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a b s t r a c t

Global burden of infectious diseases and antimicrobial resistance are major public health issues calling
for innovative control measures. Bacterial NAD kinase (NADK) is a crucial enzyme for production of
NADP(H) and growth. In Staphylococcus aureus, NADK promotes pathogenesis by supporting production
of key virulence determinants. Here, we find that knockdown of NADK by CRISPR interference sensitizes
S. aureus to osmotic stress and to stresses induced by antibiotics targeting the envelop as well as
replication, transcription and translation. Thus, NADK represents a promising target for the development
of inhibitors which could be used in combination with current antibiotics.

© 2024 The Authors. Published by Elsevier Masson SAS on behalf of Institut Pasteur. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Antimicrobial resistance (AMR) is a major societal and public
health issue with an estimated US$100 trillion cost and a global
fatality foreseen to reach 10 million people annually by 2050 [1]. A
first comprehensive study reported 4.95 million deaths associated
with bacterial AMR and 1.27 million deaths directly imputable to
resistance worldwide in 2019 [2]. For the same year, the Global
Burden Disease Study revealed an estimated 13.7 million deaths
related to infections, including 7.7 million deaths associated with 33
pathogenic bacteria [3]. The study, which excluded Mycobacterium
tuberculosis, highlighted that Staphylococcus aureus was the leading
cause of death in 135 countries. Current burden of infectious dis-
eases, emergence of pathogenic microorganisms and worrisome
spread of AMR call for urgent identification of novel drug targets and
development of innovative antimicrobial therapies. We have pre-
viously discovered a new class of antibacterials that inhibit S. aureus
NAD kinase (NADK), an original drug target [4]. The NAD kinase is
the only enzyme that can phosphorylate NADþ/NADH to NADPþ/
NADPH, which are essential cofactors contributing to important
metabolic pathways in all living organisms [5e7]. Recently, we re-
ported that S. aureus NADK promotes pathogenesis by protecting
bacteria from host antimicrobial defense mechanisms and by sup-
porting production of major virulence factors [8]. The purpose of
this study is to determine the role of NADK in response to stresses
�e Paris Cit�e, CNRS UMR6047,
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mimicking those encountered during the infectious process, with a
particular focus on stresses induced by antibiotic treatment. CRISPR
interference was used to knockdown NADK expression to evaluate
the contribution of the enzyme to bacterial survival when S. aureus
was exposed to these stresses.

2. Materials and methods

2.1. Plasmids, bacterial strains and culture conditions

Bacterial strains and plasmids used in this study are listed in
Table 1. All plasmids were maintained in Escherichia coli TOP10. The
restriction deficient S. aureus strain RN4220 was transformed with
plasmids isolated from E. coli. The S. aureus Xen36 strain was
transformed with plasmids isolated from the RN4220 strain as
previously described [4]. E. coli was grown in lysogeny broth (LB)
medium (Difco) with shaking at 200 rpm or on LB agar plates at
37 �C. S. aureus was grown in brain heart infusion (BHI) broth (BD)
or in tryptic soy broth (TSB) (Difco) with shaking at 200 rpm or on
BHI agar plates at 37 �C. When required, culture medium was
supplemented with antibiotics (carbenicillin 100 mg/mL for E. coli,
chloramphenicol 15 mg/mL or anhydrotetracycline 100 ng/mL for
S. aureus).

2.2. Bacterial growth measurement

Overnight S. aureus cultures inBHI at 37 �Cwerediluted1:100 into
BHI broth. For NADK inhibition experiments, culture medium was
supplementedwith 100 ng/mL anhydrotetracycline (SigmaeAldrich)
ut Pasteur. This is an open access article under the CC BY-NC-ND license (http://
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Table 1
Strains and plasmids used in this study.

Strains and plasmids Characteristics References

Strains
E. coli strain
TOP10 F� mcrA D(mrr-hsdRMS-mcrBC)

480lacZDM15 DlacX74 recA1
araD139 D(ara-leu) 7697 galU galK
rpsL(StrR) endA1 nupG

Invitrogen

S. aureus strains
Xen36 Strain derived from a clinical isolate

from a bacteremic patient
PerkinElmer [9]

Xen36/pSD1 Xen36 strain carrying plasmid pSD1 [4]
Xen36/NADK
sgRNA

Xen36 strain carrying plasmid pSD1
ppnK

[4]

Plasmids
pSD1 dCas9 ATc-inducible and sgRNA

constitutive expression plasmid
[10]

pSD1 ppnK pSD1 plasmid carrying sgRNA
targeting S. aureus NADK gene ppnK

[4]
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and 25 mg/mL chloramphenicol when required. For stress experi-
ments, culture medium was supplemented at indicated concentra-
tions with polymyxin B, kanamycin, vancomycin, rifampicin
(SigmaeAldrich), triclosan, sodium chloride (Merck) or levofloxacin
(USP), with or without 10 mg/mL catalase (Sigma). Bacterial suspen-
sionswere incubated in96-well plates or in Erlenmeyer,with shaking
at 200 rpm at 37 �C. Growthwasmonitoredwith amicroplate reader
(Glomax Discover, Promega). Experiments were performed at least
three times.

2.3. Statistical analysis

Results are expressed as means ± SEM of 3 replicates. Statistical
analysis was performed using GraphPad Prism (GraphPad Prism
Fig. 1. NADK inhibition synergizes with envelop stress to kill S. aureus. (AeE) Bacterial grow
containing the empty vector (pSD1) or the NADK knockdown strain (NADK sgRNA) expos
polymyxin B (D) relative to untreated condition. Data shown are representative of three i
replicates. Comparison of data from each treated condition to data from the correspondin
***p < 0.001, ****p < 0.0001).
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9.1.2 software). One-way ANOVA was used to compare data. Dif-
ferences between groups were considered significant when the p
value was lower than 0.05.

3. Results

3.1. NADK inhibition increases S. aureus susceptibility to envelop
stresses

At each step of the infectious process, S. aureus has to cope with
stressful host microenvironments. Among them envelop stress
derives from multiple sources such as antimicrobial peptides, bile
acids and osmotic stress [11,12]. Thus, we investigated the effects of
NADK deficiency on S. aureus sensitivity to envelop stresses. Since
NADK has been shown to be essential for S. aureus growth [13], we
used CRISPR interference-based NADK inhibition to address spe-
cifically the role of NADK. We first studied the role of NADK in
response to osmotic stress upon addition of NaCl to culture broth.
The NADK knockdown strain (S. aureus/NADK sgRNA) showed
increased sensitivity to NaCl treatment at concentrations of 4% and
above, while the empty vector control strain (S. aureus/pSD1) was
not significantly affected up to 8% NaCl (Fig. 1A). Next, we treated
S. aureus containing the empty vector or the NADK knockdown
strain with triclosan, a membranotropic antibacterial agent and an
inhibitor of FabI, an enoyl-ACP reductase implicated in the last step
of bacterial fatty acid elongation [14,15]. The NADK knockdown
strain displayed a higher susceptibility to triclosan treatment at
0.5 nM and higher concentrations compared to 0.25 nM treatment
or untreated conditions (Fig. 1B). In contrast, treatment of the
S. aureus/pSD1 strain with at least 1 nM triclosan was necessary to
inhibit growth. We then wondered if NADK knockdown might
impact bacterial survival under stress induced by envelop-targeting
antibiotics, a condition bacteria face during infection treatment. To
th was monitored at OD600nm in BHI broth at 37 �C. Percentage of growth of S. aureus
ed for 6 h to increasing concentrations of NaCl (A), triclosan (B), vancomycin (C), or
ndependent experiments. Bars indicate the standard error of the means of biological
g untreated condition was performed using one-way analysis of variance (**p < 0.01,



Fig. 2. NADK inhibition increases bacterial susceptibility to diverse classes of antibi-
otics. (AeC) Bacterial growth was monitored at OD600nm in BHI broth at 37 �C. Per-
centage of growth of S. aureus containing the empty vector (pSD1) or the NADK
knockdown strain (NADK sgRNA) exposed for 6 h to increasing concentrations of
levofloxacin (A), rifampicin (B) or kanamycin (C), relative to the untreated condition.
Data shown are representative of three independent experiments. Bars indicate the
standard error of the means of biological replicates. Comparison of data from each
treated condition to data from the corresponding untreated condition was performed
using one-way analysis of variance (**p < 0.01, ***p < 0.001, ****p < 0.0001).
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test this hypothesis, we treated S. aureus/pSD1 or S. aureus/NADK
sgRNA strains with subinhibitory concentrations of antibiotics
targeting the bacterial envelop and compared their growth after 6 h
of treatment. We first used vancomycin, a clinically used antibiotic
which binds the D-ala-D-ala moiety of murein monomers, thereby
inhibiting their incorporation to peptidoglycan chains and subse-
quent cell wall synthesis [16]. Strikingly, the NADK knockdown
strain showed increased susceptibility to vancomycin treatment at
0.125 mg/mL and higher concentrations (Fig. 1C), while growth of
the S. aureus/pSD1 strain remained unaffected irrespective of van-
comycin treatments. We then treated both strains with polymyxin
B, an amphipathic cyclic lipopeptide which disrupts bacterial
membranes. Polymyxin B is generally used to treat infection caused
by some Gram-negative bacteria but it has been shown to kill some
strains of S. aureus in vitro at high concentration [17]. As expected, a
concentration of polymyxin B as high as 40 mg/mL did not inhibit
growth of the S. aureus/pSD1 strain (Fig. 1D). In contrast, the NADK
knockdown strain was susceptible to treatment with 40 mg/mL
polymyxin B (Fig. 1D). Together, these results emphasize the role of
NADK in protecting S. aureus from envelop stresses, and fit our
previous study showing that inhibition of NADK sensitizes S. aureus
to combined activities of lysozyme and lysostaphin, two enzymes
cleaving peptidoglycan [8]. Most importantly, they reveal the syn-
ergistic antibacterial effect of NADK inhibition and envelop stresses.

3.2. NADK inhibition increases S. aureus susceptibility to stresses
induced by several classes of antibiotics

We next investigated whether NADK inhibition could synergize
with antibiotic-induced stresses other than envelop stress to
mediate antibacterial activity. We used levofloxacin which inhibits
DNA synthesis and induces DNA damage, rifampicin which inhibits
RNA synthesis and kanamycin which inhibits protein synthesis.
Treatment with a subinhibitory concentration of levofloxacin, i.e.,
0.0625 mg/mL, led to decreased bacterial growth upon NADK
knockdown (Fig. 2A). NADK inhibition also sensitized S. aureus to
rifampicin, at a concentration of 2 ng/mL (Fig. 2B). The NADK
knockdown strain showed a more modest but significant increased
susceptibility to kanamycin treatment at 46 mg/mL and higher
concentrations (Fig. 2C), while growth of the S. aureus/pSD1 strain
was not affected by any of the kanamycin treatments. Together,
these results indicate that NADK protect S. aureus from multiple
antibiotic-induced stresses and show the synergistic antibacterial
effect of NADK inhibition and inhibition of other essential bacterial
functions by clinically used antibiotics.

3.3. NADK inhibition increases S. aureus susceptibility to antibiotic
stresses in a process mediated by reactive oxygen species and
alternative pathways

We have reported that NADK contributes to S. aureus resistance
to reactive oxygen species (ROS) [8]. To address how NADK protects
S. aureus from antibiotic stresses, we thus investigated the effects of
NADK knock-down on antibiotic sensitivity in presence of the
antioxidant enzyme catalase, which catalyzes hydrogen peroxide
dismutation into water and oxygen. First, we treated the S. aureus/
pSD1 strain with subinhibitory concentrations of vancomycin,
polymyxin B, levofloxacin, rifampicin or kanamycin and measured
bacterial growth with or without catalase (Fig. 3AeE). Supplemen-
tation of the culture medium with catalase did not have any sig-
nificant effect on growth in presence or absence of each antibiotic
compound (Fig. 3AeE). Similarly, addition of catalase had no sig-
nificant effect on growth of the NADK knockdown strain in absence
of antibiotic treatment (Fig. 3AeE). In contrast, catalase had a pos-
itive effect on growth of the S. aureus/NADK sgRNA strain treated
3

with antibiotics (Fig. 3AeE). Indeed, catalase treatment rescued the
growth defect of the NADK knockdown strain upon polymyxin B,
levofloxacin, rifampicin and kanamycin treatments (Fig. 3B, C, 3D,
3E). On the other hand, catalase did not protect bacteria from
growth inhibition by vancomycin, as it was unable to restore growth
to the levels of non-treated bacteria (Fig. 3A). Taken together, our
results show that NADK protects S. aureus from antibiotic stresses
through antioxidant mechanisms and suggest the contribution of
additional pathways in response to vancomycin treatment.

4. Discussion

In this study, we investigated the role of S. aureus NADK in
response to envelop stress and antibiotic treatment. Salt tolerance



Fig. 3. NADK inhibition increases antibiotic susceptibility in oxidative and non-oxidative manners. Bacterial growth was monitored at OD600nm in BHI broth at 37 �C. Percentage of
growth of S. aureus containing the empty vector (pSD1) or the NADK knockdown strain (NADK sgRNA) exposed for 6 h to 0.5 mg/mL vancomycin (A), 40 mg/mL polymyxin B (B),
0.125 mg/mL levofloxacin (C), 1.5 ng/mL rifampicin (D) or 60 mg/mL kanamycin (E), with or without 10 mg/mL catalase, relative to the untreated condition. Data shown are
representative of three independent experiments. Bars indicate the standard error of the means of biological replicates. Comparison of data from each treated condition to data from
the corresponding untreated condition was performed using one-way analysis of variance (**p < 0.01, ***p < 0.001, ****p < 0.0001).
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contributes to S. aureus capacity to colonize the skin and grow in
some food products. Here, we showed that knockdown of NADK
expression by CRISPR interference sensitizes S. aureus to sodium
chloride. It has been shown that upon NaCl exposure S. aureus in-
creases expression of proline/betaine transporter ProP, glycine
betaine transporter OpuD1, oxygen-dependent choline dehydro-
genase BetA and betaine aldehyde dehydrogenase BetB, which
converts betaine aldehyde to osmoprotectant glycine betaine [18].
We have recently reported that knockdown of S. aureus NADK leads
to decreased levels of betaine aldehyde dehydrogenase [8]. Thus,
NADK possibly contributes to regulate intracellular osmotic pres-
sure by supporting osmolyte production. Decreasing NADK
expression also led to increased sensitivity to triclosan, a broad-
spectrum antibacterial agent that intercalates into bacterial mem-
branes and inhibits bacterial fatty acid biosynthesis by targeting the
NADH-dependent enoyl reductase FabI [14,15]. While reduction of
NADK expression does not significantly change the level of FabI [8],
it could contribute to triclosan sensitization by modulating
4

NAD(H)/NADP(H) homeostasis and subsequently triclosan-
mediated inhibition of FabI enzymatic activity. Indeed, NADP(H)
is required in the two reduction steps of fatty acid synthesis cata-
lyzed by FabI and the beta keto-ACP reductase FabG in E. coli [19].
Additionally, lowering NADK expression increased S. aureus sus-
ceptibility to vancomycin, which inhibits peptidoglycan synthesis
[16]. Along these lines, we recently reported that inhibition of
NADK lowers the levels of enzymes that regulates peptidoglycan
biosynthesis such as the amidase LytH, which controls the density
of peptidoglycan assembly sites and whose inactivation sensitizes
S. aureus to oxacillin [20]. NADK may thus contribute to S. aureus
resistance to different types of envelop stresses by promoting
functional fatty acid biosynthesis, maintenance of bacterial mem-
brane integrity and proper peptidoglycan biosynthesis. Interest-
ingly, we found that inhibition of NADK could potentiate the
antibacterial activity of antibiotics targeting the cell envelop but
also that of antibiotics targeting replication, transcription and
translation such as levofloxacin, rifampicin and kanamycin,
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respectively. Although controversial, ROS production has been
proposed as a common antibiotic-mediated killing mechanism
[21e23]. ROS have been shown to contribute to bactericidal activity
of quinolone antibiotics [24]. Both quinolones and aminoglycosides
promote ROS formation mediated by TCA cycle and NADH deple-
tion [25e27]. Polymyxins have also been suggested to induce ROS
production through TCA cycle activation and NADþ/NADH ratio
increase [28]. NADK is the only source of NADP(H) and as such it
constitutes a protective enzyme against oxidative stress [29]. We
have recently demonstrated that NADK inhibition leads to growth
deficiency of S. aureus exposed to hydrogen peroxide [8]. Further-
more, we have documented a drop in the levels of S. aureus anti-
oxidant enzymes such as catalase, superoxide dismutase,
thioredoxin, peroxiredoxin and methionine sulfoxide reductase
upon NADK knockdown [8]. Accordingly, we found that catalase
could protect S. aureus expressing reduced levels of NADK from
growth inhibition by various antibiotics. In our experimental
setting, catalase alleviated toxicity of antibiotics that belong to
polypeptides, fluoroquinolones, ansamycins and aminoglycosides.
Therefore, toxic effects of ROS upon NADK inhibition contribute to
sensitization to different classes of antibiotics. In addition, non-
oxidative mechanisms presumably contribute to sensitization, as
catalase treatment did not mitigate growth defect of the NADK
knockdown strain in presence of vancomycin. NADK deficiency
could lead to aforementioned impaired regulation of peptidoglycan
synthesis and mediate inhibition of important pathways of central
metabolism which might synergize with inhibition of cell wall
synthesis by vancomycin, ultimately leading to growth defects [30].

The World Health Organization included S. aureus in the list of
high-priority bacteria for which new antibiotics are urgently
needed (https://www.who.int/news/item/27-02-2017-who-pub-
lishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-
needed). Our study paves the way for development of NADK in-
hibitors that could be used in combination with current antibiotics
to fight multidrug resistant bacteria.
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