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Abstract:

Fluoroquinolones (FQs) are an important class of potent broad-spectrum antibiotics.
However, their general use is more and more limited by adverse side effects. While general
mechanisms for the fluoroquinolone-associated disability (FQAD) have been identified, the
underlying molecular targets of toxicity remain elusive. In this study, focusing on the most
commonly prescribed FQs Ciprofloxacin and Levofloxacin, whole proteome analyses revealed
prominent mitochondrial dysfunction in human cells, specifically of the complexes | and IV of
the electron transport chain (ETC). Furthermore, global untargeted chemo-proteomic
methodologies such as photo-affinity profiling with FQ-derived probes, as well as
derivatization-free thermal proteome profiling, were applied to elucidate human protein off-
targets of FQs in living cells. Accordingly, the interactions of FQs with mitochondrial AIFM1
and IDH2 have been identified and biochemically validated for their contribution to
mitochondrial dysfunction. Of note, the FQ induced ETC dysfunction via AIFM1 activates the
reverse carboxylation pathway of IDH2, however, its simultaneous inhibition triggers
mitochondrial toxicity. This off-target discovery study provides unique insights into FQ toxicity
enabling the utilization of identified molecular principles for the design of a safer FQ
generation.

Introduction:

With the rapid development of multi-resistant bacteria, the arsenal of effective antibiotics to
treat infections is dramatically shrinking.»=3 This crisis is further intensified by safety concerns
with a class of front-line antibiotics, the fluoroquinolones (FQs), which received several black
box warnings by the US food and drug administration (FDA) due to severe side effects.*> A
restricted use of FQs is in particular a drawback for the treatment of Gram-negative strains
which are only addressed by a limited number of alternative antibiotics capable of entering
their almost impermeable cell membranes.® Thus, to keep these desperately needed
antibiotics within the first-line of defense against pathogenic bacteria, it is crucial to decipher
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the unwanted off-targets in human cells, to understand the origin of side effects and develop
chemical strategies to enhance selectivity towards bacterial cells.

FQs inhibit the bacterial topoisomerase IV and gyrase, two enzymes essential for DNA
replication.” A crucial motif for the inhibition of both enzymes is the B-keto acid moiety of FQs,
which acts as a chelator of active-site Mg?* ions. The B-keto acid of FQs binds via water-metal
ion bridges to highly-conserved serine and acidic residues in the subunits A of the type-ll
topoisomerases.® Consequently, these residues are most frequently mutated in FQ-resistant
bacteria, defining the quinolone resistance-determining region (QRDR).°

Although a large variety of FQs were developed, only a few are used in human therapy against
bacterial infections. Safety concerns led to the withdrawal of various members, such as
Temafloxacin in 1992 and Grepafloxacin in 1999.191 Currently still marketed and commonly
used derivatives, such as Ciprofloxacin (Cipro) and Levofloxacin (Levo), are usually well-
tolerated, however, severe, disabling and potentially long-lasting or permanent adverse
effects are well documented.>!%13 Potential side-effects include tendinopathy and tendon
rupture,'*1> aortopathy,'®'’ neuropathy'®'%, and various other adverse reactions, including
CNS events.? In 2015, the FDA termed this set of adverse effects the “Fluoroquinolone-
associated disability” (FQAD) and recommended to limit the use of FQs to infections
insensitive to other alternative antibiotics.” The reason for the increased sensitivity of some
patients to FQs is not completely understood yet. A common theory is arising toxicity due to
drug accumulation or concomitant prescriptions.?%2!

Various mechanistic studies have demonstrated that FQs are strong metal chelators, impairing
different enzymatic reactions due to cofactor complexation, such as the inhibition of iron-
dependent dioxygenases, potentially leading to epigenetic effects.?2?3 Likewise, integrin
signaling, important for cell-cell and cell-extracellular matrix adhesion,?* and prolyl 4-
hydroxylases, involved in collagen maturation and modification,'> were reported to be
affected via divalent ion coordination of FQs, suggesting multiple factors that could contribute
to toxicity. Moreover, FQ treatment of human and animal tenocytes and human aortic
myofibroblasts led to collagen degradation and increases in matrix metalloprotease (MMP)
expression and activity.?>?® Both in tendons and ligaments, as well as in the aorta, collagen |
and lll are the major structural components.?>?’” Mechanisms, such as mitochondrial
dysfunction and increased oxidative stress are general consequences of FQ treatment.*!%1>
Also, various other theories of how FQs lead to adverse effects have been proposed, including,
but not limited to, GABAA receptor inhibition, inhibition of mitochondrial topoisomerases, as
well as a4B2 nicotinic acetylcholine receptor inhibition by Ciprofloxacin.?8-3°

Most reported studies focused on symptomes, indirect or downstream effects of FQ treatment
and, to the best of our knowledge, no direct, unbiased and global off-target identification
study to decipher the fundamental molecular origins of FQ-derived toxicity in human cells has
been performed yet. To get insights into the molecular mechanisms of FQ-associated adverse
effects, we here focused on the most commonly prescribed FQs Ciprofloxacin and
Levofloxacin (Figure 1A) and applied (chemical-) proteomic methodologies to elucidate
protein off-targets in human cells. For this we selected a two-tiered strategy based on thermal
proteome profiling (TPP)3! as well as affinity-based protein profiling (AfBPP)3? with tailored
FQ-derived photo-crosslinker probes. Among the identified targets, two crucial mitochondrial
enzymes isocitrate dehydrogenase isoform 2 (IDH2) and apoptosis-inducing factor
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mitochondrial 1 (AIFM1), important for mitochondrial metabolism3 and respiratory chain
biogenesis3*3°, respectively, were validated for FQ-dependent effects on their activity.
Corresponding whole proteome analysis and biochemical assays of short and long-term FQ
treatment confirmed major alterations in the respiratory chain complex | and IV as well as
shifted NADPH levels corroborating the impaired cellular function of these target proteins. In
light of rising antibiotic resistances and the dried-up antibiotic pipeline, especially for Gram-
negative bacteria, this is of significant importance to maximize the feasibility of FQs for
treatment of bacterial infections and facilitate the development of new and safer FQ
generations.

Results and Discussion:
Whole proteome analysis of FQ-treated human cells

To unravel pathways crucial for the onset of toxicity, we systematically investigated the
changes in the proteome composition upon FQ addition via LC-MS/MS proteomics using label-
free quantification (LFQ).3® In pilot studies performed with Ciprofloxacin in HEK-293 cells we
first tested high (75 uM, resembling peak plasma levels) and low (7.5 uM, resembling regular
plasma levels) concentrations of the drug co-incubated with cells for 3 hours, 3 days, 7 days
and 2 weeks representing a typical therapeutic regime (Figure 1B, S1, S2)3738, Interestingly,
both high and low concentrations evoked the significant up-regulation of proteins involved in
iron transport and homeostasis (HMOX1, HBA1, HPX, LTF)3%4L, cellular stress (HMOX1, AATF,
GPX3, MST1, PEX10, VNN1)*2%7 and collagen fibril organization (COL18A1, COL1A1, COL1A2,
COL1A5, FMOD, FN1, ITGA-1)*-0 already after 3 h (Figure S1). The functions of these proteins
correlate well with the known adverse effects of Ciprofloxacin to engage in metal-ion
complexation, enhancing cellular stress, e.g. via reactive oxygen species (ROS) and leading to
tendon and ligament damage.'%2>°! Interestingly, multiple target gene products and proteins
involved in NF-kB signaling were detected to be upregulated within the thresholds (fold-
change > 1, —log(P-value) > 1.3; see Figure S1).°27* Following the time course further, we
observed the downregulation of proteins relevant for the electron transport chain (ETC),
crucial for oxidative phosphorylation, especially of complex | and of complex IV (Figure 1B,
$2). At high concentrations, the downregulation already started at 3 h and was strongly
pronounced after 3 days, peaking after 7 days (Figure 1B, $2B). Incubation of cells with 7.5
UM Ciprofloxacin showed a weaker shift of complex | and IV subunits after 3 and 7 days, but
importantly after 14 days the downregulation became more prominent (Figure S2A). The
extent and identity of the top regulated protein pathways after 3 days at 75 uM and 14 days
at 7.5 uM was comparable, with strongly impaired oxidative phosphorylation, enhanced
mitochondrial dysfunction and pronounced granzyme A and sirtuin signaling, e.g. involved in
inflammation and redox homeostasis (Figure $3).>°>>°

As tendon/ligament-derived cells more closely represent the physiological environment of
these tissues and ideally provide additional insights into the origin of FQ-mediated tendon
rupture, we performed similar whole proteome studies with human periodontal ligament
(PDL) cells. We used as a model system an established cell line, namely PDL-hTERT, which was
immortalized via stable expression of human telomerase reverse transcriptase.”’” We here
focused on the 3-day time point at high and low Ciprofloxacin concentrations and additionally
performed offline cation-exchange chromatography fractionation to achieve deeper
proteome coverage (Figure 1C-E, S4). Interestingly, similar effects were recorded as in our
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previous analysis in HEK-293 cells. In order to investigate if these regulated proteins are a
general hallmark of FQs, we performed the same study with Levofloxacin which revealed a
large fraction of comparable changes (Figure S5). Despite the deviating structure of
Levofloxacin, the downregulation of complex | and IV was also observed using the same
concentrations, although to a lesser extent. Of note, plasma concentrations of Levofloxacin
are reported to be higher compared to Ciprofloxacin.3” For both Ciprofloxacin and
Levofloxacin the top regulated protein pathways in PDL-hTERT are consistent with the results
in HEK-293 cells (Figure 1F, S3, S6).
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Figure 1: Whole proteome analysis of Ciprofloxacin-treated human cells. (A) Structures of the FQs Ciprofloxacin and Levofloxacin. (B) Time-
dependent whole proteome analysis of Ciprofloxacin-treated HEK-293 cells (75 uM) versus control. Threshold lines represent a log, regulation
of +1 and - logio (P-value) of 1.3 (two-sided two-sample t-test, n = 3 replicates per group). Subunits of the electron transport chain (ETC)
complexes | and IV are depicted in blue and green, respectively. A pronounced and time-dependent down-regulation of both complexes was
detected. Similar effects were observed for the reported plasma concentration (7.5 uM), however, shifted to later onset (see Figure S2).
(C) Volcano plot depicting the proteome regulation of periodontal ligament cell line (PDL-hTERT) treated with Ciprofloxacin (75 uM) for 3
days versus vehicle control-treated cells featuring significant down-regulation of complex | (blue) and complex IV (green) subunits of the ETC.
Threshold lines represent a log, regulation of +1 and — logio (P-value) of 1.3 (two-sided two-sample t-test, n = 4 replicates per group). (D)
Alphabetically sorted table of top up-regulated proteins (threshold: log, regulation 2 1.5). (E) Alphabetically sorted table of top down-
regulated proteins (threshold: logz regulation < -1.5). (F) Top 5 most strongly regulated pathways (detailed pathway analysis in Figure S6).

The observed proteome changes, e.g. the significant down-regulation of the ETC complexes |
and IV by Ciprofloxacin and Levofloxacin are in line with the literature-known mitochondrial
toxicity of fluoroquinolones.**%% However, Ciprofloxacin and Levofloxacin do not exert high
general cytotoxicity as judged by the metabolic activity of HEK-293 and PDL-hTERT cells via
MTT assays after 3 days of treatment with approximate apparent ICso values well above the
reported plasma concentrations (Figure S7). Although FQs have been reported to induce
apoptosis at levels exceeding the plasma and peak concentrations, our FACS-based cell-death
assays using the standard 7.5 uM and 75 uM peak concentrations of Ciprofloxacin and
Levofloxacin in PDL-hTERT cells for 3 days, did not reveal a significantly higher population of
early- or late-stage apoptotic cells compared to control cells, although prolonged treatment
for 7 days led to a rounded cell morphology (Figure $8).°® We thus conclude that FQs do not
exhibit acute cell toxicity and primarily a different mode of action must be responsible for the
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observed mitochondrial toxicity, which rather develops over a longer time of drug treatment
and potentially accumulation.

Synthesis and bioactivity of versatile FQ-based profiling tools

To directly identify protein off-targets of Ciprofloxacin and Levofloxacin, we designed chemical
probes suitable for in situ protein target identification studies via AfBPP (Figure 2A, B).3? In
order to enrich and identify non-covalently binding proteins, a diazirine photo-crosslinker
together with an alkyne tag was incorporated in the core FQ-scaffold. The piperazine ring,
present in both drugs, was selected for modification with the minimal photo-crosslinker as
previous structure-activity relationship studies (SAR) for antibiotic activity in bacteria
indicated flexibility in the modification of the amine at position C4.5%%0 Alternatively, we
modified the acid moiety with a photo-crosslinker to account for a putative different binding
mode of human protein off-targets and maximize the chances of their identification.
Appending the photo-crosslinker at the carboxylic acid also impairs the well-established
bivalent metal complexation of FQs and thus could help to decipher off-targets unrelated to
metal binding.

Probe Cipro P1 was synthesized using substitution conditions with Ciprofloxacin and the
literature known iodo-derivative of the minimalist photo-crosslinker (Scheme S1A).%! The
corresponding Levofloxacin probe Levo P1 was synthesized starting from Levofloxacin Q-acid.
After nucleophilic aromatic substitution to install the piperazine moiety, the minimalist photo-
crosslinker was appended accordingly (Scheme S1B). Amide coupling of the branched photo-
affinity handle developed by Conway et al. to N-Boc-protected Ciprofloxacin and subsequent
deprotection afforded Cipro P2 (Scheme S2A).%? Similar amide coupling conditions starting
with Levofloxacin afforded Levo P2 (Scheme S2B).

The probes were first tested for their antibiotic activity against pathogenic S. aureus
(NCTC 8325) and E. coli (MM28, Figure S9A). As expected, both P2-probes with the derivatized
acid moiety, that is essential for antibiotic activity of fluoroquinolones, showed significant
(400- to >1600-fold) decreases in their minimal inhibitory concentrations (MICs) both in Gram-
positive S. aureus and Gram-negative E. coli. Satisfyingly, probes Cipro P1 and Levo P1 both
displayed only a 12.5- to 25-fold reduction in the MIC in S. aureus suggesting only slight
perturbations in the uptake and/or target engagement. In E. coli, P1-probes exhibited a 100-
fold potency drop compared to their parent compound, which is most likely due to limited
uptake, as the activities in the LPS-deficient E. coli strain RFM795 only decreased 4-fold.

To further confirm this notion, we exemplarily tested inhibition of one of the S. aureus cognate
targets, the topoisomerase 1V, with Cipro P1 and an approx. 16-fold reduction in activity
compared to the parent Ciprofloxacin (ICso of approx. 25 uM, in line with literature values of
7-20 uM) was observed (Figure S9B).53%* Although the focus of this study is on human off-
targets, these results confirm the desired effects of the P1-probes in bacteria which is a
promising starting point for human off-target discovery. For the same reason, also P2-probes,
despite showing no antibiotic activity, were subjected to the following human cell AfBPP
experiments.

We thus shifted our attention to human cell lines and the corresponding toxic effects evoked
by the probe molecules. MTT assays were performed in HEK-293 and PDL-hTERT cells after
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3 d of co-incubation and approximate apparent ICso values ranged from 120 to 950 uM
demonstrating no acute cell toxicity with the probes and therefore enabling their use for off-
target studies in human cells (Figure S10).
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Figure 2: Fluoroquinolone off-target discovery via affinity-based protein profiling (AfBPP). (A) Schematic workflow of MS-based AfBPP. Cells
are incubated with affinity probe or vehicle control and subsequently irradiated with UV light to covalently link potential target proteins.
After lysis, biotin is appended to the alkyne handle via CUAAC chemistry and engaged proteins enriched on avidin beads. Following tryptic
digest, the resulting peptides are measured via LC-MS/MS and raw data analyzed to infer potential protein targets of the probe. (B) Set of
FQ-derived affinity probes based on Ciprofloxacin and Levofloxacin. (C) Representative AfBPP volcano plot of Cipro P1 (2.5 uM, 1 h, 37 °C) in
PDL-hTERT cells versus the DMSO control. Threshold lines indicate logz enrichment > 2 and the statistical significance —logo(P value) > 1.3
(two-sided two-sample t-test, n = 4 replicates per group). Literature-known unspecific photome hits are depicted in red.% Proteins of interest
are highlighted in blue. (D) Corresponding table of potential off-target proteins of Cipro P1 in PDL cells. (E) Venn-diagram illustrating the
overlapping enriched proteins of Cipro P1 in HEK293, A549 and PDL-hTERT cell lines. (F) Venn-diagram depicting the overlapping protein hits
in PDL-hTERT cells across the four FQ-derived probes. Within the P1 and P2 probe sets putative protein (off-)targets are strongly conserved
(8 shared hits with P1 probes, 9 shared hits with P2 probes). The overlap between Levo P1 and both P2 probes is 5 proteins. No protein is
adhering to the standard thresholds across all probes.

Target identification via chemical proteomics

With the unique insight of proteome changes, we next focused on the identification of the
corresponding molecular targets responsible for these effects utilizing our FQ-derived probes
by AfBPP. We initiated these experiments by optimizing the probe concentration and duration
of labeling via a fluorescent gel-based readout using Cipro P1 as proof-of-concept. Intact HEK-
293 cells were treated with various concentrations of the Cipro P1 probe ranging from 2 to
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75 uM for 1 h at 37 °C in FCS-free medium. After this co-incubation, the cells were irradiated
for 15 min at 360 nm, lysed and reacted with TAMRA-azide via copper(l)-catalyzed
azide/alkyne cycloaddition (CuAAC) chemistry.5667 After separation via SDS-PAGE, fluorescent
scanning revealed concentration-dependent labeling starting already at 2 uM (Figure S11).
Subsequently, we performed the respective quantitative analysis using biotin azide for avidin
bead enrichment of probe-targeted proteins and tryptic digest followed by LC-MS/MS analysis
using label-free quantification (LFQ) (Figure 2A).3 In MS-based AfBPP, the comparison of
proteins in probe-treated and untreated cells provides enrichment ratios and significance
values facilitating the ranking of hits (P-value < 0.05, fold-change > log, 2). However, care must
be taken with common photo-crosslinker off-targets (photome hits), which have been
previously inventoried for human cell lines.®® In order to narrow down promising targets, we
performed concentration-dependent labeling (0.5, 1.0 and 2.5 uM) with an optimal irradiation
time of 10 min (Figure S12).

After exclusion of 4 known photome hits, 12 putative proteins of interest remained, featuring
concentration-dependent enrichment (Figure $12 B-D). Interestingly, almost the same scope
of protein hits was also observed in A549 cells suggesting a conserved set of targets within
these different cell lines (Figure $13). With those promising initial results for Cipro P1, we
again shifted our attention to PDL-hTERT cells as our model system for tendons/ligaments. For
these studies, we applied our full set of diversified Cipro P1, Cipro P2 as well as Levo P1 and
Levo P2 probes. Gel-based studies revealed an optimal labeling concentration of 5 UM with
the P1-probes and 25 uM for the P2-probes attributed to the branched photo-crosslinker,
which was reported to require higher concentrations for sufficient labeling (Figure $14).62
AfBPP of Cipro P1 in PDL-hTERT cells revealed a strong overlap of 6 proteins which are in
common with the respective experiment in HEK-293 and A549 cells and three proteins that
were solely enriched in PDL-hTERT cells (Figure 2C-E, S15). Despite the structural differences
between their cyclic scaffolds, Cipro P1 and Levo P1 enriched a mutual set of 8 proteins
including ClpP, AIFM1, NENF, TRIM21, SLC19A1, TEX264, GRAMD1A and IDH2 (Figure S15,
$16). Importantly, largely different protein hits were obtained with Cipro P2 and Levo P2, with
9 shared hits between both and no common overlap of the P2- with the P1- probes, suggesting
a significant effect on the labeling specificity by de-functionalizing the free acid (Figure 2F,
$16). Interestingly, a majority of targets are lysosomal proteins suggesting that the
modification of the free acid enhances the direction or trapping of the scaffold into the acidic
lysosomal compartment (Figure $16). This notion was confirmed by co-localization of Cipro-
P2 with LAMP1 in the lysosome via immuno-cytochemistry corroborating previous reports
about lysosomotropic effects of Ciprofloxacin (Figure $17).%8

Thermal protein profiling (TPP) is based on protein stabilization (or destabilization) upon small
molecule binding. Treated and untreated proteomes are heated to several temperatures and
the resulting fraction of soluble proteins is quantified by LC-MS/MS resulting in characteristic
protein melting curves (Figure 3A).3! This method bears the advantage that the unmodified
FQ can be directly applied without any derivatization, however, the detection of intrinsically
stabilized proteins (e.g. in the membrane or protein dimers) is limited. When performing TPP
in situ using intact cells rather than lysate, the method is also suitable to detect changes in
protein stabilization due to down-stream and secondary effects on whole pathways. Notably,
TPP with Ciprofloxacin has been performed before in bacteria by Mateus et al., highlighting
the feasibility of this method for FQs.°® We thus used this method as a complementary
approach to AfBPP and our whole proteome studies providing additional insights into general
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proteome stability upon Ciprofloxacin treatment. HEK-293 cells were treated with
Ciprofloxacin (75 uM) for 1 h at 37 °C, processed and analyzed via LC-MS/MS. Interestingly
even after only 1 hour of treatment, numerous mitochondrial ribosomal subunits were
destabilized indicating impaired mitochondrial translation and, again, mitochondrial
dysfunction (Figure 3B, S18). Vice versa, we obtained few proteins with increased stability
upon Ciprofloxacin treatment, including NUDT1 and ADAL (Figure 3B-E). Interestingly, NUDT1
is the single overlapping protein found in both AfBPP and TPP experiments. The limited
overlap between AfBPP and TPP could be attributed to the discussed complementary design
of both approaches and highlights the value of performing both methods.

I yY T vy Lysis LC-MS/MS Data analysis
Temperature Tryptic digest f\’ (\, Combination t
% » gradlem of soluble fraction Y Fractionation
\ ——
g ‘ & it f\’ f\’
Cipro Vehicle
8
Stabilized proteins
] .ADAL Gene name | AT, Rep.1 | AT, Rep. 2 Protein name
6 P e ADAL 5.91 6.21 Adenosine deaminase-like protein
FAM171A2 5.82 3.92 Protein FAM171A2
MAIP1 TRIM26 3.54 3.88 Trim26 E3 ubiquitin-protein ligase
FAM171A2
44 ./ o RIM26 75 NUDT1 3.29 3.40 7 8-dihydro-8-oxoguanine triphosphatase
A . NUDT1 MAIP1 2.28 3.73 m-AAA protease-interacting protein
5‘ -:\RAP1A ULK3 1.72 4.39 Serinefthreonine-protein kinase ULK3
& 24 * SMG7 1.67 3.28 Nonsense-mediated mRNA decay factor SMG7
: 4 3 RAP1A 1.79 2.89 Ras-related protein Rap-1A
- - '] .
3 .
% [ 15 SPTOTRRR SR . | et D E
) ADAL NUDT1
¥ e
15 -LDm\ 18 ~Cipro 1
£ -2 [N E:n 1?
5 " 3 Ty 3 o
H H
E 10] — - i 10 —t—
-4 3 I
2 2
5 5
-6 . E 05 \:{ E 05 &
= Stabilized proteins adhering all filters _
M= Mitochondrial ribosomal subunits ] n =359 - N
-8 - T T T T r T 0 o F—
-8 -6 -4 -2 0 2 4 6 8 40 50 0 40 50 60
" T °C Ti (7
ATm Replicate 1 [°C] ‘emperature [*C] lemperature [*C]

Figure 3: Thermal protein profiling (TPP) of HEK293 cells with Ciprofloxacin. (A) General TPP workflow. Cells were treated either with vehicle
control or Ciprofloxacin (70 uM) in duplicates for 1 h and cell aliquots were subjected to a temperature gradient with 10 increments. After
lysis and ultra-centrifugation to remove aggregated proteins, the soluble fractions were digested by trypsin and the resulting peptides
isotopically labelled with TMT 10-plex with one distinct channel per temperature. After combination of all 10 TMT channels per sample and
offline HILIC fractionation, the samples were measured by LC-MS/MS and the raw data analyzed to infer protein melting curves. (B) Scatter
plot of the melting point differences of both Ciprofloxacin-treated replicates in relation to their vehicle-treated replicates. Stabilized proteins
adhering to all filters are labelled in black. Mito-ribosomal subunits are depicted in blue and were found to be strongly destabilized. (C) Table
of stabilized proteins adhering to all filters. (D) Inferred melting curve of the most strongly stabilized protein ADAL. (E) Inferred melting curve
of the protein NUDT1 that was found stabilized in the TPP experiment and also has been enriched in the AfBPP experiments.

With both protein enrichment (AfBPP) and protein stabilization (TPP) data in hand we
prioritized putative targets for validation studies. Based on the results we decided to focus on
ClpP (mitochondrial proteostasis)®®’?, AIFM1 (respiratory chain complexes | and IV
biogenesis)®*>’!, IDH2 (mitochondrial ROS homeostasis, TCA cycle and mitochondrial
metabolism and connection to MMP activity)’>’3, SCARB1 (cholesterol homeostasis)’*, PTGR2
(inflammation and lipid metabolism)’>, NUDT1 (oxidized purine nucleoside salvage)’®’” and
ADAL1 (methylated purine nucleoside salvage)’®-8. In addition to the discussed photome hits,
we decided to exclude general transporter-like proteins (e.g. for xeniobiotics) and proteins
frequently found enriched with the minimalist photo-crosslinker appended to diverse
scaffolds from target validation, as they are likely transiently labeled by the photo-crosslinker
(SCCPDH, SLC25A20, SLC19A1, ABCC4).81-8 We excluded NENF, as the protein is secreted and
reported to be frequently overexpressed in cancer and immortalized cell lines.?® Notably,
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those proteins could, however, give an idea of how the probes and potentially also the parent
FQs are translocated into the cells and organelles.

Effect of Ciprofloxacin and Levofloxacin on non-mitochondrial targets

The identified hits can be grouped into mitochondrial and non-mitochondrial localization,
which both could contribute to the observed side effects and were thus investigated
subsequently. Non-mitochondrial proteins comprise PTGR2, SCARB1, NUDT1 and ADAL1,
which were either cloned and recombinantly expressed or obtained from commercial sources.
The activity of PTGR2, a prostaglandin reductase involved in adipogenesis and lipid
metabolism,”> was not significantly affected by Ciprofloxacin (tested up to 250 uM, data not
shown) and for SCARB1 that is involved in reverse cholesterol transport’* weak binding was
detected for Cipro P1, but no binding affinity could be determined for the parent compound
Ciprofloxacin  via  microscale  thermophoresis (MST, Figure S19) due to
aggregation/precipitation at high compound concentrations excluding both as specific targets.
The enzyme NUDT1 (also called MTH1) hydrolyses oxidized purine nucleoside triphosphates
(2-ox0-ATP, 2-oxo-dATP, 8-oxo-GTP, 8-oxo-dGTP) to their respective monophosphates
sanitizing the NTP pool of ROS-damaged DNA and RNA precursors and thereby, protecting
cells from missense base-paring (Figure 4A).”®’7 NUDT1 is non-essential in healthy cells,
however crucial under high oxidative stress, e.g. in cancer cells.’! In fact, various NUDT1
inhibitors have been developed eradicating cancer by “cancer phenotypic lethality”, including
quinoline and quinolinedione compounds sharing structural similarities with FQs.?*°3 As also
FQs increase ROS, a potential NUDT1 activity modulation by FQs is likely to contribute to their
human side-effects.*!%1> Indeed, incubation with Ciprofloxacin affected NUDT1 in vitro
activity in a dose-dependent manner with significant partial inhibition at a high but
physiologically relevant concentration of 100 uM (Figure 4B). Inhibition of NUDT1 by
Levofloxacin was only significant at the highest concentration tested. The known specific
inhibitor (S)-crizotinib served as positive control (Figure S20A-B).>® Additionally, gel-based
labeling of recombinant NUDT1 spiked into human lysate as background by Cipro P2 and Levo
P2 was abolished for temperature-denatured NUDT1 and competed by parent Ciprofloxacin
(Figure 4C, S20C), further corroborating NUDT1 as an off-target of FQs. Of note, the inhibition
of NUDT1 is in line with elevated 8-oxo-dG levels, which have been observed in cells treated
with Ciprofloxacin and could thus contribute to its long-lasting side-effects.'?

Adenosine deaminase-like protein ADAL1, the most stabilized protein in TPP, operates
downstream of NUDT1 by converting N®-methyl dAMP/AMP to dIMP/IMP in the purine
salvage pathway (Figure 4A).7880 Activity assays in presence of Ciprofloxacin showed partial
enzyme inhibition only at very high concentrations = 300 uM (Figure 4D, S21A-B). Although
this is likely not relevant for the side effects of FQs, it could explain the stabilization observed
with TPP.”® For Levofloxacin even at high concentrations no inhibitory effect was detected
(Figure S21C).
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Figure 4: Target validation studies for NUDT1 and ADALL. (A) Activity of NUDT1 purine nucleoside triphosphate hydrolase converting reactive
oxygen species (ROS)-damaged oxidized purine nucleotides to their corresponding monophosphates as exemplary depicted for 8-oxo-dGTP.
Also N5-methyl-(d)ATP nucleotides are substrates of NUDT1 resulting in N®-methyl-(d)AMP, that is substrate of the adenosine deaminase-
like protein ADAL1 converting the methylated nucleoside monophosphate to (d)IMP. (B) NUDT1 in vitro activity assay in presence of
Ciprofloxacin. The enzymatic activity is partially, but significantly and concentration-dependently inhibited by physiologically relevant
concentrations of Ciprofloxacin. The mean and SD of 3 replicates per condition is plotted. The graph is representative of three independent
experiments. (C) Gel-based AfBPP of recombinant NUDT1 spiked into a human cell lysate background by Cipro P2 and Levo P2. The labelling
is abolished in the heat denatured NUDT1 control (AT) and partially outcompeted by the parent FQ further validating NUDT1 engagement
by the two FQs. The corresponding Coomassie-stain is depicted as loading control. The complete gel is depicted in Figure S20C. (D) In vitro
activity assay of ADAL1 in presence of Ciprofloxacin showing significant inhibition only at concentrations > 300 uM, which is likely not relevant
in physiological conditions. The mean and SD of 3 replicates per condition is plotted. The graph is representative of two independent
experiments. In the bar plots the statistical relevance based on one-way ANOVA with Dunnett’s multiple comparison test is depicted (ns
meaning P-value > 0.05, * P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, **** P-value < 0.0001).

Studies into mitochondrial off-targets validate AIFM1 and IDH2 as drivers for FQ
dysregulation of cells

In light of our whole proteome analysis data showing significant downregulation of both the
electron transport chain, especially complexes | and IV, and the destabilized mito-ribosomal
subunits in the TPP experiment, we next focused our target validation efforts on mitochondrial
protein hits. We started with ClpP, the proteolytic subunit of the mitochondrial caseinolytic
protease P involved in the maintenance, maturation and quality control of various
mitochondrial proteins, including the ETC and the mito-ribosome.®® We recombinantly
expressed and purified ClpP and tested its activity against the compounds in ClpP peptidase
and ClpXP protease assays. Unexpectedly, while literature-known positive controls for enzyme
inhibition (TG42) and overactivation (ONC201) resulted in clear effects, Ciprofloxacin evoked
no significant concentration-dependent activation or inhibition (Figure $22C-D).°4°> In line
with this observation, a full proteome analysis of HEK-239 wild-type and ClpP knockout cells
in presence of Ciprofloxacin revealed almost identical changes within up- and downregulated
proteins (Ciprofloxacin vs. vehicle control) suggesting that a potential interaction between
Ciprofloxacin and ClpP does not play a major role for proteome dysregulation and thereby for
toxicity (Figure S22E-F).

Next, in-depth validation studies for apoptosis-inducing factor 1 (AIFM1) were performed.

AIFM1 is a mitochondrial intermembrane space (IMS) protein anchored to the inner
mitochondrial membrane.®® Among its function in non-caspase-mediated cell death, AIFM1 is
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crucially involved in the IMS import machinery. AIFM1 facilitates the binding and translocation
of MIA40 (also called CHCHD4), the key component of the mitochondrial disulfide relay
system, into the IMS.3>71 Substrates of this redox-regulated system are small nuclear encoded
cysteine-containing proteins important for mitochondrial processes, such as ETC complex
biogenesis, mitochondrial translation and lipid homeostasis, that are imported into the IMS
and oxidatively folded by MIA40.%7 Partial loss of AIFM1, such as in hypomorphic harlequin
(Hgq) mice, therefore results in severe mitochondrial dysfunction including complex | and IV
dysfunction.®® In accordance, whole proteome analyses of AIFM1 knockout (KO) HEK-293 cells
revealed a strikingly similar proteotype to FQ-treated cells with a strong complex | and IV
down-regulation.3> In order to study the effects of FQ on AIFM1 in cells directly, we compared
proteome changes of Ciprofloxacin-treated and untreated HEK-293 wt with treated and
untreated KO cells (Figure 5B-C, $23). In accordance with the literature, we see overall similar
pattern of protein regulation of treated wt cells, in particular confirming downregulation of
complex | and IV. Strikingly, proteomic comparison between Ciprofloxacin treated and
untreated KO cells show only little additional alterations highlighting that Ciprofloxacin needs
the presence of AIFM1 to affect respiratory chain complex levels (Figure 5B-C, S23).

To investigate a direct interaction between the compound and the protein, we expressed and
purified recombinant AIFM1. The protein was spiked in HEK-293 lysate followed by addition
of 5 uM Cipro P1, click to rhodamine azide and analysis via fluorescent SDS-PAGE analysis. A
strong fluorescent band corresponding to the molecular weight of AIFM1 was visible in the
spiked sample, which was absent in the control lacking the protein (Figure S23E). Moreover,
addition of excess Ciprofloxacin prior to probe addition resulted in a strong reduction of signal
intensity, confirming that Ciprofloxacin binds AIFM1 and addresses the same binding site as
the probe. Consequently, our results indicate that Ciprofloxacin binds AIFM1, thereby
inducing mitochondrial dysfunction and ETC complex | and IV downregulation.
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Figure 5: Effect of FQs on AIFM1. (A) Schematic overview of AIFM1 and MIA40 interaction. (1) NADH-dependent dimerization of AIFM1
enables binding and import of MIA40 forming a stable active trimer. MIA40 mediates the import of specific nuclear-encoded proteins into
the intermembrane space (IMS) as key component of the mitochondrial disulfide relay system and further facilitates the oxidative folding of
imported substrates. Various MIA40-AIFM1 substrates are structural components of ETC complex | and IV or are involved in their biogenesis
as assembly factors. (2) AIFM1 knock-down or perturbation of the AIFM1-MIA40 interaction results in reduced MIA40 and consequently
substrate protein concentrations in the IMS. Figure based on Salscheider et al.>* (B) Volcano plot depicting the proteome regulation of AIFM1
knock-out HEK293 cells treated with Ciprofloxacin (75 uM) for 3 days versus vehicle control-treated AIFM1 knock-out cells featuring only
minor additional alterations of ETC subunits. Threshold lines represent a log regulation of +1 and — logio (P-value) of 1.3 (two-sided two-
sample t-test, n = 4 replicates per group). The volcano plot of the wild-type (WT) control experiment is depicted in figure S23A. (C) Boxplot
showing the comparison of respiratory chain complex protein levels in HEK293 WT or AIFM1 KO cells treated with ciprofloxacin or left
untreated. Changes of protein levels of all significantly affected subunits of the respective respiratory chain complexes upon ciprofloxacin
treatment were plotted. In WT cells, levels of complex | and IV subunits decrease upon ciprofloxacin treatment. This effect is attenuated in
AIFM1 KO cells indicating that ciprofloxacin acts on AIFM1.

The isocitrate dehydrogenase IDH2 interconverting isocitrate and a-ketoglutarate (aKG) is
involved in various essential pathways, such as the production of mitochondrial NADPH, a
crucial cofactor, e.g. for iron-sulfur cluster biogenesis, cholesterol biosynthesis and the
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regeneration of the glutathione reactive-oxygen (ROS) scavenging system.’?739° Additionally,
IDH2 downregulation has been associated with increased matrix metalloproteinase (MMP)
activity via increased NF-kB signaling.”>’® Importantly, hypoxic conditions as well as
mitochondrial ETC dysfunction trigger the reverse reductive carboxylation of aKG to isocitrate
under NADPH consumption (Figure 6A).100.101

Interestingly, the in vitro forward oxidative decarboxylation activity of isocitrate to akKG of
IDH2 was significantly inhibited upon Ciprofloxacin and Levofloxacin treatment by 25 - 30%
reduction at 100 uM (Figure 6B, Figure S24A). The extent of inhibition was similar in presence
of Enadisenib, a known inhibitor for IDH2 with point mutations involved in various cancers,
that exhibits a weaker potency for the wild-type enzyme (Figure S24B).1%2

To check if impaired IDH2 activity correlates with altered mitochondrial NADPH synthesis we
determined its levels after short and long Ciprofloxacin treatments. As expected, exposure for
6 h in PDL-hTERT cells revealed a NADPH decrease of approximately 25% at low ciprofloxacin
concentrations (only 7.5 uM tested to prevent the early onset of ETC dysregulation at high
concentrations), which is in line with inhibition of IDH2's forward oxidative decarboxylation
activity. However, prolonged incubation for 3 days especially at high Ciprofloxacin
concentration (75 uM) induced the above described ETC dysfunction (as determined by FQ
whole proteome experiments) and thus, resulted in an increase of NADPH levels likely based
on IDH2’s metabolic rewiring and switching to the reverse reductive carboxylation reaction
(Figure 6C-D).1°! Thus, the FQ induced ETC dysfunction via AIFM1 and the impaired formation
of isocitrate in the reverse carboxylation pathway of IDH2 simultaneously contribute to
mitochondrial dysfunction.
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Figure 6: Effect of FQs on the mitochondrial isocitrate dehydrogenase IDH2. (A) IDH2 catalyzes the conversion of isocitrate and a-
ketoglutarate (aKG) bidirectionally and is therefore important for metabolic rewiring in hypoxic conditions and in case of mitochondrial

https://doi.org/10.26434/chemrxiv-2024-sgtgf ORCID: https://orcid.org/0009-0009-2273-9563 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-sgtgf
https://orcid.org/0009-0009-2273-9563
https://creativecommons.org/licenses/by/4.0/

dysfunction when reductive glutaminolysis (red pathway) is the prominent carbon source for citrate formation. (B) IDH2 in vitro activity assay
in presence of Ciprofloxacin. Partial, but concentration-dependent inhibition in a physiologically relevant range was detected. The mean and
SD of 4 replicates per condition is plotted. The graph is representative of three independent experiments. (C) Mitochondrial NADPH levels
are decreased by approx. 25% after incubation of PDL-hTERT cells with Ciprofloxacin (7.5 uM, 6 h) in line with the in vitro inhibition of the
forward oxidative reaction of IDH2. To prevent the onset of ETC dysregulation in line with our proteomic data (compare figure 1, S1,2,4) the
lower concentration was deliberately chosen for this time point (average and mean of 3 independent experiments plotted, unpaired two-
tailed t-test, P-value <0.001). (D) Prolonged incubation, especially with the higher Ciprofloxacin concentration (75 uM, 3 days) resulted in
elevated mitochondrial NADPH levels in PDL-hTERT cells, potentially as a result of the inhibition of the reverse reductive carboxylation
reaction of IDH2 that is reported to be prominent in settings of mitochondrial dysfunction (average and mean of 3 independent experiments
plotted).’* In the bar plots in B, C and D the statistical relevance based on one-way ANOVA with Dunnett’s multiple comparison test is
depicted (ns meaning P-value > 0.05, * P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, **** P-value < 0.0001).

Conclusion:

Selective toxicity against prokaryotic over eukaryotic targets is the fundamental principle of
safe antibacterial agents. In praxis, total selectivity is hard to achieve and, in fact, for many
commonly used antibiotics side-effects on eukaryotic targets are known.?!03 For FQs,
although not generally occurring, adverse events can be especially devastating and long-
lasting. Here, we applied (chemo-)proteomic approaches to decipher molecular mechanisms
of FQ-derived human side-effects. Whole proteome analyses revealed significant protein
dysregulation already after 3 h of treatment and pinpointed the reported mitochondrial
toxicities of FQs to an arising proteotype with selective down-regulation of the complexes |
and IV of the ETC in dependence of the FQ concentration. Subsequently, AfBPP and TPP were
employed to identify protein off-targets.

The most prominent side effect of FQ treatment, the specific down-regulation of the ETC
complexes | and IV, could be linked to an interaction of FQs with AIFM1 and its functional
impairment comparable to a cellular KO. However, insights on how FQ binding to AIFM1
induces the dysregulation is subject to future investigations, i.e. requiring insights from
structural biology. As a consequence of this interaction, the corresponding damage in the
respiratory chain causes a reduction in NAD+ levels, i. e. an accumulation of NADH, leading to
metabolic rewiring and a switch in the catalysis of IDH2 from a-KG to isocitrate production. As
simultaneous inhibition of IDH2 by FQs also inactivates this alternative reductive carboxylation
route, mitochondria are incapable of compensating the shortage of crucial metabolites of the
TCA cycle likely triggering a pronounced dysfunction (Figure 7). Of note, mitochondrial
NADH/NAD+ and NADPH/NADP+ pools are linked by the Nicotinamide nucleotide trans-
hydrogenase (NNT), thus an accumulation of NADH due to mitochondrial dysfunction could
also result in increased NADPH levels.1%*

Additionally, non-mitochondrial protein interactions with NUDT1, reported divalent ion
chelation and other modes of action likely contribute to the side-effects. Besides the better
understanding of molecular off-targets of FQs, it is important to study why only some patients
are so severely affected by adverse reactions. While risk factors like concomitant drug
prescriptions, additionally straining the organism and changed pharmacokinetics, e.g. due to
renal impairment or age, leading to drug accumulation can partially explain the sensibility of
some patients towards FQs, further studies are needed. To the best of our knowledge no
studies into genetic predispositions of effected patients have been published, although
insinuations about pending patent applications in this field have been made.>1%1% The
overlay of genomic data with the off-targets identified and validated in this study could
potentially support and direct the development of safe FQ prescription practices and newer
FQ generations.
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Figure 7: Schematic overview of identified Ciprofloxacin adverse effects regarding mitochondrial toxicity. AIFM1 is involved in the MIA40-
mediated IMS import and oxidative folding of specific nuclear encoded proteins including subunits of the ETC complex | and IV (compare
Figure 5A). Ciprofloxacin impairs the IMS import machinery leading to ETC impairment. Dysfunction of the ETC, especially of complex | results
in a decrease of the NAD*/NADH ratio. The change in redox-homeostasis and shortage of NAD*, a key cofactor for the TCA cycle, can lead to
the metabolic rewiring involving IDH2 as discussed in Figure 6A. Importantly, IDH2 function was also shown to be impaired by Ciprofloxacin,
therefore also this compensation mechanism is impaired by FQs.

Methods:

Detailed experimental procedures and methods are provided in the supporting information.
Figures were created with biorender.com and affinity designer version 1.9.2.1035.

Acknowledgements:

This project was funded by the European Union, ERC, breakingBAC, 101096911 (S.A.S). We
thank M. Wolff, K. Bauml and K. Gliesche for technical assistance and W. Hutwelker for the
PTGR2 studies. D.D and S. M-D. Acknowledge the BMBF grant CellWiTaL (Proposal Nr.
13N15874) and the COST Action TENET grant (Proposal Nr. CA22170), as well as Ezgi Duman
and Susanne Wiesner for technical support.

Author contributions:

T.R. planned the project and performed chemical synthesis, proteomics experiments, protein
expression and purification, bioactivity assays, data analysis and data visualization. N.B.
performed proteomics experiments and planned the project. A.T.J. performed lysosomal cell
imaging and analyzed mitochondrial NADPH levels. F.T. performed pathway analyses,
conducted FACS and hmdC level measurements. A.R. conducted AIFM1 target validation
studies. Y.E.H. and M.K. conducted chemical synthesis. T.Ri. performed SCARB1 MST
measurements. L.H.C.J. performed bioinformatics resulting in the boxplot analyses. S.M-D.
and D.D. provided PDL-hTERT cells, live/dead-assay and qPCR experiments. J.R. planned
AIFM1 target validation. S.Z. planned cell imaging and NADPH level analyses. S.A.S conceived,
planned and supervised the project. All authors reviewed and approved the manuscript.

https://doi.org/10.26434/chemrxiv-2024-sgtgf ORCID: https://orcid.org/0009-0009-2273-9563 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-sgtgf
https://orcid.org/0009-0009-2273-9563
https://creativecommons.org/licenses/by/4.0/

Competing interests:

The authors declare no competing interests.

Materials & Correspondence:

Correspondence to Stephan A. Sieber.

Data Availability:

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the data set identifier PXD047056 and
PXD056813.17

Reviewer account details: Username: reviewer_pxd047056@ebi.ac.uk; Password: scHOIilLG.

Reviewer account details: Username: reviewer_ pxd056813@ebi.ac.uk; Password:
xb1BIG5ucpA3.

References:

1. Murray, C. J. et al. Global burden of bacterial antimicrobial resistance in 2019: a
systematic analysis. Lancet 6736, (2022).

2. Fitzpatrick, M. A. Real-world antibiotic needs for resistant Gram-negative infections.

Lancet Infect. Dis. 20, 1108—-1109 (2020).

3. Naghavi, M. et al. Global burden of bacterial antimicrobial resistance 1990-2021: a
systematic analysis with forecasts to 2050. Lancet 404, 1199-1226 (2024).

4, Jiang, T. et al. Mitochondrial dysfunction is underlying fluoroquinolone toxicity: an
integrated mitochondrial toxicity assessment. Mol. Cell. Toxicol. 19, 333—342 (2023).

5. Marchant, J. When antibiotics turn toxic. Nature 555, 431-433 (2018).

6. Lewis, K. The Science of Antibiotic Discovery. Cell 181, 29-45 (2020).

7. Mitscher, L. A. Bacterial topoisomerase inhibitors: Quinolone and pyridone
antibacterial agents. Chem. Rev. 105, 559-592 (2005).

8. Aldred, K. J., McPherson, S. A., Turnbough, C. L., Kerns, R. J. & Osheroff, N.
Topoisomerase IV-quinolone interactions are mediated through a water-metal ion
bridge: mechanistic basis of quinolone resistance. Nucleic Acids Res. 41, 4628—-4639
(2013).

9. Skepper, C. K. et al. Topoisomerase Inhibitors Addressing Fluoroquinolone Resistance
in Gram-Negative Bacteria. J. Med. Chem. 63, 7773—-7816 (2020).

10.  Blum, M. D., Graham, D. J. & Mc Closkey, C. A. Temafloxacin Syndrome: Review of 95
Cases. Clin. Infect. Dis. 18, 946—950 (1994).

11. Mandell, L. & Tillotson, G. Safety of Fluoroquinolones: An Update. Can. J. Infect. Dis.
Med. Microbiol. 13, 54-61 (2002).

12. Kalghatgi, S. et al. Bactericidal antibiotics induce mitochondrial dysfunction and
oxidative damage in mammalian cells. Sci. Transl. Med. 5, 192ra85 (2013).

13.  Tennyson, L. E. & Averch, T. D. An Update on Fluoroquinolones: The Emergence of a
Multisystem Toxicity Syndrome. Urol. Pract. 4, 383-387 (2017).

14. Godoy-Santos, A. L. et al. Fluoroquinolones and the Risk of Achilles Tendon Disorders:
Update on a Neglected Complication. Urology 113, 20-25 (2018).

https://doi.org/10.26434/chemrxiv-2024-sgtgf ORCID: https://orcid.org/0009-0009-2273-9563 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-sgtgf
https://orcid.org/0009-0009-2273-9563
https://creativecommons.org/licenses/by/4.0/

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Bisaccia, D. R., Aicale, R., Tarantino, D., Peretti, G. M. & Maffulli, N. Biological and
chemical changes in fluoroquinolone-associated tendinopathies: a systematic review.
Br. Med. Bull. 130, 39-49 (2019).

Guzzardi, D. G. et al. Induction of human aortic myofibroblast-mediated extracellular
matrix dysregulation: A potential mechanism of fluoroquinolone-associated
aortopathy. J. Thorac. Cardiovasc. Surg. 157, 109-119.e2 (2019).

Wee, |. et al. The association between fluoroquinolones and aortic dissection and
aortic aneurysms: a systematic review and meta-analysis. Sci. Rep. 11, 11073 (2021).
Ellis, D. E. et al. Comparative neurological safety of fluoroquinolones versus
therapeutic alternatives. Pharmacoepidemiol. Drug Saf. 30, 797—-805 (2021).
Freeman, M. Z., Cannizzaro, D. N., Naughton, L. F. & Bove, C. Fluoroquinolones-
Associated Disability: It Is Not All in Your Head. NeuroSci 2, 235-253 (2021).

Baggio, D. & R Ananda-Rajah, M. Fluoroquinolone antibiotics and adverse events.
Aust. Prescr. 44, 161-164 (2021).

Huruba, M., Farcas, A., Leucuta, D. C., Bucsa, C. & Mogosan, C. A VigiBase Descriptive
Study of Fluoroquinolone-Associated Peripheral Nervous System Disorders.
Pharmaceuticals 15, 143 (2022).

Seedher, N. & Agarwal, P. Effect of metal ions on some pharmacologically relevant
interactions involving fluoroquinolone antibiotics. Drug Metabol. Drug Interact. 25,
17-24 (2010).

Badal, S., Her, Y. F. & James Maher, L. Nonantibiotic effects of fluoroquinolones in
mammalian cells. J. Biol. Chem. 290, 22287-22297 (2015).

Sendzik, J., Shakibaei, M., Schafer-Korting, M. & Stahlmann, R. Fluoroquinolones cause
changes in extracellular matrix, signalling proteins, metalloproteinases and caspase-3
in cultured human tendon cells. Toxicology 212, 24-36 (2005).

Tsai, W.-C. et al. Ciprofloxacin up-regulates tendon cells to express matrix
metalloproteinase-2 with degradation of type | collagen. J. Orthop. Res. 29, 67-73
(2011).

Corps, A. N. et al. Ciprofloxacin enhances the stimulation of matrix metalloproteinase
3 expression by interleukin-1f in human tendon-derived cells: A potential mechanism
of fluoroquinolone-induced tendinopathy. Arthritis Rheum. 46, 3034—-3040 (2002).
Berillis, P. The Role of Collagen in the Aorta’s Structure. Open Circ. Vasc. J. 6, 1-8
(2013).

Sanders, V. R., Sweeney, A., Topf, M. & Millar, N. S. Stoichiometry-Selective
Antagonism of a4B2 Nicotinic Acetylcholine Receptors by Fluoroquinolone Antibiotics.
ACS Chem. Neurosci. 13, 1805-1817 (2022).

Sarro, A. & Sarro, G. Adverse Reactions to Fluoroquinolones. An Overview on
Mechanistic Aspects. Curr. Med. Chem. 8, 371-384 (2001).

Hangas, A. et al. Ciprofloxacin impairs mitochondrial DNA replication initiation
through inhibition of Topoisomerase 2. Nucleic Acids Res. 46, 9625-9636 (2018).
Savitski, M. M. et al. Tracking cancer drugs in living cells by thermal profiling of the
proteome. Science (80-. ). 346, (2014).

Fang, H. et al. Recent advances in activity-based probes (ABPs) and affinity-based
probes (AfBPs) for profiling of enzymes. Chem. Sci. 12, 8288-8310 (2021).

Koshland, D. E., Walsh, K. & Laporte, D. C. Sensitivity of Metabolic Fluxes to Covalent
Control. in Modulation by Covalent Modification (eds. Shaltiel, S. & Chock, P. B. B. T.-
C.T.in C.R.)vol. 27 13-22 (Academic Press, 1985).

Hangen, E. et al. Interaction between AIF and CHCHD4 Regulates Respiratory Chain

https://doi.org/10.26434/chemrxiv-2024-sgtgf ORCID: https://orcid.org/0009-0009-2273-9563 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-sgtgf
https://orcid.org/0009-0009-2273-9563
https://creativecommons.org/licenses/by/4.0/

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

Biogenesis. Mol. Cell 58, 1001-1014 (2015).

Salscheider, S. L. et al. AIFM1 is a component of the mitochondrial disulfide relay that
drives complex | assembly through efficient import of NDUFS5. EMBO J. 41, e110784
(2022).

Cox, J. et al. Accurate proteome-wide label-free quantification by delayed
normalization and maximal peptide ratio extraction, termed MaxLFQ. Mol. Cell.
Proteomics 13, 2513-2526 (2014).

Wise, R. & Honeybourne, D. Pharmacokinetics and pharmacodynamics of
fluoroquinolones in the respiratory tract. Eur. Respir. J. 14, 221-229 (1999).
Arensman, K. et al. Fluoroquinolone versus Beta-Lactam Oral Step-Down Therapy for
Uncomplicated Streptococcal Bloodstream Infections. Antimicrob. Agents Chemother.
64, (2020).

Ahmad, J. & Rafat, D. HbAlc and iron deficiency: A review. Diabetes Metab. Syndr.
Clin. Res. Rev. 7, 118-122 (2013).

Smith, A., Rish, K. R., Lovelace, R., Hackney, J. F. & Helston, R. M. Role for copper in
the cellular and regulatory effects of heme-hemopexin. BioMetals 22, 421-437
(2009).

Kruzel, M. L., Zimecki, M. & Actor, J. K. Lactoferrin in a context of inflammation-
induced pathology. Front. Immunol. 8, 256587 (2017).

Yachie, A. Heme Oxygenase-1 Deficiency and Oxidative Stress: A Review of 9
Independent Human Cases and Animal Models. Int. J. Mol. Sci. 22, 1514 (2021).
Srinivas, A. N. et al. Emerging roles of AATF: Checkpoint signaling and beyond. J. Cell.
Physiol. 236, 3383-3395 (2021).

Nirgude, S. & Choudhary, B. Insights into the role of GPX3, a highly efficient plasma
antioxidant, in cancer. Biochem. Pharmacol. 184, 114365 (2021).

Wang, Y. et al. Mstl promotes mitochondrial dysfunction and apoptosis in oxidative
stress-induced rheumatoid arthritis synoviocytes. Aging (Albany. NY). 12, 1-13 (2020).
He, A., Dean, J. M. & Lodhi, I. J. Peroxisomes as cellular adaptors to metabolic and
environmental stress. Trends Cell Biol. 31, 656—-670 (2021).

Dammanahalli, K. J., Stevens, S. & Terkeltaub, R. Vanin-1 Pantetheinase Drives Smooth
Muscle Cell Activation in Post-Arterial Injury Neointimal Hyperplasia. PLoS One 7,
€39106 (2012).

Zheng, Z., Granado, H. S. & Li, C. Fibromodulin, a Multifunctional Matricellular
Modulator. J. Dent. Res. 102, 125-134 (2023).

Zhang, H. et al. FN1 promotes chondrocyte differentiation and collagen production via
TGF-B/PI13K/Akt pathway in mice with femoral fracture. Gene 769, (2021).

Bielajew, B. J., Hu, J. C. & Athanasiou, K. A. Collagen: quantification, biomechanics and
role of minor subtypes in cartilage. Nat. Rev. Mater. 5, 730-747 (2020).

Uivarosi, V. Metal Complexes of Quinolone Antibiotics and Their Applications: An
Update. Molecules 18, 11153—-11197 (2013).

NF-kB Transcription Factors | Boston University.

Romay, M. C. et al. Regulation of NF-kB signaling by oxidized glycerophospholipid and
IL-1B induced miRs-21-3p and -27a-5p in human aortic endothelial cells. J. Lipid Res.
56, 38-50 (2015).

Tsai, J. et al. Inflammatory NF-kB activation promotes hepatic apolipoprotein B100
secretion: evidence for a link between hepatic inflammation and lipoprotein
production. Am. J. Physiol. Liver Physiol. 296, G1287-G1298 (2009).

van Daalen, K. R., Reijneveld, J. F. & Bovenschen, N. Modulation of Inflammation by

https://doi.org/10.26434/chemrxiv-2024-sgtgf ORCID: https://orcid.org/0009-0009-2273-9563 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-sgtgf
https://orcid.org/0009-0009-2273-9563
https://creativecommons.org/licenses/by/4.0/

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Extracellular Granzyme A. Front. Immunol. 11, 532952 (2020).

Singh, C. K. et al. The Role of Sirtuins in Antioxidant and Redox Signaling. Antioxidants
Redox Signal. 28, 643-661 (2018).

Docheva, D. et al. Establishment of immortalized periodontal ligament progenitor cell
line and its behavioural analysis on smooth and rough titanium surface. Eur. Cells
Mater. 19, 228-241 (2010).

Boya, P. et al. Lysosomal membrane permeabilization induces cell death in a
mitochondrion-dependent fashion. J. Exp. Med. 197, 1323-1334 (2003).

Peterson, L. R. Quinolone Molecular Structure-Activity Relationships: What We Have
Learned about Improving Antimicrobial Activity. Clin. Infect. Dis. 33, S180-S186
(2001).

Tillotson, G. S. Quinolones: Structure-activity relationships and future predictions. J.
Med. Microbiol. 44, 320-324 (1996).

Li, Z. et al. Design and synthesis of minimalist terminal alkyne-containing diazirine
photo-crosslinkers and their incorporation into kinase inhibitors for cell- and tissue-
based proteome profiling. Angew. Chemie - Int. Ed. 52, 8551-8556 (2013).

Conway, L. P. et al. Evaluation of fully-functionalized diazirine tags for chemical
proteomic applications. Chem. Sci. 12, 78397847 (2021).

Tanaka, M., Onodera, Y., Uchida, Y., Sato, K. & Hayakawa, I. Inhibitory activities of
quinolones against DNA gyrase and topoisomerase |V purified from Staphylococcus
aureus. Antimicrob. Agents Chemother. 41, 2362—-2366 (1997).

Takei, M., Fukuda, H., Kishii, R. & Hosaka, M. Target preference of 15 quinolones
against Staphylococcus aureus, based on antibacterial activities and target inhibition.
Antimicrob. Agents Chemother. 45, 3544-3547 (2001).

Kleiner, P., Heydenreuter, W., Stahl, M., Korotkov, V. S. & Sieber, S. A. A Whole
Proteome Inventory of Background Photocrosslinker Binding. Angew. Chemie - Int. Ed.
56, 1396-1401 (2017).

Rostovtsev, V. V., Green, L. G., Fokin, V. V. & Sharpless, K. B. A stepwise huisgen
cycloaddition process: Copper(l)-catalyzed regioselective ‘ligation’ of azides and
terminal alkynes. Angew. Chemie - Int. Ed. 41, 2596—2599 (2002).

Tornge, C. W., Christensen, C. & Meldal, M. Peptidotriazoles on solid phase: [1,2,3]-
Triazoles by regiospecific copper(l)-catalyzed 1,3-dipolar cycloadditions of terminal
alkynes to azides. J. Org. Chem. 67, 3057-3064 (2002).

Mateus, A. et al. Thermal proteome profiling in bacteria: probing protein state in vivo
. Mol. Syst. Biol. 14, 1-15 (2018).

Ishizawa, J. et al. Mitochondrial ClpP-Mediated Proteolysis Induces Selective Cancer
Cell Lethality. Cancer Cell 35, 721-737.e9 (2019).

Szczepanowska, K. et al. A salvage pathway maintains highly functional respiratory
complex |. Nat. Commun. 11, 1-18 (2020).

Wischhof, L., Scifo, E., Ehninger, D. & Bano, D. AIFM1 beyond cell death: An overview
of this OXPHOS-inducing factor in mitochondrial diseases. eBioMedicine 83, 104231
(2022).

Wou, D. Isocitrate dehydrogenase 2 inhibits gastric cancer cell invasion via matrix
metalloproteinase 7. Tumor Biol. 37, 5225-5230 (2016).

Yi, W.R,, Li, Z. H,, Qi, B. W., Hu, X. & Yu, A. X. Downregulation of IDH2 exacerbates the
malignant progression of osteosarcoma cells via increased NF-KB and MMP-9
activation. Oncol. Rep. 35, 2277-2285 (2016).

Shen, W.-J., Azhar, S. & Kraemer, F. B. SR-B1: A Unique Multifunctional Receptor for

https://doi.org/10.26434/chemrxiv-2024-sgtgf ORCID: https://orcid.org/0009-0009-2273-9563 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-sgtgf
https://orcid.org/0009-0009-2273-9563
https://creativecommons.org/licenses/by/4.0/

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Cholesterol Influx and Efflux. Annu. Rev. Physiol. 80, 95-116 (2018).

Wou, Y. H. et al. Structural Basis for Catalytic and Inhibitory Mechanisms of Human
Prostaglandin Reductase PTGR2. Structure 16, 1714-1723 (2008).

Fujikawa, K., Kamiya, H., Yakushiji, H., Nakabeppu, Y. & Kasai, H. Human MTH1 protein
hydrolyzes the oxidized ribonucleotide, 2-hydroxy-ATP. Nucleic Acids Res. 29, 449-454
(2001).

Ishibashi, T. et al. Mammalian enzymes for preventing transcriptional errors caused by
oxidative damage. Nucleic Acids Res. 33, 3779-3784 (2005).

Scaletti, E. R. et al. MutT homologue 1 (MTH1) removes N6-methyl-dATP from the
dNTP pool. J. Biol. Chem. 295, 4761-4772 (2020).

Murakami, E. et al. Adenosine Deaminase-like Protein 1 (ADAL1): Characterization and
Substrate Specificity in the Hydrolysis of N 6 - or O 6 -Substituted Purine or 2-
Aminopurine Nucleoside Monophosphates. J. Med. Chem. 54, 5902-5914 (2011).
Schinkmanova, M., Votruba, |. & Holy, A. N6-Methyl-AMP aminohydrolase activates
N6-substituted purine acyclic nucleoside phosphonates. Biochem. Pharmacol. 71,
1370-1376 (2006).

Gagestein, B. et al. Chemical Proteomics Reveals Off-Targets of the Anandamide
Reuptake Inhibitor WOBE437. ACS Chem. Biol. 2022, 1174-1183 (2022).

Zheng, B. et al. Cell- and Tissue-Based Proteome Profiling and Bioimaging with Probes
Derived from a Potent AXL Kinase Inhibitor. Chem. - An Asian J. 13, 2601-2605 (2018).
Tang, G. et al. Orthogonal Strategies for Profiling Potential Cellular Targets of
Anandamide and Cannabidiol. Chem. — A Eur. J. 29, e202300682 (2023).

Parker, C. G. et al. Chemical Proteomics Identifies SLC25A20 as a Functional Target of
the Ingenol Class of Actinic Keratosis Drugs. ACS Cent. Sci. 3, 12761285 (2017).
Tonazzi, A., Giangregorio, N., Console, L., Palmieri, F. & Indiveri, C. The mitochondrial
carnitine acyl-carnitine carrier (Slc25a20): Molecular mechanisms of transport, role in
redox sensing and interaction with drugs. Biomolecules 11, 521 (2021).
Chantemargue, B. et al. Structural patterns of the human ABCC4/MRP4 exporter in
lipid bilayers rationalize clinically observed polymorphisms. Pharmacol. Res. 133, 318—
327 (2018).

Bebes, A. et al. The expressions of ABCC4 and ABCG2 xenobiotic transporters in
human keratinocytes are proliferation-related. Arch. Dermatol. Res. 304, 57-63
(2012).

Dang, Y. et al. Molecular mechanism of substrate recognition by folate transporter
SLC19A1. Cell Discov. 8, 1-11 (2022).

Wright, N. J. et al. Methotrexate recognition by the human reduced folate carrier
SLC19A1. Nature 609, 1056—-1062 (2022).

Ohta, H., Kimura, I., Konishi, M. & Itoh, N. Neudesin as a unique secreted protein with
multi-functional roles in neural functions, energy metabolism, and tumorigenesis.
Front. Mol. Biosci. 2, 24 (2015).

Gad, H. et al. MTH1 inhibition eradicates cancer by preventing sanitation of the dNTP
pool. Nature 508, 215-221 (2014).

Peng, C. et al. Inhibitor development of MTH1 via high-throughput screening with
fragment based library and MTH1 substrate binding cavity. Bioorg. Chem. 110, 104813
(2021).

Huber, K. V. M. et al. Stereospecific targeting of MTH1 by (S)-crizotinib as an
anticancer strategy. Nature 508, 222-227 (2014).

Gronauer, T. F. et al. Design and synthesis of tailored human caseinolytic protease P

https://doi.org/10.26434/chemrxiv-2024-sgtgf ORCID: https://orcid.org/0009-0009-2273-9563 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-sgtgf
https://orcid.org/0009-0009-2273-9563
https://creativecommons.org/licenses/by/4.0/

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

inhibitors. Chem. Commun. 54, 9833-9836 (2018).

Graves, P. R. et al. Mitochondrial Protease ClpP is a Target for the Anticancer
Compounds ONC201 and Related Analogues. ACS Chem. Biol. 14, 1020-1029 (2019).
Herrmann, J. M. & Riemer, J. Apoptosis inducing factor and mitochondrial NADH
dehydrogenases: Redox-controlled gear boxes to switch between mitochondrial
biogenesis and cell death. Biol. Chem. 402, 289-297 (2021).

Reinhardt, C. et al. AIF meets the CHCHD4/Mia40-dependent mitochondrial import
pathway. Biochim. Biophys. Acta - Mol. Basis Dis. 1866, 165746 (2020).

Klein, J. A. et al. The harlequin mouse mutation downregulates apoptosis-inducing
factor. Nature 419, 367-374 (2002).

Lill, R. & Freibert, S.-A. Mechanisms of Mitochondrial Iron-Sulfur Protein Biogenesis.
Annu. Rev. Biochem. 89, 471-499 (2020).

Wise, D. R. et al. Hypoxia promotes isocitrate dehydrogenasedependent carboxylation
of a-ketoglutarate to citrate to support cell growth and viability. Proc. Natl. Acad. Sci.
U.S. A 108, 1961119616 (2011).

Mullen, A. R. et al. Reductive carboxylation supports growth in tumour cells with
defective mitochondria. Nature 481, 385—388 (2012).

Yen, K. et al. AG-221, a First-in-Class Therapy Targeting Acute Myeloid Leukemia
Harboring Oncogenic IDH2 Mutations. Cancer Discov. 7, 478-493 (2017).

Dalhoff, A. Selective toxicity of antibacterial agents—still a valid concept or do we
miss chances and ignore risks? Infection 49, 29-56 (2021).

Rao, K. N. S., Shen, X., Pardue, S. & Krzywanski, D. M. Nicotinamide nucleotide
transhydrogenase (NNT) regulates mitochondrial ROS and endothelial dysfunction in
response to angiotensin Il. Redox Biol. 36, 101650 (2020).

Bennett, A., Qureshi, Z. & Bennett, C. A Novel Genetic Marker Has Been ldentified in
patients With Fluoroquinolone-Associated Neuropsychiatric Toxicity: Preliminarys
Findings. in Federal Practitioner 30 (2017).

Bennett, A. C., Bennett, C. L., Witherspoon, B. J. & Knopf, K. B. An evaluation of
reports of ciprofloxacin, levofloxacin, and moxifloxacin-association neuropsychiatric
toxicities, long-term disability, and aortic aneurysms/dissections disseminated by the
Food and Drug Administration and the European Medicines Agency. Expert Opin. Drug
Saf. 18, 1055-1063 (2019).

Perez-Riverol, Y. et al. The PRIDE database resources in 2022: A hub for mass
spectrometry-based proteomics evidences. Nucleic Acids Res. 50, D543—-D552 (2022).

https://doi.org/10.26434/chemrxiv-2024-sgtgf ORCID: https://orcid.org/0009-0009-2273-9563 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-sgtgf
https://orcid.org/0009-0009-2273-9563
https://creativecommons.org/licenses/by/4.0/

