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ABSTRACT: The sphingolipid metabolites have emerged as a
starting point for the development of novel therapeutics for many
diseases. However, details of the functions and mechanisms of
sphingolipids remain unknown. To better understand the roles of
sphingolipids, chemical tools with unique biological and phys-
icochemical properties are needed. In this regard, we previously
reported the synthesis of sphingoid base analogues in which the
carbon chains are restricted by triple bonds. Here, we have
conjugated a fluorescent dye to the polyyne analogues of the
sphingoid bases to generate optical probes. Like the parent polyyne-
containing sphingoid base, the 7-nitrobenz-2-oxa-1,3-diazol-4-yl
(NBD)-labeled triyne-sphingosine inhibited cancer cell growth far
more effectively than did the corresponding sphingosine. NBD-

IC,, : *10 uM (against HCT116 celis)
NBD-sphingosine g
NH; ' N-Q 8

HO, N A N
A S

OH

Restriction

i

HO. \/Y é

OH

NBD-triyne-sphingosine

“ Higher antiprc

triyne-sphingosine was rapidly incorporated into the cells and displayed broad cytoplasmic distribution. According to the results
of a flow cytometric analysis, cancer cells fed with NBD-triyne-sphingosine showed significantly increased fluorescence intensity
compared with the NBD-sphingosine treated cells. The metabolism of NBD-triyne-sphingosine was somewhat different from
that of NBD-sphingosine. These results indicated that the incorporated rigid polyyne moiety in the sphingoid base altered the
physicochemical properties of the sphingolipid, thereby affecting its biological behavior. The higher antiproliferative activity in
the SRB assay and the significantly higher fluorescence intensity observed in the flow cytometric analysis are some of the
interesting and distinct aspects of NBD-triyne-sphingosine compared to standard NBD-sphingosine probes. Thus, it is believed
that the fluorescently labeled polyyne-containing sphingoid base developed in this study will be a useful chemical tool in

sphingolipid research.

B INTRODUCTION

Sphingolipids are a structurally diverse class of lipids that
contain a sphingoid base as the backbone. They can be
metabolically interconverted to one another through the action
of enzymes. Different sphingolipids display different biological
functions.' > For example, sphingosine-1-phosphate (S1P) has
anti-apoptotic and proliferative activity," ® whereas the N-
acylated sphingoid base, ceramide, displays the opposite
effect.” Because the dynamic balance between the intra-
cellular levels of ceramide and S1P determine a cell’s fate, the
concept of a ceramide/S1P rheostat was proposed* and serves
as a conceptual starting point for the development of novel
therapeutics from the sphingolipid metabolites and targets.'~"*
In the last few decades, extensive research has been devoted to
the biological role of sphingolipids. However, there are still
many important questions that remain unanswered about their
specific regulatory mechanisms and functions."”

Sphingoid bases are long-chain aliphatic compounds that
have a 2-amino-1,3-diol functionality within their structures.
They are bioactive sphingolipids and also compose the
chemical backbone of all sphingolipids. Sphingosine (1, Figure
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1), the typical sphingoid base, has been known to induce
apoptosis when added exogenously to cells.”"* Sphingosine is
believed to play a role in apoptosis cooperatively and
independently from the apoptotic signaling of ceramide.'®"”
Due to the interesting biological functions of sphingoid bases
and their structural role as the principal backbone of
sphingolipids, chemical modification of the structure of
sphingoid bases has received considerable attention.'®™!
Most modifications have been carried out for two general
purposes: (1) to unravel the biochemical functions of
sphingolipids and (2) to confer drug-like properties.
Sphingoid bases are acyclic molecules; thus, they can adopt
multiple conformations. We envisioned that the conformation-
ally restricted analogs of sphingoid bases might be useful as a
chemical tool to probe the biological functions of sphingolipids.
In this regard, we previously reported the synthesis of polyyne-
containing sphingoid bases of the general structures 2 and 3
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Figure 1. Chemical structures of sphingosine 1 and compounds 2—S5.

(Figure 1) via an iterative acetylene homologation sequence.”

The incorporated rigid polyyne moiety in the sphingoid base
was expected to alter the physicochemical properties of the
sphingolipid, thereby affecting its biological behavior.*®

In this article, we present the results of our efforts to develop
polyyne-containing sphingoid bases as chemical tools. Because
the polyyne analogues 2 and 3 lack distinctive spectroscopic
signatures that are useful for the investigation of the biological
functions of sphingolipids, we incorporated a 7-nitrobenz-2-
oxa-1,3-diazol-4-yl (NBD) group at the terminus of the
sphingosine backbone to yield the new fluorescently labeled
sphingoid base 4; we then conducted a chemical and biological
evaluation of this new probe. A number of fluorescently labeled
sphingolipids, including the NBD-sphingosine S, have been
used in many areas as tools to elucidate the cellular modulation
of sphingolipids.**">* Our NBD-polyyne-sphingosine 4 dis-
played notable differences in behavior compared with
commercially available NBD-sphingosine S.

B EXPERIMENTAL PROCEDURES

Chemistry. General Methods. All of the chemicals were
reagent grade and used as purchased. All of the reactions were
performed under an inert atmosphere of dry argon or nitrogen
using distilled dry solvents. The reactions were monitored by
TLC analysis using silica gel 60 F-254 TLC plates. Compounds
were visualized by UV light (254 and 365 nm). Flash column
chromatography was carried out on silica gel (230—400 mesh).
Optical rotations were measured using a polarimeter set for
sodium D light (589.3 nm). "H NMR (500 or 300 MHz) and
3C NMR (125 or 75 MHz) spectra were recorded in § units
relative to the nondeuterated solvent as an internal reference.
High-resolution mass spectra (HRMS) were recorded using fast
atom bombardment (FAB) or chemical ionization (CI). UV/vis
absorption and fluorescence spectra were recorded using
HITACHI JP/U-3010 and JASCO FP-6500 instruments,
respectively.
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Synthesis of Compound 4. The synthetic route to prepare
compound 4 is shown in Scheme 1. Preparation of bromodiyne
6 was performed according to literature procedures.””

Scheme 1. Synthesis of Polyyne-Containing Sphingoid Base
Fluorescence Probe 4
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“Reagents and conditions: (a) TIPSA, n-BuLi, HMPA, Toluene, —78
to 0 °C, 1 h, 73%; (b) NMM, isobutyl chloroformate, THF, —20 °C,
0.5 h, then NH; solution in MeOH, RT, 12 h, 94%; (c) LiAlH,, Et,O,
RT, 12 h, 83%; (d) NBD-Cl, E;N, DMF, RT, 2 h, 81%; (e) TBAF,
THEF, RT, 5 h, 99%; (f) Pd(PPhs),Cl,, i-Pr,NH, Cul, THF, RT, 1 h,
59%; (g) K,CO; MeOH, RT, 2 h; (h) TFA, CH,ClL, H,O, RT, 12 h,
69% (two steps).

Synthesis of 11-(Triisopropylsilyl)undec-10-ynoic
Acid (10). n-BuLi (8.70 mL, 13.93 mmol, 1.6 M solution in
hexane) was slowly added to a cooled (—78 °C) solution of
(triisopropyl)acetylene (2.81 mL, 12.66 mmol) in THF (10
mL). After stirring for 30 min, a solution of bromo acid 9 (1.00
mL, 422 mmol) in THF (6 mL) and HMPA (4 mL) was
slowly added over 10 min at —78 °C. After stirring for 30 min
at =78 °C, the reaction mixture was slowly warmed to room
temperature and quenched with saturated aqueous NH,Cl
solution. The mixture was diluted with EtOAc and washed with
brine. The organic layer was dried over MgSO,, filtered, and
concentrated under reduced pressure. The residue was purified
using silica gel column chromatography (hexane/EtOAc, 3:1,
with 0.1% acetic acid) to give the acetylenic compound 10
(1.04 g, 73%) as a colorless oil: Ry = 0.4 (hexane/EtOAc, 4:1),
'H NMR (300 MHz, CDCL,) § 0.99—1.08 (m, 21H), 1.26—
1.44 (m, 8H), 1.47—1.54 (m, 2H), 1.61—1.66 (m, 2H), 2.24 (t,
J = 6.9 Hz, 2H), 2.35 (t, ] = 7.8 Hz, 2H); 3C NMR (75 MHz,
CDCL) § 11.3 (3C), 18.6 (6C), 19.7, 24.6, 28.5, 28.7, 28.8,
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29.0, 29.1, 34.1, 80.0, 109.1, 180.6; HRMS (FAB) calcd for
CpoHy50,SiNa ([M+Na]*) 361.2539, found 361.2545.

Synthesis of 11-(Triisopropylsilyl)Jundec-10-yn-1-
amine (11). Iso-butylchloroformate (0.57 mL, 4.43 mmol)
was added to a cooled (—20 °C) solution of 10 (1.00 g, 2.95
mmol) and 4-methylmorpholine (0.49 mL, 4.43 mmol) in THF
(30 mL). After stirring for 30 min at —20 °C, a solution of
ammonia (2.42 mL, 8.85 mmol, ca. 7 N solution in methanol)
was added. The reaction mixture was slowly warmed to 0 °C
and stirred overnight. The mixture was diluted with EtOAc and
washed with brine. The organic layer was dried over MgSO,,
filtered, and concentrated under reduced pressure. The residue
was purified using silica gel column chromatography (hexane/
EtOAc, 1:1) to give the amide (0.94 g, 94%) as a white waxy
solid: R, = 0.4 (hexane/EtOAc, 1:1), '"H NMR (300 MHz,
CDCl,) 6 1.00—1.09 (m, 21H), 1.25—1.43 (m, 8H), 1.47—1.56
(m, 2H), 1.59—1.66 (m, 2H), 2.21-2.27 (m, 4H), 5.81 (br s,
2H); *C NMR (75 MHz, CDCl;) 6 11.1 (3C), 18.5 (6C),
19.6, 25.4, 28.4, 28.6, 28.7, 29.0, 29.1, 35.8, 79.8, 109.1, 176.3;
HRMS (FAB) caled for C,H,NOSi ([M+H]*) 338.2879,
found 338.2871.

LiAIH, (11.12 mL, 11.12 mmol, 1.0 M solution in THF) was
slowly added to a cooled (0 °C) solution of amide (900 mg,
2.78 mmol) in diethyl ether (12 mL). The reaction mixture was
warmed to room temperature, stirred overnight, cooled to 0 °C,
and quenched by successive addition of water (0.4 mL), 15%
NaOH (0.4 mL), and water (1.2 mL). The resulting suspension
was warmed to room temperature, filtered through Celite, and
eluted with diethyl ether. The resulting solution was carefully
concentrated and the residue was purified using silica gel
column chromatography (CH,Cl,/MeOH/NH,OH, 10:1:0.1)
to give the amine 11 (747 mg, 83%) as a colotless oil: Ry=04
(CH,Cl,/MeOH, 10:1), '"H NMR (300 MHz, CD,OD) &
1.04—1.09 (m, 21H), 1.30—1.35 (m, 8H), 1.48—1.50 (m, 6H),
2.26 (t, ] = 6.3 Hz, 2H), 2.68 (t, ] = 7.2 Hz, 2H); 3C NMR (75
MHz, CD;0D) 6 12.5 (3C), 19.2 (6C), 20.4, 28.0, 29.7, 29.9,
30.1, 30.6, 30.7, 33.4, 42.4, 80.7, 110.5; HRMS (CI) caled for
Cy,oH,NSi ([M+H]*Y) 324.3087, found 324.3081.

Synthesis of 7-Nitro-N-(undec-10-ynyl)benzo[c]-
[1,2,5]oxadiazol-4-amine (7). 7-Nitrobenzo-2-oxa-1,3-diaz-
ol-4-yl chloride (440 mg, 2.16 mmol) was added to a solution
of amine 11 (700 mg, 2.16 mmol) and Et;N (0.45 mL, 3.24
mmol) in DMF (22 mL) at room temperature. After stirring for
2 h at same temperature, the reaction mixture was diluted with
water and extracted with EtOAc. The organic layer was dried
over MgSO,, filtered, and concentrated under reduced pressure.
The residue was purified using silica gel column chromatog-
raphy (hexane/EtOAc/CH,CL, 8:1:1) to give the fluorescent
TIPS-acetylene compound (852 mg, 81%) as a dark yellow oil:
R; = 03 (hexane/EtOAc, 5:1), 'H NMR (300 MHz, CDCL) &
1.03—1.08 (m, 21H), 1.34—1.55 (m, 12H), 1.81 (m, 2H), 2.25
(t, ] = 6.6 Hz, 2H), 3.48 (dd, ] = 5.7, 12.9 Hz, 2H), 6.17 (d, ] =
8.4 Hz, 1H), 8.50 (d, ] = 8.7 Hz, 1H); *C NMR (75 MHz,
CDCl,) 8 11.1 (3C), 18.5 (6C), 19.6, 26.8, 28.37, 28.43, 28.6,
28.8, 29.0, 29.2, 44.0, 79.8, 98.5, 109.1 (2C), 123.2, 136.6,
143.8, 144.1; HRMS (CI) caled for CoeH,3N,05Si ([M+H]Y)
487.3104, found 487.3109.

Tetrabutylammonium fluoride (43.75 mL, 43.7S mmol, 1.0
M solution in THF) was added to a solution of fluorescent
TIPS-acetylene (850 mg, 1.75 mmol) in THF (80 mL) at room
temperature. After stirring overnight at room temperature, the
resultant mixture was quenched with saturated aqueous NH,Cl
solution and extracted with EtOAc. The organic layer was dried
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over MgSO,, filtered, and concentrated under reduced pressure.
The residue was purified using silica gel column chromatog-
raphy (hexane/EtOAc, 4:1) to give the desilylated compound 7
(572 mg, 99%) as a red solid: Ry=03 (hexane/EtOAc, 4:1), 'H
NMR (300 MHz, CDCl,) § 125—1.57 (m, 12H), 1.81 (m,
2H), 1.94 (t, ] = 2.7 Hz, 1H), 2.18 (dt, ] = 2.7, 7.2 Hz, 2H),
3.49 (dd, J = 6.0, 132 Hz, 2H), 6.17 (d, ] = 8.7 Hz, 1H), 622
(br s, 1H), 8.49 (d, ] = 8.4 Hz, 1H); *C NMR (75 MHz,
CDCL,) 6 183, 269, 28.4, 28.5, 28.6, 28.9, 29.1, 29.3, 44.0,
68.1, 84.6, 98.5, 124.0, 136.5, 143.8, 143.9, 144.3; HRMS (CI)
caled for C;,H,;N,O5 ([M+H]*) 331.1770, found 331.1768.

Synthesis of (S)-tert-Butyl 4-((R)-1-acetoxy-16-(7-
nitrobenzo[c][1,2,5]oxadiazol-4-ylamino)hexadeca-
2,4,6-triynyl)-2,2-dimethyloxazolidine-3-carboxylate
(12). Diisopropylamine (0.06 mL, 0.42 mmol) was added to a
degassed solution of bromodiyne 6 (80 mg, 0.20 mmol),
terminal acetylene 7 (73 mg, 0.22 mmol), Pd(PPh;),Cl, (4 mg,
0.01 mmol), and Cul (1 mg, 0.01 mmol) in THF (3 mL). The
reaction mixture was stirred for 1 h at room temperature and
then quenched with saturated aqueous NH,CI solution. The
reaction mixture was diluted with EtOAc, washed with brine,
dried over MgSO,, filtered, and concentrated under reduced
pressure. The resulting residue was purified using silica gel
column chromatography (hexane/EtOAc, 3:1) to give triyne 12
(77 mg, 59%) as a dark yellow waxy solid: Ry = 0.3 (hexane/
EtOAc, 3:1); 'H NMR (300 MHz, CDCl, mixture of
rotamers) & 1.23—1.54 (m, 27H), 1.76—1.87 (m, 2H), 2.10
(d, ] = 3.9 Hz, 3H), 2.30 (t, ] = 6.9 Hz, 2H), 349 (dd, ] = 6.0,
13.2 Hz, 2H), 4.00—4.22 (m, 3H), 5.82—5.88 (m, 1H), 6.18 (d,
] = 8.4 Hz, 1H), 6.40 (br s, 1H), 8.50 (d, ] = 8.7 Hz, 1H); *C
NMR (75 MHz, CDCl,, rotamer 1/rotamer 2) & 19.4, 20.9,
23.1, 24.4, 26.0, 26.7, 269, 27.8, 283, 28.5, 28.6, 28.8, 29.1,
44.0, 58.6/58.7, 59.5, 59.8, 63.2, 64.0/64.4, 64.6/64.9, 65.3/
65.4, 71.6, 71.7/71.8, 78.2, 80.9/81.0, 81.6/81.8, 95.0, 98.5,
124.1, 136.5, 143.8, 143.9, 144.3, 169.5; HRMS (FAB) calcd for
C4,H,:N;OgNa ([M+Na]*) 672.3009, found 672.3002.

Synthesis of (2S5,3R)-2-Amino-18-(7-nitrobenzolc]-
[1,2,5]oxadiazol-4-ylamino)octadeca-4,6,8-triyne-1,3-
diol (4). K,CO; (S mg, 0.04 mmol) was added to a solution of
triyne 12 (16.2 mg, 0.02 mmol) in methanol (2 mL). After
stirring for 2 h at room temperature, the reaction mixture was
evaporated to remove the MeOH, diluted with EtOAc, washed
with brine, dried over MgSO,, and concentrated under reduced
pressure. A solution of the resulting residue in CH,Cl,/TFA/
H,0 (2:2:1, 0.1 M) was stirred for 12 h at room temperature.
The reaction mixture was quenched with saturated NaHCO,
solution and then extracted with EtOAc. The organic layer was
washed with brine, dried over MgSO,, filtered, and
concentrated under reduced pressure. The residue was purified
using silica gel column chromatography (CH,Cl,/MeOH, 8:1)
to give 4 (18.9 mg, 69%) as a dark yellow solid: Ry =02$
(CH,Cl,/MeOH, 10:1); [a]®, —7.3 (¢ 0.6, CH;OH); 'H
NMR (500 MHz, CD;0D) 5 1.24—1.43 (m, 10H), 1.45—1.58
(m, 4H), 1.77 (dt, J = 7.3, 14.5 Hz, 2H), 2.31 (t, ] = 7.0 Hz,
2H), 2.97 (dd, ] = 5.4, 11.6 Hz, 1H), 3.51 (br s, 2H), 3.61 (dd,
J=64,11.2 Hz, 1H), 3.68 (dd, ] = 5.3, 11.2 Hz, 1H), 4.50 (d,
= 54 Hz, 1H), 630 (d, ] = 8.9 Hz, 1H), 847 (d, ] = 8.8 Hz,
1H); *C NMR (125 MHz, CD,0D) § 20.6, 28.8, 29.8, 30.1,
30.6, 30.7, 31.0, 31.2, 45.7, 59.2, 60.4, 63.6, 65.2, 65.4, 66.6,
72.4,77.6, 83.3,100.4, 123.6, 139.4, 146.3, 146.6, 147.5; HRMS
(FAB) caled for C,H,N.O; ([M+H]*) 4682247, found
468.2253.
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Biology. Cell Culture and Reagents. Human colon
carcinoma (HCT 116), human lung carcinoma (AS49),
human prostate adenocarcinoma (PC-3), human cervical
carcinoma (HeLa), and human embryonic kidney 293T
(HEK293T) cells were provided by the Korean Cell Line
Bank (KCLB). Human gastric mucosa epithelial (HFE14S)
cells were received from Dr. Ashktorab (Howard university,
USA). Mouse embryonal carcinoma F9—12 cells were kindly
supplied by Dr. A. Kihara in Hokkaido University, Japan. The
cells were grown in RPMI1640 medium (Hyclone) supple-
mented with 10% fetal bovine serum (FBS, Invitrogen) and 1%
penicillin—streptomycin (Invitrogen). All of the cell lines were
incubated at 37 °C under 5% CO, in a humidified atmosphere
and subcultured once or twice a week. Cells that were passed
more than three times were used in the experiments. ER-
Tracker Red (BODIPY TR glibenclamide, E34250), Golgi-
Tracker (BODIPY TR Ceramide complexed to BSA, B34400),
MitoTracker Red (M22425), and LysoTracker Red DND-99
(L7528) were purchased from Invitrogen.

Sulforhodamine B (SRB) Assays.>**® The antiprolifer-
ative effects of all of the compounds were determined by the
SRB assay. Cells were plated in 96-well plates at a density of 5
x 10* cells/mL (HCT 116 and PC-3) or 2.5 X 10* cells/mL
(AS49, HEK293T, and HFE14S5) and incubated for 24 h. The
test compounds (dissolved in pure DMSO) were diluted in the
medium and the cells were treated for 48 h. The tested cells
were then fixed with 10% trichloroacetic acid for 60 min at 4
°C. The fixed cells were stained with 0.4% SRB for 60 min at
room temperature. The stained cells were then dissolved in 10
mM Tris buffer (pH 10.0). The absorbance was measured using
a microplate reader at 515 nm. The cell survival (%) of each
tested group was determined by comparison with solvent-
treated control cells. The ICg, value, the concentration of 50%
cell survival, was estimated by nonlinear regression analysis.

Flow Cytometric Cellular Uptake. HCT 116 cells (1 X
10° cells/mL) were plated in 6-well plates and cultured for 24
h. After incubation with the fluorescence probes 4 or 5 (5 uM)
for S min, the cells were washed twice with phosphate-buffered
saline (PBS) and then incubated with 0.05% trypsin for S min.
The cells were harvested and centrifuged at 1000 rpm for §
min. The pellet was suspended and washed twice with PBS and
finally resuspended for fluorescence analysis using a Beckman
Coulter Epics XL Flow Cytometer with a laser excitation of 488
nm.
Confocal Microscopy Analysis. HeLa cells (1 X 10* cells/
mL) were seeded into 4-well culture slides (SPL, Seoul, Korea)
and cultured for 24 h. The cells were initially stained with ER-
Tracker Red (1 uM), Golgi-Tracker (10 uM), or MitoTracker
Red (1 M) for 30 min at 37 °C under 5% CO,. The cells were
rinsed twice with PBS and then treated with fluorescence probe
4 (5 yM). At various times (S min, 10 min, or 15 min) after
treatment with probe 4, the cells were washed three times with
PBS and fixed in methanol for 5 min followed by washing of the
cells with PBS three times before the confocal imaging analysis.
After removal of the 4-well culture slides from the chamber, the
slides were mounted for digital micrographs using a LSM 700
ZEISS laser scanning confocal microscope, and then the
samples were analyzed by a computer for processing using LSM
Colocalization Software. Selected images are representative of
at least 3 microscopic fields analyzed for each condition.

Metabolites Analysis by HPLC-FLD. F9—12 cells (1 X
10° cells/mL) were seeded into 6-well gelatin coated plates and
cultured for 24 h. After incubation with the fluorescence probes
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4 or 5 (5 uM) for 60 min, the cells were washed twice with
phosphate-buffered saline (PBS) and then were scraped in 0.3
mL of lysis buffer (1 mM PMSF, 1 X protease inhibitor cocktail,
and 1 mM dithiothreitol). The protein concentration of the
resulting supernatant was determined by BCA assay. From the
cell lysate, 100 pg protein was added to a mixture of MeOH,
CHCl;, 1 M HCl and 1 M NaCl (300:500:30:250 uL,
respectively) and then was vigorously vortexed for 30 min and
centrifuged at 14 000 rpm. The organic phase was transferred
to a fresh tube and dried completely by speed vacuum system
(Vision Scientific, Korea). The residues were dissolved in 200
UL of MeOH and then filtered through a 0.45 ym syringe filter
before injection into the HPLC system. Samples were separated
and analyzed by Agilent 1260 HPLC separation module
(Agilent Technologies, Palo Alto, CA, USA) equipped with a
Waters Sunfire (150 mm X 4.6 mm, 5 pm, Waters, USA)
column and Agilent 1260 Infinity fluorescence detector. The
detection wavelengths were set at 485 nm for excitation and
538 nm for emission, respectively. The injection volume of the
samples was 10 pL. The separation was performed at 40 °C,
with a flow rate of 1 mL/min using a mobile phase composed
of H,0 with 0.1% triethyamine (v/v) (A) and MeOH with
0.1% triethylamine (v/v) (B). The following optimized elution
program was applied to separate cellular probes 4 or § and
other metabolites: 50% B, 0—2 min; 50% B to 100% B, 2—10
min; 100% B, 10—15 min; 100% B to 50% B, 15—15.5 min;
50% b, 15.5—20 min. The eluted probes 4 and S5 peaks were
identified by each corresponding standard compound.

Metabolite Analysis by LC-MS. Probe 4 metabolites were
analyzed by a Surveyor HPLC instrument (Thermo Scientific,
USA) coupled directly to ion trap mass spectrometer (Thermo
scientific, USA). The chromatographic separation was
performed at room temperature on Luna C18 column (150
mm X 2.0 mm, S ym, Phenomenex, USA). The mobile phase
composed of 1 mM ammonium formate in water with 0.2%
formic acid (v/v) (A) and 2 mM ammonium formate in MeOH
with 0.2% formic acid (v/v) (B), delivered at a flow rate of 300
puL/min. The gradient elution program was as follows: 50% B,
0—0.5 min; 50% B to 100% B, 0.5—8 min; 100% B, 8—24 min;
100% B to 50% B, 24—25 min; 50% b, 25—35 min. The total
run time for each injection was 35 min and the injection
volume was 10 yL. The mass spectrometer was operated in
positive ion mode with an ESI source. Instrument control, data
acquisition, and data analysis were performed by Xcalibur 2.1
software (Thermo Scientific, USA). Helium and N, gas were
used for collision and desolvation gas and heating and
nebulizing gas, respectively. The other ionization parameters
were as follows: auxiliary gas, 12 psi; nebulizing gas, 2 psi;
sheath gas, 2 psi; source temperature, 275 °C; electron voltage,
4.5 kV. The SIM transitions were (m/z) 548.3, 762.3, 790.3,
816.4, and 818.4.

B RESULTS AND DISCUSSION

Antiproliferative Activities of Polyyne-Containing
Sphingoid Bases. The typical biological activities of sphingoid
bases include antiproliferative activity and apoptosis in cancer
cells.'®'”3%37 Thus, in our preliminary evaluation, we examined
the antiproliferative activities of polyyne-sphingosines 2 and 3.
As shown in Table 1, all of the tested polyyne-sphingosines
except 2a were found to be more effective than sphingosine 1.
The observed data revealed that the potency against cancer cell
lines was highly dependent on the composition of the polyyne-
sphingosines. In general, the A**-triple bond compounds 3
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Table 1. Antiproliferative Effects for Polyyne-Containing
Sphingoid Base Analogues

ICyo [uM]*

compound HCT116” AS49°
sphingosine 1 6.76 >10
2a (n=1) 698 >10
2b (n=2) 243 6.86
2¢ (n = 3) 1.34 475
3a(n=1) 0.66 2.67
3b (n=2) 0.14 1.20
3c(n=3) 0.11 025

“All values are the means of a minimum of three experiments.
b - .
Human colon carcinoma. “Human lung carcinoma.

Table 2. Antiproliferative Effects of Sphingoid Base Probes 4
and S against Human Cell Lines

ICsp [pM]*
HFE-
compound HCT116” AS49° PC-3¥ HEK293T® 145"
NBD-triyne- 0.22 5.60 0.70 15.2 12.8
sphingosine 4
NBD-sphingosine § 25.6 >S50 40.5 10.4 12.5

“All values are the means of a minimum of three experiments.
b . . d

Human colon carcinoma. “Human lung carcinoma. “Human prostate
adenocarcinoma. “Human embryonic kidney. /Human gastric mucosa

epithelial.

A
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~

Counts

Fluorescence Intensity

70

Counts

Fluorescence Intensity

Figure 2. Flow cytometric analysis of the cellular uptake of 5 yuM of
NBD-sphingosine 5 (A) and NBD-triyne-sphingosine 4 (B) by
HCT116 human colon cancer cells (10° cells per sample) after
incubation for 5 min at 37 °C.

were approximately ten times more potent than the
corresponding A**-double bond compounds 2. In addition, it
was found that a higher number of acetylene units elicited
higher activity. The most potent compound was tetrayne 3c
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Figure 3. HPLC-FLD chromatograms. Standard chromatogram of
probes 4 and 5 (A). Chromatograms of the lipid extracts from F9—12
cells incubated with S M of fluorescence probe § (B) or probe 4 (C)
for 60 min at 37 °C.

with ICsy values of 0.11 and 0.25 uM against HCT116 and
AS49 cells, respectively.

Design and Synthesis of NBD-triyne-sphingosine 4.
The covalent attachment of fluorescent dyes to bioactive
molecules is a popular method for visual monitoring of the
behavior of molecules and provides a useful chemical tool for
studying biological events within cells.’®** However, the
attached fluorophore often leads to undesired effects on the
probe’s binding affinity, cell permeability, and biological
activity. Taking this into consideration, we surveyed some
common fluorescent dyes and selected the NBD-group as the
fluorescent probe. NBD was chosen because of its favorable
fluorescence properties and compact size. Moreover, it displays
environmentally sensitive fluorescence—weak fluorescence in
water and strong fluorescence in hydrophobic environments,
including membranes and enzyme binding sites.>>**™** This
convenient property is especially useful for sphingoid base
probes because sphingolipids exert their effects either through
specific binding to enzymes or through hydrophobic inter-
actions with other membrane components."*** In fact, a
number of NBD-labeled sphingolipids have been synthesized
and utilized.**~*

Although the most potent compound from our polyyne-
sphingosine series was tetrayne-sphingosine 3c, we selected
triyne-sphingosine 3b as a platform to design our polyyne-
sphingosine fluorescent probe because tetrayne 3¢ was found to
be less stable than triyne 3b at room temperature. The
fluorescently labeled triyne-sphingosine 4 was designed with an
NBD group at the end of the alkyl chain and an NH group as
the linker. The alkyl chains in this derivative are 18 carbons in
length, identical to that of natural sphingosine.

Scheme 1 depicts an outline of our synthesis of target
compound 4. The cross-coupling of bromodiyne 6 with
terminal acetylene 7 was the key step in this synthesis.
Bromodiyne 6 was obtained from commercially available (S)-
Garner’s aldehyde 8* via a conventional five-step sequence
according to our previously reported procedure.22 NBD-
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A ER-Tracker
MitoTracker
B ER-Tracker

Golgi-Tracker

MitoTracker

LysoTracker

i i

Figure 4. Subcellular localization of NBD-triyne-sphingosine 4 (green)
(A) and NBD-sphingosine S (green) (B) followed by time to
progression in HeLa cells (10* cells per sample) monitored with each
tracker (red). Cells were stained with 1 uM ER-Tracker Red, 10 uM
Golgi-Tracker Red, 1 uM MitoTracker Red, or 100 nM LysoTracker
Red DND-99 at 37 °C for 30 min. The cells were incubated with 5 yM
of probes 4 or § for 15 min. The merged color images show each
probe incorporated into the ER, Golgi, mitochondria, and lysosome of
HeLa cells. The scale bar represents 5 ym.

containing terminal acetylene 7 was prepared from w-bromo
acid 9 in five steps. The nucleophilic addition of acetylide to
bromide 9 gave acetylenic product 10. The carboxylic acid
group of 10 was transformed into the corresponding primary
amine to give 11. Reaction of amine 11 with NBD-CI followed
by removal of the silyl protecting group provided terminal
acetylene 7, which was cross-coupled with bromodiyne 6 using
modified Sonogashira conditions to give triyne 12 in 59% yield.
Finally, removal of all of the protecting groups in 12 furnished
the desired NBD-triyne-sphingosine 4. Fortunately, this
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fluorescent compound was stable in a normal laboratory
atmosphere. The fluorescence quantum yield of 4 was 0.13 in
DMSO solution,* and its fluorescence was strongly dependent
on the polarity of the solvent like that of other NBD derivatives
(see Supporting Information, Figure S1).¥

Antiproliferative Activities of NBD-triyne-sphingosine
4. To determine whether the NBD label significantly affects the
antiproliferative activities of polyyne-sphingosines, the potency
of 4 was examined (Table 2). NBD-triyne-sphingosine 4 was
slightly less potent than the corresponding triyne-sphingosine
3b. For example, the ICs, value of 4 against HCT116 cells was
0.22 puM, while that of 3b was 0.14 yM. These data indicated
that the NBD label causes adverse effects, but they are not
significant. NBD-triyne-sphingosine 4 was found to be much
more effective than sphingosine 1 and NBD-sphingosine $ in
inhibiting cancer cell growth. Antiproliferative effects of 4 and §
on normal human cell lines were also examined by using
HEK239T and HFE-14S. Fluorescence probe 4 was substan-
tially less cytotoxic toward normal human cells. Interestingly,
cytotoxicity of § toward normal cells was very similar to that of
4, although their potencies were significantly different in cancer
cells.

NBD-triyne-sphingosine 4 Uptake by Cultured Cells.
To understand the possible mechanisms or factors responsible
for the higher antiproliferative effect of 4 on cancer cells, a flow
cytometric analysis was performed for fluorescence probes 4
and 5. As shown in Figure 2, HCT116 human colon cancer
cells fed with probe 4 for 5 min showed significantly increased
fluorescence intensity compared with the probe § treated cells.
This result indicated that NBD-triyne-sphingosine 4 was more
readily incorporated into the cells than was NBD-sphingosine
S, at least within the time frame used for our experiments.
Thus, one highly possible explanation for the higher
antiproliferative activity of 4 could be an increase in cell
permeability. In general, more lipophilic compounds have
greater permeability. However, the improved translocation of 4
into the cells was most likely due to its more rigid polyyne
structure rather than its lipophilicity because the ALog P value
of 4 was lower than that of 5 (4.54 vs 5.06).

The significantly higher fluorescence intensity observed in
the flow cytometric analysis could also be explained by an
increased hydrophobic environment around the NBD
fluorophore.”** In other words, NBD-triyne-sphingosine 4
might be more efficiently bound to membranes or hydrophobic
clefts in the enzymes than was NBD-sphingosine S. Thus,
another possible explanation for the higher antiproliferative
activity of 4 is its novel or enhanced biological properties
presumably resulting from the presence of its polyyne moiety.

Metabolism of NBD-triyne-sphingosine 4. To further
understand the enhanced antiproliferative activity of polyyne-
containing sphingoid base, the metabolism of NBD-triyne-
sphingosine 4 and NBD-sphingosine $ was studied. In these
experiments, we used F9—12 cells that lack S1P lyase and stably
express Sphkl. Each probe was incubated with cells for 1 h and
the resulting metabolites were analyzed by HPLC and LC-MS.
As shown in Figure 3, NBD-sphingosine § was converted
mostly to the corresponding phosphate. On the other hand,
NBD-triyne-sphingosine 4 exhibited a different pattern of
metabolism. The chromatogram of metabolites of 4 showed
two dominant peaks. The molecular mass of the first peak (1.4
min) in the elution profile corresponded to that of the
phosphate form. The MS/MS analysis of the peak at 12.8 min
(see Supporting Information, Figure S2) indicated that NBD-
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triyne-sphingosine 4 was also metabolized to NBD-triyne
ceramides having various fatty acyl chain lengths (C,g.0, Cs.0
Cys1, and C,y). These metabolic differences may be one of the
explanations for why polyyne-containing sphingoid base
showed more antiproliferative activity.

Visualization of Cellular Uptake of NBD-triyne-
sphingosine 4. To visualize the uptake of NBD-triyne-
sphingosine 4 and NBD-sphingosine $ in living cells, HeLa cells
were incubated with S yM of probes at 37 °C. The endoplasmic
reticulum (ER), Golgi, mitochondria, and lysosome of the cells
were visibly labeled by ER-Tracker, Golgi-Tracker, MitoTrack-
er, and LysoTracker, respectively. We fixed the probe-treated
cells and imaged them wusing a confocal laser scanning
microscope. Both fluorescence probes 4 and 5 were rapidly
incorporated into the cells within 5 min after treatment, and
they showed a similar cellular distribution pattern. The confocal
image showed broad cytoplasmic distribution of the probes and
their clear separation from the nucleus. Both fluorescence
probes did not display a clearly polarized distribution in the
intracellular organelles, even after longer (15 min) incubation
(Figure 4 and Figure S3).

B CONCLUSION

Although much research has been performed on sphingolipids
over the last two decades, there are still many important
questions that remain unanswered about the detailed functions
and mechanisms of these compounds. To better understand the
biological and biophysical roles of sphingolipids, chemical tools
with unique biological and physicochemical properties are
needed. In this regard, we presented a polyyne-containing
sphingoid base and its fluorescently labeled (NBD) derivative
that are much more effective than either the parent sphingosine
or NBD-sphingosine in inhibiting cancer cell growth. Cells fed
with NBD-triyne-sphingosine 4 showed a significantly increased
fluorescence signal compared with those fed with NBD-
sphingosine 5. One explanation is that the rigid polyyne
moiety might enable the compound to pass through cell
membranes more readily. Another possible explanation is that
NBD-triyne-sphingosine 4 was more readily attracted to the
hydrophobic regions of the cells, such as the membranes or
binding sites in enzymes. Although more systematic studies are
needed to clearly elucidate the origin of the increase in
fluorescence intensity and the higher antiproliferative activity of
4, these properties are some of the interesting and distinct
aspects of NBD-triyne-sphingosine 4 compared to normal
NBD-sphingosine probes. Based on these initial results,
fluorescently labeled polyyne-containing sphingoid base 4 will
represent a useful chemical tool for sphingolipid research.
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The method for determining the quantum yield for compound
4, Figure S1, Figure S2, Figure S3, and copies of 'H and ¥C
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