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ABSTRACT: Antibiotic resistance is a worldwide threat due to
the decreasing supply of new antimicrobials. Novel targets and
innovative strategies are urgently needed to generate pathbreaking
drug compounds. NAD kinase (NADK) is essential for growth in
most bacteria, as it supports critical metabolic pathways. Here, we
report the discovery of a new class of antibacterials that targets
bacterial NADK. We generated a series of small synthetic adenine
derivatives to screen those harboring promising substituents in
order to guide efficient fragment linking. This led to NKI1, a new
lead compound inhibiting NADK that showed in vitro bactericidal
activity against Staphylococcus aureus. In a murine model of
infection, NKI1 restricted survival of the bacteria, including
methicillin-resistant S. aureus. Collectively, these findings identify
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19 bacterial NADK as a potential drug target and NKI1 as a lead compound in the treatment of staphylococcal infections.
KEYWORDS: adenosine derivative, bacterial NAD kinase, antibacterial compound, staphylococci, MRSA
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Methods for rapid design and synthesis of new
antimicrobial compounds are eagerly sought to battle
pathogens and cure infectious diseases.’ Despite a vast
repertoire of methods, quicker routes are still necessary to
keep pace with the fast emergence of antibiotic resistance in
pathogens. Similarly, the failure of major antibiotic classes calls
for rapid identification of novel targets to produce the next
generation of anti-infectious agents. NAD kinases (NADKs)
have a central role in oxido-reductive functions but are still
lacking a quality inhibitor although their important bio-
chemical activity has been known for decades.” The genes
encoding the NADKSs were discovered by genomic analysis two
decades ago,” and they were shown to be essential for growth
in many bacterial species.*”® Interestingly, NADKs belong to a
small and particular superfamily of kinases very distantly
related to any other NAD or ATP binding proteins.” Indeed,
they harbor a two-domain organization made of small alpha/
beta fold and an all-beta domain, distantly related only to two
lipid kinases existing in humans.” Not only is the fold unique,
but also the particular conformation of the NAD in their
binding site brings the two ribose moieties in close proximity
(distance: ~4 A). This distance is much longer (~7 A) in
other NAD(P) binding sites.® This suggested that NADKs
represent promising targets and that specific inhibitors could
be designed.

© XXXX American Chemical Society
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Fragment-based drug design (FBDD) is an attractive 46
method for the rapid discovery of starting points to design 47
new lead compounds. It relies on screening very small 48
molecules, usually with millimolar affinity. Their small size 49
allows an exhaustive diverse search with a few molecules (10% so
to 10* molecules) within the corresponding chemical space (an s1
estimated 107 molecules).” This rational approach has already s2
produced new li§ands with affinities in the nanomolar range for s3
several targets,"” and yielded three clinical drugs. However, s4
fragment optimization to build higher affinity binders, and ss
particularly fragment linking, is still not straightforward,'® s
despite the seminal discovery of high affinity inhibitors of the s7
FKS06 binding protein and additional attempts since s8
then.' =" In theory,'* perfect linking of two or three s
fragments with an expected low millimolar affinity for a target 6o
should provide new compounds with low micromolar or 61
nanomolar activity and hence a rapid route toward a promising 62
lead compound, but this is rarely achieved. Currently, there is 63
no single method to efficiently guide the connection of 64
selected fragments, which requires both affinity estimates and ss
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Figure 1. Mapping the binding site to design a library: schematic structure of LmNADKI binding site with known diadenosine inhibitors.
Adenosine moieties are linked by a pyrophosphate group (AppA), a disulfide bridge (DTA),"* or a C8—N3’ thioglycolic acid (A-TGA-A)."
Corresponding affinities for LmNADK are shown in the table in the right corner.

66 accurate geometric information. Indeed, FBDD relies on
67 several techniques to evaluate binding, either by affinity
s measurement (high-concentration assay, microcalorimetry), by
69 structural analysis (X-ray crystallography), or by NMR, which
70 can provide affinity measurement and low resolution structural
71 information but at the expense of large material quantities.
72 Only X-ray diffraction can routinely provide the atomic
73 resolution required to guide precise fragment linking. We
74 imagined using the binary information (binding/not binding)
7s from X-ray crystallography to derive an approximation of
76 ligand affinity. This involves screening, at a given concentration
77 slightly above the expected affinity, chemical compounds that
78 are closely related to each other (and possibly to the first hits).
79 They are more likely to bind and also to share important
8o properties such as solubility to limit potential artifacts. The
81 chemical modifications of a starting fragment with small
82 substitutions or atomic variations are often easier than
83 fragment linking itself, and only a very small amount is
84 necessary for screening by X-ray crystallography. Thus, binding
8s events can precisely pinpoint small differences that are
86 favorable and allow binding site mapping. Optimal substituents
87 should be easily identified, among which some may nicely
88 overlay with atoms from the second fragment or one of its own

derivatives. This overlay would provide eflicient connectors gy
between these two fragments. 90
Here, we used a deconstruction approach to synthesize o;
chemical compounds inhibiting bacterial NADK, a novel o,
therapeutic target. Its substrate, NAD, shows an affinity in the o3
millimolar range; hence, an inhibitor in low micromolar range o4
should be sufficient to dramatically impact its enzymatic os
activity. Interestingly, NAD can be mimicked by a symmetrical o5
diadenosine diphosphate'> (AppA, Figure 1). In addition, ¢7 5
single adenosines were previously shown to share low og
affinity, 7
two subpockets of the active site, named A and N for adenine ;g0
and nicotinamide (Figure 1). 101
We also showed that the ribose in the subsite A has limited ;¢
interactions with the protein except for one hydrogen bond. 103
Accordingly, we screened adenine derivatives, instead of ;o4

in the low millimolar range, while occupying the g9

adenosines, in order to find new connectors between the two
subsites. This led us to design a new 3-atom linker that
efficiently connects two adenosines, yielding a compound with
low micromolar inhibition of Gram-positive bacterial NADK.
Importantly, we identified this compound, hereafter NKI1, as
an inhibitor of S. aureus infection.
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Figure 2. In crystallo screening and fragment linking strategy. Two fragment hits bound into the subsite A were used to guide two ways for their
linking with an adenosine potentially occupying the subsite N. Linking through position N9 and CS’ or through positions C8 and C5 is described
in panel (a) and (b), respectively. Crystal structures of two N9 and C8 adenine derivatives (1i4 and Sg, respectively) bound to LmNADKI active
site are shown in blue. After superimpositions with crystal structures of LmNADK1 bound to MTA are also shown (MTA in orange). Finally, the
crystal structure of our lead compound NKI1 bound to LmNADXKI active site. Views of the 2F,—F, electron density map in the active site with the
ligand molecule omitted in the Fourier synthesis. Map is contoured at 1.0 o. The picture was generated by the program PYMOL (http://pymol.

sourceforge.net).

111 Il RESULTS

112 Focused Library Design. We designed a focused library to
113 map the NAD binding site with X-ray crystallography. A
114 former screening campaign demonstrated that various
115 adenosines bearing 5’ substitutions can bind into the active
116 site of the Listeria monocytogenes NADK1 (LmNADK1) which
117 is used as a representative enzyme from Gram-positive
118 bacteria."~"” This screening allowed the exploration of the
119 binding site in the vicinity of the adenosine 5’ ends, which
120 point toward each other over short distances, as evidenced
121 previously by the 5-3' disulfide bridge formed in DTA"
122 (Figure 1). It also indicated the rather short N9—N9 or 04'—
123 O4' distances (6.5 and 5.0 A, respectively) and an even shorter
124 one between the C8 position of the adenosine in subsite A and
125 the §’-end of the second adenosine in subsite N. Indeed, the 5’
126 substituent from subsite N points its thiomethyl group toward
127 the C8 position of the facing adenine at a short distance (S5'—
128 C8:4.1 A). Importantly, these features are specific for NADKs
129 as the vast majority of NAD(P) binding proteins recognize an
130 elongated conformation of their cofactor.”

We wondered whether fragments based on the adenine
scaffold could fit and provide a better starting point for drug
design or precise tools to map this active site. Furthermore, we
considered adenine as an attractive starting point since it can
be directly derived from functional annotation for ATP- or
NAD-binding proteins or any other adenine/adenosine
derivative binding protein. Using a common substructure,
here the adenine, allows quicker and clearer comparisons of the
impact of various substituents on binding and easier general-
ization to other targets.

The crystal structure of the wild-type enzyme bound to its
substrate or its product highlighted numerous tight contacts
with the N1, N6, and N7 of adenine (Figure 1). In contrast,
the N3, C8, and N9 were rather solvent-exposed in both
subsites. Therefore, positions N3, N9, and C8 could be used to
build a new link. Since the N3 position was less amenable to
derivatization, we designed a small focused library of adenine
bearing substituents at N9 and/or C8 positions.

Screening N9-Derivatives of Adenine by Cocrystalli-
zation with LmNADKT1. The first adenine derivatives of our
focused library included modifications at the N9 position with

https://dx.doi.org/10.1021/acsinfecdis.9b00368
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Figure 3. Chemical structures of diadenosine derivatives used in this study.

152 various short and linear alkyl chains bearing 1, 2, 3, or 4
153 carbons. They were prepared following classical synthetic
154 routes (Scheme S1). The screening by X-ray crystallography of
155 20 N9-alkylated adenines (Figure S1) at a final concentration
156 of 10 mM led to only four complexes with LmNADKI (Figure
157 S2). Most soaking and/or cocrystallization led to an empty
158 crystal structure, suggesting low affinities (>10 mM). No
159 density was observed for any of the small N9-alkyl chains
160 irrespective of the terminal group, either polar, e.g., hydroxyl,
161 thioacetyl, amino, azido, or hydrophobic, e.g., alkynyl (Figure
162 S1). This suggests that these small substituents fail to provide
163 favorable interactions in the A or N subsite. Four N9-
164 derivatives (Figure S2) could be detected in our screen, and
165 they generally harbored a 4-carbon-long chain, as did the 9-(4-
166 azidobutyl)-adenine (compound 1i4, Figure S2a). However,
167 these N9 substitutions were relatively mobile, again with little
168 or no favorable interaction with the protein. Nevertheless the
169 4-azidobutyl extension of compound 1i4 superimposed quite
170 well with the 5’ end of an adenosine in subsite N (Figure 2a).
171 This path was not pursued further, as the link would be too
172 flexible to yield a high-affinity compound.

173 The rather limited success of this focused screening of
174 adenines substituted in N9 only led us to re-evaluate the same
175 substitutions on an adenine harboring, in addition, a bromo
176 substituent at the C8 position. The additional bromine atom at
177 the C8 position was selected to improve the hit-rate, since
178 brominated adenosine previously showed a gain in affinity in
179 the adenosine series.'”'” Bromination was performed
180 straightforwardly, and 10 out of 11 compounds were detected
151 bound into the subsite A (Figure S3), but their pending arms
182 revealed no particular hot-spot for interactions on the path to
183 the N subsite (Figure S4). Because these substituted adenines
184 only occupy the subsite A, they represent a starting point to
185 grow a fragment from subsite A into a larger compound

occupying the whole active site. On the contrary, the subsite N 1s6
remained empty for all the adenines tested. The tilted side
chain of tyrosine Y163 may limit nucleobase entrance in this 1ss
subsite, a hindrance counterbalanced by the presence of a 189
ribose moiety in adenosine derivatives. Accordingly, a 1%
compound made of two adenines linked by their respective
N9 position would not be optimal. Thus, the privileged 192
fragment for subsite N remained adenosine.”>™!” However, the 193
first round of screening highlighted no valuable path from the 194
N9 position of an adenine placed in the subsite A toward a 195
facing 5’-end from an adenosine placed in the subsite N. In 196
order to find a more suitable link toward the subsite N, we 197
turned to characterize substituted adenines at position C8 that 198
would be compatible with binding into the subsite A. 199

Screening C8-Derivatives of Adenine by Cocrystalli- 200
zation with LmNADK1. Previously, in situ bond formation 201
between two bound adenosines revealed a short C8—CS5’ 202
linker, a thioacetamide moiety, able to connect subsites A and 203
N (A-TGA-A, Figure 1). This link provided the first NADK 204
inhibitor active on bacterial culture in vitro.'® Thus, we 205
considered other substitutions at the C8 position of adenine 206
with the aim of linking an adenine in the subsite A and an 207
adenosine in subsite N. This substitution could fit in the 208
narrow and rather hydrophobic groove formed by Leu49 and 209
Gly46. 210

First, position C8 of adenine was substituted with small alkyl 211
groups (Figure SS). The key synthetic step involved a ring 212
closure reaction of 2,4,6-triaminopyrimidine (Scheme S2). 213
Methyl and ethynyl groups (compounds 14a—d and 3b) were 214
accommodated nicely (Figure S6). On the contrary, a 215
hydrophobic but flexible ethyl group disfavored binding 216
(compound 10, Figure S7). Six other small and flexible 217
substituents at the C8 position did not show any binding 218
(Figure S7). 219
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Figure 4. NADK is important for S. aureus growth. Bacterial growth was monitored at ODgggpy, in BHI broth at 37 °C with and without ATc
induction. (a) Total bacterial lysates of wild-type (Xen36), control (pSD1), and ppnK knock-down (NADK sgRNA) strains were analyzed by
immunoblotting using anti-NADK and anti-EF-Tu antibodies. EF-Tu is used as a loading control. The data shown are representative of
independent data from two experiments. (b) Levels of NAD(H) and NADP(H) and their ratio were determined by using the NAD/NADH-Glo
and NADP/NADPH-Glo assays after growing wild-type (Xen36), control (Xen36/pSD1) and ppnK knock-down (Xen36/NADK sgRNA) strains
for 6 h (n = 3). Bars indicate the standard errors of the means of biological replicates. Comparison of data was performed using a f test (ns:
nonsignificant, *p < 0.05). (c) Growth curves of wild-type (Xen36) and ppnK knock-down (Xen36/NADK sgRNA) strains (n = 6). Bars indicate
the standard errors of the means of biological replicates. Comparison of data was performed using two-way analysis of variance (ns: nonsignificant,
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means of biological replicates. Comparison of data was performed using two-way analysis of variance.

220 Then, a 3-hydroxypropynyl group, named hereafter prop-
221 argyl alcohol, was introduced at position C8 via a Sonogashira
222 coupling reaction (Figure S8). This substitution led to a clear
223 electron density in the crystal structure only in the presence of
224 a cyclic substituent at the N9 position (compound Sg, Figure
225 S9). This behavior was similar to that in the absence of
226 substituents in position C8 (compound 1g). Accordingly, the
227 propargyl moiety could be accommodated, but its polar and
228 flexible end might partially counterbalance its hydrophobic
229 interactions with the neighboring Leu49. Nevertheless, this
230 structure showed that the triple bond of the propargyl group in
231 position C8 fits perfectly into a narrow hydrophobic groove
232 that is conserved among all known NAD kinases.

233 Interestingly, the hydroxyl end group of the propargyl
234 alcohol superimposed well with the position of the sulfur atom
235 of a methylthioadenosine molecule that would bind into the
236 subsite N (MTA, Figure 2b). This rather good match (S5'—O
237 distance: 1.2 A) suggested a new linker for the connection of
238 the adenine in subsite A to an adenosine in subsite N, with a
239 more rigid and more hydrophobic moiety than the formerly
240 discovered thioglycolate linker.

241 Propargyl as a New Connector. These results prompted
242 us to evaluate propargyl alcohol as a new linker between the
243 subsites A and N. We synthesized a diadenosine derivative

linked by the propargyl moiety (compound 34, NKI1, Figure
3) as well as an adenine linked by the same connector to an
adenosine (compound 35). Both double-headed molecules
were cocrystallized with LmNADKI and nicely fit into the
whole active site. In both cases one adenosine head occupies
the subsite N, while the subsite A accommodates either the
other adenosine moiety or an adenine moiety (Figure S10).
Subsequently the O-propargyl linker was replaced by a N-
propargyl linker (compound 42) or a N-methylpropargyl linker
(compound 44). These new compounds showed little gain in
affinity against LmNADK or against the NADK from S. aureus,
another clinically relevant Gram-positive pathogen (Figure
$10), which shares 57% of sequence identity (corresponding to
40 strictly conserved residues among the 50 ones lying within a
distance shorter than 8 A to NADP) with its listerial
counterpart. Noteworthy, the active concentration of these
novel compounds is 3 orders of magnitude lower than the
millimolar affinity of NAD for these kinases, which suggested a
potential therapeutic window for treatment as an antibiotic.
Their solubility was not improved and their selectivity index
toward the human counterpart was not significantly impacted.
Interestingly, in the presence of a ribose in the subsite A,
most crystal structures revealed two hydrogen bonds involving
its S’ hydroxyl group with the oxygen/nitrogen of the
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Figure S. NKI1 inhibits S. aureus growth in vitro. (a) Growth of S. aureus Xen36 was monitored at OD¢gg,, in BHI broth at 37 °C. BHI broth was
supplemented with PBS/10% DMSO, 0.01 ug/mL NKII or 10 ug/mL levofloxacin (n = 6). Bars indicate the standard errors of the means of
biological replicates. Comparison of data was performed using two-way analysis of variance (****p < 0.0001). (b) Levels of NAD(H) and
NADP(H) and their ratio were determined by using the NAD/NADH-Glo and NADP/NADPH-Glo assays after growing the wild-type Xen36
strain for 6 h in BHI with or without 0.01 g/mL NKI1 (n = 3). Bars indicate the standard errors of the means of biological replicates. Comparison
of data was performed using a f test (***¥p < 0.0001). (c) Growth curves of wild-type (Xen36), control (Xen36/pSD1), and ppnK knock-down
(Xen36/NADK sgRNA) strains in BHI broth supplemented with ATc, with and without 0.01 ug/mL NKI1 (n = 6). Bars indicate the standard
errors of the means of biological replicates. Comparison of data was performed using two-way analysis of variance (****p < 0.0001).

propargyl or the nearby O4’ oxygen from the ribose moiety in
the subsite N (Figure S10). These internal interactions can
stabilize the bound conformation. An attempt to reinforce
these interactions with a hydrogen-bond donor failed, as the
corresponding S'-amino group points toward the catalytic
aspartate due to a rotation of the ribose (compound 38, Figure
S10).

The inhibitory potency of the diadenosine derivatives was
tested on recombinant NADKs from L. monocytogenes and
S. aureus. ICyy were determined by measuring formation of
reduced NADP produced by the glucose-6-phosphate
dehydrO%enase coupling enzyme as a readout of NADK
activity.””~"7 Inhibition in the low micromolar range was
observed for diadenosine derivatives linked by a O- or N-
(methyl)-propargyl group (compounds 34, 42, 44), while
derivatives bearing a flexible three-carbon spacer (O-propyl

284 linker, compound 36), an amide group (compound 53) or a
285 four-carbon spacer (compound 43) showed little or no activity

against both enzymes (Figure S10).

NADK Is Critical for Growth of S. aureus. We next
addressed the importance of NADK on S. aureus growth in
vitro. We investigated the impact of decreasing expression of

200 the NADK gene ppnK on the growth of S. aureus Xen36, a

clinical strain. We used the CRISPR interference-based

292 approach described by Zhao and colleagues18 to knock-down

ppnK. The Xen36 strain was transformed with the E. coli/
S. aureus shuttle plasmid pSD1 or pSD1 containing a single
guide RNA (sgRNA) complementary to ppnK-specific
sequence and the catalytically dead Cas9 (dCas9). Expression
of the sgRNA and dCas9 was under the control of the
constitutive S. aureus promoter Pgy and the anhydro-tetracyclin
(ATc) inducible promoter P, respectively. Production of
NADK by the wild-type, control, and knock-down strains was
assessed by immunoblotting. As expected, levels of NADK
were strongly reduced in the knock-down strain compared to
that of the wild-type and control strains (Figure 4a, Figure
S11b). Decreased expression of ppnK in the knock-down strain
in absence of ATc was presumably due to the known basal
activity of the P, promoter. We next determined the
NADP(H)/NAD(H) ratio in the wild-type, control, and
knock-down strains (Figure 4b). The ratio was significantly
lower in the knock-down strain than in the wild-type (p =
0.03) and control (p = 0.01) strains, confirming that the
sgRNA targeted ppnK. Decreased NADP(H)/NAD(H) ratio
in the knock-down strain in absence of ATc corroborated basal
activity of the P, promoter. Having demonstrated the
efficiency of the NADK knock-down, we then measured
growth of the wild-type, control, and knock-down strains at
ODggonm in BHI with or without ATc. Xen36/NADK sgRNA
strain had multiple growth defects in BHI including increased
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Figure 6. NKI1 is not toxic to mice. BALB/c mice were left untreated or treated daily intraperitoneally with PBS/10% DMSO or 2 mg NKI1. (a—
d) Blood was collected 7 days postinoculation for quantitation of urea (a), creatinine (b), alanine aminotransferase (c), and aspartate
aminotransferase (d) using Reflotron strips. Data are means = SEM. (e) Histopathological analyses of kidneys of mice 7 days post-treatment. (f)
Weight of mice at day 1 and day 7 post-treatment. Data represent mean weights + SEM. Comparison of data was performed using a ¢ test (ns:

nonsignificant, *p < 0.0S, **p < 0.01).

318 lag time, decreased doubling time and reduced density in
319 Stationary phase compared to the wild-type strain (Figure 4c).
320 These defects were even more pronounced when Xen36/
321 NADK sgRNA was grown in BHI/ATc, while ATc had no
322 effect on growth of the wild-type strain (Figure 4c and Figure
33 S11a). Growth defects in the absence of induction
324 Substantiated expression of dCas9 mediated by basal P.o
325 activity. In contrast to growth of the knock-down strain,
326 growth of the pSD1 control strain was similar to that of the

wild-type strain (Figure 4d). Altogether, these results highlight
the capital role of ppnK for S. aureus growth.

Given that NADK was critical for S. aureus growth, we next
examined whether diadenosine derivatives could inhibit
bacterial multiplication in vitro. The addition to S. aureus
cultures of a diadenosine linked by a propargyl (compound 34,
hereafter NKI1), strongly affected bacterial growth (Figure
Sa). The lag, log, and plateau phases of NKI1 treated bacteria
were significantly impaired compared to that of bacteria treated
with the solvent. As expected, growth of bacteria treated with
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Figure 7. NKII treatment controls S. aureus infection in vivo. BALB/c mice were infected intravenously with 5 X 107 S. aureus Xen36 and treated
daily intraperitoneally with 2 mg NKI1 or 2 mg levofloxacin. Control mice received PBS/10% DMSO. (a) Bacterial burden in kidneys of mice 7
days postinfection. Data are mean CFUs in two kidneys + SEM. (b—d) Daily weight of infected mice of the control group (b), NKI1 group (c),
and levofloxacin group (d). The bars represent mean weights + SEM. (e) Histopathological analyses of kidneys of mice 7 days postinfection.

Representative images of hematoxylin/eosin and/or Gram stained sections from untreated (n = 8) or treated mice (1 = 8). Panels A—D, murine
pyelonephritis of the control group (DMSO/PBS). Panel A, ascending inflammation reaching the cortex and necrosis of the papilla. Arrowheads,
suppuration. Panel B, infiltration of neutrophils in the renal tubes and interstitium. Panel C, infiltration of neutrophils in the cortex and subcapsular
space. Arrowheads, infiltration in the renal tubes. Panel D, Gram-stained bacteria. Panels E—L, lesions of NKI1-treated mice. Panels E—G, small
cortical inflammatory infiltrates. Arrowheads, inflammatory infiltrates. Panel H, Gram-strained bacteria. Panels I-K, mild pyelonephritis, Panel L,
Gram-stained bacteria. Panels M—P, kidney sections of mice treated with levofloxacin. Panels M—O, absence of lesions. Panel P, absence of

bacteria.

337 levofloxacin was severely reduced compared to growth of
133 bacteria in absence of antibiotics. We next determined the
339 NADP(H)/NAD(H) ratio in bacteria grown in BHI with or
340 without NKI1 (Figure Sb). The ratio was significantly lower in
341 bacteria treated with NKII, suggesting that NKI1 targeted

NADK. To determine if NKI1 antibacterial activity was solely 34,
dependent on NADK inhibition, we then measured growth of 3,3
the wild-type, control, and knock-down strains at ODggopp, i 344
BHI with ATc, with and without NKI1. Growth of the three ;4
strains were significantly impaired by addition of NKII, 346
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347 confirming the antibacterial activity of NKI1 and suggesting
348 that other pathways may be affected by NKI1 when its primary
349 target is depleted (Figure Sc). Together, these results indicate
350 that NKI1 inhibits growth of S. aureus by targeting NADK and
351 presumably other mechanisms.

352 NKI1 Is Not Toxic to Human Cells In Vitro or to Mice
353 In Vivo. Because mammals also possess NADKs, we
354 determined the effect of NADK inhibitors on human cell
3ss lines. All synthesized diadenosine derivatives, including NKI1,
356 were assayed for cytotoxicity on MRC-5 human fetal lung
357 fibroblasts. The percentage of dead cells after 3 days of
358 incubation with NKII was 0 + 4% at a concentration of 107>
359 M and 0 + 6% at 10~* M. Therefore, NKI1 acts as an antibiotic
360 without detrimental effects on human cells. Before testing
361 NKI1 toxicity in vivo, we assessed the stability of NKI1 by
362 standard liver microsomal and plasma stability assays in vitro.
363 We could not detect any significant degradation of NKI1 for 1
364 h at 37 °C in the presence of liver drug metabolizing enzymes
365 (Figure S12a) or plasma hydrolytic enzymes (Figure S12b),
366 pointing to high stability of the compound.

367 To determine the impact of the compound on organ
368 functions, we next analyzed markers of organ failure in plasma
369 from untreated BALB/c mice or from mice treated with NKI1
370 or PBS/DMSO used as the vehicle for NKI1. We found that
371 urea, creatinine, alanine transaminase and aspartate trans-
372 aminase were not increased in mouse plasma upon NKI1
373 treatment nor upon injection of the vehicle alone, consistent
374 with preserved kidney, liver, muscle, and heart functions
375 (Figure 6a—d). Histological analysis confirmed the absence of
376 detectable kidney abnormalities in mice treated with NKI1
377 (Figure 6e). Additionally, treated mice did not show any
378 physical signs of discomfort and did not lose any weight
379 (Figure 6f).

380 NKI1 Contributes to Bacterial Clearance in S. aureus
381 Infected Mice. Given that NKI1 has an antibacterial activity
382 against S. aureus in vitro, the effect of NKI1 was addressed in
383 vivo. We evaluated the antibacterial activity of the compound
384 in a murine model of acute hematogenous pyelonephritis
3ss induced by the S. aureus Xen36 strain. BALB/c mice were
386 infected intravenously with § X 107 bacteria and received daily
387 intraperitoneal injections of 100 mg/kg NKI1 or levofloxacin
388 as a control antibiotic for 7 days. A vehicle control group
389 received PBS/DMSO. In the absence of antibiotic treatment,
390 high levels of S. aureus were detected in the kidneys 7 days
391 postinfection (Figure 7a). In contrast, daily treatment with
392 NKI1 led to an important decline in the kidney bacterial
393 burden. Levofloxacin treatment led to a similar decrease in
394 bacterial counts. Untreated mice progressively lost weight with
395 time (Figure 7b), while the weight of mice treated with NKI1
396 or levofloxacin remained stable (Figure 7c,d), confirming the
397 efficacy of both antibacterial compounds.

398 We next performed a histologic examination of kidneys
399 removed 7 days postinfection with the S. aureus Xen36. The
400 microscopic comparison of kidney sections is shown in Figure
401 7e. Kidneys from untreated mice exhibited marked pyeloneph-
402 ritis with papillary necrosis and infiltration of neutrophils
403 (panel A), extending in the renal tubes and interstitium from
404 the papilla to the cortex (panels A and B) and even to the
405 subcapsular space (panel C). High bacterial loads were
406 detected in kidney lesions (panel D). In contrast, kidneys of
407 mice treated with NKI1 had no lesion or a few small abscesses
408 or inflammatory infiltrates in the cortex (panels E—G) with
409 minimal amount of bacteria (panel H). Pyelonephritis detected

—

=

in a few mice was less severe than that observed in untreated 410
mice (panels I-K) with much lower bacterial loads (panel L). 411
Besides occasional inflammatory infiltrates in the cortex (data 412
not shown), kidneys of mice treated with levofloxacin did not 413
display any lesion (panels M—O) or bacteria (panel P). 414

As the difficulty of treating antibiotic resistant infections is a 415
growing concern, we next investigated whether NKI1 could be 416
active on the MRSA strain Xen31 in vitro and in the murine 417
model of hematogenous pyelonephritis described above. 418
Growth of Xen31 in vitro was strongly affected by NKII, 419
although not to the level obtained upon levofloxacin treatment, 420
which was near total inhibition of growth (Figure S13a). 421
Efficacies of NKI1 and levofloxacin were then compared in vivo 422
by determining the decrease in the number of bacteria in 423
kidneys of infected mice. Levofloxacin and NKI1 at 100 mg/kg 424
daily resulted in decreases of 1.5 and 0.5 log;, CFU/kidney 425
from control levels, respectively (Figure S13b). Mice treated 426
with NKI1 or levofloxacin lost weight with time (Figure S13d, 427
S13e), albeit not to the levels exhibited by untreated mice 428
(Figure S13c), confirming efficacy of both compounds. The 429
histologic assessment was in agreement with the weight and 430
bacterial burden quantification, demonstrating that NKI1 and 431
levofloxacin were capable of reducing the severity of lesions in 432
mice infected with the MRSA strain Xen31 (Figure S13f). 433
Untreated mice displayed pyelonephritis characterized by 434
necrosis of the papilla and infiltration of neutrophils at the 435
periphery of necrotic foci, in the cortex and in the pelvic cavity 436
(Figure 7, panels A—C). Massive amounts of bacteria were 437
detected in the papillary necrotic area (Figure 7, panel D). In 438
contrast, pyelonephritis was not detected in mice treated with 439
NKII. Kidneys were either free from lesion and bacteria 440
(Figure 7, panels E—H) or displayed focal abscesses and 441
bacteria in the cortex (Figure 7, panels I, K, and L) without any 442
lesion in the papilla (Figure 7, panel J). After levofloxacin 443
treatment, some mice did not display any lesion or bacteria in 444
the kidneys (Figure 7, panels M—P), while others exhibited 445
pyelonephritis (Figure 7, panels Q—T). However, neutrophil 446
infiltration and bacterial load were reduced compared to those 447
observed in untreated mice. Taken together, these results 44s
suggest that antibacterial activity of NKI1 is not restricted to 449
MSSA but extends to drug resistant strains. 450

Bl DISCUSSION 451

Discovery and design of new antibacterial compounds is 452
gaining renewed interest due to the emergence of new threats 453
from drug-resistant bacteria. NADKs represent attractive drug 454
targets that have so far been understudied. We hypothesized 4ss
that adenine could provide a privileged scaffold onto which 4s6
substitution could rapidly answer the question regarding hot- 4s7
spots in the region linking the two subsites. Knowledge of a 4s8
priori binders such as the natural ligands and their fragments or 4s9
isosteric analogues may represent alternative entities suitable to 460
interrogate the possible output of a given screening approach. 461
Previously, two derivatives of adenosine were linked in situ'® 462
but the resulting compound was suboptimal, showing activity 463
in the 25—50 M range, similar to the natural reaction product, 464
NADP. 465

In this study, we screened a focused library of adenine 466
derivatives to identify a new linker. It led to a potent chemical 467
compound, the best inhibitor described so far for a NADK, and 468
the first which is active in vivo. We targeted S. aureus as it is 469
among the most prominent opportunistic pathogenic bacteria. 470
It belongs to the worrisome ESKAPE group of bacteria 471

https://dx.doi.org/10.1021/acsinfecdis.9b00368
ACS Infect. Dis. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.9b00368/suppl_file/id9b00368_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.9b00368/suppl_file/id9b00368_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.9b00368/suppl_file/id9b00368_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.9b00368/suppl_file/id9b00368_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.9b00368/suppl_file/id9b00368_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.9b00368/suppl_file/id9b00368_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.9b00368/suppl_file/id9b00368_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.9b00368/suppl_file/id9b00368_si_001.pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://dx.doi.org/10.1021/acsinfecdis.9b00368?ref=pdf

ACS Infectious Diseases

pubs.acs.org/journal/aidcbc

472 (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumo-
473 niae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enter-
474 obacter sp.) with a high potential to become antibiotic resistant
475 and difficult to treat. While NADK had been convincingly
476 demonstrated to be essential for the survival of several bacteria
477 including Escherichia coli,* Bacillus subtilis,” and Mycobacterium
478 tuberculosis,® it was not clear whether the NADK gene ppnK
479 was important for S. aureus growth as apparently conflicting
480 results had been published."” >* Our data indicated that the
481 knock-down of NADK has a strongly deleterious effect on
482 S. aureus growth, consistent with the importance of the enzyme
483 reported by Bae et al,>! Chaudhuri et al,** and Yamachika et
as4 al”® S. aureus has the remarkable capacity to trigger a wide
485 array of infections in susceptible hosts, ranging from skin, soft
486 tissue, bone, joint, kidney, and lung infections to life-
487 threatening bacteremia, endocarditis, sepsis, and toxic shock
488 syndrome.”* Several animal models mimicking human
489 infections have been developed to study S. aureus pathoge-
490 nicity and test drug candidates,” ** including the murine
491 model of hematogenous pyelonephritis.””** We show for the
492 first time that the bactericidal potential of NKI1 translates in
493 vivo into containment of S. aureus induced pyelonephritis,
494 which presumably involves host defense mechanisms. NKI1
495 activity was similar to that of levofloxacin, a member of the
496 fluoroquinolone family of antibiotics guideline-recommended
497 to treat acute pyelonephritis in humans®"*”* and shown to
498 control pyelonephritis induced by S. aureus intravenous
499 inoculation in mice.”” Both compounds were efficient at
s00 controlling bacterial multiplication in kidneys. As a result, the
so1 number and size of tissular lesions and cellular damages were
so2 reduced or abrogated. Treated mice recovered from the
s03 infection as shown by the absence of physical signs of disease
s04 and weight loss. Interestingly, NKI1 was also active on Xen31,
s0s an MRSA strain. While NKI1 activity was similar on Xen31
so6 and Xen36 in vitro, in vivo activity against Xen36 was superior
507 to that against Xen31. Xen36 is derived from the Wright strain
508 isolated from a bacteremic patient (ATCC49525). Xen31 was
509 isolated independently from a patient hospitalized in New York
s1o City.” Xen31 and Xen36 are thus two clinical isolates that
s11 presumably differ in many ways including their sensitivity to
s12 methicillin and possibly virulence. These characteristics could
s13 account for the different levels of efficacy seen with NKI1 but
s14 also with levofloxacin.

sis This example illustrates the potential of biology-driven
s16 fragment-based drug design where ligand screening is precisely
517 guided by means of X-ray crystallography. Our study
s18 exemplified the successful application of a rational linking
519 strategy to derive a new inhibitor. This also illustrates a
520 possibly useful strategy for general FBDD, where each hit to be
521 linked is rapidly derivatized with variable extensions. Despite
522 the absence of precise monitoring of the affinity toward the
523 target, comparisons of closely related compounds can pinpoint
524 either aflinity cliffs when small substituents prevent binding or
525 interaction hot-spots when substituting arms show favorable
526 contacts. This can lead to rapid mapping of the active site. The
527 structural information gained so far suggests further possible
528 improvement of the new inhibitor.

—

3
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s2o l CONCLUSION

530 We identified the first bacterial NAD kinase inhibitor, NKI1,
531 active both in vitro and in vivo. Importantly, NKI1 is active
532 against drug-resistant pathogenic bacteria. On-target activity is
533 currently being investigated in S. aureus using proteomic and

—

genetic approaches, based on drug affinity chromatography s34
coupled to mass spectrometry and modulation of gene s3s
expression, respectively. The favorable activity against staph- s36
ylococcal infections and the absence of acute toxicity open the 537
way for further optimization of the lead compound NKII1 s38
against various bacterial pathogens. 539

B METHODS 540

Expression, Purification, and Activity Assay. His- s41
tagged LmNADKI1 was expressed and purified on cobalt- 542
based IMAC resins (Clontech) as previously published.'® A s43
similar procedure was followed for the orthologs from S. aureus. s44
The NAD kinase activity was determined by measuring the s4s
absorbance at 340 nm to follow the formation of reduced s46
NADP produced by a coupling enzyme (Glucose-6-phosphate s47
dehydrogenase from yeast). This enzyme and its substrate s4s
were purchased from Sigma-Aldrich. The assay was performed s49
in a 0.5 mL sample of 50 mM Tris-HCI pH7.4, 10 mM MgCl,, sso
2 mM sodium citrate, 1 mM glucose-6-phosphate at 30 °C ss1
using a spectrophotometer Eppendorf ECOM 6122. Half- ss52
inhibitory concentrations (ICg,) were determined, in the ss3
presence of 1 mM NAD and 4 mM ATP (for LmNADK1) or 2 ss4
mM ATP for S. aureus NADK. Dixon plots were used to ss3
determine K; in the presence of 4 mM ATP and three NAD ss6
concentrations (0.2, 0.5, and 1 mM). We also checked that the ss7
inhibitors had no effect on the coupling enzymes activity. 558

Chemical Synthesis. The synthesis of adenine derivatives ss9
used in this study (see Supporting Information, Figure S1) seo
involved the N-9 alkylation of a purine derivative (adenine, 6- sé1
chloropurine or 8-methyl-adenine), further conversion of the se2
alkyl alcohol into the corresponding thioacetyl, azido, or amino 63
functional groups. Bromination at the C8 position and se4
subsequent Sonogashira cross-coupling reaction afforded the s6s
difunctionalized adenine derivatives (compounds 1—9, Scheme s66
S1). The preparation of C8 alkylated adenine derivatives (9— s67
15, Scheme S2) involved the ring closure of the 4,5,6- ses
triaminopyrimidine in the presence of an acid or amide s69
(classical heating or under MW irradiation), followed by N-9 s70
alkylation. 571

The synthesis of the diadenosine derivatives (Figure 3) s72
involved Sonogashira cross-coupling reaction of the 8- 573
bromoadenosine derivative 30 or 31 (see Supporting s74
Information) with an appropriate alkyne derivative synthesized s7s
as illustrated in Scheme S3. Subsequent deprotection afforded s76
the target compounds (34, 36, 38, 42, 43, 44, 49, 53) in good 577
overall yield. 578

Crystallization. A dedicated crystallization kit (24- s79
conditions) was set up to ensure reproducibility from one sso
protein sample to another. Crystals were grown by mixing 1 uL ss1
of the protein solution concentrated at 9 mg/mL and ss2
complexed with §’-deoxy-S’-(methylthio)adenosine (MTA) ss3
with an equal volume of crystallization buffer (30 mM sodium ss4
bromide, 220 mM potassium citrate, pH 4.8—5.1, glycerol 6%, sss
15—16% w/v polyethylene glycol 400), equilibrated over 0.5 ss6
mL of the same buffer. As described previously, the complexes s87
with bound ligands were solved using crystals in the ss8
orthorhombic form. After growing them in the presence of sso
MTA, crystals were soaked with a 10 mM concentration of the 590
desired ligand in a pre-equilibrate hanging-drop. 591

Crystallographic Studies. X-ray structure determinations s92
were performed using molecular replacement. Refinement was 593
performed using Phenix.”* As in the case of the monoclinic 594
form, some side chains and several short segments of the s9s
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596 protein (mainly loops 69-TGHL-72, 110-GIGKK-114 and less
597 frequently 129-SGGP-132) were not clearly visible in most
598 electron density maps or showed alternating configurations.
s99 Similarly, the last residue and/or the affinity-tag could not be
600 modeled in most protein—ligand complexes. Figures of ligands
601 and corresponding electronic density were generated using
602 PyMOL (http://pymol.sourceforge.net). Refinement statistics
603 are provided in Tables S1-S10.

s+ Database Accession Codes. The refined models and
605 structure factors have been deposited in the Research
606 Collaboratory for Structural Biology (http://www.rcsb.org)
607 under the following PDB accession numbers: 6RBO, 6RBP,
608 6RBQ, 6RR2, 6RBR, 6RBS, 6RBT, 6RBU, 6RBV, 6RBW,
609 6RBX, 6RBY, 6RBZ, 6RCO, 6RC1, 6RC2, 6RC3, 6RC4, 6RCS,
610 6RC6, 6RG6, 6RG7, 6RG8, 6RGY, 6RGA, 6RGB, 6RGC,
611 6RGD.

612 Bacterial Strains and Culture Conditions. Staph-
613 ylococcus aureus Xen36 and Xen31 were obtained from Caliper
614 Life Science. Xen36 was derived from a clinical strain isolated
615 from a bacteremic patient (ATCC 49525). Xen31 was derived
616 from a clinical MRSA isolated in Elmhurst Hospital in New
617 York (ATCC 33591). Staphylococcus aureus RN4220 is a
618 restriction-deficient laboratory strain widely used for cloning
619 (ATCC 35556). S. aureus strains were grown in Brain Heart
620 Infusion (BHI) broth (BD) with shaking at 200 rpm or on
621 BHI agar plates at 37 °C. Escherichia coli TOP10 were obtained
622 from Invitrogen and grown in LB broth with shaking at 200
623 rpm or on LB agar plates at 37 °C. When required, culture
624 medium was supplemented with antibiotics (carbenicillin 100
625 pug/mL for E. coli, chloramphenicol 15 ug/mL, anhydro-
626 tetracyclin 100 ng/mL for S. aureus).

627 Construction of the ppnK Knockdown Plasmid. The
628 plasmid pSD1 was a gift from Changlong Zhao.'® The two
620 primers ppnK-sgRNA-oligol (CTAATTGTTATTTCA-
630 GTTGGTGGTGA) and ppnK-sgRNA-oligo2 (AACTC-
631 ACCACCAACTGAAATAACAAT) were used as sgRNA.
632 They were annealed and cloned into Sapl-digested pSDI,
633 resulting in plasmid pOD134 (NADK sgRNA). E. coli TOP10
634 was transformed with pOD134, creating strain OD336.

635 Preparation of Electrocompetent S. aureus. Five
636 milliliters of BHI broth were inoculated with a single colony
637 of S. aureus and incubated at 37 °C and 200 rpm overnight.
638 One milliliter of the overnight culture was added to 100 mL of
639 BHI broth and shaken at 200 rpm at 37 °C until an optical
640 density at 600 nm of 0.4 was reached. After S min on ice, the
641 culture was centrifuged at 2500g for 10 min at 4 °C. The
642 supernatant was discarded and bacteria were resuspended in 10
643 mL of ice-cold 0.5 M sucrose. Centrifugation and resuspension
644 steps were repeated twice. Bacteria were then resuspended in 1
64s mL of ice-cold 0.5 M sucrose, kept on ice for 15 min, and
646 divided in 100 puL aliquots. Electrocompetent bacteria were
647 stored at —80 °C.

648 Transformation in S. aureus. Purified pOD134 or pSD1
649 was introduced into S aureus RN4220 and subsequently in
650 S. aureus Xen36. Plasmid DNA (200 to S00 ng) and
6s1 electrocompetent S. aureus (100 uL) were mixed and
652 transferred in a 0.2 cm gap-cuvette (Molecular Bioproduct).
653 Strains were transformed by electroporation at 2.5 kV using a
654 Biorad Micro-Pulser. Immediately after electroporation, 500
6ss UL of BHI were added to the cuvette and bacteria were
6s6 incubated at 37 °C for 1 h with shaking at 200 rpm before
657 plating on BHI agar supplemented with chloramphenicol (7
6s8 ug/mL). Plates were incubated overnight at 37 °C.

—_

o

—
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Plasmid Isolation and Purification from S. aureus. ss9
Plasmids were isolated from S. aureus using the QIAprep Spin 660
Miniprep Kit (Qiagen) according to the manufacturer’s 661
instructions after a cell digestion step with 0.5 mg/mL of es2
lysostaphine (Sigma-Aldrich) for 30 min at 37 °C. 663

Bacterial Growth Measurement. Overnight S. aureus 664
cultures in BHI at 37 °C were diluted 1:100 into BHI broth. s6ss
For NADK inhibition experiments, culture medium was 666
supplemented with 0 to 100 ng/mL anhydrotetracycline 667
(Sigma-Aldrich) and 25 pg/mL chloramphenicol when 668
required. For antibiotic activity assay, culture medium was 669
supplemented with 25% PBS/10% DMSO, 0.01 pg/mL NKI1 670
in 25% PBS/10% DMSO or 10 pg/mL levofloxacin. Cultures 671
were incubated in 96-well plates or in Erlenmeyer, with shaking 672
at 200 rpm at 37 °C. Growth was monitored with a microplate 673
reader (Glomax Discover, Promega). Experiments were 674
performed at least three times. 675

Immunoblotting. Bacteria grown for 3 or 6 h were 676
collected by centrifugation 10 min at 10 000 rpm at 4 °C and 677
resuspended in 500 uL of PBS. Bacteria were lysed by 6 cycles 678
of 10-s sonication and 10-s rest on ice. Lysates were 679
centrifuged for 15 min at 10 000 rpm at 4 °C and supernatants 680
collected for protein quantification using the Qubit Protein 681
Assay (Invitrogen). Samples were mixed with Laemmli buffer es2
(Biorad) and 10% fS-mercaptoethanol and denatured for S min 6s3
at 95 °C. Samples were separated onto 4—20% MiniProtean 684
TGX Stain-Free Precast Gel (Biorad) in TGS buffer and ess
transferred on polyvinylidene fluoride membranes. Membranes 686
were incubated overnight at 4 °C with primary antibodies 687
diluted in 5% blotto (R114 rabbit anti-EF-Tu polyclonal 6ss
antibodies, 1:5000; R250 rabbit polyclonal anti-S. aureus 689
NADK antibodies, 1:1000). Membranes were then incubated 690
with 1:2500 antirabbit horseradish peroxidase-conjugated 691
antibodies (Abcam). Blots were revealed using the ECL kit 692
(Pierce). 693

NADP(H)/NAD(H) Quantitation. Levels of NAD(H) and 694
NADP(H) were assessed by using the NAD/NADH-Glo assay 695
(Promega) and NADP/NADPH-Glo assay (Promega), 696
respectively. Briefly, bacteria were grown 6 h at 37 °C and 697
180 rpm. Growth was stopped by addition of 100 uL of 98
reconstituted detection reagent to 100 uL of bacterial 699
suspension. Samples were incubated for 45 min at room 700
temperature and bioluminescence was measured on a GloMax 701
Discover plate reader. Bioluminescence signal was normalized 702
to ODgoonm- 703

Cytotoxicity Assay. Increasing concentrations of diade- 704
nosine derivatives were added to MRC-5 human fetal lung 70s
fibroblasts for 3 days and cell viability was assayed using a 706
quantitative metabolic assay with MTT (3-(4,5-dimethylth- 707
iazol-2-yl)-2,5-diphenyltetrazolium bromide) by the Imagif 70s
platform (Institut de Chimie des Substances Naturelles Gif- 709
sur-Yvette, France). Measurements were performed in 710
triplicate with a Biomek workstation (Beckman) in 96-well 711
plates. 712

Metabolic Stability. A microsomal stability assay to 713
measure in vitro intrinsic clearance and identify putative 714
metabolites formed was performed by the TechMed platform 715
(ESBS, Strasbourg, France). Briefly, 1 uM NKI1 was incubated 716
at 37 °C with human liver microsomes (0.5 mg/mL) 717
containing 1 mM NADPH and 3 mM MgCl,. Samples were 718
taken every 15 min and enzymatic reactions were stopped by 719
addition of acetonitrile at 0 °C. The percentage of remaining 720
NKI1 was determined by LC-MS/MS by measuring the area 721
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722 under the peak of the compound on the chromatogram.
723 Testosterone was used as positive control.

724 In Vitro Plasma Stability. Plasma stability was performed
725 by the TechMed platform (ESBS, Strasbourg, France). Briefly,
726 1 pM NKI1 was incubated at 37 °C with CD-1 mice plasma
727 (400 uL). After 30 min incubation, samples (70 uL) were
728 taken every 15 min and reactions were stopped by addition of
720 acetonitrile (175 uL) at 0 °C. Samples were then sonicated
730 and centrifuged for 5 min at 4 °C, and the supernatants
731 analyzed by LC-MS/MS. The percentage of remaining NKI1
732 was determined by measuring the area under the peak of the

—

733 compound on the chromatogram. Parocaine was used as
734 positive control.

735 Mouse Plasma Biochemical Parameters. Eight-week-
736 old female BALB/c mice (Charles River) housed under
737 specific-pathogen-free conditions received food and water ad
738 libitum. Mice were treated daily intraperitoneally with PBS/
739 10% DMSO or 2 mg NKI1 in PBS/10% DMSO over 7 days.
740 Mouse weight was monitored every day. Blood was collected
741 after 7 days of treatment for quantitation of urea, creatinine,
742 alanine aminotransferase (ALT), and aspartate aminotransfer-
743 ase (AST) using Reflotron strips (Roche) with Reflovet (Scil).
744 The kidneys were collected aseptically after 7 days for
745 histological analysis.

746 Mouse Infection Model. Eight-week-old female BALB/c
747 mice (Charles River) housed under specific-pathogen-free
748 conditions received food and water ad libitum and their weight
749 was recorded every day throughout the duration of the

—_

750 experiment. Mice were infected intravenously with § X 107
751 bacteria for the Xen36 strain or 107 bacteria for the Xen31
752 strain. Mice were sacrificed 7 days postinfection. Kidneys were
753 dissected under aseptic conditions for bacteriological and
754 histological analysis. The number of CFU was determined by
75s plating serial dilutions of organ homogenates on BHI agar.
756 Mouse Histology. During necropsy, the kidneys were
757 removed, immediately fixed in 10% neutral-buffered formalin
758 for 1 week and embedded in paraffin. Transverse 4 ym-thick
759 sections were cut for one kidney and longitudinal sections for
760 the other. For a low number of mice, the papilla was
761 incompletely or not observed on the longitudinal section
762 because of the section orientation. Sections were stained in
763 hematoxylin/eosin. Bacteria were highlighted using Gram
764 stain.

765 Statistical Analysis. Results are expressed as means =+
766 SEM of at least 3 replicates. Statistical analysis was performed
767 using GraphPad Prism (GraphPad Software). Student’s t-test
768 (two-tailed) or two-way ANOVA were used to compare data.
769 Differences between groups were considered significant when
770 the p value was lower than 0.0S.

771 Ethical Statement. All experiments were performed
772 according to the French national and European laws and
773 conformed to the European Council Directive on the
774 approximation of laws, regulations, and administrative
775 provisions of the Member States regarding the protection of
776 animals used for experimental and other scientific purposes
777 (86/609/EEC). The experimental procedures were approved
778 by the Animal Experiment Committee and the Risk Prevention

—

779 Service of the Institut Pasteur (approval numbers 160118 and
780 18—191).
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868 ATc, anhydro-tetracycline; BHI, brain heart infusion; Cas9,
869 CRISPR associated protein 9; CRISPR, clustered regularly
870 interspaced short palindromic repeats; DMSO, dimethyl
871 sulfoxide; FBDD, fragment-based drug design; LC-MS/MS,
872 liquid chromatography—tandem mass spectrometry; MRSA,
873 methicillin-resistant Staphylococcus aureus; NAD, nicotinamide
874 adenine dinucleotide; NADH, reduced form of NAD; NADK,
875 nicotinamide adenine dinucleotide kinase; NADP, nicotina-
876 mide adenine dinucleotide phosphate; NADPH, reduced form
877 of NADP; NKI1, NAD kinase inhibitor 1; NMR, nuclear
878 magnetic resonance; OD, optical density; PBS, phosphate
879 buffered saline; sgRNA, single guide RNA.
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