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Constrained analogs containing a 2-hydroxymethylpyrrolidine core of the natural sphingolipids sphin-
gosine, sphinganine, N,N-dimethylsphingosine and N-acetyl variants of sphingosine and sphinganine
(C2-ceramide and dihydro-C2-ceramide) were synthesized and evaluated for their ability to down-regu-
late nutrient transporter proteins and trigger cytoplasmic vacuolation in mammalian cells. In cancer cells,
the disruptions in intracellular trafficking produced by these sphingolipids lead to cancer cell death by
starvation. Structure activity studies were conducted by varying the length of the hydrocarbon chain,
the degree of unsaturation and the presence or absence of an aryl moiety on the appended chains, and
stereochemistry at two stereogenic centers. In general, cytotoxicity was positively correlated with nutri-
ent transporter down-regulation and vacuolation. This study was intended to identify structural and
functional features in lead compounds that best contribute to potency, and to develop chemical biology
tools that could be used to isolate the different protein targets responsible for nutrient transporter loss
and cytoplasmic vacuolation. A molecule that produces maximal vacuolation and transporter loss is
expected to have the maximal anti-cancer activity and would be a lead compound.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Sphingolipids are evolutionarily conserved regulators of nutri-
ent access. Under heat stress, yeast produce the sphingolipid phy-
tosphingosine thereby triggering nutrient permease
internalization that starves cells into an adaptive proliferative
arrest.1,2 In mammalian cells, the related sphingolipid ceramide
is generated under a variety of stress stimuli and also triggers
nutrient transporter down-regulation that induces a starvation-
like phenotype.3–5 The FDA approved sphingolipid drug FTY720
(1) produces similar nutrient transporter loss in both yeast and
mammalian cells.6,7 Remarkably, FTY720, phytosphingosine, and
nutrient restriction produce largely overlapping transcriptional
responses in yeast.2 Together, these studies suggest that sphin-
golipids act as evolutionarily conserved starvation mimetics that
exert their effects by down-regulating cell surface transporters
for amino acids and glucose.

Tumor cells increase nutrient transporter expression and up-
regulate anabolic pathways to support their uncontrolled growth.3

Although accelerated nutrient uptake allows non-homeostatic pro-
liferation, the constitutive demand for metabolic substrates in can-
cer cells becomes a liability under nutrient limiting conditions.
When extracellular nutrients are scarce, normal cells: (1) switch
to more efficient metabolic programs (e.g., reduce glycolysis and
increase oxidative phosphorylation), (2) decrease nutrient demand
by slowing proliferation, and (3) increase catabolic processes to
generate nutrients from intracellular sources. The constitutive acti-
vation of oncogenes and the loss of the tumor suppressor proteins
limits all three of these adaptive responses, sensitizing cancer cells
to nutrient limitation. Like bears that fail to hibernate in the win-
ter, cancer cells die under nutrient stress that causes normal cells
to become quiescent.8–10 The differential sensitivity of normal
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and transformed cells to nutrient stress suggests that sphingolipids
that induce starvation by down-regulating nutrient transporters
may have therapeutic value as selective anti-cancer agents.3

Consistent with this proposal, FTY720 (1) has striking activity
against both solid tumors and hematologic malignancies in animal
models.6,11–15 Although FTY720 (1) is an FDA-approved immuno-
suppressant that is both water soluble and orally bioavailable, it
cannot be repurposed as a cancer therapy because it triggers pro-
found bradycardia due to activation of sphingosine-1-phosphate
(S1P) receptors at the elevated anti-cancer dose.16–19 We have
developed constrained FTY720 analogs based on a pyrrolidine core
structure to eliminate S1P receptor activation while retaining anti-
cancer effects.13,20,21 These pyrrolidine analogs exemplified by the
enantiomeric pairs, 2 and 3 as well as 4 and 5 (Fig. 1), retain
FTY720’s water solubility, oral bioavailability, and anti-tumor
activity but no longer trigger bradycardia.13,20,22,23 While these
previously reported compounds are effective in animal models
and were found to accumulate in tumors13,22, their lowmicromolar
potency (IC50 of 2–5 lM) warranted a study of structural and func-
tional features within a pyrrolidine core that might lead to an
improved activity profile.

We have previously linked the anti-neoplastic activity of
FTY720 and its pyrrolidine analogs to their ability to trigger nutri-
ent transporter loss.6,13,20 More recently, we have shown that these
compounds also produce cytosolic vacuolation that contributes to
their anti-neoplastic effects in vitro and in vivo.22 These vacuoles
primarily represent the multivesicular body, a pre-lysosomal com-
partment of the cell that swells when endocytic cargo is no longer
transferred to the lysosome for degradation. Both transporter
down-regulation and vacuolation depend on the activation of pro-
tein phosphatase 2A (PP2A).6,13,22 These pyrrolidine FTY720 ana-
logs are somewhat unusual in that they activate the putative
target rather than inhibit its function. However, the endogenous
sphingolipid C2-ceramide (9) increases the phosphatase activity
of purified, recombinant PP2A catalytic subunit in in vitro assays
suggesting that sphingolipids may bind to an allosteric regulatory
site that promotes enzyme activation.22,24,25 The micromolar IC50

of ceramide in these assays is consistent with its role as an allos-
teric activator of PP2A given that cellular sphingolipid concentra-
tions are in this range. This activation is specific as the closely
related compound, dihydro-C2-ceramide (10), fails to activate
PP2A. The synthetic sphingolipid FTY720 (1) and dimethylsphin-
gosine (8) also activate PP2A but with 10- to 20-fold higher
potency, and photo-affinity labeling probes derived from sphin-
gosine (6) isolate PP2A subunits [15,22,26,27 reviewed in28,29]. Inter-
estingly, while both ceramide and FTY720 analogs trigger PP2A-
dependent nutrient transporter loss, ceramide fails to produce
the vacuolation seen with FTY720.4,6,22 PP2A is a heterotrimeric
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Figure 1. Structures of FTY720 (1, Gilenya) and constrained analogs, 2–5.
complex.30 There are multiple isoforms of each PP2A subunit in
cells, including more than 15 isoforms of the regulatory subunit
that controls substrate specificity. Because PP2A inhibitors block
both transporter loss and vacuolation, we propose that two distinct
PP2A complexes are activated by FTY720 to induce these pheno-
types: one PP2A complex that induces nutrient transporter loss is
also activated by ceramide while a second complex responsible
for vacuolation is uniquely activated by FTY720 (Supplemental
information). Given the biological complexity of PP2A, the value
of developing chemical biology tools that could selectively isolate
the sphingolipid-activated PP2A complexes responsible for either
transporter loss or vacuolation is readily apparent.

We have previously described two distinct series of FTY720
analogs with anti-cancer activity based on either C-aryl substituted
pyrrolidine analogs such as 4 and 513, or more synthetically acces-
sible O-benzyl substituted pyrrolidine analogs such as 2 and 320

(Fig. 1). Interestingly, conformationally constraining the flexible
aminodiol portion of FTY720 (1) as in the above mentioned analogs
eliminated undesirable S1P receptor activity.13,20,23 Intrigued by
the differential ability of C2-ceramide (9) and dihydro-C2-ceramide
(10) to activate PP2A and kill cells22,24,31, we set out to prepare con-
strained analogs of the aminodiol portion of natural sphingolipids
with the goals of identifying structural features important for the
transporter loss, vacuolation, and cytotoxicity induced by FTY720
(1). We adopted the same strategy of conformational constraint
to generate pyrrolidine analogs of sphingosine (6), sphinganine
(7), dimethylsphingosine (8), and the N-acetylated analogs 9 and
10, by varying the length of the alkyl chain, the degree of unsatu-
ration and the absolute stereochemistry (Fig. 2).

2. Results and discussion

While our initial evaluations of constrained FTY720 analogs
assessed their ability to kill cells and trigger nutrient transporter
down-regulation13,20, further study has revealed that the com-
pounds also disrupt late endocytic trafficking, producing profound
cytoplasmic vacuolation22 (Fig. 3).

As both transporter loss6 and vacuolation22 contribute to anti-
cancer activity, our structure activity relationship studies evalu-
ated both phenotypes. Nutrient transporter down-regulation was
monitored by quantifying surface levels of the amino acid trans-
porter-associated protein, CD98, by flow cytometry. To compare
vacuolation, a semi-quantitative assay was developed. This quan-
tification strategy is described in detail in the Supplementary
methods. Using this method, a vacuolation score was produced
that ranged from 0 to 84 and corresponded to roughly two times
the percent of the cytosol that contained vacuoles (Supplementary
Figs. S1–S3). The concentration that killed half the cells at 48 h
(IC50) was determined by measuring vital dye exclusion, a more
stringent assay than the higher throughput MTT or Cell Titer Glo
assays in which cytostatic compounds score as well as cytotoxic
agents. The murine hematopoietic cell line FL5.12 was selected
for these studies because these cells exhibit robust nutrient trans-
porter loss and vacuolation providing a large dynamic range that
would facilitate comparing compounds.

Our SAR strategy was founded on results obtained with the nat-
urally occurring sphingolipids sphingosine (6) and sphinganine (7)
and the moderately soluble, short-chain C2-ceramide (9) and dihy-
dro-C2-ceramide (10) that are often used in place of extremely
hydrophobic (but physiologic) long-chain ceramides (Figs. 2 and
3). Sphingosine (6) and sphinganine (7) both triggered nutrient
transporter loss and vacuolation and efficiently killed cells with
IC50’s of 3.6 and 3.5 lM, respectively (Fig. 3 and Table 1). C2-Cera-
mide (9) triggered nutrient transporter loss with reduced potency
compared to sphingosine (6) since 50 lM C2-ceramide (9) was
required to cause similar transporter loss as 2.5 lM sphingosine
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Figure 2. Structures of sphingolipids and pyrrolidine analogs.

Figure 3. Effects of FTY720 and natural sphingolipids on vacuolation, transporter
loss, and IC50. In vacuolation and transporter assays, compounds 1 and 6–8 were
tested at 2.5 lM while 9 and 10 were used at 50 lM. Unsaturated sphingolipids are
shown with hatched bars. Mean values are presented +/� SEM for transporter loss
and vacuolation and with 95% CI for IC50’s. �, no vacuolation detected; ⁄, not
determined as the IC50 for dihydro-C2-ceramide (10) was not reached at 50 lM, the
limit of its solubility in cell culture medium. A vacuolated FL5.12 cell is shown; a
complete description of how vacuolation was scored is available in the Supple-
mentary information.
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(6) (Table 1, entries 2 and 5). C2-Ceramide did not cause vacuola-
tion at any dose. Consistent with previous reports that it does
not activate PP2A22,24, dihydro-C2-ceramide (10) failed to kill cells,
did not efficiently trigger CD98 down-regulation, and caused no
vacuolation (Table 1, entry 6 and Fig. 3). While C2-ceramide (9)
was much less active than sphingosine (6), dimethylsphingosine
(8) was almost 5-fold more potent (IC50 = 0.77 lM) (Table 1, entry
4 and Fig. 3). It is of interest that saturation of sphingosine reduced
vacuolation while transporter loss and cytotoxicity were unaf-
fected. The activity profile of these natural sphingolipids led us
to investigate pyrrolidine analogs containing O-benzyl and C-aryl
tethered hydrocarbon chains by altering the length and degree of
unsaturation of the hydrocarbon chain and derivatizing the amine
group. The results are included in Tables 1–3 and Figures 4–6.

The hydrocarbon tail of FTY720 (1) and of our constrained O-
benzyl analogs 2 and 3 is shorter (C8) than that present in sphin-
gosine (6, C12), although the aromatic group in FTY720 (1) extends
the hydrophobic region (Fig. 2). To determine whether the chain
length of the O-benzyl pyrrolidine FTY720 analogs 2 and 3 was
optimized for transporter loss and vacuolation, we generated com-
pounds in this series with C6, C8, C10, C12, or C14 hydrocarbon
chains (Fig. 2, Table 1). In both stereochemical series, (2R,4S) and
(2S,4R), analogs 14 (C12), 16 (C14), 21 (C12), and 23 (C14) that bear
a fully saturated chain lost activity in transporter and vacuolation
assays (Fig. 4, Table 1, entries 11, 13, 19, and 21). When the hydro-
carbon chain was partially unsaturated, as in 15 (C12) and 22
(C12), the longer chain was tolerated (Table 1 entries 12 and 20).
The finding that C12 analogs are more active when unsaturated
in both stereochemical series as represented by 14 and 15 and
the enantiomeric 21 and 22, respectively (entries 11, 12, 19, and
20), suggests that introducing a double bond may permit a better
fit of the suboptimally long hydrocarbon chain in a hydrophobic
binding site in the target protein. We recall that sphingosine (6)
was better at vacuolation than its saturated congener sphinganine
(7) (Table 1, entries 2 and 3).

A C14 chain was not tolerated in vacuolation assays and
reduced transporter down-regulation even when unsaturated (17
and 24, Table 1 entries 14 and 22). Analogs in this O-benzyl series
with shorter C6 hydrocarbon chains (11, 12 and 18, Table 1 entries
7, 8 and 15, respectively) were also less active than the saturated
and unsaturated C8 counterparts, (2, 3, 13 and 19, (Table 1, entries
9, 16, 10 and 17, respectively) leading to less transporter down-
regulation and no vacuolation. These results indicate that a C8
hydrocarbon chain length in this series leads to optimal potency
in both transporter and vacuolation assays, although a C12 chain
as in 15 and 22, is tolerated provided that the chain is partially
unsaturated (Table 1, entries 12 and 20).

Interestingly, in the unsaturated (2S,4R) series corresponding to
3, peak vacuolation scores were higher than peak transporter loss
scores, while in the unsaturated (2R,4S) series corresponding to



Table 1
Comparison of activities of O-benzyl and C-aryl pyrrolidine analogs
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Cl OH
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Entry Compound; Stereochemistry R Compound number IC50 (lM) [95% CI] %CD98 down-regulation Vacuolation score

1 FTY720 1 2.4 [2.1–2.7] 68 ± 3 82 ± 4
2 Sphingosine 6 3.6 [3.5–3.7] 48 ± 2 57 ± 6
3 Sphinganine 7 3.5 [3.3–3.7] 47 ± 3 38 ± 6
4 Dimethylsphingosine 8 0.8 [0.7–0.9] 69 ± 2 72 ± 3
5 C2-Ceramide 9 33.0 [23.3–47.0] 47 ± 3 0
6 Dihydro-C2-ceramide 10 Cytostatic 13 ± 4 0

O-Benzyl series
7 (2R,4S) C6H13 11 2.7 [2.6-2.8] 30 ± 2 0
8 (2R,4S) C6H11 12 5.5 [5.3–5.7] 30 ± 4 0
9 (2R,4S) C8H17 2 2.0 [1.8-2.2] 63 ± 3 33 ± 2
10 (2R,4S) C8H15 13 1.4 [1.3-1.6] 64 ± 1 27 ± 1
11 (2R,4S) C12H25 14 10.1 [8.7–11.6] 13 ± 3 3 ± 1
12 (2R,4S) C12H23 15 2.8 [2.4–3.3] 52 ± 1 33 ± 3
13 (2R,4S) C14H29 16 10.5 [9.7–11.3] 12 ± 3 4 ± 2
14 (2R,4S) C14H27 17 5.1 [5.0–5.3] 19 ± 3 8 ± 1
15 (2S,4R) C6H11 18 5.7 [3.9–8.3] 9 ± 3 5 ± 2
16 (2S,4R) C8H17 3 3.0 [2.9-3.2] 48 ± 2 47 ± 2
17 (2S,4R) C8H15 19 2.4 [2.3–2.4] 41 ± 3 70 ± 1
18 (2S,4R) C10H21 20 3.6 [3.4–3.7] 28 ± 1 36 ± 5
19 (2S,4R) C12H25 21 3.9 [3.7–4.2] 14 ± 4 30 ± 2
20 (2S,4R) C12H23 22 2.4 [2.3–2.5] 40 ± 2 76 ± 6
21 (2S,4R) C14H29 23 5.7 [5.5–5.9] 19 ± 1 3 ± 3
22 (2S,4R) C14H27 24 7.3 [6.7–8.1] 20 ± 3 1 ± 1

C-Aryl series
23 (2S,3R) C8H17 4 1.9 [1.8-2.1] 54 ± 1 81 ± 3
24 (2S,3R) C8H15 25 1.7 [1.6-1.8] 58 ± 3 84 ± 2
25 (2R,3S) C8H17 5 1.7 [1.4–2.1] 47 ± 3 53 ± 3

IC50 values are given with 95% confidence intervals, CD98 and vacuolation scores are means ± SEM. NP 3 in all cases.

Table 2
Comparison of activities of O-alkyl pyrrolidine analogs

N
H2

RO

OHCl N
H2

RO

OHCl

(2R,4S) (2S,4R)

Entry Compound; Stereochemistry R Compound number IC50 (lM) [95% Cl] %CD98 down-regulation Vacuolation score

1 FTY720 1 2.4 [2.1–2.7] 68 ± 3 82 ± 4
2 Sphingosine 6 3.6 [3.5–3.7] 48 ± 2 57 ± 6
3 Sphinganine 7 3.5 [3.3–3.7] 47 ± 3 38 ± 6
4 Dimethylsphingosine 8 0.8 [0.7–0.9] 69 ± 2 72 ± 3
5 C2-Ceramide 9 33.0 [23.3–47.0] 47 ± 3 0
6 Dihydro-C2-ceramide 10 Cytostatic 13 ± 4 0
7 (2R,4S) C12H25 26 1.2 [1.1–1.3] 57 ± 2 53 ± 3
8 (2R,4S) C12H23 27 2.6 [2.6-2.7] 34 ± 2 9 ± 5
9 (2S,4R) C12H25 28 2.5 [2.4–2.6] 45 ± 3 36 ± 5
10 (2S,4R) C12H23 29 3.3 [3.1–3.5] 30 ± 1 20 ± 4

IC50 values are given with 95% confidence intervals, CD98 and vacuolation scores are means ± SEM. NP 3 in all cases.
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2, these activities were reversed and more transporter loss than
vacuolation was observed (Fig. 4). When the hydrocarbon chain
was saturated as in our previous reports13,20, these differences in
the ability to trigger nutrient transporter loss and vacuolation were
present, but less apparent. For example, the (2S,4R) unsaturated
compound 19 (Table 1 entry 17) triggers vacuolation twice as well
as the (2R,4S) unsaturated enantiomer 13 (Table 1 entry 10), while
the trend is reversed with 13 (Table 1 entry 10) which induces
transporter loss nearly twice as much as 19 (Table 1 entry 17).
These differential activities of enantiomeric compounds in



Table 3
Effect of N-substitution and unsaturation on the activities of O-benzyl and C-aryl pyrrolidine analogs

N

O

R1

OHR2

N

R1

OHR2N

O

R1

OHR2

(2R,4S) (2S,4R) (2S,3R)

Entry Compound; Stereochemistry R1 R2 Compound number IC50 (lM) [95% Cl] %CD98 down-regulation Vacuolation score

1 FTY720 1 2.4 [2.1–2.7] 68 ± 3 82 ± 4
2 Sphingosine 6 3.6 [3.5–3.7] 48 ± 2 57 ± 6
3 Sphinganine 7 3.5 [3.3–3.7] 47 ± 3 38 ± 6
4 Dimethylsphingosine 8 0.8 [0.7–0.9] 69 ± 2 72 ± 3
5 C2-Ceramide 9 33.0 [23.3–47.0] 47 ± 3 0
6 Dihydro-C2-ceramide 10 Cytostatic 13 ± 4 0

O-Benzyl series
7 (2R,4S) C8H17 H 2 2.0 [1.8–2.2] 63 ± 3 33 ± 2
8 (2R,4S) C8H15 H 13 1.4 [1.3–1.6] 64 ± 1 27 ± 1
9 (2S,4R) C8H17 H 3 3.0 [2.9–3.2] 48 ± 2 47 ± 2
10 (2R,4S) C8H15 Me 30 1.9 [1.8–2.1] 31 ± 4 26 ± 2
11 (2R,4S) C8H17 Ac 31 29.7 [ND] 37 ± 3 1 ± 1

12 (2R,4S) C8H17 HN NH2
32 14.2 [12.5–16.1] 35 ± 1 0

13 (2S,4R) C8H17 HN NH2
33 17.3 [15.9–18.9] 34 ± 3 0

C-Aryl series
14 (2S,3R) C8H17 H 4 1.9 [1.8–2.1] 54 ± 1 81 ± 3
15 (2S,3R) C8H15 H 25 1.7 [1.6–1.8] 58 ± 3 84 ± 2
16 (2S,3R) C8H17 Ac 34 39.7 [37.1–42.4] 40 ± 4 0
17 (2S,3R) C8H15 Ac 35 46.2 [43.5–49.0] 40 ± 2 2 ± 2

Effect of N-substitution and unsaturation on the activities of O-benzyl and C-aryl pyrrolidine analogs. IC50 values are given with 95% confidence intervals, CD98 and
vacuolation scores are means ± SEM. NP 3 in all cases. ND, not determined due to solubility constraints.

Figure 4. Effect of hydrocarbon tail length and saturation on vacuolation, transporter loss, and IC50. Saturated and unsaturated compounds with the same stereochemistry are
compared. All compounds were tested at 2.5 lM in vacuolation and transporter assays. Mean values are presented +/� SEM for transporter loss and vacuolation and with 95%
CI for IC50.
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Figure 5. Effect of constraint on vacuolation, transporter loss, and cell killing by
natural sphingolipids. All compounds were tested at 2.5 lM in vacuolation and
transporter assays. Unsaturated compounds are shown with hatched bars. Mean
values are presented +/� SEM for transporter loss and vacuolation and with 95% CI
for IC50.

Figure 6. Comparison of vacuolation and transporter loss induced by the com-
pounds under study. All compounds were tested at 2.5 lM except for C2-ceramide
(9, 50 lM), 31 (50 lM), and 32 and 33 (30 lM). C-Aryl compound are shown in
green; O-benzyl compounds with (2R,4S) as in 2 are shown in blue, (2S,4R)
stereochemistry as in 3 in red, and flexible or constrained natural sphingolipids in
black. Mean values are plotted.
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transporter and vacuolation assays are also apparent, but less
robust, when the saturated compounds, 2 and 3 (Table 1 entry 9
and 13, respectively), are compared. The finding that enantiomers
exhibit different if not reversed activity trends in these assays is
significant because it could lead to the development of chemical
biology tools to isolate the distinct targets responsible for these
phenotypes. It is also interesting to note that the unsaturated
(2S,4R) analogs of 3 are much more active in vacuolation assays
than the matched saturated compounds. Partial unsaturation
increases transporter loss as well, but to a lesser degree. Because
unsaturation in the hydrocarbon chain increased the activity of
all compounds in each assay, we evaluated whether unsaturation
would also enhance the activity of the structurally related C-aryl
series as in (2S,3R) 4 (Fig. 1 and Table 1, entry 23). Analog 25
(Table 1, entry 24) was not significantly more active than its satu-
rated counterpart 4 (Table 1, entry 23) in any of the assays. How-
ever, 4 (Table 1, entry 23) is much better at inducing vacuolation
than the corresponding saturated O-benzyl, 3 (Table 1, entry 16)
analog. As in the O-benzyl series, we observe a stereochemical
dependence for optimal activity within the C-aryl series. Thus,
the C-aryl analog (2R,3S) 5 (Table 1, entry 25) does not vacuolate
as well as the enantiomeric (2S,3R) 4 (Table 1, entry 23) with scores
of 53 and 81, respectively. To summarize the conclusions drawn
from SAR studies with the compounds in Table 1, the (2S,4R) stere-
ochemistry in the O-benzyl series represented by 3 leads to better
vacuolation, while the enantiomeric (2R,4S) stereochemistry as in
2 promotes nutrient transporter down-regulation (Table 1 entries
16 and 9, respectively). These results could reflect differential
affinities for distinct PP2A heterotrimers. The C8 hydrocarbon
chain length is favored in both assays, and, at this optimal tail
length, unsaturation has only a minor positive effect on activity.
Better vacuolation is observed with the C-aryl (2S,3R) and (2R,3S)
analogs 4 and 5 compared to the O-benzyl counterparts 3 and 2,
respectively.

We next considered 2-hydroxymethyl pyrrolidine versions of
sphingosine (6) and sphinganine (7) except that the aromatic moi-
ety in the original series represented by 2 and 3 was replaced by
hydrocarbon chains of varying degrees of saturation and unsatura-
tion as 3-O-ethers (Fig. 2). Replacing the polar amino diol portion
of sphingosine (6) and sphinganine (7) with a pyrrolidine ring
did not dramatically alter the IC50 values of the enantiomeric ana-
logs 26–29 with the exception that 26 was 3-fold more cytotoxic
than the parent compound, sphinganine (7, Table 2, Fig. 5). CD98
transporter loss and vacuolation were slightly greater with 26
(Table 2 entry 7) than with the parent sphinganine (7, Table 2 entry
3), consistent with its increased cytotoxicity. However, the unsat-
urated analog 27 (Table 2 entry 8) exhibited decreased activity in
transporter and vacuolation assays compared to sphingosine (6,
Table 2 entry 2) without a concomitant increase in the IC50. Sphin-
gosine (6) and sphinganine (7) have similar effects on nutrient
transporter proteins, however sphingosine (6) vacuolates much
better than sphinganine (7) (Fig. 3). Surprisingly, this relationship
was reversed in the constrained analogs, where the enantiomeric
fully saturated constrained sphinganine analogs 26 and 28 were
2–4-fold more active in vacuolation assays than the unsaturated
sphingosine analogs 27 and 29 (Table 2 entries 7–10).

Stereochemistry had a only a modest effect in this series,
although the (2R,4S) stereoisomers were slightly better at vacuola-
tion than the (2S,4R) versions (Table 2, entries 7–10, Fig. 5). In sum-
mary, unlike in the O-benzyl series, constraint had a negative effect
on the transporter and vacuolation activities of sphingosine (6) but
not sphinganine (7).

One of the key goals of this study was to determine the struc-
tural features that influence activation of the disparate targets
involved in nutrient transporter loss and vacuolation. C2-Ceramide
(9), which differs from sphingosine (6) by the acetylation of its
amino group (Fig. 2), induces nutrient transporter loss but not vac-
uolation at concentrations above its IC50 (Fig. 3). We were cog-
nizant that reducing the basic character of the pyrrolidine
nitrogen atom in analogs such as 2, 3, and 4 by N-acetylation
should result in greatly diminished activity in transporter and
cytotoxicity assays based on previous results with the correspond-
ing lactams.13,20 However, the effects of such a modification on
vacuolation were unknown. As expected, given the lack of the basic
nitrogen, N-acetyl analog 31 in the O-benzyl series (Table 3 entry
11) was 10-fold less potent than 2, in analogy with the similar dif-
ference in potency between C2-ceramide (9) and sphingosine (6)
(Table 3 entries 2 and 5). Furthermore, analog 31 exhibited no vac-
uolation activity at the highest dose tested (Table 3 entry 11). The
effect of N-acetylation on C-aryl compounds such as 4 and 25
which induce vacuolation very efficiently was also evaluated
Although loss of transporter activity was not as significant, com-
pounds 34 and 35 also failed to induce vacuolation, (Table 3 entries
16 and 17). Thus, N-acetylated pyrrolidine FTY720 analogs in the
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C-aryl series as reported here may be useful as chemical biology
tools to isolate and identify the individual targets responsible for
transporter loss and vacuolation.

A second goal of these SAR studies was to identify functional
characteristics in constrained FTY720 analogs that would maintain
potency while effecting transporter loss and efficient vacuolation,
thereby contributing to cancer cell death. The finding that N-acety-
lation reduces potency is consistent with our previous observa-
tions that the positive charge of the nitrogen in the pyrrolidine is
critical for enhanced compound activity.13,20 Since dimethylsphin-
gosine (8) exhibited the best potency, transporter loss and vacuo-
lation among the sphingolipids tested (Tables 1–3, Fig. 3), we
surmised that the N-methyl analog 30 would represent a good
mimic, albeit with a pyrrolidine scaffold. Interestingly, the N-
methyl analog 30 was not more active than the parent 13, and
its ability to induce transporter loss and vacuolation were reduced
(Table 3, entries 8 and 10). To determine whether increasing the
basicity of the pyrrolidine nitrogen atom would also increase
potency, we generated guanidino analogs 32 and 33 (Table 3).
However, the potency of these compounds was reduced 5–7 fold
compared to the parent compounds 3 and 2 in the same series
(Table 3, entries 12 and 13). Moreover, the ability to induce vacuole
formation was lost even at the highest concentrations tested
(30 lM). These results suggest that although basicity is important,
steric effects in the environment of the pyrrolidine nitrogen may
play a role in interactions with cellular targets.
3. Conclusion

In summary, these SAR studies of constrained anti-cancer
FTY720 pyrrolidine analogs suggest that a compound with an
unsaturated C8 hydrocarbon chain in the (2S,4R)-O-benzyl pyrro-
lidine series such as 19 will have higher overall activity than satu-
rated, longer or shorter chain analogs having the same
stereochemistry (Fig. 6). The (S,R) stereochemistry as in 19 corre-
lates with better vacuolating ability while the enantiomeric (R,S)
compounds, as in 2 and 13, are slightly better at triggering nutrient
transporter loss (Table 1 and Figs. 4 and 6). However, in the C-aryl
series, this difference in transporter down- regulation between
enantiomers becomes negligible (54% vs 47% with 4 and 5, respec-
tively). Of the pyrrolidine analogs tested, the saturated and unsat-
urated C-aryl analogs 4 and 25, respectively are the most potent
inducers of vacuolation and transporter loss leading to potent cyto-
toxicity in the low lM range (Fig. 6). Given this profile, these com-
pounds would be predicted to have the highest anti-tumor activity
in vivo in this series of constrained FTY720 analogs. Indeed, 4 exhi-
bits activity against both colon cancer and prostate cancer in ani-
mal models.13,22 Furthermore, these compounds fail to activate
the undesirable S1P receptor which is known to dramatically
reduce heart rate. As a result of this study, we identified several
compounds such as 34 and 35 that might provide valuable chem-
ical biology tools to isolate the distinct targets involved in vacuola-
tion and transporter down-regulation. For example, while
C2-ceramide (9) shows good activity in transporter down-regula-
tion assays among the non-vacuolating sphingolipids (Fig. 6), it is
rapidly metabolized and therefore less suitable as a chemical probe
than synthetic, constrained versions that are likely to be less read-
ily metabolized by cellular enzymes. Thus, compounds 12 or 31–
35, lacking any vacuolating activity, would likely be superior
ligands for selective isolation of the target(s) involved in nutrient
transporter loss. No compounds were identified that cause vacuo-
lation without also triggering transporter loss (Fig. 6). Therefore,
comparing this dataset to proteins isolated by compounds with
similar transporter down-regulation abilities that also vacuolate
well such as 22 and 19 could permit identification of protein
targets responsible for vacuolation. Future studies will address
the deconvolution of these targets.
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