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ABSTRACT 30 
 31 
Critical Gram-negative pathogens, like Pseudomonas, Stenotrophomonas and Burkholderia, 32 
have become resistant to most antibiotics. Complex resistance profiles together with 33 
synergistic interactions between these organisms increase the likelihood of treatment failure 34 
in distinct infection settings, for example in the lungs of cystic fibrosis (CF) patients. Here, 35 
we discover that cell envelope protein homeostasis pathways underpin both antibiotic 36 
resistance and cross-protection in CF-associated bacteria. We find that inhibition of oxidative 37 
protein folding inactivates multiple species-specific resistance proteins. Using this strategy, 38 
we sensitize multidrug-resistant Pseudomonas aeruginosa to β-lactam antibiotics and 39 
demonstrate promise of new treatment avenues for the recalcitrant emerging pathogen 40 
Stenotrophomonas maltophilia. The same approach also inhibits cross-protection between 41 
resistant S. maltophilia and susceptible P. aeruginosa, allowing eradication of both 42 
commonly co-occurring CF-associated organisms. Our results provide the basis for the 43 
development of next-generation strategies that target antibiotic resistance, while also 44 
impairing specific interbacterial interactions that enhance the severity of polymicrobial 45 
infections. 46 
 47 
 48 
RUNNING TITLE: Inhibition of cross-resistance in CF pathogens 49 
 50 
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INTRODUCTION 4 
 5 
Antimicrobial resistance (AMR) is one of the most significant threats to health systems 6 
worldwide [1]. Since the end of the “golden age” of antibiotic discovery in the 1970’s, very 7 
few new antimicrobial agents have entered the clinic, and most of those that have gained 8 
approval are derivatives of existing antibiotic classes [2-4]. Meanwhile, resistance to useful 9 
antibiotics is continuously rising, resulting in more than 1.3 million deaths annually [5]. In 10 
addition to the undeniable surge of resistance, it is becoming apparent that intra- and inter-11 
species interactions also play a role in AMR and its evolution [6], ultimately posing 12 
additional challenges during antibiotic treatment. This necessitates not only the development 13 
of novel antimicrobials and strategies that will expand the lifespan of existing antibiotics, but 14 
also the implementation of approaches that will address the polymicrobial nature of most 15 
infections. 16 
 17 
Antibiotic resistance is most commonly evaluated by testing bacterial strains in monoculture. 18 
Nonetheless, the majority of clinical infections contain multiple species whose coexistence in 19 
complex pathobionts often limits our treatment options. This is of particular importance for 20 
recalcitrant infections such as the polymicrobial communities found in the lungs of cystic 21 
fibrosis (CF) patients. CF lung infections have become a paradigm for chronic infectious 22 
diseases that result in poor quality of life and early patient mortality [7]. Such infections are 23 
dominated by highly resistant opportunistic pathogens, including, but not limited to, 24 
Pseudomonas aeruginosa, Staphylococcus aureus, species and strains belonging to the 25 
Burkholderia complex, and Stenotrophomonas maltophilia [8]. Most of these organisms 26 
carry an array of resistance mechanisms, like efflux pumps, atypical lipopolysaccharide 27 
structures, and β-lactamase enzymes. Their co-occurrence in the CF lung leads to treatment 28 
challenges since common clinical care options for one pathogen are not necessarily 29 
compatible with the antibiotic susceptibility profiles of other species that are present. For 30 
example, on the one hand, P. aeruginosa is the most prevalent organism in CF lung 31 
infections and its treatment, especially during pulmonary exacerbation episodes, relies 32 
heavily on β-lactam compounds [8]. On the other hand, CF microbiomes are increasingly 33 
found to encompass S. maltophilia [8-10], a globally distributed opportunistic pathogen that 34 
causes serious nosocomial respiratory and bloodstream infections [11-13]. S. maltophilia is 35 
one of the most prevalent emerging pathogens [12] and it is intrinsically resistant to almost 36 
all antibiotics, including β-lactams like penicillins, cephalosporins and carbapenems, as well 37 
as macrolides, fluoroquinolones, aminoglycosides, chloramphenicol, tetracyclines and 38 
colistin. As a result, the standard treatment option for lung infections, i.e., broad-spectrum β-39 
lactam antibiotic therapy, is rarely successful in countering S. maltophilia [13,14], creating a 40 
definitive need for approaches that will be effective in eliminating both pathogens. 41 
 42 
The lack of suitably broad antibiotic regimes able to simultaneously eradicate all pathogens 43 
present in specific infection settings is not the only challenge when treating polymicrobial 44 
communities. Bacterial interactions between antibiotic-resistant and antibiotic-susceptible 45 
bacteria can add to this problem by adversely affecting antibiotic drug sensitivity profiles of 46 
organisms that should be treatable [6]. In particular, some antibiotic resistance proteins, like 47 
β-lactamases, which decrease the quantities of active drug present, function akin to common 48 
goods, since their benefits are not limited to the pathogen that produces them but can be 49 
shared with the rest of the bacterial community. This means that their activity enables 50 
pathogen cross-resistance when multiple species are present [15,16], something that was 51 
demonstrated in recent work investigating the interactions between pathogens that naturally 52 
co-exist in CF infections. More specifically, it was shown that in laboratory co-culture 53 
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conditions, highly drug-resistant S. maltophilia strains actively protect susceptible P. 54 
aeruginosa from β-lactam antibiotics [15]. Moreover, this cross-protection was found to 55 
facilitate, at least under specific conditions, the evolution of β-lactam resistance in P. 56 
aeruginosa [17]. The basis of such interactions could be exploited during the design of novel 57 
therapeutic strategies, since targeting appropriate resistance enzymes will not only render 58 
their producers susceptible to existing drugs but should also impair their capacity to protect 59 
co-existing antibiotic-susceptible strains. 60 
 61 
Protein homeostasis in the Gram-negative cell envelope, and in particular the formation of 62 
disulfide bonds by the thiol oxidase DsbA [18-22], is essential for the function of many 63 
resistance proteins [23]. Oxidative protein folding occurs post-translationally, after 64 
translocation of the nascent polypeptide to the periplasm through the general secretion (Sec) 65 
system [24]. There, disulfide bond formation assists the assembly of 40% of the cell-envelope 66 
proteome [25,26], promotes the biogenesis of virulence factors [27,28], controls the 67 
awakening of bacterial persister cells [29], and underpins the function of resistance 68 
determinants, including enzymes for which we do not currently have inhibitor compounds, 69 
such as metallo-β-lactamases [30]. Here, we reveal the potential of targeting proteostasis 70 
pathways, such as disulfide bond formation, as a strategy against pathogens commonly 71 
associated with highly resistant polymicrobial infections. Using this approach, we 72 
incapacitate species-specific resistance proteins in CF-associated bacteria and simultaneously 73 
abrogate protective effects between pathogens that coexist in these infections. Our results 74 
demonstrate that such strategies generate compatible treatment options for recalcitrant CF 75 
pathogens and, at the same time, eradicate interspecies interactions that impose additional 76 
challenges during antibiotic treatment in complex infection settings. 77 
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RESULTS 78 
 79 
Species-specific cysteine-containing β-lactamases depend on oxidative protein folding 80 
 81 
β-Lactamase activity. To investigate the potential of targeting disulfide bond formation as a 82 
strategy to overcome resistance mechanisms in challenging pathogens, we chose to primarily 83 
explore β-lactamases that are produced by bacteria intimately associated with CF lung 84 
infections. DsbA dependence has been previously shown for a handful of such enzymes [23], 85 
like the chromosomally-encoded class B3 metallo-β-lactamase L1-1 from S. maltophilia 86 
(Table S1), which contributes significantly to AMR in this organism [13], as well as β-87 
lactamases from the GES and OXA families, which are broadly disseminated, but commonly 88 
found in P. aeruginosa [31,32]. Here, we selected six clinically important β-lactamases from 89 
different Ambler classes (classes A, B and D) that are exclusively encoded either by P. 90 
aeruginosa or by the Burkholderia complex. The P. aeruginosa enzymes (BEL-1, CARB-2, 91 
AIM-1, and OXA-50) are all phylogenetically distinct, while the Burkholderia β-lactamases 92 
(BPS-1m and BPS-6) belong to the same phylogenetic class (File S1). Class A, C, and D β-93 
lactamases, like the BPS-6 (class A) and OXA-50 (class D) enzymes investigated here, are 94 
serine-dependent hydrolases. Serine β-lactamases are structurally related to penicillin binding 95 
proteins, which have a major role in the synthesis of the peptidoglycan [33]. By contrast, 96 
class B enzymes are evolutionary distinct and rely on one or two Zn2+ ions for catalytic 97 
activity [30,34]. In addition to belonging to different phylogenetic classes, the selected 98 
enzymes have different numbers of cysteines, display varied hydrolytic activities, can be both 99 
resident on the chromosome or on mobile genetic elements, and have diverse inhibitor 100 
susceptibility profiles (Table S1). 101 
 102 
We expressed all six β-lactamases in the Escherichia coli K-12 strain MC1000 and its 103 
isogenic dsbA deletion mutant. This strain background was selected because it has been 104 
traditionally used in oxidative protein folding studies [35-38] and it lacks endogenous β-105 
lactamase enzymes or any other mechanisms that could contribute to antibiotic resistance. 106 
We recorded β-lactam minimum inhibitory concentration (MIC) values for each enzyme in 107 
both strain backgrounds. We found that expression of all test enzymes in the dsbA mutant 108 
background resulted in markedly reduced MICs for at least one β-lactam antibiotic (Fig. 1 109 
and File S2A), compared to the MICs recorded in the wild-type E. coli strain; only 110 
differences larger than 2-fold were considered. These results indicate that the presence of 111 
DsbA is important for the function of all tested resistance proteins. 112 
 113 
To ensure that effects shown in Fig. 1 are not due to factors that are not specific to the 114 
interaction of DsbA with the tested β-lactamases, we also performed a series of control 115 
experiments. We have previously shown that deletion of dsbA does not affect the aerobic 116 
growth of E. coli MC1000, or the permeability of its outer and inner membranes [23]. 117 
Furthermore, here we observed no changes in MIC values for the aminoglycoside antibiotic 118 
gentamicin, which is not degraded by β-lactamases, or between the parental E. coli strain and 119 
its dsbA mutant harboring only the empty vector (Fig. 1 and File S2A). In addition, E. coli 120 
strains expressing either of two disulfide-free enzymes, the class A β-lactamases L2-1 and 121 
LUT-1 from S. maltophilia and Pseudomonas luteola, respectively, did not exhibit decreased 122 
MICs in the absence of dsbA (Fig. 1 and File S2A). These proteins were selected because 123 
they both contain two or more cysteine residues, but lack disulfide bonds due to the fact that 124 
they are transported to the periplasm, pre-folded, by the Twin-arginine translocation (Tat) 125 
pathway, rather than by the Sec system. In the case of L2-1, Tat-dependent transport has been 126 
experimentally confirmed [39], whilst LUT-1 contains a predicted Tat signal sequence 127 
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(SignalP 5.0 [40] likelihood scores: Sec/SPI = 0.0572, Tat/SPI = 0.9312, Sec/SPII 128 
(lipoprotein) = 0.0087, other = 0.0029). Finally, the specific interaction between DsbA and 129 
our selected test enzymes was further supported by the fact that complementation of dsbA 130 
generally restores MICs to near wild-type values for the latest generation β-lactam that each 131 
β-lactamase can hydrolyze (Fig. S1); we only achieve partial complementation for the dsbA 132 
mutant expressing BPS-1m, which we attribute to the fact that expression of this enzyme in 133 
E. coli is sub-optimal. 134 
 135 
Taken together, our data show that DsbA-mediated disulfide bond formation is important for 136 
the function of all tested, species-specific β-lactamases. Of these, the most affected enzymes 137 
(largest MIC value decreases; Fig. 1 and File S2A) are the class A extended-spectrum-β-138 
lactamases (ESBLs) from Burkholderia (BPS-1m and BPS-6) and the class B3 metallo-β-139 
lactamase AIM-1, which, like all other class B enzymes [41], is resistant to inhibition by 140 
classical β-lactamase inhibitor compounds (Table S1) [30]. 141 
 142 
β-Lactamase abundance and folding. To gain insight into how impairment of disulfide bond 143 
formation impacts the production or activity of the tested enzymes (Fig. 1), we first 144 
performed immunoblotting for all phylogenetically distinct β-lactamases (AIM-1, BEL-1, 145 
OXA-50, CARB-2, and BPS-1m) to assess their protein levels in the presence and absence of 146 
dsbA. For four of the five tested β-lactamases (AIM-1, BEL-1, OXA-50, and CARB-2) 147 
deletion of dsbA resulted in drastically reduced protein levels compared to the levels of the 148 
control enzyme L2-1, which remained largely unaffected (Fig. 2A). This shows that without 149 
their disulfide bonds, these proteins are unstable and are ultimately degraded by other cell 150 
envelope proteostasis components [42]. This was further corroborated by the fact that lysates 151 
from dsbA mutants expressing these four enzymes showed significantly reduced hydrolytic 152 
activity towards the chromogenic β-lactamase substrate nitrocefin (Fig. 2B). In the case of 153 
BPS-1m, enzyme levels were unchanged in the absence of dsbA (Fig. 2A). However, without 154 
its disulfide bond, this protein was significantly less able to hydrolyze nitrocefin (Fig. 2B), 155 
suggesting a folding defect that results in loss of function. The latter is consistent with the 156 
reduced MICs conferred by BPS-1m (and its sister enzyme BPS-6) in the absence of dsbA 157 
(Fig. 1). The data presented so far (Fig. 1 and 2) demonstrate that disulfide bond formation is 158 
essential for the biogenesis (stability and/or protein folding) and, in turn, activity of an 159 
expanded set of clinically important β-lactamases, including enzymes that currently lack 160 
inhibitor options. 161 
 162 
 163 
Targeting oxidative protein folding inhibits both antibiotic resistance and interbacterial 164 
interactions in CF-associated pathogens. 165 
 166 
Sensitization of multidrug-resistant P. aeruginosa clinical isolates. The efficacy of 167 
commonly used treatment options against P. aeruginosa in CF lung infections, namely 168 
piperacillin-tazobactam and cephalosporin-avibactam combinations, as well as more 169 
advanced drugs like aztreonam or carbapenems [43,44], is increasingly threatened by an 170 
array of β-lactamases, encompassing both broadly disseminated enzymes and species-specific 171 
ones [43-45]. To determine whether the effects on β-lactam MICs observed in our inducible 172 
system (Fig. 1 and [23]) can be reproduced in the presence of other resistance determinants in 173 
a natural context with endogenous enzyme expression levels, we deleted the principal dsbA 174 
gene, dsbA1, in several multidrug-resistant (MDR) P. aeruginosa clinical strains (Table S2). 175 
Pathogenic bacteria often encode multiple DsbA analogues [27,28] and P. aeruginosa is no 176 
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exception. It encodes two DsbAs, but DsbA1 has been found to catalyze the vast majority of 177 
the oxidative protein folding reactions taking place in its cell envelope [46]. 178 
 179 
We first tested two clinical isolates (strains G4R7 and G6R7; Table S2) expressing the class 180 
B3 metallo-β-lactamase AIM-1, for which we recorded reduced activity in an E. coli dsbA 181 
background (Fig. 1 and 2). This enzyme confers high-level resistance to piperacillin-182 
tazobactam and the third generation cephalosporin ceftazidime, both anti-pseudomonal β-183 
lactams that are used in the treatment of critically ill patients [47]. Notably, while specific to 184 
the P. aeruginosa genome, aim-1 is flanked by two ISCR15 elements suggesting that it 185 
remains mobilizable [47] (Table S1). MICs for piperacillin-tazobactam and ceftazidime were 186 
determined for both AIM-1-positive P. aeruginosa isolates and their dsbA1 mutants (Fig. 187 
3AB). Deletion of dsbA1 from P. aeruginosa G4R7 resulted in a substantial decrease in its 188 
piperacillin-tazobactam MIC value by 192 µg/mL and sensitization to ceftazidime (Fig. 3A), 189 
while the dsbA1 mutant of P. aeruginosa G6R7 became susceptible to both antibiotic 190 
treatments (Fig. 3B). Despite the fact that P. aeruginosa G4R7 dsbA1 was not sensitized for 191 
piperacillin-tazobactam, possibly due to the high level of piperacillin-tazobactam resistance 192 
of the parent clinical strain, our results across these two isolates show promise for DsbA as a 193 
target against β-lactam resistance in P. aeruginosa. To further test our approach in an 194 
infection context, we performed in vivo survival assays using the wax moth model Galleria 195 
mellonella (Fig. 3C), an informative non-vertebrate system for the study of new antimicrobial 196 
approaches against P. aeruginosa [48]. Larvae were infected with P. aeruginosa G6R7 or its 197 
dsbA1 mutant, and infections were treated once with piperacillin at a final concentration 198 
below the EUCAST breakpoint, as appropriate. No larvae survived beyond 20 hours post 199 
infection when infected with P. aeruginosa G6R7 or its dsbA1 mutant without antibiotic 200 
treatment (Fig. 3C; blue and light blue survival curves). Despite this clinical strain being 201 
resistant to piperacillin in vitro (Fig. 3B), treatment with piperacillin in vivo increased larval 202 
survival (52.5% survival at 28 hours post infection) compared to the untreated conditions 203 
(Fig. 3C; blue and light blue survival curves) possibly due to in vivo ceftazidime MIC values 204 
being discrepant to the value recorded in vitro. Nonetheless, treatment of P. aeruginosa 205 
G6R7 dsbA1 with piperacillin resulted in a significant improvement in survival (77.5% 206 
survival at 28 hours post infection), highlighting increased relative susceptibility compared to 207 
the treated wild-type condition (Fig. 3C; compare the red and pink survival curves). 208 
 209 
Next, we tested two P. aeruginosa clinical isolates (strains CDC #769 and CDC #773; Table 210 
S2), each expressing two class A enzymes from the GES family (GES-19/GES-26 or GES-211 
19/GES-20), for which we have previously demonstrated DsbA dependence [23]. The GES 212 
family comprises 59 distinct ESBLs (File S1), which are globally disseminated and 213 
commonly found in P. aeruginosa, as well as other critical Gram-negative pathogens (for 214 
example Klebsiella pneumoniae and Enterobacter cloacae) [49]. Deletion of dsbA1 in these 215 
clinical strains resulted in sensitization to piperacillin-tazobactam and aztreonam for P. 216 
aeruginosa CDC #769 (Fig. 3D), and to representative compounds of all classes of anti-217 
pseudomonal β-lactam drugs (piperacillin-tazobactam, aztreonam, and ceftazidime) for P. 218 
aeruginosa CDC #773 (Fig. 3E). P. aeruginosa CDC #773 and its dsbA1 mutant were further 219 
tested in a G. mellonella infection model using ceftazidime treatment (Fig. 3F). In this case, 220 
no larvae survived 24 hours post infection (Fig. 3F; blue, light blue and red survival curves), 221 
except for insects infected with P. aeruginosa CDC #773 dsbA1 and treated with ceftazidime 222 
at a final concentration below the EUCAST breakpoint, whereby 96.7% survival was 223 
recorded (Fig. 3F; pink survival curves). 224 
 225 
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We have demonstrated the specific interaction of DsbA with the tested β-lactamase enzymes 226 
in our E. coli K-12 inducible system using gentamicin controls (Fig. 1 and File S2A) and 227 
gene complementation (Fig. S1). To confirm the specificity of this interaction in P. 228 
aeruginosa, we performed representative control experiments in one of our clinical strains, P. 229 
aeruginosa CDC #769. We first tested the general ability of P. aeruginosa CDC #769 dsbA1 230 
to resist antibiotic stress by recording MIC values against gentamicin, and found it 231 
unchanged compared to its parent (Fig. S2A). Gene complementation in clinical isolates is 232 
especially challenging and rarely attempted due to the high levels of resistance and lack of 233 
genetic tractability in these strains. Despite these challenges, to further ensure the specificity 234 
of the interaction of DsbA with tested β-lactamases in P. aeruginosa, we have complemented 235 
dsbA1 from P. aeruginosa PAO1 into P. aeruginosa CDC #769 dsbA1. We found that 236 
complementation of dsbA1 restores MICs to wild-type values for both tested β-lactam 237 
compounds (Fig. S2B) further demonstrating that our results in P. aeruginosa clinical strains 238 
are not confounded by off-target effects. 239 
 240 
Our data on the sensitization of AIM- and GES-expressing P. aeruginosa clinical isolates to 241 
commonly used anti-pseudomonal β-lactam drugs, combined with our previous results on 242 
strains producing β-lactamases from the OXA family [23], show that our approach holds 243 
promise towards inactivating numerous clinically important Pseudomonas-specific enzymes. 244 
These include resistance determinants that cannot be currently targeted by classical β-245 
lactamase inhibitor compounds (for example enzymes from the OXA and AIM families [30]) 246 
and, therefore, limit our treatment options. 247 
 248 
New treatment options for extremely-drug-resistant S. maltophilia clinical isolates. We 249 
have previously used our inducible E. coli K-12 experimental system to demonstrate that the 250 
function of the inhibitor-resistant class B3 metallo-β-lactamase L1-1 from S. maltophilia is 251 
dependent on DsbA [23]. By contrast, the second β-lactamase encoded on the chromosome of 252 
this species, L2-1, which we use as a negative control in this study (Fig. 1 and 2), is not DsbA 253 
dependent. The hydrolytic spectra of these β-lactamases are exquisitely complementary 254 
[13,14], making this bacterium resistant to most β-lactam compounds commonly used for CF 255 
patients. Considering that L1 enzymes are the sole drivers of ceftazidime resistance, we 256 
wanted to investigate the DsbA dependency of L1-1 in its natural context to determine 257 
whether inhibition of oxidative protein folding potentiates the activity of complex 258 
cephalosporins against this pathogen. 259 
 260 
We compromised disulfide bond formation in two clinical isolates of S. maltophilia (strains 261 
AMM and GUE; Table S2), by deleting the main dsbA gene cluster (directly adjacent dsbA 262 
and dsbL genes, with DsbL predicted to be a DsbA analogue [28]) and recorded a drastic 263 
decrease of ceftazidime MIC values for both mutant strains (Fig. 4A,B). Since S. maltophilia 264 
cannot be treated with ceftazidime, there is no EUCAST breakpoint available for this 265 
organism. That said, for both tested dsbA dsbL mutant strains, the recorded ceftazidime MIC 266 
values were lower than the ceftazidime EUCAST breakpoint for the related major pathogen 267 
P. aeruginosa [50]. 268 
 269 
In addition to being resistant to β-lactams, S. maltophilia is usually intrinsically resistant to 270 
colistin [12], which precludes the use of yet another broad class of antibiotics. Bioinformatic 271 
analysis on 106 complete Stenotrophomonas genomes revealed that most strains of this 272 
organism carry two chromosomally-encoded MCR analogues that cluster with clinical MCR-273 
5 and MCR-8 proteins (File S4). We have previously found the activity of all clinical MCR 274 
enzymes to be dependent on the presence of DsbA [23], thus we compared the colistin MIC 275 
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value of the S. maltophilia AMM dsbA dsbL strain to that of its parent. We found that 276 
impairment of disulfide bond formation in this strain resulted in a decrease of its colistin MIC 277 
value from 32 μg/mL to 0.75 μg/mL (Fig. 4C). Once more, there is no colistin EUCAST 278 
breakpoint available for S. maltophilia, but a comparison with the colistin breakpoint for P. 279 
aeruginosa (4 μg/mL) demonstrates the magnitude of the effects that we observe. 280 
 281 
Since the dsbA and dsbL are organized in a gene cluster in S. maltophilia, we wanted to 282 
ensure that our results reported above were exclusively due to disruption of disulfide bond 283 
formation in this organism. First, we recorded gentamicin MIC values for S. maltophilia 284 
AMM dsbA dsbL and found them to be unchanged compared to the gentamicin MICs of the 285 
parent strain (Fig. S2C). This confirms that disruption of disulfide bond formation does not 286 
compromise the general ability of this organism to resist antibiotic stress. Next, we 287 
complemented S. maltophilia AMM dsbA dsbL. The specific oxidative roles and exact 288 
regulation of DsbA and DsbL in S. maltophilia remain unknown. For this reason and 289 
considering that genetic manipulation of extremely-drug-resistant organisms is challenging, 290 
we used our genetic construct optimized for complementing P. aeruginosa CDC #769 dsbA1 291 
with dsbA1 from P. aeruginosa PAO1 (Fig. S2B) to also complement S. maltophilia AMM 292 
dsbA dsbL. We based this approach on the fact that DsbA proteins from one species have 293 
been commonly shown to be functional in other species [51-54]. Indeed, we found that 294 
complementation of S. maltophilia AMM dsbA dsbL with P. aeruginosa PAO1 dsbA1 295 
restores MICs to wild-type values for both ceftazidime and colistin (Fig. S2D), conclusively 296 
demonstrating that our results in S. maltophilia are not confounded by off-target effects. 297 
 298 
The DSB proteins have been shown to play a central role in bacterial virulence, and in this 299 
context, they have been proposed as promising targets against bacterial pathogenesis 300 
[27,28,55]. As a result, several laboratory compounds against both DsbA [56,57] and its 301 
partner protein DsbB [35], which maintains DsbA in a catalytically active state [58], have 302 
been developed. We have successfully used one of these inhibitors, 4,5-dichloro-2-(2-303 
chlorobenzyl)pyridazin-3-one, termed “compound 12” in (47), to achieve sensitization of 304 
clinical strains of Enterobacteria to β-lactam and colistin antibiotics [23]. Here, we used a 305 
derivative compound, 4,5-dibromo-2-(2-chlorobenzyl)pyridazin-3(2H)-one, termed 306 
“compound 36” in [59], which is an improved analog of compound 12 and has been shown to 307 
target several DsbB proteins from Gram-negative pathogens that share 20-80% in protein 308 
identity. Compound 36 was previously shown to inhibit disulfide bond formation in P. 309 
aeruginosa via covalently binding onto one of the four essential cysteine residues of DsbB in 310 
the DsbA-DsbB complex [59]. Since S. maltophilia DsbB shares 28% protein sequence 311 
identity with analogues from P. aeruginosa, we reasoned that this pathogen could be a good 312 
candidate for testing DSB system inhibition. Exposure of S. maltophilia AMM to the DSB 313 
inhibitor lowered its ceftazidime MIC value by at least 16-20 μg/mL and decreased its 314 
colistin MIC value from 32 μg/mL to 2 μg/mL (Fig. 4D); this decrease in the colistin MIC is 315 
commensurate with the results we obtained for the S. maltophilia AMM dsbA dsbL strain 316 
(Fig. 4C). The activity of compound 36 is specific to inhibition of disulfide bond formation 317 
since the gentamicin MIC values of S. maltophilia AMM remain unchanged in the presence 318 
of the inhibitor and treatment of S. maltophilia AMM dsbA dsbL with the compound does not 319 
affect its colistin MIC value (Fig. S2E). Considering that this inhibitor has not been 320 
specifically optimized for S. maltophilia strains, the recorded drops in MIC values (Fig. 4D) 321 
are encouraging and suggest that the DSB system proteins are tractable targets against 322 
species-specific resistance determinants in this pathogen. 323 
 324 
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Currently, the best clinical strategy against S. maltophilia is to reduce the likelihood of 325 
infection [60], therefore novel treatment strategies against this organism are desperately 326 
needed. Overall, our results on targeting oxidative protein folding in this organism show 327 
promise for the generation of therapeutic avenues that are compatible with mainstream 328 
antibiotics (β-lactams and polymyxins), which are commonly used for the treatment of other 329 
pathogens, for example P. aeruginosa, in CF lung infections. 330 
 331 
Inhibition of cross-resistance in S. maltophilia - P. aeruginosa mixed communities. The 332 
antibiotic resistance mechanisms of S. maltophilia impact the antibiotic tolerance profiles of 333 
other organisms that are found in the same infection environment. S. maltophilia hydrolyses 334 
all β-lactam drugs through the action of its L1 and L2 β-lactamases [13,14]. In doing so, it 335 
has been experimentally shown to protect other pathogens that are, in principle, susceptible to 336 
treatment, such as P. aeruginosa [15]. This protection, in turn, allows active growth of 337 
otherwise treatable P. aeruginosa in the presence of complex β-lactams, like imipenem [15], 338 
and, at least in some conditions, increases the rate of resistance evolution of P. aeruginosa 339 
against these antibiotics [17]. 340 
 341 
We wanted to investigate whether our approach would be useful in abrogating interspecies 342 
interactions that are relevant to CF infections. We posited that ceftazidime resistance in S. 343 
maltophilia is largely driven by L1-1, an enzyme that we can incapacitate by targeting 344 
disulfide bond formation [23] (Fig. 4A,B,D). As such, impairment of oxidative protein 345 
folding in S. maltophilia should allow treatment of this organism with ceftazidime, and at the 346 
same time eliminate any protective effects that benefit susceptible strains of co-occurring 347 
organisms. With ceftazidime being a standard anti-pseudomonal drug, and in view of the 348 
interactions reported between P. aeruginosa and S. maltophilia [15,17,61], we chose to test 349 
this hypothesis using S. maltophilia AMM and a P. aeruginosa strain that is sensitive to β-350 
lactam antibiotics, P. aeruginosa PA14. We followed established co-culture protocols for 351 
these organisms [15] and first monitored the survival and growth of P. aeruginosa under 352 
ceftazidime pressure in monoculture, or in the presence of S. maltophilia strains. Due to the 353 
naturally different growth rates of these two species (S. maltophilia grows much slower than 354 
P. aeruginosa) especially in laboratory conditions, the protocol we followed [15] requires S. 355 
maltophilia to be grown for 6 hours prior to co-culturing it with P. aeruginosa. To ensure that 356 
at this point in the experiment our two S. maltophilia strains, with and without dsbA, had 357 
grown comparatively to each other, we determined their cell densities (Fig. S3A). We found 358 
that S. maltophilia AMM dsbA dsbL had grown at a similar level as the wild-type strain, and 359 
both were at a higher cell density [~107 colony forming units (CFUs)] compared to the P. 360 
aeruginosa PA14 inoculum (5 x 104 CFUs). 361 
 362 
P. aeruginosa PA14 monoculture cannot grow in the presence of more than 4 μg/mL of 363 
ceftazidime (Fig. 4E; white bars). However, the same strain can actively grow in 364 
concentrations of ceftazidime up to 512 μg/mL in the presence of S. maltophilia AMM (Fig. 365 
4E; dark pink bars), showing that the protective effects previously observed with imipenem 366 
[15] are applicable to other clinically relevant β-lactam antibiotics. Cross-resistance effects 367 
are most striking at concentrations of ceftazidime above 64 μg/ml; for amounts between 16 368 
and 64 μg/ml, P. aeruginosa survives in the presence of S. maltophilia, but does not actively 369 
grow. This is in agreement with previous observations showing that the expression of L1-1 is 370 
induced by the presence of complex β-lactams [62]. In this case, the likely increased 371 
expression of L1-1 in S. maltophilia grown in concentrations of ceftazidime equal or higher 372 
than 128 μg/ml promotes ceftazidime hydrolysis and decrease of the active antibiotic 373 
concentration, in turn, shielding the susceptible P. aeruginosa strain. By contrast, protective 374 
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effects are almost entirely absent when P. aeruginosa PA14 is co-cultured with S. maltophilia 375 
AMM dsbA dsbL, which cannot hydrolyze ceftazidime efficiently because L1-1 activity is 376 
impaired [23] (Fig. 4A,B,D). In fact, in these conditions P. aeruginosa PA14 only survives in 377 
concentrations of ceftazidime up to 8 μg/mL (Fig. 4E; light pink bars), 64-fold lower than 378 
what it can endure in the presence of S. maltophilia AMM (Fig. 4E; dark pink bars). 379 
 380 
To ensure that ceftazidime treatment leads to eradication of both P. aeruginosa and S. 381 
maltophilia when disulfide bond formation is impaired in S. maltophilia, we monitored the 382 
abundance of both strains in each synthetic community for select antibiotic concentrations 383 
(Fig. S3B). In this experiment we largely observed the same trends as in Fig. 4E. At low 384 
antibiotic concentrations, for example 4 μg/mL of ceftazidime, S. maltophilia AMM is fully 385 
resistant and thrives, thus outcompeting P. aeruginosa PA14 (dark pink and dark blue bars in 386 
Fig. S3B). The same can also be seen in Fig. 4E, whereby decreased P. aeruginosa PA14 387 
CFUs are recorded. By contrast S. maltophilia AMM dsbA dsbL already displays decreased 388 
growth at 4 μg/mL of ceftazidime because of its non-functional L1-1 enzyme, allowing 389 
comparatively higher growth of P. aeruginosa (light pink and light blue bars in Fig. S3B). 390 
Despite the competition between the two strains, P. aeruginosa PA14 benefits from S. 391 
maltophilia AMM’s high hydrolytic activity against ceftazidime, which allows it to survive 392 
and grow in high antibiotic concentrations even though it is not resistant (see 128 μg/mL; 393 
dark pink and dark blue bars in Fig. S3B). In stark opposition, without its disulfide bond in S. 394 
maltophilia AMM dsbA dsbL, L1-1 cannot confer resistance to ceftazidime, resulting in 395 
killing of S. maltophilia AMM dsbA dsbL and, consequently, also of P. aeruginosa PA14 396 
(see 128 μg/mL; light pink and light blue bars in Fig. S3B). 397 
 398 
The data presented here show that, at least under laboratory conditions, targeting protein 399 
homeostasis pathways in specific recalcitrant pathogens has the potential to not only alter 400 
their own antibiotic resistance profiles (Fig. 3 and 4A-D), but also to influence the antibiotic 401 
susceptibility profiles of other bacteria that co-occur in the same conditions (Fig. 5). 402 
Admittedly, the conditions in a living host are too complex to draw direct conclusions from 403 
this experiment. That said, our results show promise for infections, where pathogen 404 
interactions affect treatment outcomes, and whereby their inhibition might facilitate 405 
treatment. 406 
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DISCUSSION 407 
 408 
Impairment of cell envelope protein homeostasis through interruption of disulfide bond 409 
formation has potential as a broad-acting strategy against AMR in Gram-negative bacteria 410 
[23]. Here, we focus on the benefits of such an approach against pathogens encountered in 411 
challenging infection settings by studying organisms found in the CF lung. In particular, we 412 
show that incapacitation of oxidative protein folding compromises the function of diverse β-413 
lactamases that are specific to CF-associated bacteria, like P. aeruginosa and Burkholderia 414 
complex (Fig. 1 and 2). Furthermore, we find that the effects we observe at the enzyme level 415 
are applicable to multiple MDR P. aeruginosa and extremely-drug-resistant S. maltophilia 416 
clinical strains, both in vitro (Fig. 3A,B,D,E and 4A,B) and in an in vivo model of infection 417 
(Fig. 3C,F). Our findings, so far, concern β-lactamases encoded by enteric pathogens 418 
(discussed in [23]) or CF-associated organisms (discussed in [23] and in this study). 419 
Nonetheless, many other environmental bacteria are opportunistic human pathogens and 420 
encode β-lactamase genes that make them highly resistant to antibiotic treatment [13,63,64]. 421 
The ubiquitous nature of disulfide bond formation systems across Gram-negative species 422 
guarantees that the same approach can be expanded. To provide some proof on this front , we 423 
investigated two additional class B3 metallo-β-lactamases, POM-1 produced by 424 
Pseudomonas otitidis and SMB-1 encoded on the chromosome of Serratia marcescens (Table 425 
S1). We tested these enzymes in our inducible E. coli K-12 system and found that their 426 
activities are indeed DsbA dependent (Fig. S4A and S5 and File S2A), with SMB-1 427 
degrading in the absence of DsbA and POM-1 suffering a folding defect (Fig. S4B,C). Since 428 
57% of β-lactamase phylogenetic families that are found in pathogens and organisms capable 429 
of causing opportunistic infections contain members with two or more cysteines (File S1), we 430 
expect that thousands of enzymes rely on DsbA for their stability and function. Focusing 431 
solely on the β-lactamase families that we have investigated here and previously [23] (17 432 
phylogenetic families), we estimate that upwards of 575 discrete proteins are DsbA 433 
dependent. This encompasses enzymes specific to pathogens with very limited treatment 434 
options, for example the Burkholderia complex (Fig. 1 and File S2A) and S. maltophilia (Fig. 435 
4A,B,D), as well as 145 β-lactamases that cannot be inhibited by classical adjuvant 436 
approaches, like class B enzymes [30] from the AIM, L1, POM, and SMB families (Fig. 1, 437 
3A-C and S4 and File S2A). 438 
 439 
Of the organisms studied in this work, S. maltophilia deserves further discussion because of 440 
its unique intrinsic resistance profile. The prognosis of CF patients with S. maltophilia lung 441 
carriage is still debated [8,65-72], largely because studies with extensive and well-controlled 442 
patient cohorts are lacking. This notwithstanding, the therapeutic options against this 443 
pathogen are currently limited to one non-β-lactam antibiotic-adjuvant combination, , which 444 
is not always effective, trimethoprim-sulfamethoxazole [73-76], and a few last-line β-lactam 445 
drugs, like the fifth-generation cephalosporin cefiderocol and the combination aztreonam-446 
avibactam. Resistance to commonly used antibiotics causes many problems during treatment 447 
and, as a result, infections that harbor S. maltophilia have high case fatality rates [13]. This is 448 
not limited to CF patients, as S. maltophilia is a major cause of death in children with 449 
bacteremia [11]. We find that targeting disulfide bond formation in this species allows its 450 
treatment with cephalosporins, like ceftazidime, (Fig. 4A,B,D) and, at the same time, leads to 451 
colistin potentiation (Fig. 4C,D). Our results create a foundation for extending the usability of 452 
two invaluable broad-acting antibiotic classes against this challenging organism. At the same 453 
time, S. maltophilia is often found to co-exist in the CF lung with other pathogens like P. 454 
aeruginosa [8-10]. Even though current studies are confined to laboratory settings [15], it is 455 
likely that interactions between these two species makes treatment of polymicrobial 456 
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infections more complex. Here, we demonstrate that by compromising L1-1 through 457 
impairing protein homeostasis in S. maltophilia (Fig. 4A,B,D and [23]), in addition to 458 
generating new treatment options (Fig. 4A-D), we abolish the capacity of this organism to 459 
protect other species (Fig. 4E). Since similar bacterial interactions are documented in 460 
resistant infections [6], it can be expected that our approach will yield analogous results for 461 
other coexisting CF lung pathogens that produce DsbA-dependent β-lactamases [23], for 462 
example P. aeruginosa and S. aureus [77,78] or K. pneumoniae and Acinetobacter baumannii 463 
[16] (Fig. 5). 464 
 465 
More generally, our findings serve as proof of principle of the added benefits of strategies 466 
that aim to incapacitate resistance determinants like β-lactamases. These proteins threaten the 467 
most widely prescribed class of antibiotics worldwide [79] and, at the same time, can 468 
promote cross-resistance between pathogens found in polymicrobial infections. It is therefore 469 
important to continue developing β-lactamase inhibitors, which, so far, have been one of the 470 
biggest successes in our battle against AMR [30,80]. That said, the deployment of broad-471 
acting small molecules with the capacity to bind and effectively inhibit thousands of 472 
clinically important β-lactamases [7741 distinct documented enzymes [81] (File S1)] is 473 
challenging and, eventually, leads to the emergence of β-lactamase variants that are resistant 474 
to combination therapy. As such, development of additional alternative strategies that can 475 
broadly incapacitate these resistance proteins, ideally without the need to bind to their active 476 
sites, is critical. This has been shown to be possible through metal chelation for class B 477 
metallo-β-lactamases [82]. Adding to this, our previous work [23] and the results presented 478 
here lay the groundwork for exploiting accessible cell envelope proteostasis processes to 479 
generate new resistance breakers. Inhibiting such systems has untapped potential for the 480 
design of broad-acting next-generation therapeutics, which simultaneously compromise 481 
multiple resistance mechanisms [23], and also for the development of species- or infection-482 
specific approaches that are well suited for the treatment of complex polymicrobial 483 
communities (Fig. 5). 484 
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MATERIALS AND METHODS 485 
 486 
Reagents and bacterial growth conditions. Unless otherwise stated, chemicals and reagents 487 
were acquired from Sigma Aldrich or Fisher Scientific, growth media were purchased from 488 
Oxoid and antibiotics were obtained from Melford Laboratories. Lysogeny broth (LB) (10 489 
g/L NaCl) and agar (1.5% w/v) were used for routine growth of all organisms at 37 °C with 490 
shaking at 220 RPM, as appropriate. Mueller-Hinton (MH) broth and agar (1.5% w/v) were 491 
used for Minimum Inhibitory Concentration (MIC) assays. Growth media were supplemented 492 
with the following, as required: 0.25 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG), 50 493 
μg/mL kanamycin, 100 μg/mL ampicillin, 33 μg/mL chloramphenicol, 33 μg/mL gentamicin 494 
(for cloning purposes), 400-600 μg/mL gentamicin (for genetic manipulation of P. 495 
aeruginosa and S. maltophilia clinical isolates), 12.5 μg/mL tetracycline (for cloning 496 
purposes), 100-400 μg/mL tetracycline (for genetic manipulation of P. aeruginosa clinical 497 
isolates), 50 μg/mL streptomycin (for cloning purposes), 2000-5000 μg/mL streptomycin (for 498 
genetic manipulation of P. aeruginosa clinical isolates), and 6000 μg/mL streptomycin (for 499 
genetic manipulation of S. maltophilia clinical isolates). 500 
 501 
Construction of plasmids and bacterial strains. Bacterial strains, plasmids and 502 
oligonucleotides used in this study are listed in Tables S2, S3 and S4, respectively. DNA 503 
manipulations were conducted using standard methods. KOD Hot Start DNA polymerase 504 
(Merck) was used for all PCR reactions according to the manufacturer’s instructions, 505 
oligonucleotides were synthesized by Sigma Aldrich and restriction enzymes were purchased 506 
from New England Biolabs. All constructs were DNA sequenced and confirmed to be correct 507 
before use. 508 
 509 
Genes for β-lactamase enzymes were amplified from genomic DNA extracted from clinical 510 
isolates (Table S5) with the exception of bps-1m, bps-6, carb-2, ftu-1 and smb-1, which were 511 
synthesized by GeneArt Gene Synthesis (ThermoFisher Scientific). β-lactamase genes were 512 
cloned into the IPTG-inducible plasmid pDM1 using primers P1-P16. All StrepII-tag fusions 513 
of β-lactamase enzymes (constructed using primers P3, P5, P7, P9, P11, P13, P15, and P17-514 
23) have a C-terminal StrepII tag (GSAWSHPQFEK). 515 
 516 
P. aeruginosa dsbA1 mutants and S. maltophilia dsbA dsbL mutants were constructed by 517 
allelic exchange, as previously described [83]. Briefly, the dsbA1 gene area of P. aeruginosa 518 
strains (including the dsbA1 gene and ~600 bp on either side of this gene) was amplified 519 
(primers P24/P25) and the obtained DNA was sequenced to allow for accurate primer design 520 
for the ensuing cloning step. The pKNG101-dsbA1 plasmid was then used for deletion of the 521 
dsbA1 gene in P. aeruginosa G4R7 and P. aeruginosa G4R7, as before [23]. For the deletion 522 
of dsbA1 in P. aeruginosa CDC #769 and P. aeruginosa CDC #773, ~500-bp DNA 523 
fragments upstream and downstream of the dsbA1 gene were amplified using P. aeruginosa 524 
CDC #769 or P. aeruginosa CDC #773 genomic DNA [primers P28/P29 (upstream) and 525 
P30/P31 (downstream)]. Fragments containing both regions were then obtained by 526 
overlapping PCR (primers P28/P31) and inserted into the XbaI/BamHI sites of pKNG102, 527 
resulting in plasmids pKNG102-dsbA1-769 and pKNG102-dsbA1-773. For S. maltophilia 528 
strains the dsbA dsbL gene area (including the dsbA dsbL genes and ~1000 bp on either side 529 
of these genes) was amplified (primers P26/P27) and the obtained DNA was sequenced to 530 
allow for accurate primer design for the ensuing cloning step. Subsequently, ~700-bp DNA 531 
fragments upstream and downstream of the dsbA dsbL genes were amplified using S. 532 
maltophilia AMM or S. maltophilia GUE genomic DNA [primers P32/P33 (upstream) and 533 
P34/P35 (downstream)]. Fragments containing both of these regions were then obtained by 534 
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overlapping PCR (primers P32/35) and inserted into the XbaI/BamHI sites of pKNG101, 535 
resulting in plasmids pKNG101-dsbA dsbL-AMM and pKNG101-dsbA dsbL-GUE. The 536 
suicide vector pKNG101 [84] and its derivative pKNG102, are not replicative in P. 537 
aeruginosa or S. maltophilia; both vectors are maintained in E. coli CC118λpir and mobilized 538 
into P. aeruginosa and S. maltophilia strains by triparental conjugation. For P. aeruginosa, 539 
integrants were selected on Vogel Bonner Minimal medium supplemented with streptomycin 540 
(for P. aeruginosa G4R7 and P. aeruginosa G6R7) or tetracycline (for P. aeruginosa CDC 541 
#769 and P. aeruginosa CDC #773). For S. maltophilia, integrants were selected on MH agar 542 
supplemented with streptomycin and ampicillin. Successful integrants were confirmed using 543 
PCR, and mutants were resolved by exposure to 20% sucrose. Gene deletions were confirmed 544 
via colony PCR and DNA sequencing (primers P24/P25). 545 
 546 
P. aeruginosa PA14, S. maltophilia AMM, and S. maltophilia AMM dsbA dsbL were 547 
labelled with a gentamicin resistance marker using mini-Tn7 delivery transposon-based 548 
vectors adapted from Zobel et al. [85]. The non-replicative vectors pTn7-M (labelling with 549 
gentamicin resistance only, for P. aeruginosa PA14) and pBG42 (labelling with gentamicin 550 
resistance and msfGFP, for S. maltophilia strains) were mobilized into the respective 551 
recipients using conjugation, in the presence of a pTNS2 plasmid expressing the TnsABC+D 552 
specific transposition pathway. Correct insertion of the transposon into the attTn7 site was 553 
confirmed via colony PCR and DNA sequencing (primers P44/P45 for P. aeruginosa, 554 
primers P46/P47 for S. maltophilia). 555 
 556 
P. aeruginosa CDC #769 dsbA1 and S. maltophilia AMM dsbA dsbL were complemented 557 
with DsbA1 from P. aeruginosa PAO1 using a mini-Tn7 delivery transposon-based vector 558 
adapted from Zobel et al. [85]. Briefly, the msfGFP gene of pBG42 was replaced with the 559 
dsbA1 gene of P. aeruginosa PAO1 by HiFi DNA assembly according to the manufacturer’s 560 
instructions (NEBuilder HiFi DNA Assembly, New England Biolabs). The dsbA1 gene of P. 561 
aeruginosa PAO1 was amplified from genomic DNA using primers P38/P39 and the vector 562 
was linearized with primers P36/P37. msfGFP amplified from pBG42 with primers P40/P41 563 
was reintroduced onto the vector under the PEM7 promoter between the HindIII and BamHI 564 
sites of pBG42 [86] resulting in plasmid pBG42-PAO1dsbA1. Correct assembly of pBG42-565 
PAO1dsbA1 was confirmed by colony PCR (primers P42/P43) and DNA sequencing. 566 
pBG42-PAO1dsbA1 was mobilized into the recipient strains using conjugation, in the 567 
presence of a pTNS2 plasmid expressing the TnsABC+D specific transposition pathway. 568 
GFP positive colonies were screened using colony PCR and correct insertion of the 569 
transposon into the attTn7 site of clinical strains was confirmed via DNA sequencing 570 
(primers P44/P45 for P. aeruginosa, primers P46/P47 for S. maltophilia). 571 
 572 
Minimum inhibitory concentration (MIC) assays. Unless otherwise stated, antibiotic MIC 573 
assays were carried out in accordance with the EUCAST recommendations [87] using 574 
ETEST strips (BioMérieux). Briefly, overnight cultures of each strain to be tested were 575 
standardized to OD600 0.063 in 0.85% NaCl (equivalent to McFarland standard 0.5) and 576 
distributed evenly across the surface of MH agar plates. E-test strips were placed on the 577 
surface of the plates, evenly spaced, and the plates were incubated for 18-24 hours at 37 °C. 578 
MICs were read according to the manufacturer’s instructions. MICs were also determined 579 
using the Broth Microdilution (BMD) method in accordance with the EUCAST 580 
recommendations [87] for specific β-lactams, as required, and for colistin sulphate (Acros 581 
Organics). Briefly, a series of antibiotic concentrations was prepared by two-fold serial 582 
dilution in MH broth in a clear-bottomed 96-well microtiter plate (Corning). The strain to be 583 
tested was added to the wells at approximately 5 x 105 CFUs per well and plates were 584 
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incubated for 18-24 hours at 37 °C. The MIC was defined as the lowest antibiotic 585 
concentration with no visible bacterial growth in the wells. When used for MIC assays, 586 
tazobactam was included at a fixed concentration of 4 μg/mL, in accordance with the 587 
EUCAST guidelines. All S. maltophilia MICs were performed in synthetic CF sputum 588 
medium (SCFM) as described in [88], using E-test strips (for β-lactam antibiotics) or the 589 
BMD method (for colistin). For S. maltophilia GUE, imipenem at a final concentration of 5 590 
µg/mL was added to the overnight cultures to induce β-lactamase production. 591 
 592 
The covalent DsbB inhibitor 4,5-dibromo-2-(2-chlorobenzyl)pyridazin-3(2H)-one [59] was 593 
used to chemically impair the function of the DSB system in S. maltophilia strains. 594 
Inactivation of DsbB results in abrogation of DsbA function [89] only in media free of small-595 
molecule oxidants [90]. Therefore, MIC assays involving chemical inhibition of the DSB 596 
system were performed using SCFM media prepared as described in [88], except that L-597 
cysteine was omitted. Either DMSO (vehicle control) or the covalent DsbB inhibitor 4,5-598 
dibromo-2-(2-chlorobenzyl)pyridazin-3(2H)-one [59] (Bioduro-Sundia; 1H-NMR and LCMS 599 
spectra are provided in File S5), at a final concentration of 50 μM, were added to the 600 
cysteine-free SCFM medium, as required. 601 
 602 
SDS-PAGE analysis and immunoblotting. Samples for immunoblotting were prepared as 603 
follows. Strains to be tested were grown on LB agar plates as lawns in the same manner as 604 
for MIC assays described above. Bacteria were collected using an inoculating loop and 605 
resuspended in LB to OD600 2.0. The cell suspensions were centrifuged at 10,000 x g for 10 606 
minutes and bacterial pellets were lysed by addition of BugBuster Master Mix (Merck 607 
Millipore) for 25 minutes at room temperature with gentle agitation. Subsequently, lysates 608 
were centrifuged at 10,000 x g for 10 minutes at 4 °C and the supernatant was added to 4 x 609 
Laemmli buffer. Samples were boiled for 5 minutes before separation by SDS-PAGE. 610 
 611 
SDS-PAGE analysis was carried out using 10% BisTris NuPAGE gels (ThermoFisher 612 
Scientific) and MES/SDS running buffer prepared according to the manufacturer’s 613 
instructions; pre-stained protein markers (SeeBlue Plus 2, ThermoFisher Scientific) were 614 
included. Proteins were transferred to Amersham Protran nitrocellulose membranes (0.45 µm 615 
pore size, GE Life Sciences) using a Trans-Blot Turbo transfer system (Bio-Rad) before 616 
blocking in 3% w/v Bovine Serum Albumin (BSA)/TBS-T (0.1 % v/v Tween 20) or 5% w/v 617 
skimmed milk/TBS-T and addition of primary and secondary antibodies. The following 618 
primary antibodies were used in this study: Strep-Tactin-AP conjugate (Iba Lifesciences) 619 
(dilution 1:3,000 in 3 w/v % BSA/TBS-T), and mouse anti-DnaK 8E2/2 antibody (Enzo Life 620 
Sciences) (dilution 1:10,000 in 5% w/v skimmed milk/TBS-T). The following secondary 621 
antibodies were used in this study: goat anti-mouse IgG-AP conjugate (Sigma Aldrich) 622 
(dilution 1:6,000 in 5% w/v skimmed milk/TBS-T) and goat anti-mouse IgG-HRP conjugate 623 
(Sigma Aldrich) (dilution 1:6,000 in 5% w/v skimmed milk/TBS-T). Membranes were 624 
washed three times for 5 minutes with TBS-T prior to development. Development for AP 625 
conjugates was carried out using SigmaFast BCIP/NBT tablets. 626 
 627 
Immunoblot samples were also analyzed for total protein content. SDS-PAGE analysis was 628 
carried out using 10% BisTris NuPAGE gels (ThermoFisher Scientific) and MES/SDS 629 
running buffer prepared according to the manufacturer’s instructions; pre-stained protein 630 
markers (SeeBlue Plus 2, ThermoFisher Scientific) were included. Gels were stained for total 631 
protein with SimplyBlue SafeStain (ThermoFisher Scientific) according to the 632 
manufacturer’s instructions. 633 
 634 
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β-Lactam hydrolysis assay. β-lactam hydrolysis measurements were carried out using the 635 
chromogenic β-lactam nitrocefin (Abcam). Briefly, overnight cultures of strains to be tested 636 
were centrifuged, pellets were weighed and resuspended in 150 μL of 100 mM sodium 637 
phosphate buffer (pH 7.0) per 1 mg of wet-cell pellet, and cells were lysed by sonication. 638 
Lysates were transferred into clear-bottomed 96-well microtiter plates (Corning) at volumes 639 
that corresponded to the following weights of bacterial cell pellets: strains harboring pDM1, 640 
pDM1-blaL2-1 and pDM1-blaOXA-50 (0.34 mg of cell pellet); strains harboring pDM1-blaBEL-1, 641 
pDM1-blaAIM-1 and pDM1-blaSMB-1 (0.17 mg of cell pellet); strains harboring pDM1-blaPOM-1  642 
(0.07 mg of cell pellet); strains harboring pDM1-blaBPS-1m (0.07 mg of cell pellet); strains 643 
harboring pDM1-blaCARB-2 (0.03 mg of cell pellet). In all cases, nitrocefin was added at a 644 
final concentration of 400 μM and the final reaction volume was made up to 100 μL using 645 
100 mM sodium phosphate buffer (pH 7.0). Nitrocefin hydrolysis was monitored at 25 °C by 646 
recording absorbance at 490 nm at 60-second intervals for 15 minutes using an Infinite M200 647 
Pro microplate reader (Tecan). The amount of nitrocefin hydrolyzed by each lysate in 15 648 
minutes was calculated using a standard curve generated by acid hydrolysis of nitrocefin 649 
standards. 650 
 651 
Galleria mellonella survival assay. The wax moth model G. mellonella was used for in vivo 652 
survival assays [91]. Individual G. mellonella larvae were randomly allocated to experimental 653 
groups; no masking was used. Overnight cultures of all the strains to be tested were 654 
standardized to OD600 1.0, suspensions were centrifuged, and the pellets were washed three 655 
times in PBS and serially diluted. For experiments with P. aeruginosa G6R7, 10 μL of the 656 
1:10,000 dilution of each bacterial suspension was injected into the last right abdominal 657 
proleg of 40 G. mellonella larvae per condition. One hour after infection, larvae were injected 658 
with 2.75 μL of piperacillin to a final concentration of 5 μg/mL in the last left abdominal 659 
proleg. For experiments with P. aeruginosa CDC #773 10 μL of the 1:1,000 dilution of each 660 
bacterial suspension was injected into the last right abdominal proleg of 30 G. mellonella 661 
larvae per condition. Immediately after the injection with the inoculum, the larvae were 662 
injected with 4.5 μl of ceftazidime to a final concentration of 6.5 μg/mL in the last left 663 
abdominal proleg. All larvae were incubated at 37 °C and their mortality was monitored for 664 
30 hours. Death was recorded when larvae turned black due to melanization and did not 665 
respond to physical stimulation. For each experiment, an additional ten larvae were injected 666 
with PBS as negative control and experiments were discontinued and discounted if mortality 667 
was greater than 10% in the PBS control. 668 
 669 
S. maltophilia - P. aeruginosa protection assay. The protection assay was based on the 670 
approach described in [15]. Briefly, 75 μL of double-strength SCFM medium were 671 
transferred into clear-bottomed 96-well microtiter plates (VWR) and inoculated with S. 672 
maltophilia AMM or its dsbA dsbL mutant that had been grown in SCFM medium at 37 °C 673 
overnight; S. maltophilia strains were inoculated at approximately 5 x 104, as appropriate. 674 
Plates were incubated at 37 °C for 6 hours. Double-strength solutions of ceftazidime at 675 
decreasing concentrations were prepared by two-fold serial dilution in sterile ultra-pure H2O, 676 
and were added to the wells, as required. P. aeruginosa PA14 was immediately added to all 677 
the wells at approximately 5 x 104 CFUs, and the plates were incubated for 20 hours at 37 °C.  678 
 679 
To enumerate P. aeruginosa in this experiment, the P. aeruginosa PA14 attTn7::accC strain 680 
was used. Following the 20-hour incubation step, serial dilutions of the content of each well 681 
were performed in MH broth down to a 10-7 dilution, plated on MH agar supplemented with 682 
gentamicin (S. maltophilia AMM strains are sensitive to gentamicin, whereas P. aeruginosa 683 
PA14 attTn7::accC harbours a gentamicin resistance gene on its Tn7 site) and incubated at 684 
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37 °C overnight. CFUs were enumerated the following day. To enumerate S. maltophilia in 685 
this experiment, S. maltophilia AMM attTn7::accC msfgfp or its dsbA dsbL mutant were 686 
used. Following the 20-hour incubation step, serial dilutions of the content of each well were 687 
performed in MH broth down to a 10-7 dilution, plated on MH agar supplemented with 688 
gentamicin (S. maltophilia AMM strains harbour a gentamicin resistance gene on their Tn7 689 
site, whereas P. aeruginosa PA14 is sensitive to gentamicin) and incubated at 37 °C 690 
overnight. CFUs were enumerated the following day. 691 
 692 
Statistical analysis of experimental data. The total number of performed biological 693 
experiments and technical repeats are mentioned in the figure legend of each display item. 694 
Biological replication refers to completely independent repetition of an experiment using 695 
different biological and chemical materials. Technical replication refers to independent data 696 
recordings using the same biological sample. 697 
 698 
Antibiotic MIC values were determined in biological triplicate, except for MIC values 699 
recorded for dsbA complementation experiments in our E. coli K-12 inducible system that 700 
were carried out in duplicate. All ETEST MICs were determined as a single technical 701 
replicate, and all BMD MICs were determined in technical triplicate. All recorded MIC 702 
values are displayed in the relevant graphs; for MIC assays where three or more biological 703 
experiments were performed, the bars indicate the median value, while for assays where two 704 
biological experiments were performed the bars indicate the most conservative of the two 705 
values (i.e., for increasing trends, the value representing the smallest increase and for 706 
decreasing trends, the value representing the smallest decrease). We note that in line with 707 
recommended practice, our MIC results were not averaged. This should be avoided because 708 
of the quantized nature of MIC assays, which only inform on bacterial survival for specific 709 
antibiotic concentrations and do not provide information for antibiotic concentrations that lie 710 
in-between the tested values. 711 
 712 
For all other assays, statistical analysis was performed in GraphPad Prism v8.3.1 using either 713 
an unpaired T-test with Welch’s correction, or a Mantel-Cox logrank test, as appropriate. 714 
Statistical significance was defined as p < 0.05. Outliers were defined as any technical repeat 715 
>2 SD away from the average of the other technical repeats within the same biological 716 
experiment. Such data were excluded and all remaining data were included in the analysis. 717 
Detailed information for each figure is provided below: 718 
 719 
Figure 2B: unpaired T-test with Welch’s correction; n=3; 3.417 degrees of freedom, t-720 
value=0.3927, p=0.7178 (non-significance) (for pDM1 strains); 2.933 degrees of freedom, t-721 
value=0.3296, p=0.7639 (non-significance) (for pDM1-blaL2-1 strains); 2.021 degrees of 722 
freedom, t-value=7.549, p=0.0166 (significance) (for pDM1-blaBEL-1 strains); 2.146 degrees 723 
of freedom, t-value=9.153, p=0.0093 (significance) (for pDM1-blaCARB-1 strains); 2.320 724 
degrees of freedom, t-value=5.668, p=0.0210 (significance) (for pDM1-blaAIM-1 strains); 725 
3.316 degrees of freedom, t-value=4.353, p=0.0182 (significance) (for pDM1-blaOXA-50  726 
strains); 3.416 degrees of freedom, t-value=13.68, p=0.0004 (significance) (for pDM1-blaBPS-727 

1m strains). 728 
Figure 3C: Mantel-Cox test; n=40; p=0.3173 (non-significance) (P. aeruginosa vs P. 729 
aeruginosa dsbA1), p<0.0001 (significance) (P. aeruginosa vs P. aeruginosa treated with 730 
piperacillin), p<0.0001 (significance) (P. aeruginosa dsbA1 vs P. aeruginosa treated with 731 
piperacillin), p=0.0147 (significance) (P. aeruginosa treated with piperacillin vs P. 732 
aeruginosa dsbA1 treated with piperacillin). 733 
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Figure 3F: Mantel-Cox test; n=30; p<0.0001 (significance) (P. aeruginosa vs P. aeruginosa 734 
dsbA1), p>0.9999 (non-significance) (P. aeruginosa vs P. aeruginosa treated with 735 
ceftazidime), p<0.0001 (significance) (P. aeruginosa dsbA1 vs P. aeruginosa treated with 736 
ceftazidime), p<0.0001 (significance) (P. aeruginosa treated with ceftazidime vs P. 737 
aeruginosa dsbA1 treated with ceftazidime). 738 
Figure S4C: unpaired T-test with Welch’s correction; n=3; 3.417 degrees of freedom, t-739 
value=0.3927, p=0.7178 (non-significance) (for pDM1 strains); 2.933 degrees of freedom, t-740 
value=0.3296, p=0.7639 (non-significance) (for pDM1-blaL2-1 strains); 3.998 degrees of 741 
freedom, t-value=4.100, p=0.0149 (significance) (for pDM1-blaPOM-1 strains); 2.345 degrees 742 
of freedom, t-value=15.02, p=0.0022 (significance) (for pDM1-blaSMB-1 strains). 743 
 744 

Bioinformatics. The following bioinformatics analyses were performed in this study. Short 745 
scripts and pipelines were written in Perl (version 5.18.2) and executed on macOS Sierra 746 
10.12.5. 747 
 748 
β-lactamase enzymes. All available protein sequences of β-lactamases were downloaded from 749 
http://www.bldb.eu [81] (29 November 2024). Sequences were clustered using the ucluster 750 
software with a 90% identity threshold and the cluster_fast option (USEARCH v.7.0 [92]); 751 
the centroid of each cluster was used as a cluster identifier for every sequence. All sequences 752 
were searched for the presence of cysteine residues using a Perl script. Proteins with two or 753 
more cysteines after the first 30 amino acids of their primary sequence were considered 754 
potential substrates of the DSB system for organisms where oxidative protein folding is 755 
carried out by DsbA and provided that translocation of the β-lactamase outside the cytoplasm 756 
is performed by the Sec system. The first 30 amino acids of each sequence were excluded to 757 
avoid considering cysteines that are part of the signal sequence mediating the translocation of 758 
these enzymes outside the cytoplasm. The results of the analysis can be found in File S1. 759 
 760 
Stenotrophomonas MCR-like enzymes. Hidden Markov Models built with validated 761 
sequences of MCR-like and EptA-like proteins were used to identify MCR analogues in a 762 
total of 106 complete genomes of the Stenotrophomonas genus, downloaded from the NCBI 763 
repository (30 March 2023). The analysis was performed with hmmsearch (HMMER 764 
v.3.1b2) [93] and only hits with evalues < 1e-10 were considered. The 146 obtained 765 
sequences were aligned using MUSCLE [94] and a phylogenetic tree was built from the 766 
alignment using FastTree 2.1.7 with the wag substitution matrix and the gamma option [95]. 767 
The assignment of each MCR-like protein sequence to a specific phylogenetic group was 768 
carried out based on the best fitting hmmscan model. The results of the analysis can be found 769 
in File S4. 770 
 771 

Data availability. All data generated during this study that support the findings are included 772 
in the manuscript or the Supplementary Information. All materials are available from the 773 
corresponding author upon request. 774 
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FIGURES 809 
 810 
 811 
 812 
 813 

 814 
 815 
 816 
Figure 1. The function of species-specific cysteine-containing β-lactamases from cystic-817 
fibrosis-associated pathogens depends on DsbA-mediated oxidative protein folding. β-818 
lactam MIC values for E. coli MC1000 expressing diverse disulfide-bond-containing β-819 
lactamases (Ambler classes A, B and D) are substantially reduced in the absence of DsbA 820 
(MIC fold changes: >2; fold change of 2 is indicated by the black dotted lines). No changes 821 
in MIC values are observed for the aminoglycoside antibiotic gentamicin (white bars) 822 
confirming that absence of DsbA does not compromise the general ability of this strain to 823 
resist antibiotic stress. Minor changes in MIC values (≤ 2-fold) are observed for strains 824 
harboring the empty vector control (pDM1) or those expressing the class A β-lactamases L2-825 
1 and LUT-1, which contain two or more cysteines (Table S1), but no disulfide bonds (top 826 
row). Graphs show MIC fold changes for β-lactamase-expressing E. coli MC1000 and its 827 
dsbA mutant from three biological experiments each conducted as a single technical repeat; 828 
the MIC values used to generate this figure are presented in File S2A (rows 2-7 and 9-20). 829 
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 830 
 831 
 832 
Figure 2. Absence of DsbA results in degradation or misfolding of species-specific 833 
cysteine-containing β-lactamases. (A) The protein levels of most tested disulfide-bond-834 
containing Ambler class A, B, and D β-lactamases are drastically reduced when these 835 
enzymes are expressed in E. coli MC1000 dsbA; the amount of the control enzyme L2-1, 836 
containing three cysteines but no disulfide bonds, is unaffected. An exception to this is the 837 
class A enzyme BPS-1m for which no decrease in abundance is observed in the dsbA mutant 838 
(compare lanes 11 and 12). Protein levels of StrepII-tagged β-lactamases were assessed using 839 
a Strep-Tactin-AP conjugate. A representative blot from three biological experiments, each 840 
conducted as a single technical repeat, is shown; molecular weight markers (M) are on the 841 
left, DnaK was used as a loading control and solid black lines indicate where the membrane 842 
was cut. Full immunoblots and SDS PAGE analysis of the immunoblot samples for total 843 
protein content are shown in File S3. (B) The hydrolysis of the chromogenic β-lactam 844 
nitrocefin by cysteine-containing β-lactamases is impaired when these enzymes are expressed 845 
in E. coli MC1000 dsbA. The hydrolytic activities of strains harboring the empty vector or 846 
expressing the control enzyme L2-1 show no dependence on DsbA. The “Enzyme stability” 847 
column informs on the abundance of each enzyme when it is lacking its disulfide bond(s); 848 
this was informed from the immunoblotting experiments in panel (A). The “Nitrocefin 849 
hydrolysis” column shows the amount of nitrocefin hydrolyzed per mg of bacterial cell pellet 850 
in 15 minutes. n=3, table shows means ±SD, significance is indicated by * = p < 0.05, ns = 851 
non-significant. 852 

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

The copyright holder for this preprintthis version posted June 2, 2025. ; https://doi.org/10.1101/2023.08.02.551661doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.02.551661
http://creativecommons.org/licenses/by/4.0/


23 

 853 
 854 
 855 
Figure 3. Absence of the principal DsbA analogue (DsbA1) allows treatment of 856 
multidrug-resistant Pseudomonas aeruginosa clinical isolates with existing β-lactam 857 
antibiotics. (A) Deletion of dsbA1 in the AIM-1-expressing P. aeruginosa G4R7 clinical 858 
isolate sensitizes this strain to ceftazidime and results in reduction of the 859 
piperacillin/tazobactam MIC value by 192 μg/mL. (B) Deletion of dsbA1 in the AIM-1-860 
expressing P. aeruginosa G6R7 clinical isolate sensitizes this strain to 861 
piperacillin/tazobactam and ceftazidime. (C) 100% of the G. mellonella larvae infected with 862 
P. aeruginosa G6R7 (blue curve) or P. aeruginosa G6R7 dsbA1 (light blue curve) die 18 863 
hours post infection, while only 52.5% of larvae infected with P. aeruginosa G6R7 and 864 
treated with piperacillin (red curve) survive 28 hours post infection. Treatment of larvae 865 
infected with P. aeruginosa G6R7 dsbA1 with piperacillin (pink curve) results in 77.5% 866 
survival, 28 hours post infection. The graph shows Kaplan-Meier survival curves of infected 867 
G. mellonella larvae after different treatment applications; horizontal lines represent the 868 
percentage of larvae surviving after application of each treatment at the indicated time point 869 
(a total of 40 larvae were used for each curve). Statistical analysis of this data was performed 870 
using a Mantel-Cox test. The most relevant comparison is noted on the figure. Full statistical 871 
analysis is as follows: n=40; p=0.3173 (non-significance) (P. aeruginosa vs P. aeruginosa 872 
dsbA1), p<0.0001 (significance) (P. aeruginosa vs P. aeruginosa treated with piperacillin), 873 
p<0.0001 (significance) (P. aeruginosa dsbA1 vs P. aeruginosa treated with piperacillin), 874 
p=0.0147 (significance) (P. aeruginosa treated with piperacillin vs P. aeruginosa dsbA1 875 
treated with piperacillin). (D) Deletion of dsbA1 in the GES-19/GES-26-expressing P. 876 
aeruginosa CDC #769 clinical isolate sensitizes this strain to piperacillin/tazobactam and 877 
aztreonam. (E) Deletion of dsbA1 in the GES-19/GES-20-expressing P. aeruginosa CDC 878 
#773 clinical isolate sensitizes this strain to piperacillin/tazobactam, aztreonam, and 879 
ceftazidime. (F) 100% of G. mellonella larvae infected with P. aeruginosa CDC #773 (blue 880 
curve), P. aeruginosa CDC #773 dsbA1 (light blue curve) or larvae infected with P. 881 
aeruginosa CDC #773 and treated with ceftazidime (red curve) die 21 hours post infection. 882 
Treatment of larvae infected with P. aeruginosa CDC #773 dsbA1 with ceftazidime (pink 883 
curve) results in 96.7% survival, 24 hours post infection. The graph shows Kaplan-Meier 884 
survival curves of infected G. mellonella larvae after different treatment applications; 885 
horizontal lines represent the percentage of larvae surviving after application of each 886 
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treatment at the indicated time point (a total of 30 larvae were used for each curve). Statistical 887 
analysis of this data was performed using a Mantel-Cox test. The most relevant comparison is 888 
noted on the figure. Full statistical analysis is as follows: n=30; p<0.0001 (significance) (P. 889 
aeruginosa vs P. aeruginosa dsbA1), p>0.9999 (non-significance) (P. aeruginosa vs P. 890 
aeruginosa treated with ceftazidime), p<0.0001 (significance) (P. aeruginosa dsbA1 vs P. 891 
aeruginosa treated with ceftazidime), p<0.0001 (significance) (P. aeruginosa treated with 892 
ceftazidime vs P. aeruginosa dsbA1 treated with ceftazidime). For panels (A), (B), (D), and 893 
(E) the graphs show MIC values (μg/mL) from three biological experiments, each conducted 894 
as a single technical repeat; red dotted lines indicate the EUCAST clinical breakpoint for 895 
each antibiotic. 896 
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 897 
 898 
 899 
Figure 4. (A-D) Impairment of disulfide bond formation allows the treatment of 900 
Stenotrophomonas maltophilia clinical strains with β-lactam and colistin antibiotics. (A, 901 
B) Deletion of dsbA dsbL in the S. maltophilia AMM and S. maltophilia GUE clinical 902 
isolates results in drastic decrease of their ceftazidime MIC values. (C) Deletion of dsbA 903 
dsbL in the S. maltophilia AMM clinical strain results in drastic decrease of its colistin MIC 904 
value. (D) Use of a small-molecule inhibitor of DsbB against the S. maltophilia AMM 905 
clinical strain results in decrease of its ceftazidime and colistin MIC values. For panels (A-D) 906 
graphs show MIC values (μg/mL) from three biological experiments; for β-lactam MIC 907 
assays each experiment was conducted as a single technical repeat, whereas for colistin MIC 908 
assays each experiment was conducted in technical triplicate. In the absence of EUCAST 909 
clinical breakpoints for S. maltophilia, the black dotted lines indicate the EUCAST clinical 910 
breakpoint for each antibiotic for the related pathogen P. aeruginosa. (E) Protection of P. 911 
aeruginosa by S. maltophilia clinical strains is dependent on oxidative protein folding. 912 
The susceptible P. aeruginosa strain PA14 can survive exposure to ceftazidime up to a 913 
maximum concentration of 4 μg/mL when cultured in isolation (white bars). By contrast, if 914 
co-cultured in the presence of S. maltophilia AMM, which can hydrolyze ceftazidime 915 
through the action of its L1-1 β-lactamase enzyme, P. aeruginosa PA14 can survive and 916 
actively grow in concentrations of ceftazidime as high as 512 μg/mL (dark pink bars). This 917 
protection is abolished if P. aeruginosa PA14 is co-cultured with S. maltophilia AMM dsbA 918 
dsbL (light pink bars), where L1-1 is inactive (as shown in Fig. 4A and [23]). The graph 919 
shows P. aeruginosa PA14 colony forming unit counts (CFUs) for each condition; three 920 
biological replicates were conducted in technical triplicate, and mean CFU values are shown. 921 
The black dotted line indicates the P. aeruginosa PA14 inoculum. The mean CFU values 922 
used to generate this figure are presented in File S2B. 923 
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 924 
 925 
 926 
Figure 5. Inhibition of oxidative protein folding counters antibiotic resistance and inter-927 
species interactions in CF-associated pathogens. (Left) After Sec translocation to the 928 
periplasm and DsbA-assisted folding, cysteine-containing species-specific β-lactamase 929 
enzymes from recalcitrant pathogens, like P. aeruginosa or S. maltophilia, are active and can 930 
hydrolyze β-lactam antibiotics. However, in the absence of their disulfide bonds, DsbA-931 
dependent β-lactamases either degrade or misfold, and thus can no longer confer resistance to 932 
β-lactam compounds. (Right) In multispecies bacterial communities, bacteria that degrade 933 
antibiotics, for example species producing β-lactamases, can protect antibiotic-susceptible 934 
strains. Targeting disulfide bond formation impairs interbacterial interactions that are reliant 935 
on the activity of DsbA-dependent β-lactamase enzymes, allowing eradication of both 936 
bacterial species. 937 
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SUPPLEMENTARY FIGURES 

 

 

 

 
 

 

Figure S1. Complementation of dsbA restores the β-lactam MIC values for E. coli 

MC1000 dsbA expressing β-lactamase enzymes. Re-insertion of dsbA at the attTn7 site of 

the chromosome restores representative β-lactam MIC values for E. coli MC1000 dsbA 

harboring (A) pDM1-blaBEL-1 (ceftazidime MIC), (B) pDM1-blaCARB-2 (cefuroxime MIC), 

(C) pDM1-blaAIM-1 (ceftazidime MIC), (D) pDM1-blaOXA-50 (ampicillin MIC), (E) pDM1-

blaBPS-1m (ceftazidime MIC), and (F) pDM1-blaBPS-6 (ceftazidime MIC). Graphs show MIC 

values (µg/mL) and are representative of two biological experiments, each conducted as a 

single technical repeat. 
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Figure S2. Assessment of off-target effects for clinical strains of P. aeruginosa and S. 

maltophilia that are deficient in oxidative protein folding. (A) P. aeruginosa CDC #769 

and its mutant lacking dsbA1 have identical gentamicin MIC values, confirming that absence 

of DsbA does not compromise the general ability of the strain to resist antibiotic stress . (B) 

Re-insertion of the dsbA1 gene from P. aeruginosa PAO1 at the attTn7 site of the 

chromosome restores representative antibiotic MIC values for P. aeruginosa CDC #769 

dsbA1 (left, piperacillin/tazobactam MIC; right, aztreonam MIC). (C) S. maltophilia AMM 

and its mutant lacking dsbA and dsbL have near-identical gentamicin MIC values, confirming 

that absence of DsbA and DsbL does not compromise the general ability of the strain to resist 

antibiotic stress. (D) Re-insertion of the dsbA1 gene from P. aeruginosa PAO1 at the attTn7 

site of the chromosome restores representative antibiotic MIC values for S. maltophilia AMM 

dsbA dsbL (left, ceftazidime MIC; right, colistin MIC). (E) Changes in MIC values observed 

using the DSB system inhibitor (compound 36) are due solely to inhibition of the DSB 

system. The gentamicin MIC value of S. maltophilia AMM remains unchanged upon addition 

of the inhibitor (left), and the same is observed for the colistin MIC value of S. maltophilia 

AMM dsbA dsbL in the presence of the compound (right). This indicates that the chemical 

compound used in this study only affects the function of the DSB system proteins. For all 

panels, graphs show MIC values (µg/mL) and are representative of three biological 

experiments. β-Lactam MICs were conducted as a single technical repeat and colistin MICs 

were conducted in technical triplicate; red dotted lines indicate the EUCAST clinical 

breakpoint for each antibiotic, where applicable. In the absence of EUCAST clinical 

breakpoints for S. maltophilia, the black dotted lines indicate the EUCAST clinical 

breakpoint for each antibiotic for the related pathogen P. aeruginosa, where applicable. 
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Figure S3. Protection of P. aeruginosa by S. maltophilia clinical strains is dependent on 

oxidative protein folding. (A) Comparison of the colony forming units (CFUs) of S. 

maltophilia AMM with the CFUs of S. maltophilia AMM dsbA dsbL after six hours of 

growth, prior to P. aeruginosa PA14 addition. The two S. maltophilia strains display 

equivalent growth. (B) Complementary analysis to Fig. 4E; here the CFUs of all P. 

aeruginosa and S. maltophilia strains were enumerated in isolation and in mixed culture 

conditions for a more limited set of antibiotic concentrations. Equivalent trends to Fig. 4E are 

observed. The susceptible P. aeruginosa strain PA14 can survive exposure to ceftazidime up 

to a maximum concentration of 4 μg/mL when cultured in isolation (white bars). By contrast, 

if co-cultured in the presence of S. maltophilia AMM (dark blue bars), which can hydrolyze 

ceftazidime through the action of its L1-1 β-lactamase enzyme, P. aeruginosa PA14 (dark 

pink bars) can survive and actively grow in higher concentrations of ceftazidime (see 128 

μg/mL of ceftazidime). This protection is abolished if P. aeruginosa PA14 (light pink bars) is 

co-cultured with S. maltophilia AMM dsbA dsbL (light blue bars). In this case, L1-1 is 

inactive (as shown in Fig. 4AB and [1]), resulting in killing of S. maltophilia AMM and, in 

turn, eradication of P. aeruginosa PA14 (see 128 μg/mL of ceftazidime, absence of light pink 

bars). Three biological replicates were conducted in technical triplicate and mean CFU values 

are shown. The grey line indicates the P. aeruginosa PA14 inoculum. The mean CFU values 

used to generate this figure are presented in File S2C. 
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Figure S4. The activity of additional species-specific β-lactamases depends on disulfide 

bond formation. (A) β-Lactam MIC values for E. coli MC1000 expressing disulfide-bond-

containing β-lactamases from P. otitidis (left, POM-1; Table S1) and Serratia spp. (right, 

SMB-1; Table S1) are reduced in the absence of DsbA (MIC fold changes: >2; fold change of 

2 is indicated by the black dotted lines). No changes in MIC values are observed for the 

aminoglycoside antibiotic gentamicin (white bars) confirming that absence of DsbA does not 

compromise the general ability of this strain to resist antibiotic stress. Graphs show MIC fold 

changes for β-lactamase-expressing E. coli MC1000 and its dsbA mutant. MIC assays were 

performed in three biological experiments each conducted as a single technical repeat; the 

MIC values used to generate this figure are presented in File S2A (rows 22-25). (B) Protein 

levels of disulfide-bond-containing β-lactamases are either unaffected (POM-1) or drastically 

reduced (SMB-1) when these enzymes are expressed in E. coli MC1000 dsbA. Protein levels 

of StrepII-tagged β-lactamases were assessed using a Strep-Tactin-AP conjugate. A 

representative blot from three biological experiments, each conducted as a single technical 

repeat, is shown; molecular weight markers (M) are on the left, DnaK was used as a loading 

control and solid black lines indicate where the membrane was cut. Full immunoblots and 

SDS PAGE analysis of the immunoblot samples for total protein content are shown in File 

S3. (C) The hydrolytic activities of both tested β-lactamases are significantly reduced in the 

absence of DsbA. The hydrolytic activities of strains harboring the empty vector or 

expressing the control enzyme L2-1 show no dependence on DsbA; the same data for the 

control strains are also shown in Fig. 2B. n=3 (each conducted in technical duplicate), table 

shows means ± SD, significance is indicated by * = p < 0.05, ns = non-significant. 
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Figure S5. Complementation of dsbA restores the β-lactam MIC values for E. coli 

MC1000 dsbA expressing β-lactamases. Re-insertion of dsbA at the attTn7 site of the 

chromosome restores representative β-lactam MIC values for E. coli MC1000 dsbA harboring 

(A) pDM1-blaPOM-1 (imipenem MIC), and (B) pDM1-blaSMB-1 (ceftazidime MIC). Graphs 

show MIC values (µg/mL) and are representative of two biological experiments, each 

conducted as a single technical repeat. 
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SUPPLEMENTARY TABLES 

 

Table S1. Overview of the β-lactamase enzymes investigated in this study. All tested 

enzymes belong to distinct phylogenetic clusters (see File S1), with the exception of BPS-1m 

and BPS-6. The “Cysteine positions” column states the positions of cysteine residues after 

amino acid 30 and hence, does not include amino acids that are part of the periplasmic signal 

sequence which is cleaved after protein translocation. All β-lactamase enzymes except L2-1 

and LUT-1 (shaded in grey), which are used as negative controls throughout this study, have 

one or more disulfide bonds. Both L2-1 and LUT-1 contain two or more cysteine residues, but 

lack disulfide bonds as they are transported to the periplasm in a folded state by the Twin-

arginine translocation (Tat) system; for L2-1 Tat-dependent translocation has been 

experimentally confirmed [2], whereas for LUT-1 this is strongly corroborated by signal 

peptide prediction software (SignalP 5.0 [3] likelihood scores: Sec/SPI = 0.0572, Tat/SPI = 

0.9312, Sec/SPII (lipoprotein) = 0.0087, other = 0.0029). The “Mob.” (mobilizable) column 

refers to the possibility for the β-lactamase gene to be mobilized from the chromosome; “yes” 

indicates that the gene of interest is located on a mobile element, while “no” refers to 

immobile chromosomally-encoded enzymes. The “Spectrum” column refers to the hydrolytic 

spectrum of each tested enzyme; tested enzymes are narrow-spectrum β-lactamases (NS), 

extended-spectrum β-lactamases (ESBL) or carbapenemases. The “Inh.” (inhibition) column 

refers to classical inhibitor susceptibility i.e., susceptibility to inhibition by clavulanic acid, 

tazobactam or sulbactam. Finally, the “Organism” column refers to the bacterial species that 

most commonly express the tested β-lactamase enzymes. 

 

ENZYME 
CYSTEINE 

POSITIONS 

AMBLER 

CLASS 
MOB. SPECTRUM INH. ORGANISM 

L2-1 C82 C136 

C233 

A no ESBL yes Stenotrophomonas 

maltophilia 

LUT-1 C54 C129 A no [4] NS yes Pseudomonas 

luteola 

BEL-1 C61 C231 A yes [5] ESBL yes Pseudomonas 

aeruginosa 

CARB-2 C72 C118 A yes [6] NS yes Pseudomonas spp. 

BPS-1m C75 C83 C129 A no [7] ESBL yes Burkholderia 

pseudomallei 

BPS-6 C75 C83 C129 A no [8] ESBL yes Burkholderia 

pseudomallei 

GES-19, 

20, or 26 

C63 C233 A yes [9] ESBLs yes Enterobacteriaceae, 

Pseudomonas 

aeruginosa 

AIM-1 C31 C56 C194 

C199 C234 

C274 

B3 yes [10] carbapenemase no [11] Pseudomonas 

aeruginosa 

L1-1 C239 C265 B3 no [11] carbapenemase no [11] Stenotrophomonas 

maltophilia 

POM-1 C237 C265 B3 no [12] carbapenemase no [11] Pseudomonas 

otitidis 

SMB-1 C180 C 185 

C226 C260 

B3 yes [13] carbapenemase no [11] Serratia spp. 

OXA-50 C208 C211 D no [14] NS no [14] Pseudomonas spp. 
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Table S2. Bacterial strains used in this study. All listed isolates are clinical strains.  

“FNRCAR” refers to the French National Reference Centre for Antibiotic Resistance in Le 

Kremlin-Bicêtre, France, and “CDC AR Isolate bank” refers to the Centers for Disease 

Control and Prevention Antibiotic Resistance Isolate Bank in Atlanta, GA, USA. 

 

NAME DESCRIPTION SOURCE 

Escherichia coli 

DH5α 

F– endA1 glnV44 thi-1 

recA1 relA1 gyrA96 deoR 

nupG purB20 

φ80dlacZ∆M15 ∆(lacZYA-

argF)U169 hsdR17(rK
–mK

+) 

λ– 

[15] 

DH5αλpir λpir [16] 

CC118λpir 

araD Δ(ara, leu) ΔlacZ74 

phoA20 galK thi-1 rspE 

rpoB argE recA1 λpir 

[17] 

HB101 

supE44 hsdS20 recA13 ara-

14 proA2 lacY1 galK2 

rpsL20 xyl-5 mtl-1 

[18] 

MC1000 
araD139 ∆(ara, leu)7697 

∆lacX74 galU galK strA 
[19] 

MC1000 dsbA dsbA::aphA, KanR [20] 

MC1000 dsbA attTn7::Ptac-dsbA 
dsbA::aphA attTn7::dsbA, 

KanR [1] 

Clinical isolates 

Pseudomonas aeruginosa PAO1 wild-type prototroph [21] 

Pseudomonas aeruginosa PA14 wild-type prototroph [22] 

Pseudomonas aeruginosa PA14 

attTn7::accC 
attTn7::accC, GentR This study 

Pseudomonas aeruginosa G4R7 blaAIM-1 FNRCAR 

Pseudomonas aeruginosa G4R7 dsbA1 dsbA1 blaAIM-1 This study 

Pseudomonas aeruginosa G6R7 blaAIM-1 FNRCAR 

Pseudomonas aeruginosa G6R7 dsbA1 dsbA1 blaAIM-1 This study 

Pseudomonas aeruginosa CDC #769 blaGES-19 blaGES-26 
CDC AR 

Isolate Bank 

Pseudomonas aeruginosa CDC #769 

dsbA1 
dsbA1 blaGES-19 blaGES-26 This study 

Pseudomonas aeruginosa CDC #769 

dsbA1 attTn7::accC msfgfp dsbA1 

dsbA1 blaGES-19 blaGES-26 

attTn7::accC msfgfp dsbA1, 

GentR 

This study 

Pseudomonas aeruginosa CDC #773 blaGES-19 blaGES-20 
CDC AR 

Isolate Bank 

Pseudomonas aeruginosa CDC #773 

dsbA1 
dsbA1 blaGES-19 blaGES-20 This study 

Stenotrophomonas maltophilia AMM blaL2-1 blaL1-1 [23] 

Stenotrophomonas maltophilia AMM 

dsbA dsbL 
dsbA dsbL blaL2-1 blaL1-1 This study 

Stenotrophomonas maltophilia AMM blaL2-1 blaL1-1 This study 
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9 

attTn7::accC msfgfp attTn7::accC msfgfp, GentR 

Stenotrophomonas maltophilia AMM 

dsbA dsbL attTn7::accC msfgfp 

dsbA dsbL blaL2-1 blaL1-1 

attTn7::accC msfgfp, GentR 
This study 

Stenotrophomonas maltophilia AMM 

dsbA dsbL attTn7::accC msfgfp dsbA1 

dsbA dsbL blaL2-1 blaL1-1 

attTn7::accC msfgfp dsbA1, 

GentR 

This study 

Stenotrophomonas maltophilia GUE blaL2-1 blaL1-1 [23] 

Stenotrophomonas maltophilia GUE 

dsbA dsbL 
dsbA dsbL blaL2-1 blaL1-1 This study 
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Table S3. Plasmids used in this study. 

 

NAME DESCRIPTION SOURCE 

pDM1 
pDM1 vector (GenBank MN128719), p15A 

ori, Ptac promoter, MCS, TetR 

Mavridou 

lab stock 

pDM1-blaL2-1 blaL2-1 cloned into pDM1, TetR [1] 

pDM1-blaLUT-1 blaLUT-1 cloned into pDM1, TetR This study 

pDM1-blaBEL-1 blaBEL-1 cloned into pDM1, TetR This study 

pDM1-blaCARB-2 blaCARB-2 cloned into pDM1, TetR This study 

pDM1-blaBPS-1m blaBPS-1m cloned into pDM1, TetR This study 

pDM1-blaBPS-6 blaBPS-6 cloned into pDM1, TetR This study 

pDM1-blaAIM-1 blaAIM-1 cloned into pDM1, TetR This study 

pDM1-blaPOM-1 blaPOM-1 cloned into pDM1, TetR This study 

pDM1-blaSMB-1 blaSMB-1 cloned into pDM1, TetR This study 

pDM1-blaOXA-50 blaOXA-50 cloned into pDM1, TetR This study 

pDM1-blaBEL-1-StrepII 
blaBEL-1 encoding BEL-1 with a C-terminal 

StrepII tag cloned into pDM1, TetR 
This study 

pDM1-blaCARB-2-StrepII 
blaCARB-2 encoding CARB-2 with a C-

terminal StrepII tag cloned into pDM1, TetR 
This study 

pDM1-blaBPS-1m-StrepII 
blaBPS-1m encoding BPS-1m with a C-

terminal StrepII tag cloned into pDM1, TetR 
This study 

pDM1-blaAIM-1-StrepII 
blaAIM-1 encoding AIM-1 with a C-terminal 

StrepII tag cloned into pDM1, TetR 
This study 

pDM1-blaL1-1-StrepII 
blaL1-1 encoding L1-1 with a C-terminal 

StrepII tag cloned into pDM1, TetR 
[1] 

pDM1-blaPOM-1-StrepII 
blaPOM-1 encoding POM-1 with a C-terminal 

StrepII tag cloned into pDM1, TetR 
This study 

pDM1-blaSMB-1-StrepII 
blaSMB-1 encoding SMB-1 with a C-terminal 

StrepII tag cloned into pDM1, TetR 
This study 

pDM1-blaOXA-50-StrepII 
blaOXA-50 encoding OXA-50 with a C-

terminal StrepII tag cloned into pDM1, TetR 
This study 

pKNG101 
Gene replacement suicide vector, oriR6K, 

oriTRK2, sacB, StrR 
[24] 

pKNG102 
Gene replacement suicide vector, oriR6K, 

oriTRK2, sacB, TetR 

Bernal lab 

stock 

pKNG101-dsbA1 

PCR fragment containing the regions 

upstream and downstream P. aeruginosa 

dsbA1 cloned in pKNG101; when inserted 

into the chromosome, the strain is a 

merodiploid for dsbA1 mutant, StrR 

[1] 

pKNG102-dsbA1-769 

PCR fragment containing the regions 

upstream and downstream P. aeruginosa 

CDC #769 (Table S2) dsbA1 cloned in 

pKNG102; when inserted into the 

chromosome, the strain is a merodiploid for 

dsbA1 mutant, TetR 

This study 

pKNG102-dsbA1-773 

PCR fragment containing the regions 

upstream and downstream P. aeruginosa 

CDC #773 (Table S2) dsbA1 cloned in 

pKNG102; when inserted into the 

This study 

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

The copyright holder for this preprintthis version posted June 2, 2025. ; https://doi.org/10.1101/2023.08.02.551661doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.02.551661
http://creativecommons.org/licenses/by/4.0/


11 

chromosome, the strain is a merodiploid for 

dsbA1 mutant, TetR 

pKNG101-dsbA dsbL-AMM 

PCR fragment containing the regions 

upstream and downstream S. maltophilia 

AMM dsbA and dsbL genes cloned in 

pKNG101; when inserted into the 

chromosome, the strain is a merodiploid for 

dsbA dsbL mutant, StrR 

This study 

pKNG101-dsbA dsbL-GUE 

PCR fragment containing the regions 

upstream and downstream S. maltophilia 

GUE dsbA and dsbL genes cloned in 

pKNG101; when inserted into the 

chromosome, the strain is a merodiploid for 

dsbA dsbL mutant, StrR 

This study 

pRK600 
Helper plasmid, ColE1 ori, mobRK2, 

traRK2, CamR 
[25] 

pTn7-M 

Mini-Tn7 delivery transposon vector 

containing the Tn7 flanking regions and a 

GentR marker, R6K ori, KanR, GentR 

[26] 

pBG42 

Mini-Tn7 delivery transposon vector 

containing the Tn7 flanking regions, a GentR 

marker and msfgfp, R6K ori, KanR, GentR 

[26] 

pBG42-PAO1dsbA1 
dsbA1 encoding DsbA1 from P. aeruginosa 

PAO1 cloned into pBG42, KanR, GentR 
This study 

pTNS2 

Helper plasmid, R6K ori; encodes the 

TnsABC+D specific transposition pathway, 

AmpR 

[27] 

pMK-RQ carb-2 
GeneArt® cloning vector containing carb-2, 

ColE1 ori, (template for carb-2), KanR 
This study 

pMK-RQ bps-1m 
GeneArt® cloning vector containing bps-1m, 

ColE1 ori, (template for bps-1m), KanR This study 

pMK-RQ bps-6 
GeneArt® cloning vector containing bps-6, 

ColE1 ori, (template for bps-6), KanR 
This study 

pMK-RQ smb-1 
GeneArt® cloning vector containing smb-1, 

ColE1 ori, (template for smb-1), KanR 
This study 
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Table S4. Oligonucleotide primers used in this study. The “Brief description” column 

provides basic information on the primer design (restriction enzyme used for cloning, 

encoded protein or gene replaced by antibiotic resistance cassette, forward or reverse 

orientation of the primer (F or R); SQ stands for sequencing primers). 

 

NUMBER BRIEF DESCRIPTION SEQUENCE (5ˊ-3ˊ) 

P1 SacI.LUT-1.F ctggagctcaatgtcatcctgaaccgtcga 

P2 PstI.LUT-1.R cagctgcagtcagcctgtcacccattcag 

P3 SacI.BEL-1.F ctggagctcaaactgctctacccgttattgc 

P4 PstI.BEL-1.R cagctgcagtcagtgaacatattgacgtgc 

P5 SacI.CARB-2.F ctggagctcaagtttttattggcattttcgc 

P6 KpnI.CARB-2.R cagggtacctcagcgcgactgtgatgta 

P7 SacI.BPS-1m.F ctggagctcaatcattctccgttgcgccgctc 

P8 XmaI.BPS-1m.R caacccgggtcaggcgaacgcccgcgcg 

P9 SacI.AIM-1.F ctggagctcaaacgtcgcttcaccctgg 

P10 KpnI.AIM-1.R ctgggtacctcaaggccgcgcgccgctg 

P11 SacI.POM-1.F ctggagctccgtaccctgaccctcg 

P12 KpnI.POM-1.R cagggtaccttatgcgtcatcagagacctc 

P13 NdeI.SMB-1.F cagctccatatgaaaatcatcgcttccctgatcc 

P14 XmaI.SMB-1.R ctgcccgggtcagcgtttctcgctggcca 

P15 SacI.OXA-50.F ctggagctccgccctctcttcagtg 

P16 KpnI.OXA-50.R cagggtacctcagggcagtatcccgagag 

P17 PstI.StrepII.BEL-1.R 
cagctgcagttatttttcaaattgcggatggctccaagcgctc

ccgtgaacatattgacgtgctaac 

P18 KpnI.StrepII.CARB-2.R 
cagggtaccttatttttcaaattgcggatggctccaagcgctc

ccgcgcgactgtgatgtataa 

P19 XmaI.StrepII.BPS-1m.R 
ctgcccgggctatttttcaaattgcggatggctccaagcgct

cccggcgaacgcccgcgcggcg 

P20 KpnI.StrepII.AIM-1.R 
cagggtaccttatttttcaaattgcggatggctccaagcgctc

ccaggccgcgcgccgctggag 

P21 KpnI.StrepII.POM-1.R 
cagggtaccttatttttcaaattgcggatggctccaagcgctc

ccgccgcgctgcttc 

P22 XmaI.StrepII.SMB-1.R 
ctgcccgggctatttttcaaattgcggatggctccaagcgct

cccgcgtttctcgctggccag 

P23 KpnI.StrepII.OXA-50.R 
cagggtaccttatttttcaaattgcggatggctccaagcgctc

ccgggcagtatcccgagagcc 

P24 SQ.dsbA1.Paeruginosa.F tacctgctcaagcagatgcatg 

P25 SQ.dsbA1.Paeruginosa.R ggtgttcatgtcgcccatca 

P26 SQ.dsbAdsbL.Smaltophilia.F atggtgccgttcgtgcaga 

P27 SQ.dsbAdsbL.Smaltophilia.R acagcacctgcatttccgg 

P28 XbaI.dsbA1.F ggttcctctagagcctacttcgccagccagaa 

P29 pKNG101-dsbA1.body.R ctacttcttgttacgcatcgttcactc 

P30 pKNG101-dsbA1.body.F atgcgtaacaagaagtaggcaaggtga 

P31 BamHI.dsbA1.R aattaaggatcctcatcactaccaccagcgcg 

P32 XbaI.dsbAdsbL.F ggttcctctagatcttctggtacagcacctgcatttccg 

P33 pKNG102-dsbAdsbL.body.R tgcgtgtcgatgaggttggctcactga 

P34 pKNG102-dsbAdsbL.body.F tctcttggatcagtgagccaacctcat 

P35 BamHI.dsbAdsbL.R aattaaggatcctcgctggaggtggatttcagcaagacc 

P36 pBG42-vector.F gaattcgagctcggtaccc 

P37 pBG42-vector.R tagaaaacctccttagcatgattaagatg 
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P38 PAO1dsbA1-insert.F catgctaaggaggttttctaatgcgtaacctgattctcacc 

P39 PAO1dsbA1-insert.R gtaccgagctcgaattcctacttcttggccgctgc 

P40 HindIII.PEM7-msfgfp.F 

cacaaagctttgttgacaattaatcatcggcatagtatatcgg

catagtataatacgacaaggtgaggaactaaaccaggagg

aaaaacatatgcgtaaaggtgaagaactgttcac 

P41 msfgfp.BamHI.R cacaggatccttatttgtagagttcatccatgccg 

P42 SQ.pBG42-PAO1dsbA1.F ccgctgcgttcggtc 

P43 SQ.pBG42-PAO1dsbA1.R ccaagactagtcgccagg 

P44 SQ.Tn7.Paeruginosa.F gtcgaagccgagctggtg 

P45 SQ.Tn7.Paeruginosa.R gatcgccaagggtgcctg 

P46 SQ.Tn7.Smaltophilia.F gtcgatgccgcccaagaag 

P47 SQ.Tn7.Smaltophilia.R gatggcaccttccatgagaac 
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Table S5. Sources of genomic DNA used for amplification of β-lactamase genes used in this 

study. CRBIP stands for Centre de Ressources Biologiques de l’Institut Pasteur, France and 

FNRCAR refers to the French National Reference Centre for Antibiotic Resistance in Le 

Kremlin-Bicêtre, France. 

 

STRAIN GENE SOURCE 

Pseudomonas aeruginosa 51170 blaBEL-1 [5] 

Pseudomonas luteola CIP 102067 blaLUT-1 CRBIP 

Pseudomonas aeruginosa G4R7 blaAIM-1 FNRCAR 

Pseudomonas otitidis CIP 109236T blaPOM-1 CRBIP 

Pseudomonas aeruginosa PAO1 LA blaOXA-50 [21] 
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LEGENDS FOR SUPPLEMENTARY DATA FILES 

 

File S1. Analysis of the cysteine content and phylogeny of all identified β-lactamases. 

7,741 unique β-lactamase protein sequences were clustered with a 90% identity threshold and 

the centroid of each cluster was used as a phylogenetic cluster identifier for each sequence 

(“Phylogenetic cluster (90% ID)” column). All sequences were searched for the presence of 

cysteine residues (“Total number of cysteines” and “Positions of all cysteines” columns). 

Proteins with two or more cysteines after the first 30 amino acids of their primary sequence 

(cells shaded in grey in the “Number of cysteines after position 30” column) are potential 

substrates of the DSB system for organisms where oxidative protein folding is carried out by 

DsbA and provided that translocation of the β-lactamase outside the cytoplasm is performed 

by the Sec system. The first 30 amino acids of each sequence were excluded to avoid 

considering cysteines that are part of the signal sequence mediating the translocation of these 

enzymes outside the cytoplasm. Cells shaded in grey in the “Reported in pathogens” column 

mark β-lactamases that are found in pathogens or organisms capable of causing opportunistic 

infections. The Ambler class of each enzyme is indicated in the “Ambler class column” and 

each class (A, B1, B2, B3, C and D) is highlighted in a different color. 

 

File S2. Data used to generate Fig. 1, Fig. S4, Fig. 4B and Fig. S3B. (A) MIC values 

(µg/mL) used to generate Fig. 1 are in rows 2-7 [strains serving as negative controls; E. coli 

MC1000 strains harboring pDM1 (vector alone), pDM1-blaL2-1 or pDM1-blaLUT-1 (cysteine-

containing β-lactamases which lack disulfide bonds)] and rows 9-20. MIC values (µg/mL) 

used to generate Fig. S4 are in rows 22-25. The aminoglycoside antibiotic gentamicin serves 

as a negative control for all strains. Cells marked with a dash (-) represent strain-antibiotic 

combinations that were not tested. (B) P. aeruginosa PA14 colony forming unit (CFU) 

counts used to generate Fig. 4E. (C) P. aeruginosa PA14, S. maltophilia AMM and S. 

maltophilia AMM dsbA dsbL CFU counts used to generate Fig. S3B. For all tabs, three 

biological experiments are shown; for (B) and (C) each biological replicate was conducted in 

technical triplicate and mean CFU values are shown. 

 

File S3. Full immunoblots and SDS PAGE analysis of the immunoblot samples for total 

protein content. (Pages 1-6) Full immunoblots for Fig. 2A and S4B. On the left of each 

page, the relevant figure panel is shown and the lanes in question are marked with red outline. 

On the right of each page, the full immunoblot is displayed with the corresponding area also 

marked with red outline. (Pages 7-9) SDS PAGE analysis of the immunoblot samples for 

total protein content. In each page, the immunoblot in question is indicated (by “Fig. 2A” or 

“Fig. S4B”) and lanes are marked accordingly to identify the immunoblot lane that they 

correspond to (see white labels at the bottom of the gel). 

 

File S4. Analysis of Stenotrophomonas spp. for the presence of MCR proteins. Hidden 

Markov Models built from validated sequences of MCR-like and EptA-like proteins were 

used for the identification of MCR-like analogues in a total of 106 complete genomes of the 

Stenotrophomonas genus downloaded from the NCBI repository. (A) Most genomes that 

were investigated (“Stenotrophomonas maltophilia genome” column”), encoded one or two 

MCR-like proteins (“Number of MCR analogues column”). (B) The 146 MCR-like 

sequences (“Protein ID column”) that were identified (only hits with evalues < 1e-10 were 

considered; “Evalue” column) belong to the same phylogenetic group as validated MCR-5 or 

MCR-8 proteins (“Phylogenetic group” column). 
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File S5. Quality control information on 4,5-dibromo-2-(2-chlorobenzyl)pyridazin-3(2H)-

one. 1H-NMR and LCMS spectra of 4,5-dibromo-2-(2-chlorobenzyl)pyridazin-3(2H)-one 

(compound 36) demonstrating the correctness and purity of the synthesized compound by 

Bioduro-Sundia. 
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