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Abstract

Cholesterol is vital to control membrane integrity and fluidity, but is also a precursor to produce steroid hormones, bile acids, and
vitamin D. Consequently, altered cholesterol biology has been linked to many diseases, including metabolic syndromes and cancer.
Defining the intracellular pools of cholesterol and its trafficking within cells is essential to understand both normal cell physiology and
mechanisms of pathogenesis. We have synthesized a new cholesterol mimic (ReTEGCholestanol), comprising a luminescent rhenium
metal complex and a cholestanol targeting unit, linked using a tetraethylene glycol (TEG) spacer. ReTEGCholestanol demonstrated
favourable imaging properties and improved water solubility when compared to a cholesterol derivative, and structurally related
probes lacking the TEG linker. A non-malignant and three malignant prostate cell lines were used to characterize the uptake and
intracellular distribution of ReTEGCholestanol. The ReTEGCholestanol complex was effectively internalized and mainly localized
to late endosomes/lysosomes in non-malignant PNT1a cells, while in prostate cancer cells it also accumulated in early endosomes
and multivesicular bodies, suggesting disturbed cholesterol biology in the malignant cells. The ReTEGCholestanol is a novel imaging
agent for visualizing endosomal uptake and trafficking, which may be used to define cholesterol related biology including membrane
integration and altered lipid trafficking/processing.
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Graphical abstract

Endosomal trafficking of ReTEGCholestanal

Endosomal trafficking of ReTEGCholestanol in non-malignant and malignant prostate cells. EE, early endosomes; LE, late endosomes;
L, lysosomes; MVB, multivesicular bodies.

Introduction carry cholesterol that can then be internalized via LDL recep-
tors at the plasma membrane> These receptors are internal-
ized via clathrin-dependent endocytosis and trafficked towards
the lysosome via the endosomal network.” In the late endosome-
lysosome, cholesterol is released from LDL allowing insertion into
the membranes of these compartments.®> Cholesterol pools can
subsequently be redistributed to autophagosomes, the plasma
membrane or the endoplasmic reticulum, possibly via a process
involving phosphatidylserine®’ At the endoplasmic reticulum,
cholesterol can be esterified to permit lipid droplet storage or re-
distributed to other membrane pools. There are numerous mech-
anisms of cholesterol uptake/transport and specific sites for in-
tracellular cholesterol distribution/storage, which align with the
multifunctionality of this important lipid.

Cholesterol is an essential multifunctional lipid, which is involved
in the control of eukaryotic cell membrane stability and perme-
ability. As well as its structural function in lipid rafts and bi-
ological membranes, cholesterol is a precursor for steroid hor-
mones,! bile acid,? and vitamin D? production and is critical
for signal transduction, membrane trafficking, endocytosis, and
lipid metabolism.* Cholesterol can be synthesized de novo in the
liver or obtained from the diet/extracellular environment. The
tight regulation of intracellular cholesterol is important for long
term cellular function/homeostasis and organism health.* The
uptake of exogenous cholesterol into cells is primarily facili-
tated via endocytosis with low-density lipoproteins (LDL), which
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Alterations in cholesterol homeostasis can be observed in a
variety of human pathologies at the cellular and organ level,
making it a molecule of particular interest for medical research.
The amount of cholesterol is generally higher in cancer cells?
which may be the result of sequestering excess exogenous choles-
terol®10 or increased intracellular synthesis/lipid degradation.
Because of the multiple functions and bioproducts of cholesterol,
there are many contradicting reports on cholesterol function in
cancer cell survival and progression 9 Difficulties in tracking and
detecting cholesterol and its derivatives has limited our under-
standing of the exact changes in the distribution and functional
significance of cholesterol in cancer cells and for other diseases.
The focus for cholesterol biology has been mainly on the molec-
ular machinery involved in its synthesis and/or trafficking but is
still limited due to the difficulties in detecting cholesterol itself.

A range of fluorescent sterol mimics and tagged sterols have
been described and used to investigate cholesterol cell biology,
but these have come with significant drawbacks and challenges.
Dehydroergosterol and cholestatrienol are both intrinsically flu-
orescent sterols, which have very similar structures to choles-
terol, providing potential biochemical/cell biological mimics.*?:13
However, the fluorescence properties of these compounds are not
ideal for microscopy, with low quantum yields, poor photostabil-
ity, absorption bands within the UV range, and emissions between
370 nm and 400 nm.'*'> This fluorescent profile is outside the
range of confocal microscopy and is at the upper excitation and
emission limits of standard epifluorescence microscopes, thus
requiring specialized objectives for efficient transmission of the
emitted light.??> Multiphoton microscopy, can overcome some of
these limitations, providing the additional resolution for interro-
gating subcellular localization and equipment sensitivity for pho-
ton detection, while employing low excitation frequencies, which
reduces sample damage induced by UV excitation.'®-'” Utiliza-
tion of these molecules for live cell imaging requires complex-
ing with methyl-B-cyclodextrin (MBCD), due to their poor solu-
bility; and this process is time consuming and requires careful
storage once prepared.'?*® Thus, despite their usefulness as a bio-
logical and biochemical mimics of cholesterol, dehydroergosterol
and cholestatrienol, require specialized equipment and expertise
to be used successfully, which has limited their use.'?

The inherent difficulties in the application of fluorescent
sterols have driven a need for alternative approaches to imag-
ing cholesterol in cells. Most live cell imaging studies have uti-
lized fluorescently tagged sterols, such as BODIPY-tagged choles-
terol analogs, which do have improved fluorescence properties.*
Numerous fluorescently tagged analogs have been developed,
of which cholesterol with BODIPY tagged at C24 is one of the
most representative mimics of native cholesterol, demonstrat-
ing similar membrane partitioning, metabolism, and trafficking
in cells'®20-23 However, some processing, such as cholesterol par-
titioning into different phases of model membranes, is altered due
to the presence of the BODIPY tag and this molecule can also
suffer from self-quenching.'® Tagged analogs with fluorophores
including rhodamine and dansyl attached at C6 of cholestanol
have also been developed and have shown similar cellular local-
ization and membrane partitioning as C24 tagged cholesterols,
providing alternative tools for investigating cholesterol traffick-
ing in cells.?#?% However, dansyl has low emission and is prone
to photobleaching, and thus is less ideal for live cell imaging,
while the rhodamine tag impairs endoplasmic reticulum traffick-
ing and esterification.?*?® Fluorescently tagged cholesterol that
utilizes the 3" OH as the point of conjugation have also produced
viable tools for the investigation of cholesterol trafficking and

are more synthetically accessible than their C6 and C24 counter-
parts.?1-?/:28 BODIPY attached to cholesterol in this position, us-
ing an ester linkage, demonstrates a similar cellular distribution
to the C24 functionalized derivative, but offers improved cellular
uptake without the need for complexing with MCD.2*%” Although
functionalization through the 3-OH region disallows probes of this
design to be used to track esterified cholesterol, the benefit of syn-
thetic simplicity in this approach allows the addition of a range
of alternative fluorescence tags to suit an investigator's specific
imaging requirements. Consequently, there is still a defined need
for other cholesterol derivatives that are readily accessible and
offer advantageous imaging properties.

Luminescent organometallic rhenium complexes can provide
alternatives to traditional organic fluorescent tags with a num-
ber of specific advantages. For example, they have reduced photo-
bleaching, allowing for longer imaging times; a large Stokes shift,
reduced background for the excitation beam; and long emission
lifetimes, making time-gating of bright endogenous fluorescence
possible.??:3% These compounds are also compatible with multi-
modal imaging platforms, enabling detection though multiphoton
microscopy,®! infrared spectroscopy,®>4 Raman spectroscopy,®:3°
X-ray fluorescence spectroscopy,®®®” mass spectrometry,?®-*® and
potentially electron microscopy. In order to exploit these prop-
erties, we have synthesized four new cholesterol related com-
pounds, tagged with a neutral rhenium complex of the type fac-
[Re(CO)3(phen)L], where phen = 1,10-phenathroline and L is a
tetrazolato ancillary ligand, and have explored their potential as
cellular imaging agents. These initial complexes have used the
OH handle as the point of attachment for both cholesterol and
cholestanol, as structural mimics of cholesterol.?4:3° We also ex-
plore the inclusion of a short tetraethylene glycol (TEG) linker to
improve water solubility thereby removing the need for further
complexing with MBCD for cellular uptake and delivery. Here, we
have developed an alternative tool for the investigation of choles-
terol trafficking in cells, with the synthesis of ReTEGCholestanol
that demonstrates good aqueous solubility and photophysical
properties amenable for live cell imaging.

Materials and methods
General experimental details

Chemicals were purchased from commercial sources and used
without further purification. Anhydrous CH,Cl, and THF were ob-
tained by drying over freshly activated 3 A molecular sieves. An-
hydrous DMF and EtOH were purchased from Merck (Australia).
Thin layer chromatography (TLC) was performed on silica gel 60
Fyss plates purchased from Merck (Australia). Column chromatog-
raphy was performed using silica gel as the stationary phase
unless otherwise stated. All melting points were obtained us-
ing Stuart Scientific SMP10 melting point apparatus and were
uncorrected. All 'H and *C NMR spectra were collected on ei-
ther a BRUKER AVANCE III 500 MHz FT-NMR spectrometer or
BRUKER AVANCE 400 MHz FT-NMR spectrometer. All NMR ex-
periments were performed at 25°C. Samples were dissolved in
either CDCl; DMSO-dg, or acetone-dg with the residual solvent
peak used as the internal reference—CDCls: 7.26 (*H) and 77.0
(**C); DMSO-de: 2.50 (*H) and 39.52 (**C); acetone-dg: 2.05 (*H)
and 29.84 (3C).*° Proton spectra are reported as chemical shift
§ (ppm) (integral, multiplicity (s = singlet, br s = broad singlet,
d = doublet, t = triplet and m = multiplet), coupling constant
(Hz)). High resolution mass spectral data was collected using
an AB SCIEX TripleTOF 5600 mass spectrometer in a MeOH sol-
vent system containing 0.1% formic acid. Analyte solutions were
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prepared in a 1:1 mixture of HPLC grade MeCN and MeOH (conc.
~ 1 mg mL~"). RP-HPLC experiments were conducted on a Shi-
madzu Prominence UltraFast Liquid Chromatography (UFLC) sys-
tem equipped with a CBM-20A communications bus module, a
DGU-20ASR degassing unit, an LC-20AD liquid chromatograph
pump, an SIL-20AHT autosa-sampler, and SPD-M20A photo diode
array detector, a CTO-20A column oven and a Phenomenex Kine-
tex 5 mM C18 100 A 250 mm x 4.60 mm column. The solvent sys-
tem used was a gradient beginning at 5% MeOH in H,O containing
0.1% formic acid over 9 min, followed by 95% MeOH in H,O con-
taining 0.1% formic acid over 21 min. A flow rate of 1 mL/min was
maintained throughout. UV-vis spectra were recorded over the
range 250—750 nm on a Varian Cary 50 UV-vis spectrophotometer
(Agilent) in a 10 mm pathlength quartz cuvette, using a scan rate
of 9,600 nm/min. Fluorescence spectra were recorded on a Varian
Cary Eclipse spectrophotometer (Agilent) over 450—750 nm. An
excitation slit width of 10 nm and emission slit width of 5 nm, PMT
voltage of 600 V, scan rate of 600 nm/min, a 10 mm pathlength
quartz cuvette and an excitation wavelength of 405 nm was used
for all experiments. Background correction was applied to all UV-
Vis and fluorescence experiments using a solvent blank. All sam-
ples were performed at a final concentration of 1 x 107> Min a 1%
DMSO in PBS solution. The synthesis of Realkyne has been previ-
ously reported.® *® TH and *C NMR spectra for all compounds
and HRMS and normalized absorbance and emission spectra for
all Re complexes are included in the Supplementary Materials.

Synthesis

Synthesis of 38-methanesulfonyloxycholest-5-ene 1

To a stirred solution of cholesterol (3.301 g, 8.54 mmol) and anhy-
drous CH,Cl, (85 mL) at 0°C under an inert atmosphere, was added
EtsN (2.4 mL, 17.22 mmol) and MsCl (730 pL, 9.43 mmol) dropwise.
The reaction was warmed to ambient temperature and stirred for
4 h before being diluted with CH,Cl, (40 mL) and transferred to
a separatory funnel. The mixture was washed with sat. NaHCOs
(40 mL), H,O (40 mL), brine (40 mL), dried (Na,SOs), filtered,
and concentrated in vacuo to give an off-white solid. The crude
material was purified using a silica plug (20% EtOAc in pet. spirits)
to give the title compound (3.403 g, 86%) as a white solid. Ry = 0.40
(20% EtOAc in pet. spirits). m.p 122-124°C. (lit. 118-119°C).4° 'H
NMR (500 MHz, CDCls) § 5.42 (1H, d, J = 2.0 Hz), 4.89-4.55 (1H, m),
3.00 (3H, s), 2.55-2.48 (2H, m), 2.02-1.75 (6H, m), 1.60-0.85 (32H, m),
0.67 (3H, s). *C NMR (125 MHz, CDCls) § 138.8, 124.0, 82.2, 56.8,
56.3, 50.1, 42.4, 39.8, 39.6, 39.3, 38.9, 37.0, 36.5, 36.3, 35.9, 32.0,
31.9,29.1, 28.3,28.2, 24.4,24.0, 23.0, 22.7,21.2,19.3, 18.9, 12.0.

Synthesis of 38-azido-5-cholestene 2

To a stirred solution of mesylate 1 (3.365 g, 7.24 mmol) and
anhydrous CH,Cl, (70 mL) under an inert atmosphere, was added
TMSNs5 (1.2 mL, 8.29 mmol) and BF3-(OEty), (2.3 mL, 18.64 mmol).
The reaction was stirred for 16 h before being poured into a stirred
solution of 2 M NaOH (20 mL). The crude material was extracted
with CH,Cl, (3 x 50 mL). The combined organic portions were
washed with brine (50 mL), dried (Na,SO,), filtered, and concen-
trated in vacuo to give a yellow oil. The crude material was purified
using column chromatography (pet. spirits) to give the title com-
pound (1.802 g, 60%) as a white solid. Ry = 0.27 (pet. spirits). m.p
87-88°C. (lit. 84-86°C).4° 1H NMR (500 MHz, CDCls) § 5.39 (1H, d,
J=4.1Hz),3.24-3.17 (1H, m), 2.29 (2H, d, ] = 7.9 Hz), 2.03-1.96 (2H,
m), 1.92-1.79 (3H, m), 1.60-1.23 (12H, m), 1.19-0.86 (21H, m), 0.68
(3H, s). 13C NMR (125 MHz, CDCls) § 140.0, 122.7, 61.3, 56.9, 56.3,
50.2, 42.5, 39.9, 39.7, 38.3, 37.7, 36.8, 36.3, 35.9, 32.02, 31.96, 28 .4,
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28.2, 28.1, 24.4, 24.0, 23.0, 22.7, 21.1, 19.4, 18.9, 12.0. HRMS (ESI,
m/z) for C27H45N3 [M + H—N2]+ calc. 384.3625; found 384.3616.

ReCholesterol

Realkyne (66 mg, 0.11 mmol) and 2 (44.0 mg, 0.11 mmol)
were added to 10.0 mL of a 3:1 THF/H,0O mixture, along with
CuSO4e5H,0 (6 mg, 0.0213 mmol) and sodium ascorbate (2 mg,
0.016 mmol). The solution was heated to 60°C and stirred for 2 d.
After this time, H,O (20 mL) and CH,Cl, (20 mL) were added. The
organic layer was extracted and dried over anhydrous MgSO,.
After removal of the solvent, the crude product was purified
using column chromatography (neutral Brockmann II alumina
as stationary phase) using CH,Cl, as eluent, to give the target
compound as a yellow solid (63 mg, 55%). Rf = 0.51 (CH,Cl,). 'H
NMR (500 MHz, DMSO-de) § 9.58 (2H, dd, ] = 5.2, 1.4 Hz), 9.00 (2H,
dd, ] = 8.3, 1.5 Hz), 8.71 (1H, s), 8.32 (2H, s), 8.14 (2H, dd, ] = 8.3,
5.2 Hz),7.76 (2H, d,J = 8.7 Hz), 7.57 (2H, d,] = 8.7 Hz), 5.44 (1H, br
S),4.42-4.36 (1H,m), 2.82-2.74 (1H, m), 2.11-1.94 (5H, m), 1.86-1.73
(1H, m), 1.59-0.96 (23H, m), 0.90 (3H, d, ] = 6.6 Hz), 0.86-0.84 (6H,
m), 0.67 (3H, s). 3C NMR (125 MHz, DMSO-de) § 196.7, 161.4, 153.6,
146.5, 145.6, 140.2, 139.1, 131.0, 130.3, 129.3, 127.7, 126.7, 126.0,
125.2,123.0, 120.2, 60.0, 56.6, 55.6, 51.7, 42.6, 36.9, 36.2, 35.6, 35.2,
31.3, 294, 27.8, 26.7, 25.3, 23.2, 22.7, 22.4, 20.5, 19.0, 18.6, 12.7.
HRMS (ESI, m/z) for Cs1HsgNoOsRe [M + H|* calc. 1032.4293; found
1032.4319.

Synthesis of 3a-bromo-5a-cholestane 3

To a stirred solution of 5«-cholestan-38-ol (3.106 g, 7.99 mmol),
PPhs (2.962 g, 11.29 mmol), and CH,Cl, (40 mL), was added
CBr, (3.200 g, 9.65 mmol) slowly. The mixture was stirred
at ambient temperature for 16 h over which time the
colour turned light brown. The reaction mixture was con-
centrated under reduced pressure and the crude material
was purified using a silica plug (10% EtOAc in pet. spirits)
to give the desired product (3.583 g, 99%) as a white solid.
Ry = 0.81 (10% EtOAc in pet. spirits). m.p 102-103°C. (lit.
102-104°C) 4 'H NMR (500 MHz, CDCls) 8 4.74-4.73 (1H, m),
1.99-1.93 (3H, m), 1.85-1.64 (SH, m), 1.58-1.46 (SH, m), 1.38-1.28
(4H, m), 1.27-0.94 (13H, m), 0.91-0.78 (13H, m), 0.65 (3H, s). 3C
NMR (125 MHz, CDCls) § 56.5, 56.3, 56.2, 54.0, 42.7, 40.2, 40.1, 39.6,
37.4,36.33, 36.27, 35.9, 35.5, 33.0, 31.9, 31.1, 28.3, 28.1, 28.0, 24.3,
24.0,22.9,22.7,20.9, 18.8,12.4,12.2.

Synthesis of 38-azido-5«-cholestane 4

A solution of bromo 3 (455 mg, 1.01 mmol), NaN3 (332 myg,
5.11 mmol), and DMF (10 mL) was stirred for 16 h at 100°C. The
mixture was concentrated to approximately a third of its volume
under a stream of air and then diluted with EtOAc (20 mL). The
organic phase was washed with H,O (3 x 10 mL), brine (10 mL),
dried (Na,SO,), filtered, and concentrated in vacuo to give a yel-
low oil. The material was purified using column chromatography
(pet. spirits) to give the desired product (258 mg, 62%) as a white,
waxy solid. Ry = 0.29 (pet. spirits). m.p 63-64°C. (lit. 65-67°C).** H
NMR (500 MHz, CDCl3) § 3.29-3.22 (1H, m), 1.98-1.95 (1H, m), 1.84—
1.74 (3H, m), 1.69-1.64 (1H, m), 1.60-1.43 (SH, m), 1.39-1.19 (10H,
m), 1.14-0.94 (10H, m), 0.90-0.85 (10H, m), 0.80 (3H, s), 0.65 (3H, s).
3C NMR (125 MHz, CDCl3) § 60.8, 56.6, 56.4, 54.4, 45.4, 42.7, 40.1,
39.7,37.3,36.3,35.9,35.7,35.6,34.2,32.1,28.8,28.4, 28.2,27 .8, 24.3,
24.0,23.0,22.7,21.3,18.8, 12.4, 12.2. HRMS (ESI, m/z) for Cy;H7N3
[M + H—Njy]* calc. 386.3781; found 386.3787.
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ReCholestanol

Realkyne (59 mg, 0.092 mmol) and 4 (38 mg, 0.092 mmol)
were added to 10.0 mL of a 3:1 THF/H,0O mixture, along with
CuSO4e5H,0 (5 mg, 0.018 mmol) and sodium ascorbate (2 mg,
0.009 mmol). The solution was heated at 60°C and stirred for
2 d. After this time, H,O (20 mL) and CH,Cl, (20 mL) were added.
The organic layer was extracted and dried over anhydrous MgSOy.
After removal of the solvent, the crude product was purified us-
ing column chromatography (neutral Brockmann II alumina as
stationary phase) using CH,Cl, as eluent, to give the target com-
pound as a yellow solid (42 mg, 44%). Ry = 0.49 (CH,Cl,). '"H NMR
(500 MHz, acetone-ds) § 9.66 (2H, dd, ] = 5.1, 1.4 Hz), 8.97 (2H, dd,
J=83,1.4Hz),8.40 (1H,s),8.31 (2H, s), 8.18 (2H, dd, ] = 8.3, 5.2 Hz),
7.77 (2H, d,] = 8.6 Hz), 7.68 (2H, d, ] = 8.6 Hz), 4.60-4.51 (1H, m),
1.94-1.00 (30H, m), 0.97-0.04 (6H, m), 0.88-0.86 (6H, m), 0.72 (3H, s).
BC NMR (125 MHz, acetone-dg) § 163.3, 155.6, 150.1, 147.2, 140.3,
133.2,131.7,130.5,129.1, 127.9, 127.0, 126.0, 119.4, 61.0, 57.4, 57 .2,
55.1, 46.3, 43.4, 40.9, 40.3, 38.1, 37.0, 36.6, 36.4, 36.2, 32.8, 28.9,
28.7, 249, 24.6, 23.1, 22.8, 21.9, 19.1, 12.6, 12.5. HRMS (ESI, m/z)
for Cs1HegoNoOsRe [M + H]™ calc. 1034.4449; found 1034.4432.

Synthesis of tetraethylene glycol monotosylate 5%

To a stirring solution of TEG (9.0 mL, 52.13 mmol) in CH,Cl,
(11 mL) at 0°C, was added TsCl (1.011 g, 5.30 mmol) and EtsN
(1.1 mL, 7.89 mmol). The reaction was slowly warmed to ambient
temperature and stirring was maintained for a further 18 h. The
mixture was diluted with CH,Cl, (10 mL) and washed with H,0
(3 x 10 mlL), brine (10 mL), dried (Na,SOy), filtered, and concen-
trated in vacuo to give the desired product (1.593 g, 86%) as a
colourless oil. '"H NMR (500 MHz, CDCl3) 6 7.79 (2H, d, ] = 8.3 Hz),
7.34 (2H, d,] = 8.3 Hz), 4.16 (2H, t, ] = 4.8 Hz), 3.72-3.56 (14H, m),
2.44 (3H, s). ®*C NMR (125 MHz, CDCl3) § 145.0, 133.1, 130.0, 128.1,
72.6,70.9,70.8,70.6,70.5, 69.4,68.8, 61.9, 21.8. HRMS (ESI, m/z) for
C15H2407S [M + H]* calc. 349.1316; found 349.1312.

Synthesis of 11-azido tetraethylene glycol 6%2

A mixture of tosylate 5 (5.983 g, 17.17 mmol), NaNs (3.361 g,
51.70 mmol), and DMF (60 mL) was stirred at 100°C for 4 h, pro-
tected from light. The mixture was concentrated under a stream
of N, and the white solid was dissolved in CH,Cl, (80 mL). The or-
ganic phase was washed with H,O (3 x 80 mL) and the aqueous
portions were combined and extracted with CH,Cl, (3 x 80 mL).
The combined organic portions were dried (Na,;SO,), filtered and
concentrated in vacuo to give the title compound as a pale-yellow
oil (2.949 g, 78%). 'H NMR (500 MHz, CDCls) § 3.73-3.72 (2H, m),
3.68-3.61 (10H, m), 3.62-3.60 (2H, m), 3.40-3.38 (2H, m), 2.29 (1H, s).
3C NMR (125 MHz, CDCl3) § 72.6, 70.9, 70.8, 70.7, 70.5, 70.2, 61.9,
50.8. HRMS (ESI, m/z) for CgH17N304 [M + H]* calc. 220.1292; found
220.1294.

Synthesis of 11-azido-1-mesyltetraethylene glycol 74

To a stirred solution of alcohol 6 (1.373 g, 6.26 mmol) and EtsN
(2.5 mL, 17.94 mmol) in anhydrous CH,Cl, (35 mL) at 0°C un-
der an inert atmosphere, was added dropwise MsCl (1.00 mL,
12.92 mmol). The reaction was warmed to ambient temperature
and stirred for 16 h before being washed with sat. NaHCOs (30 mL),
H,0 (3 x 30 mL), brine (30 mL), dried (Na,;SOs,), filtered, and con-
centrated in vacuo to give a yellow oil. The crude material was pu-
rified using column chromatography (EtOAc) to give the desired
product as a pale-yellow oil (1.427 g, 77%). Ry = 0.46 (EtOAc). 'H
NMR (500 MHz, CDCls) § 4.40-4.37 (2H, m), 3.78-3.76 (2H, m), 3.68—
3.65 (10H, m), 3.39 (2H, t,J = 5.2 Hz), 3.07 (3H, s). 13.C NMR (125 MHz,

CDCls) § 70.84, 70.80, 70.76, 70.2, 69.4, 69.2, 50.8, 37.8. HRMS (ESI,
m/z) for CoH19N306S [M + Na]* calc. 320.0887; found 320.0896.

Synthesis of 11-azido-1-phthalimidotetraethylene glycol 842

Amixture of mesylate 7 (1.420 g, 4.78 mmol), potassium phthalim-
ide (980 mg, 5.29 mmol), and anhydrous DMF (25 mL) was stirred
under an inert atmosphere at 120°C, protected from light, for 22 h.
The mixture was concentrated under a steam of N, and the off-
white solid was suspended in CH,Cl, (30 mL) and extracted with
H,0 (30 mL). The aqueous layer was extracted with CH,Cl, (3 x
30 mL) and the organic portions were combined and washed with
H,0 (3 x 30 mL), brine (30 mL), dried (Na,SO,), filtered and con-
centrated in vacuo to give a dark yellow oil. The crude material
was purified using column chromatography (20-50% EtOAc in pet.
spirits) to give the desired product (1.162 g, 70%) as a colourless
oil. Rf = 0.37 (50% EtOAc in pet. spirits). "H NMR (500 MHz, CDCls)
§7.85-7.83 (2H, m), 7.72-7.70 (2H, m), 3.90 (2H, t, ] = 5.9 Hz), 3.74
(2H, t, ] = 5.9 Hz), 3.67-3.59 (10H, m), 3.36 (2H, t, ] = 5.2 Hz). 3C
NMR (125 MHz, CDCls) § 168.4, 134.1, 132.3, 123.4, 70.81, 70.78,
70.3,70.1,68.1,50.8, 37.4. HRMS (ESI, m/z) for C15HoN4Os [M + H]|*
calc. 349.1506; found 349.1486. Anal. RP-HPLC: tg 11.87 min,
purity > 99%.

Synthesis of 1-amino-11-azidoetraethylene glycol 942

To a solution of thalimide 8 (978 mg, 2.81 mmol) in anhydrous
EtOH (28 mL) was added NpH4-H,0 (550 pL, 11.34 mmol) and the
heterogenous mixture was stirred under an inert atmosphere at
79°C, protected from light for 16 h. The reaction mixture was con-
centrated under reduced pressure and the white solid was sus-
pended in a solution of 2 M HCI (18 mL) and stirred at 100°C for
1h. The reaction mixture was cooled to ambient temperature and
then cooled on ice for 1 h before the white precipitate was re-
moved using vacuum filtration. The filtrate was neutralised us-
ing 3 M NaOH and then concentrated to approximately one third
of its volume under a stream of N,. The filtrate was diluted with
CH,Cl, (70 mL) and 4 M NaOH (20 mL) and the two phases were
separated. The aqueous portion was extracted with CH,Cl, (3 x
70 mL) and the combined organic portions were washed with 3 M
NaOH (2 x 30 mL), dried (Na,S0s4), filtered and concentred in vacuo
to give the title compound as a colourless oil (586 mg, 96%). 'H
NMR (500 MHz, CDCls) § 3.68-3.61 (10H, m), 3.52 (2H, t,] = 5.2 Hz),
3.38 (2H, t,] = 5.2 Hz), 2.87 (2H, t,J = 5.3 Hz), 1.83 (2H, br s). 13C
NMR (125 MHz, CDCls) § 73.3, 70.80, 70.78, 70.76, 70.4, 70.2, 50.8,
41.8. HRMS (ESI, m/z) for CgH1gN,O5 [M + H]* calc. 219.1452; found
219.1455.

Synthesis of cholestenyl-TEG-azide 10

A solution of cholesterol (46 mg, 0.119 mmol), CDI (25 mg,
0.155 mmol), and anhydrous THF (400 pL) was stirred at ambi-
ent temperature, under an inert atmosphere for 24 h. To the stir-
ring solution was added amine 9 (157 mg, 0.719 mmol) and the
reaction was stirred at ambient temperature for 24 h. The reac-
tion mixture was concentrated under a stream of N, and the re-
sulting oil was dissolved in EtOAc (10 mL) and washed with H,O
(2 x 10 mL), brine (10 mL), dried (Na,SO,), filtered and concen-
trated under reduced pressure. The crude material was purified
using column chromatography (20-50% EtOAc in pet. spirits) to
give the desired product (38 mg, 51%) as a colourless, viscous oil.
Rr = 0.41 (50% EtOAc in pet. spirits). "H NMR (500 MHz, CDCls) &
5.37-5.36 (1H, m), 5.14 (1H, br s), 4.51-4.47 (1H, m), 3.69-3.61 (10H,
m), 3.56-3.54 (2H, m), 3.40-3.35 (4H, m), 2.37-2.34 (1H, m), 2.29—
2.24 (1H, m), 2.01-1.79 (5H, m), 1.72-0.85 (33H, m), 0.67 (3H, s). 1C
NMR (125 MHz, CDCls) § 156.3,140.0, 122.6,74.4,70.80,70.79, 70.76,
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70.4,70.3,70.2,56.8,56.3,50.8,50.2,42.5,40.8,39.9,39.7,38.7, 37.1,
36.7, 36.3, 35.9, 32.04, 32.01, 28.4, 28.3, 28.2, 24.5, 24.0, 23.0, 22.7,
21.2,19.5,18.9,12.0. HRMS (ESI, m/z) for C36HgyN.Os [M 4+ H|* calc.
631.4793; found 631.4795.

Synthesis of cholestanyl-TEG-azide 11

A solution of 5a-cholestan-38-ol (85 mg, 0.219 mmol), CDI (49 mg,
0.302 mmol), and anhydrous THF (800 L) was stirred at ambient
temperature, under an inert atmosphere for 24 h. To the stirring
solution was added amine 9 (289 mg, 1.32 mmol) and the reaction
was stirred at ambient temperature for 24 h. The reaction mix-
ture was concentrated under a stream of N, and the resulting oil
was dissolved in EtOAc (10 mL) and washed with H,O (2 x 10 mL),
brine (10 mL), dried (Na,S0y), filtered and concentrated under re-
duced pressure. The crude material was purified using column
chromatography (50% EtOAc in pet. spirits) to give the desired
product (99 mg, 71%) as a colourless, viscous oil. Ry = 0.37 (50%
EtOAc in pet. spirits). 'H NMR (500 MHz, CDCls) § 5.12-5.06 (1H,
m), 4.60-4.55 (1H, m), 3.69-3.61 (10H, m), 3.56-3.54 (2H, m), 3.40—
3.35 (4H, m), 1.97-1.93 (1H, m), 1.84-1.76 (2H, m), 1.73-1.69 (1H,
m), 1.66-0.85 (35H, m), 0.81 (3H, s), 0.64 (3H, s). 1*C NMR (125 MHz,
CDCls) § 156.5, 74.2, 70.9, 70.80, 70.76, 70.4, 70.3, 70.2, 56.6, 56.4,
54.4,50.8, 44.8, 42.7, 40.8, 40.1, 39.7, 36.9, 36.3, 35.9, 35.63, 35.57,
34.6, 32.1, 28.8, 28.4, 28.2, 28.0, 24.3, 24.0, 23.0, 22.7, 21.3, 18.§,
12.4,12.2. HRMS (ESI, m/z) for C3sHesN4Os [M + H]* calc. 633.4949;
found 633.4965.

Synthesis of ReTEGCholesterol

A mixture of ReAlkyne (31 mg, 0.050 mmol), azide 10 (37 mg,
0.059 mmol), sodium ascorbate (11 mg, 0.056 mmol), and
CuSO4-5H,0 (6 mg, 0.024 mmol) in 1:1 CH,Cl,/H,0 (2 mL) was
stirred at ambient temperature under an inert atmosphere for
24 h. The reaction mixture was diluted with CH,Cl, (5 mL) and
transferred to a separatory funnel. The organic phase was washed
with HyO (3 x 5 mlL), brine (5 mL), dried (Na,SOy), filtered and con-
centrated in vacuo to give a yellow film. The crude material was
purified using column chromatography (CH,Cl, to 2% MeOH in
CH,Cl, to 10% MeOH in CH,Cl,) to give the title compound (27 mg,
44%) as a waxy, yellow solid. Rf = 0.61 (10% MeOH in CH,Cl,). m.p.
117-119°C. '"H NMR (500 MHz, CDCl3) § 9.53 (2H, d,] = 5.0 Hz), 8.58
(2H, d,] = 8.0 Hz), 8.01 (2H, s), 7.96 (1H, s), 7.91-7.90 (4H, m), 7.75
(?H, d,] = 8.0 Hz), 5.35 (1H, d, ] = 4.6 Hz), 5.14 (1H, t,] = 4.7 Hz),
457 (2H, t,] = 4.6 Hz), 4.49-4.43 (1H, m), 3.89 (2H, t,] = 4.9 Hz),
3.61-3.46 (10H, m), 3.30-3.29 (2H, m), 2.35-2.21 (2H, m), 2.01-1.81
(6H, m), 1.57-0.85 (32H, m), 0.67 (3H, s). 1*C NMR (125 MHz, CDCl3)
5 196.4, 193.4, 162.1, 156.3, 153.9, 153.1, 147.6, 147.4, 140.0, 138.8,
138.2, 131.3, 130.6, 127.8, 127.2, 126.2, 125.8, 122.6, 121.3, 74.4,
70.7, 70.60, 70.56, 70.3, 70.2, 69.6, 56.8, 56.2, 50.4, 50.1, 42.4, 40.7,
39.9, 39.6, 38.7, 37.1, 36.7, 36.3, 35.9, 32.02, 31.98, 28.4, 28.3, 28.1,
24.4, 24.0, 23.0, 22.7, 21.2, 19.5, 18.8, 12.0. HRMS (ESI, m/z) for
CooH75N19OgRe [M + HJT calc. 1251.5400; found 1251.5424. Anal.
RP-HPLC: tg 25.48 min, purity > 96%.

Synthesis of ReTEGCholestanol

A mixture of ReAlkyne (35 mg, 0.056 mmol), azide 11 (44 mg,
0.070 mmol), sodium ascorbate (26 mg, 0.131 mmol), and
CuS04-5H,0 (14 mg, 0.056 mmol) in 1:1 CH,Cl,/H,0 (2.4 mL) was
stirred at ambient temperature under an inert atmosphere for
24 h. The reaction mixture was diluted with CH,Cl, (15 mL) and
transferred to a separatory funnel. The organic phase was washed
with H,O (3 x 10 mL), brine (10 mL), dried (Na,SOs), filtered and
concentrated in vacuo to give a yellow film. The crude material
was purified using column chromatography (CH,Cl, to 3% MeOH
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in CH,Cl) to give the title compound (32 mg, 46%) as a yellow wax.
Rr=0.51 (10% MeOH in CH,Cly). *"H NMR (500 MHz, CDCls) § 9.54
(2H,d,J = 5.1 Hz), 8.58 (2H, d, ] = 8.2 Hz), 8.01 (2H, s), 7.95-7.88
(SH, m), 7.74 (2H, d,] = 8.2 Hz), 5.10 (1H, br s), 4.58-4.56 (2H, m),
3.89 (2H, t,] = 4.9 Hz), 3.62-3.54 (8H, m), 3.47 (2H, t, ] = 4.9 Hz),
3.31-3.28 (2H, m), 1.96-1.93 (1H, m), 1.82-1.78 (2H, m), 1.70-0.78
(41H, m), 0.64 (3H, s). 3C NMR (125 MHz, CDCls) § 196.4, 193.5,
156.5.1, 153.9, 153.2, 147.6, 138.7, 138.2, 130.6, 127.8, 127.2, 126.2,
126.0,125.8,121.3,74.2,70.7,70.61,70.58,70.3,70.2,69.6, 56.5, 56 .4,
50.3,50.5, 44.8, 42.7, 40.8, 40.1, 39.6, 36.9, 36.3, 35.9, 35.60, 35.55,
34.6,32.1,28.8,28.4,28.1,28.0,24.3,24.0,23.0,22.7,21.3,18.8,12 4,
12.2. HRMS (ESI, m/z) for CeoH7,N19OgRe [M + H]* calc. 1253.5556;
found 1253.5543. Anal. RP-HPLC: tg 23.61 min, purity > 93%.

General methods for cell application

Human prostate non-malignant PNTla and prostate cancer
22Rv1, LNCaP (clone FCG), and PC3 cell lines were obtained
from the European Collection of Cell Cultures via CellBank Aus-
tralia (Children’s Medical Research Institute, Westmead, NSW,
Australia). Prostate cell lines PNT1a, 22Rv1, and LNCaP were main-
tained with RPMI culture medium (Gibco) supplemented with 10%
fetal bovine serum (Moregate BioTech). PC3 cell lines were main-
tained in Ham'’s F12K culture medium (Gibco) supplemented with
10% fetal bovine serum. Culture media were replaced every 2 to
3 d and cells were sub-cultured when they reached 80-90% con-
fluency. Cells were maintained at 37°C with 5% CO,. For experi-
ments cells were cultured at the following densities: PNT1a 8 x
10%; 22Rv1 8 x 10% LNCaP 6 x 10%; and PC3 4 x 10%. All cell lines
were maintained in RPMI culture medium supplemented with
10% fetal bovine serum for 24 h, once seeded for experiments.
Following 24 h, the culture medium was replaced with fresh RPMI
culture medium containing no fetal bovine serum and cells were
incubated for a further 24 h. Serum starvation was applied as
serum contains albumin which interacts with neutral Re(I) com-
plexes, affecting their emission properties*> and which may en-
hance cholesterol efflux from cells.##4> It also contains choles-
terol which would likely interfere with ReTEGCholestanol uptake.
Once cells were starved, they were treated with an imaging com-
pound by replacing half of the culture medium with fresh warm
culture medium containing the imaging compound of interest at
10 uM to give a final concentration of ~5 uM. For the final stain-
ing protocols, the 10 uM solution of ReTEGCholestanol was cen-
trifuged (Eppendorf, 5424 R) at 15000 rpm for 10 min to remove
any solids/aggregates. Only small quantities of particulate matter
were removed following centrifugation of ReTEGCholesanol and
therefore, while we acknowledge the final concentration used for
incubation was less than the ideal 5 uM, it is not anticipated to be
significantly less. Control cells were treated with the equivalent
amount of DMSO. Cells were incubated for a further 24 h prior to
imaging or for other staining applications.

Cell Discoverer 7 imaging and quantification of
luminescence intensity

For Cell Discoverer 7 (Zeiss) high throughput widefield micro-
scope imaging, cells were seeded on glass-bottom 96-well plates
(Greiner) and stained with ReTEGCholestanol as described above
(Section 2.3). Cells were imaged under culture conditions (37°C, 5%
CO») using 50x Plan-Apochromat Objective, with 385 nm excita-
tion wavelength (LED light intensity 5.4%, exposure time 70 ms)
and phase gradient channel (transmitted light intensity 10%,
exposure time 48 ms). Five images were taken per cell line.
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The luminescence intensity of ReTEGCholestanol for each
image was quantify using Zen Blue software (3.0), according to
the equation:

Lintensity = LreTEGCholestanol — LDMso

where Lis luminescence. The luminescence intensity for each cell
line was an average of five images taken per experiment, which
was repeated 3 times independently. The data were presented as
mean + standard deviation (SD).

Cell viability assay

Cell viability was assessed using the colorimetric MTS assay
(Promega). Cells were seeded onto black 96-well plates (Corning
Costar) and incubated with the compound of interest or DMSO as
described in Section 2.3. Untreated cells kept for 24 h in RPMI me-
dia with no fetal bovine serum served as a control for this assay.
After a 24 h incubation, MTS reagent was added at 10% of the total
volume and cells were then incubated for a further 3 h. The ab-
sorbance was measured at 490 nm wavelength using an EnSpire
Plate Reader (Perkin Elmer). Cell viability was reported as a pro-
portion, calculated by comparing the absorbance of cells treated
with the compound of interest, or DMSO against the control cells,
which were assigned a viability value of 1. Final values have been
reported as the mean =+ SD of four biological replicates.

Cell staining and immunofluorescence

For co-staining studies, cells were seeded on 8-well pu-slides
(Ibidi). Following 24 h incubations with ReTEGCholestanol fur-
ther staining was performed using specific dyes for acidic vesi-
cles (LysoTracker™; Invitrogen), mitochondria (MitoTracker™;
Invitrogen), neutral lipids/lipid droplets (LipidTox™; Invitrogen)
or plasma membrane (CellMask™, Invitrogen). Live cells were
stained with 75 nM Lysotracker™ Deep Red for 40 min or with
0.5 uM MitoTracker™ Deep Red for 20 min in serum-free media
under culture conditions. After incubation with a specific probe,
the staining solution was removed, and fresh culture medium
was added to the cells followed by confocal imaging. For neu-
tral lipids/lipid droplets staining, cells were fixed for 12 min with
cold solution containing 8% paraformaldehyde and 8% sucrose in
PBS (fixative solution), which was added to cells in warm culture
medium at 1:1 ratio. After fixation, cells were washed 3 x 5 min
in PBS, followed by LipidTox™ Deep Red staining (1:1000 in PBS,
30 min), following a wash step confocal imaging was performed.
For cell membrane staining live cells were incubated with Cell-
Mask (1:1000) for 5 min in serum-free culture medium under cul-
ture conditions and then washed with PBS. Cells were then fixed
with 4% paraformaldehyde, washed 3 times with PBS and imaged
in PBS using confocal microscopy.

For immunofluorescence, cells were cultured on glass cover-
slips in 24-well plate (Falcon) and then incubated for 24 h with
ReTEGCholestanol and fixed with cold fixative solution as de-
scribed above. Cells were blocked and permeabilized in block-
ing buffer (2.5% BSA containing 0.05% saponin) for 1 h before
incubation with primary antibodies (diluted in blocking buffer)
at 4°C overnight. Cells were washed 3 x 5 min in PBS, followed
by secondary antibody (diluted in blocking buffer) staining (anti-
mouse or anti-rabbit Alexa Fluor 647; Invitrogen) performed for
1 h at room temperature. Cells were then washed 3 x 5 min
in PBS and mounted in Prolong Gold media containing DAPI
(Thermofisher). The slides were allowed to cure for 24-48 h be-
fore imaging. Immunofluorescence was performed using antibod-
ies against Rab5 (Abcam ab18211, 5 ug/mL), EEA1 (Thermofisher,

SC-6415, 1 ng/mL), CD63 (Abcam ab1318, 2 ug/mlL), and Lampl
(Abcam ab24170, 5 ug/mL).

Confocal Imaging

Cells were imaged with a Nikon A + confocal microscope (Nikon,
Japan), equipped with a LU-N4/LU-N4S 4-laser unit (403, 488, 561,
and 638 nm), the A1-DUG GaAsP Multi Detector Unit (2 GaAsP
PMTs + 2 standard PMTs), a 32 channel spectral detector (Nikon,
Minato, Tokyo, Japan) and a Uno-Combined-Controller, CO;, mi-
croscope electric top stage incubation system (Okolab, Pozzuoli,
NA, Italy) to maintain live cells at 37°C and 5% CO,.*® ReTEGC-
holestanol signal was recorded using 403 nm excitation wave-
length (2% laser power) and 505-600 nm detection, while deep red
signal was recorded using 638 nm excitation wavelength (5% laser
power) and 665-750 nm detection. Single-stained controls were
imaged with each luminescence channel to identify and minimize
bleed-through. Images were captured using a Plan Apo A 60x oil
immersion objective.

Co-localization measurement

Thresholded Mander’s co-localisation coefficients (M1, M2) were
obtained using Image] software (2.1.0) with JACoP plug-in. Man-
der’s coefficients report the proportion of signal in one channel
that co-localizes with the other channel* In our case M1 coef-
ficient informs on the amount of ReTEGCholestanol which over-
laps with the other fluorophore, while M2 indicates a given fluo-
rophore signal that overlaps with ReTEGCholestanol. Five images
were analyzed for each marker and the data were presented as
mean =+ SD.

Results
Chemical synthesis and characterization

A copper(l)-catalyzed alkyne azide cycloaddition (CuAAC)
approach—a common form of “click chemistry’—was used for
the synthesis of our desired Re(l) steroidal conjugates, specif-
ically cholesterol and cholestanol. In all instances Realkyne
was employed as the alkyne coupling partner, whilst the azide
components were prepared in-house. Functionalization through
the steroidal hydroxyl handle was selected as this has previ-
ously been performed for the preparation of cholesterol*® and
cholestanol*® conjugates. Direct conjugations between each of
the two steroidal frameworks and Realkyne was pursued first
(Scheme 1). In order to preserve stereochemistry at the C3-
position, the hydroxyl group of cholesterol was firstly activated
using methanesulfonyl chloride (MsCl), followed by substitu-
tion with the requisite azido moiety using trimethylsilyl azide
(TMSN3) and a Lewis acid to give 2.*° Conjugation of 2 with
Realkyne proceeded smoothly to give ReCholesterol in 55%
yield after a chromatographic purification step. When the same
strategy was trialled on cholestanol the azidation step failed with
no consumption of starting material observed, as evidenced by 'H
NMR analysis. Therefore, cholestanol azide 4 was accessed over
two Sn2 steps; bromination and azidation using NaNs.*! CuUAAC
coupling between Realkyne and azide 4 was then performed to
give ReCholestanol in 44%.

We also prepared two Re(I) complexes in which the steroid moi-
ety (cholesterol or cholestanol) was separated from the Re(l) moi-
ety by a short TEG linker to improve the water solubility and
limit interference of the Re(I) complex with potential cholesterol-
membrane interactions. Following the procedure described by
Trinh and co-workers,*? azido-TEG-NH, 9 was synthesised over
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ReCholestanol

Scheme 1 Reagents and conditions: (i) MsCl, EtsN, CH,Cl,, 21°C, 4h, 1 (86%); (ii) TMSNs, BF3-(OEt),, CH,Cly, 21°C, 16 h, 2 (60%); (iii) ReAlkyne,
CuS04-5H,0, sodium ascorbate, THF/H,0 3:1, 50°C, 2 d, ReCholesterol (55%); (iv) CBrs, PPhs, CH,Cl,, 21°C, 16 h, 3 (99%); (v) NaNs, DMF, 100°C, 16 h, 2
(62%); (vi) ReAlkyne, CuSO4-5H,0, sodium ascorbate, THF/H,O 3:1, 50°C, 2d, ReCholestanol (44%).

(A)
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TEG i |:

erve—

R=0Ts( 5)
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'Vl:R PhthN (8)

v Na/ﬁvo\/’\o/\/o\/\NHz

9

vi, vii
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vi, vii
—l

Cholestanol

1"

Scheme 2 Synthesis of linker 9 (A) and azido steroids 10 and 11 (B). Reagents and conditions: (i) TsCl, EtsN, CH,Cl, 21°C, 16 h, 5 (86%); (ii) NaN3, DMF,
100°C, 4h, 6 (78%); (iii) MsCl, EtsN, CH,Cl,, 21°C, 16 h, 7 (77%); (iv) Potassium thalimide, DMF, 120°C, 22 h, 8 (70%); (v) NoH,-H,0, EtOH, 79°C, 16 h, 9 (96%);

(vi) CDI, THF, 21°C, 24 h; (vii) 9, THF, 21°C, 16 h, 10 (51%), and 11 (71%).

five steps from TEG using a protecting group strategy. Briefly,
TEG was selectively protected using p-toluenesulfonyl chloride
(TsCl) under basic conditions to give 5 which was then azi-
dated using NaNjs in DMF at 100°C. The remaining alcohol han-
dle was then converted to mesylate 7 before being substituted
with potassium thalimide under thermal conditions to give 8. Re-
duction of thalimide 8 using hydrazine monohydrate (N,Hs-H,0)
proceeded smoothly to give the requisite azido-TEG-NH, link-
ing group. Installation of amine 9 onto cholesterol has been
previously reported®® and as such, cholesterol and cholestanol
were each functionalized over two steps in one-pot using 1,1'-
carbonyldiimidazole (CDI) in anhydrous tetrahydrofuran (THF) to

firstly form the reactive ester intermediate, before amine 9 was
added to ultimately form a carbamate. The desired carbamates
(10 and 11, Scheme 2) were isolated after a chromatographic
purification step in each case.

With azides 10 and 11 in hand, CuAAC coupling was carried out
using ReAlkyne in a biphasic mixture of CH,Cl, in H,O (Scheme 3).
Each conjugate required a careful chromatographic purification
step in order to isolate the desired products. Attempts to fur-
ther improve the purity of both conjugates by crystallization and
preparative HPLC were unsuccessful, however, 'H NMR analysis
indicated the impurity was unreacted 10 or 11, respectively. Given
the aim of this study is to track cholesterol derivatives in live cells,
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Scheme 3 Reagents and conditions: (i) ReAlkyne, CuSO,-5H,0, sodium ascorbate, CH,Cl,/H,0, 21°C, 24 h, ReTEGCholesterol (44%), and

ReTEGCholestanol (46%).

we decided a small amount of this impurity would unlikely inter-
fere in our pursuit. Therefore, the four Re(I)steroidal conjugates
were of acceptable purity to proceed with biological evaluation.

Biological compatibility

In order to deliver the cholesterol compounds into live cells or
other biological systems, most protocols require the incubation
of cells with the compound at low concentration in aqueous so-
lutions, such as cell culture media or physiological buffers.>!:>?
To overcome the non-polar nature of the compounds synthe-
sized in this study, serial dilution steps were performed, first into
DMSO, which can dissolve both polar and non-polar materials,
followed by dilution into the aqueous media for final delivery.
Unfortunately, ReCholesterol and ReCholestanol were unable to
be properly dissolved in aqueous cell culture media using an ac-
ceptable concentration of DMSO for live cell imaging (i.e., <1%);>
these complexes were therefore excluded from further cell biol-
ogy imaging experiments. The introduction of the TEG linker did
improve compound solubility and complexes were able to be sol-
ubilized to a level that allowed incubations with live cells. Imaging
by confocal microscopy revealed precipitation of the complexes,
especially ReTEGCholesterol, on the cell membranes and surface
of the slides, which was unable to be removed, even with vigor-
ous wash steps. The particulate matter was not expected to be
the effect of the compounds decomposition as our Re(l) tricar-
bonyl tetrazolato complexes are highly stable®® and the fluores-
cent crystals were visible straight after adding the probes to cells.
To address this issue culture media containing ReTEGCholes-
terol or ReTEGCholestanol were centrifuged (Eppendorf, 5424 R at
15000 rpm for 10 min) to remove any insoluble or aggregate ma-
terial. Following this step, only ReTEGCholestanol was still able to
be detected in cells by fluorescence microscopy and was therefore
selected for further evaluation by cellular imaging.

The imaging of ReTEGCholestanol was conducted in four
prostate cell lines: non-malignant cell line PNT1a and malig-
nant cell lines 22Rv1, LNCaP and PC3. We chose prostate can-
cer cells for this study as alterations in lipid metabolism, in-
cluding cholesterol, are a hallmark of prostate cancer. The ma-
lignant cell lines differ in their origin, androgen-sensitivity and
consequently lipid-dependance. LNCaP cell line was derived from
lymph node metastatic site and is androgen-dependent. 22Rv1
cell line comes from a xenograft, is considered slightly androgen-
sensitive and expresses constitutively active variant of andro-
gen receptor. PC3 cell line was derived from bone metastasis,
is androgen-insensitive and represents aggressive phenotype of

prostate cancer.®*°> As a result, all these cell lines represent
different biology, lipid profiles and different alterations of lipid
metabolism.*®-°%5” Thus, we assumed that these model cell lines
would provide an opportunity to track different cellular path-
ways/fates of cholesterol. Live cells were incubated with ~5 uM
ReTEGCholestanol for 24 h and then imaged using widefield au-
tomated fluorescence microscopy (Cell Discoverer 7). All four
cell lines showed significant internalization of ReTEGCholestanol,
which was observed in cytoplasmic vesicles (Fig. 1A), and in 22Rv1
cells there was also occasional plasma membrane co-localization
(Fig. 1A, B). The amount of ReTEGCholestanol uptake varied be-
tween cell lines, which may reflect variations in lipid sequester-
ing and or metabolism (Fig. 1A, C). Luminescence intensity mea-
surements revealed that PC3 cells internalized significantly higher
amounts of ReTEGCholestanol than non-malignant PNT1a cells
(Fig. 1C).

Cells treated with ~5 uM ReTEGCholestanol had a normal mor-
phology upon imaging and there were no observable signs of in-
creased cell death in the presence of the compound. Cell viability
was quantitatively assessed by MTS assay, which showed no sig-
nificant difference between any of the cells treated with ReTEGC-
holestanol and with DMSO vehicle alone (Fig. 1D). ReTEGC-
holestanol was therefore deemed to be non-toxic and amenable
for live cell imaging.

Biodistribution of ReTEGCholestanol

The biodistribution of ReTEGCholestanol was assessed in the non-
malignant epithelial type cell line (PNT1a) and three different
malignant prostate cancer cell lines; androgen-responsive 22Rv1
and LNCaP cancer cells and androgen non-responsive, more ag-
gressive, lipid dependent PC3 cancer cells.®® Cholesterol can be
sequestered/internalized into cells and distributed into differ-
ent subcellular compartments including lipid droplets,” mito-
chondria,®® and endosomes-lysosomes,?* ¢ we therefore assessed
the localization of ReTEGCholestanol in conjunction with specific
markers for these important organelles.

Lipid droplets are the primary site for lipid storage and were
visualized using LipidTox; selected in preference to commonly
used BODIPY dyes due to its far-red emission profile, which
avoided crosstalk and bleed through with the green emission from
ReTEGCholestanol. Since LipidTox stains neutral lipids, it inter-
acts with lipid droplets and to some extent with the endoplas-
mic reticulum (Fig. 2). Lipid droplet staining differed between the
cell lines with PNT1a displaying intensely stained spherical struc-
tures with a perinuclear distribution, while 22Rv1 cells displayed
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Fig. 1 ReTEGCholestanol accumulates in prostate cell lines and does not affect cell viability. (A) Images of live, serum-starved prostate cells incubated
for 24 h with ~5 uM ReTEGCholestanol compound. Insets show that ReTEGCholestanol localizes to punctate vesicular structures in the cytoplasm of
non-malignant and malignant prostate cell lines, and in 22Rv1 cell lines was detected in compartments in close proximity or at the cell surface
(22Rv1, inset 2). Scale bar in A is 50 um. (B) Confocal image showing co-localization between ReTEGCholestanol and the plasma membrane
marker—CellMask in 22Rv1 cells. Scale bar in B is 10 um. (C) Luminescence intensity of ReTEGCholestanol in tested cell lines. Data are presented as
mean =+ SD of three independent experiments. * P < 0.05 significant difference between PNT1a and PC3 cells by one-way ANOVA and Dunnett’s
multiple comparisons test. (D) Viability of cells after 24 h incubation with ReTEGCholestanol or vehicle (DMSO) normalized to untreated cells, which
were assigned a viability value of 1. Data are presented as mean =+ SD of four biological repeats.

a polarized distribution of lipid droplets mainly near the cell pe-
riphery, whereas LNCaP and PC3 had more of a dispersed lipid
droplet distribution (Fig. 2); and this was consistent with pre-
vious reports of lipid droplet distribution in these cell lines.*®
As the luminescent probe attachment point to cholestanol pre-
vents the esterification of the complex, which is required to ac-
cess the storage pathway, ReTEGCholestanol did not co-localize
with lipid droplets (Fig. 2). There was however some co-location of
ReTEGCholestanol-positive compartments with a subset of lipid
droplets in PNT1a cells (Fig. 2, PNT1a, inset).

Since cholesterol can be sequestered to mitochondria in cancer
cells,®® we performed co-staining with MitoTracker and ReTEGC-
holestanol in prostate cell lines. While the ReTEGCholestanol-
positive structures appeared to be in close proximity to some mi-
tochondria, there was little or no co-localization between the com-
plex and MitoTracker dye in any of the cell lines (Fig. 2).

Lysosomes are involved in cholesterol trafficking and a recently
developed cholestanol-rhodamine probe was distributed to acidic
vesicles in 3T3-L1 mouse adipocytes.** We therefore assessed
the co-localization between ReTEGCholestanol and LysoTracker,
which mainly detects acidified late endosomes and lysosomes.
The ReTEGCholestanol co-localized with LysoTracker positive
acidic vesicles in the non-malignant prostate cell line PNT1a
(Fig. 2), although there was a proportion of LysoTracker-stained
vesicles that did not contain ReTEGCholestanol (Fig. 2). This sug-
gests that ReTEGCholestanol distributes to only a subset of the
late endosomes/lysosomes in PNT1a cells. In contrast, ReTEGC-
holestanol had little co-localization to LysoTracker positive acidic
vesicles in 22Rv1l and LNCaP prostate cancer cells, but there
was a close association observed between ReTEGCholestanol
and LysoTracker-stained vesicles (Fig. 2). In the PC3 prostate
cancer cell line there was, however, co-localization between
ReTEGCholestanol and LysoTracker, but to a lesser extent than
that observed in PNT1a cells (Fig. 2).

The localization of ReTEGCholestanol with late endosomes/
lysosomes is consistent with reports of other cholesterol tracking
probes,?*:5%:61 suggesting a possible application for this com-
plex for investigating cholesterol trafficking in the endosomal
pathway. Distinct staining patterns in all of the of the prostate
cell lines suggests differences in cholesterol trafficking between
normal and malignant cells, which is in accordance with the well-
established idea of altered lipid metabolism in prostate cancer
cells 46,5657

It has previously been demonstrated that the endosomal path-
way is altered in prostate cancer cell lines.®? Since exogenous
cholesterol is incorporated into cells via the endosomal pathway,®’
we investigated the localization of ReTEGCholestanol in prostate
cancer cell linesinrelation to endosomal compartments. ReTEGC-
holestanol treated cells were co-stained with selected markers
for the endosomal pathway, to depict early endosomes (Rab5,
EEA1), late endosomes/multivesicular bodies (CD63) and late en-
dosomes/lysosomes (Lamp1) (Fig. 3). CD63 is also a marker of ex-
osomes, however, we did not isolate exosomes in this study.

The steady state, endosomal compartment distribution of
ReTEGCholestanol was different in the prostate cell lines af-
ter 24 h (Fig. 4). In non-malignant PNT1a cells the majority of
ReTEGCholestanol co-localized with Lamp1l positive lysosomes,
with very little co-localization observed in Rab5 and EEA1 early
endosomes or CD63 late endosomes/multivesicular bodies (Fig. 4),
which was substantiated by M1 Mander’s co-localization coef-
ficient analysis (Table 1). However, not all Lamp1 positive lyso-
somes in PNT1a cells contained ReTEGCholestanol. In prostate
cancer cell lines, ReTEGCholestanol co-localized with some Rab5s-
early endosomes, but not with EEAl-early endosomes (Fig. 4). This
was substantiated by the Mander’'s M1 coefficient with the high-
est co-localization coefficient between ReTEGCholestanol and
Rab5 reported for 22Rv1 cells (M1 = 0.454 + 0.059) followed by
LNCaP cells and PC3 cells, respectively, (M1 = 0.399 + 0.077;
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Fig. 2 ReTEGCholestanol does not co-localize with lipid droplets (Lipid Tox staining) or mitochondria (MitoTracker stainnig), but accumulates to a
variable extent in acidic vesicles (LysoTracker staining) of different prostate cell lines. Serum-starved prostate cells were incubated for 24 h with
~5 uM ReTEGCholestanol and then stained live with MitoTracker Deep Red or LysoTracker Deep Red, or fixed and stained with LipidTox Deep Red.
To avoid cross-talk, dyes emitting in far-red channel (excitation/emission ~644/665 nm) were selected for imaging. Scale bars; 10 pum.

ReTEGCholestanol ()

Y

Cholesterol

Fig. 3 Schematic of cholesterol endosomal pathway and localization of
ReTEGCholestanol to late endosomes and lysosomes in non-malignant
prostate cells after 24 h incubation. EE, early endosomes; RE, recycling
endosomes; LE, late endosomes; L, lysosomes; MVB, multivesicular
bodies; Exo, exosomes.

M1 = 0.349 £ 0.125; Table 1). Co-localization was also observed
with some CD63-positive late endosomes/multivesicular bodies
in all of the prostate cancer cell lines, but this was not ob-
served in PNT1la cells (Fig. 4). LNCaP cells showed the high-
est co-localization coefficient between ReTEGCholestanol and
CD63 (M1 = 0.541 + 0.097), followed by PC3 and 22Rv1 cells
(M1 = 0.536 + 0.156, M1 = 0.438 + 0.095, respectively), with
PNT1a cells having minimal co-localization (M1 = 0.174 + 0.143)
(Table 1). Consistent with LysoTracker staining, the lysosomal
marker Lamp1l showed significant co-localization with ReTEGC-
holestanol in PC3 cells, but this was not evident in LNCaP
cells (Fig. 4; Table 1). In 22Rv1 cells ReTEGCholestanol was co-
localized with Lampl-positive lysosomes (Fig. 4; Table 1), but
interestingly this was less apparent with LysoTracker stain-
ing (Fig. 3). Although accumulation of ReTEGCholestanol was
demonstrated in some Rab5-early endosomes, CD63-late endo-
somes/multivesicular bodies and lysosomes in different prostate
celllines, not all of these endosomal compartments were ReTEGC-
holestanol positive, which was evident by the low M2 Mander’s
co-localization coefficients (Table 1). Taken together, these data
suggest that in non-malignant, PNT1a cells ReTEGCholestanol
is being primarily trafficked to and accumulates in end stage
lysosomal vesicles. In contrast an altered endosomal traffick-
ing pathway in prostate cancer cell lines may contribute to
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Fig. 4 ReTEGCholestanol co-localized with different endosome-lysosome compartments in non-malignant and malignant prostate cancer cells. Early
endosomes were detected with anti-Rab5 and anti-EEA1 antibodies, while multivesicular bodies/late endosomes and lysosomes were detected with
anti-CD63 and anti-Lamp1 antibodies, respectively. Serum-starved prostate cells were incubated for 24 h with ~5 uM ReTEGCholestanol, then fixed,
permeabilised and immunolabelled with specific antibodies. To avoid cross-talk, secondary antibodies conjugates with Alexa Fluor 647

(excitation/emission 647/670 nm) were used. Scale bars; 10 pm.

reduced trafficking of ReTEGCholestanol to lysosomes and in-
creased accumulation in a subset of early endosomes and late
endosomes/multivesicular bodies.

Discussion

The trafficking of fluorescently-tagged cholesterol analogs has
previously been demonstrated, and with each different derivi-
tization the probes delineate some, but not all, of the complex
biology of cholesterol function and homeostasis.?*3° The delivery
of lipophilic cholesterol tagged molecules or fluorescent choles-
terol mimics is a significant challenge for live cell imaging, due to
the aqueous extracellular environment required for cell survival,
but also because of the multifunctionality of cholesterol and its

diversity of molecular interactions. The attachment of a fluores-
cence tag such as BODPIY to cholesterol via the 3" OH group has
demonstrated some level of success in producing soluble com-
pounds that can be internalized into cells.?>?” Our results indicate
that direct attachment of our luminescent Re(l) tag to cholesterol
or cholestanol via the 3° OH group resulted in low solubility,
which was not suitable for live cell imaging. The incorporation
of a TEG linker greatly enhanced the solubility of the cholesterol
and cholestanol compounds, however, only ReTEGCholestanol
was ultimately deemed suitable for cell biology investigations in
culture medium. The intracellular uptake of cholesterol mimics
can be improved by complexing them with MBCD to improve
solubility, however, this process is time consuming, the targeting
may be altered and the complexes require careful storage.!>!?
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Table 1 Mander’s co-localization coefficients (M1; ReTEGCholestanol co-localized to a given marker; and M2; marker co-localized to
ReTEGCholestanol) for ReTEGCholestanol and endo-lysosomal markers.

Cell line PNT1la 22Rv1 LNCaP PC3
Rab5 M1 0.251 + 0.067 0.454 4+ 0.059 0.399 £ 0.077 0.346 +£ 0.125
M2 0.048 + 0.040 0.04 £ 0.010 0.027 £0.015 0.029 + 0.018
EEA1 M1 0.047 + 0.009 0.173 4+ 0.049 0.234 +0.090 0.092 4+ 0.048
M2 0.008 + 0.002 0.052 &+ 0.041 0.055 + 0.037 0.040 + 0.025
CD63 M1 0.130 4+ 0.082 0.438 4+ 0.095 0.541 £ 0.097 0.536 + 0.156
M2 0.054 + 0.030 0.110 & 0.040 0.173 £ 0.027 0.257 £ 0.097
Lampl M1 0.933 + 0.032 0.622 +0.073 0.307 £ 0.086 0.734 + 0.105
M2 0.386 + 0.163 0.186 + 0.097 0.061 +0.016 0.181 + 0.055

Data presented was the mean of five images + SD

This investigation focused on the synthesis of cholesterol related
compounds that could be delivered without the use of a surrogate
structure and thus focused on ReTEGCholestanol, which had
less solubility issues than ReTEGCholesterol and either directly
coupled ReCholestanol or ReCholesterol. The ability to use a
standard live cell staining protocol for a cholesterol mimic, to
analyse cholesterol uptake and delivery offers distinct analyti-
cal, time and cost advantages, averting the need for additional
preparation steps and costly complexing reagents. Furthermore,
ReTEGCholestanol proved functional for both live cell imaging
and fixed cell applications, making it compatible with a variety of
experimental protocols and multicolour imaging with, for exam-
ple, antibodies and other molecular imaging technologies. The
use of the rhenium luminescent tag affords a number of other ad-
vantages over traditional organic fluorophores including, reduced
photobleaching, a large Stokes shift, long emissions lifetime? and
compatibility with multimodal imaging platforms.??-3=*" Thus,
ReTEGCholestanol is amenable to a vast array of experimental
approaches, which can be particularly useful in the study of lipids
that are difficult to detect by traditional fluorescence imaging and
many lipids are not compatible with fixation/permeabilization
protocols. Producing a range of different functionalized choles-
terol derivatives offers the potential to dissect different aspects
of cholesterol biology, but not all of these compounds have
functional utility, as demonstrated here with cholestanol and
cholesterol linked directly to rhenium complexes.
ReTEGCholestanol had a similar cellular distribution re-
ported for other cholesterol mimics, with uptake and delivery
to endosomes.??463 In non-malignant prostate cell line PNT1a,
ReTEGCholestanol primarily accumulated in late endoso-
mal/lysosomal compartments, detected by LysoTracker and
Lampl-positive antibody staining (Fig. 2 and 4). This matches
with the localization of a recently reported rhodamine-tagged
cholestanol label?* and BODIPY-cholesterol attached at C24.2° We
did not observe ReTEGCholestanol localization to lipid droplets,
as esterification of this compound is unlikely due to the posi-
tion of the rhenium tag at hydroxy group of cholestanol. The
ReTEGCholestanol was also not detected in mitochondria, which
may therefore also be dependent upon the hydroxyl region of the
cholesterol being available. Significant amounts of the ReTEGGC-
holestanol were not observed at the plasma membrane, with
the exception of 22RV1 cells, which may suggest that the normal
trafficking from the endosome-lysosome system to the cell
surface®’ is also restricted. The absence of ReTEGCholestanol
at the plasma membrane in PNT1a cells, may also result from
a transient association under normal conditions, which was not

detected at the single time point investigated, but which could
be visualized when trafficking was altered as in the case of 22RV1
cells. The cellular uptake and delivery of ReTEGCholestanol
in all of the prostate cell lines, however, indicated that it is
being incorporated into the endosome and lysosome system.
The significantly higher accumulation of ReTEGCholestanol, as
assessed by luminescence intensity, in androgen independent
PC3 cells compared to androgen dependent 22Rvl and LNCaP
cells is consistent with increased lipid metabolism and altered
cholesterol biology in advanced cancer. This is also in agreement
with previous reports of increased cholesterol uptake in advanced
prostate cancer cells.®4%¢ While our luminescence intensity stud-
ies provide qualitative evidence of ReTEGCholestanol uptake, to
precisely quantify the intracellular levels of the compound will
require inductively coupled plasma mass spectrometry (ICP-MS)
analysis. We concluded that while certain functional aspects of
cholesterol were blocked by the Re TEG coupling to the 3’ OH site,
the endocytic uptake and trafficking in the endosome-lysosome
system was still maintained, providing in effect an imaging agent
to report on specific aspects of cholesterol biology/function,
mainly endosome-lysosome traffic, but possible membrane
incorporation. Thus, an alternate coupling of ReTEG to maintain
the functional secondary 3’ OH of cholesterol, using, for example,
the alkyl chain at the other end of the molecule and the tertiary
alcohol in 25-hydroxycholesterol as the coupling site, may gener-
ate an imaging agent that can report on cholesterol lipid droplet
and mitochondrial distribution. These different derivatives may
be used to build a library of cholesterol related compounds that
enable studies on specific aspects of cholesterol function.

As ReTEGCholestanol is suitable not only for live cell imaging
but is also retained in cells after fixation and permeabilization,
we were able to perform immunofluorescence after ReTEGC-
holestanol treatment. To further explore the endosomal distri-
bution of ReTEGCholestanol we investigated the co-localization
of this imaging agent with specific endosome-lysosome sub-
compartment markers. The ReTEGCholestanol was detected
in Rab5S early endosomes, CD63 late endosomes/multivesicular
bodies and Lampl endosomes-lysosomes in different cells
demonstrating that the imaging agent is being effectively traf-
ficked to different endosome-lysosome sub-compartments. After
24 h of uptake most of the ReTEGCholestanol was detected in
the lysosomes of non-malignant PNT1a cells. However, endosome
biogenesis is significantly altered in the prostate cancer, with
both modified compartment distribution, and reduced endosome
compartment mediated transferring trafficking to the nucleus
reported in 22Rv1 and LNCaP cell lines.®? The reduced trafficking
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of ReTEGCholestanol to the lysosome and increased detection
in endosomal compartments of the prostate cancer cells is
therefore consistent with the altered endosome dynamics in
prostate cancer. Interestingly, the ReTEGCholestanol did detect
Lampl positive lysosomes in 22Rv1 prostate cancer cells, but
there was minimal LysoTracker staining, suggesting reduced
lysosome acidification, which can also contribute to altering the
positioning and traffic of endosome-lysosome compartments.®’
The increased localization of ReTEGCholestanol to CD63-positive
structures (CD63 is a biomarker of multivesicular bodies and
exosomes) in malignant prostate cancer cells as compared to
non-malignant cells is consistent with reports of exosomes from
breast and prostate cancer being enriched in cholesterol.%8:69
Cholesterol is required for exosomes biogenesis,’® and this bi-
ology can facilitate intercellular communication’'”3 in cancer
cells; and in future studies we therefore plan to investigate
ReTEGCholestanol distribution in exosomes.

The ReTEGCholestanol is a new cholesterol mimic with ad-
vantageous luminescence properties provided by rhenium-based
complex. It proved to effectively monitor endosome-lysosome
traffic in both live and fixed cells using luminescence imaging,
but may have other potential applications in techniques such as
vibrational microscopy. The 3’ OH derivitized ReTEGCholestanol
has the potential to selectively study the endosomal handling of
sterols and the integration of cholesterol into endosome/lysosome
compartments, and may be used to provide biological insight
into a range of pathologies in other diseases besides prostate
cancer.

Patents

Aspects of the Re platform and lipid imaging applications have
been patented (PCT/AU2015/000159: Brooks D, Plush S, Massi M.
‘Methods and products for labelling lipids’).

Supplementary material

Supplementary data are available at Metallomics online.
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