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Cells Using Rationally Designed Fluorescent Probes

Bo Yun,®® Mohammad A. K. Azad,® Cameron J. Nowell,® Roger L. Nation,? Philip E. Thompson,® Kade D. Roberts,®® Tony Velkov,?

Jian Li?

Drug Delivery, Disposition and Dynamics,® Medicinal Chemistry,” and Drug Discovery Biology,” Monash Institute of Pharmaceutical Sciences, Monash University,

Melbourne, Victoria, Australia

Polymyxins are cyclic lipopeptide antibiotics that serve as a last line of defense against Gram-negative bacterial superbugs. How-
ever, the extensive accumulation of polymyxins in renal tubular cells can lead to nephrotoxicity, which is the major dose-limit-
ing factor in clinical use. In order to gain further insights into the mechanism of polymyxin-induced nephrotoxicity, we have
rationally designed novel fluorescent polymyxin probes to examine the localization of polymyxins in rat renal tubular (NRK-
52E) cells. Our design strategy focused on incorporating a dansyl fluorophore at the hydrophobic centers of the polymyxin core
structure. To this end, four novel regioselectively labeled monodansylated polymyxin B probes (MIPS-9541, MIPS-9542, MIPS-
9543, and MIPS-9544) were designed, synthesized, and screened for their antimicrobial activities and apoptotic effects against
rat kidney proximal tubular cells. On the basis of the assessment of antimicrobial activities, cellular uptake, and apoptotic effects
on renal tubular cells, incorporation of a dansyl fluorophore at either position 6 or 7 (MIPS-9543 and MIPS-9544, respectively)
of the polymyxin core structure appears to be an appropriate strategy for generating representative fluorescent polymyxin
probes to be utilized in intracellular imaging and mechanistic studies. Furthermore, confocal imaging experiments utilizing
these probes showed evidence of partial colocalization of the polymyxins with both the endoplasmic reticulum and mitochon-
dria in rat renal tubular cells. Our results highlight the value of these new fluorescent polymyxin probes and provide further in-

sights into the mechanism of polymyxin-induced nephrotoxicity.

Over the past 2 decades there has been a pronounced increase
in the emergence of multidrug-resistant (MDR) Gram-neg-
ative bacterial superbugs, leading to serious infections that are
resistant to almost all currently available antibiotics (1). The dire
situation is perpetuated by a lack of novel antibiotics in the devel-
opmental pipeline, leaving the world in a vulnerable state against
these life-threatening infections (1). This perfect storm has led to
the revival of the polymyxin class of antibiotics, polymyxin B and
polymyxin E (the latter of which is also known as colistin), as a last
line of defense against MDR Gram-negative bacterial superbugs
(2). Polymyxins are amphipathic cationic lipopeptides compris-
ing hydrophobic and hydrophilic domains that are essential for
their antibacterial activity (3). The general polymyxin structure
consists of a cyclic heptapeptide ring with a linear tripeptide seg-
ment and an N-terminal fatty acyl tail (Table 1). Also present are
five L-a, y-diaminobutyric acid (Dab) residues, which contain pri-
mary amines that are positively charged at physiological pH (7.4),
as well as two hydrophobic residues in positions 6 and 7 of the
cyclic ring. The two polymyxins used clinically, polymyxin B and
colistin, are differentiated by a single hydrophobic residue at po-
sition 6: D-leucine in colistin and p-phenylalanine in polymyxin B
(3). Both polymyxins are products of fermentation, with each
containing two major components (colistin A and B and poly-
myxin B, and B,), which differ by one carbon at the fatty acyl tail
(Table 1).

Despite their excellent antibacterial activity, the use of poly-
myxins has largely been limited by the associated toxicological
effects. In particular, nephrotoxicity is the major dose-limiting
factor for the clinical use of polymyxins, occurring in up to 60% of
patients (1, 4-7). Polymyxin-induced nephrotoxicity is almost
certainly linked to their complex renal handling (8-11). For both
colistin and polymyxin B, only a very small fraction of the dose is
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renally excreted (9, 11-13). The majority of the polymyxin mole-
cules filtered at glomeruli undergo extensive renal reabsorption,
leading to accumulation in tubular cells and the associated tubular
damage (7-9, 12-14). Recent studies from our group have dem-
onstrated that polymyxin-induced nephrotoxicity is related to ox-
idative stress and apoptosis in renal tubular cells and has induced
DNA breakage and morphological changes in mitochondria (15).
In a mouse nephrotoxicity model, increased expression of the bio-
markers for mitochondrial and endoplasmic reticulum (ER)
apoptosis pathways, including cytochrome ¢, apoptosis regulator
BCL2-associated X protein (Bax), and the endoplasmic stress reg-
ulators 78-kDa glucose-regulated protein/binding immunoglob-
ulin protein (Grp78/Bip) and activating transcription factor 6
(ATF®6), is evident after colistin treatment (16).

To date there has been little information on the intracellular
localization of polymyxins in renal tubular cells, which is impor-
tant knowledge for understanding the mechanism of polymyxin-
induced nephrotoxicity. Such studies require suitable fluorescent
probes representative of the polymyxins to enable imaging of their
uptake and localization within cells. The fluorescent probes pre-
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TABLE 1 Structures of polymyxin B and the fluorescent polymyxin probes
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viously utilized (e.g., semisynthetic preparations of dansyl- and
BODIPY-polymyxin B) for studying the mechanism of action,
uptake, and localization of polymyxin (17-21) are not represen-
tative of the parent polymyxin (22-24). Our group recently re-
ported the design and synthesis of a regioselectively monodansy-
lated polymyxin B probe (MIPS-9541) for imaging uptake into
bacterial cells (22). Our design approach provided a probe that
possesses native antibacterial properties similar to those of the
parent compound, polymyxin B. We have also used a similar
probe design strategy to quantitatively measure the accumulation
of polymyxins in single rat and human renal tubular cells (23). In
the current study, we built on this probe design strategy to exam-
ine the localization of polymyxins in renal tubular cells. To be
representative of the parent compound, polymyxin B, it is impor-
tant that the designed probes retain both antimicrobial activity
and apoptotic effects on kidney tubular cells. To this end, MIPS-
9541, along with three new regioselectively monodansylated poly-
myxin B analogs (MIPS-9542, MIPS-9543, and MIPS-9544) (Ta-
ble 1), were evaluated as polymyxin B probes for exploring the
uptake and localization of polymyxins in renal tubular cells. For
the first time, the intracellular colocalization of polymyxin B
within the ER and mitochondria was visualized using fluorescence
microscopy.
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MATERIALS AND METHODS

General experimental. Polymyxin B (sulfate), colistin (sulfate), trifluo-
roacetic acid (TFA), diphenylphosphorylazide (DPPA), dansylglycine,
dansyl chloride, ethanedithiol (EDT), triisopropylsilane (TIPS), and hy-
drazine were purchased from Sigma-Aldrich (Sydney, NSW, Australia).
Diisopropylethylamine (DIPEA) and piperidine were obtained from Aus-
pep (Melbourne, Australia). 9-Fluorenylmethoxy carbonyl (Fmoc)-
Dab(Boc)-OH was purchased from Try-lead Chem (China). Fmoc-
Thr(tBu)-OH and Fmoc-Leu-OH were from Mimotopes (Melbourne,
Australia). Fmoc-Dab(ivDde)-OH, Fmoc-p-Phe-OH, Fmoc-Dap-OH,
Fmoc-p-Dap-OH, 1H-benzotriazolium-1-[bis(dimethylamino)methyl-
ene]-5-chloro-hexafluoro-phosphate-(1-),3-oxide (HCTU) (Chem-Impex
International, Wood Dale, IL), and Thr(tBu)-TCP resin were from Intavis
Bioanalytical Instruments (Germany). Diethyl ether, dichloromethane
(DCM), dimethylformamide (DMF), methanol (MeOH), and acetoni-
trile were obtained from Merck (Melbourne, Australia). Fmoc-Dap(dan-
syl)-OH and Fmoc-p-Dap(dansyl)-OH were synthesized in accordance
with a previously published method (17). Polymyxin B stock solutions
were prepared with Milli-Q water (Millipore, North Ryde, NSW, Austra-
lia) and filtered using 0.22-pm-pore-size syringe filters (Sartorius, Mel-
bourne, Vic, Australia). Solutions were stored at 4°C for up to 1 month
(24).

Peptides were purified by reverse-phase high-pressure liquid chroma-
tography (RP-HPLC) on a Waters Prep liquid chromatography (LC) sys-
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tem connected to a Waters 486 tuneable absorbance detector (214 nm),
employing a Phenomenex Axia column {Luna C8(2); 250 by 50.0 mm
[inside diameter (i.d.)], 100 A, 10 wm}. Solvent A was 0.1% TFA-water,
and solvent B was 0.1% TFA-acetonitrile. Peptides were eluted with a
gradient of 0 to 60% solvent B over 60 min at a flow rate of 40 ml/min. The
fractions collected were analyzed by analytical LC/mass spectrometry
(MS) using a Shimadzu 2020 LCMS system incorporating a photodiode
array detector (214 nm) coupled to an electrospray ionization source and
a single quadrupole mass analyzer. Solvent A was 0.05% TFA—water, and
solvent B was 0.05% TFA-acetonitrile. A Phenomenex column [Luna
C8(2), 100 by 2.0 mm (i.d.)] was used for RP-HPLC, eluting with a gra-
dient of 0 to 60% solvent B over 10 min at a flow rate of 0.2 ml/min. Mass
spectra were acquired in positive ion mode with a scan range of 200 to
2,000 m/z.

Synthesis of fluorescently labeled polymyxin probes. (i) MIPS-9541
(TFA salt). The synthesis of MIPS-9541 (formerly identified as FADDI-
043) has been previously described by our group (22). In the present
study, we used an optimized synthetic procedure, which is described in
detail here. Synthesis of the protected linear peptide was conducted on a
Protein Technologies Prelude automated peptide synthesizer using stan-
dard Fmoc solid-phase peptide chemistry. Specifically, synthesis was un-
dertaken using TCP-resin preloaded with Fmoc-Thr(tBu)-OH (0.1-
mmol scale). Coupling of the Fmoc-amino acids was performed using the
default instrument protocol: 3 molar equivalents (relative to the level of
resin loading) of the Fmoc amino acid and HCTU in DMF with activation
in situ, using 6 molar equivalents of DIPEA. This was carried out for 50
min at room temperature. The N-terminal dansyl group was coupled
using 3 molar equivalents (relative to the level of resin loading) of dansyl
chloride in DMF in the presence of 6 molar equivalents of DIPEA. Fmoc
deprotection was conducted using the default instrument protocol: 20%
piperidine in DMF (once for 5 min, once for 10 min) at room tempera-
ture. Removal of the ivDde protecting group was achieved with 3% hy-
drazine in DMF (4 times for 15 min each time). The protected linear
peptide was then cleaved from the resin by treating the resin with 20%
hexafluoroisopropanol (HFIP) in DCM (once for 30 min, once for 5 min).
This solution was concentrated in vacuo to give the crude protected linear
peptide. The protected linear peptide was dissolved in DMF (5 ml) to
which DIPEA (0.6 mmol, 104 .l [6 molar equivalents relative to the level
of loading of the resin]) and DPPA (0.3 mmol, 0.65 pl [3 molar equiva-
lents relative to the level of loading of the resin]) were added. The solution
was stirred at room temperature for 5 h. The reaction solution was then
concentrated under vacuum overnight to give the crude protected cyclic
peptide. The resulting residue was taken up in a solution of 2.5% EDT, 5%
TIPS in TFA and stirred at room temperature for 2 h. To this solution, 40
ml of diethyl ether was added. The resulting precipitate was collected by
centrifugation, washed twice with diethyl ether (40 ml), and then air dried
in a fume hood to give the crude cyclic peptide as a pale yellow solid. The
resulting solid was taken up in Milli-Q water (5 ml) and desalted using a
Vari-Pure IPE SAX column. The solution containing the crude cyclic
peptide was subjected to RP-HPLC purification, and the collected frac-
tions were analyzed by LC-MS, as described above. The combined frac-
tions were freeze-dried for 2 days to give the MIPS-9541 TFA salt as a pale
yellow solid in a yield of 57.0 mg. The purity was >95%, as determined by
RP-HPLC at 214 nm. The compound was confirmed to have the correct
molecular weight by electrospray ionization (ESI)-MS analysis: m/z
(monoisotopic) calculated: C,,H,,N,o0,cS [M + H]" 1,523.86, [M +
2H]** 762.43, [M + 3H]** 508.62; observed: [M + H]* 1,523.20, [M +
2H)?*" 762.45, [M + 3H]*" 508.70.

MIPS-9542 (TFA salt). MIPS-9542 was synthesized as described
above for MIPS-9541 to give the MIPS-9542 TFA salt as a pale yellow solid
inayield of 65.2 mg with >95% purity, estimated by RP-HPLC at 214 nm.
The molecular weight was confirmed by ESI-MS analysis; #/z (monoiso-
topic) calculated: Cq,HogN,30,sS [M + H]™ 1,353.70, [M + 2H]*"
677.35, [M + 3H]>* 451.90; observed: [M+H] ™ 1,353.70, [M + 2H]**
677.85, [M + 3H]* 452.30.
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MIPS-9543 (TFA salt). MIPS-9543 was synthesized as described
above for MIPS-9541 to give the MIPS-9543 TFA salt as a pale yellow solid
inayield of 53.9 mg with >95% purity, estimated by RP-HPLC at 214 nm.
The molecular weight was confirmed by ESI-MS analysis: #1/z (monoiso-
topic) calculated: CgH,(,N 40,58 [M + H]* 1,395.75, [M + 2H]**
698.37, [M + 3H]* 465.92; observed: [M+H] ™ 1,395.85, [M + 2H]*"
698.85, [M + 3H]>" 466.30.

MIPS-9544 (TFA salt). MIPS-9544 was synthesized as described above
for MIPS-9541 to give the MIPS-9544 TFA salt as a pale yellow solid in a yield
of 62.0 mg with >95% purity, estimated by RP-HPLC. The molecular
weight was confirmed by ESI-MS analysis: m/z (monoisotopic) calculated:
Ce1H,04N150,58 [M + H]* 1,361.76, [M + 2H]** 681.38, [M + 3H]**
454.59; observed: [M + H] ™" 1,361.95, [M + 2H]*" 681.90, [M + 3H]**
455.00.

Determination of MICs. MICs for Pseudomonas aeruginosa, Klebsiella
pneumoniae, and Acinetobacter baumannii strains were determined by the
broth microdilution method (26). Experiments were conducted in 96-
well polypropylene microtiter plates with all dilutions using cation-ad-
justed Mueller-Hinton broth (CaMHB). The bacterial suspension (100 pl
containing ~10° CFU per ml) was added to the wells in the presence of
increasing concentrations of polymyxins (0 to 128 mg/liter).

Culture of rat kidney tubular cells. Rat kidney proximal tubular cells
(NRK-52E cells; ATCC) were employed for intracellular localization and
apoptosis studies. Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) was used. The growth medium
components were purchased from Invitrogen (Life Technologies, Victo-
ria, Australia). NRK-52E cells (0.5 X 10° cells/ml) were seeded in 24-well
plates, 12-well plates, or 8-well chamber slides in the supplemented
DMEM at 37°Cin a humidified atmosphere containing 5% CO, until they
were 60 to 70% confluent. The probe incubations were conducted in
DMEM supplemented with 0.1% FBS.

Apoptosis assay. Apoptosis studies were conducted using an Alexa
Fluor 680-annexin V/Dead Cell Apoptosis kit (Invitrogen). NRK-52E
cells were cultured in 12-well plates until they were ~60 to 70% confluent
and incubated with or without the fluorescent polymyxin probes (50 and
250 M) or the positive control, polymyxin B (2 mM), for 16 h. Following
incubation, the cells in the plates were washed with phosphate-buffered
saline (PBS). The supernatant was discarded, and the cells were detached
from the plates using 200 pl of trypsin-EDTA solution (0.05%) for 5 min
at 37°C. Trypsin was inactivated with addition of 0.5 ml of DMEM. The
cell suspension was washed three times by centrifugation (450 X g, 5 min),
and the supernatant was discarded. Following the third wash, cell pellets
were resuspended in 100 pl of ice-cold 1X annexin-binding buffer. Five
microliters of Alexa Fluor 680-conjugated annexin V and 1 pl of pro-
pidium iodide (PI; 100 pg/ml) were added to the suspension, and the cells
were incubated in the dark at room temperature. After 15 min, 0.4 ml of
ice-cold 1 X annexin-binding buffer was added to the cells, and the induc-
tion of apoptosis was monitored by fluorescence-activated cell sorting
(FACS; MoFlo Astrios). Fluorescence emission was measured using an
excitation wavelength of 488 nm and an emission wavelength of 575 nm
for PI and an excitation wavelength of 680 nm and an emission wave-
length of 700 nm for Alexa Fluor 680-conjugated annexin V. Annexin
V-positive and PI-negative cells and annexin V-positive and PI-positive
cells were labeled as early and late apoptotic cells, respectively. The per-
centage of apoptotic cells in the total number of cells was designated the
apoptotic index (AI). All experiments were conducted in three indepen-
dent replicates, and data are presented as the mean = standard deviation
(SD). Significance testing was performed using two-way analysis of vari-
ance (ANOVA) and Tukey’s test for multiple comparisons, with signifi-
cance being considered when the P value was <0.05.

Concentration-dependent uptake of the fluorescent probes using
CLSM. Confocal laser scanning microscopy (CLSM) was performed using
a Leica Microsystems TCS SP8 CLSM (Wetzlar, Germany) with a X63
PlanApo (numerical aperture, 1.4) oil immersion objective. The filters
were chosen to avoid cross detection between the probes, and no auto-
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TABLE 2 MICs of polymyxin B and fluorescent probes against
polymyxin-susceptible Gram-negative strains

MIC (pg/ml)

Bacterial species
and strain

Polymyxin B MIPS-9541 MIPS-9542 MIPS-9543 MIPS-9544

P. aeruginosa

ATCC27853 1 4 2 2 1

FADDI-PA022 1 4 2 2 2

FADDI-PA025 1 4 2 4 4
K. pneumoniae

ATCC 13883 1 8 2 2 2

FADDI-KP032 <0.125 8 ND* 1 1

A. baumannii

ATCC 19606 1 4 2 4
ATCC 17978 1 4 1 2 4
FADDI-AB034 0.5 8 2 2 2

“ND, not determined.

fluorescence was detected with the collection parameters. For the dansyl
group, samples were scanned using an excitation wavelength of 405 nm
and an emission wavelength of 470 to 560 nm. Concentration-dependent
uptake of the polymyxin probes in NRK-52E cells was examined using
cells cultured to ~60 to 70% confluence in 24-well plates on coverslips
and incubated with or without the desired probe derivative (final concen-
trations, 25, 50, 100, 200, 500, and 1,000 wM; 4 h). After incubation, the
cells were washed with PBS, followed by fixation in 4% paraformaldehyde
for 15 min and washing of the cells twice with PBS. The slides were then
dried and fixed onto glass slides using Mowiol (Calbiochem) before im-
aging. The images were processed and analyzed using the open-source
image analysis software Image]J (http://imagej.nih.gov/ij/) (27). The con-
centration of each probe required to reach 50% of maximal uptake (50%
effective concentration [EC5,]) was determined by sampling of 20 indi-
vidual cells and calculated using the unweighted nonlinear least-squares
regression model in GraphPad Prism software (v6.0; GraphPad Software,
San Diego, CA, USA). All experiments were conducted in three indepen-
dent replicates, and data are presented as the mean = SD.

Studies of fluorescent probe localization. Endoplasmic reticulum
(ER) Tracker Red, purchased from Invitrogen (Life Technologies), was
reconstituted in 110 pl of dimethyl sulfoxide to yield a I mM stock solu-
tion, which was diluted with Dulbecco’s modified Eagle’s medium (Life
Technologies) to a final working concentration of 1 wM. LysoTracker
Deep Red, purchased from Invitrogen (Life Technologies), was diluted to
a working concentration of 50 nM. MitoTracker Red, purchased from
Invitrogen (Life Technologies), was diluted to a working concentration of
200 nM. NRK-52E cells were grown to ~60 to 70% confluence in 8-well
chamber slides and incubated with or without MIPS-9541 (at 25 puM for 4
h) or with or without MIPS-9542, MIPS-9543, or MIPS-9544 (each at 200
M for 4 h). Cells were then stained by addition of 250 pl prewarmed
ER-Tracker Red, LysoTracker Deep Red, or MitoTracker Red working
solution and incubated for 20 min (or 30 min for MitoTracker Red) at
37°C. After incubation, the medium was changed to phenol red-free
DMEM and the cells were imaged directly with the CLSM.

RESULTS
Antibacterial activity of the probes. The antibacterial activity of
the probes against a panel of polymyxin-susceptible ATCC strains
and clinical isolates of P. aeruginosa, K. pneumoniae, and A. bau-
mannii was assessed (Table 2). All four probes were active against
the examined bacterial strains, with most MICs being 2- to 8-fold
higher than the MIC of polymyxin B.

Apoptotic effects of the probes. Given that the clinically used
polymyxins can induce apoptosis in kidney proximal tubular cells,
we employed an in vitro cell-based apoptosis assay to investigate
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the apoptotic effects of the probes (15). Similar to polymyxin B, all
the probes, with the exception of MIPS-9542, induced various
degrees of apoptosis in NRK-52E cells (Fig. 1). MIPS-9541 was the
most cytotoxic, with an Al of ~99.9% at 50 puM. MIPS-9543 (Al =
~47.4%) and MIPS-9544 (Al = ~32.0%) demonstrated lower
apoptotic indices at 250 wM and no significant apoptosis at 50 wM
relative to that for the untreated control. MIPS-9542 showed no
significant apoptosis relative to that for the untreated control at
both 50 wM and 250 wM.

Uptake and subcellular localization of the probes in renal
tubular cells. NRK-52E cells treated with different concentrations
of each probe showed various degrees of cellular uptake, as gauged
by the intensity of fluorescence observed in the confocal micros-
copy images of the treated cells (Fig. 2). Cells treated with MIPS-
9541 demonstrated the highest fluorescence intensity relative to
that for cells treated with the other probes at 500 WM. Significant
fluorescence was also observed for cells treated with MIPS-9541 at
200 wM. In contrast, NRK-52E cells treated with MIPS-9542 at
either 500 wM or 1,000 pM showed no significant fluorescence.
Cells treated with MIPS-9543 and MIPS-9544 at 500 ..M but not
at 250 pM showed significant fluorescence. Plotting of the emis-
sion intensity per cell as a function of the probe concentration
(Fig. 3) showed a concentration-dependent relationship for
MIPS-9541, MIPS-9543, and MIPS-9544. The confocal images
revealed that the probes distributed mainly in the cytoplasm and
around the nucleus (Fig. 2). Bright fluorescent spots were also
observed inside the nuclei of cells treated with MIPS-9541, MIPS-
9543, and MIPS-9544 (Fig. 2). Initial studies conducted with the
lysosome-selective dye LysoTracker Deep Red indicated a lack of
colocalization of the probes within lysosomes (Fig. 4). However,
subcellular imaging studies with the ER-selective dye ER-Tracker
Red and mitochondrion-selective dye MitoTracker Red in live
cells showed that MIPS-9541, MIPS-9543, and MIPS-9544 dem-
onstrated partial colocalization with both the ER and mitochon-
dria in NRK-52E cells.

DISCUSSION

Nephrotoxicity is the major dose-limiting adverse effect of poly-
myxins for achieving optimal plasma concentrations in patients
(6, 9, 28). The primary goal of this study was to investigate the
localization of polymyxins in renal tubular cells using rationally
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FIG 1 Apoptoticindices (mean = SD, n = 3) of NRK-52E cells incubated with
50 or 250 wM MIPS-9541, MIPS-9542, MIPS-9543, or MIPS-9544 or 2 mM
polymyxin B for 16 h. Two-way ANOVA was performed for analysis of signif-
icance (o = 0.05).
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designed fluorescent probes that have pharmacological and toxi-
cological activity representative of that of the parent compound,
polymyxin B (2). A lack of native antibacterial activity is the major
shortcoming of the commercially available dansyl-polymyxin B
and BODIPY-polymyxin B probes that have been utilized in the
past (18-21). Our group has previously highlighted the pitfalls of
directly coupling fluorescent groups, such as dansyl, onto the Dab
side chains, such as those which occur with the semisynthetic
preparations of dansyl-polymyxin B (22, 24, 25). Accordingly,
there is little value in using these semisynthetic preparations as
probes for imaging polymyxin localization in renal tubular cells.
Here we designed and synthesized a series of regioselectively mod-

Integrated density (x10%/cell)

1.0 15 2.0 25 3.0 35
Log[Concentration (uM)]

FIG 3 Plot of the integrated density of each probe per NRK-52E cell (n = 20
cells) from the confocal microscopy imaging data (as exemplified in Fig. 2)
against the log concentration (in micromolar). The solid lines represent the
best fit to a nonlinear dose-response model. @, MIPS-9541; €, MIPS-9542; A,
MIPS-9543; B, MIPS-9544. Data are presented as mean * SD.
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ified monodansylated polymyxin B probes with the previously
reported polymyxin B-lipid A interaction principles in mind in
order to maintain the native antibacterial activity and toxicity pro-
file of the parent polymyxin B. The probes were designed by regi-
oselectively modifying the hydrophobic centers within the poly-
myxin scaffold at the N-terminal fatty acyl tail or the position 6 or
7 residue. It was hypothesized that the addition of a hydrophobic
fluorophore to these regions would have less impact than would
incorporation at other more hydrophilic regions of the molecule
(Table 1). To this end, the hydrophobic dansyl group was utilized
as the fluorophore. The comparatively small size of the dansyl
group relative to the size of other fluorophores also helped reduce
the likelihood of negative steric effects on the pharmacophore of
polymyxins (3). We have previously reported the design and syn-
thesis strategy for MIPS-9541 (22). In this probe, the fatty acyl
group of polymyxin B was substituted with L-octylglycine (Cy),
which served to mimic the eight-carbon fatty acyl chain of poly-
myxin B, with the N*-amino group, providing a point of attach-
ment for the dansyl group (22). For MIPS-9542, the dansyl fluo-
rophore was substituted in lieu of the N-terminal fatty acyl tail, as
it has previously been demonstrated that a variety of hydrophobic
groups are well tolerated at this position and act as mimics of the
N-terminal saturated alkyl fatty acyl chains of polymyxins B, and
B, (3). For MIPS-9543 and MIPS-9544, the hydrophobic p-Phe
and D-Leu residues at positions 6 and 7 of the polymyxin core,
respectively, were substituted with a Dap(dansyl) moiety to eval-
uate substitutions at these hydrophobic centers. We have previ-
ously shown that the amino acid residues at positions 6 and 7 can
be readily substituted with structurally diverse hydrophobic
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FIG 4 Subcellular imaging of NRK-52E cells treated with ER-Tracker Red (left), MitoTracker Red (middle), or LysoTracker Deep Red (right) and the polymyxin
probes MIPS-9541 (25 uM), MIPS-9542 (200 pM), MIPS-9543 (200 M), and MIPS-9544 (200 M) for 4 h at 37°C. Bars = 20 pm.

amino acid residues (e.g., biphenylalanine) without significantly
affecting the antibacterial activity of the compound (29).

Our design strategy provided probes that had antimicrobial
activity similar to that of polymyxin B against the Gram-negative
bacterial strains screened (Table 2). MIPS-9541, in which the N-
terminal fatty acyl chain was substituted with the dansyl-octylgly-
cine group, was slightly less active (MICs, 4 to 8 pg/ml) than
MIPS-9542, MIPS-9543, and MIPS-9544, all of which had MICs
in the range of 1 to 4 pg/ml. These results suggest that incorpora-
tion of the dansyl fluorophore only at the N terminus (MIPS-
9542) or at position 6 (MIPS-9543) or 7 (MIPS-9544) of the poly-
myxin core afforded better surrogates for the native polymyxins
with respect to the antimicrobial activity. Incorporation of both
the dansyl fluorophore and a Cg fatty acyl chain (octylglycine) at
the N terminus (MIPS-9541) does not appear to be as favorable
for the antimicrobial activity. This may be due to unfavorable
steric effects or conformational changes preventing the peptide
from optimally binding to lipid A to initiate its antimicrobial ef-
fect (3). Antimicrobial activity comparable to that of the native
polymyxin B was obtained with our probe design strategy focusing
on the modification of only the hydrophobic centers of the poly-
myxin core; this strategy further highlights the importance of not
modifying the hydrophilic Dab residues of the polymyxin core
(22,24). To further assess the polymyxin likeness of the probes, an
in vitro cell-based assay was conducted to examine their potential
apoptotic effects on renal tubular cells, with apoptotic cell death
being one of the presenting pathological changes in polymyxin-
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induced nephrotoxicity (15, 30). In the present study, 2 mM poly-
myxin B was employed as a positive control to show ~50% cells in
apoptosis. Interestingly, the apoptotic indices for the four probes
varied considerably. MIPS-9541 demonstrated a markedly higher
apoptotic index (~99.9% at 50 wM) than polymyxin B (~55% at
2 mM). However, for probes MIPS-9542, MIPS-9543, and MIPS-
9544, no significant apoptotic effect was observed at 50 uM (Fig.
1). The situation was different at 250 wM, where MIPS-9543
(apoptotic index, ~50%) and MIPS-9544 (apoptotic index,
~35%) showed marked increases in the degree of apoptosis ob-
served. This was not the case for MIPS-9542, which showed no
significant increase in the degree of apoptosis even at 250 M.
Confocal fluorescence microscopy experiments demonstrated
the cellular uptake of all four probes by the renal tubular cells (Fig.
2). MIPS-9541, in which both the octylglycine and the dansyl fluo-
rophore are present at the N terminus, showed the highest uptake,
with significant intracellular fluorescence being observed at both
500 and 200 pM. MIPS-9543 and MIPS-9544 displayed similar
levels of intracellular fluorescence (Fig. 2). Interestingly, MIPS-
9542, which contains the native polymyxin B scaffold selectively
modified by substitution of the N-terminal fatty acyl chain with
the dansyl fluorophore, displayed the lowest uptake by NRK-52E
cells (Fig. 2). For MIPS-9541, MIPS-9543, and MIPS-9544, uptake
by NRK-52E cells appeared to be concentration dependent, as
revealed by plotting of the emission intensity per cell as a function
of the probe concentration (Fig. 3). Taken together, these results
suggest that the chemical nature (structure) of the fatty acyl group
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presented at the N-terminal region of the polymyxin B core is a
factor in the promotion of polymyxin uptake by the renal tubular
cells in vitro. However, further work needs to be undertaken to
determine whether this is translated to renal tubular cells in vivo.
The degree of cellular uptake observed for the respective probes in
the fluorescence imaging experiments correlated well with the
apoptotic indices observed for the four probes (Fig. 1 and 3).
MIPS-9451 had the highest degree of cellular uptake and the high-
est apoptotic index, while MIPS-9542 had a low degree of cellular
uptake and displayed no significant apoptosis even at 1,000 wM.
These results add further support to previous experimental find-
ings that point to the accumulation of the polymyxins in renal
tubular cells as being a predisposing factor for polymyxin-induced
nephrotoxicity (14, 23). Taking into consideration the degree of
cellular uptake along with the antimicrobial activity and apoptotic
index for the four probes, MIPS-9543 and MIPS-9544, in which
the dansyl fluorophore is incorporated at either position 7 or 6 of
the polymyxin core, appear to be the best candidates for use as a
fluorescent probe for polymyxin B and colistin.

The subcellular imaging experiments revealed that all of the
probes except MIPS-9542 partially colocalized to the ER and mi-
tochondria in NRK-52E cells, suggesting that accumulation in
these organelles may be an inducer of the cellular toxicity. Mito-
chondria and ER form structural and functional networks essen-
tial for maintenance of cellular homeostasis and determine the cell
fate under various pathophysiological conditions, including oxi-
dative stress (31). This correlates with the current literature evi-
dence that both the ER and mitochondrial pathways are involved
in polymyxin-induced nephrotoxicity (16, 30, 32). Recently, it was
reported that activation of the death receptor and mitochondrial
pathways is involved in polymyxin-induced apoptosis in NRK-
52E cells (15, 30). DNA fragmentation resulting from the activa-
tion of caspase-3, -8, and -9, as well as significant morphological
damage to the mitochondria, was observed in NRK-52E cells after
polymyxin B treatment (1.0 and 2.0 mM for 24 h) (31). Further-
more, in a mouse nephrotoxicity model, Dai et al. observed sig-
nificant upregulation and downregulation of biomarkers for the
mitochondrial pathway (upregulation of cytochrome cand Bax, as
well as downregulation of Bcl-2) and the ER pathway (upregula-
tion of Grp78/Bap, ATF6, GADD153/CHOP, and caspase-12) af-
ter a 7-day treatment with colistin (16). Pathological changes were
also observed in the mitochondria of renal tubular cells from
colistin-treated mice, where the organelles appeared to be swollen
and ruptured (16). In addition, our results using the probes re-
vealed that lysosomal colocalization was not evident at the time
point examined (Fig. 4). Further experimental work is required to
investigate the trafficking and recycling of polymyxins in renal
tubular cells.

Conclusions. In this study, we rationally designed and synthe-
sized novel fluorescent probes for exploring the uptake and local-
ization of polymyxins in rat kidney cells. For the first time, we were
able to provide visual evidence of the intracellular disposition of
polymyxins in live renal tubular cells. The findings presented here
provide further valuable insights into the possible mechanism of
polymyxin-induced nephrotoxicity, which is crucial for optimiz-
ing their use in the clinic and for designing novel safer polymyxins.
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