Structure-function analysis of lipid substrates and inhibitors of sphingosine kinases
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Abstract

The sphingosine kinases, SK1 and SK2, catalyse the formation of the bioactive signalling lipid, sphingosine
1-phosphate (S1P), from sphingosine. SK1 and SK2 differ in their subcellular localisation, trafficking and
regulation, but the isoforms are also distinct in their selectivity towards naturally occurring and synthetic
ligands as substrates and inhibitors. To date, only the structure of SK1 has been determined, and a structural
basis for selectivity differences in substrate handling by SK2 has yet to be established. Here we present a
structural rationale, based on homology modelling and ligand docking, to account for the capacity of SK2, but
not SK1, to efficiently process the pharmacologically active substances, fingolimod (FTY720) and safingol,
as substrates. We propose that two key residue differences in hSK2 (Ser305/Thr584 in place of Alal75/Ala339
in hSK1) facilitate conformational switching in the lipid head group anchor residue, Asp308 (corresponding
to Aspl78 in hSK1), to accommodate substrate diversity for SK2. Our analysis accounts for the contrasting
behaviour of fingolimod and safingol as non-turnover inhibitors of SK1, but substrates for SK2, and the
observed stereoselectivity for phosphorylation of the pro-S hydroxymethyl group of fingolimod to generate
(S)-FTY720-P in vivo. We also rationalise why methylation of the pro-R hydroxymethyl of FTY720 switches
the behaviour of the resulting compound, (R)-FTY720 methyl ether (ROMe), to SK2-selective inhibition.
Whilst the pharmacological significance of (S)-FTY720-P is firmly established, as the active principle of
fingolimod in treating relapsing-remitting multiple sclerosis, the potential importance of SK-mediated
phosphorylation of other substrates, such as safingol and non-canonical naturally occuring substrates such as
(4E,nZ)-sphingadienes, is less widely appreciated. Thus, the contribution of SK2-derived safingol 1-phosphate
to the anti-cancer activity of safingol should be considered. Similarly, the biological role of sphingadiene 1-
phosphates derived from plant-based dietary sphingadienes, which we also show here are substrates for both

SK1 and SK2, merits investigation.



Introduction

Sphingosine 1-phosphate (S1P) is a bioactive lipid that regulates physiological effects through both receptor
mediated signalling and intracellular target protein pathways. Two isoforms of sphingosine kinase (SK1 and
SK2) catalyse the phosphorylation of sphingosine (Sph) to produce S1P (Fig. 1) [1]. These enzymes differ in
their tissue expression, subcellular localisation and biochemical properties and regulate separate and
overlapping cell biology [1]. S1P is degraded by irreversible cleavage at the C,-C3 bond to hexadecenal and
phosphoethanolamine, catalysed by S1P lyase. S1P can also be dephosphorylated to sphingosine, catalysed
by two isoforms of S1P phosphatase and non-specific lipid phosphate phosphatases. S1P promotes
proliferation and survival, while ceramide induces apoptosis, growth arrest or senescence [1]. The balance
between ceramide and S1P has been termed the ‘sphingolipid rheostat’ [2, 3] and involves receptor-mediated
(autocrine, paracrine and signal amplification loops) and intracellular target protein-dependent effects of S1P
that are generally functionally opposed by ceramide. At least one of the enzymes that is involved in the
interconversion of ceramide, sphingosine and S1P is allosterically regulated. In this regard, S1P inhibits CerS2
by binding to two residues that comprise an S1P receptor-like motif found specifically in CerS2 [4]. This
might therefore provide a mechanism that enables a rheostat to function in a reciprocal manner. Thus,
inhibition of CerS2 by S1P might effectively bias the rheostat toward S1P synthesis. In addition, the inhibition
of CerS2 by S1P might also reduce de novo synthesis of long chain ceramides by re-directing accumulated
dihydrosphingosine toward dihydrosphingosine 1-phosphate formation [5]. However, there is additional
complexity in the sphingolipid rheostat model as different molecular species of ceramide do not always
promote cell death and, in some cases, can promote cell survival [6]. In addition, ceramide can be converted
by ceramide kinase into ceramide 1-phosphate (C1P) [7], which is a pro-survival bioactive lipid. Nevertheless,
the general consensus approach in pharmacologically-directed work is to develop new chemical entities that
inhibit sphingosine kinases to restrict flux from ceramide to S1P and, thereby, to promote accumulation of

apoptotic ceramides to deliver cytotoxic effects to, for instance, cancer cells.

Five differentially expressed G protein-coupled receptors (GPCRs), designated S1P;s, mediate many of the
physiological roles of S1P, such as trafficking of lymphocytes, regulation of vascular barrier integrity and
modulation of vascular tone [1]. S1P receptors have been successfully targeted for therapeutic application.
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Thus, Gilenya® (a formulation of fingolimod/FTY720, Fig. 1) is used for treatment of relapsing and remitting
multiple sclerosis. FTY720 is a sphingosine-like molecule that is phosphorylated by SK2 to form FTY720-
phosphate (FTY720-P), which is then exported from cells to agonise and induce proteasomal degradation of
S1P;; termed functional antagonism [8]. This effectively abrogates S1P;-mediated T-cell egress from lymph
nodes and invasion of inflammatory T cells into the CNS. FTY720-P also reduces astrogliosis and promotes
nerve re-myelination and recovery, thereby relieving symptoms of remitting multiple sclerosis. There is also
abundant evidence for the involvement of S1P in cancer such as breast [9], ovarian [10], gastrointestinal [11],
hepatocellular carcinoma [12] and glioblastoma [13]. Regardless of the cancer type, S1P is involved in
tumour/stromal cell communication, the migration and invasiveness of cancer cells into the niche micro-
environment, neovascularisation and metastasis. Indeed, signalling through S1P receptors contributes to, for
example, signal amplification loops that drive oncogenesis. There is also an association between high S1P
receptor and SK1 expression levels in tumours and poor clinical prognosis in terms of disease-specific survival

and recurrence [14].

SK1 translocates from the cytoplasm to the plasma membrane in response to extracellular ligands (e.g. TNFa)
to access its substrate, Sph, while SK2 shuttles to and from the nucleus [15-17]. There are several intracellular
targets of S1P. For instance, SK1-derived S1P binds to the RING domain of TNF receptor associated factor 2
(TRAF2), an E3 ligase which catalyses Lys63-polyubiquitination of RIP1, a protein kinase in the NF-xB
pathway that regulates cell survival and inflammation [18]. S1P produced by SK2 also binds prohibitin 2
(PHB2) to regulate mitochondrial assembly and electron transport chain function at complex IV [19]. The
catalytic subunit of telomerase, human telomerase reverse transcriptase ("nTERT), is stabilised by binding S1P
formed by SK2. This prevents interaction with the E3 ligase markorin ring finger protein (MKRNL1), thereby
abrogating ubiquitination of hnTERT and its removal from cells by proteasomal degradation. The stabilisation
of telomerase enhances proliferation and tumour growth [20]. S1P formed by nuclear SK2 inhibits HDAC1/2
to maintain lysine acetylation of histone [21] and to regulate peroxisome proliferator-activated receptor gamma

(PPARYy) to enhance gene expression [22]. Therefore, SK inhibitors have the potential to reduce inflammation,



prevent replicative immortality and cell survival and alter mitochondrial function, gene expression and S1P

receptor-mediated signalling in cancer.

There is a significant body of evidence demonstrating that the SK isoforms differ not only in their intracellular
localisation, trafficking and regulatory behaviour, but that they exhibit distinct properties in their recognition
of both natural and synthetic ligands as substrates. This article addresses a number of important unresolved
guestions concerning the binding of lipid substrates and inhibitors to SK1 and SK2. For example, what is the
structural basis for isoform selectivity with highly flexible ligands—as with FTY720, a substrate for SK2 and
an inhibitor of SK1, and (R)-FTY720 methyl ether (ROMe, Fig. 1), an SK2-selective inhibitor? What is the
nature of the interaction of sphingosine kinases with 4,n-sphingadienes and safingol, lipids with anti-cancer
properties, and why does the single centre stereochemistry change in the head group of safingol (Fig. 1) result
in SK1-selective inhibition and SK2-selective substrate behaviour? Issues concerning substrate versus
inhibitor activity are important, as they might fundamentally point to the need to re-evaluate the mechanism

of action of these molecules as anti-cancer agents.

FTY720 is phosphorylated by SK2, yet reportedly functions as a competitive inhibitor of SK1 with a K; of 2
uM [23, 24]. Although there is evidence that FTY720 is phosphorylated in Sphk2” mice [25], suggesting that
SK1 might also process FTY720 as a substrate, it is clear that it is, at best, a very poor substrate for SK1, and
the possibility that an alternative kinase might function to catalyse the phosphorylation of FTY720 in Sphk2”"
mice has not been ruled out. Curiously the methyl ether derivative of FTY720, ROMe, fails to inhibit SK1
and is not a substrate for SK2 but rather inhibits this isoform [26]. As ROMe modulates endothelial barrier
integrity via an S1P; receptor-dependent mechanism [27], one might suspect that the phosphorylated derivative
of ROMe could bind to the S1P; receptor in a manner analogous to FTY720-P. However, neither SK1 nor
SK2 catalyse phosphorylation of ROMe. Using structural analysis, we provide an explanation for these

properties of SK1 and SK2 toward FTY720 and ROMe as substrate/inhibitors.

Doubly unsaturated sphingadienes, which occur naturally in plant-based sphingolipid dietary intake, are found

in a wide range of mammalian tissues and are metabolized to ceramides and sphingadiene 1-phosphate with
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almost the same efficiency as sphingosine. Recently it has been reported that sphingadienes are substrates for
SK1 and SK2, but that sphingadiene bases accumulate in the hippocampus of Sphk2”-mice [28]. We have also
found that (4E,nZ)-sphingadienes (n = 8, 11, 14) are substrates for both SK1 and SK2 (Fig. 2) using an
established isofom specific radiometric assay [29]. However, they are less susceptible to degradation by the
S1P lyase [30]. Fatty acid desaturase, FADS3 is a ceramide desaturase that is involved in the formation of
sphingadienes [30]. Sphingadienes are bioactive and induce colon cancer cell death in vitro and prevent
intestinal tumorigenesis in vivo [31]. This involves abrogated translocation of Akt from the cytosol to the
plasma membrane, thereby inhibiting protein translation and promoting apoptosis and autophagy.
Sphingadienes also reduce Wnt signalling, nuclear B-catenin localization, and levels of B-catenin and
phosphorylated (inactive) GSK3 in colon cancer cells [32]. Indeed, inhibition of GSK3p attenuates the effects
of sphingadienes. Sphingadienes also increase colonic S1P lyase expression and reduce S1P levels, STAT3
signalling, cytokine levels and tumorigenesis [33]. In addition, sphingadienes are cytotoxic to transformed
and primary neuroblastoma cells, and this is independent of N-Myc amplification status and occurs via
caspase-dependent apoptosis and autophagy [34]. However, the new evidence presented here and elsewhere,
reporting that sphingadienes are substrates for SK1 and SK2, suggests that the biological effect of sphingadiene
1-phosphate on Akt signalling and GSK3 requires investigation. Inaddition, sphingadiene 1-phosphate might
induce the up-regulation of S1P lyase expression, while the sphingadiene itself is likely to compete with
sphingosine for the sphingosine binding site in SK. Both actions might therefore, account for the ability of
sphingadienes to reduce S1P levels. Further investigation of the biological action of sphingadiene 1-phosphate

is warranted.

Finally, we present evidence that safingol (L-threo-dihydrosphingosine), which is currently the only SK1
inhibitor to enter clinical trials for oncology, is a substrate for SK2 (Fig. 2). Safingol can be safely administered
in combination with cisplatin, resulting in reduced S1P levels [35]. However, its ability to act as a substrate
for SK2 is important because this suggests that L-threo-dihydrosphingosine 1-phosphate might also have anti-
cancer activity. A structure-based rationale is set out for the behaviour of the p-erythro lipids, sphingosine and
the sphingadienes, as substrates for both SK1 and SK2, and the switch to SK1-inhibitory/SK2-substrate

behaviour with the L-threo head group of safingol.



Structural features of the sphingosine and ATP binding sites in sphingosine kinases

The current position with regards to SK1 structural characterisation has been reviewed recently and key
structure-function hypotheses relating to mechanism of action and regulatory control set out [36]. In contrast
to SK1, there are no crystal structures for SK2 available at present, and the structural basis for subtle differences
in substrate selectivity preferences between SK1 and SK2 has received little attention to date. These differences
between SK1 and SK2 may be relevant to the design of isoform-selective inhibitors, but they also have wider
physiological and pharmacological implications. Thus, FTY720 (fingolimod, Gilenya®), an
immunomodulatory prodrug used for treatment of multiple sclerosis [37], is accommodated as a substrate by
SK2 and converted in vivo into the active phosphorylated form of the drug, (S)-FTY720-P (Fig. 1), which
serves as an S1P receptor agonist [38] that functionally antagonises S1P signalling by inducing internalisation
and proteasome degradation of the S1P; receptor [8]. By contrast, FTY720 is a poor substrate for SK1 and,
therefore, binds as an inhibitor to this isoform with only very weak, if any, turnover to phosphorylated product
[23]. Intriguingly, methylation of the pro-R hydroxymethyl group of fingolimod, to generate (R)-FTY720
methyl ether (ROMe) (Fig. 1), switches the compound properties to SK2-selective inhibition [26]. Here we

propose a rationale for these observations based on analysis of an SK1-derived homology model for SK2 [39].

SK1 exhibits a bi-domain structure comprising an N-terminal domain (NTD) that binds the nucleotide co-
substrate (ATP) and a C-terminal domain (CTD) that hosts the lipid substrate binding site (Fig. 3A). The CTD
is formed from a B-sandwich core with three lipid binding loops (LBL-1, LBL-2 and LBL-3) packing on one
face of the B-sandwich to generate a curved hydrophobic cavity, the ‘J-channel’, that accommodates the lipid
substrate tail. The reverse face of the CTD B-sandwich is occupied by a single long regulatory loop (the ‘R-
loop’) that hosts a phosphorylation site for ERK kinase. The phosphorylation of this site in SK1 provides a
mechanism for targeting and activation of S1P production at the plasma membrane [40, 41]. In SK2 the R-
loop is greatly extended and additionally contains a nuclear export signal sequence that is regulated through
phosphorylation by PKD [17, 42]. This, together with an extended N-terminal sequence that contains a nuclear
localisation signal sequence [17], is a key distinguishing feature for SK2 and contributes to a distinctive pattern

of subcellular localisation and trafficking as compared to SK1 [43]. The core NTD of SK1 and SK2 exhibits



strong homology, however, with sequence conservation particularly high in four key regions that engage bound
nucleotide (Figure S1 in Adams et al. [36]). The nucleotide binds with an accompanying Mg?* ion that forms
the catalytic centre at the NTD/CTD interface, and a DGE-containing hairpin, contributed by the CTD B-
sandwich (between 14/B15 in SK1), plays an important role in coordinating the metal ion. The head group of
bound lipid substrate is trapped between this motif (341-DGE-343 in human SK1, hSK1) and lipid binding
loops LBL-1 and LBL-2 at the mouth of the J-channel, and the DGE hairpin plays an important role in

orchestrating presentation of the head group for phosphorylation.

Current understanding of ligand binding is informed by five hSK1 co-crystal structures that exhibit J-channel
occupancy either with bound sphingosine (Sph) (PDB: 3VZB, [44]) or an inhibitor. To date, structure
determination has been accomplished with three inhibitors, namely with SKi (3VZC, [44]), Amgen-23 (4L02,
[45]) and PF-543 (4V24, [46]) (Fig. 1); in the case of SKi the structure has additionally been determined with
bound Mg-ADP (3VZD, [44]). The Sph co-crystal structure (3VZB) reveals that the substrate head group is
engaged by a highly organised polar network that includes Asp178 on LBL-1 as a hydrogen bonding anchor
for the Sph 3-OH (Fig. 3B, C). The hydroxyl is also hydrogen bonded to a structural water (W1) that is
networked to Ala339 and Gly342 on the DGE hairpin and to the side chain of Ser168, another residue
contributed by the CTD B-sandwich core (B8). The side chain of Ser168 additionally serves as a hydrogen
bond acceptor for the Sph ammonium ion. Two slightly differing positions are observed for the Sph 1-OH in
different protein chains of the 3VZB crystal structure, one with a hydrogen bond contact to the backbone
carbonyl of LBL-2 residue Leu268 and one with a contact to Asp81. The latter is presented by the sphingosine
kinase ‘P-loop’ and is thought to serve as the base for deprotonation of the phosphoacceptor hydroxyl group
during substrate phosphorylation. The P-loop is the sequence running from B3 into a3 in the SK1 NTD, and it
also serves to bind the nucleotide’s a-phosphate. In addition to engaging the substrate 1-OH, the Asp81 side
chain carboxylate is positioned so as to cap the N-terminus of helix-a5, which, together with the preceding
residues issuing from B4, form the conserved sphingosine kinase ‘T-loop’. The T-loop binds the nucleotide’s
B-phosphate, and it is postulated that plasticity in the backbone of this loop and in the presentation Asp81 may
be important for catalytic turnover [36]. Although no co-crystal structures are currently available with ATP
(or a non-hydrolysable triphosphate mimetic), it is clear from the crystal structure (3VZD) [44] with bound
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ADP that the ATP y-phosphate would be positioned proximal to the Sph 1-OH group when hydrogen bonded

to Asp8L1.

The structural water (W1) is conserved across all of the SK1 crystal structures, irrespective of ligand occupancy
in the J-channel. In the case of the SKi co-crystal structures, the ligand sits deep in the J-channel as a Sph-
competitive inhibitor but lacks an extended Sph-mimetic head group. In this instance, the phenolic group of
SKi hydrogen bonds to one oxygen of the Aspl178 carboxylate whilst the second oxygen is engaged by an
additional water molecule (W2) that occupies the position of the Sph 3-OH hydroxyl and completes the
network to W1 (Fig. 4A). Partial occupancy by a third water molecule (W3) at the position of the Sph-1-OH
is also seen in the SKi co-crystal structures. The surrogacy of W2 and W3 for the Sph 3-OH and 1-OH in the
SKi co-crystal structures highlights that these sites are favourable hydroxyl binding loci. Amgen-23 conserves
the core structure of SKi but replaces the phenol by a hydroxylated basic piperidine-containing head group. In
this case, the hydroxymethyl side chain maps to the position of Sph 3-OH/W2 whilst the secondary carbinol
centre occupies the position of the Sph 1-OH/W3 and engages Asp81 (Fig. 4B). The protonated piperidine
nitrogen is perfectly positioned to target Aspl78, so that one carboxylate oxygen is engaged by the
piperidinium centre and the second with a hydrogen bond from the hydroxymethyl group. The J-channel
surface is overwhelmingly hydrophobic but does present an exposed threonine (Thr196, conserved as Thr326
in hSK?2) as a potential hydrogen bonding point, and the crystal structures reveal that the aminothiazole subunit
in both SKi and Amgen-23 exploits this contact. PF-543 does not hydrogen bond to the J-channel threonine
but does engage the residues at the mouth of the J-channel in a similar manner to Amgen-23. Thus, the co-
crystal structure [46] reveals that the hydroxymethylpyrrolidine head group of PF-543 gives a strong double
contact on the Aspl178 carboxylate from the protonated pyrrolidine nitrogen and hydroxyl group, the latter
mapping to the Sph 3-OH/W2 position (Fig. 4C). The ring nitrogen atoms of PF-543 and Amgen-23 exhibit
high positional correspondence to one another, and point to a favourable ammonium ion binding locus beneath
the SK1 Asp178 residue that differs from the position occupied by the substrate primary ammonium centre in
the Sph co-crystal structure. The combination of a cyclic tertiary ammonium ion with a B-hydroxy group from
a hydroxymethyl side chain provides a geometrically optimised ligand combination for tight end-on

engagement of the Asp178 carboxylate.



The direct ligand contact surface of the J-channel comprises some 20 residues. Of these, the hSK1 and SK2
isoforms differ only at three points, namely in lle174, Met272, and Phe288 of SK1, corresponding respectively
to Val304, Leu517, and Cys533 in SK2 (marked in the Fig. 4 schematics). 1le174 and Met272 contribute to
the throat of the J-channel, whilst Phe288 stoppers the toe. Of these substitutions, the replacement of Phe288
by Cys533 in SK2 is predicted to have the greatest impact and is expected to result in a longer J-channel and
potentially also to confer greater surface plasticity in SK2 due to loosened packing against adjacent
hydrophobic residues. Another important contact area for ligands in the J-channel is at the heel, where the
surface is contributed by an isoleucine located on LBL-3 (11e302 in SK1, marked in the Fig. 4 schematics).
Although this residue is conserved in SK2 (as 1le547), analysis of adjacent (hon-contact surface) residue
differences in LBL-3, together with consideration of the packing of LBL-3 against LBL-2, suggested that the
heel isoleucine in SK2 may potentially experience an inward shift relative to that of SK1. This led to a
hypothesis that the SK2 J-channel may possess an inwardly contracted heel compared to SK1 [39]. The
SK1/PF-543 co-crystal structure revealed that the tail sulfonyl group of PF-543 lies proximal to the J-channel
heel residue. Thus, modification of the inhibitor structure to reduce steric demand at this point whilst
simultaneously expanding demand in the toe region of the J-channel would be expected to favour binding to
SK2 and discriminate against SK1. These ideas were recently validated with the design of HWG-35D
(compound 55 in Adams et al. [39]) as an SK2-selective inhibitor (Fig. 1 and Fig. 4D), where a switch from
the potent SK1-selective inhibition of PF-543 (SK1 ICso 28 nM, > 100-fold selectivity over SK2) to nanomolar
potent selective inhibition of SK2 was observed (SK2 ICso 41 nM, with 100-fold selectivity over SK1). This
reversal in behaviour therefore corresponds to a selectivity swing of >10,000 fold between the structurally

related PF-543 and HWG-35D inhibitors.

Although the heel and toe differences between SK1 and SK2 are likely the major determinants underlying the
remarkable inhibitory selectivity switch between PF-543 and HWG-35D, there are other residue differences
between hSK1 and hSK2 that may be relevant to the selectivity profile of other inhibitor series and that may
also play a key role in dictating differences in substrate selectivity. In this regard, two important residue
differences between the isoforms are likely to be Alal75 and Ala339 in hSK1 (marked in Fig. 3B),
corresponding to Ser305 and Thr584 in hSK2. These two residues are located, respectively, on LBL-1 and on
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14 (just preceding the DGE hairpin); jointly these substitutions will impact on the packing interface between
LBL-1 and the CTD B-sandwich core and may affect the side chain conformational properties for Asp178

(Asp308 in SK2), the key anchor residue for the Sph 3-OH group (Fig. 3B, C).

Slight positional movement is seen in the tip of LBL-1 across the currently available SK1 crystal structures.
This may be due to differences in crystal lattice packing in the solid state but could also reflect inherent
flexibility in LBL-1, which is postulated to dynamically open and close in order to extract Sph substrate from
the membrane [36]. Nevertheless, a common conformation is seen for the Asp178 side chain across all of the
SK1 crystal structures, with only minor rotational differences in the terminal carboxylate about the Cg-C, bond.
Inspection of the crystal structures suggests that the conformation adopted for the C,-Cg torsion of Asp178 in
SK1 may be constrained by the close packing of LBL-1 against the DGE hairpin, the latter exerting both steric

constraints and charge-dipole opposition from the Gly342 backbone carbonyl to limit conformational freedom.

FTY720 and (R)-FTY720 methyl ether (ROMe) as inhibitors and substrates of sphingosine kinases

In considering the interaction of FTY720 with SK1, it would be tempting to map the primary ammonium ion
and pro-S hydroxymethyl of FTY720 (see designation in Fig. 1) directly onto the corresponding features of
Sph, as seen in the Sph/SK1 co-crystal structure (Fig. 3B, C). However, such a binding mode would orientate
the pro-R hydroxymethyl branch, which is absent in Sph, into a position of severe steric interdiction with the
backbone of Leu268 (marked in Fig. 3B). Docking of FTY720 to SK1 (Fig. 5A) suggests that an alternative
arrangement for the head group might be adopted, however, in which the primary ammonium centre and pro-
R hydroxymethyl simultaneously engage Aspl178, whilst the pro-S hydroxymethyl is favourably hydrogen
bonded to Asp81 and, therefore, potentially disposed for phosphorylation to generate (S)-FTY720-P. In this
arrangement the pro-R hydroxymethyl oxygen would correspond well to the crystallographically defined
position of the Sph 3-OH and the hydroxymethyl oxygen centres of both Amgen-23 and PF-543, hydrogen
bonding favourably both to Asp178 and structural water W1. The primary ammonium ion placement for
FTY720 in this model (Fig. 5A) approximates to the position occupied by the tertiary ammonium centres of

Amgen-23 and PF-543 (Fig. 5A box). However, the nature of the branching in FTY720 in this arrangement is
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such that the head group fit between Asp178 and the opposing LBL-2 backbone is rather compressive, and the
ammonium ion is also somewhat out of position for a geometrically optimised interaction with the Asp178
carboxylate. Moreover, adoption of this binding mode requires a near eclipsing arrangement in the bond from
the FTY720 C4 centre to the aromatic ring. An alternative SK1-docked binding mode for FTY720 is illustrated
in Fig. 5B. In this alternative state the C4-arene bond of FTY720 is rotated into a more favourable torsional
arrangement whilst essentially maintaining the plane and position of the arene within the J-channel throat. A
concomitant rotation of the polar head group is required to accommodate this backbone arrangement for
FTY720, however, and this moves the pro-S hydroxymethyl out of contact with Asp81 and into engagement
with Aspl178 instead. The pro-R hydroxymethyl is orientated into a hydrogen bonding position on one side of
the carbonyl group of Leu268, whilst the primary ammonium occupies a hydrogen bonding position on the
other side of the carbonyl, with salt bridging potential to Asp81. This analysis is consistent with the known
properties of FTY720 as an inhibitor of SK1 that is only very weakly turned over, if at all, as a substrate, the
latter conceivably occurring via reorganisation of the head group torsions to switch from the inhibitory binding
mode of Fig. 5B to the potentially less favourable mode of Fig. 5A that presents the pro-S hydroxymethyl to
Asp81 at the catalytic centre. In the proposed ‘non-turnover’ binding state there is potential for bridging water
occupancy (not shown in Fig. 5B) between one of Aspl178 carboxylate oxygens and W1 (analogous to W2
surrogacy in the SKi co-crystal structure) and also between the ammonium ion and Serl168, although such
bridging waters would require displacement in order to switch into the proposed turnover state binding mode

of Fig. 5A.

In the case of SK2, we postulate that the replacement of Alal75 and Ala339 in hSK1 by Ser305 and Thr584
in hSK2 allows access to an alternative rotameric state for the head group-anchoring aspartate in LBL-1
(Asp308). Two considerations underpin this hypothesis: firstly, the bulky nature of Thr584 (as compared to
Ala339 in hSK1) is likely to drive some separation between the DGE-hairpin and the Asp308 side chain,
thereby reducing steric constraints on rotation for the latter; and secondly, Thr584 may actively support an
alternative rotameric state by hydrogen bonding to one of the Asp308 carboxylate oxygens. Moreover, in the
favoured rotameric state for the Thr584 side chain, a hydrogen donor/acceptor relay may be possible from
Ser305 to Thr584 and then from Thr584 to Asp308 (Fig. 5C). The combination of these effects may be
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sufficient to allow switching of the Asp308 side chain between an SK1-like state (orientated towards Leu268)
and a ‘lifted state’ (orientated towards the DGE hairpin). This latter state would generate additional space
between LBL-2 and Asp308 for accommodation of a branched substrate such as FTY720. Indeed, docking of
FTY720 to the SK2 model in this state reveals that the ligand may be comfortably accommodated with a non-
compressive salt bridge between its primary ammonium centre and Asp308, whilst the pro-R hydroxymethyl
group is hydrogen bonded to structural water W1 (assumed to be conserved in SK2) and the pro-S
hydroxymethyl engages the catalytic base, Asp211, in a position well suited for phosphorylation to generate
(S)-FTY720-P (Fig. 5C). The plane and position of the arene in the throat of the J-channel maps almost
perfectly onto that of PF-543, as seen in the co-crystal structure of the latter with SK1 [46]. In contrast to the
FTY720/SK1 model of Fig. 5A, the ligand backbone arrangement in the FTY720/SK2 model is relaxed and

lacks the unfavourable eclipsing torsion of the former.

ROMe is an SK2-selective inhibitor [24, 26] that is formally derived from FTY720 by methylation of the pro-
R hydroxymethyl group. In the light of the preferred inhibitory binding mode postulated for FTY720 in Fig.
5B, it is fully reasonable to expect a loss of binding affinity for ROMe with SK1. Thus, the tight hydrogen
bond invoked in this model between the pro-R hydroxymethyl and Leu268 will be lost for ROMe and the
methyl ether will sterically obstruct binding to SK1 with such a head group orientation. However, with an
alternative rotameric state accessible to Asp308 in SK2, ROMe docks to the J-channel with the ammonium
ion comfortably accommodated beneath the aspartate and with the remaining hydroxymethyl branch of the
head group now hydrogen bonded to the LBL-2 leucine carbonyl (Leu513, corresponding to Leu268 in SK1)
(Fig. 5D). The methoxymethyl ether fits tidily into a subpocket between Leu513 and a second leucine (Leu297)
located on 8. Moreover, in this orientation the ether oxygen is perfectly positioned to interact with a bridging
water molecule hydrogen bonded to the catalytic base at the W3 position seen in the SK1/SKi co-crystal
structures (schematised in Fig. 4A). The aromatic ring of ROMe sits a little deeper in the SK2 J-channel than
that predicted for docked FTY720 (Fig. 5C) and maps closely onto the crystallographically defined position

of the p-phenylene subunit for Amgen-23 bound to SK1 [45] (Fig. 5D box).
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The selectivity of ROMe for inhibition of hSK2 over hSK1 is conserved for the murine SK isoforms (mSK1
and mSK2). This is noteworthy because the hSK2 ligand contact residues in the J-channel throat that differ
from hSK1 (Val304 and Leu517, corresponding to lle174 and Met272 in hSK1) are found in mSK1 (as VVal174
and Leu271). In the hSK2/ROMe model these residues (not explicitly shown in Fig. 5D) are predicted to flank
the inhibitor’s p-phenylene subunit. The transposition of the hSK2 throat residues into mSK1 suggests,
therefore, that the subtle difference in residue identity at these two positions is not a major determinant of
isoform selectivity for ROMe. Indeed, cross-species sequence alignment comparisons reveal a degree of
variability in the identity of these two J-channel throat residues, although they are universally hydrophobic in
character for both SK1 and SK2 isoforms. In contrast, the combination of serine and threonine at the LBL-1/p-
sandwich interface (Ser305 and Thr584 of hSK2) appears to be absolutely conserved across species, consistent

with an evolutionary significance to this distinguishing residue combination for SK2.

Sphingadienes and safingol as substrates for sphingosine kinase

Although the J-channel surface differs between hSK1 and hSK2 in the heel and toe regions (vide supra,
discussion of HWG-35D), these differences are unlikely to have great impact on the binding of ligands with
highly flexible n-alkyl chain tails such as FTY720, ROMe and endogenous substrates. For such compounds,
the tails exhibit high conformational flexibility and are likely to be able to adapt readily to the distinctive
contouring of the hydrophobic J-channel surface in the foot of SK1 and SK2. This notion is supported by
comparison of the sphingadienes (Fig. 1) as substrates for the two isoforms, where the presence of additional
ABS, A2 or A1 geometrically constrained unsaturation has little or no impact on the capacity of these
compounds to serve as substrates for SK1 and SK2 (Fig. 2). Indeed, docking of these sphingadienes, illustrated
for SK1 in Fig. 6A, reveals that they can be comfortably accommodated in the J-channel with the same binding
mode for the p-erythro head group as seen in the co-crystal structure of Sph itself (3VZB) [44]. The A%° double
bond of 4,8-sphingadiene is predicted to occupy a position and plane close to that of the p-phenylene ring of
Amgen-23. For 4,11-sphingadiene and 4,14-sphingadiene, the A? and A**® double bonds map, respectively,

to the thiazole and terminal phenyl rings of Amgen-23 and SKi.
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It is likely that SK1 is more discriminating in regard to substrate head group stereochemistry than SK2. Thus,
safingol (L-threo-sphinganine; Fig. 1), an SK1- and PKC-inhibitory compound with anti-cancer activity [35,
47-50] embodies a switch in C-3 stereochemistry that appears to compromise the capacity of this compound
to serve as a substrate for SK1, whereas appreciable turnover is observed with SK2 (Fig. 2). In the case of
SK1, binding of the ammonium ion and primary alcohol in the p-erythro substrate positions, as for Sph and
the sphingadienes just discussed, would require the epimeric carbinol of safingol to be unfavourably
compressed into the side chain of Leu268. Consistent with this, safingol docks into the SK1 structure with an
alternative head group arrangement that provides escape from this compression. According to our model (Fig.
6B), the L-threo head group is orientated so as maintain engagement of the 3-OH with Asp178 and bring the
ammonium ion into contact with Asp81. The hydroxymethyl group is thence rotated out of contact with the
catalytic base and is instead locked down with a hydrogen bond to the carbonyl of Leu268. However, there is
likely a small amount of residence time where the ligand bond rotations put the head group of safingol into a
Sph-like arrangement for turnover, even though it is a less favourable organisation due to the loss of the
hydrogen bond from the 3-OH to Asp178 and with some compression of the 3-OH on Leu268. This would
account for the profile of safingol as an inhibitor of SK1 with substrate processing, although very weak,
nevertheless just detectable in the SK1 assay with 50 uM safingol (Fig. 2). Therefore, the predominance is for
safingol to adopt a ‘non-turnover’ state in SK1 (Fig. 6B). In contrast, safingol docks to SK2 so as to conserve
the contact between the hydroxymethyl and Asp211 catalytic base (Fig. 6C). This turnover-competent binding
mode is again dependent on the ability of the LBL-1 head group anchor residue (Asp308) to access the
alternative ‘lifted’ rotameric state, which can then accommodate the safingol ammonium ion in direct salt

bridge contact.

Conclusion

The marked selectivity of FTY720 and safingol as substrates for SK2 over SK1 suggests that SK2 may be
more tolerant of changes in head group structure than SK1. This tendency for SK2 to be more accommodating
in regard to the structure of ligands accepted as substrates has also been demonstrated in studies with a wider

range of analogues of FTY720 [51]. We propose that this characteristic of SK2, which is essential for the
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pharmacological activity of FTY720, is related to the ability of the LBL-1 anchor aspartate to access
conformational space that is restricted in SK1. Isoform-specific differences in the interface between LBL-1
and the DGE hairpin likely underpin this distinctive characteristic, and the replacement of Ala339 in SK1 by
Thr584 on the DGE hairpin of SK2, possibly in combination with Ser305 (in place of Alal75) on LBL-1, may

be central to this distinguishing behaviour.

From a wider perspective, in terms of the biological effects of dietary sphingadienes and safingol, it will be
important to establish to what extent these are due to the compounds themselves or to the phosphorylated
derivatives of the parent compounds. If the latter, then biotransformation could be a point of exploitation as,
for instance, the expression levels of both SK1 and SK2 are increased in various cancers, and this might
therefore advantageously confer cancer-specific targeting. It will also be important to establish in detail which
signalling networks are affected by the sphingadiene 1-phosphates and by safingol 1-phosphate. Thus, the
effects of sphingadienes on Wnt/GSK3B/Akt/STAT3 signalling, for example, might be due to the
phosphorylated equivalent, possibly by antagonising S1P receptors and/or by competing with S1P for binding
to target effectors regulating transcriptional/translational programmes in cancer. Moreover, 4,14-sphingadiene
is naturally occurring in the brain, and therefore, the physiological role in homeostatic regulation of S1P-

dependent signalling should be further investigated.
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Figure Legends

Figure 1. Structures of sphingosine kinase substrates and inhibitors relevant to the analysis in this
article. The canonical endogenous substrate for SK1 and SK2 is p-erythro-sphingosine (Sph), which is
phosphorylated on the 1-OH to generate sphingosine-1-phosphate (S1P), a ligand that acts on the S1P family
of GPCR receptors. Fingolimod (FTY720) is phosphorylated in vivo by SK2 on its pro-S hydroxymethyl arm
to generate the immunomodulatory drug, (S)-FTY720-P [52]; for SK1, FTY720 is, at best, a very weak
substrate that exhibits inhibitory activity (Ki2 uM) [23, 24]. ROMe is an SK2 selective inhibitor formally
derived from FTY720 by methylation of the pro-R hydroxymethyl (SK2 K; 16 uM; SK1 no inhibition at 100
HM) [26]. Co-crystal structures with SK1 have been obtained with three inhibitors to date: SKi (SK1 K; 16
MM; SK2 K; 6.7 uM) [44], Amgen-23 (SK1 ICso 20 nM; SK2 I1Cs0 1.6 pM) [45] and PF-543 (SK1 I1Cs 28 nM;
SK2 1Csp >5 pM) [39]. HWG-35D is a PF-543 analogue in which the selectivity has been switched from SK1
to SK2 by modification of the tail region (SK1 ICs0 4.1 uM; SK2 I1Cs0 41 nM) [39]. Sphingadienes are naturally
occurring sphingoid bases that are efficient substrates for both SK1 and SK2 (see data in Fig. 2). Safingol is
an SK1- and PKC-inhibitory sphingoid base with anti-cancer activity (SK1 K; ca. 5 pM) [35, 50] that retains

appreciable substrate behaviour for SK2 (see data in Fig. 2).

Figure 2. hSK1 and hSK2 use sphingadienes as a substrate, while safingol is a substrate for hSK2.

Purified hSK1 activity was assayed using 3 uM Sph and 250 uM ATP. Purified hSK2 activity was assayed
using 10 uM Sph and 250 uM ATP using an established isoform-specific radiometrc assays [29]. The substrate
concentration of sphingosine corresponds to the K, of the enzymes, while the ATP concentration is saturating.
Sphingadienes and safingol were used at the concentrations shown. SK activity is expressed as pmoles of

phosphorylated product/min/ug enzyme. Assays were performed in triplicate.

Figure 3. Structure of hSK1 and detail of Sph substrate binding. (A) The structure of SK1 (PDB 3VZB)
is shown with Sph (orange surface) bound in the C-terminal domain (CTD); Mg-ADP (green sphere/pink
surface) is shown superimposed from a separate SK1 co-crystal (3VZD) to identify the position of the

nucleotide binding site in the N-terminal domain (NTD) [44]. Three lipid binding loops (LBL-1 to LBL-3;
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cyan/salmon/yellow ribbon) fold across the B-sandwich core of the CTD to generate the lipid binding J-channel
(mesh). A regulatory R-loop (geen ribbon) packs on the reverse face of the CTD B-sandwich. (B) Detail of
the Sph binding site is shown extracted from panel (A). The Sph head group is orientated by a highly organised
polar network of residues on a DGE-containing hairpin (141-DGE-143) together with an aspartate (Asp178)
on LBL-1 and a structural water (W1) to present the Sph 1-OH to a second aspartate (Asp81) that is located
on the phosphate-binding P-loop and that serves as the catalytic base during substrate turnover. The a- and -
phosphate groups of ATP, not shown in panel (B), are engaged by the enzyme’s P-loop and T-loop
respectively. Arginine residues (not shown) on the tip of LBL-1 are also thought to contribute to binding of
ATP and likely orgnaise the y-phosphate proximal to the Sph 1-OH [36]. The lipid head group environment is
completed by the packing of Leu268 located on LBL-2. (C) A schematic representation of the SK1 J-channel
and Sph engagement interactions is shown. Residues (lle174, Met272 and Phe288) that differ in the J-channel
surface of hSK2 are marked (green text). These, and especially the replacement of Phe288 by cysteine in hSK2,
likely impact on isoform inhibitory selectivity for some synthetic inhibitor series (see text). Two other residue
differences (Alal75/Ala339, replaced by Ser/Thr in SK2), marked in red in panel (B), are predicted to affect
the packing of LBL-1 against the CTD B-sandwich core. These two residue differences also likely affect
isoform selectivity for certain inhibitors and may additionally be important as determinants of substrate

selectivity for SK1 and SK2.

Figure 4. Inhibitor binding interactions based on SK1 co-crystal structures and an SK2 homology model.
(A) Ligand binding detail is shown schematically for the inhibitor, SKi, taken from its co-crystal structure
(3vZC) with hSK1 [44]. Key features of the J-channel and head group interaction network are marked, as
described in the caption for Fig. 3. In the case of the SKi co-crystal structure, additional waters (W2, W3) are
seen at the positions of the Sph 3-OH and 1-OH groups. (B) Corresponding detail is shown for the inhibitor,
Amgen-23, taken from its co-crystal structure (4L02) with hSK1 [45]. Here, the hydroxymethyl of the extended
piperidine head group occupies the W2/Sph 3-OH site whilst the head group ring hydroxyl maps to the W3/Sph
1-OHsite. (C) Protein engagement detail is shown for the inhibitor, PF-543, taken from its co-crystal structure
(4Vv24) with hSK1 [46]. The interaction of the 2-(hydroxymethyl)pyrrolidinium head group of PF-543 is very
similar to that of the piperidine-based head group of Amgen-23, but it lacks the ring hydroxyl engagement of
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the catalytic base residue (Asp81). Also lacking is a hydrogen bonded contact between PF-543 and the J-
channel threonine, Thr196, which is established with the aminothiazole subunits of both Amgen-23 and SKi.
(D) A ligand interaction diagram is shown for the SK2-selective inhibitor, HWG-35D (compound 55 in Adams
et al. [39]), docked into the published SK1-derived homology model of SK2 [39]. HWG-35D is a close
analogue of PF543 but with reversed isoform selectivity. J-channel throat residues in hSK1 (lle174, Met272)
are replaced by Val304 and Leu517 in hSK2. However, the key J-channel differences that are thought to be
responsible for the reversal of isoform selectivity are an expansion in the toe region (due to replacement of
Phe288 in hSK1 by Cys533 in hSK2) and a contraction in the heel due to inward movement of the LBL-3 heel

residue (Leu547 in hSK2) relative to that in hSK1 (Leu302, marked in panel (A)).

Figure 5. Binding models for FTY720 and its methyl ether derivative, ROMe, with hSK1 and hSK2. (A)
A docked model of FTY720 (orange stick) with SK1 is presented (binding mode ‘a”) in which the ligand’s
pro-S hydroxymethyl is presented to the catalytic base in a manner that might permit turnover to form (S)-
FTY720-P. Although this binding mode [boxed inset (i)], positions the ligand’s p-phenylene subunit into the
same space as defined for the p-phenylene of PF-543 in crystal structure 4V24 [boxed inset (ii) and overlay in
(iii)], it requires an unfavourable backbone eclipsing interaction and would inolve suboptimal geometric
engagement of the LBL-1 anchor residue, Asp308, thus explaining why FTY720 is not a substrate (or, at best,
only a very weak substrate) for SK1. (B) An alternative docked model of FTY720 (orange stick) with SK1 is
presented (binding mode ‘b’). In this model the backbone torsions of FTY720 are relaxed and the head group
rotated so that the pro-S hydroxymethyl engages Asp178 (instead of Asp81) and the pro-R hydroxymethyl and
ammonium ion form a pincer on the carbonyl of Leu268; binding may additionally be supplemented by a salt
bridge between the ligand’s ammonium ion and Asp81. Binding mode ‘b’, with the pro-S hydroxymethyl out
of position for phosphorylation, may account for the SK1-inhibitory behaviour of FTY720. (C) FTY720
(orange stick) is shown docked into the homology model of hSK2 [39]. It is hypothesised that the replacement
of Alal75 and Ala339 in hSK1, marked in panel (B), by Ser305 and Thr584 permits greater conformational
freedom for the LBL-1 anchor residue in hSK2 (Asp308, corresponding to Asp178 in hSK1). FTY720 is then
accommodated with the pro-S hydroxymethyl engaging the catalytic base (Asp211 in hSK2), consistent with
the known stereoselectivity for the SK2-mediated phosphorylation reaction in generating (S)-FTY720-P in
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vivo [52]. (D) ROMe (green stick) is shown docked into the homology model of hSK2 [38]. Here, the
conformational switching of the hSK2 LBL-1 anchor residue (Asp308) is again predicted to be pivotal for
accommodation of the ligand, but with the methyl ether fitting a notch between Leu297 and Leu513 (marked)
and forming a water-bridged contact to Asp211 (W3). The hydroxymethyl group, hydrogen bonded to Leu513,
is out of position for phosphorylation, consistent with the behaviour of ROMe as an SK2-selective inhibitor
with weak or null substrate turnover. This binding mode [boxed inset (i)] positions the ligand’s p-phenylene
subunit into the same space as defined for the p-phenylene of Amgen-23 in crystal structure 4L02 [boxed inset
(if) and overlay in (iii)]; the locked conformation of the hSK1 LBL-1 anchor residue (Asp178) disfavours

binding of ROMe to this isoform.

Figure 6. Sphingosine kinase binding models for (4E,nZ)-sphingadienes and safingol. (A) hSK1-docked
models of three sphingadienes are shown superimposed (ligand stick colour coding as specified in the boxed
inset). The flexible alkylidene tail allows accommaodation of all three shingoid bases in the J-channel (mesh)
in a manner similar to that defined for Sph in its co-crystal structure (3VZB) with SK1. (B) A model of
safingol (orange stick) docked into hSK1 is shown. This model invokes a rotation of the head group (relative
to the position defined for bound Sph) to avoid an unfavourable steric compression of the (S)-configured 3-
carbinol against the side chain of Leu268. The adjustment moves the ammomium ion into a salt bridge position
on Asp81 and the hydroxymethyl into a non-turnover, hydrogen bonded position on the Leu268 carbonyl. (C)
Safingol (magenta stick) is shown docked into the homology model of hSK2 [39]. Here, the alternative (lifted)
rotameric state for the LBL-1 anchor residue (Asp308) is predicted to accommodate the ligand with
hydroxymethyl engagement on the catalytic base, consistent with the known turnover of safingol as a substrate

for hSK2 (cf. Fig. 2).
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