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Abstract 24 

 The Gram-negative outer membrane (OM) is a selectively permeable asymmetric bilayer 25 

that allows vital nutrients to diffuse into the cell but prevents toxins and hydrophobic molecules 26 

from entering.  Functionally and structurally diverse -barrel outer membrane proteins (OMPs) 27 

build and maintain the permeability barrier, making the assembly of OMPs crucial for cell 28 

viability.  In this work, we characterize an assembly-defective mutant of the maltoporin LamB, 29 

lamBG439D. We show that the folding defect of LamB
G439D 

results in an accumulation of unfolded 30 

substrate that is toxic to the cell when the periplasmic protease DegP is removed. Selection for 31 

suppressors of this toxicity identified the novel mutant degSA323E allele.  The mutant DegS
A323E

 32 

protein contains an amino acid substitution at the PDZ/protease domain interface that results in a 33 

partially activated conformation of this protein. This activation increases basal levels of 34 

downstream 
E 

stress response signaling. Furthermore, the enhanced 
E 

activity of degSA323E 35 

suppresses a number of other assembly-defective conditions without exhibiting the toxicity 36 

associated with high levels of 
E 

activity.  We propose that the increased basal levels of 
E 37 

signaling primes the cell to respond to envelope stress before OMP assembly defects threaten 38 

cell viability. This finding addresses the importance of envelope stress responses in monitoring 39 

the OMP assembly process and underpins the critical balance between envelope defects and 40 

stress response activation. 41 

 42 

Importance 43 

 Gram-negative bacteria, such as Escherichia coli, inhabit a natural environment that is 44 

prone to flux. In order to cope with shifting growth conditions and the changing availability of 45 

nutrients, cells must be capable of quickly responding to stress. Stress response pathways allow 46 
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cells to rapidly shift gene expression profiles to ensure survival in this unpredictable 47 

environment.  Here, we describe a mutant that partially activates the 
E 

stress response pathway. 48 

The elevated basal level of this stress response allows the cell to quickly respond to 49 

overwhelming stress to ensure cell survival.  50 

 51 

Introduction 52 

 The outer membrane (OM) of Gram-negative bacteria functions as a robust permeability 53 

barrier that selectively allows nutrients into the cell but prevents harmful molecules, such as 54 

antibiotics, from entering.  Due to this critical balance, the biogenesis of the OM is a precisely 55 

regulated process that is essential for cell viability.  The main functions of the OM, namely the 56 

passage of nutrients, the efflux of toxins, and the maintenance of membrane integrity, are carried 57 

out by integral -barrel outer membrane proteins (OMPs). As such, defects in OMP assembly 58 

disrupt the selectivity of the permeability barrier and leave the cell vulnerable to antibiotics and 59 

other environmental threats (1, 2).  60 

 The early stages of the OMP assembly pathway have been extensively characterized over 61 

the past five decades.  Briefly, precursor OMPs are transported across the inner membrane (IM) 62 

by the Sec translocon (3, 4).  Chaperones, such as SurA, bind the OMP at the periplasmic face of 63 

the IM and ferry the processed, mature protein across the periplasm to the OM.  During 64 

transport, SurA maintains the OMP in an unfolded state in order to prevent aggregation and 65 

misfolding in the oxidizing environment of the periplasm.  The unfolded OMP is delivered to the 66 

heteropentomeric -barrel assembly machine (Bam complex) and is assembled into the OM (5, 67 

6).  The mechanism by which the Bam complex interacts with and folds OMPs remains poorly 68 

understood. 69 
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 Folding defects, translational error, or conditions that disrupt protein assembly can result 70 

in OMPs falling off of the assembly pathway and misfolding in the periplasm.  Unchecked, this 71 

accumulation of unfolded proteins will lead to cell death (7, 8). The 
E 

stress response monitors 72 

the cell for toxic aggregates and alters gene expression in response. In wild-type cells, OMP 73 

assembly is incredibly efficient and unfolded OMPs cannot be detected at steady-state levels (9, 74 

10).   75 

The 
E
 pathway detects periplasmic stress input and initiates a proteolytic cascade that 76 

results in the sequential degradation of the anti-sigma factor RseA (10). Unfolded OMPs bind the 77 

essential IM protease DegS and activate cleavage of the periplasmic domain of RseA (11-13). 78 

This stimulates degradation of the inner membrane region of RseA by RseP, resulting in the 79 

release of the cytoplasmic domain of the anti-sigma factor (14-17). The 
E
-bound cytoplasmic 80 

domain is then cleaved by ClpXP, freeing 
E
 to transcribe its regulon (18-20). Included in the 81 

regulon are Bam complex members, chaperones, proteases, and small RNAs to repress 82 

expression of OMPs, among others (21, 22).  Thus, activation of the 
E
 response shifts the gene 83 

expression profile to improve the transport and assembly of OMPs, enhance the degradation of 84 

unfolded proteins that have aggregated in the periplasm, and slow the influx of precursor OMPs 85 

into the assembly pathway.  86 

Regulation of the 
E
 stress response pathway is critical to cell viability (23, 24). 87 

Constitutive activation of 
E
 in the absence of stress, such as in the case of rseA null mutations, 88 

causes growth defects under standard culturing conditions (19, 25-28).  The cell maintains 89 

control over 
E 

activity through translational regulation; ribosomal profiling studies show that 90 

translation rates of RseA are much higher than those of 
E
 (29, 30).  The ability of the cell to turn 91 
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the 
E 

pathway on in the presence of stress, shut it off when the threat subsides, and prevent 92 

activation in the absence of stress, is critical to cell survival (12, 31). 93 

 Here, we characterize an assembly-defective mutant of the maltoporin LamB that 94 

accumulates as an unfolded OMP substrate that is toxic under certain conditions.  Selection for 95 

suppressors identified a novel mutation that alters the IM protease DegS and partially activates 96 

the 
E 

stress response.  This mutation also suppresses other distinct assembly-defective 97 

mutations, suggesting that the fine tuning of 
E 

activity may have a significant impact on cell 98 

viability in otherwise toxic backgrounds.  99 

 100 

Results 101 

lamBG439D is an assembly-defective mutant 102 

 To investigate critical interactions that take place during OMP biogenesis, we perturbed 103 

the assembly process with a defective OMP substrate. We selected the maltoporin LamB as a 104 

candidate protein due to the ability to assay LamB assembly through maltodextrin utilization (32, 105 

33).   To impair assembly of LamB, we performed site-directed mutagenesis on a plasmid-106 

encoded lamB under the control of a tetracycline-inducible promoter in order to avoid feedback 107 

from maltodextrin intake on the native promoter and assayed function in strains in which the 108 

native copy of lamB was deleted (34, 35).  We selected a C-terminal conserved glycine at residue 109 

439 for mutagenesis, as mutations of similarly positioned glycine residues have been shown to 110 

impair assembly of other OMPs (36-39). Residue G439 was mutated to either an alanine or a 111 

charge was introduced with an aspartate.  To examine the effect of these mutations on LamB 112 

assembly, we assayed levels of monomeric and functional trimeric protein in cells grown at 30C 113 

(Figure 1A). lamBG439A showed similar levels of monomeric and trimeric LamB as a control 114 
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strain expressing wild-type lamB, whereas lamBG439D exhibited drastically reduced levels of both 115 

forms of LamB.  However, cells expressing lamBG439D form red colonies on MacConkey 116 

maltodextrin agar (Figure S1) and are able to grow in defined minimal maltodextrin media 117 

(Table S1), indicating that there is a small amount of functional protein assembled into the OM. 118 

We concluded that LamB
G439D

, and not LamB
G439A

, was assembly-defective, however, it 119 

remained unclear at what stage of assembly LamB
G439D

 was impaired. 120 

We hypothesized that the charge substitution could interfere with interactions with the 121 

Bam complex or with folding, as other previously described assembly-defective substrates 122 

exhibit defects at these stages in assembly (38-41). To determine if LamB
G439D

 interacts 123 

aberrantly with the Bam complex, we measured the binding of LamB peptides encompassing 124 

residue 439 to the Bam complex using affinity co-purification (Figure 1B). We used binding to 125 

BamD as a measure of Bam complex engagement with the mutant substrate due to the role of 126 

BamD in recognizing OMPs (38, 40, 42). We first confirmed that residue 439 was located in a 127 

region of the protein that interacts with the Bam complex. LamB peptides encompassing residues 128 

353-446 were able to bind BamD while peptides comprised of residues 26-121 did not co-purify 129 

with BamD, indicating that the protein region surrounding residue 439 binds to the Bam 130 

complex.  Furthermore, we determined that LamB peptides (residues 353-446) containing 131 

G439A and G439D mutations bound to His-tagged BamD similarly to the wild type peptide, 132 

indicating that neither mutation changes the ability of LamB to engage with the Bam complex.  133 

-barrel proteins are resistant to denaturation by SDS alone, allowing the folding status of 134 

the protein to be assayed by comparing heat-denatured and non-denatured (incubated at room 135 

temperature) samples, a property called heat modifiability (43). Figure 1C shows heat 136 

modifiability of purified LamB following an in vitro folding assay.  Purified LamB
+ 

and 137 
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LamB
G439A

 are folding-competent under non-denaturing conditions, evidenced by the appearance 138 

of folded molecules in non-denatured samples.  However, no amount of folded LamB
G439D

 can 139 

be detected in the non-denatured samples.  Taken together, we conclude that LamB
G439D

 is an 140 

assembly-defective mutant that is impaired in folding but not in recognition by the Bam 141 

complex. 142 

 143 

Unfolded LamB
G439D 

is toxic in the absence of degP 144 

 Often, mutant OMP substrates fall off of the assembly pathway and misfold in the 145 

periplasm. Periplasmic proteases degrade the misfolded protein to prevent the toxicity associated 146 

with the accumulation of unfolded proteins (7, 8, 44).  The folding defect of LamB
G439D

, then, 147 

may make the assembly-defective protein a substrate of the periplasmic protease DegP.  To 148 

examine this possibility, we deleted degP and monitored levels of monomeric and trimeric 149 

LamB
G439D 

in cells grown at 30C (Figure 2A).  Deletion of degP restored whole cell monomeric 150 

protein levels, supporting the model that LamB
G439D

 accumulates in the periplasm and is 151 

degraded by DegP. However, very little of the stabilized monomeric LamB
G439D

 is assembled 152 

into the OM, as evidenced by the minimal increase in functional LamB
G439D 

trimers (Figure 2A). 153 

The red colony phenotype on MacConkey maltodextrin agar and ability to grow in minimal 154 

maltodextrin media indicates that degP lamBG439D cells do have functional LamB
G439D

 in the 155 

OM (Figure S1, Table S1). A protease-null mutant of degP, degPS210A, also stabilizes levels of 156 

monomeric LamB
G439D 

(Figure 2B) (45). Thus, the absence of the DegP protease function 157 

stabilizes unfolded LamB
G439D

 monomers but the majority of this protein is not assembled into 158 

the OM.  159 
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Intriguingly, deletion of degP in a lamBG439D background is lethal at 37C.  To further 160 

demonstrate this conditional synthetic phenotype, we used genetic linkage analysis to quantify 161 

the frequency at which a degP::kan allele can be moved into the lamBG439D strain at 30C and 162 

37C by co-transduction with a nearby yadC::Tn10 marker (Table 1). degP::kan can be moved 163 

into the lamBG439D strain at 30C, albeit with some linkage disruption.  However, the allele 164 

cannot be moved into the strain at the higher temperature, confirming that deletion of degP is 165 

synthetically lethal with lamBG439D at 37C.  We posit that the accelerated growth rate of cells at 166 

37C leads to a toxic aggregation of unfolded LamB
G439D

 that results in cell death.  167 

 168 

Isolation of a suppressor of degP lamBG439D 169 

 We took advantage of the synthetic lethality of lamBG439D with degP deletion at 37C to 170 

select for suppressors that restored assembly of the defective protein.  To do this, we grew degP 171 

lamBG439D cells at the permissive temperature of 30C overnight, diluted the cultures, and plated 172 

on MacConkey maltodextrins at 37C. This strategy allowed us to select for suppressors that 173 

both allowed viability of cells at the non-permissive temperature and screen for those that 174 

properly assembled LamB.  Assembly of LamB was assayed using growth phenotype on the 175 

MacConkey maltodextrin agar; red colony color indicates that the cell assembled LamB and was 176 

able to take in maltodextrins (Figure S1) (46).   177 

Most of the spontaneous suppressors restored growth at 37C but did not restore 178 

assembly of LamB, resulting in white colonies on MacConkey maltodextrin agar. The high rate 179 

of suppressors that restored growth, but not assembly of LamB, suggests that they are lamB null 180 

mutations and this underscores the toxicity of LamB
G439D

. We identified a chromosomal 181 

suppressor that was viable at both 30C and 37C and formed red colonies on MacConkey media 182 
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supplemented with maltodextrins (Figure 3A). Using whole genome sequencing, we identified 183 

the degSA323E mutation and subsequently confirmed that this was a suppressor by marker rescue. 184 

Immunoblot analysis showed that the suppressor mutation efficiently restored levels of 185 

trimeric LamB
G439D

 at 30C and stabilized monomeric protein at 37C (Figure 3C compare lanes 186 

22-23, Figure 3B compare lanes 7-8).  The suppressor mutation increased levels of LamB
+
, 187 

LamB
G439D

, and OmpA at higher temperatures (Figure 3B compare lanes 7-8, 13-14). However, 188 

it did not restore efficient trimer assembly of LamB
G439D

 (Figure 3C). This suggests that the 189 

degSA323E suppressor mutation both aids in the assembly of the mutant protein and ameliorates 190 

the toxicity of LamB
G439D

 in a temperature-dependent manner.  191 

 192 

degSA323E increases basal levels of 
E
 signaling 193 

 DegS
A323E

 contains an alanine-to-glutamate substitution at residue 323, which is located 194 

at the interface between the PDZ and protease domains of the protein (Figure 4A).  Salt bridges 195 

at this interface stabilize the inactive conformation of DegS and are disrupted as a result of steric 196 

clashes upon OMP binding to the PDZ domain.  Previous studies have shown that altering 197 

residues in the PDZ/protease domain interface changes the activity of DegS, likely through 198 

disruption of the salt bridge network (47-51). To assay DegS
A323E

 activity, we monitored 
E
 199 

activation through measurement of -galactosidase activity from a 
E
-dependent lacZ reporter 200 

(Figure 4B-C) (52). degSA323E showed increased basal levels of 
E 

activity in an otherwise 201 

isogenic, wild-type strain. This increase in 
E 

activity was comparable to the levels of induction 202 

observed in a surA strain but lower than activation in an rseA null, which exhibits fully active 203 


E 

signaling (Figure 4B-C) (53, 54). However, degSA323E did prevent further induction when the 204 


E 

response was induced. degSA323E surA and degSA323E rseA double mutants showed similar 205 
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levels of 
E
 activation as surA or rseA mutants, respectively (Figure 4B-C). degSA323E, then, 206 

primes the cell to handle stress with a higher basal level of 
E
 activation, but this signaling is not 207 

further enhanced by DegS
A323E

 when stress is present.  208 

To determine if elevated 
E 

activity was sufficient for suppression, we tested if other 209 

mutations that increase levels of 
E
 signaling could also suppress degP lamBG439D.  Deletion of 210 

the anti-sigma factor rseA phenocopied the degSA323E suppressor; levels of trimeric LamB
G439D

 211 

were more efficiently restored at 30C  and levels of the monomeric protein were stabilized at 212 

37C (Figure 3B).  Removal of RseA, however, impacted cell viability and prevented robust 213 

growth on MacConkey maltodextrin agar even in wild-type strains (Figure S2).  This is likely 214 

due to the toxic elevation of 
E
 activity in cells lacking RseA (20) (25-28, 55).   215 

In contrast, cells expressing degSA323E in an otherwise wild-type background grew 216 

similarly to wild-type cells both at 30C and 37C, indicating that the enhanced 
E
 activity of 217 

this allele does not impact growth (Figure S3).  Our data shows that multiple mutations that 218 

elevate 
E 

activity can suppress degP lamBG439D and suggests that the lowered activation of the 219 

degSA323E allele prevents the toxic effects of overactive stress signaling. 220 

 221 

Increase in 
E 

signaling by DegS
A323E

 suppresses many assembly-defective mutations 222 

Previous studies show that elevated 
E 

activity can alleviate the phenotypes of numerous 223 

assembly-defective conditions (56, 57). Because the 
E
 stress response streamlines OMP 224 

biogenesis when the cell encounters stress, we wondered if degSA323E could suppress other 225 

assembly-defective conditions. We assayed suppression of lptDY721D and bamBbamE, both of 226 

which impair OMP assembly and exhibit outer membrane defects (Figure 5). Importantly, 227 
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lptDY721D and bamBbamE are defective at distinct stages of OMP assembly, allowing us to 228 

examine the scope of degSA323E suppression. 229 

 lptDY721D is an assembly-defective mutant of LptD, the OM insertase of 230 

lipopolysaccharides, that exhibits an early folding defect and stalls on BamD during assembly. 231 

Due to the deficient interaction with BamD, LptD
Y721D

 falls off of the assembly pathway and is 232 

degraded in the periplasm.  As such, lptDY721D is characterized by reduced levels of folded LptD 233 

protein (41, 44).  We hypothesized that increasing basal levels of 
E
 signaling may alleviate this 234 

phenotype. We used Western blot analysis to detect reduced and oxidized LptD, representing 235 

unfolded and folded protein, respectively, in cells expressing both degSA323E and lptDY721D (Figure 236 

5A). We found that degSA323E increased levels of oxidized LptD
Y721D

, indicating that more 237 

protein is assembled into the OM.  This result shows that degSA323E suppresses multiple 238 

assembly-defective OMPs that are impaired at different stages of assembly. 239 

 bamBbamE is a conditionally lethal deletion of two lipoproteins in the Bam complex 240 

that results in global defects in OMP assembly. The drastic reduction in OMPs prevents growth 241 

of bamBbamE cells on rich media and at higher temperatures (58, 59). To determine if 242 

degSA323E could overcome a Bam complex mutant that impacts universal OMP assembly, we 243 

assayed growth of bamBbamE cells under non-permissive conditions (Figure 5B).  In 244 

agreement with earlier studies, the bamBbamE double mutant grew only on minimal media. 245 

degSA323E suppressed this growth defect and restored the ability of bamBbamE to grow on rich 246 

media at higher temperatures.  Taken together, our data shows that degSA323E is a powerful 247 

suppressor of several conditions that weaken the OM, including assembly-defective OMP 248 

substrates and Bam complex mutations. 249 

 250 
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Discussion 251 

 In this paper, we characterize degSA323E, a novel mutation in the 
E
 stress response 252 

pathway.  This mutant was isolated as a suppressor of lamBG439D, which specifies an assembly-253 

defective mutant of the maltoporin LamB, also described here.  LamB
G439D

 exhibits a folding 254 

defect that prevents robust assembly of functional protein into the OM. We show that deletion of 255 

degP stabilizes monomeric LamB
G439D

 at 30C but is synthetically lethal with lamBG439D at 37C, 256 

suggesting that unfolded monomeric protein accumulates in the absence of the protease (Figure 257 

2A, Table 1).  Removal of DegP only nominally increases levels of trimeric LamB
G439D

, 258 

indicating that the majority of the monomeric protein that is stabilized in the absence of the 259 

protease is not assembled into the OM (Figure 2A).  260 

We isolated degSA323E as a suppressor of degP lamBG439D that both allowed viability at 261 

the non-permissive temperature and formation of red colonies on MacConkey maltodextrin agar 262 

(Figure 3A). We have shown that degSA323E increases basal levels of 
E 

activation in otherwise 263 

wild-type strains without causing growth defects (Figure 4B, Figure S3). The partial 
E 264 

activation exhibited by degSA323E is critical for viability; deletion of the anti-sigma factor rseA 265 

prevents robust growth on MacConkey agar containing maltodextrins (Figure S2). Strikingly, 266 

degSA323E also suppresses the assembly-defective mutations lptDY721D and the conditional lethal 267 

phenotype of a bamBbamE double deletion strain (Figure 5). The partial activation of the 
E
 268 

stress response by degSA323E alleviated defects of these distinct assembly-defective conditions 269 

without creating toxicity associated with constitutively active 
E 

activity. 270 

 We do not yet know the 
E 

regulon member(s) directly responsible for the suppression of 271 

degP lamBG439D . At 30C, the degSA323E suppressor mutation allows efficient assembly of 272 

functional LamB
G439D

 trimers. At elevated temperatures, however, the suppressor mutation 273 
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stabilizes monomeric LamB
G439D

 but does not allow efficient assembly of this protein into the 274 

OM (Figure 3B-C). Thus, degSA323E is able to both aid assembly of the mutant protein and 275 

ameliorate the toxicity of unfolded protein. We believe that degSA323E finely tunes the protein 276 

quality control network to achieve the balance between stabilization of unfolded protein and 277 

assembly into the OM. The increase in 
E 

signaling in cells expressing degSA323E may result in 278 

changes in the expression of both proteases and chaperones.  We think it is likely that even in the 279 

presence of degSA323E, assembly of LamB
G439D

 does not occur at wild-type rates.  At elevated 280 

temperatures, increased growth rates increase the load on the Bam complex and assembly of 281 

LamB
G439D

 is further compromised. It is not yet clear where the mutant protein is located in the 282 

cell, but it must be sequestered in some way that its toxicity is relieved.  Identifying the key 
E
 283 

regulon members induced by degSA323E and the mechanism by which this shift in gene expression 284 

profile allows for enhanced assembly or reduced toxicity in the absence of assembly will require 285 

further study. 286 

DegS forms a homotrimer, with each monomer comprised of a protease domain and a 287 

PDZ domain that binds unfolded OMPs. Under non-inducing conditions, DegS is maintained in 288 

an inactive state through autoinhibitory salt bridges at the PDZ/protease domain interface. 289 

Residues that are important for these stabilizing salt bridges include E317/R178, D320/R178, 290 

E324/K243, and D122/R256.  Binding of an OMP causes a steric clash at the PDZ/protease 291 

domain interface, forcing conformational rearrangements that promote DegS activity through 292 

alignment of the catalytic triad (49-51, 60). Previously, it was shown that mutations that disrupt 293 

the autoinhibitory salt bridges or deletion of the PDZ domain altogether increase the basal 294 

activity of DegS (13, 47, 49, 51). 295 
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 Residue 323 is located at the PDZ/protease domain interface and is directly adjacent to a 296 

residue that forms one of the stabilizing salt bridges that maintain the inactive conformation of 297 

the protein (D324) (49, 50). Substitution of a charged glutamate at this residue likely influences 298 

the salt bridge network that stabilizes the inactive protein in the wild-type protein. We found that 299 

DegS
A323E

 exhibits increased basal levels of 
E 

signaling, suggesting that this amino acid change 300 

disrupts pre-existing salt bridges to bias the protein towards the active conformation. The 301 

increase in signaling was similar to that found in surA null strains. DegS
A323E

 is not fully 302 

activated, as evidenced the reduced 
E 

signaling as compared to an rseA null mutant (Figure 4B).  303 

Thus, we believe that the system of salt bridges across the PDZ/protease domain interface is not 304 

disrupted, but rather the local network is weakened (47, 51).  305 

 degSA323E, however, does not increase 
E 

signaling under inducing conditions. We show 306 

that 
E 

activation is equivalent in surA and surA degSA323E strains. The level of 
E 

signaling in 307 

rseA and rseA degSA323E mutants are also comparable (Figure 4B). This is in agreement with 308 

an earlier study that shows that mutations of residues that contribute to the salt bridge network at 309 

the PDZ/protease domain interface increase levels of basal 
E 

activity but do not further enhance 310 

activation in the presence of stress beyond that of wild-type DegS (51). We suggest that the 311 

disruption of the local network of salt bridges at the PDZ/protease domain interface in DegS
A323E

 312 

increases basal levels activation of DegS
A323E

 but does not change the maximal activity of 313 

DegS
A323E

 compared to wild-type DegS when stress is present.   314 

 Our work shows that degSA323E is a powerful suppressor of a number of distinct 315 

conditions that disrupt the outer membrane, including lamBG439D, lptDY721D, and bamBbamE 316 

(Figure 3, 5). Other studies have also demonstrated that enhanced 
E 

stress response signaling, 317 

resulting from rpoE mutants or rseA null mutations, can suppress numerous assembly-defective 318 
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conditions (56, 57). We propose that degSA323E increases basal levels of 
E 

signaling to prime the 319 

cell to respond to stress.  Cell viability is ultimately determined by the race between escalating 320 

envelope stress and activation of stress response pathways.  If left unchecked, the buildup of 321 

unfolded OMPs will reach toxic levels and kill the cell.  Envelope stress response pathways 322 

detect unfolded OMP substrates and activate gene programs that counter the rapid accumulation 323 

of unfolded OMPs before they challenge cell viability.  The increased levels of 
E 

signaling 324 

exhibited by degSA323E prevent cell death by activating the protective 
E
 regulon before the level 325 

of unfolded OMPs reaches lethal levels. Importantly, degSA323E lacks the growth defects 326 

characteristic of high levels of 
E 

signaling (Figure S3) (25-28, 55).  Therefore, we suggest that 327 

degSA323E finely tunes basal levels of 
E 

activation to help the cell cope with stress associated 328 

with OMP assembly without creating the toxicity affiliated with high levels of 
E 

activation. 329 

 330 

Materials and Methods 331 

Bacterial strains and plasmids 332 

All strains, plasmids, and oligonucleotides used in this study are presented in Table S1. 333 

All oligonucleotides were ordered from Integrated DNA Technologies. Strains were constructed 334 

using standard microbiological techniques and grown as previously described (61). When 335 

necessary, LB media was supplemented with 20mg/L chloramphenicol, 25mg/L kanamycin 336 

(low), 50mg/L kanamycin (high), 50mg/L carbenicillin, or 10mg/L tetracycline.  NovaBlue 337 

(Novagen), BL21(DE3) (Novagen), and Mach-1 (Thermo Fisher Scientific) strains were used for 338 

expression and cloning procedures. To evaluate suppression of bamBbamE, cultures were 339 

grown in M63 media supplemented with 0.2% glucose, 1mM MgSO4, 100g/mL thiamine, and a 340 

500L volume of LB. Unless otherwise noted, all strains were grown and constructed at 30C. 341 
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Deletion alleles originated from the Keio Collection (28). In all strains, degSA323E was linked to 342 

the nearby yhcG Keio allele.  Comparison of cells expressing degSA323E yhcG::kan was always 343 

made in reference to the isogenic control, which contained only yhcG::kan.  When testing for 344 

suppression of bamBbamE, the yhcG::kan allele was removed by the use of FLP recombinase, 345 

as previously described (62).  Growth phenotypes of wild-type bamB, bamE, and 346 

bamBbamE strains were not altered by yhcG (Figure S4). 347 

 348 

Western blot analysis 349 

Overnight cultures were normalized by absorbance at 600nm (OD600).  Samples were 350 

resuspended in the same volume of sample buffer containing -ME.  For oxidized blots, the 351 

sample buffer lacked -ME. Samples were boiled for 10 minutes and subjected to electrophoresis 352 

through an SDS-PAGE gel (10% for LamB blots and 8% for LptD blots). Proteins were 353 

transferred to a nitrocellulose membrane (GE Healthcare, Amersham). Immunoblotting was 354 

performed using rabbit polyclonal antisera that recognizes LamB/OmpA/MBP (1:25,000), 355 

trimeric LamB (1:16,500), LptD (1:25,000), GroEL (1:10,000). Donkey anti-rabbit IgG 356 

horseradish peroxidase secondary antibody (GE Healthcare) was used at 1:10,000 dilution for all 357 

immunoblots.  358 

 359 

Trimeric LamB sample preparation 360 

 Overnight cultures were normalized by OD600.  Cells were resuspended in Bugbuster 361 

(Millipore), protease cocktail inhibitor (1:100, Sigma-Aldrich), benzonase (1:100, Sigma-362 

Aldrich), and 1M MgCl2 (1:100). Samples were lysed for 10 minutes at room temperature.  363 
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Laemelli sample buffer (Bio-Rad) supplemented with -mercaptoethanol was added to dilute the 364 

sample volume 1:2.  Samples were electrophoresed and analyzed as described above. 365 

 366 

Preparation of biologically pure M63 minimal maltodextrin media 367 

 M63 media was supplemented with 80mL/L maltodextrin solution, 1mM MgSO4, and 368 

100g/mL thiamine.  MG2930 was inoculated into the media and grown overnight at 37C.  The 369 

cells were pelleted and the remaining supernatant was filtered (0.22m pore, Millipore). 370 

 371 

Growth phenotypes in minimal maltodextrin media 372 

 Strains were grown under permissive conditions in LB or LB supplemented with 20mg/L 373 

chloramphenicol, when appropriate.  Cells were washed in M63 media and a normalized number 374 

of cells was inoculated into minimal maltodextrin media  (containing 20mg/L chloramphenicol 375 

for plasmid maintenance, when necessary).  After 24 hours of growth at 30C, growth was 376 

scored. 377 

 378 

Expression and Purification of Soluble BamD-His6 379 

Soluble BamD-His6 was expressed from pCH86 in BL21(DE3) cells as described 380 

previously (42). Cultures were grown at 37C to OD600 = 0.4, and then protein expression was 381 

induced by adding 0.1mM IPTG.  The cultures were incubated for another 3-4 hours.  The cells 382 

were collected by centrifugation at 5,000 x g for 10 minutes at 4C and then resuspended in TBS 383 

(pH 8).  They were lysed via cell disrupter and centrifuged again at 5,000 x g for 10 minutes at 384 

4C.  Mechanical cell lysis was achieved using an EmulsiFlex-C3 cell disrupter (Avestin) at a 385 

pressure of 10,000 – 15,000 psi. The supernatant was collected and ultracentrifuged at 100,000 x 386 
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g for 30 minutes at 4C.  The clarified supernatant was then subjected to Ni-NTA affinity 387 

chromatography (Qiagen) followed by size exclusion chromatography (Superdex 200 column, 388 

GE Healthcare) in TBS (pH 8) (defined as 20mM Tris (pH 8) with 150mM NaCl unless 389 

otherwise noted). 390 

 391 

Expression and Purification of wild-type/mutant LamB substrates and peptides  392 

 All full-length, truncated, and/or mutated forms of LamB were produced by expression in 393 

the cytoplasm of BL21(DE3) strains carrying the appropriate plasmid (pCH13, pJW384, 394 

pJW387, pJW410, pJW411, pJW412, pJW413, or pCH167). Cultures of these strains were 395 

grown at 37C to OD600 = 0.4.  Expression of the proteins was then induced by addition of 396 

0.1mM IPTG, and the cultures were incubated for another 2-3 hours.  The cells were then 397 

harvested, resuspended in TBS (pH 8) with added 0.1mg/mL deoxyribonuclease, 0.1mg/mL 398 

ribonuclease, 0.1 mg/mL lysozyme, and 1mM PMSF, and then lysed by cell disrupter.  The cell 399 

lysates were centrifuged at 5,000 x g for 10 minutes at 4C to pellet the inclusion bodies 400 

containing the LamB and BamA proteins or peptides.  The inclusion bodies were washed once 401 

by resuspension in TBS (pH 8) and then centrifuged again at 5,000 x g for 10 minutes at 4C.  402 

These inclusion bodies were dissolved in 8M urea by incubation with rocking at 25C for 403 

approximately 30 minutes.  The solutions were then centrifuged at 18,000 x g for 10 minutes at 404 

4C to pellet any undissolved material.  These clarified urea solutions contained only minor 405 

amounts of other contaminating proteins as judged by SDS-PAGE and were used in the 406 

subsequent assays without further purification. 407 

 408 

Affinity purifications with LamB or BamA peptides and folded BamD-His 409 
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Urea-denatured peptides were normalized to a concentration of 1mM in 8M urea (all 410 

protein concentrations were determined using the Bio-Rad DC Protein Assay) and diluted 10-411 

fold into a TBS solution containing BamD-His, such that a final concentration of 50μM BamD-412 

His and 100μM peptide was achieved. These solutions were incubated at room temperature for 413 

20 minutes, upon which time 10μL was removed for “input samples”. 80μL of the remaining 414 

sample was applied to 200μL Ni-NTA slurry (pre-equilibrated with TBS/20mM imidazole) and 415 

the resin was washed 2 x 1mL with TBS/20mM imidazole. The residual protein was eluted with 416 

600L of TBS/200mM imidazole, and 70μL of trichloroacetic acid was added to precipitate all 417 

protein components of the eluate. Following a 30 minute incubation on ice, the samples were 418 

centrifuged at 21,000 rcf for 10 minutes. The resulting protein pellets were resuspended in 20μL 419 

1 M TRIS (pH 8), diluted 1:1 with 2X SDS sample buffer, and the samples were boiled for 5 420 

minutes. Samples were analyzed via SDS-PAGE (200V, 45 minutes, 4μL input load, 2.5μL 421 

eluate load) followed by Coomassie staining. 422 

 423 

Folding of wild-type or mutant LamB in detergent solution 424 

Urea-denatured wild-type or mutant LamB was normalized to a concentration of 200μM 425 

in 8M urea and diluted ten-fold into 0.25% DDM (Anatrace)/20mM TRIS pH 8. The resulting 426 

solutions were rocked at room temperature for 20 hours. Samples were diluted 1:1 with 2x SDS-427 

sample buffer and boiled (or not) for 5 minutes. The resulting samples were analyzed via semi-428 

native SDS-PAGE (150V, 2 hours, 4C, 4μL load). 429 

 430 

Genetic linkage analysis 431 
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 To quantitate selective pressure on deletion of degP, a degP::kan allele was introduced 432 

into strains by co-transduction with a nearby marker, yadC::Tn10.  MC4100, BH191, BH290, 433 

and BH291 were infected with P1vir carrying both degP::kan and yadC::Tn10 at 30C and 37C. 434 

Tet
R
 transductants were selected (and Cat

R
, where applicable).  These transductants were then 435 

screened for Kan
R
.  The ratio of Kan

R
 transductants to total transductants screened was used to 436 

calculate co-transduction frequency.  Transduction frequencies are a result 100 transductants 437 

screened each for three separate transductions. 438 

 439 

Isolation of suppressor mutations 440 

 BH291 was grown at 30C overnight in LB supplemented with 20mg/L chloramphenicol.  441 

Overnight cultures were diluted and plated on MacConkey media supplemented with 20mg/L 442 

chloramphenicol and 60mL/L maltodextrins.  Plates were incubated overnight at 37C.  Colonies 443 

that were entirely red were streak purified onto MacConkey media supplemented with 444 

chloramphenicol and maltodextrins to ensure maintenance of the red growth phenotype.  The 445 

background of the isolated suppressor was confirmed by colony PCR for lamB deletion and degP 446 

deletion, as well as cell death at 42C to confirm degP deletion (63). The plasmid from the 447 

suppressor was isolated using the QIAprep Spin Miniprep Kit (Qiagen) and sequenced using 448 

Sanger sequencing (Genewiz Inc.) to screen for potential revertants. Finally, the suppressor 449 

plasmid was transformed into a clean background (BH273) to determine if the suppression was 450 

plasmid-linked or chromosomal.  Only chromosomal suppressors were pursued.  The degSA323E 451 

suppressor mutation described here was linked to a nearby genetic marker, yhcG::kan (28).  This 452 

allowed the degSA323E allele to be moved into different strains by transduction, as previously 453 

described (61). 454 
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 455 

Whole genome sequencing sample preparation 456 

 A genomic DNA sample of KT26 was isolated using the DNeasy Blood and Tissue Kit 457 

(Qiagen), according to the manufacturer protocol described for Gram-negative organisms.  An 458 

Illumina sequencing library of the genomic sample was prepared using the Nextera DNA library 459 

prep kit (Illumina, CA).  The library was sequenced on an Illumina HiSeq 2500 sequencer with 460 

75-nucleotide end-reads in accordance with the standard manufacturer protocol. 461 

 462 

Whole genome sequencing analysis 463 

 Demultiplexed reads were assembled using the SPAdes genome assembly algorithm (64).  464 

The assembled genome was then aligned to a reference genome (Escherichia coli K-12 465 

NC_000913.3) using the Mauve multiple genome alignment program (65, 66).  Nucleotide 466 

changes in the suppressor genome (KT26) relative to the reference genome were identified, and 467 

mutations were confirmed by Sanger sequencing of PCR amplified loci (Genewiz Inc.). 468 

 469 

-galactosidase assay 470 

Overnight cultures were diluted 1:100 in fresh LB and grown until late exponential phase 471 

(OD600 ~.8-1.0).  Samples were normalized by OD600, pelleted, and resuspended in the same 472 

volume of Z buffer (60mM Na2HPO4, 40mM NaH2PO4, 10mM KCl, 1mM MgSO4, 50mM -473 

ME).  30L of 0.1% SDS and a 50L volume of chloroform was added.   Samples were vortexed 474 

for 10 seconds each and left to lyse for 10 minutes.  A 100L volume of each cell lysate was 475 

mixed with 50L of 4mg/mL ONPG (O-nitrophenyl--D-galactopyranoside) solution in Z buffer.  476 

-galactosidase activity was analyzed by kinetic measurement of OD420 in a Bio Tek Synergy 1 477 
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plate reader and Vmax was determined using Gen5 software.  Experiments were performed in 478 

three biological replicates and mean values +/- standard error of the mean (SEM) were plotted. 479 

Significance was determined by a t-test. 480 

 481 

Efficiency of plating (EOP) assay 482 

 Overnight cultures were normalized by absorbance at 600nm (OD600). For assaying 483 

bamBbamE viability, 10-fold dilutions were made in minimal glucose and replica plated onto 484 

LB or minimal glucose plates and incubated at 30C and 37C.  485 

 486 

Growth curves 487 

 Overnight cultures were normalized by absorbance at 600nm (OD600).  Cells were 488 

inoculated into 2mL fresh LB in a 24-well microtiter plate (Corning no. 3526).  Cultures were 489 

grown at 37C with aeration in a BioTek Synergy H1 plate reader for 16 hours. Growth curves 490 

were performed in biological triplicate and mean values +/- standard deviation were plotted. 491 
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 681 

Tables and Figure Legends 682 

Table 1: degP deletion is synthetically lethal with lamBG439D at 37C. 683 

 

Recipient strain 

degP::kan yadC::Tn10 cotransduction 

frequency (%)
* 

30C                              37C                                  

MC4100 50 44 

lamB 53 47 

lamB plamB
+ 53 40 

lamB plamBG439D 27 <1 

 684 

*P1vir lysates carrying degP::kan yadC::Tn10 were transduced into the indicated strains at the 685 

designated temperature.  The Tet
R
 transductants were then tested for Kan

R 
to calculate co-686 

transduction of degP::kan and yadC::Tn10 markers. Co-transduction frequency represents three 687 

separate transductions.   688 

 689 

Figure 1: LamB
G439D

 is a folding-defective mutant. (A) Monomeric and trimeric LamB levels 690 

were determined in strains with the genotypes listed by SDS-PAGE and immunoblotting. 691 
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Antibodies specific to the monomeric and trimer protein were used. (B) Purified LamB peptides 692 

were incubated with His-tagged BamD and co-immunoprecipitated and analyzed by SDS-PAGE 693 

analysis. (C)  Purified LamB protein was boiled (denatured) or incubated at room temperature 694 

(non-denatured) and examined by electrophoresis.  695 

 696 

Figure 2: The absence of DegP protease function stabilizes monomeric LamB
G439D

 at 30C. 697 

Monomeric or trimeric LamB was detected using whole cell lysates made from strains of the 698 

listed genotypes, in degP or degPS210A yadC::Tn10 backgrounds, and analyzed by SDS-PAGE 699 

and immunoblotting.  Antibodies that specifically detect monomeric and trimer LamB were used.  700 

 701 

Figure 3: degSA323E suppresses lamBG439D. (A) The indicated strains were streaked onto 702 

MacConkey maltodextrin indicator agar at 37C. Strains not carrying the plasmid-encoded lamB 703 

carry an empty vector control. (B) Whole cell lysates of the indicated strains were analyzed by 704 

SDS-PAGE and immunoblotting.  Monomeric and trimeric LamB was detected using antibodies 705 

specific for those protein conformations. Unless otherwise indicated, the strains were grown at 706 

30C. 707 

 708 

Figure 4: degSA323E partially activates basal levels of 
E
 signaling. (A) DegS

A323
 (red) is 709 

located at the PDZ/protease domain interface of DegS.  These domains interact by a number of 710 

salt bridges (teal) that stabilize the inactive conformation of the protein.  Dashed lines indicate 711 

polar contacts. Image was generated from the peptide-free structure of DegS (PDB: 1SOT) (49). 712 

(B-C) Measurement of the Vmax of -galactosidase activity driven from rpoHP3, a 
E
-713 

dependent promoter, in the indicated strains (52). Graphs are plotted +/- standard error of the 714 
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mean (SEM), n=3. Significance was calculated using a t test. Strains were grown at (B) 37C 715 

and (C) 30C. 716 

 717 

Figure 5: degSA323E suppresses multiple assembly-defective mutations. (A) Immunoblot 718 

analysis of whole cell lysates to detect relative levels of LptD. Oxidized samples (“ox”) were 719 

lysed with sample buffer lacking -ME, while reduced samples (“red”) were lysed with sample 720 

buffer containing -ME.  Levels of GroEL served as a loading control. (B) An efficiency of 721 

plating assay was performed by spotting 10-fold dilutions of overnight cultures onto LB and 722 

minimal glucose plates. Plates were incubated at the indicated temperature.  723 

 724 

 725 












