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Abstract

Nicotinamide adenine dinucleotide phosphate (NADPH) is the primary electron donor for
reductive reactions that are essential for the biosynthesis of major cell components in all
organisms. Nicotinamide adenine dinucleotide kinase (NADK) is the only enzyme that
catalyzes synthesis of NADP(H) from NAD(H). While the enzymatic properties and
physiological functions of NADK have been thoroughly studied, the role of NADK in
bacterial pathogenesis remains unknown. Here, we used CRISPR interference to knockdown
NADK gene expression in order to address the role of NADK in Staphylococcus aureus
pathogenic potential. We find that NADK protects bacteria from antimicrobial defense
mechanisms encountered in the host during infection such as oxidative and envelope stresses.
Furthermore, we show that antioxidant properties of NADK promote S. aureus survival in
infected macrophages. Remarkably, NADK inhibition drastically decreases mortality of
zebrafish infected with S. aureus. These findings support a key role for NADK in bacteria
interactions with innate immune cells and during infection. Last, we reveal that decreasing
NADK expression increases S. aureus susceptibility to antibiotics, opening the way to

development of synergistic treatments based on NADK inhibitors and current antibiotics.
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Introduction

Nicotinamide adenine dinucleotide (NAD"), its phosphorylated form (NADP') and their
reduced equivalents (NADH and NADPH) are essential cofactors shared by all living
organisms. While NAD" and NADH are important for cellular energy metabolism,
inflammation and senescence (Chini et al., 2021; Covarrubias et al., 2021), NADP" and
NADPH are key cofactors in central metabolism, being involved in tricarboxylic acid (TCA)
cycle, pentose phosphate pathway as well as de novo synthesis of fatty acids, cholesterol,
amino acids and nucleotides (Chandel, 2021). NADPH also provides the reducing power
necessary for the restoration of antioxidative defense systems of the cell (Chandel, 2021).
Like NAD(H), growing evidence suggests that NADP(H) has a broader role. In particular, the
NADP" derivative nicotinic acid adenine dinucleotide phosphate (NAADP), which is the
major intracellular calcium mobilizing molecule, links NADP(H) metabolism with calcium
homeostasis and signaling, development and differentiation (Galione and Chuang, 2020).
Whereas there are two known multi-step pathways for NAD" biosynthesis, a single
enzyme is responsible for the phosphorylation of NAD'/NADH into NADP'/NADPH: the
NAD kinase (NADK) (McGuinness and Butler, 1985; Chini et al., 2021). NADK activity was
first reported in the late 30's (Vestin, 1937; Von Euler and Adler, 1938), and the enzyme was
purified from yeast by Kornberg in 1950 (Kornberg, 1950). It is only in 2000 that the genes
encoding NADK were identified in Micrococcus flavus and Mycobacterium tuberculosis
(Kawai et al., 2000). Since then, NADK genes have been identified in all living organisms,
except the intracellular parasitic bacteria Chlamydia spp. on the basis of genome annotation
(Grose et al., 2006; Fisher et al. 2013). Given the vital role of NADPH, notably during
oxidative stress, NADK genes have been shown to be essential for growth of several bacteria,
such as Mycobacterium tuberculosis (Sassetti et al., 2003), Bacillus subtilis (Kobayashi et al.,

2003), Salmonella enterica (Grose et al., 2006) and Staphylococcus aureus (Chaudhuri et al.,
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2009; Gelin et al., 2020). NADKs essentiality may account for the poor characterization of
their role in prokaryotes. In contrast, NADKSs have been extensively studied in plants (Li et
al., 2018), especially in Arabidopsis thaliana which possesses three NADK encoding genes
(Chai et al., 2006; Turner et al., 2004). NADK has a key role in photosynthesis, plant cell
metabolism, intracellular redox balance (Li, 2018), and response to stresses as shown during
exposure to aluminum in wheat (Slaski, 1995), upon cold-shock in green bean leaves (Ruiz et
al., 2002), upon treatment with NaCl, ionizing radiations or oxidative stress in Arabidopsis
thaliana (Chai et al., 2006; Berrin et al., 2005).

In plants, NADKSs are mainly regulated by calcium and calmodulin (Tai et al., 2019).
In fact, NADK from peas extract has been historically used as a tool to examine calmodulin
activity in proteins (Muto and Miyachi, 1977). In higher plants, activation of NADK was
shown to be dependent on Ca*"-dependent calmodulin complex formation and was inhibited
by calcium chelation using EGTA (Jarrett et al., 1980). Some NADKs are regulated by direct
interactions with Ca®’-dependent calmodulins through their calmodulin-binding domains
(Turner et al., 2004). Other NADKSs have been proposed to be indirectly regulated through a
Ca”"/calmodulin-mediated kinase cascade (Love et al., 2015) and some NADK isoforms are
calmodulin independent (Simon et al., 1982). In contrast, in prokaryotes allosteric regulation
of NADK activity by NADPH or NADH is the only mechanism identified so far (Grose et al.,
2006).

The importance of microbial metabolic adaptation during infection (Eisenreich et al.,
2010; Richardson, 2019; Teoh et al., 2021) and the unknown contribution of NADK to
bacterial pathogenesis prompted us to investigate the role of NADK in Staphylococcus
aureus. While being carried as a commensal by around one third of the human population, S.
aureus 1s a leading cause of infectious diseases, ranging from mild skin and soft tissue

infections to life-threatening endocarditis and bacteremia (Turner et al., 2019). Worryingly, S.
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aureus can develop resistance to virtually all antibiotic classes available (Vestergaard et al.,
2019), limiting dramatically therapeutic options for some patients. Therefore, WHO included
S. aureus in the list of high priority pathogens to promote research and development of new
antibiotics and emphasized the need for innovation and diversification in the choice of targets
(https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-
antibiotics-are-urgently-needed).

In this study, we used a genetic approach to modulate NADK activity and study S.
aureus behavior in response to stresses mimicking those encountered during infection and
antibacterial treatment. We show that exposures to oxidative, envelope or antibiotic-mediated
stresses significantly decrease bacterial survival upon inhibition of NADK activity.
Importantly, we demonstrate that inhibition of NADK leads to a dramatic decrease of S.
aureus survival in a macrophage infection model, highlighting its role during interactions
with immune cells. Finally, we establish the first link between NADK activity and S. aureus
pathogenic potential, as NADK inhibition led to an increased survival of the host in a

zebrafish infection model.
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99 Results

100 S. aureus ppnK gene encoding NADK is part of the relQ operon

101  As most prokaryotes, S. aureus possesses a single NADK encoded by the highly conserved
102 ppnK gene. To investigate expression of the ppnK genomic locus, we carried out RT-PCR on
103 RNA purified from S. aureus Xen36 strain during exponential growth in BHI broth at 37°C.
104  Cotranscript analysis revealed that ppnK belongs to the re/Q operon (Figure 1, Figure
105  supplement 1). The relQ gene is one of the three genes responsible for synthesis of the
106  (p)ppGpp alarmones and synthesizes also the third alarmone pGpp. In addition the operon
107  contains genes encoding a small hypothetical protein (00941), a pseudouridine synthase
108 (00944), a putative magnesium transporter (00945) and a Na'/H' antiporter-like protein
109  (00946). Remarkably, synteny analysis showed that three genes of the S. aureus relQ operon,
110 e relQ, ppnK and 00944, are conserved among Bacilli (Figure 1). This confirmed the
111  importance of these genes and raised the possibility of a functional connection, in particular in

112 adaptation to stress and pathogenesis.

00941
relQ
ppnK
00944
00945
00946

yjbL
yjbM
PPnKA
yjbo
proE
kefQ

0966
0967
ppnK
0969
fabl
ditD
ditc
ditB

Listeria monocytogenes —G—.Dl > > |Q< ——

1047
relQ
ppnK
rluE
pta
1042

113 Streptococcus mutans —D—.Dl ) >—< |—

114 Figure 1. The ppnK genomic locus is conserved in Bacilli. Comparative analysis of the ppnK genomic locus of S. aureus
115 NCTC8325, Bacillus subtilis 168, Listeria monocytogenes EGDe and Streptococcus mutans UA159 was performed using

116 SyntTax. Arrows of the same color represent orthologs.
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118  NADK protects S. aureus from hydrogen peroxide toxicity

119  To investigate the role of NADK in S. aureus stress response and pathogenesis, we took a
120 genetic approach to modulate the expression of ppnK. We used the S. aureus Xen36/NADK
121  sgRNA strain in which the levels of ppnK expression were decreased by CRISPR-based
122 interference (Gelin et al., 2020). Knockdown of NADK expression in this strain was verified
123 by RT-PCR, immunoblotting and aerobic growth in BHI at 37°C (Figure supplement 2). An
124 important host defense encountered by bacteria during infection is the production of toxic
125  levels of reactive oxygen species (ROS) (Avican et al., 2021; Fang et al., 2016). We therefore
126  compared growth of the S. aureus strain containing the empty vector to that of the NADK
127  knockdown strain, upon exposure to increasing concentrations of hydrogen peroxide (H,0,).
128  While the Xen36/pSD1 strain resisted to high doses of H,O,, the Xen36/NADK sgRNA strain
129  showed increasing growth deficiency when exposed to H,O; concentrations ranging from 50
130  to 500 uM H,0, (Figure 2A). Expectedly, treatment of the Xen36/pSD1 strain with catalase
131  alone or catalase and H,O, did not affect growth (Figure 2B). In contrast, addition of catalase,
132 which catalyzes hydrogen peroxide dismutation into water and oxygen, rescued the growth
133 defect of the Xen36/NADK sgRNA strain upon H,O; treatment (Figure 2B). Taken together,
134 our results show that NADK protects S. aureus from toxic effects of a reactive oxygen species

135  involved in host defense.
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137 Figure 2 NADK protects S. aureus from hydrogen peroxide toxicity. Bacterial growth was monitored at ODggpn in BHI
138 broth at 37°C. (A) Percentage of growth of the S. aureus strain containing the empty vector (Xen36/pSD1) and the ppnK

139 knock-down strain (Xen36/NADK sgRNA) exposed for 6 hours to increasing concentrations of H,O, relative to the untreated
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140 condition (NT). (B) Percentage of growth of the S. aureus strain containing the empty vector (Xen36/pSD1) and the ppnK
141 knockdown strain (Xen36/NADK sgRNA) exposed for 6 hours to H,O, and catalase alone or in combination, relative to the
142 untreated condition (NT). Data shown are representative of three independent experiments. Bars indicate the standard error of
143 the means of biological replicates (n=3). Comparison of data was performed using one-way analysis of variance (ns:

144 nonsignificant, *p<0.05, ***p<0.001, ****p<0.0001).

145

146  NADK protects S. aureus from envelope stress

147  Within the infected host, bacteria have to cope with multiple sources of envelope stress, such
148  as bile salts, cationic antimicrobial peptides and osmotic stress (Avican et al., 2021; Fang et
149  al., 2016). We therefore investigated the effects of NADK knockdown on S. aureus sensitivity
150  to envelope stress. First we treated Xen36/pSD1 and Xen36/NADK sgRNA strains with
151  triclosan, a membranotropic antibacterial agent and an inhibitor of Fabl, an enoyl-ACP
152 reductase implicated in the last step of bacterial fatty acid elongation (Guillén et al., 2004; Lu
153  and Tonge, 2008). Xen36/NADK sgRNA displayed a higher susceptibility to 0.5 nM triclosan
154  treatment compared to Xen36/pSD1 (Figure 3A). At nanomolar concentration and above,
155 triclosan inhibited growth of both strains. Unexpectedly, catalase treatment rescued the
156  growth defect of the ppnK knockdown strain upon exposure to 0.75 nM triclosan, suggesting
157  a contribution of ROS in the antibacterial effect (Figure 3B). Next, we investigate the role of
158 NADK in response to osmotic stress upon addition of NaCl to the broth. Xen36/NADK
159  sgRNA was more sensitive to NaCl treatment than the Xen36/pSD1 strain at concentrations
160  of 4% and above (Figure 3C). In contrast to triclosan, catalase treatment failed to rescue
161  bacterial survival at 4% NaCl (Figure 3D), suggesting an H»O,-independent antibacterial
162  effect in our experimental conditions. Interestingly, using electron microscopy, we observed
163  that NADK inhibition led to membrane permeabilization and cytoplasmic content leakage
164  (Figure supplement 2D). Together, these results show that NADK contributes to S. aureus
165  envelope integrity upon stress.

166
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168 Figure 3 NADK protects S. aureus from envelope stress. Bacterial growth was monitored at ODggo,, in BHI broth at 37°C.
169 (A) Percentage of growth of the S. aureus strain containing the empty vector (Xen36/pSD1) and the ppnK knock-down strain
170 (Xen36/NADK sgRNA) exposed for 6 hours to increasing concentrations of triclosan relative to the untreated condition
171 (NT). (B) Percentage of growth of the S. aureus strain containing the empty vector (Xen36/pSD1) and the ppnK knockdown
172 strain (Xen36/NADK sgRNA) exposed for 6 hours to triclosan and catalase alone or in combination, relative to the untreated
173 condition (NT). (C) Percentage of growth of the S. aureus strain containing the empty vector (Xen36/pSD1) and the ppnK
174 knockdown strain (Xen36/NADK sgRNA) exposed for 6 hours to increasing concentrations of NaCl relative to the untreated
175 condition (NT). (D) Percentage of growth of the S. aureus strain containing the empty vector (Xen36/pSD1) and the ppnK
176 knockdown strain (Xen36/NADK sgRNA) exposed for 6 hours to NaCl and catalase alone or in combination, relative to the
177 untreated condition (NT). Data shown are representative of three independent experiments. Bars indicate the standard error
178 of the means of biological replicates (n=3). Comparison of data was performed using one-way analysis of variance (ns:

179 nonsignificant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
p p P p

180

181  NADK controls antibiotic susceptibility

182 It has been proposed that all bactericidal antibiotics kill bacteria through ROS production.
183  Although it is a controversial issue, evidences support that some antibiotics such as
184  aminoglycosides, fluoroquinolones and f3 -lactam antibiotics might activate the TCA cycle,
185  leading to hyperactivation of the electron transport chain and superoxide radicals formation

186  (Van Acker and Coenye, 2017; Baquero and Levin, 2021). In addition, several antibiotic
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187  classes target the bacterial envelope (Baquero and Levin, 2021). As NADK protects S. aureus
188  from oxidative stress (Figure 2) and envelope stress (Figure 3), we wondered if ppnK
189  knockdown might impact bacterial survival under antibiotic-induced stress. To test this
190  hypothesis, we treated Xen36/pSD1 with subinhibitory concentrations of antibiotics of several
191  classes and compared its growth to that of the Xen36/NADK sgRNA strain. We first used
192 polymyxin B, an amphipatic cyclic lipopeptide disrupting bacterial membranes. As expected,
193  a concentration of polymyxin B as high as 40 ug/mL did not inhibit growth of the
194  Xen36/pSD1 strain (Figure 4A), S. aureus being notoriously resistant to polymyxins
195  (Vestergaard et al., 2017). In contrast, the Xen36/NADK sgRNA was susceptible to
196  polymyxin B in a ROS-dependent manner (Figure 4A). We then tested the effect of NADK
197  know-down on sensitivity to all the other major classes of antibiotics. Strikingly, the
198  Xen36/NADK sgRNA strain was susceptible to levofloxacin, a DNA gyrase and
199  topoisomerase IV inhibitor (Figure 4B), kanamycin, a protein synthesis inhibitor (Figure 4C)
200 and rifampicin, an RNA polymerase inhibitor (Figure 4D). Similarly to polymyxin B,
201  treatment with catalase alleviated toxicity of these three antibiotics (Figures 4A-D). The
202  knockdown of ppnK also led to decreased bacterial growth in the presence of vancomycin,
203 which inhibits peptidoglycan biosynthesis. However, catalase was unable to restore growth to
204  the level of non-treated bacteria, indicating that the growth defect was not due to ROS
205  production. Together, these results show that NADK activity controls antibiotics
206  susceptibility in ROS-dependent and ROS-independent manner.

207
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211 Figure 4 NADK controls antibiotic susceptibility. Bacterial growth was monitored at ODggnm in BHI broth at 37°C. (A-E)
212 Percentage of growth of the S. aureus strain containing the empty vector (Xen36/pSD1) and the ppnK knock-down strain
213 (Xen36/NADK sgRNA) exposed to polymyxin B (A), levofloxacin (B), kanamycin (C), rifampicin (D), vancomycin (E) with
214 and without catalase for 6 hours relative to the untreated condition (NT). Data shown are representative of three independent
215 experiments. Bars indicate the standard error of the means of biological replicates (=3). Comparison of data was performed

216 using one-way analysis of variance (ns: nonsignificant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

217

218  NADK promotes S. aureus survival in macrophages

219  Since ROS production is a major antibacterial mechanism of key immune cells such as
220  phagocytes, we next investigated if ppnK knockdown might impair S. aureus survival during
221  macrophages infection. Murine RAW264.7 macrophages were infected with Xen36/pSD1 or
222 Xen36/NADK sgRNA strains. Bacterial enumerations were performed at time zero and 1, 2, 4
223 and 6 hours post infection. No significant difference in phagocytosis of the two strains could

224 be observed, nor at early time of infection (Figure 5A). In contrast, after 2 hours of infection

11


https://doi.org/10.1101/2021.08.09.455706
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.09.455706; this version posted August 9, 2021. 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.

225  the percentage of intracellular bacteria was significantly reduced upon ppnK knockdown, and
226  the survival defect increased over time (Figure 5A), indicating that bacteria were not able to
227  survive inside macrophages without proper NADK activity. We next investigated the role of
228  ROS production by macrophages in the control of the Xen36/NADK sgRNA strain using the
229  antioxidant agent N-acetyl cysteine (NAC). NAC partially restored bacterial survival (Figure
230  5A), indicating that the bacterial growth defect of the ppnK knockdown strain was in part due
231 to its inability to cope with oxidative stress. Using fluorescence microscopy, we then
232 investigated bacterial localization in macrophages 6 hours post-infection. Few Xen36/NADK
233 sgRNA bacteria were detected compared to Xen36/pSD1 (Figure 5B), and NAC treatment led
234  to an increased number of bacteria (Figure 5C), confirming bacterial enumeration results.
235  Interestingly, while all knockdown bacteria colocalized with LAMP1, many Xen36/pSD1
236  bacteria did not upon NAC treatment, suggesting that NADK activity might be required for
237  phagolysosome escape and bacterial survival in macrophages.

238
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242 Figure 5 NADK promotes S. aureus survival in macrophages. (A) Percentage of growth of the S. aureus strain containing the
243 empty vector (Xen36/pSD1) and the ppnK knock-down strain (Xen36/NADK sgRNA) at 0, 1, 2, 4 and 6 hours post-infection
244 (hpi) of RAW264.7 macrophages left untreated or treated with N-acetylcysteine (NAC). Bars indicate standard errors of the
245 means of biological replicates (n=4). Comparison of data was performed using two-ways analysis of variance (*p<0.05,
246  ##p<0.01, ****p<0.0001). (B-C) RAW264.7 macrophages were infected with Xen36/pSD1 or Xen36/NADK sgRNA and
247 analyzed 6 hours post-infection by fluorescence microscopy using antibodies to label LAMP1 (FITC, green) and S. aureus
248 (Cys5, red). Nuclei were labeled with DAPI (blue). B shows untreated macrophages. C shows macrophages treated with NAC.

249 Images are representative of three independent experiments.

250

251  NADK promotes S. aureus virulence in zebrafish

252  Since phagocytes play a critical role in host defense against bacterial infection, we
253  investigated whether NADK inhibition might influence S. aureus pathogenesis in a zebrafish
254  infection model. This model allows short kinetics of infection (Prajsnar et al., 2008) and has
255  been previously used to study S. aureus infection dynamics (Prajsnar et al., 2012). In addition
256 to being optically transparent, zebrafish larvae innate immune system is the only one
257  operating during the first days of development, facilitating the study of interactions between
258  bacteria and neutrophils or macrophages. We first determined the stability of the pSDI1
259  plasmid during infection. Zebrafish larvae were infected at 60 hours post fertilization (hpf) by
260 intravenous injections of either the Xen36/pSD1 or Xen36/NADK sgRNA strains. Bacteria
261  recovered from infected larvae were plated onto BHI agar with and without chloramphenicol.
262  There was no significant difference between the number of bacteria growing on BHI alone
263  and BHI supplemented with chloramphenicol up to 48 hours post-infection, irrespective of the
264  strain (Figure supplement 3). Thus, plasmids were maintained in our experimental infection
265  conditions. We next monitored zebrafish survival upon infection with 10* bacteria.
266  Xen36/pSDI infection led to = 75% fish mortality at 24 hours post infection (Figure 6A).
267  Strikingly, only one larva out of 48 died when bacterial NADK was inhibited (Figure 6A).

268  Decreased fish mortality upon Xen36/NADK sgRNA infection was also observed 48 and 72
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269  hours post-infection (Figure 6A). These results indicate that NADK inhibition leads to a
270  decreased bacterial virulence. We then determined the bacterial burden of fish larvae 24 and
271 48 hours post-infection. Interestingly, we recovered similar amount of Xen36/pSD1 and
272 Xen36/NADK sgRNA strains at both time points (Figure 6B), suggesting that NADK
273  contributes to S. aureus pathogenic potential, which depends on both bacterial and host
274  factors. As observed previously by Prasjnar et al. (Prajsnar et al., 2012), some fishes were
275  able to control the infection with 10" bacteria but a high bacterial burden was associated with
276  larval death in most cases (Figure 6B). In order to investigate the impact of NADK inhibition
277  on phagocyte populations, we infected intravenously transgenic zebrafish lines with
278  Xen36/pSD1 or Xen36/NADK sgRNA strains, and observed macrophages
279  (Tg(mfap4::mCherryF)) and neutrophils (Tg(mpx::GFP)) 24 hours post-infection.
280  Macrophages recruitment at the site of infection was observed for both strains (Figure 6C).
281  We also noticed a strong depletion of neutrophils in larvae infected with Xen36/pSD1, while
282  this neutropenia was more limited upon infection with NADK knockdown bacteria (Figure
283  6C). This correlated with the virulence differences of the two strains, given the key role of
284  neutrophils in S. aureus infection (Pollitt et al., 2018; Prajsnar et al., 2012). Altogether, our
285  results suggest that NADK is important for S. aureus pathogenesis.

286

287
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288
289 Figure 6 NADK contributes to S. aureus pathogenic potential in zebrafish. (A) Survival of zebrafish larvae intravenously
290  injected at 60 hpf with 10* Xen36/pSD1 or Xen36/NADK sgRNA S. aureus (n=48). (B) Growth of Xen36/pSDI or
291 Xen36/NADK sgRNA S. aureus in zebrafish larvae upon intravenous injection with 10* bacteria. For each strain, CFU were
292 determined in living larvae (open circles) or dead larvae (filled circles) 24 and 48 hours post-infection. (C) Homozygous Tg
293 (mfap4::mCherryF) (ump6Tg) Tg(mpx:GFP) double transgenic fishes were infected intravenously with 10* Xen36/pSD1 or
294 Xen36/NADK sgRNA S. aureus (arrows indicate the injection site). Macrophages (mCherry, red) and neutrophils (GFP,

295 green) were imaged 24 hours post-infection.

296

297  Discussion

298  The ability of S. aureus to survive and thrive in a wide variety of niches during infection,
299  ranging from skin to deeper tissues and abiotic devices, mirrors highly plastic metabolic
300 capacities allowing adaptive responses to constantly changing microenvironments (Potter et
301 al., 2020). Metabolic pathways are not only necessary for nutrient acquisition to sustain
302  bacterial growth, but also for regulation of virulence and are therefore central to host-
303  pathogen interactions (Eisenreich et al., 2010; Harper et al., 2018; Richardson, 2019; Teoh et

304 al.,2021; Tomlinson et al., 2021).
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305 Here we show for the first time that NADK contributes to bacterial pathogenic
306  potential. NADK was necessary for successful S. aureus infection, ultimately leading to
307  neutropenia and death of zebrafish larvae. Decreasing NADK activity led to decreased host
308  mortality without affecting bacterial burden, suggesting that NADK promotes virulence factor
309  activity and/or counteracts host defenses independently of its contribution to bacterial growth
310  capacity. If the striking impact of NADK on mortality highlights its importance in the
311  outcome of infection, future work will be necessary to decipher the role of the enzyme at each
312  step of the infectious process. Besides neutrophils, macrophages are crucial cells in the innate
313  immune defense against infection. We uncovered that inhibition of S. aureus NADK activity
314  has a major impact on bacteria interactions with macrophages, reducing dramatically bacterial
315  survival after phagocytosis. An important defense mechanism of macrophages against
316  bacterial infection being the oxidative burst (Pidwill et al., 2021), we demonstrated that the
317  role of NADK in S. aureus resistance to macrophage defenses was dependent on ROS levels.
318  Along the same lines, we showed that NADK contributed to S. aureus resistance to hydrogen
319  peroxide toxicity. NADK, as the only source of NADP(H), is a key component of defense
320  against oxidative stress (Grose et al., 2006; Mailloux et al., 2011). In bacteria, it has been
321 shown that NADK activity is increased upon exposure to oxidative stress, acting as a
322 metabolic switch to decrease the NAD" pool which fuels ROS formation and increase the
323  NADPH pool which promotes ROS scavenging activities (Singh et al., 2007). However,
324  antioxidant treatment of infected macrophages using NAC only partially mitigated growth
325  defect of the NADK knockdown strain. NADK might thus contribute to bacterial survival
326  within macrophages through pathways other than ROS detoxification. We showed that
327  inhibition of ppnK expression led to growth defect upon envelope stress, a condition that is
328  encountered in the host and in particular in macrophages where bacteria face antimicrobial

329  peptides (Rosenberger et al., 2004). If toxicity mediated by triclosan could be inhibited by

17


https://doi.org/10.1101/2021.08.09.455706
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.09.455706; this version posted August 9, 2021. 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.

330 catalase treatment of the NADK knockdown strain, osmotic stress imposed by sodium
331  chloride could not, confirming ROS-independent roles of NADK. NADP(H) is required in
332 two reduction steps of fatty acid synthesis and its increased availability has been shown to
333  increase fatty acid production in Escherichia coli (Li et al., 2018). NADK could thus
334  contribute to S. aureus fitness by promoting functional fatty acid biosynthesis and
335 maintenance of bacterial membrane integrity. Additionally, as NADP(H) is important for
336  central metabolism, a defect in NADK activity might impair metabolic adaptation during
337 infection. Virulence factors synthesis has been linked with TCA cycle and amino acids
338  biosynthesis (Zhu et al., 2009). Thus decreased NADP(H) pools might modulate virulence
339  factor synthesis and the fate of interactions with host cells.

340 Although its activity is highly conserved in almost all living organisms, prokaryotes
341 and human NADK are significantly different (Lerner et al., 2001). Furthermore, NADK
342  catalytic site adopt a specific conformation in comparison to other NAD-binding enzymes
343 (Petrelli et al., 2009). NADK, whose activity is essential for growth, is thus an interesting
344  target for antibiotic development. Using a fragment-based drug design approach, we
345  previously developed a family of chemical compounds targeting bacterial NADK (Gelin et
346  al., 2012; Paoletti et al., 2016). A lead compound, NKII, limited the growth of both
347  methicillin sensitive and methicillin resistant S. aureus strains in vitro but also in a mouse
348 model of infection, without any signs of toxicity (Gelin et al., 2020). The anti-infective
349  activity of NKII could thus rely on its capacity to inhibit NADK-mediated bacterial stress
350  response and virulence in addition to metabolic pathways. Interestingly, we found that
351  inhibition of NADK could potentiate the toxicity of polymyxin B, levofloxacin, kanamycin
352  and rifampicin in a ROS-dependent manner. Although controversial, ROS-production has
353  been proposed as a common antibiotic-mediated killing mechanism (Baquero and Levin,

354  2020; Van Acker and Coenye, 2017). Polymyxins have been suggested to permeabilize and/or
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355  disrupt membranes of Gram-negative bacteria. They also induce ROS production through
356  TCA cycle activation (Yin et al., 2020). ROS have been shown to contribute to bactericidal
357  activity of quinolone antibiotics (Kottur and Nair, 2016). Both quinolones and
358 aminoglycosides promote ROS formation mediated by TCA and NADH depletion (Belenky
359 etal., 2015; Kohanski et al., 2007, 2010). Thus, ROS may account for antibiotic potentiation
360 by NADK inhibitors. In addition, non-oxidative mechanisms contribute to potentiation, as
361 NADK contributed to resistance to vancomycin in a ROS-independent manner. It would be
362  interesting to investigate potential synergy between classical antibiotic families and NADK
363  inhibition, especially in the context of antibiotic resistance.

364 Further investigations are now required to fully decipher the contribution of bacterial
365 NADKSs during infection processes and develop optimized NADK inhibitors that could be
366  used in combination with current antibiotics to fight multidrug resistant bacteria.

367
368 Materials and methods

369  Synteny analysis

370  Comparative analysis of the ppnK genomic locus was conducted in Bacilli using S. aureus
371  ppnK gene (SAOUHSC 00943) as input on the web server SyntTax (Oberto, 2013).
372 Generated PDF files were edited to rename genes and remove genes outside of synteny for
373 clarity.

374

375  Plasmids, bacterial strains, cell lines and culture conditions

376  Bacterial strains and plasmids used in this study are listed in Table 1. All plasmids were
377  maintained in Escherichia coli TOP10. The restriction deficient Staphylococcus aureus strain
378  RN4220 was transformed with plasmids isolated from E. coli. The S. aureus Xen36 strain was

379  transformed with plasmids isolated from the RN4220 strain as previously described (Gelin et
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380 al., 2020). E. coli was grown in lysogeny broth (LB) medium (Difco) with shaking at 200 rpm
381  or on LB agar plates at 37°C. S. aureus was grown in brain heart infusion (BHI) broth (BD)
382  or in tryptic soy broth (TSB) (Difco) with shaking at 200 rpm or on BHI agar plates at 37°C.
383  When required, culture medium was supplemented with antibiotics (carbenicillin 100 pg/mL
384  for E. coli, chloramphenicol 15 pg/mL or anhydrotetracycline 100 ng/mL for S. aureus).
385 RAW 264.7 macrophages (TIB-71, ATCC) were cultured in DMEM (Gibco) containing 10 %
386  FCS (Gibco). Macrophages were seeded into 24-well plates at 10> cells per well.
387
388  Table 1 Strains and plasmids used in this study.
Strain/plasmid Relevant characteristics Reference
Strains
E. coli strain
TOP10 Fmerd A(mrr-hsdRMS-mcrBC) ¢ 80lacZ AM15 AlacX74 Invitrogen
recAl araD139 A (ara-leu) 7697 galU galK X rpsL(Str™) endAl
nupG
S. aureus strains
Xen36 Strain derived from a clinical isolate from a bacteremic patient Caliper Life Science
(ATCC 49525)
Xen36/pSD1 Xen36 strain carrying plasmid pSD1 (Gelin et al., 2020)
Xen36/NADK sgRNA Xen36 strain carrying plasmid pSD1 ppnK (Gelin et al., 2020)
RN4220 Restriction-deficient strain derived from NCTC 8325-4 (Kreiswirth et al., 1983)
Plasmids
pSD1 dCas9 ATc-inducible expression and sgRNA constitutive (Zhao et al., 2017)
expression plasmid
pSD1 ppnK pSDI1 plasmid carrying sgRNA targeting S. aureus ppnK (Gelin et al., 2020)
389
390  Table 2 Primers used in this study
Primer Sequence (5°-3°)
RT-ppnK-F GTGACTCCAAGTCTAATGCC
RT-ppnK-R ATTTTTCAACTTCATGAGGTAACC

RT-operon-F1
RT-operon-R1
RT-operon-F2
RT-operon-R2
RT-operon-F3
RT-operon-R3
RT-operon-F4
RT-operon-R4
RT-operon-F5
RT-operon-R5
RT-operon-Fé
RT-operon-R6
RT-operon-F7
RT-operon-R7
RT-operon-F8
RT-operon-R8

TGACTTGCTTAAAAAGCACACTG
ACGAGCATTTGTCCTACTTCAGA
AACCGTTGAAGAAACATTCGACA
GACGCTTGTTCACCAACTTCA
CATCGTTTGGAAAGAGCGGC
GGCATTAGACTTGGAGTCACCT
ACGTGTGCACGATTCTTTCAT
ATGGCGCTCACTGTCTTCT
AGTTCATTTGCATACGGGACG
ACGCTCTTTTTCATCTGTGTTCA
TAACTTGTGCGATGACGGTGG
TTCCAATCACAATCCCCATCAA
ACGTTGATGAATTGAAGCAAGAG
ACTTTAGCGACACCAAAAGCA
TCAAGTGGCGTTACAGGTGA
TTCAAATACCGCCAACGCAT
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391

392  Bacterial growth measurement

393 8. aureus strains were grown overnight in BHI broth at 37°C and diluted to ODgonm=0.05 into
394  BHI broth. For NADK inhibition experiments, culture medium was supplemented with 100
395 ng/mL anhydrotetracycline (Sigma-Aldrich) and 15 pg/mL chloramphenicol when required.
396  For stress experiments, culture medium was supplemented at indicated concentrations with
397  hydrogen peroxide, triton X-100, polymyxin B, kanamycin, rifampicin, vancomycin (Sigma-
398  Aldrich), triclosan, sodium chloride (Merck) or levofloxacin (USP). Bacterial suspensions
399  were incubated in 96-well plates with shaking at 200 rpm at 37°C. Growth was monitored
400  with a microplate reader (Glomax Discover, Promega). Experiments were performed at least
401  three times.

402

403  RNA extraction and RT-PCR

404  Bacteria grown for 4 h were collected by centrifugation 20 min at 15,000 x g at 4°C. Bacterial
405 lysis was performed using Precellys lysing kit (P000914-LYSKO0-A) and the Precellys
406  program 4 (6.500 rpm for 30 sec) twice at 4°C. RNA extraction was performed in 1 mL of
407  TRIzol (Invitrogen) according to the manufacturer’s recommendations. RT-PCR was carried
408  out with Superscript one step RT kit (Invitrogen). Primers used are indicated in Table 2. RT-
409  PCR assays were repeated at least 3 times.

410

411  Immunoblotting

412  Bacteria grown for 4 h were collected by centrifugation 10 min at 10,000 x g at 4° C and

413 resuspended in 500 pL of PBS. Bacteria were lysed using the Precellys lysing kit (P000914-
414 LYSKO-A) and the Precellys program 4 (6,500 rpm for 30 sec) twice at 4°C. Lysates were

415  centrifuged for 15 min at 10,000 x g at 4 °C and supernatants were collected for protein
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416  quantification using the Quick start Bradford protein assay kit 2 (Biorad). Samples were

417  mixed with Laemmli buffer (Biorad) and 10% f3 -mercaptoethanol and denatured for 5 min at

418  95°C. Samples were separated onto 4—20% Miniprotean TGX stain-free precast gel (Biorad)
419 in TGS buffer and transferred on polyvinylidene fluoride membranes. Membranes were
420  incubated overnight at 4°C with primary antibodies diluted in 5% blotto (R114 rabbit anti-EF-
421  Tu polyclonal antibodies, 1:5000; R250 rabbit polyclonal anti-S. aureus NADK antibodies,
422 1:1000). Membranes were then incubated with 1:2500 antirabbit horseradish peroxidase-
423  conjugated antibodies (Abcam). Blots were revealed using the ECL kit (Pierce).

424

425  Negative staining

426  S. aureus were fixed with 2.5% glutaraldehyde in culture medium for 1 h at room temperature
427  and stored overnight at 4°C before processing. Fixed bacteria were adsorbed to 300-mesh
428  Formvar-Cu-coated grids treated with 1% alcian blue (Sigma-Aldrich) (Lang et al., 1981)
429  (Electron Microscopy Science) for 20 min. Grids were rinsed three times with ultrapure water
430  and stained for 1 min with 2% aqueous uranyl acetate, washed again for three times with
431  ultrapure water and dried. Images were recorded with a TECNAI SPIRIT 120 kV
432  transmission electron microscope equipped with a bottom-mounted EAGLE 4Kx4K camera
433 (FEI-Thermofisher Company).

434

435  Scanning electron microscopy

436  Chemically fixed S. aureus were washed in 0.1 M HEPES buffer pH 7.2, postfixed for 1 h in
437 1% osmium tetroxide in 0.1 M HEPES buffer pH 7.2, and rinsed with distilled water. Samples
438  were dehydrated through a graded series of 25, 50, 75, 95 and 100% ethanol solution followed
439 by critical point drying with CO, (CPD300 LEICA). Dried specimens were sputtered with 20

440 nm gold palladium, with a GATAN ion beam coater, and were observed with an AURIGA
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441  field emission scanning electron microscope operating at 5 kV (Carl Zeiss, Inc.). Images
442  were acquired with the secondary electron detector.

443

444  Transmission electron microscopy

445  Chemically fixed S. aureus were washed in HEPES buffer pH 7.2, postfixed with 1% osmium
446  tetroxide in 0.1M HEPES buffer pH 7.2 for 1 h and washed three times with distilled water.
447  Samples were resuspended in Agar-type-IX 4% solution (Sigma) and allowed to solidify on
448  ice, dehydrated in a graded series of ethanol and embedded in epoxy resin. After
449  polymerization, thin sections were cut with a Leica Ultramicrotome Ultracut UC7’ sections
450 (60 nm), stained with uranyl acetate and lead citrate. Images were recorded with TECNAI
451  SPIRIT 120 kV transmission electron microscope equipped with a bottom-mounted EAGLE
452  4Kx4K camera (FEI-Thermofisher Compagny).

453

454 RAW 264.7 macrophage infection

455 RAW 264.7 macrophages were seeded into 24-well plates at 100,000 cells per well. S. aureus
456  Xen36/pSDI and S. aureus Xen36/NADK sgRNA strains were grown to an ODgoonm of 0.6,
457  washed three times and diluted in DMEM to obtain a multiplicity of infection (MOI) of 10.
458  Infected macrophages were centrifugated at 500 x g for 5 min and incubated for 15 min at
459  37°C and 5% CO, to synchronize phagocytosis. The medium was replaced with DMEM
460  containing gentamicin (20 pg/mL) for 30 min to kill extracellular bacteria. Cells were washed
461  three times in DPBS and incubated in DMEM supplemented with 100 ng/mL
462  anhydrotetracycline and 10 mM N-acetyl cysteine (NAC, Sigma-Aldrich) when indicated.
463  Cells were incubated for 6 h at 37°C and 5% CO,. At each time points, cells were lysed in

464  0.2% Triton X-100 for 10 min at 37°C. The number of bacteria released from the cells was
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465  determined by plating serial dilutions of the lysates on BHI agar plates that were incubated at

466  37°C for colony-forming units (CFU) enumeration.
467

468 Immunofluorescence assay

469 RAW 264.7 macrophages were cultured on glass coverslips in 24-well plates. At 6 h post-
470 infection, cells were fixed in paraformaldehyde (PFA) 4% for 15 min, permeabilized for 4
471  min with 0.1% Triton X-100 in 1% bovine serum albumin (BSA)-PBS and blocked in 1%
472  BSA-PBS. Fixed cells were incubated for 30 min with rabbit anti-S. aureus (Abcam ab20920)
473  and rat anti-LAMP1 1D4B (Abcam ab25245) primary antibodies. Cells were then incubated
474  for 30 min with goat anti-rabbit Cy5 (Immunoresearch 111 175 144) or goat anti-rat FITC
475  (Invitrogen A11006) secondary antibodies and DAPI (10 pg/mL). Slides were mounted with
476  Fluoromount G (Invitrogen). Samples were observed with a Zeiss Axiovert 200M
477  epifluorescence microscope equipped with a Plan-apochromat objective (100X/1.4 Oil Ph3;
478  Carl Zeiss, Inc.). Images were acquired with a CCD camera Coolsnap, processed with
479  Metamorph software v.6 (Molecular Devices) and analyzed with ImageJ software.

480

481  Ethics Statement

482  Animal experiments were performed according to European Union guidelines for handling of

483  laboratory animals (http://ec.europa.cu/environment/chemicals/lab_animals/home en.htm).

484  All experiments performed on larvae older than 5 days post fertilization were approved by the
485  Institut Pasteur Animal Care and Use Committee and the French Ministry of Education,
486  Research and Innovation, and registered under the reference APAFIS#31827.

487

488  Zebrafish care and maintenance

489  Homozygous Tg(mfap4::mCherryF) (ump6Tg) (Phan et al., 2018) Tg(mpx::GFP)""

490  (Renshaw et al., 2006) double transgenic fishes were raised in our facility. Eggs were
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491  obtained by natural spawning, bleached according to standard protocols, and then kept in Petri
492  dishes containing Volvic spring water and, from 24 h post fertilization (hpf) onwards, 0.003%
493  1-phenyl-2-thiourea (PTU) (Sigma-Aldrich) was added to prevent pigmentation. Embryos
494  were reared at 28°C or 24°C according to the desired speed of development; infected larvae
495  were always kept at 28°C. All timings in the text refer to the developmental stage at the

496  reference temperature of 28°C. Larvae were anesthetized with 200 u g/ml tricaine (Sigma-

497  Aldrich) during the injection procedure as well as during in vivo imaging and processing for
498  bacterial burden evaluation.

499

500  Zebrafish infection

501  The volume of injected bacterial suspension was deduced from the diameter of the drop
502  obtained after mock microinjection, as described in (Levraud et al., 2008). Bacteria were
503  diluted from overnight cultures and allowed to reach exponential growth. Then, they were
504  recovered by centrifugation, washed and resuspended at the desired concentration in PBS. 55-
505 60 hours post-fertilization, anesthetized zebrafish larvae were microinjected intravenously
506  (IV) with 1 nL of bacterial suspension at the desired dose as described (Colucci-Guyon et al.,
507  2011; Mostowy et al., 2013). Infected larvae were transferred into individual wells containing
508 1 mL of Volvic water and 0.003% PTU in 24-well culture plates, incubated at 28°C and
509  regularly observed under a stereomicroscope.

510

511  Evaluation of the bacterial burden in infected zebrafish larvae

512 Infected zebrafish larvae were collected at 0, 24, 48 and 72 hours post infection (hpi) and
513  lysed for the evaluation of the bacterial burden as previously described (Boucontet et al.,
514  2018; Mostowy et al., 2013). Each larva was placed in an individual 1.5 mL Eppendorf tube

515  and anesthetized with tricaine (200 u g/mL), washed with 1 mL of sterile water and placed in

25


https://doi.org/10.1101/2021.08.09.455706
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.09.455706; this version posted August 9, 2021. 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.

516 150 pL of sterile water. Larvae were then homogenized using a pestle motor mixer (Argos).
517  Each sample was transferred to an individual well of a 96-well plate and 10 X serial dilutions
518 were performed. For CFU enumeration and to assess plasmid stability throughout the
519 infection kinetics, serial dilutions of lysates were plated on BHI agar plates with and without
520  chloramphenicol (15 pg/mL) that were incubated at 37°C.

521

522  Zebrafish live imaging, image processing and analysis

523  Quantification of total macrophages and neutrophils on living transgenic reporter larvae was
524  performed upon infection as we previously described (Mostowy et al., 2013). Briefly, bright
525  field, GFP and RFP images of whole living anesthetized larvae were taken using a Leica
526  Macrofluo™ Z16 APOA (zoom 16:1) macroscope equipped with a Leica PlanApo 2.0X lens,
527  and a Photometrics® CoolSNAP™ HQ2 camera. Images were captured using the Metavue
528  software version 7.5.6.0 (MDS Analytical Technologies). After capture of images, larvae
529  were washed and transferred in a new 24-well plate filled with 1 mL of fresh water in each
530  well and incubated at 28°C.

531

532 Statistical analysis

533  Results are expressed as means =+ SEM of at least 3 replicates. Statistical analysis was
534  performed using GraphPad Prism (GraphPad Prism® 9.1.2. Software). One-way or two-ways
535  ANOVA were used to compare data. Differences between groups were considered significant
536  when the p value was lower than 0.05. Survival data were plotted using the Kaplan-Meier
537  estimator and log-rank (Mantel-Cox) tests were performed to assess differences between
538  groups.

539

540
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Figure supplement 1 S. aureus ppnK gene is part of the relQ operon. (A) Genomic region surrounding the ppnK gene of S.
aureus NCTC8325 (sequence NC_007795.1) between nucleotides 913031 and 922080. Bars and numbers represent the
regions amplified by RT-PCR. (B) Ethidium bromide staining of DNA in an agarose gel following RT-PCR amplification

using total RNA from S. aureus NCTC8325 and primers located in regions indicated in (A).
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Figure supplement 2 NADK is important for S. aureus growth. (A) Total RNA of Xen36/pSD1 and Xen36/NADK sgRNA

strains were analyzed by RT-PCR using oligonucleotides in ppnK and gyrd (control). (B) Bacterial protein extracts of

Xen36/pSD1 and Xen36/NADK sgRNA strains were analyzed by immunoblotting using anti-NADK and anti-EF-Tu

(control) antibodies. (C) Bacterial growths of Xen36/pSD1 and Xen36/NADK sgRNA strains were monitored for 6 hours at

ODgponm in BHI broth at 37°C with ATc induction for ppnK knock-down. Data shown are representative of three independent

experiments (n=3). Bars indicate the standard error of the means of biological replicates. Comparison of data was performed

using a t test (*p<0.05). (D) Negative contrast (left), SEM (central) and TEM (right) images of Xen36/pSD1 (top) and

Xen36/NADK sgRNA (bottom) strains after 6 hours of growth. Scale bar: 500 nm.
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800 Figure supplement 3 Plasmids are conserved during S. aureus infection of zebrafish. The number of Xen36/pSD1 (grey) or
801 Xen36/NADK sgRNA (blue) S. aureus was monitored in zebrafish larvae after intravenous injection with 5. 10 bacteria. For
802 each strain, CFU were determined 6, 24 and 48 hours post-infection by plating fish lysates on BHI (circles) and BHI

803 supplemented with chloramphenicol (triangles) (n=5).
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