10

11

12

13

14

15
16
17
18
19
20
21
22

23

24

25

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.13.476284; this version posted January 14, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

The AAA+ ATPase RavA-ViaA complex sensitizes Escherichia
coli to aminoglycosides under anaerobic low energy

conservation conditions

Jessica Y. El Khoury'®, Jordi Zamarrefio Beas>#®, Allison Huguenot?, Béatrice Py?", Frédéric Barras'’

@ These authors contributed equally to this work and their names are listed in alphabetical order

* Co-corresponding authors
E-mail: frederic.barras@pasteur.fr

py@imm.cnrs.fr

Affiliations

1 SAMe Unit, Département de Microbiologie, Université de Paris, UMR CNRS IMM 2001, Institut
Pasteur, France.

2 laboratoire de Chimie Bactérienne, Aix-Marseille Université-CNRS UMR7283, Institut de
Microbiologie de la Méditerranée, Marseille, France

# Current Address: Instituto Tecnologia Quimica e Bioldgica Antdnio Xavier, Universidade Nova de

Lisboa Avenida da Republica; 2780-157 Oeiras, Portugal


https://doi.org/10.1101/2022.01.13.476284
http://creativecommons.org/licenses/by/4.0/

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.13.476284; this version posted January 14, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Abstract

Aminoglycosides have been used against Gram-negative bacteria for decades. Yet, uncertainties
remain about various aspects of their uptake mechanism. Moreover their killing efficiency is well
known to vary as a function of growth conditions and types of metabolism used by the targeted
bacterium. Here we show that RavA, an AAA+ ATPase from the MoxR subfamily, associated with its
VWA-containing partner, ViaA sensitize E. coli to lethal concentrations of AG, including gentamycin
(Gm) and tobramycin, but not of antibiotics of other classes. We show this sensitizing effect to be due
to enhanced Gm uptake in a proton motive force dependent manner. We evaluated the influence of
RavA ViaA throughout a series of growth conditions, including aerobiosis and anaerobiosis. This led us
to observe that the sensitizing effect of RavA ViaA varies with the respiratory chain used, i.e. RavA ViaA
influence was prominent in the absence of exogenous electron acceptor or with fumarate, i.e. in poor
energy conservation conditions, and dispensable in the presence of nitrate or oxygen, i.e. in high level
of energy conservation. We propose RavA ViaA to be able to sense energetic state of the cell and to
be used under low energy conditions for facilitating uptake of chemicals across the membrane,

including Gm.

Author Summary

Antibiotic resistance is a major public health, social and economic problem. Aminoglycosides are
known for their high efficiency against Gram-negative bacteria but their use is restricted to life
threatening infections because of their nephrotoxicity and ototoxicity at therapeutic dose. Elucidation
of AG sensitization mechanisms in bacteria will allow the use of a decreased effective dose of AGs.
Here we identified new molecular actors, RavA and ViaA, which sensitize E. coli to AG under
anaerobiosis. RavA belongs to the AAA+ ATPase family while ViaA bears a VWA motif. Moreover we
show here that the influence of RavA ViaA on AG sensitivity varies with growth conditions and

respiratory metabolism used by E. coli. This is a significant step forward as anaerobiosis is well known
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to reduce antibacterial activity of AG. This study emphasizes the crucial importance of the relationships

between culture conditions, metabolism and antibiotic resistance.

Introduction

Antibiotic resistance is an important biomedical problem that challenges the ability to treat bacterial
infections [1]. Modulation of intracellular concentrations of antibiotics is one of the most frequent
processes leading to resistance whether it is due to limiting antibiotic entry, or increasing efflux [2].
The aminoglycosides (AGs) class of antibiotics targets the ribosome, leading to mistranslation and
eventually cell death. AGs comprise kanamycin, tobramycin, gentamycin (Gm), neomycin, amikacin
and streptomycin and are commonly used worldwide, thanks to their high efficacy and low cost. The
mechanism of action of AG has been studied for decades. Yet, uncertainties remain on key mechanistic
issues, such as mode of killing and penetration into cells. For instance, although ribosome as the
primary targets of AG has been established for years, several studies have in the last decade challenged
the idea that ribosome targeting was the actual reason for AG toxicity, giving to reactive oxygen species
an equally important contribution to bacterial death [3—6]. Another issue under debate pertains to the
mechanism of entry of AG and various non-exclusive mechanisms have been described. The current
model [7,8] is that uptake starts with the entry of a small amount of AG through proton motive force
(pmf)-dependent mechanisms [9—11] or other transport systems [12—14] priming mistranslation by the
ribosome, which leads to membrane damage by incorporation of mistranslated proteins and a second
wave of massive AG uptake [9,15]. The pmf is especially important during the first phase of uptake
[16], while the second phase occurs in response to impaired translation. pmfis produced by the activity
of electron transfer chains arising within respiratory complexes and we previously showed that
maturation of respiratory complexes is directly impacting AG uptake efficiency and level of resistance
[4].

The AAA+ ATPases are widely used as part of macromolecular machines [17]. AAA+ ATPases share

structural features such as forming oligomers or coupling ATPase hydrolysis with remodeling of
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76 substrates. AAA+ ATPases have been classified in different 7 clades [17]. Actual physiological role of
77 several AAA+ ATPase remains to be elucidated, in particular within members of the MoxR subfamily,
78 which is part of the AAA+ ATPase clade 7 [17]. Studies on different members of the MoxR family
79 indicate that they could fulfill chaperone-like roles assisting assembly of protein complexes [18]. A
80 hallmark of this type of AAA+ ATPase is that they interact with proteins containing the von Willebrand
81 factor (VWA) domain, a domain that mediates protein-protein interactions. Among the MoxR family
82  we are interested in the protein regulatory variant A (RavA) with its VWA containing partner ViaA.
83 RavA ViaA (RV) complex was reported to interact physically with the respiratory complex fumarate
84 reductase (Frd) but the role for RV in fumarate respiration remains unclear [19]. Briefly, Frd allows E.
85 coli to use fumarate as terminal electron acceptor when oxygen is lacking. Frd complex is made of four
86 subunits, including the cytosolic soluble FrdA and FrdB subunits and the membrane spanning FrdC and
87 D subunits. FrdB hosts a flavin adenine dinucleotide (FAD) and FrdA three iron-sulfur (Fe-S) cluster
88 cofactors. FrdB is a menaquinone (MQ) oxidoreductase, which relays electron from MQH2 to FrdA
89 active site that reduces fumarate into succinate [20]. RV was found to decrease Frd activity and it was
90 proposed that RV complex might participate to the multi-step assembly process leading to functional
91 Frd. A link between RV and anaerobic respiratory metabolism is also supported by the fact that ravA-
92 viaA genes form an operon regulated by the anaerobic sensing transcriptional regulator Fnr [19]. Other
93 potential partners/subtrates of RV are some members of the Nuo respiratory complex and of proteins
94 of the iron-sulfur cluster biogenesis machinery Isc [21].

95 RV activity appears to be important for sustaining stress imposed by the presence of sublethal
96 concentration of AGs, both in Escherichia coli and Vibrio cholerae [21-23]. Precisely, E. coli strains
97 lacking ravA, viaA or both reached a higher final cell density than WT, in rich medium supplemented
98 with sub-lethal concentrations of AGs [21]. Importantly, these observations were collected with E. coli
99 strains growing under aerobic conditions, i.e. conditions in which neither Fnr transcriptional activating

100 nor fumarate reductase activities are expected to intervene.
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101 In the present work, we tested whether RV plays a role in E. coli sensitivity to lethal doses of AG. We
102 carried out analyses both under anaerobic and aerobic growth conditions. Our study establishes RavA
103 and ViaA as AG toxicity enhancers and found this activity to depend upon pmf. Unexpectedly,
104 importance of RV in mediating AG toxicity varies with the growth conditions and nature of the electron
105 acceptor provided to E. coli for respiring. We propose RV to connect the energetic status of the cell
106  and AG uptake.

107

108 Results

109 RavA and ViaA sensitize E. coli to Gm under anaerobic fumarate

110 respiratory conditions.

111 The ravA-viaA operon is activated under anaerobiosis by the Fnr transcriptional activator [19].
112 Moreover, previous studies have pointed out a link between RV complex and Frd fumarate reductase
113 activity [19]. Therefore we tested the effect of RavA ViaA on AG sensitivity of E. coli grown under
114 anaerobic fumarate respiratory conditions. First, we investigated the importance of the fumarate
115 respiration for Gm survival. We found that in a time-dependent killing experiment using a
116 concentration of Gm equivalent to 2X MIC (16 pug/mL), the AfrdA mutant exhibited increased resistance
117  to Gm compared to the WT strain (Fig. 1A). Under anaerobic respiration, menaquinone is predicted to
118 be a prominent electron carrier [24]. Therefore we tested the AmenA mutant, which lacks an 1,4-
119 dihydroxy-2-naphthoate octaprenyltransferase involved in menaquinone biosynthesis. AmenA mutant
120 exhibited same level of Gm resistance as AfrdA mutant (Fig. 1B). Fumarate respiration might involve
121 the NADH:quinone oxidoreductase (Nuo) or the anaerobic glycerol-3-phosphate dehydrogenase
122 (GlpA, B & C) complexes as primary electron donors [25]. Accordingly, we tested the effect of
123 mutations in both of these complexes, e.g. nuoC and glpA, on Gm killing. Neither AnuoC nor AglpA
124 mutation, isolated or in combination, altered the level of Gm sensitivity (S1 Fig.). These results showed

125 that functional menaquinone and fumarate reductase, as electron carrier and terminal reductase
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126 respectively, are required for Gm killing. Then we tested the AravA-viaA mutant in a time-dependent
127 killing experiment, using a concentration of Gm equivalent to 2X MIC (16 pug/mL). We found AravA-
128 viaA mutant exhibited increased resistance to Gm compared to the WT strain (Fig. 1A). Last, combining
129  AravA-viaA and AfrdA mutations showed no additive effect (Fig. 1A). Altogether these results indicated
130  that in fumarate respiratory conditions RavA ViaA sensitize E. coli to Gm in a FrdA-dependent

131 mechanism.

132

133 RavA and ViaA are not needed to grow under fumarate respiration.

134 Previous analysis showed that RV exerted, if anything, a slight negative effect on FrdA enzymatic
135 activity [19]. We therefore tested if RV provided a growth advantage to strains growing using fumarate
136 respiration. Both WT and AravA-viaA strains were grown in LB medium supplemented with 10mM
137  fumarate. Colony-forming unit (CFU) counting showed no difference between AravA-viaA mutant and
138 WT strain (S2.A Fig). Next, both strains were mixed at a 1:1 ratio, and grew together in M9-glycerol
139 and fumarate under anaerobic conditions for 48h. Competitive index was determined by counting
140  AravA-viaA CFU, using their kanamycin resistance phenotype, and WT strain CFU at to and tss. The
141  competitive index (CFUmutant/ CFUwt)tas/( CFUmutant/ CFUwt)to gave a median value of 1.3, revealing no
142 growth advantage of one strain over the other (S2.B Fig). Altogether these results showed that in vivo
143 RavA and ViaA do not influence growth under fumarate respiration and presumably do not modulate
144 FrdA enzymatic activity to a large extent, if at all.

145

146  RavA and ViaA do not sensitize E. coli grown under nitrate respiration

147 to Gm.

148 Nitrate can be used as a terminal acceptor yielding to the most energetically favourable anaerobic
149 respiratory chain in E. coli [26]. Therefore, we tested if RavA and ViaA were able to sensitize E. coli to

150 Gm under nitrate respiration. Nitrate reductase NarGHI is used under anaerobic conditions and is the
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151 major enzyme during nitrate respiration. First, we established the MIC value of Gm in LB medium
152 supplemented with NaNOsz at 10 mM and 0.2 % glycerol and found it was 8 ug/mL for the WT, AravA-
153 viaA, AnarG and AravA-viaA AnarG strains. Next, in these conditions we performed a time-dependent
154 killing assay with Gm at 16 ug/mL. The AravA-viaA mutant was as sensitive as the WT strain (Fig. 2),
155 while AnarG mutation made E. coli less susceptible to Gm comparing to the WT. These results indicate
156  that the sensitization of E. coli to Gm under nitrate respiration is dependent upon NarG but
157 independent of RavA-ViaA. Note that combining AravA-viaA and AnarG had a slight additive effect as
158 the resulting strain showed an even higher level of resistance than the AnarG single mutant (Fig. 2)
159 suggesting that preventing respiration of the exogenously added electron acceptor, nitrate, permitted
160 RV to sensitize E. coli to Gm.

161

162 RavA and ViaA sensitize E. coli to Gm in the absence of exogenously

163 added electron acceptor in anaerobiosis.

164 Next, we investigated the extant of the RV sensitizing effect in the absence of exogenously added
165 electron acceptor, i.e. in LB medium supplemented, or not, with 0.2% glycerol or 0.2% glucose. First,
166  the MIC values for Gm in all of these media were found to be 8 ug/mL. Next, we performed a killing
167  assay using Gm at 16 pg/mL (2x MIC) in LB (Fig. 3A), in LB glycerol (Fig. 3B) and at 30 ug/mL (~4x MIC)
168 in LB glucose (Fig. 3C). The AravA-viaA mutant exhibited increased resistance to Gm compared to the
169  WT strain in all media (Fig. 3). Notably, complementing the AravA-viaA mutant with the pRV plasmid
170 suppressed its enhanced sensitivity (Fig. 3 C). These results indicated that RavA ViaA exerts a sensitizing
171 effect on E. coli in anaerobic conditions in the absence of exogenous electron acceptor.

172

173 RavA and ViaA sensitize E. coli to aminoglycosides specifically.

174  To test whether the effect of RavA and ViaA proteins is specific to Gm, we measured the survival rate

175 of the AravA-viaA strain to other antibiotics: another aminoglycoside (Tobramycin), a protein synthesis
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176  inhibitor (tetracycline), a fluoroquinolone (Nalidixic Acid) and a -lactam (ampicillin). We observed that
177  the AravA-viaA mutant was more resistant to tobramycin than the WT strain (Fig. 4A). A modest
178 resistance effect was noticed at short time exposure to tetracycline (Fig. 4B). The AravA-viaA mutation
179 had no effect on the toxic effect of nalidixic acid and ampicillin as its survival rate was the same as the
180  WT strain (Fig. 4C & 4D). Altogether these results showed that in anaerobiosis, RavA and ViaA sensitize
181  E. coli specifically to aminoglycosides.

182

183 RavA and ViaA increase the intracellular gentamycin concentration

184 under anaerobic conditions.

185 To understand the role of RavA ViaA in AG sensitization under anaerobic conditions, we performed a
186 Gm uptake assay using *H-Gm. Gm uptake assay was done with strains that had grown in LB-glucose
187 under anaerobic conditions. Accumulation of *H-Gm in the WT strain progressively increased to reach
188 1200 ng Gm/108 cells after 2.5 hours (Fig. 5). Instead, in the AravA-viaA mutant, the accumulation of
189 3H-Gm remained below 100 ng of Gm/108 cells after 2.5 hours. Our results indicated that RavA and
190  ViaA sensitize E. coli to Gm by enhancing its uptake and as a consequence its intracellular

191 concentration.

192

193 Increased ravA-viaA gene dosage enhances aminoglycoside killing

194 of E. coli in aerobiosis.

195 The previously reported implication of RV in AG sensitivity was derived from studying E. coli grown in
196  the presence of O, [21]. Moreover, this study monitored growth in the presence of sublethal
197 concentrations of kanamycin, another AG. Therefore, we decided to reinvestigate the influence of RV
198 in aerobiosis using killing assays. The MIC of Gm was found to be 2 pg/mL for both wild type (WT) and

199  AravA-viaA strains. In a time-dependent killing experiment using a concentration of Gm equivalent to


https://doi.org/10.1101/2022.01.13.476284
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.13.476284; this version posted January 14, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

200  2.5x MIC (5 pg/mL), E. coli WT and AravA-viaA strains exhibited similar sensitivities to Gm (Fig. 6A).
201 Hence these results failed to confirm previous data reporting a role of ravA-viaA in AG resistance in
202  the presence of O,. To further solve this apparent conundrum, we constructed a plasmid carrying the
203 ravA-viaA operon (pRV plasmid) and tested whether this would sensitize E. coli to Gm. We observed a
204 drastically altered survival of the WT/pRV strain (Fig. 6B) showing the capacity of RavA ViaA to sensitize
205 E. coli to Gm killing under aerobiosis. Thus, we concluded that RV can sensitize E. coli to Gm in the
206 presence of O, as well but only when they are produced above a threshold level value, that seems not

207  to be reached in exponentially growing cells.

208

209 RavA-ViaA mediated E. coli killing by aminoglycosides in aerobiosis

210 requires pmf.

211 Survival rate to Gm of the WT/pRV was tested in the presence of cyanide-m-chlorophenylhydrazone
212 (CCCP), an ionophore, which dissipates the pmf. The data showed that addition of CCCP prevented Gm
213 from killing the WT/pRV strain (Fig. 6C), demonstrating that pRV-mediated killing required pmf. Since
214  pmf results from respiratory metabolism, we tested whether pRV-mediate sensitization was
215 dependent upon electron transfer chain (ETC)-forming components. We analysed survival to Gm of
216 strains defective for the synthesis of ubiquinones, the lipid that acts as electron carrier within aerobic
217 ETCs. A AubiA strain was highly resistant to Gm treatment and pRV plasmid failed to sensitize the strain
218 defective for ubiquinones (Fig. 6D). Similarly, a Anuo Andh strain lacking both NADH dehydrogenase |
219 and I, canceled pRV-mediated sensitization (Fig. 6E). These data supported the notion that respiration

220  isrequired for pRV-mediated killing in aerobiosis.

221

222 RavA-ViaA have no effect on Nuo activity.

223 To test if RavA and ViaA affect the activity of the Nuo respiratory complex, the Nuo complex activity

224 was measured using deamino-NADH as specific substrate and O, as a final electron acceptor. The level
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225 of activity of the Nuo complex was in the AravA-viaA mutant comparable whether it carried the pRV
226 plasmid or the empty vector control (S3 Fig). This result led us to conclude that RavA ViaA has no effect

227  on Nuo activity level.

228

229 Discussion

230  AGs have been used for decades to treat Gram-negative infections. Yet our understanding of their
231 mode of action, and in particular their mode of entry into the cells remains uncertain. A two step model
232 has been put forward, including a first step wherein AG cross the membrane via a pmf-dependent
233 pathway followed by a second step wherein aborted translational misfolded polypeptides allow
234 massive entry [27]. In this work, we report the influential role of an AAA+ ATPase from the MoxR
235 subfamily, RavA, associated with its VWA-containing partner, ViaA, in Gm uptake under anaerobiosis.
236  We show that the first pmf dependent step is required for RavA-ViaA-dependent facilitating Gm
237 uptake. We discuss a hypothesis wherein RavA-ViaA role would take place when cells are in low
238  energetic state.

239

240 E. coli possess a highly versatile arsenal of respiratory chains. E. coli synthesizes multiple
241 dehydrogenases and terminal reductases, which act as quinone reductases and oxydases, respectively
242 [26,28]. Likewise, from the sole bioenergetic point of view, quinones can connect most of the
243 dehydrogenases with most of the reductases and a great variety of respiratory chains be formed
244 [26,28]. However, not all possible respiratory chain afford redox energy conservation as this requires
245 redox-loop mechanism, which couples electron transfer across the membrane to expulsion of a proton
246 in the periplasm. Energy conservation is maximal in aerobiosis, decreases under fumarate respiration
247  while it gets to its lowest level in the absence of exoneously added electron acceptor [26]. Satisfyingly
248 enough, we found predicted redox energy conservation level to parallel Gm sensitivity level (Fig. 7).

249 Oxygen, nitrate and fumarate as electron acceptors, in this order, yield to higher level of pmf and

10
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250 decreasing level of susceptibility of E. coli to Gm. Surprisingly, the importance of RavA ViaA in
251 sensitizing E. colito Gm appeared to follow the redox energy hierarchy defined above. Indeed influence
252 of RV was apparent when exogenous electron acceptors providing lowest energy conservation, i.e. no
253 exogenous electron acceptor or with fumarate (Fig. 7). It is unclear which mode E. coli is relying on to
254  grow in the absence of “exogeneous added electron acceptor” and we assume that endogenously
255 produced acetate as well as amino acids present in the rich medium can act as electron acceptors. In
256 contrast, with nitrate or oxygen as electron acceptors, which yields to the two highest energy
257 conservation processes, RavA and ViaA had no significant influence. Thus it is tempting to propose as
258 a working hypothesis that RV sensitizing effect takes place only when cell energy goes beyond a
259  threshold value.

260

261 The ravA-viaA operon is under Fnr control [19] and consistently we found a phenotype for AravA-viaA
262 mutant under anaerobiosis. In contrast, killing assays failed to show evidence of the expected
263 enhanced Gm resistance of AravA-viaA mutant in the presence of O,. Yet our subsequent analysis using
264 plasmid carrying RavA-ViaA copies revealed that RavA ViaA was able to sensitize E. coli to Gm, in other
265 words, that aerobic condition was not intrinsically inhibitory to the RavA ViaA activity. Previous study
266 showed the ravA viaA operon to be under sigma S control under aerobiosis, with an optimal synthesis
267 of both RavA and ViaA proteins occurring in cells under stationary phase [19]. Hence it is likely that in
268 our killing assays performed on cells growing exponentially in the presence of O,, RavA and ViaA
269 protein levels were not high enough for an influence to be detected. It will be interesting to
270 reinvestigate the issue of RavA ViaA influence on Gm lethal activity on stationary resting cells. Besides,
271 if RavA ViaA were to bear a sensitizing effect on starving cells, it would somehow be consistent with
272  the hypothesis above predicting a capacity of RV to sense cells under low energetic metabolism.

273

274  We showed that RV complex sensitizes E. coli to AG via a pmf-dependent mechanism. A simplest

275 explanation to account for the sensitizing role of RV is that RV enhanced respiratory chain activity,

11
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276  thereby yielding to high pmf level and enhanced Gm uptake. Yet this explanation seems to fall short.
277 Indeed, no positive effect of RV was found neither on Frd nor on Nuo activity. The effect of RV on Frd
278 was previously investigated and no significant effect was found either [19]. Instead, it was proposed
279  that RV could assist step-wise assembly of the multi-subunits Frd complex in the membrane [19]. Such
280 an hypothesis was in line with the fact that several AAA+ ATPases do assist folding and assembly of
281 multiprotein complexes. Yet, the experiments performed in this study did not show any advantage of
282  the presence of RV on fumarate based growth, casting some doubt on the importance of RavA ViaA
283 for Frd functioning in vivo. RavA ViaA were proposed to target the Nuo complex based upon pull-down
284 assays [21]. Actually, only a subset of Nuo subunits did interact with RavA and/or ViaA, and these
285 putative partnerships changed depending upon the growth conditions : NuoA and F interacting with
286 RavA and ViaA under aerobiosis and NuoCD interacting with both RavA and ViaA under anaerobiosis.
287  Yet in their phenotypic analysis, mutating nuo genes bore no effect on RavA-ViaA mediated
288 sensitization to sublethal concentration of kanamycin, raising questions about the functional
289 consequences of the interactions between RV and some Nuo subunits by pull-down assays. Moreover,
290  we found no effect of RavA ViaA onto the level of Nuo activity. Thus, if the use of Gm toxicity as a read-
291 out as we used here, clearly demonstrates a physiological link between RV and respiratory complexes,
292  the mode of action of RV on these complexes remains enigmatic.

293

294  Antibiotic resistance is a major public health, social and economic problem. AGs are known for their
295 high efficiency against Gram-negative bacteria but their use is restricted to life threatening infections
296 because of their nephrotoxicity and ototoxicity at therapeutic doses [29]. Elucidation of AG
297 sensitization mechanisms in bacteria will allow the use of a decreased effective dose of AGs, to safely
298 treat a wider proportion of infections. Here we identified new molecular actors, RavA and ViaA, which
299 sensitize E. coli to AG under anaerobiosis. This is a significant step forward as anaerobiosis is well

300 known to reduce antibacterial activity of AG. This study extands our previous work [4,30,31] and

12
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301 further emphasizes the influence that environmental conditions and composition can bear on level of
302  antibiotic resistance.
303

304

13


https://doi.org/10.1101/2022.01.13.476284
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.13.476284; this version posted January 14, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

305 Materials and methods

306 Bacterial strains and growth conditions

307 The E. coli K-12 strain MG1655 and its derivatives used in this study are listed in Table 1. Deletion
308 mutations (AravA::Kan®, AvigA::Kan®, Andh:Kan®, AfrdA::Kan®, AmenA::Kan®, AnuoC::Kan®,
309  AglpA::Kan®, AnarG::Kan®) from the KEIO collection were introduced by P1 transduction. The AravA-
310 viaA::Kan® mutant was constructed using the procedure described by Datsenko K. and Wanner B. [32],
311 using oligos ravAwanner_up and viaAwanner_do, followed by a transduction in clean MG1655
312 background. Transductants were verified by polymerase chain reaction (PCR), using primers pair
313 hybridizing upstream and downstream the deleted genes. When performed, excision of the kanamycin
314 cassette was done using the pCP20 plasmid [32]. Oligonucleotides used in this study are listed in Table
315 2. E. coli strains were grown at 37°C in Luria-Bertani (LB) rich medium or in minimal M9 medium.
316  Glucose (0.2%), Glycerol (0.2%), IPTG (1 mM), CCCP (5 pg/mL), fumarate (10 mM) or nitrate (10mM)
317 were added when indicated. Solid media contained 1.5% agar. For standard molecular biology
318 techniques antibiotics were used at the following concentrations, kanamycin at 50 ug/mL, and
319  ampicillin at 50 or 100 ug/mL.

320

321 Plasmid construction

322 Plasmid pRV was constructed by, first, PCR amplification of the coding region of ravA-viaA from the E.
323 coli MG1655 chromosomal DNA using the following primers pair: ravA UP BamHI/ viaA DO Hindlll
324  (Table 2). The PCR product was then digested by BamH!I and Hindlll and cloned into the BamHI/HindlIll
325 linearized ptrC99A vector [33]. The sequence of the inserted fragment was checked by DNA
326  sequencing.

327

328
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329 Time-dependent killing assay

330 Overnight cultures were diluted (1/100) and grown aerobically or anaerobically in specific medium as
331  indicated in the figures’ legends at 37°C to an ODgoo of 0.2. At this point (TO) antibiotics at the indicated
332 concentration were added to the cells. At different incubation times, 100 pL of cells were diluted in
333 sterile phosphate buffered saline solution (PBS buffer), spotted on LB agar and then incubated at 37°C
334  for 24 to 48h. Cell survival was determined by counting colony-forming units per mL (CFU/mL). The
335 absolute CFU at time-point 0 (used as the 100%) was = 5x10’ CFU/mL. Survival rate in anaerobic
336 conditions was performed in anaerobic chamber (Coy and Jacomex Chambers). Materials (medium,

337  tubes, plates...) were all previously equilibrated in the anaerobic chamber for at least 18 h.

338

339  MIC determination

340  The MICs were determined by the microdilution method in a 96 wells plate according to the Clinical
341 Laboratory Standards Institute (CLSI) guideline. Briefly, serial dilutions of Gm in a 2-fold manner were
342 done in 100 pL Cation Adjusted Miiller-Hinton or in LB supplemented or not with either glucose (0.2%)
343 or fumarate (10 mM) or nitrate (10mM). E. coliinoculum were prepared by suspending colonies grown
344 overnight on LB agar using 1xPBS to achieve a turbidity of 0.5 McFarland (1 x 108 CFU/ml) and the final
345 concentration of the inoculum in each well was around 5 x 10° CFU/mL. The plates were incubated at
346 37°C for 18 hours under aerobic or anaerobic conditions. MIC was defined as the lowest drug
347 concentration that exhibited complete inhibition of microbial growth. All MICs were determined from

348  atleast three independent biological replicates.

349

350 Gentamycin uptake

351 [*H]-Gm (20 uCi/mg; Hartmann Analytic Corp.) was added at the indicated final concentration and
352 cultures were incubated at 37°C on a rotary shaker. At given times, 500 pL aliquots were removed and

353 collected on a 0.45 puM-pore-size HAWP membrane filter (Millipore) pre-treated with 1 mL of
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354 unlabelled Gm (250 ug/mL). Filters were subsequently washed with 10 ml of 3 % NaCl, placed into
355 counting vials, dried for 30 min at 52°C whereafter 8 mL of scintillation liquid were added and
356 incubated overnight at room temperature. Vials were counted for 5 min. Gm uptake efficiency is
357 expressed as total accumulation of Gm (ng) per 108 cells.

358

359 Competition experiment in batch culture

360 The two strains tested were first grown separately overnight in M9 medium supplemented with
361 casamino acids (0.1%). The cell density of each suspension was measured by ODgoonm reading and by
362 CFU count. Each overnight culture containing approximately 3x10® cells/mL was diluted 1/100-fold and
363 mixed in a ratio of 1:1 to inoculate 25 mL of M9 supplemented with casamino acids (0.1%) (time 0 h)
364 and incubated for 24 h at 37°C for a competitive growth. The co-culture was diluted 1/100 in 25 ml of
365 fresh M9 medium and grown for another 24 h at 37°C. The initial density of each strain was determined
366 in the initial co-culture (0 h) from CFU data by diluting and plating population samples onto LB agar
367 and LB agar supplemented with kanamycin. Similarly, the final density of each strain was determined

368  forall the co-cultures.

369

370 Enzymatic assay

371 Cells grown in LB (100 mL) to ODggonm 0.6 Were harvested by centrifugation, whashed once in 50 mM
372 phosphate buffer pH 7.5, and resuspended in 50 mM phosphate buffer pH 7.5 (6 mL), lysed using a
373 French press, aliquoted (100 mL) and frozen immediately in liquid nitrogen. Nuo activity was assayed
374 at 30°C by adding thawed samples to 50 mM phosphate buffer pH 7.5 containing reduced nicotinamide
375 hypoxanthine dinucleotide (deamino-NADH) (250 mM) as specific substrate, and by following Aszaonm.
376 Protein concentration was determined using the protein Asoenm method on NanoDrop2000
377  spectrophotometer.

378
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379  Table 1. E. coli strains used in this study

E. coli strains Relevant genotype Source
BP897 MG1655 Anuo::nptl Kan® Ezraty B. et al. [4]
BP1046 MG1655 Anuo::nptl Andh::FRT This study
FBEO51 MG1655 Wild type Lab collection
FBE501 MG1655 AmenA::FRT This study
FBE706 MG1655 AravA-viaA::FRT This study
FBE790 MG1655 AfrdA::FRT This study
FBE829 MG1655 AnarG::FRT This study
FBE830 MG1655 AravA-viaA AnarG::FRT This study
FBE831 MG1655 AravA-viaA AfrdA::FRT This study
FBE950 MG1655 AglpA::FRT This study
FBE951 MG1655 AravA-viaA AglpA::FRT This study
FBE1055 MG1655 AglpA AnuoC::FRT This study
FBE1057 MG1655 AnuoC::FRT This study
LL922 AubiA Kazemzadeh K. et al. [34]
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Table 2. Oligonucleotides used in this study

Primer name Sequence (5’-3’)

Construction of the AravA-viaA mutant

ravAwanner_up CTCGCAATTTACGCAGAACTTTTGACGAAAGGACGCCACTTCATTTGTGTAGGCTGGAGC

viaAwanner_do GCCAGCTGCTGTTCGCGAGAGCGTCCCTTCTCTGCTGTAATAATCATATGAATATCCTCC

Construction of the pRV plasmid

ravA UP BamHI GGCCGGATCCATGGCTCACCCTCATTTATTA

viaA DO Hindlll GGCCAAGCTTTTATCGCCGCCAGCGTCTGAG

Checking the Knock-out mutants

frdA_Frd GTGGAATAGCGTTCGCAGACC
frdA_Rv GCTATGCGGTGCGGTATCGAC
glpA_Frd ATGAGCGAATATGCGCGAAATCAAA
glpA_Rv GCAGTTGCAGGCCACAGAGTAA
menA_Frd AACATCTGGATGCGTTGGTGG
menA_Rv TAGGCTTAACATTCAGTTGCTGC
narG_frd AGGCTCCCACAGGAGAAAACCG
narG_Rv CACCATGCCGACTTGTGAACGAATTT
nuoC_Frd_2 TGCTCGATCGCTTCACGCTC
nuoC_Rv_2 TCGGCAAAGGGATTTTTCTTCGC
ravA_up_verif CCTAAATGCGGCCACATTAACC
viaA_do_verif GGCGGCGGTATCGCCCAGTCTCG
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397 Figures legend

398

399 Fig 1. The ravA-viaA operon sensitizes fumarate respiring E. coli to gentamycin under fumarate

400 respiration.

401 (A &B) Survival of WT (FBEO51), AravA-viaA (FBE706), AfrdA (FBE790), AravA-viaA AfrdA (FBE831) and
402  AmenA (FBE501) strains after Gm treatment. Cells were grown anaerobically in LB supplemented with
403 fumarate at 10 mM and then Gm was added at 16 pug/mL. The survival values after 1.5 and 3 hours of
404  treatment are represented. Black and red lines are for untreated and Gm-treated bacteria,
405 respectively. For AravA-viaA AfrdA (FBE831) strain, lines of treated and untreated cells are overlapping.

406 Survival measured by CFU per mL, was normalized relative to time zero at which Gm was added (early
407 log phase cells; ~5x10’ CFU/mL) and plotted as Log,, of % survival. The Minimal Inhibitory

408 Concentration (MIC) value of Gm was 8 pug/mL in LB medium supplemented with fumarate at 10 mM
409  for the four strains, WT, AravA-viaA, AfrdA and AmenA , grown anaerobically. Values are expressed as
410 means of at least 3 biological replicates and error depict standard deviation. One-way ANOVA tests
411 followed by Sidak’s multiple comparaison tests were performed to compare at each time point (1.5
412 and 3 hours) the treated WT to each of the treated mutant, in (A) asterisks were similar for the three
413  mutants and therefore were represented once for all (*** adjusted pValue = 0.0002 & ****
414  adjusted pValue < 0.0001).

415

416  Fig 2. RavA and ViaA do not sensitize nitrate respiring E. coli to gentamycin.

417  Survival of WT (FBEO51), AravA-viaA (FBE706), AnarG (FBE829), AravA-viaA AnarG (FBE830) strains
418 after Gm treatment. Cells were grown anaerobically in LB supplemented with nitrate at 10 mM and
419  glycerol at 0.2% and then Gm was added at 16 pg/mL. The survival values after 1.5 and 3 hours of
420  treatment are represented. Black and red lines are for untreated and Gm-treated bacteria,

421 respectively. Lines of untreated WT and AravA-viaA (FBE706) strains are overlapping. Lines of
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422  untreated AnarG (FBE829) and AravA-viaA AnarG (FBE830) are overlapping. Survival measured by CFU

423 per mL, was normalized relative to time zero at which Gm was added (early log phase cells; ~5x10’

424 CFU/mL) and plotted as Log,, of % survival. Values are expressed as means of at least 3 biological

425 replicates and error depict standard deviation. One-way ANOVA tests followed by Sidak’s multiple
426 comparaison tests were performed to compare at each time point (1.5 and 3 hours) the treated WT to
427  each of the treated mutant as well as treated AnarG (FBE829) to AravA-viaA AnarG (FBE830) (ns: not
428  significant, * adjusted pValue < 0.05 and **** adjusted pValue < 0.0001).

429

430  Fig 3. RavA and ViaA sensitize E. coli to gentamycin under anaerobic conditions in the absence of
431  exogenous added electron acceptor.

432 (A and B) Survival of WT (FBEO51) and the AravA-viaA (FBE706) strains after Gm treatment. Cells were
433  grownin LB (A) orin LB supplemented with 0.2% glycerol (B) until ODgoonm™0.2 and then Gm was added
434 at 16 pg/mL. The survival values after 1.5 and 3 hours of treatment are represented. Black and red
435 lines are for untreated and Gm-treated bacteria, respectively. Values are expressed as means of at
436 least 3 biological replicates and error depict standard deviation. One-way ANOVA tests followed by
437 Sidak’s multiple comparaison tests were performed to compare at each time point (1.5 and 3 hours)
438  thetreated WT to AravA-viaA mutant ( * adjusted pValue < 0.05, *** adjusted pValue = 0.0002 and
439  **** adjusted pValue < 0.0001).

440  (C)Survival of WT (FBEO51) and the AravA-viaA (FBE706) strains carrying either the pRV plasmid or the
441  control empty vector (p@). Cells were grown in LB supplemented with glucose (0.2 %), IPTG (1 mM)
442 and ampicillin (50 pg/mL) until ODggonm™0.2 and then Gm was added at 30 pg/mL. The survival values
443 after 3 hours of treatment are represented. Black and red bars are for untreated and antibiotic-treated

444 bacteria, respectively. Survival measured by CFU per mL, was normalized relative to time zero at which

445 Gm was added (early log phase cells; ~5x10’ CFU/mL) and plotted as Log,, of % survival. One-way
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446  ANOVA tests followed by Dunnett’s multiple comparaison tests were performed to compare the
447  treated WT to the treated AravA-viaA mutant (ns = not significant and ** adjusted pValue < 0.05).
448

449  Fig 4. RavA and ViaA sensitize specifically to aminoglycosides.

450  Survival of WT (FBEO51) and AravA-viaA (FBE706) strains after antibiotic treatment. Cells were grown
451 in LB supplemented with glucose (0.2 %) until ODsoonm™0.1 and antibiotics were added: (A) Tobramycin
452 (30 pg/mL); (B) Tetracycline (5 pg/mL); (C) Nalidixic acid (5 pg/mL); and (D) Ampicillin (5 pg/mL).
453 Black and red lines are for untreated and antibiotic-treated bacteria, respectively.The survival values
454 after 1.5 and 3 hours of treatment are represented. Survival, measured by CFU per mL, was normalized

455 relative to time zero at which the antibiotic was added and plotted as Log, , of % survival. Values are

456 expressed as means (n=3) and error bars depict standard deviation. One-way ANOVA tests followed
457 by Sidak’s multiple comparaison tests were performed to compare at each time point (1.5 and 3 hours)

458 the treated WT to the treated AravA-viaA mutant ( ns = not significant, * adjusted pValue < 0.05 and
459  *¥*** adjusted pValue < 0.0001).

460

461  Fig5. RavA and ViaA increase gentamycin uptake.
462 *H-Gm uptake in WT (FBEO51) and AravA-viaA (FBE706) strains was measured by incubating early

463 exponential-phase cultures (OD ~0.1) with 30 pg/mL *H-Gm at 37 °C under anaerobic conditions

600nm
464 (LB supplemented with glucose at 0.2%). Values are expressed as means (n=3) and error bars depict
465 standard deviation. Unpaired t-test followed by Welch’s correction was performed to compare the WT
466 strain to the AravA-viaA mutant at each time point (ns = not significant, * adjusted pValue < 0.05 and
467  *** adjusted pValue = 0.0003).

468

469

470

471
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472  Fig 6. Effect of RavA-ViaA on E. coli sensitivity to gentamycin under aerobiosis.

473 (A-B) Increased ravA and viaA genes dosage alters survival to gentamycin in killing assay.

474  Survival of the strain WT (FBEO51) and the mutant AravA-viaA (FBE706) (A) or of the WT (FBE051)
475 strain containing either a plasmid that carries the ravA-viaA operon (pRV) or the empty vector control
476  (p@) (B) after treatment with Gm (5 pg/mL) for 1.5 and 3 hours.

477 (C-E) The RavA-ViaA gentamycin sensitization phenotype is abolished by p.m.f. inhibitor and is
478  dependent upon a functional respiratory chain.

479  (C) Survival of the WT (FBEO51) strain containing a plasmid that carries the ravA-viaA operon (pRV)
480  after treatment with Gm (5 pg/mL), in the presence or absence of CCCP (5 ug/mL). Survival of AubiA
481 (LL922) (D) and Anuo Andh (BP1046) (E), containing a plasmid that carries the ravA-viaA operon (pRV)
482  orthe empty vector control (p@), after Gm treatment. Cells were grown in LB supplemented with IPTG
483 (1 mM) and ampicillin (50 pg/mL) until ODgoonm™0.1 and Gm (5 pg/mL) was added.

484 Survival, measured by CFU per mL, was normalized relative to time zero at which the antibiotic was
485 added (early log phase cells; ~5x10’ CFU/mL) and plotted as Log,, of % survival. Values are expressed

486 as means (n=3) and error bars depict standard deviation. Black and red lines are for untreated and Gm-
487  treated, respectively. One-way ANOVA tests followed by Sidak’s multiple comparaison tests were
488  performed (ns = not significant and **** adjusted pValue < 0.0001).

489

490 Fig 7. Energy conservation level affects gentamycin sensitivity under anaerobic conditions.

491 Survival of WT (FBEO51) and the AravA-viaA (FBE706) strains after Gm treatment. Cells were grown in
492  LB-glycerol (black), added with 10 mM fumarate (grey) or with 10 mM nitrate (white) until ODgoonm™0.2
493 and then Gm was added at 16 pg/mL. The survival values after 3 hours of treatment are represented.
494  The first two groups represent the untreated strains and the two last groups represent the treated
495 strains (+Gm). Values are expressed as means of at least 3 biological replicates and error depict

496 standard deviation. One-way ANOVA tests followed by Sidak’s multiple comparaison tests were
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497  performed (ns = not significant, * adjusted pValue < 0.05, ** adjusted pValue < 0.005, ***

498  adjusted pValue = 0.0003 and **** adjusted pValue < 0.0001).
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600 Supporting information

601

602 S1 Fig. The Nuo complex and the GIpA complex are dispensable for the RavA/ViaA-dependent

603  sensitization of E. coli to gentamycin under fumarate respiration.

604 (A, B, C)Survival of WT (FBEO51), AnuoC (FBE1057), AglpA (FBE950) and AglpA AnuoC (FBE1055) strains
605 after Gm treatment. Cells were grown in LB supplemented with fumarate at 10 mM (A) and glycerol at
606 0.2% (B, C) and then Gm was added at 16 ug/mL. The survival values after 1.5 and 3 hours of treatment
607 are represented. Black and red lines are for untreated and Gm-treated bacteria, respectively. Most of

608 the lines of untreated cells are overlapping. Survival measured by CFU per mL, was normalized relative
609 to time zero at which Gm was added (early log phase cells; ~5x10’ CFU/mL) and plotted as Log,, of %

610 survival. For A and B, values are expressed as means of at least 3 biological replicates and error depict
611 standard deviation. One-way ANOVA tests followed by Sidak’s multiple comparaison tests were
612 performed to compare at each time point (1.5 and 3 hours) the treated WT to each of the treated
613  mutant (ns = not significant).

614

615 S2 Fig. RavA-ViaA have no effect on fumarate respiration dependent growth.

616 (A) CFU/mL of WT (FBE051) and AravA-viaA (FBE706) strains were determined when grown

617 anaerobically in LB medium supplemented with fumarate (10 mM). At time O, the 0D,  of the

618  culture was approximately 0.1. (B) Strains WT (FBEO51) and AravA-viaA (FBE706) were grown
619  separately overnight in minimum M9 medium supplemented with glycerol (0.2 %), fumarate (10 mM)
620 and casamino acids (0.1 %), in anaerobic conditions. Cultures were then diluted 1/100 into fresh

621 medium and co-inoculated in a 1:1 ratio (t,). The co-culture was incubated for 48h at 37°C for a

622  competitive growth. The competitive index was calculated as follow
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(CFU /CFU_ )t,./(CFU /CFU_ )t, (circles represent the values obtained in three independent

mutant mutant

experiments, n=3, lines represent the medians).

S3 Fig. RavA-ViaA have no effect on Nuo activity.

Nuo specific activity in the WT (FBEO51) and the AravA-viaA (FBE706) strains containing the plasmid
carrying the ravA-viaA genes (pRV) or the corresponding empty vector (p@). Nuo specific activity was
measured in cells extracts using deamino-NADH as substrate. Values are expressed as means (n>3) and
error bars depict mean deviation. One-way ANOVA tests followed by Dunnett’s multiple comparaison
tests were performed (ns = not significant). The 100 % correspond to the activity in the WT strain is

127 nmol/min/mg protein.
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654 Fig 2. RavA and ViaA do not sensitize nitrate respiring E. coli to gentamycin.
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Fig 3. RavA and ViaA sensitize E. coli to gentamycin under anaerobic conditions in the absence of

657  exogenous added electron acceptor.
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659  Fig 4. RavA and ViaA sensitize specifically to aminoglycosides.
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Fig 5. RavA and ViaA increase gentamycin uptake.
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Fig 6. Effect of RavA-ViaA on E. coli sensitivity to gentamycin under aerobiosis.
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677  S1Fig. The Nuo complex and the GIpA complex are dispensable for the RavA/ViaA-dependent

678 sensitization of E. coli to gentamycin under fumarate respiration.
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680  S2 Fig. RavA-ViaA have no effect on fumarate respiration dependent growth.
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S3 Fig. RavA-ViaA have no effect on Nuo activity.
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