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21 Abstract

22 One avenue to combat multidrug-resistant Gram-negative bacteria is the co-administration
23 of multiple drugs (combination therapy), which can be particularly promising if drugs
24 synergize. The identification of synergistic drug combinations, however, is challenging.
25 Detailed understanding of antibiotic mechanisms can address this issue by facilitating the
26 rational design of improved combination therapies. Here, using diverse biochemical and
27 genetic assays, we reveal the molecular mechanisms of niclosamide, a clinically-approved
28 salicylanilide compound, and demonstrate its potential for Gram-negative combination
29 therapies. We discovered that Gram-negative bacteria possess two innate resistance
30 mechanisms that reduce their niclosamide susceptibility: a primary mechanism mediated
31 by multidrug efflux pumps and a secondary mechanism of nitroreduction. When efflux was
32 compromised, niclosamide became a potent antibiotic, dissipating the proton motive force
33 (PMF), increasing oxidative stress and reducing ATP production to cause cell death. These
34 insights guided the identification of diverse compounds that synergized with salicylanilides
35 when co-administered (efflux inhibitors, membrane permeabilizers, and antibiotics that are
36 expelled by PMF-dependent efflux), thus suggesting that salicylanilide compounds may
37 have broad utility in combination therapies. We validate these findings in vivo using a
38 murine abscess model, where we show that niclosamide synergizes with the membrane
39 permeabilizing antibiotic colistin against high-density infections of multidrug-resistant
40  Gram-negative clinical isolates. We further demonstrate that enhanced nitroreductase
41 activity is a potential route to adaptive niclosamide resistance but show that this causes
42 collateral susceptibility to clinical nitro-prodrug antibiotics. Thus, we highlight how
43 mechanistic understanding of mode of action, innate/adaptive resistance, and synergy can
44 rationally guide the discovery, development and stewardship of novel combination

45  therapies.
46
47 Importance

48 There is a critical need for more effective treatments to combat multidrug-resistant Gram-

49 negative infections. Combination therapies are a promising strategy, especially when these
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so  enable existing clinical drugs to be repurposed as antibiotics. We reveal the mechanisms
51 of action and basis of innate Gram-negative resistance for the anthelmintic drug
52 niclosamide, and subsequently exploit this information to demonstrate that niclosamide
53 and analogs kill Gram-negative bacteria when combined with antibiotics that inhibit drug
s4  efflux or permeabilize membranes. We confirm the synergistic potential of niclosamide in
55 vitro against a diverse range of recalcitrant Gram-negative clinical isolates, and in vivo in
s6¢  amouse abscess model. We also demonstrate that nitroreductases can confer resistance to
57 niclosamide, but show that evolution of these enzymes for enhanced niclosamide resistance
ss  confers a collateral sensitivity to other clinical antibiotics. Our results highlight how
59 detailed mechanistic understanding can accelerate the evaluation and implementation of

60  new combination therapies.

61
62  Introduction

63 New therapeutic strategies are urgently required to combat multidrug-resistant (MDR)
64  Gram-negative bacteria (1). The co-administration of two or more drugs (combination
65  therapy) (2) is a promising approach, especially if the drugs exhibit synergy, i.e., enhanced
66  efficacy over the predicted additive effects (3, 4). Synergistic combination therapies can
67  kill microbes that are resistant to one of the drugs in the pair, may slow the evolution of
68  resistance (5-7), and can facilitate the use of lower doses of each drug, thus reducing side
69  effects and adverse reactions (8). The identification of synergistic drug combinations,
70 however, is challenging due to the infrequency of synergistic relationships and the
71 substantial scale of combinatorial drug screening (e.g., for a collection of 1,000
72 compounds, 499,500 pairwise combinations are possible, even before considering optimal
73 relative concentrations) (3, 4). Mechanistic understanding of synergy may reveal novel
74 antibiotic targets and guide the rational design of superior drug combinations e.g., the co-
75 administration of B-lactam compounds and f-lactamase inhibitors (9). However, for the
76 majority of combination therapies the underlying basis of synergism is unclear. Indeed,
77 despite clinical use for almost 50 years, the synergism of trimethoprim and
78 sulfamethoxazole was only explored in detail in 2018 (10). Combination therapy may also

79 enable compounds that have been clinically approved for other conditions, e.g.,
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go  antidepressants, antipsychotics, and antidiarrhetics (11-13), to be repurposed as antibiotics;
81 such compounds typically have detailed data regarding their toxicity, formulation and
g2 pharmacology that can expedite their clinical progression (14). However, the screening of
83 clinical compounds for repurposing potential is laborious and often necessitates high
g4 throughput robotic systems (13, 15). Detailed knowledge of the antibiotic mechanisms of
85  action of promising clinical compounds would accelerate drug repurposing approaches and
g6  enable the circumvention of resistance mechanisms that may mask activity in initial
g7 screens. Thus, comprehensive understanding of both the mode of action and innate
g8 resistance mechanisms is important to inform the rational design of superior combination

g9 therapies that harness repurposed clinical compounds.

90  Niclosamide (Fig. 1a) is a clinically-approved drug that has been used to treat helminth
91 parasites in humans and animals for more than 50 years (16). Recently, several studies have
92  suggested the potential of repurposing niclosamide for other medical applications, e.g.,
93 niclosamide appears to modulate metabolic disorders and neurological conditions, and has
94  antiproliferative effects against various cancers (17). The diverse pharmacological
95 activities of niclosamide are likely the result of oxidative phosphorylation uncoupling and
96  the modulation of signaling pathways (18, 19). Niclosamide exhibits antiviral activity
97 against SARS-COV (20, 21), and is an effective antibiotic against Gram-positive and acid-
98  fast pathogens (e.g. Staphylococcus aureus and Mycobacterium tuberculosis), as well as
99 Helicobacter pylori (22-24). As an anti-infective, the low absorption and poor oral
100  bioavailability of niclosamide may hamper its use (25), however optimized derivatives,
101 nano-based formulations and/or local administration may rescue its therapeutic potential
102 (26-28). In isolation, niclosamide exhibits no activity against most Gram-negative
103 pathogens (1, 23). Nevertheless, it was recently reported that in vitro co-administration of
104  niclosamide and colistin can overcome colistin-resistance in Gram-negative bacteria (29-
105 31). While these findings suggest that niclosamide may hold cryptic antibiotic potential,
106  the molecular basis that underlies its antibiotic mode of action, synergy, and the lack of

107 efficacy against Gram-negative bacteria has been hitherto unknown.

108 In this work, we uncover the innate resistance mechanisms and antibacterial mode of action

109 of niclosamide and related salicylanilide analogs, thus revealing their therapeutic potential
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110 as potent antibiotics when utilized in rationally designed combination therapies. We reveal
111 a potential route to adaptive niclosamide resistance, but demonstrate that this leads to
112 collateral susceptibility; thus, the emergence of resistance via this route may be prevented
113 or slowed in the clinic. In addition, we demonstrate the in vitro efficacy of niclosamide
114 combination therapy against MDR Gram-negative clinical isolates, and confirm synergy in
115 vivo using in a murine abscess model using high density infections that mimics a clinical

116  situation where antibiotics typically fail (32).
117 Results
118 TolC-mediated efflux and nitroreductases confer innate niclosamide resistance in E. coli

119 To investigate the mechanisms by which Escherichia coli mitigates the antibiotic potential
120 of niclosamide, we first examined multidrug efflux pumps, a dominant E. coli resistance
121 mechanism to expel toxic compounds (33). We tested a variety of E. coli strains that lacked
122 individual components of the three major tripartite efflux systems to ascertain whether
123 efflux contributed to niclosamide resistance. In total, nine individual gene deletions were
124 investigated for their effect on niclosamide minimal inhibitory concentration (MIC) (Table
125 S1). Notably, deletion of the gene encoding the outer membrane channel TolC (AtolC)
126 reduced MIC by >64-fold (MIC = 0.5 pg.mL"), whereas no other deletions had any effect
127 (MIC >32 ug.mL!; Table S1). This result suggests that TolC-mediated efflux is one of the
128  predominant mechanisms of niclosamide resistance. Interestingly, deletion of genes
129 encoding other components of the principal RND-type TolC tripartite complex (AcrA or
130 AcrB) had no effect on MIC. This was likely due to TolC interacting with alternative efflux
131 components such as AcrE or AcrF, resulting in alternative niclosamide-capable pump

132 assemblies (33).

133 Next, we explored the role of azo- and nitro-reductase flavoenzymes in niclosamide
134 susceptibility, due to their importance in diverse metabolic pathways including antibiotic
135 metabolism (34, 35). Although previous antibiotic metabolism studies have primarily
136 focused on the bioreductive activation of nitro-prodrugs, we considered there was potential
137 for nitroreduction to here be a detoxifying mechanism, as there is evidence that the nitro-

138 moiety of niclosamide is an important structural feature for uncoupling activity (36). To
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139 test this, we generated an E. coli strain that lacked seven flavoenzyme genes with confirmed
140  or putative nitro- or azo-reductase activity (A7NR) (37) (Table S1). Although niclosamide
141 resistance in A7NR did not change compared to wild type E. coli (MIC >32 pg.mL!), an
142 otherwise isogenic strain that also lacked TolC (A7NRto/C) was 2000-fold more
143 susceptible to niclosamide than wild type (MIC = 0.016 pg.mL"') and 32-fold more
144 susceptible than AtolC (Fig. 1b; Table S1). The relative contributions of each of the seven
145 flavoenzymes were delineated by individually overexpressing the corresponding genes in
146  ATNR?0IC and investigating their effects on niclosamide ICso (the concentration of
147 niclosamide required to reduce the bacterial burden by 50%). We demonstrated that three
148 enzymes, NfsA, NfsB, and AzoR, increased niclosamide ICso by 10- to 15-fold (Fig. 1¢).
149 Although these three enzymes derive from two distinct structural folds, they are all
150 proficient nitroreductases (37). Increasing nitroreductase activity could therefore be a
151 potential adaptive strategy for bacteria to develop resistance against niclosamide. We
152 hypothesized, however, that this might cause collateral sensitivity to nitroaromatic prodrug
153 antibiotics such as nitrofurantoin or metronidazole. To test this hypothesis, we selected
154 ATNR?0lC cells expressing different NfsA variants (generated via multisite saturation
155 mutagenesis to combinatorically randomize seven active site residues) for resistance to
156 either 0.2 or 2ug.mL-1 niclosamide, then counter screened for sensitivity to nitrofurantoin
157 or metronidazole. Consistent with our hypothesis, increasing niclosamide resistance via
158 more proficient nitroreductase variants concomitantly decreased nitrofurantoin and

159 metronidazole resistance (Fig. 1d-e).

160


https://doi.org/10.1101/2020.04.23.058875
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.23.058875; this version posted April 25, 2020. 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-NC-ND 4.0 International license.

161

a niclosamide IC, /mL
a NO, c 50 (g/mL)
0 U 0 02 04 06 08 1
cl N '% control |
H 7 ]
< AzoR N
OH 5 1
2 NemA | !
b g |
S NfsA -
niclosamide MIC (ug/mL) § ]
< 0.01 0.1 1 10 100 QO NfsB %S
S owr S 1
b7 O MdaB | !
- S 1
E AtolC g veak [
f 7NR * ~ 1
w < YieF |
A7NRtolC -
d g € 100
~ 80 ~ 801
83
8§92 89
248 60 28 60 4
o c . o c
3 ‘é . R2=058 3 %
£ o 40 E o 40
g e HE
oS o5
R gt . .
=2 2 - 2 204 ‘e
- o .
) o, A
| % 8 anaa®a i L A |
0 20 40 60 80 100 0 20 40 60 80 100
nitrofurantoin resistance metronidazole resistance
162 relative growth (5ug/mL) relative growth (10ug/mL)

163

164  Fig. 1| Niclosamide resistance mechanisms. a, Structure of niclosamide. b, MIC of E. coli strains:
165 wild type (WT), AtolC, ATNR, and A7NR?0[C; * indicates >32 ug.mL", which is the solubility
166 limit of niclosamide in growth media. ¢, ICso analysis of A7NR?/C strains individually
167 overexpressing candidate E. coli nitroreductases or a vector only control following niclosamide
168  administration. Error bars indicate SEM. d-e, Covariance plots displaying the interrelated profiles
169 of niclosamide, metronidazole or nitrofurantoin resistance. 90 colonies of NfSA variants were
170 picked from agar plates without niclosamide (red), 0.2 pg.mL™"' niclosamide (orange), or 2 pg.mL"
171 'niclosamide (yellow). Variants were grown overnight and then screened for niclosamide resistance
172 (growth at 2 pg.ml™) and (d) nitrofurantoin or (e) metronidazole resistance (growth at 5 and 10
173 pg.ml’, respectively). Variant distribution is shown as grey histograms that are overlaid on the x
174 and y axes. R? values (linear regression analysis) are displayed; p <0.01. E. coli NfsA and vector-
175 only controls are displayed in cyan and grey, respectively. All panels are constructed from pooled
176 data from at least three independent biological replicates.

177
178 Niclosamide disrupts oxidative phosphorylation in E. coli
179 Next, the underlying mechanisms of niclosamide antibiotic activity were investigated. As

180 previous studies have demonstrated that niclosamide uncouples oxidative phosphorylation

181 in mitochondria and H. pylori (18, 24), multiple physiological attributes were explored that
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182 relate to this process in Gram-negative bacteria, namely proton motive force (PMF),
183 oxygen consumption, ATP production, and redox homeostasis. The PMF has two
184 parameters: the electric potential (A¥) and the transmembrane proton (ApH) gradients.
185 First, the effect of niclosamide on PMF-dissipation was investigated in EDTA-
186 permeabilized E. coli using a fluorescent assay that employs the membrane potential
187 sensitive dye diSCs3(5) - a caged cation that distributes in the membrane according to AW
188 and self-quenches. We observed that niclosamide specifically dissipated the AY (Fig. 2a)

189 as revealed by de-quenching of diSC35 fluorescence.

190  To confirm this result, checkerboard assays (dose response growth assays using serial
191 dilutions of two drugs in combination) were performed in A7NR70l/C using niclosamide
192 and antibiotics that rely upon either AY or ApH for cell uptake (kanamycin and tetracycline,
193 respectively). The fractional inhibitory concentration index is frequently used to
194  characterize drug interactions, but has limitations when analyzing compounds for which an
195 individual MIC cannot be obtained (here, niclosamide). Thus, drug interactions were
196 analyzed via Zero Interaction Potency (ZIP) scores (0) that quantify the change in dose—
197 response curves between individual drugs and combinations thereof, from the expectation
198 of no interaction; & scores >0 indicate synergism, O indicates no interaction, and <0
199 antagonism (38). Kanamycin efficacy was reduced in the presence of niclosamide, i.e.,
200  niclosamide was antagonistic when co-administered with kanamycin, corresponding to a &
201 score of -8.2 (Fig. 2b), which is consistent with AW dissipation undermining A¥-dependent
202 kanamycin uptake. In contrast, tetracycline efficacy was not affected by niclosamide co-
203 administration (6 = 0.0; Fig. 2c¢), as tetracycline relies upon ApH for uptake (Fig. 2b-c).
204  PMF disruption can reduce ATP production and increase both oxygen consumption and
205 oxidative stress (39). We therefore confirmed that niclosamide administration significantly
206 increased oxygen consumption in A7NR?o/C (by 1.4- and 1.6-fold after administration of
207 60 ng.mL! and 120 ng.mL' niclosamide, respectively; Fig. 2d). Niclosamide
208 administration caused a reduction of cellular ATP concentration to 3% and 1% of DMSO-
209 control concentrations when 4 pug.mL"! niclosamide was administered to Afol/C and
210 A7NR#olC, respectively (Fig. 2e). Employing strains constitutively expressing redox-

211 sensitive GFP (40), we determined that niclosamide also disrupted redox homeostasis in
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212 AtolC and A7NR¢?olC strains, causing an increase in oxidative stress (Fig. 2f-g; Fig. S1).
213 Next, using high-throughput fluorescence microscopy, increased intracellular oxidative
214 stress was visualized in A7NR?lC cells following niclosamide administration. The
215 distribution of redox stress per cell was plotted as histograms (Fig. S1) and a random
216 selection of pseudo-colored ratio images are presented in Fig. 2h. In strains that retained
217 TolC function, niclosamide did not have a significant effect on cellular ATP levels, oxygen
218 consumption, or redox homeostasis. Taken together, these data suggest that, when efflux
219 1s compromised, niclosamide dissipates the AW to collapse the PMF and uncouple

220 oxidative phosphorylation in E. coli.

221
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224 Fig. 2 | Antibiotic mechanisms of niclosamide. a. Fold change in DiSC;3(5) fluorescence. E. coli
225 was grown in MHB with 10 mM EDTA to an ODggo of 1. Cells were incubated with DiSCs(5) for

226 20 min prior to administration of 0.5 pg/mL valinomycin (VAL; a AW-dissipating ionophore), 0.5

227 pg/mL nigericin (NIG; a ApH-dissipating ionophore) or 0.03 to 1 pg/mL niclosamide. 100 mM
228  KCI was added to cells prior to valinomycin treatment. b-¢, The combined inhibitory effects of 0 -
229 250 ng.mL" niclosamide and either (b) 0 - 4 ug.mL" kanamycin, or (¢) 0 - 500 ng.mL" tetracycline
230 were tested against A7NR?0/C in a checkerboard format. Bacterial growth is shown as a heat plot.
231 d, Oxygen consumption was measured using the MitoXpress oxygen probe in A7NR?0/C cells
232 (mid-log; ODsoo = 0.15) overlaid with mineral oil for 20 min. e, Relative cellular ATP levels were
233 estimated by luciferase activity and compared to unchallenged (DMSO-only) control. f-g,
234 Intracellular oxidation levels were measured in (f) WT E. coli and (g) AtolC strains constitutively
235 expressing redox-sensitive GFP (roGFP) following administration of 5 mM H,O, (oxidized
236 control), 10 mM DTT (reduced control), or niclosamide. h, Representative high-throughput
237 fluorescence microscopy images of A7NR and A7NR?#0/C cells 120 min after administration of
238 DTT, H20,, or niclosamide. Images on the right are pseudo-colored ratio images after analysis with
239 Imagel. Panels a-g were constructed from pooled data from at least three independent biological
240  replicates. Labels indicate significant responses over the control (* = P<0.05; ** = P<0.01).
241 Statistical analyses were performed using One-way ANOVA, Kruskal-Wallis test. Error bars
242 indicate SEM.
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244 Niclosamide synergizes with efflux pump inhibitors and membrane permeabilizers for

245  enhanced efficacy against E. coli

246 After establishing the mode of action of niclosamide and the basis of Gram-negative innate
247 resistance, we next sought to identify compounds that sensitize Gram-negative bacteria to
248 niclosamide when administered in combination. Predicting that efflux pump inhibitors such
249 as phenylalanine-arginine B-naphthylamide (PABN) (41) would increase niclosamide
250 sensitivity, checkerboard assays were employed to screen niclosamide and PABN against
251 E. coli. Considerable synergy was observed (0 = 47.9; Fig. 3a). It was next reasoned that
252 increased niclosamide influx via outer membrane permeabilization might mitigate TolC-
253 mediated efflux. Therefore, membrane permeabilizing polymyxin antibiotics were
254 investigated for synergy and, consistent with recent reports (29-31), synergy was observed
255 when colistin or polymyxin B were co-administered with niclosamide (6 = 28.1 and 25.6,
256 respectively) (Fig. 3b-¢). We hypothesized that synergism was due to the cascading effect
257 of the mode of action of niclosamide, in that polymyxins increased the influx of
258 niclosamide and thereby facilitated PMF dissipation, which in turn compromised the
259 efficiency of PMF-dependent niclosamide efflux (as efflux was dependent upon PMF (42)).
260 Ultimately, this would result in higher intracellular concentrations of niclosamide and thus
261 enhanced antibiotic effects (Fig. S2). Indeed, polymyxin synergy was less evident in Ato/C
262 (0 = 7.6 and 9.7 for colistin and polymyxin B respectively; Fig. 3d-e) and niclosamide
263 administration inhibited efflux in EDTA-permeabilized E. coli (observed via increasing

264 intracellular accumulation of the fluorescent nucleic acid probe Hoechst 33342; Fig. S1).

265  Oxyclozanide potentiates diverse antibiotics, likely via inhibition of PMF-dependent

266 efflux

267 Next, it was examined whether the synergistic relationships observed above were
268 maintained for other halogenated salicylanilides, namely oxyclozanide, closantel, and
269 rafoxanide. It was confirmed that all these niclosamide analogs synergized with both PABN
270 and colistin (6 = 21.5 to 49.8; Fig. 3f; Fig. S3). Of note, the relatively high solubility of
271 oxyclozanide in growth media (~512 pg.mL™'), compared to that of other salicylanilides

272 (~64 ng.mL'), enabled the observation of an oxyclozanide MIC (256 pg.mL™"), ie.,
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273 sufficiently high concentrations of oxyclozanide could overcome TolC-mediated efflux.
274 Since moderate synergistic relationships can only be detected at concentrations nearing the
275 MIC of both drugs and are emphasized in bacterial cultures under nutrient limitation (43),
276 oxyclozanide checkerboard assays in minimal media were used to identify additional
277 antibiotics that interact with salicylanilides against E. coli. Twelve antibiotics with diverse
278 cellular targets (Table S1) were examined. Interestingly, 6 out of 12 antibiotics synergized
279 with oxyclozanide (chloramphenicol, tetracycline, cefotaxime, meropenem, ciprofloxacin,
280 and nitrofurantoin; 6 = 5.7 to 10.8), five antibiotics displayed no or weak interactions (6 =
281 -0.6 to 2.9) and, consistent with the dependence of aminoglycosides on AW for uptake,
282 oxyclozanide antagonized gentamicin activity (& =-6.3) (Fig. 3g; Table S2; Fig. 4). These
283 combinatorial effects were neutralized or reversed when examined in the AzolC strain (Fig.
284 3g; Table S2; Fig. 4) and oxyclozanide synergy was typically stronger for antibiotics that
285 are TolC-substrates (indicated by fold ICso change in Ato/C compared to E. coli; Fig. 3h).
286 These results suggest that oxyclozanide synergy might be at least partially underpinned by
287 the inhibition of efflux via PMF dissipation (Fig. S2). To substantiate this hypothesis, the
288 effect of oxyclozanide on cellular efflux was examined using Hoechst 33342. Indeed,
289 administration of oxyclozanide inhibited efflux (Fig. 3i). Taken together, these results
290  demonstrate that chemical disruption of TolC-mediated efflux or membrane integrity
291 sensitizes E. coli to salicylanilides. Further studies are required to explain detailed drug
292  interactions, however, our results suggest that PMF-dissipating compounds such as
293 salicylanilides may potentiate the activity of diverse antibiotics through the disruption of

294 efflux.
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296 Fig. 3 | Analyses of salicylanilide synergy interactions. a-c, The combined inhibitory effects of
297 0 -8 ug.mL" niclosamide and either (a) 0 - 128 pg.mL" PABN, or (b) 0 - 250 ng.mL" colistin, or
298 (¢) 0 — 500 ng.mL" polymyxin B were tested against E. coli using checkerboard analysis. ZIP
299 synergy scores (8) are presented. Bacterial growth is depicted as a heat plot. d-e, The combined
300 inhibitory effects of 0 to 250 ng.mL™" niclosamide and either (d) 0 to 250 ng.mL"' colistin or (e) 0
301 —500 ng.mL" polymyxin B were tested against E. coli AtolC in checkerboard analyses. Bacterial
302 growth is depicted as a heat plot. f, A bar graph of ZIP scores (8) depicting the synergism of
303 oxyclozanide (OXY), rafoxanide (RAF), or closantel (CTL) in combination with PABN or colistin
304  against E. coli. Error bars indicate SEM. g-h, Analysis of oxyclozanide synergy with: nitrofurantoin
305 (NIT), metronidazole (MTZ), cefotaxime (CEF), rifampicin (RIF), tetracycline (TET), gentamicin
306  (GEN), ciprofloxacin (CIP), chloramphenicol (CAM), trimethoprim (TMP), fosfomycin (FOS),
307 meropenem, (MER) or vancomycin (VAN). (g) A covariance plot of antibiotic ZIP scores from
308  checkerboard assays conducted in minimal media with oxyclozanide against E. coli and AtolC. (h)
309 A bar chart displaying the fold change of ICso values in E. coli compared to AfolC; uncertainty is
310  indicated by error bars. i, Fold change in rate of H33342 fluorescence (compared to a DMSO
31 control) in AtolC cells or WT E. coli following administration of 28 pg.mL"' PABN, 5 ug.mL™"
312 CCCP, or 11.2 to 128 ug.mL" oxyclozanide. Error bars indicate SEM. All panels were constructed
313 from pooled data from at least three independent biological replicates.

314


https://doi.org/10.1101/2020.04.23.058875
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.23.058875; this version posted April 25, 2020. 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-NC-ND 4.0 International license.

315 Niclosamide/colistin combination therapy is effective against diverse clinical Gram-

316 negative isolates in vitro and in vivo

317 Finally, we investigated the potential of salicylanilide combination therapy against a range
318 of Gram-negative clinical isolates. Due to the immediate repurposing potential of
319 niclosamide as an FDA-approved clinical drug and increasing concerns around colistin-
320 resistant pathogens, we prioritized these two compounds. Checkerboard assays were
321 performed on nine MDR clinical isolates across diverse phyla: Acinetobacter,
322 Pseudomonas and the Enterobacteriaceae (Table S3). Co-administration of niclosamide
323 and colistin yielded synergistic efficacy in all strains including the colistin resistant clinical
324  1isolate, P. aeruginosa LESB58 (0 = 8.4 to 36.7), enabling up to 4-fold lower doses of
325 colistin (Fig. 4a; Fig. S5), which is of particular importance due to the nephrotoxicity

326  issues associated with this antibiotic (44).

327 The poor bioavailability and pharmacology of niclosamide may be mitigated via local
328 administration, e.g., topical or inhalation therapies (28, 45). Here, we examined the in vivo
329 antibacterial synergy of niclosamide via direct injection in a high-density murine cutaneous
330  infection model that mimics clinical situations where antibiotic treatments are typically
331 unsuccessful, e.g., skin abscesses (32) (Fig. 4b). The synergistic efficacy of niclosamide
332 and colistin was validated against P. aeruginosa LESB58 and K. pneumoniae KPLN649.
333 Co-administration resulted in significant synergistic efficacy against both strains, reducing
334  the K. pneumoniae and P. aeruginosa bacterial load by 32- and 12-fold, respectively, over
335  the sum of the individual therapies, and by 239- and 19-fold, respectively, when compared
33¢  to vehicle-only controls (Fig. 4c-d). This is the first report of in vivo efficacy for
337 niclosamide and colistin against Gram-negative pathogens, and notably, this was achieved
338 against recalcitrant high-density infections for which no effective clinical treatments
339 currently exist (32). It is also important to note that this study was focused on detecting
340  niclosamide/colistin synergy rather than identifying the best formulation or dose ratio for
341 efficacy; more significant efficacy could likely be achieved by optimising the drug

342 concentrations or dosing regimen.
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345  Fig. 4 | Niclosamide/colistin combination therapy was effective against recalcitrant MDR
346  Gram-negative strains. a, Bar graph depicting in vitro ZIP scores (8) of niclosamide and colistin
347 co-administration against clinical MDR Gram-negative strains: P. aeruginosa LESBS58, P.
348 aeruginosa NZRM4034, K. pneumoniae KPLN649, K. pneumoniae NZRM4387, A. baumannii
349 Ab5075, A. baumannii NZRM3289, E. coli E38, E. coli NZRM4403 and E. cloacae 218R1. The
350  ZIP synergy score (8) is presented as the average interaction from an 8x8 dose-response matrix.
351 Data was averaged from at least three independent experiments and error bars indicate SEM. b,
352 Diagram of abscess model procedure and analysis. ¢-d, Dot plots of (¢) colistin-resistant P.
353 aeruginosa LESB58 and (d) K. pneumoniae KPLN649 survival, represented as CFUs recovered
354 per abscess after administration of 10 mg kg niclosamide ethanolamine salt and 0.15 mg.kg™" (P.
355  aeruginosa)or 2.5 mg.kg" (K. pneumoniae) colistin as individual or combined therapeutics. Labels
356 indicate: significant responses over the PEG control (*, p <0.05; ** p <0.01); or synergistic
357 responses, ie., significant differences of the combination therapy over the sum of the effects of
358  each agent alone (*, p <0.01). Statistical analyses were performed using One-way ANOVA,
359 Kruskal-Wallis test with Dunn’s correction (two sided).

360
361 Discussion

362 By harnessing a diverse set of biochemical and genetic tools, this work explores the Gram-

363 negative antibacterial potential of niclosamide and related salicylanilide analogs. We reveal
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364  the molecular action of salicylanilides against Gram-negative bacteria, detailing not only
365 the underlying mechanisms of antibiotic activity, but also the basis for innate and adaptive
366 resistance and the mechanisms that underpin the synergies between salicylanilides and a
367 diversity of other antibiotics. These data enabled the development of a model that
368 substantially advances our knowledge of the physiological effects of salicylanilides in
369  Gram-negative bacteria (Fig. S2). Efflux is an established Gram-negative resistance
370 mechanism and indeed, this is the predominant basis for niclosamide resistance. However,
371 we demonstrate that salicylanilides also inhibit efflux and thus synergize with a wide range
372 of antibiotics for which efflux is a common resistance mechanism. These data highlight the
373 potential of the salicylanilide chemical scaffold, and PMF-dissipating compounds in
374 general, for the discovery and design of novel antibiotic adjuvants to address efflux-
375  mediated resistance. We consider PMF-dissipation, traditionally avoided in early drug
376 development due to presumed toxicity, a promising and unexplored trait for the
377 development of antimicrobials (46). Interestingly, many clinical compounds for diverse
378 medical purposes have been reported to have mild PMF-dissipating activity and in addition,
379 some have displayed antibiotic efficacy against Gram-positive or acid-fast pathogens such
380  as S. aureus and M. tuberculosis (46, 47). Gram-negative pathogens, in contrast resist the
381 action of such compounds via their robust cellular envelope and diverse efflux pumps (33).
382 Co-administration of PMF-dissipating compounds with drugs that target efflux and cell
383  permeability may therefore be a promising avenue to discover more effective combination
384  therapies. Combining mechanistic insights with previously established data around safety
385 and pharmacology for repurposed “non-antibiotic” clinical compounds may rapidly

386 identify attractive candidates for accelerated clinical development.

387 Understanding the evolutionary basis of antibiotic resistance is important to inform the
388 sustainable use of next generation antibiotics. Due to the failure of laboratory evolution
389 experiments to generate niclosamide resistance in S. aureus or H. pylori, previous reports
390  have suggested that a key advantage of niclosamide as a potential antimicrobial is the
391 apparent lack of resistance mechanisms (24, 45). We show, however, that nitroreductases
392 inactivate niclosamide to reduce antibiotic toxicity and enhanced nitroreductase activity
393 can cause niclosamide resistance. While modulation of nitroreductase activity is a known

394  Gram-negative resistance mechanism against nitro-antibiotic compounds, this is typically
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395 caused by null mutations, ie., a genetic change that results in a non-functional
396  nitroreductase, to prevent the activation of prodrug antibiotics such as metronidazole (48).
397 Our results suggest that resistance has potential to emerge in the clinic through enhanced
398 nitroreductase activity. Significantly, we show that this may result in collateral sensitivity
399 to nitroimidazole antibiotics, and thus propose a strategy to mitigate this evolutionary route,
400  i.e. cyclic treatments of metronidazole. This demonstrates how mechanistic understanding
401 can accelerate not only the discovery, but also potentially the sustainability of new Gram-

402 negative combination therapies.

403 In summary, we reveal the detailed mechanisms that underlie the antibiotic mode of action,
404  routes of resistance and synergistic relationships of salicylanilides. This guided the
405 discovery of novel combination therapies and emphasizes how mechanistic understanding
406 s critical when seeking to repurpose clinical compounds. Salicylanilides, and likely other
407  PMF-dissipating compounds, may have broad utility as Gram-negative antibiotics in

408  combination therapies.
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43¢ Methods

435 Bacterial Strains: E. coli BW25113 strains bearing individual gene deletions were
436 obtained from the Keio knockout collection (49). A7NR and A7NR¢o/C were generated via
437 sequential knockout as previously described (50). New Zealand clinical isolates used in
438 this study were A. baumannii NZRM3289, P. aeruginosa NZRM4034, K. pneumoniae
439 NZRM4387 and E. coli NZRM4403 (obtained from the New Zealand Reference Culture
440  Collection, Environmental Science and Research Ltd.), additional strains, K. pneumoniae
441 KPLN649, 4. baumannii Ab5075, P. aeruginosa LESBS58, E. cloacae 218R1, E. coli E38
442 (Serotype O78:H") (BEI resources, NR-17717) as previously described (51).

443 Invitro growth analyses: Minimal inhibitory concentrations (MIC) were determined using
444 two-fold dilutions and growth was measured after 16 - 48 h (52). The MIC was the
445  concentration that inhibited growth >90% when compared to controls. DMSO was present
446 at a final concentration of 2.5 % unless otherwise stated. For checkerboard analysis, an 8
447 x 12 matrix was created with two-fold serial dilutions of each compound. Bacterial colonies
448 were isolated from a freshly streaked plate and resuspended in MHB media for ODeoo
449 normalization. After addition of bacteria to a final ODsoo of 0.001, checkerboard plates
450  were incubated at 30 °C with shaking for 16 h (or 36 h at 37 °C for P. aeruginosa strains),
451 at which time the ODsoo was measured. Checkerboard assays in minimal media were
452 typically performed at 37 °C (oxyclozanide checkerboard assays with nitrofurantoin,
453 rifampicin, tetracycline and chloramphenicol were performed at 30 °C) with shaking for
454 16 h, from a starting ODgoo of 0.04. For the analysis of nitroreductase overexpression
455  strains, individual colonies were transferred via nitrocellulose membrane to an agar plate
456 containing ImM IPTG and incubated for 3.5 h. IPTG-induced cells were then removed
457 from the membrane and resuspended in MHB media for checkerboard analysis as described
458 above. Relative ICso values (the concentration of the compound required to reduce the
459 bacterial burden by 50% compared to unchallenged controls) were calculated from the
460  dose-response curves using the four-parameter equation y=ml+(m2-m1)/(1+(x/m3)"m4)
461 determined by Kaleidagraph software (Synergy Software, Reading, PA) where m1 = lower

462 asymptote, m2 = lower asymptote, m3 = relative ICso, and m4 = slope.


https://doi.org/10.1101/2020.04.23.058875
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.23.058875; this version posted April 25, 2020. 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-NC-ND 4.0 International license.

463  Generation and screening of mutagenized NfSA variants: A plasmid-based multisite
464 saturation mutagenesis library of E. coli NfsA (UniProtKB ID: P17117) was generated via
465  combinatorial randomization of the codons encoding seven key active site residues: S41,
466 FA42, F83, K222, S224, R225 and F227 (Fig. S6). All codons were randomized to NDT (a
467 degeneracy that specifies a balanced range of 12 different amino acids including the native
468 residue), with the exception of position 222, which was randomized to NNK (specifying
469 all 20 possible amino acids). The resulting library of nearly 96 million codon variants was
470 expressed in A7NRzo/C. To analyze the activity of NfsA variants, library subsets were
471 selected on agar plates using 0, 0.2 and 2 ug.mL™! of niclosamide. Ninety colonies from
472 each subset were subsequently screened via growth assays with niclosamide,
473 metronidazole, and nitrofurantoin at 2, 10, and 5 pg.mL"! respectively; growth was

474 measured via ODgoo following 4 h incubation as previously described (53).

475 Synergy Calculations: For each checkerboard analysis, an 8 x 8 matrix of averaged
476 checkerboard results from at least three (typically >5) independent experiments was used

477 to calculate ZIP scores using SynergyFinder (Bioconductor.org) (38, 54).

478 DIiSC3(5) assay: Subcultures of E. coli BW25113 were grown to late exponential phase
479 (ODsgoo ~1) in MHB with 10 mM EDTA (to facilitate DiSC3(5) cell entry). Cells were
480 harvested by centrifugation, washed twice in buffer (5 mM HEPES, pH 7.2, 20 mM
481 glucose, 5% DMSO), and then resuspended in buffer to a final ODgoo = 0.085 with 1 uM
482 DiSC3(5). For valinomycin, 100 mM KCIl was added to the cell suspension containing
483 DiSC3(5). After a 20 min incubation at 37 °C, 190 uL of DiSC3(5) loaded cells were added
484 to two-fold dilutions of niclosamide, valinomycin, or nigericin in 96-well black clear-
485  bottom plates (Corning, NY). Fluorescence (Ex: 620 nm, Em: 685 nm) was immediately

486 read using a Synergy H1 Hybrid plate reader.

487  Measurement of intracellular ATP levels: E. coli BW25113 was grown in MHB to early-
488 log phase (ODsoo = 0.2) and then grown in the presence of niclosamide or CCCP for 60
489 min in clear flat-bottom 96-well plates. The ODesoo was determined immediately before

490  ATP levels were measured using BacTiter-Glo™ (Promega, Madison WI), according to
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491 manufacturer instructions. Relative ATP levels were calculated by dividing relative light

492 units (RLU) by the ODsoo (RLU/OD).

493  Measurement of Oxygen consumption: E. coli strains were grown in MHB to early-log
494 phase (ODsoo = 0.4) before dilution to ODgoo = 0.1 prior to the assay. 50 pL of diluted
495  culture was added to individual wells of a 96-well black clear-bottom plate (Corning, NY)
496 containing 5 pL of a DMSO control, CCCP, or niclosamide at the desired concentration,
497 and 5 pL of the MitoXpress oxygen probe. Cells were immediately covered with a layer of
498 high-sensitivity mineral oil (50 puL) to restrict oxygen diffusion. Fluorescence (Ex: 380 nm,

499 Em: 650 nm) was recorded using a Synergy H1 Hybrid plate reader.

s00  Measurement of bacterial efflux: Subcultures of E. coli BW25113 were grown to early
so1  exponential phase (ODgoo ~0.4) in MHB supplemented with 5 mM EDTA, harvested by
so2  centrifugation, and resuspended in PBS to a final ODgoo = 0.1. To initiate accumulation
s03  assays, Hoescht 33342 was added (1uM), cells were mixed by inversion and 150 pl aliquots
so4  were added in a black, clear-bottom 96-well plate containing 50 pL of oxyclozanide,
so5  niclosamide, PABN or CCCP at 4x the desired concentration(s) in PBS with 20% DMSO.
s06  Fluorescence (Ex: 355 nm, Em:460 nm) was measured for 10 min using a Synergy H1

so7  Hybrid plate reader (55).

so8  Measurement of intrabacterial redox potential: roGFP contains an intramolecular
509 disulfide bond that induces a shift in fluorescence emission between 405 nm and 480 nm,
510  thus intracellular oxidative stress can be ratiometrically monitored. /n vitro analysis of the
511 intrabacterial redox potential was performed as previously published (40) Assays were
s12 performed at 30 °C in a Synergy H1 Hybrid plate reader with excitation measured at 405
513 and 480 nm, and emission at 510 nm. Log phase bacterial cultures were resuspended in
514 0.9% sodium chloride at ODgoo of 1.0, and 180 puL per well were loaded in a black, clear-
515 bottom 96-well plate. The signals for fully oxidized or fully reduced bacteria were obtained
516 by adding 5 mM H20: or 10 mM DTT to the bacteria culture at the start of the experiment.
517  Niclosamide was added at 1 and 0.1 ug.mL!. All values were normalized to the values

518 obtained for maximally oxidized and for fully reduced bacterial cultures.
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519  AMNIS ImageStream and IDEAS/ImageJ Analysis: Samples were analysed by the
520  AMNIS ImageStream as previously described (40). The laser intensities for 405, 488, 658,
521 and 785 nm were 100, 120, 20, and 3.8, respectively. The data files were further analysed
522 with the IDEAS software, version 6.0.129.0, which is supplied by AMNIS. Bacterial cells
523 were selected based on fluorescence at 660 nm. Every cell image was then selected by the
s24  program based on fluorescent intensity at 660 nm. A mask was then created for analysis of
525 the 405/480 nm ratio. The resulting 405/480 signals were plotted in a histogram. Reduced
s26 and oxidized controls were obtained within each experiment, niclosamide was
527 administered at 2 pg.mL!. All values were normalized to oxidized and reduced ratio

s28  values. Pseudo-colored ratio images were generated by Imagel as described previously

529 (40).

530  Murine abscess infection studies: Animal experiments were performed in accordance with
531 The Canadian Council on Animal Care (CCAC) guidelines and were approved by the
532 University of British Columbia Animal Care Committee (certificate number A14-0363).
533 Mice used in this study were female outbred CD-1. All animals were purchased from
534 Charles River Laboratories (Wilmington, MA), were 7 weeks of age, and weighed 25 + 3
535 g at the time of the experiments. 1 to 3% isoflurane was used for anesthesia. Mice were
53¢ euthanized with carbon dioxide. The abscess infection model was performed as previously
537 described (51). K. pneumoniae KPLN649 and P. aeruginosa LESB58 were grown to an
538 ODeoo of 1.0 in dYT broth. Prior to injection, bacterial cells were washed twice with sterile
539 PBS and resuspended to 5 x 107 CFU for P. aeruginosa LESB58 and 1 x 10° CFU for K.
s40  pneumoniae KPLN49. A 50 ul bacterial suspension was injected into the right side of the
541 dorsum. Up to 10 mg.kg! niclosamide and 5 mg.kg™! colistin, each dissolved in 2.5%
sa2  DMSO, 42.5% PEG400, were tested for skin toxicity prior to efficacy testing. Treatment
543 was applied directly into the subcutaneous space into the infected area (50 pl) at 1 h post
sas  infection. The progression of the disease/infection was monitored daily and skin abscesses
s45  were excised (including all accumulated pus) on day three, homogenized in sterile PBS
sa6  using a Mini-Beadbeater-96 (Biospec products, Bartlesville, OK) for 5 min and bacterial
s47  counts determined by serial dilution. Experiments were performed at least 3 times

s4g8  independently with 3 to 4 animals per group.
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720  The Appendix is comprised of Tables S1-S3 and Figures S1-S6.

721

722 Table S1 | E. coli strains utilized in this study

E. coli strain  Relevant characteristics and references [PMID] Niclosamide
MIC (pg.mL)
\év\;{/dz?ﬁ% A(araD-araB)567, AlacZ4787(::rrnB-3), A-, rph-1, A(rhaD-rhaB)568, hsdR514 [16738554] >32
AacrA Deletion of AcrA membrane fusion protein of resistance-nodulation-division family >32
AacrB Deletion of AcrB transporter of resistance-nodulation-division family >32
Aacrz Deletion of AcrZ accessory protein of resistance-nodulation-division family >32
AemrA Deletion of EmrA membrane fusion protein of major facilitator superfamily >32
AemrB Deletion of EmrB transporter of major facilitator superfamily >32
AmacA Deletion of MacA membrane fusion protein of ATP-binding cassette family >32
AmacB Deletion of MacB transporter of ATP-binding cassette family >32
AtolC Deletion of TolC outer membrane factor, interacts with multiple efflux families 0.5
AmdtP Deletion of MdtP outer membrane factor, interacts with multiple efflux families >32
A7NR Deletion of seven azo- and nitro-reductase enzymes (AzoR, MdaB, NemA, NfsA, NfsB, YcakK, YieF) 0.32
from E. coli K-12 W3110 [4996412] )
A7NRtolC A7NR with additional deletion of TolC outer membrane factor 0.016
723
724  Table S2 | Antibiotic compounds utilized in this study
BW25113 AtolC
L BW25113 BW25113 AtolC AtolC
Antibiotic Compound class Target Mic? ZIP scored FICI Mica ZIP scoreb EICI
(ug/mL) (ug/mL)
Chloramphenicol Amphenicol Protein 32 56 0.38 2 1.2 075
synthesis
Tetracycline Tetracycline Protein 2 9.0 0.25 0.5 0.8 0.75
synthesis
Gentamicin Aminoglycoside Protein 0.25 6.3 9 0.5 -85 85
synthesis
Fosfomycin Phosphonic acid . el wall. 32 06 1 16 36 2
biosynthesis
Cefotaxime Cephalosporin Cell wall 0.064 10.8 0.38 0.016 48 3
biosynthesis
Meropenem Carbapenem Cellwall 0.128 5.7 0.38 0.128 5.0 2.5
biosynthesis
Rifampicin Ansamycin RNA . 32 1.7 1 4 -2.2 2
synthesis
Metronidazole Nitroimidazole DNA 1024 0.4 1 1024 5.0 1.25
Nitrofurantoin Nitrofuran DNA/multiple 8 8.5 0.75 2 3.8 0.5
. . Cell wall
Vancomycin Glycopeptide biosynthesis 256 -0.3 2 256 -4.1 1
Trimethoprim Pyrimidine Folate 4 29 0.38 0.25 22 0.75
inhibitor synthesis
Ciprofloxacin Quinolone DNA . 0.032 6.1 0.75 0.032 -3.0 2
synthesis

725

726 * MIC analyses were performed in M9 minimal media

727 ® ZIP scores were calculated from checkerboard assays with oxyclozanide in M9 minimal
728 media

729 ¢ The fractional inhibitory concentration index (FICI) was calculated from checkerboard
730 assays with oxyclozanide in M9 minimal media

731
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732
733
734 Table S3 | Clinical strains utilized in this study
Strain Colistin MIC Relevant characteristics Reference [PMID] or source
(ug/mL)
Pseudomonas aeruginosa
P. aeruginosa LESB58 4 Liverpool Epidemic Strain isolate [26814180]
P. aeruginosa NZRM4034 1 Ceftazidime/piperacillin resistant isolate ESR resources
Acinetobacter baumannii
A. baumannii Ab5075 0.25 Virulent wound isolate [26991296]
A. baumannii NZRM3289 1 Urine isolate (ATCC19606) ESR resources
Klebsiella pneumoniae
K. pneumoniae KPLN49 0.5 Wild-type strain [23665232]
K. pneumoniae NZRM4387 1 Extended spectrum R-lactamase urine isolate ESR resources
Enterobacter cloacae
E. cloacae 218R1 0.25 Class C B-lactamase overproducing strain [24865555]
Escherichia coli
E. coli E38 (serotype O78:H") 0.25 Human peritoneum isolate BEI Resources
E. coliNZRM4403 0.5 R-lactamase overproducing human blood isolate ESR resources
735

736
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738 Fig S1 | Niclosamide mechanisms of action. a-b, ATP concentration was investigated
739 using a luminescent probe, BacTiter-Glo™. Following incubation for 60 min with 0.016 -
740 16 pg.mL! niclosamide or 32 pg.mL!' CCCP, percent ATP was determined via
741 comparison to a DMSO control in (a) E. coli BW25113 (WT) and A7NR strains, and (b)
742 AtolC and ATNR1#olC strains. ¢, Fold rate change of Hoechst H33342 fluorescence was
743 measured over 10 min (at 355 nm and 460 nm for excitation and emission, respectively)
744 and compared to a DMSO-only control. Ato/C was employed as a disrupted efflux control.
745 E. coli cells were grown in MHB media supplemented with 5 mM EDTA for
746 permeabilization, and were administered 28 pg.mL! PABN, 5 pg.mL! CCCP, or 1.4 to 16
747 ug.mL! niclosamide. Error bars indicate SEM. d-e, Intracellular oxidation levels were
748 measured over 120 min in (d) A7NR?o/C and (e) A7NR strains constitutively expressing
749 redox-sensitive GFP (roGFP) following administration of 5 mM H>O: (oxidized control),
750 1 mM DTT (reduced control), 1 pg.mL"! niclosamide or 0.1 pg.mL"! niclosamide. f-g,
751 Histograms of the 405/480-nm ratios of intracellular redox potential of (f) A7NRzol/C and
752 (g) A7NRcells prior to administration of niclosamide (blue) and 115 min after
753 administration of 1 pg.mL"! niclosamide. The gray histogram represents the oxidized
754  control (10 mM H>O»).

755
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756 AcrAB-TolIC efflux pump salicylanilide electron transport chain ATP synthase PABN colistin

757 Fig S2 | Proposed salicylanilide mechanisms of action. a, A salicylanilide crosses the
758 outer membrane but is expelled from the cell via TolC-mediated efflux (PMF-dependent);
759 electron transport, membrane polarization, oxygen consumption and ATP synthesis are not
760 affected. b, When TolC is inhibited by compounds such as PABN, salicylanilides uncouple
761 the electron transport chain, dissipate the PMF, increase oxygen consumption and decrease
762 ATP production. ¢, When the outer membrane is disrupted via compounds such as colistin,
763 salicylanilides rapidly enter the cell, overwhelming TolC-mediated efflux, uncoupling the
764 electron transport chain, dissipating the PMF (inhibiting PMF-dependent efflux),
765  increasing oxygen consumption and decreasing ATP production.
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766

767 Fig. S3 | The synergistic relationships of salicylanide derivatives with PABN and
768 colistin. Using E. coli checkerboard analyses, the combined inhibitory effects of 0 to 256
769 ug.mL! oxyclozanide and either (a) 0 - 128 pg.mL"! PABN, or (b) 0 - 250 ng.mL"! colistin;
770 0 - 32 ug.mL! rafoxanide and either (¢) 0 - 128 pg.mL"! PABN, or (d) 0 - 250 ng.mL"!
771 colistin; and 0 - 32 ug.mL"! closantel and either (e) 0 - 128 ug.mL"!' PABN, or (f) 0 - 250
772 ng.mL! colistin were tested. Bacterial growth is shown as a heat plot. The ZIP synergy
773 score (0) is presented as the average interaction from the dose-response landscape. Data
774 presented were averaged from at least 3 (typically >6) independent experiments with SEM
775 <15%.
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777 Fig. S4 | The synergistic and antagonistic relationships of oxyclozanide with diverse
778 clinical antibiotics. a-m, The combined inhibitory effects of 0 to 512
779 pg.mL! oxyclozanide and either (a) 0 to 16 ug.mL ! nitrofurantoin, or (b) 0 to 1 mg.mL"!
780 metronidazole, or (¢) 0 to 128 ng.mL"! cefotaxime, or (d) 0 to 32 pg.mL! rifampicin, or (e)
781 0 to 64 pg.mL! chloramphenicol, or (f) 0 to 4 pg.mL! tetracycline, or (g) 0 to 1 pg.mL"!
782 gentamicin, or (h) 0 to 32 ng.mL"! ciprofloxacin, or (i) 0 to 8 pg.mL"! trimethoprim, or (j)
783 0to 32 pg.mL! fosfomycin, or (K) 0 to 256 ug.mL"! vancomycin, or (m) 0 to 128 ng.mL"!
784  meropenem were tested against E. coli using checkerboard analyses in minimal media.
785 Bacterial growth is shown as a heat plot. n-y, The combined inhibitory effects of 0 to 1
786 ug.mL! oxyclozanide and either (n) 0 to 8 ug.mL! nitrofurantoin, or (0) 0 to 1 mg.mL"!
787 metronidazole, or (p) 0 to 32 ng.mL"! cefotaxime, or (q) 0 to 32 ug.mL! rifampicin, or (r)
788 0 to 8 ug.mL"! chloramphenicol, or (s) 0 to 2 pg.mL"! tetracycline, or (t) 0 to 1 pg.mL!
789 gentamicin, or (u) 0 to 32 ng.mL"! ciprofloxacin, or (v) 0 to 0.5 ug.mL"! trimethoprim, or
790 (w) 0to 32 ug.mL! fosfomycin, or (x) 0 to 256 pg.mL"! vancomycin, or (y) 0 to 256 ng.mL-
791 ! meropenem were tested against E. coli AtolC using checkerboard analysis in minimal
792 media. Bacterial growth is shown as a heat plot. The ZIP synergy score () is presented as
793 the average interaction from the dose-response landscape. Data presented were averaged
794 from at least 3 (typically >6) independent experiments with SEM <15%.


https://doi.org/10.1101/2020.04.23.058875
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.23.058875; this version posted April 25, 2020. 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-NC-ND 4.0 International license.

a b c
- 6=36.8 4 8=24.1 1000 8=24.3
— 500 = 2
E 250 § 1
§ 125 - \;g); 05
5 [l il |
3l - I
[ NN - [ I o
'llEEEEE I
0 013 025 05 1 2 [ 006 0.13 025 05 1
niclosamide (ug/mL) niclosamide (ug/mL) niclosamide (ug/mL)
d f
4 8=22.8 ) 8=13.6 4 5=8.4
—_ 2 —_ 1 —~~ 2
£ E os E o
Qos 2 2
i o £
-
L[
* I
0 006 013 025 05 1 O B3 0»es 1 2 4 8 0 002 003 006 013 025 05 1
g niclosamide (ug/mL) h niclosamide (ug/mL) i niclosamide (ug/mL)
1000 5=23.4 8 6=18.0 4 6=10.2
500 4 2
2 2 2
£ z z
z 2 2
8 8 8

013 025 05

013 025 05 1 2

002 003 006 013 025 05
niclosamide (ug/mL) niclosamide (ug/mL) niclosamide (ug/mL)

795

796 Fig. S5 | The synergistic relationships of niclosamide and colistin against clinical
797 isolates. a-i, The combined inhibitory effects of up to 16 ug.mL"! niclosamide and up to 8
798 ug.mL! colistin were tested using checkerboard analysis against (a) E. coli E38, or (b) E.
799 coli NZRM4403, or (¢) A. baumannii Ab5075, or (d) A. baumannii NZRM3289, or (e) K.
goo  pneumoniae KPLN649, or (f) K. pneumoniae NZRM4387 or (g), E. cloacae 218R, or (h)
go1  P. aeruginosa LESBIS, or (i) P. aeruginosa NZRM4034. The ZIP synergy score (0) is
go2  presented as the average interaction from the dose-response landscape. Data presented were
go3  averaged from at least 3 independent experiments with SEM <18%.
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804

gos  Fig. S6 | Combinatorial mutagenesis of E. coli NfsA. A ribbon diagram displays the
gos  dimeric structure of PBD ID: 1f5v (E. coli NfsA). Monomers are colored in cyan or gold
go7  respectively. FMN is depicted as a stick model with carbons colored in yellow; one active
gos  site is shown for clarity. Inset: The NfsA active site. Residues that were randomized to
8oy generate the NfsA variant library are labeled and displayed in stick models.
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