8.9, 13.3, 20, 30 nM) from 0-1000 850 

sec then into buffer (1000-2000 sec). Association and dissociation phases were fitted (red 851 

lines) to extract a KD value. Residuals from the fits are shown at the bottom of the panel (see 852 

Figure 5 – source data 2 for statistics). 853 

 854 
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Figure 5 – source data 1.  855 

Raw source data for Figure 5B. 856 

 857 

Figure 5 – source data 2. 858 

Raw source data for Figure 5D 859 

 860 

Figure 5 — figure supplement 1: Estimation of the concentrations of IgaA and OmpA in 861 

the cell envelope.  862 

OmpA-Flag3 was expressed from pOmpA-Flag3 (pPR4) with 50 or 250 µM IPTG in ∆ompA 863 

cells. IgaA-Flag3 was expressed from pIgaA-Flag3 (pSC237) with 250 µM IPTG in wild-type 864 

(WT) cells. Samples were serially diluted as indicated before SDS-PAGE. OmpA-Flag3 (lanes 865 

1-4) and OmpA (lanes 5-9) were detected with anti-OmpA (upper panel); OmpA-Flag3 (lanes 866 

1-4) and IgaA-Flag3 (lanes 5-9) were detected with anti-Flag (lower panel). Images are 867 

representative of experiments made in biological triplicate. 868 

 869 

Figure 6. Model of the complex between RcsF and the C-terminal domain of OmpA. 870 

(A) Cartoon and (B) surface representation of a complex between RcsF (residues 44-134, 871 

colored in light green) and OmpA (residues 190-315, colored in purple). The atoms from the 872 

six residues mutated to DiZPK (RcsFR45X, RcsFQ79X, RcsFR89X, OmpAR242X, OmpAD246X, and 873 

OmpAY248X) are represented as spheres with the van der Waals radius. This model, which 874 

shows a good surface complementarity between the two proteins, was obtained by protein-875 

protein docking with constraints from the crosslinking experiments and further refined by all-876 

atom molecular dynamics (50 ns). The N-terminal residue of RcsF points out in the same 877 

direction as the extremities of the periplasmic domain of OmpA, i.e. towards the OM, and this 878 

binding mode is compatible with the interaction of the periplasmic domain of OmpA with the 879 

peptidoglycan. 880 

 881 

Figure 6 — figure supplement 1: The Rcs system responds to polymyxin exposure in 882 

cells lacking OmpA.  883 

Wild-type (WT; DH300, a MG1655 derivative (Majdalani, Hernandez, and Gottesman 2002)) 884 

and ∆ompA cells were treated with increasing concentrations of polymyxin B (0.0001 – 0.001 885 

– 0.01 – 0.5 µg/mL) when they reached an OD600 of 0.4. Rcs activity was measured by a 886 

chromosomal rprA::lacZ fusion. Treatment with polymyxin B activated Rcs both in the WT 887 

and in the ∆ompA mutant. Mean (n=3) and standard deviation (error bars) are shown. See 888 

Figure 6 – figure supplement 1 – source data 1 for statistics. Differences were evaluated with 889 

Student’s t test (ns, not significant; *p<0.05). 890 

 891 

Figure 6 — figure supplement 1 – source data 1 892 

Raw source data for Figure 6 – figure supplement 1.  893 

 894 

Figure 6 — figure supplement 2: OmpA functions as a buffer for RcsF. 895 

The concentration of OmpA [OmpA] is high (1000 µM) and can therefore be considered 896 

constant ([OmpA]=C in the equations above)). Left panel: the concentration of the OmpA-897 

RcsF complex [OmpA-RcsF] increases linearly with the concentration of RcsF in the 898 
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periplasm. Right panel: the concentration of IgaA-RcsF [IgaA-RcsF] increases as a function 899 

of [RcsF] in the periplasm, but, in this case, the increase is decelerated and follows a 900 

hyperbolic curve. Thus, OmpA functions as a buffer for RcsF. See the Materials and Methods 901 

for more information.  902 

 903 

Supplementary File 1: Strains used in this study. 904 

Supplementary File 2: Primers used in this study. 905 

Supplementary File 3: Plasmids used in this study.  906 
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