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Abstract

Sphingosine-1-phosphate (S1P) plays important roles as a signaling lipid in a variety of
physiological and pathophysiological processes. S1P signals via a family of G protein-coupled
receptors (S1P,_g) and intracellular targets. Here, we report on photoswitchable analogs of S1P
and its precursor sphingosine, respectively termed PhotoS1P and PhotoSph. PhotoS1P enables
optical control of S1P;_s, shown through electrophysiology and Ca2* mobilization assays. We
evaluated PhotoS1P /n vivo, where it reversibly controlled S1P3-dependent pain hypersensitivity
in mice. The hypersensitivity induced by PhotoS1P is comparable to that induced by S1P.
PhotoS1P is uniquely suited for the study of S1P biology in cultured cells and /n vivo because it
exhibits prolonged metabolic stability compared to the rapidly metabolized S1P. Using lipid mass
spectrometry analysis, we constructed a metabolic map of PhotoS1P and PhotoSph. The
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formation of these photoswitchable lipids was found to be light-dependent, providing a novel
approach to optically probe sphingolipid biology.

Graphcial Abstract
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Introduction

Sphingosine and sphingosine-1-phosphate (S1P) are bioactive lipids that play key
physiological roles in health and disease.12 S1P targets the lysophospholipid receptors
S1P,_s, a class of GPCRs that is expressed across most tissues and has important roles in the
immune, vascular, and nervous systems.3# S1P has emerged as an important modulator of
intracellular targets, including histone deacetylases (HDACS), TNF receptor-associated
factor 2 (TRAF2), and protein kinase C 6 (PKCS). In addition, S1P receptor signaling has
recently been shown to mediate both acute and inflammatory pain.>-8 Studying the
physiological function and therapeutic targets of S1P is challenging due to its low metabolic
stability (t1/»> <5 min) and complex systemic mechanisms governing its synthesis and
transport.%10 And as such, metabolically stable synthetic analogs of S1P (e.g. Fingolimod-
phosphatel1:12) have shown more promise in the clinic. However, these analogs do not
activate all S1P receptor subtypes, and are metabolized differently than native S1P.

In general, the study of lipid biology relies largely on functionalized synthetic lipid analogs
such as isotope labeled lipids,1314 fluorescent lipids,1® and photocrosslinking lipids.16
Photocages can precisely control lipid function in space and time, as release (‘uncaging’) of
endogenous lipids can be induced by light.17:18 More recently, photoswitchable lipids have
emerged as useful tools to control cell signaling in a reversible manner. They rely on the
incorporation of an azobenzene photoswitch in the hydrophobic tail and mediate optical
control of lipid function by reversible, light-induced isomerization between a cis-isomer
(bent) and trans-isomer (straight).1® In comparison to caged lipids, photoswitchable lipids
require less intense irradiation and do not lead to the formation of side-products. To date,
applications of photoswitchable lipids include the modulation of ion channels,20-23 the fatty
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acid receptor GPR40,2 lipid rafts,24 lipid vesicle budding and fission,2 and lipid-protein
interactions in canonical lipid signaling.26

Motivated by the importance of sphingosine and S1P to basic physiological processes, and
the success of recently published photoswitchable lipids?’, here we developed synthetic
derivatives of S1P that allow for precise spatiotemporal control of S1P signaling and
metabolism. Using these photoswitchable lipids, termed PhotoSph (1) and PhotoS1P (2),
we demonstrated their ability to rapidly and reversibly control sphingolipid biology /in vitro
and /n vivo.

Design and synthesis of photoswitchable sphingolipids

The molecular design was guided by our recent studies on photoswitchable fatty acids and
diacylglycerols.20:26 While the logic behind these photoswitchable lipids largely depended
on the modulation of biophysical properties mimicking a change in lipid saturation, highly
unsaturated forms of sphingoid bases are not known, and therefore have not been explored
systematically. Nevertheless, we thought that photoswitchable analogs of sphingosine and
S1P could facilitate optical control over these lipids, because both metabolic enzymes (e.g.
sphingosine kinases) and S1P receptors exhibit marked differences in affinity towards
substrates or ligands with chemical modifications.28 For example, S1P receptor activation is
strongly dependent on sphingoid base chain length.2? In our design of PhotoSph and
PhotoS1P, we planned to incorporate the azobenzene moiety near the middle of the lipid
tail, and mimic the predominant form of sphingosine, o-érythro-sphingosine (18:1), and the
phosphorylated version thereof (Fig. 1A).

The synthesis of PhotoSph and PhotoS1P (Fig. 1B) commenced by conversion of 4-
propylaniline (3) to the corresponding nitrosocompound followed by condensation with 4-
iodoaniline under Baeyer—Mills conditions to yield iodoazobenzene 4.20 A Heck reaction
with allyl alcohol and subsequent Wittig reaction yielded olefin 5.39 Cross metathesis with a
Garner’s aldehyde-derived allylic alcohol 6 gave protected PhotoSph, which was subjected
to global deprotection under acidic conditions.3! PhotoSph was then converted to PhotoS1P
by Boc-protection, followed by formation of the protected phosphate ester and global
deprotection.32 Both photoswitchable lipids exhibited photophysical properties similar to
classical azobenzenes, including effective switching at 365/460 nm and bistability (Fig. 1C-
D). Additional NMR experiments for the photophysical characterization are included in
Supplementary Fig. 6 and 7. The photophysical properties of PhotoSph and PhotoS1P are
very similar to other photoswitchable lipids.20:24.26

PhotoS1P enables fast reversible control of the S1P4

We evaluated the ability of PhotoS1P to optically control S1P4 receptors using whole-cell
electrophysiology in human embryonic kidney (HEK 293T) cells transiently expressing the
S1P; receptor and a mutant version of the G protein-coupled inwardly rectifying GIRK1
potassium channel (GIRK1-F137S,33 Fig. 2 and Supplementary Fig. 1). The GIRK1-F137S
mutant was examined due to its enhanced cell surface expression that markedly increases
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GIRK currents.33 GIRK channels are effectors of Gj, signaling, and their activation
provided a time-resolved report of S1P; receptor activation. While HEK293T cells exhibit
some endogenous S1P; receptor expression34, we observed negligible GIRK current in
HEK?293T cells exclusively transfected with GIRK1-F137S upon addition of PhotoS1P (100
nM), which had been maintained for a long period in the dark and so allowed to relax to the
trans state. Cells transfected with both S1P4 receptor and GIRK1-F137S exhibited a large
inward current upon addition of #rans-PhotoS1P (7) (100 nM), and the current was reversed
by illumination with 365 nm light (10.8 £ 3.7% of activity at 450 nm; n = 7 cells). The
current could almost be completely switched off under 365 nm illumination, suggesting a
large advantage to activation by the fransisomer of PhotoS1P and a photostationary state
>0:1 at 365 nm (Supplementary Fig. 7). The S1P3 receptor antagonist VPC23019
completely inhibited the frans-PhotoS1P induced current. Finally, switching back and forth
between illumination at 450 nm and 365 nm repeatedly cycled the current on and off,
indicating robust and reversible photo-activation of the S1P; receptor.

Optical control of S1P;_g receptors in HTC4 cells

Next, we systematically evaluated the potential of PhotoS1P to modulate each of the five
S1P receptor subtypes using a Ca2*-mobilization assay. HTC4 cells, which were found to be
non-responsive to S1P, were used. Cells were stably expressing one of the five S1P receptors
(S1P1_s) and Gaq or chimeric Gaq proteins to elicit Ca?* release from ER stores (Fig. 3A).
35 In agreement with the above electrophysiological experiments in HEK 293T cells, trans-
PhotoS1P activated the S1P; receptor, with similar potency to S1P, while cis-PhotoS1P was
considerably less potent. The frans-PhotoS1P was also the more potent photoisomer for
activation of the S1P3, receptor and with the S1Ps receptor we observed the same
photoisomer preference at low concentrations with no clear trend observed for this receptor
at concentrations >ECsy. Interestingly, we observed the opposite trend with the S1P,
receptor where cis-PhotoS1P (8) was the more potent photoisomer. The S1P,4 receptor
responded almost equally to cis-and trans-PhotoS1P. Thus, with the exception of the S1P,4
receptor, whose natural ligand is phytosphingosine-1-phosphate3®, S1P receptors showed
differential responses to c/sand frans photoisomers of PhotoS1P. We also found that pre-
treatment of S1P;-receptor expressing HTC4 cells with PhotoS1P (300 nM) completely
desensitized the cells and inhibited a Ca?* response elicited by S1P (Fig. 3B—C). This result
suggests that PhotoS1P triggers receptor internalization similar to S1P. In an effort to
understand the molecular basis of the preferred trans-PhotoS1P activation of the S1P;
receptor and ¢is-PhotoS1P activation of the S1P, receptor, we constructed homology
models of the S1P1_g receptors and docked S1P, frans-PhotoS1P, and ¢is-PhotoS1P into
each. Fig. 3 panels D and E, respectively, show results of docking into the S1P4 and S1P,
receptors. These models suggest that the polar headgroups of both S1P and #rans-PhotoS1P
interact with a common set of amino acids in TM segments 3 and 7 in the S1P; receptor
model, but that ¢/s-PhotoS1P shows fewer interactions between the polar headgroup and the
same residues, consistent with the lower potency observed for ¢is-PhotoS1P in S1P4-
expressing HTC4 cells. In contrast, only S1P shows a critical set of complementary
interactions between the polar headgroup of a low-energy ligand conformation and the S1P,
receptor, consistent with its substantially better potency than either #rans-PhotoS1P (only
one hydrogen bond observed) or c/s-PhotoS1P (high energy conformation with poor
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electron delocalization required to occupy S1P, receptor binding pocket). More results for
docking into S1P;_g are shown in the Supplementary Fig. 8-12.

Optical control of S1P3 dependent nociception in vivo

S1P induces acute pain behaviors and heat hypersensitivity in mice via S1P3 receptor
signaling in dorsal root ganglia (DRG) neurons. DRG neurons are a heterogeneous
population of primary sensory neurons that respond differentially to thermal, chemical,
and/or mechanical stimuli.3” For example, heat nociceptors can be identified by their
response to capsaicin, which targets the heat-activated ion channel TRPV1. Cold nociceptors
are selectively activated by menthol which targets the cold-activated ion channel TRPMS.
We previously showed that S1P activates a subset of capsaicin-responsive heat nociceptors,
comprising approximately 30% of all dorsal root ganglia (DRG) neurons.58:38 Hence, we
investigated the potential of PhotoS1P to optically control S1P3-mediated Ca2* influx in
capsaicin-responsive thermal nociceptors in cultured DRG neurons isolated from wild-type
(WT) or S1P3 knockout (KO) mice loaded with the ratiometric Ca2* indicator Fura2-AM.
Photoisomerization of cis-to trans-PhotoS1P triggered Ca2*influx in WT DRG neurons
(Fig. 4A). The neuronal responses to S1P (representative traces in Fig. 4B) and trans-
PhotoS1P (representative traces in Fig. 4C) were similar in both the amplitude of the
Ca?*responses (Fig. 4B—C) and the percentage of responsive neurons (Fig. 4E). In contrast,
treatment with the less potent photoisomer ¢is-PhotoS1P showed significantly fewer
responsive cells (Fig. 4D-E), and the cells that did respond showed decreased response
amplitude (Fig. 4F). We observed no significant responses to PhotoS1P in neurons from
S1P3 KO mice (Fig. 4G), indicating selectivity of this new tool.

We subsequently investigated the potential of PhotoS1P for the optical control of heat
hypersensitivity /n vivo. Light was delivered to the hindpaw of mice by transdermal
illumination using a LED flashlight (21x5 mm LED flashlight array with A5 = 460 + 10
nm). PhotoS1P was injected as inactive ¢/is-PhotoS1P into each hindpaw. One paw was
irradiated with 460 nm light to drive photoswitching to frans-PhotoS1P, while the other paw
was irradiated with 365 nm light to prevent photoisomerization. We measured the latency to
paw withdrawal from a noxious heat stimulus immediately before and after illumination
with 460 nm or 365 nm light using the Hargreaves assay (Fig. 4H). [llumination with 460
nm light to trigger photoisomerization to frans-PhotoS1P (Fig. 41) evoked hypersensitivity
similar to injection of S1P (Fig. 4J). In contrast, heat sensitivity was unchanged by
illumination with 365 nm light (Fig. 4K), or by illumination with either 460 nm or 365 nm
light in un-injected paws (Fig. 4L).

Notably, the degree of heat hypersensitivity could be modulated in the same animal by
alternating illumination with 460 and 365 nm light (Fig. 4M). Following induction of heat
hypersensitivity with 460 nm light, illumination with 365 nm partially, but significantly,
increased the latency to respond to noxious heat stimuli (indicative of reduced
hypersensitivity). Following the 365 nm illumination, illumination with 460 nm could again
decrease response latencies, indicative of increased hypersensitivity. Taken together, our
results show that PhotoS1P can reversibly and robustly manipulate S1P signaling /in vitro
and /n vivo.

Nat Chem Biol. Author manuscript; available in PMC 2020 August 14.
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Light-dependent metabolism of PhotoSph and PhotoS1P

The long duration of the responses we observed in our /n vivo experiments suggested that
PhotoS1P could exhibit markedly improved metabolic stability compared to S1P. This
motivated us to explore the metabolism of these synthetic lipids systematically. Additionally,
PhotoSph and PhotoS1P could be valuable tools for the control of sphingolipid
metabolism. We focused this study on metabolic processes catalyzed by S1P-lyase (Sgpll),
sphingosine kinase 1/2 (SPHK1/2), and S1P-phosphatase 1/2 (Sgpp1/2). The capacity of
SPHK1/2 to phosphorylate PhotoSph and a potential photoisomer-dependence of this
catalytic process was first evaluated in vitro (Fig. 5). Interestingly we observed opposite
selectivities: SPHK1 phosphorylated c/s-PhotoSph (9) more readily than frans-PhotoSph
(10), while SPHK2 phosphorylated trans-PhotoSph more readily than c/is-PhotoSph. In
each case the more readily phosphorylated photoisomer was transformed with similar
catalytic efficiency compared to p-erythro-sphingosine (18:1). The opposing selectivities
observed could potentially make PhotoSph a useful tool for the determination of relative
activity between the SPHK isoforms in biological samples.

We subsequently investigated how PhotoSph and PhotoS1P are taken-up and metabolized
in living cells (Fig. 6). WT HelLa MZ cells treated with frans-PhotoSph exhibited higher
levels of PhotoSph and lower levels of PhotoS1P after 15 min when compared to treatment
with ¢/s-PhotoSph (Fig. 6B). WT HelLa MZ cells treated with frans-PhotoS1P exhibited
higher levels of PhotoS1P and PhotoSph compared to treatment with cis-PhotoSph (Fig.
6C). These results could be influenced by a variety of factors, including isomer-dependent
cell uptake, bioavailability (especially for partially cytosolic PhotoS1P), and competing
metabolic pathways (Fig. 6A). We took advantage of various KO cell lines generated in
parallel to previous studies839 to investigate the light-dependence of individual metabolic
processes and cell uptake. We first used HeLa MZ SPHK1/2 double KO cells together with
fumonisin B1, a potent inhibitor of ceramide synthases, to inhibit the metabolism of
PhotoSph and study the direct cellular uptake of PhotoSph (Fig. 6D). PhotoSph was
rapidly taken up by cells with no significant isomer-dependence. Additionally, the level of
PhotoS1P was markedly reduced to the detection limit, indicating that PhotoSph is a
selective substrate for SPHK1/2 and was not phosphorylated by other kinases present in the
same cell. We next employed McA-RH7777 Sgpl1/Sgppl/Sgpp?2 triple KO cells to limit
PhotoS1P metabolism and study its direct uptake in cells (Fig. 6E). This experiment showed
that the #rans isomer of PhotoS1P was taken up more by cells more readily than the cis
isomer. This experiment further showed a marked reduction in PhotoSph levels compared to
wild type cells suggesting at least partial substrate selectivity of PhotoS1P for the depleted
phosphatases in this cell type. Finally, we evaluated the cellular metabolic equilibrium
between PhotoSph and PhotoS1P in McA-RH7777 Sgpll KO cells in the presence of
fumonisin B1 (Fig. 6F), and found the equilibrium was not isomer-dependent. It is most
likely that the expression level and activity of SphK isoforms are cell-type dependent, which
in turn affect the rates of PhotoSph isomer phosphorylation. This experiment also revealed a
shift of the PhotoSph/PhotoS1P equilibrium to the phosphorylated form, suggesting that
phosphorylation of PhotoSph is more efficient than the dephosphorylation of PhotoS1P. As
our previous /n vivo experiments suggested that PhotoS1P is a metabolically stable analog
of S1P, we decided to assess PhotoS1P levels over an extended time course in WT Hela
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MZ cells (Fig. 6G). After an initial metabolic equilibration, the levels of #rans-PhotoS1P
remained nearly constant from 15-60 minutes, demonstrating markedly improved metabolic
stability compared to S1P. From the whole dataset we could conclude that PhotoSph and
PhotoS1P are taken up by cells and interconverted by sphingosine kinases and S1P
phosphatases with a bias towards the phosphorylated form, which might also contribute to
the metabolic stability of PhotoS1P. The markedly increased metabolic stability observed
suggests that a pool of PhotoS1P is not quickly accessible to degradation by S1P lyase. The
observation that PhotoSph and PhotoS1P are metabolized by the same set of enzymes as
endogenous sphingoid bases shows that these lipid analogs are useful modulators of
sphingolipid metabolism. These processes are at least in part isomer-dependent, providing
opportunities for the optical control of this metabolic network.

The degradation of sphingolipids generates fatty aldehydes that are further metabolized into
fatty acids, which can be incorporated into various lipid species.4? If this happens too
extensively with PhotoSph and PhotoS1P, many undesirable photoswitchable lipids might
be produced in the cells. To investigate this possibility, we used various scan modes of mass
spectrometry to detect different classes of sphingolipids and glycerophospholipids
selectively.?! By performing a scan specific for ceramides and hexosylceramides bearing the
azobenzene photoswitch (Supplementary Fig. 4A), we found that PhotoSph is converted
into various ceramide species, the signals of which reached comparable levels to endogenous
ones (Supplementary Fig. 4B). On the other hand, conversion into hexosylceramides was
undetectable under these conditions (Supplementary Fig. 4C). Importantly, on incubation
with cells PhotoS1P was neither converted into ceramides nor into hexosylceramides
(Supplementary Fig. 4A-C), as could be imagined from the very low levels of PhotoSph
produced under these conditions (Fig. 6C). We then performed a scan specific for lipids
bearing a phosphocholine head group, namely phosphatidylcholine (PC) and sphingomyelin
(SM) (Supplementary Fig. 5). While endogenous PC and SM species were robustly detected,
signals that would correspond to PC or SM bearing the azobenzene photoswitch were very
weak and unchanged between samples. Thus, these signals were interpreted as mixtures of
noise and isotopic peaks of endogenous PC and/or SM, and not coming from metabolites of
PhotoSph. Similar experiments were performed to detect phosphatidylethanolamine (PE),
phosphatidylserine, and phosphatidylinositol. Similar to PC, no specific increase in lipids
bearing the azobenzene photoswitch was detected (data not shown, except for PE, which
quantification results are shown in Supplementary Fig. 5C, as an example). Thus, our results
showed that at least upon short incubation, the metabolism of PhotoSph is limited to
ceramides, while PhotoS1P is not converted into other species in significant quantities.
Thus, the effects of PhotoS1P on cellular phenotypes are likely to be caused by PhotoS1P
itself, and not its metabolites.

Discussion

Here we show that photoswitchable analogs of sphingosine and S1P, PhotoSph and
PhotoS1P, are versatile tools for the optical control of sphingolipid metabolism and
signaling /n vitroand in vivo. These molecules were synthesized by incorporation of an
azobenzene photoswitch into the lipid tail. This approach preserves the integrity of the lipid
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headgroup, allowing these molecules to function in cells similarly to the endogenous lipids,
while enabling light-dependent modulation of lipid function. We show that PhotoS1P
provides precise optical control of S1P receptor 1, 2 & 3 function. Moreover, we used
PhotoS1P to reversibly induce S1P3 receptor-mediated nociceptor activation in cultured
DRG neurons and to modulate S1P-evoked pain hypersensitivity in mice.

S1P signaling in DRG neurons is particularly well-suited to our photopharmacological
approach for several reasons. First, PhotoS1P elicits a comparable nociceptive response in
behavioral studies by activating the same signaling pathways as native S1P, which cannot be
achieved using chemogenetic or optogenetic approaches. This is particularly important for
the study of pain because nociceptors are polymodal and utilize distinct receptor-linked
transduction pathways in response to distinct inflammatory ligands.3” All modes of
depolarization are not equal. Second, unlike PhotoS1P, application of S1P receptor agonists
and antagonists to cells or injection in animals does not allow for temporal control over S1P
signaling. We have shown that such agonists/antagonists trigger long-lasting effects on
neuronal function and animal behavior.® In contrast, here we show we can turn the S1P
pathway on and off within seconds (in neurons) and minutes (/77 vivo behavior). This level of
control is key to unraveling both the acute effects of S1P signaling (e.g. depolarization and
action potential firing) and the more long-term effects on Ca2*-dependent release of
inflammatory mediators from nociceptors.3’ Third, photoswitching can be used to examine
ON/OFF dynamics of the downstream signal transduction pathways (e.g. coupling of S1P
receptors to ion channels, G protein pathways, etc.) by regulating the activity of native S1P
receptors. This is especially useful given that it was recently discovered that GPCRs display
sequence selectivity for distinct G protein coupled pathways.*2 Their analysis revealed at
least one S1P receptor, S1P; (the primary S1P receptor in the nervous system®43), was
shown to display a uniquely promiscuous pattern of G protein coupling, which is supported
by recent studies of S1P5 signaling mechanisms in neurons38. Unlike our experiments using
photoswitchable S1P, substitution of native receptors with a DREADD or a light-activated
GPCR would not allow for mechanistic study of the endogenous S1P signaling pathways.
The ability of tools such as ours to rapidly modulate endogenous receptor activity may
provide a unique advantage in biomedical studies and translational studies over transgenesis,
viral induction, and other approaches that may take days to months to take effect.

PhotoS1P may prove useful in combination with 7n vivo recording of neuronal activity of
peripheral and central neurons in awake mice to better unravel the cells and circuitry of pain
sensation. The transdermal illumination employed here is minimally invasive and convenient
but potentially limits reversibility because of limited tissue penetration of the UV/A light
that photoisomerizes PhotoS1P to the less potent cis form for the S1P3 receptor. Implanted
light delivery devices could overcome this limitation.

Our study indicates that PhotoS1P is not quickly degraded by S1P lyase and is therefore
significantly more stable in cells and /in vivothan S1P. As the headgroup of S1P is retained
in PhotoS1P, it closely mimics the native ligand. As a metabolically stable and
photoswitchable derivative, PhotoS1P is uniquely and ideally suited to study S1P biology
with opportunities for unprecedented spatial and temporal control without the rapid
degradation that has limited the direct study of S1P action /n vivo. It would be interesting to
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explore whether incorporation of conformationally restricted aromatic rings in lipid tails
translates to increased metabolic stability in other lipids. Such metabolically stable analogs
could be useful for applications in research and medicine.

Furthermore, mass spectrometry analysis revealed that phosphorylation and
dephosphorylation of PhotoS1P are exclusively catalyzed by sphingolipid-metabolizing
enzymes, providing further evidence for how closely our photoswitchable lipids mimic
endogenous sphingolipids and opening up new opportunities for these lipids in the
modulation of sphingolipid metabolism.

In addition to the applications reported herein, which rely on the S1P receptor family and its
metabolism, PhotoS1P could be useful for the modulation of intracellular S1P targets.
These include HDACs for the optical control of epigenetic processes®, TRAF2 for the
optical control of immunity*4, prohibitin 2 for the optical control of mitochondrial biology,
and BACE1%°. While we have only explored PhotoSph in its metabolic context, this tool
opens up a wide range of opportunities in the optical control of sphingosine biology.

Online Methods

Electrophysiology

HEK?293T cells were maintained in DMEM (Invitrogen) with 10% fetal bovine serum on
poly-L-lysine-coated coverslips. Cells were seeded onto 18 mm coverslips, transiently
transfected overnight with 0.5 pg/well S1P; receptor and GIRK1-F137S, along with 0.1 pg/
well tdTomato as a transfection marker using Lipofectamine 2000 (Invitrogen). Whole cell
patch clamp recordings were performed 16-24 h after transfection in high potassium
solution containing 120 mM KCI, 25 mM NaCl, 10 mM HEPES, 2 mM CaCl,, and 1 mM
MgCl,, pH 7.4. Cells were voltage clamped to —80 mV using an Axopatch 200A (Molecular
Devices) amplifier. All compounds were applied using a gravity-driven perfusion system.
Illumination was applied to the entire field of view using a Polychorme V monochromator
(TILL Photonics) through a 20x objective (4 mW/mm? at 460 nm or 0.5 mW/mm? at 360
nm). pClamp software was used for both data acquisition and control of illumination.

Calcium Mobilization

Ca?* mobilization assays were carried out as previously described.# Briefly, HTC4 cells
stably expressing S1P1_s receptors were plated in poly-L-lysine coated 96 well microplates
(25,000 cells/well) and cultured overnight. The culture medium was replaced with Krebs
buffer for 2 — 3 h before assays. The transfected cells were loaded with Fura-2/AM in Krebs
buffer containing 0.01% pluronic acid for 30 min, and rinsed with Krebs buffer before
measuring CaZ* mobilization. The Ca2* responses were measured using a Flex Station 11l
fluorescent plate reader (Molecular Devices, Sunnyvale, CA). The ratio of peak emissions at
510 nm after 2 min of ligand addition was determined for excitation wavelengths of 340
nm/380 nm. All samples were run in at least in triplicate, and assays were performed at least
two times for each receptor. The calcium response of frans-PhotoS1P was recorded in the
dark-adapted state without prior illumination. The calcium response of ¢is-PhotoS1P was
recorded in the same plate from the same stock solution. Between measurements for trans-
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PhotoS1P and cis-PhotoS1P, the compound addition well plate was removed from the plate
reader shortly and illuminated for 90 s at 365 nm light. The responses were measured and
reported in terms of maximal activation (Emax) and potency (ECsgp) in the Supporting
Information. For receptor desensitization, HTC4 cells stably expressing S1Pq receptor were
prepared analogously and treated with S1P (300 nM) or charcoal-stripped BSA (300 nM) for
2 h. Cells were loaded with Fura-2/AM in Krebs buffer containing 0.01% pluronic acid for
30 min, and rinsed with Krebs buffer before measuring Ca?* mobilization.

Models of S1P1-S1P5 receptors were constructed by homology modeling using the MOE
version 2018.01 software*’ using the crystal structure of S1P; receptor (PDB“8 entry
3V2Y*9) as a template. Structural models of ligands were constructed with phosphate
groups in both —1 and -2 ionization states as both are expected to be present at the pH
values used in functional assays. Other functional groups were modeled in the ionization
state expected at pH 7.4. Receptors and ligands were geometry optimized using the
MMFF94x forcefield before docking. Docking was performed using default settings except
that 400 ligand poses from the placement phase were subjected to refinement during which
the ligand and surrounding receptor sidechains were freely mobile. The five top poses were
retained and reviewed after the refinement phase. The top pose from both ionization states of
each ligand in each receptor was selected based on best complementation of ligand/receptor
polar functional groups and good surface contact between nonpolar ligand segments and the
receptor. These procedures provided S1P complexes with S1P ; 4 5 receptors in which the
phosphate group of S1P interacts with the conserved R3.28 residue as previous mutagenesis
studies indicate is essential for S1P receptor activation.>%:51 S1P receptor docking results
were inconsistent with observed experimental results due to poor complementation of S1P
polar functional groups by S1P3 receptor in the original model (results not shown). A second
S1P3 receptor model was constructed using the S1P; receptor model complex with S1P in
which the S1P position was used as an environment for induced fit during S1P3 receptor
model construction. The ligands were docked into the second S1P3 receptor model (results
shown in the supplementary data).

Calcium Imaging

Neuron dissection and Ca?* imaging experiments were carried out as previously described.
52 Neurons from dorsal root ganglia (2—8 week old male adult mice, either C56bl/6 (WT,
Jackson Laboratory) or S1pr3tMIRIP (S1PR3 KO, MGI)) were dissected and incubated for 10
min in 2 mg/ml Collagenase P (Roche) in Hanks’ calcium-free balanced salt solution
(Gibco), followed by incubation in 0.25% trypsin (vol/vol) STV versene-EDTA solution
(Gibco) for 2 min with gentle agitation. Cells were then triturated, plated onto poly D-lysine
(Sigma) and Laminin (Corning) coated glass coverslips and used within 24 h. Media: MEM
Eagle’s with Earle’s BSS medium, supplemented with 10% horse serum (vol/vol), MEM
vitamins, penicillin/streptomycin and L-glutamine (Gibco). Cells were loaded for 60 min at
room temperature with 10 mM Fura-2AM supplemented with 0.01% Pluronic F-127 (wt/vol,
Life Technologies) in a physiological Ringer’s solution containing (in mM) 140 NaCl, 5
KCI, 10 HEPES, 2 CaCl,, 2 MgCl, and 10 D-(+)-glucose, pH 7.4. All chemicals were
purchased from Sigma. Acquired images were displayed as the ratio of 340 nm/380 nm. Cis-
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PhotoS1P was added to cells. Images were acquired once every three seconds with exposure
times ranging between 10-100 ms. Light stimuli were manually applied to cells using LED
light source in between image acquisition. Cells were identified as heat nociceptors via
capsaicin addition (1 pM) and as neurons by eliciting depolarization with high potassium
Ringer’s solution (75 mM) at the end of each experiment. Responding neurons were defined
as those having a > 20% increase from mean ratio prior to compound addition. Fura-2 ratios
were normalized to the baseline ratio, defined as F340/F380 = (Ratio)/(Ratio t = 0). Images
were acquired using an Olympus IX71 microscope with a Lambda LS-xI light source (Sutter
Instruments), and data were analyzed using IgorPro 6 (Wavemetrics).

Behavioral Studies and Mice

Age-matched male C57bl/6 mice (The Jackson Laboratory) were used for all behavioral
experiments. Mice (20-25 g) were housed in a 12 h light-dark cycle at 21 °C in a specific
pathogen-free facility with unrestricted access to food and water. Mice were singly housed
one week prior to all behavioral experiments and were between 8-10 weeks of age at the
time of the experiment. Behavioral experiments were performed starting in the late morning
through early afternoon. All mice were acclimated in Plexiglass behavioral chambers (IITC
Life Sciences) on two subsequent days for 1 h prior to all behavioral experiments. Pain
behavioral measurements were performed as previously described, using the Hargreaves
radiant heat assay (I1TC).3 Three trials were recorded for each mouse and time point, and
the average of the three trials was used. For behavioral experiments, “N” was defined as an
individual mouse. Compounds injected: 10 uM S1P (Tocris, Avanti Polar Lipids) in 1%
methanol-PBS vehicle, and 5 pM PhotoS1P with 0.5% ethanol-PBS vehicle. cis-PhotoS1P
was injected intradermally into the hind paws of mice using a 31 g insulin syringe. LED
light source was manually applied to hindpaw for 3 minutes to activate or inactivate Photo-
S1P. All injections were 20 uL delivered intradermally. No randomisation was employed,
since mice received control treatment in one paw and the experimental treatment in the other
paw. Experimenter was blinded to compounds injected and mice were acclimated, injected,
and tested in the dark with a red light source. The radiant heat source raised the platform
temperature to 39.8 °C within 5 seconds, and to 60 °C within 10 seconds, as measured by a
fast temperature probe (Physitemp). All experiments were performed under the policies and
recommendations of the International Association for the Study of Pain and approved by the
University of California, Berkeley Animal Care and Use Committee.

In Vitro SphK Assays

The activity of sphingosine kinase was quantified by using a commercial sphingosine kinase
activity assay kit (Echelon Biosciences, Salt Lake City, UT) as the manufacturer instructed.
Trans-PhotoS1P was tested in the dark-adapted state without prior illumination and cis-
PhotoS1P was obtained through pre-illumination by 365 nm light for 90 s and tested in the
same experiment. All compounds were tested at least in triplicates and incubated with the
respective isoform of sphingosine kinase for 2 h.
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Lipid Mass Spectrometry

In each experiment, the lipids in DMSO stock were illuminated with 365 nm or 460 nm light
for 3 min at room temperature to obtain frans-PhotoS1P and cis-PhotoS1P. The lipids were
then dissolved in HBSS solution (physiological buffer) with a final concentration of 2 uM
during all experiments. Fully confluent cells in 60 mm dishes were treated with
photoswitchable lipids for 15 min at 37 °C. Lipids were extracted and measured by LC-MS
using protocols published previously.>4-°6 Briefly, cells were washed with cold PBS and
scraped off in 500 pl cold PBS on ice. The suspension was transferred to a 1.5 ml Eppendorf
tube in which it was spin down at 2500 rpm for 5 min at 4 °C. After taking off the PBS,
samples were stored at —20 °C or directly used for further extraction. Samples were
resuspended in 150 pL extraction buffer (ethanol, water, diethyl ether, pyridine, and 4.2 N
ammonium hydroxide (15:15:5:1:0.018, v/v)). A mixture of the internal standards (0.04
nmol of C17 sphingosine, 0.4 nmol of C17 sphingosine-1-phosphate) was added. The
samples were vigorously vortexed using a Cell Disruptor Homogenizer (Disruptor Genie,
Scientific Industries) for 10 min at 4 °C and incubated on ice for 20 min. Cell debris were
pelleted by centrifugation at 14,000 rpm for 2 min at 4 °C, and the supernatant was
collected. The extraction was repeated once more without ice incubation. The supernatants
were combined and dried under vacuum in a CentriVap (Labconco, Kansas City, MO). The
samples were re-suspended in a mixture of solvents composed of 70 pl of borate buffer (200
mM boric acid pH 8.8, 10 mM tris (2-carboxyethyl)-phosphine, 10 mM ascorbic acid and
33.7 mM 15N13C-valine), and 10 pl of formic acid solution (0.1% aqueous solution),
derivatized by reacting with 20 pl 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate
(AQC) solution (2.85 mg/ml in acetonitrile) for 15 min at 55 °C. After overnight incubation
at 24 °C, samples were analyzed by LC- MS in an Accela HPLC system (ThermoFisher
Scientific, Waltham, USA) coupled to a TSQ Vantage (ThermoFisher Scientific, Waltham,
USA). MRM-MS was used to identify and quantify sphingoid bases. The raw data were
normalized by C17 sphingolipid standards and cell population, as “pmol / 10”6 cells”. For
the extended time-course of PhotoS1P degradation, cells were washed with HBSS after 15
minutes of PhotoS1P incubation and were scraped off for centrifugation and extraction at
the indicated time points. Data represent the average of three independent experiments. Error
bars represent standard error of the mean (SEM) as indicated. Statistical significance was
calculated based on two-tailed unpaired student’s t-test. To detect the incorporation of the
azobenzene photoswitch into various lipid classes, cells were treated with frans-PhotoSph or
trans-PhotoS1P, and pelleted as described above. Total lipids were extracted using the
methyl-fert-butyl ether method®, after addition of internal standards (0.4 nmol 24:0
phosphatidylcholine, 1 nmol 31:1 phosphatidylethanolamine, 1 nmol 31:1
phosphatidylinositol, 3.3 nmol 31:1 phosphatidylserine, 0.7 nmol 56:0 cardiolipin, 2.5 nmol
C12 sphingomyelin, 0.5 nmol C17 ceramide, 0.1 nmol glucosylceramide, and 8 nmol
ergosterol). Lipids from selected classes were detected by specific scans using a triple-stage
quadrupole TSQ Vantage mass spectrometer (Thermo Scientific) receiving nanoflow
infusion from a robotic ion source, Nanomate HD (Advion Biosciences, Ithaca, NY).
Ceramides + hexosylceramides, Photoceramides + photohexosylceramides,
phosphatidylcholine + sphingomyelin, phosphatidylethanolamine, phosphatidylserine, and
phosphatidylinositol were detected by performing precursor ion scans for m/z264.3
(positive mode, collision energy 30 eV), precursor ion scans for m7/z 332.3 (positive mode,
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collision energy 30 eV), precursor ion scans for /m/z184.1 (positive mode, collision energy
37 eV), neutral loss scans for m/z141.0 (positive mode, collision energy 20 eV), neutral loss
scans for m/z87.0 (negative mode, collision energy 23 eV), and precursor ion scans for m/z
241 (negative mode, collision energy 44 eV), respectively. Peak intensities were analyzed
using the XCalibur software (Thermo Scientific), and normalized with those of appropriate
internal standards.

Generation of knockout cells using CRISPR/Cas9

SPHK1/2 double knockout HeLa MZ cells (a HeLa cell subclone gifted by Marino Zerial,
Max Planck Institute) were generated previously®8. Sgpl1 knockout and Sgpl1/Sgpp1/Sgpp2
triple knockout McA-RH7777 cells were generated by Hprt co-targeting®®, using guide
RNAs that were previously designed®. Sequences of the guide RNAs and the plasmid
backbones used for their expression (pX330, addgene plasmid #42230 deposited by Feng
Zhang, Broad Institute; pUC-U6-sg®°) are listed in supplementary table. Plasmids encoding
both Cas9 and the target guide RNA(s) were co-transfected with plasmids encoding the
guide RNA for the Hprt gene using Lipofectamine 3000 (ThermoFisher Scientific, Waltham,
USA). Seven days later, cells were selected for 1 week with 4 pg/mL 6-thioguanine, which
enabled a strong enrichment of target-mutated cells, due to the resistance conferred by loss-
of-function in the co-targeted Hprt gene. The resulting mutation rate was based on the loss
of WT signal calculated by TIDE analysis®, which was 100% for Sgpl1 in Sgpl1 knockout
cells, and 96.1%, 100%, and 83.8% for Sgpl1, Sgppl, and Sgpp2, respectively in Sgpl1/
Sgppl/Sgpp2 triple knockout cells. Details about optimization of the methodology will be
published elsewhere.

Synthetic protocols

Unless otherwise stated, all reactions were performed with magnetic stirring under a positive
pressure of nitrogen or argon gas. Dry tetrahydrofuran (THF), diethyl ether (Et,0),
dichloromethane (CH,Cly), triethylamine (Et3N), A, M-dimethylformamide (DMF), toluene
(PhMe), dioxane and methanol (MeOH) were obtained by passing the previously degassed
solvents through activated alumina columns. Solvents and reagents were used as received
from commercial sources (Sigma-Aldrich, Tokyo Chemical Industry Co., Alfa Aesar, Acros
Organics, Strem Chemicals). Reactions were monitored by thin-layer chromatography
(TLC) using silica gel F254 pre-coated glass plates (Merck) and visualized by exposure to
ultraviolet light (A = 254 nm) or by staining with aqueous potassium permanganate
(KMnQy) solution (7.5 g KMnQOy, 50 g K2,COg3, 6.25 mL aqueous 10% NaOH, 1000 mL
distilled H»0), aqueous acidic ceric ammonium molybdate (1V) (CAM) solution (2.0 g
Ce(NH4)4(S04)4:2H50, 48 g (NH4)gM07024-4H,0, 60 mL concentrated sulfuric acid, 940
mL distilled H,O) or a butanolic ninhydrin solution (13.5 g ninhydrin, 900 mL n-BuOH, 27
mL acetic acid) followed by heating with a heat gun (150-600 °C). Flash column
chromatography was performed using silica gel (60 A, 40-63 pm, Merck). Proton (1H) and
carbon (13C) nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance
I11 HD 400 MHz spectrometer equipped with a CryoProbe™ or a Bruker Avance |11 HD 600
MHz spectrometer equipped with a CryoProbe™. Proton chemical shifts are expressed in
parts per million (ppm, & scale) and referenced to residual undeuterated solvent signals.
Carbon chemical shifts are expressed in parts per million (ppm, & scale) and referenced to
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the central carbon resonance of the solvent. The reported data is represented as follows:
chemical shift in parts per million (ppm, 6 scale) (multiplicity, coupling constants J in Hz,
integration intensity). Abbreviations used for analysis of multiplets are as follows: s
(singlet), br s (broad singlet), d (doublet), t (triplet), g (quartet), p (pentet), h (hextet), and m
(multiplet) or combinations thereof. Variable temperature NMR spectroscopy was performed
on a Bruker AV-400 High Performance Digital NMR Spectrometer (400 MHz). NMR
spectra were acquired at 25 °C unless stated otherwise. NOTE: Due to the trans/cis
equilibrium of some compounds containing an azobenzene functionality, more signals were
observed in the 1H and 13C spectra than would be expected for the pure trans-isomer. Only
signals for the major trans-isomer are reported, however the identities of the remaining
peaks were verified by 2D COSY, HSQC and HMBC experiments. UV-Vis spectra were
recorded using a Varian Cary 50 Bio UV-Visible Spectrophotometer with Helma SUPRASIL
precision cuvettes (10 mm light path). All compounds were dissolved at a concentration of
20 UM in DMSO. An initial spectrum was recorded (dark-adapted state, black) and then
again following illumination at A = 365 nm (cis-adapted state, gray). A third spectrum was
recorded after irradiation at A = 460 nm for 30 s (trans-adapted state, blue). For illumination,
a 12 x 5 mm 365 nm LED flashlight array (Amax =373 £ 17 nm) and a 21 x 5 mm 460 nm
LED flashlight array (Amax = 460 + 10 nm) were used. High-resolution mass spectrometry
(HRMS) experiments were performed on an Agilent 6224 Accurate-Mass TOF/LC/MS
spectrometer.

Statistical Analysis

Unless stated otherwise, data in the present publication are expressed as mean + standard
error of the mean (s.e.m.) and data were analyzed using ANOVA or paired Student’s #test
(see section).

Reporting Summary

Further information on experimental design is available in the Nature Research Reporting
Summary linked to this article.

Data Availability

The authors declare that all relevant data supporting the findings in this study are available
within this paper and the supplementary information files.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 |. Design, synthesis, and photophysical properties of PhotoSph and PhotoS1P.
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(A) Design of PhotoSph and PhotoS1P through incorporation of an azobenzene
photoswitch into the lipid tail of sphingosine and S1P. (B) Chemical synthesis of PhotoSph
and PhotoS1P. (C,D) The UV-Vis spectra of PhotoSph (C) and PhotoS1P (D) in the dark-

adapted (black, tfrans), 365 nm adapted (grey, ¢/s) and 460 nm adapted (blue, trans)

photostationary states. Reversible cycling between photoisomers with alternating
illumination at 365/460 nm. The experiment was repeated two times with similar results.
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Figure 2 |. Optical control of S1P1-GIRK coupling.
(A) Schematic of selective binding to and activation of S1P; receptor by PhotoS1P in trans

state, resulting in activation and opening of GIRK channel. (B) A representative single
current trace of PhotoS1P evaluated using whole-cell patch clamp recording in HEK293T
cells transiently expressing S1P; receptors and GIRK channels. Switching illumination
between 365 and 450 nm does not induce current in the absence of PhotoS1P. Application
of PhotoS1P (100 nM) in trans state induces an inward current, which is reversed by
illumination at 365 nm and re-activated by illumination at 450 nm. The current induced by
PhotoS1P under 450 nm light is inhibited by the S1P; receptor antagonist VPC23019.
Currents measured at constant membrane potential of —80 mV. This experiment was
repeated 4 times with similar results.
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Figure 3 |. Optical control of S1P1_g receptor-mediated calcium release and homology modelling
of S1P1_5 receptors.

(A) Fura2-AM calcium imaging in HTC4 cells stably transfected with S1P,_g receptors.
Dose response of S1P, trans-PhotoS1P and cis-PhotoS1P in HTC4, HTC4 S1P4, HTC4
S1P,, HTC4 S1P3, HTC4 S1P,4, and HTC4 S1P5 cells. Samples (N = 8) were run in
quadruplicates and at two independent experiments. Data points were normalized to
maximal S1P response for each receptor. Error bars represent mean + S.D. (B,C) Calcium
mobilization in HTC4 cells stably transfected with S1P; receptor after prior treatment with
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S1P (300 nM), c/s-PhotoS1P (300 nM), frans-PhotoS1P (300 nM), or vehicle (CS-BSA,
300 nM). Data points were normalized to maximum S1P response. Error bars represent
mean * S.D. Representative traces after application of 300 nM S1P are shown in (C).
Samples (N = 3) were run in triplicates. (D,E) Computationally-predicted binding poses for
S1P (blue), frans-PhotoS1P (cyan) and PhotoS1P (orange) docked into S1P4 (D) and S1P,
(E). Receptor pocket surface is highlighted in green (hydrophobic)/ violet(hydrophilic).
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Figure 4 |. Optical control of nociception in DRG neurons and mice.
(A) Representative images depicting Fura2-AM Ca2* imaging of WT DRG neurons after

addition of ¢/is-PhotoS1P (500 nM, upper and lower left) and after illumination with 460 nm
light to trigger isomerization to #rans-PhotoS1P (upper right) or illumination with 365 nm
light (lower right). Rainbow scale indicates F340/F380 ratio; scale = 50 um. (B,C,D)
Representative traces (light grey, dark grey, back) of three DRG neurons each displaying the
F340/F380 signal from Fura2-AM Ca%* imaging with addition of S1P (500 nM; B) or cis-
PhotoS1P (500 nM; C-D), with illumination at 460 nm to trigger isomerization to frans-
PhotoS1P (C), or illumination at 365 nm (D). At the end of all experiments, capsaicin (1
uM) was added to trigger activation of TRPV1* nociceptors and high K* Ringer’s solution
was added to activate excitable neurons. (E) Quantification of % of total wild-type (WT)
mouse DRG somatosensory neurons responding to S1P (500 nM), tfrans-PhotoS1P (500
nM), trans-PhotoS1P (250 nM), frans-PhotoS1P (100 nM), ¢/fs-PhotoS1P (500 nM),
vehicle control (VH), capsaicin (1 uM) and high K* Ringer’s solution (***p < 0.0001;
F(7,100) = 165.5; one-way ANOVA). Tukey’s multiple comparisons p-values (left to right):
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n.s. >0.999; *** = 0.0002; n.s. = 0.8659; n.s. = 0.9715. Experiments were performed on a
total of 2,322 neurons from N = 3 animals, with 7= number 50 of imaging experiments of
20-100 DRG neurons each. Experiment was repeated a total of three times (once per animal
used), yielding similar results. (F) Max change in F340/F380 ratio after addition of S1P (500
nM), trans-PhotoS1P (500 nM), cis-PhotoS1P (500 nM), or vehicle control (VH) (***p <
0.0001; F(3,1848) = 4.41; one-way ANOVA). Tukey’s multiple comparisons p-values (left to
right): n.s. = 0.9841; *** < 0.0001; *** < 0.0001; n.s. = 0.8213. 7= number of DRG cells
from N = 3 animals. (G) Quantification of total S1P3 receptor KO DRG neurons responding
to trans-PhotoS1P (500 nM), vehicle control (VH), capsaicin (1 uM), and high K* Ringer’s
solution (p=0.081; ¢=1.84; d.f. = 20; two-tailed unpaired t-test). Experiments were
performed on a total of 1,114 neurons from N = 3 animals, with /7= number of imaging
experiments of 20-100 DRG neurons each. Experiment was repeated a total of three times
(once per animal used), yielding similar results. (H) 5 mM c¢/s-PhotoS1P was injected into
one hind paw of WT mice. Paw withdrawal latency was recorded 20 min before and 10 min
after injection. The paw was irradiated at 460 nm (***p < 0.0001; F (2, 12) = 31.16; one-
way ANOVA, N =5 mice); ***p < 0.0001 (Tukey’s multiple comparisons). (I) Paw
withdrawal latency was recorded 10 min after injection of S1P (10 mM), after irradiation at
460 nm for 3 min, and after irradiation at 365 nm for 3 min (**p = 0.0028; F (2, 9) = 12.09;
one-way ANOVA, N =4 mice); n.s. = 0.92 (Tukey’s multiple comparisons). (J) The
contralateral paws of mice in (H) were injected with ¢/s-PhotoS1P as before, and irradiated
at 365 nm for 3 min each (p= 0.5108; F(2,12) = 0.7107; one-way ANOVA, N =5 mice).
Paw withdrawal latency was recorded directly after irradiation. (K) Paw withdrawal latency
was recorded in a non-injected control group before irradiation, after irradiation at 460 nm
for 3 min, and after irradiation at 365 nm for 3 min (p=0.7553; F (2, 9) = 0.2896; one-way
ANOVA, N =4 mice). (L) Experiment was conducted as in (H, J), but withdrawal latency
was recorded after a subsequent cycle of irradiation at 365 nm for 3 min, and after a cycle of
irradiation at 460 nm for 3 min (**p =0.0013; F (1.478, 4.435) = 45.21; one-way ANOVA,
N = 4 mice). Tukey’s multiple comparisons p-values (left to right): ** = 0.0047; * = 0.0208;
*=0.0220. Unless otherwise indicated, error bars represent mean + S.D. and statistics were
performed using one-way ANOVA followed by Tukey-Kramer post hoc test or two-tailed t-
test, where appropriate.
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Figure 5 |. In vitro SPHK Assay.
100 pM Sphingosine, trans-PhotoSph and cis-PhotoSph were incubated with SPHK1 (A)

or SPHK2 (B) with ATP as the limiting reagent for 2 h. ATP was converted into a
luminescence signal proportional to the amount of remaining ATP. Samples were run in
triplicates. Samples (N = 3) were run in triplicates. Error bars represent SEM. **p = 0.0031;
***p = (0.0002; ****p < 0.0001; n.s. = 0.8662; two tailed student’s #test.
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Figure 6 |. Lipid mass spectrometry analysis of PhotoSph/PhotoS1P metabolism.
(A) Metabolic network of photoswitchable sphingolipids. (B) WT HeLa MZ cells were

treated with photoisomers of PhotoSph for 15 min. PhotoSph (left) and PhotoS1P (right)
were extracted and quantified (**p < 0.0055 and **p = 0.0050 (left to right); two-tailed
student’s t-test, N = 3 biologically independent experiments). (C) WT HeLa MZ cells were
treated with photoisomers of PhotoS1P for 15 min. PhotoSph (left) and PhotoS1P (right)
were extracted and quantified (****p < 0.0001; ***p = 0.0002; two-tailed student’s t-test, N
= 3 biologically independent experiments). (D) HeLa MZ SPHK1/2 dKO cells were treated
with photoisomers of PhotoSph for 15 min in the presence of fumonisin B1 (10 pM) to
block ceramide synthases. PhotoSph (left) and PhotoS1P (right) were extracted and
quantified (n.s. = 0.0716 and n.s. = 0.1752 (left to right); two-tailed student’s t-test, N = 3
biologically independent experiments). (E) McA-RH7777 Sgpl1/Sgppl/Sgpp2 triple KO
cells were treated with photoisomers of PhotoS1P for 15 min. PhotoSph (left) and
PhotoS1P (right) were extracted and quantified (**p = 0.0048; *p = 0.0211; two-tailed
student’s t-test, N = 3 biologically independent experiments). (F) McA-RH7777 Sgpll KO
cells were treated with photoisomers of PhotoSph for 15 min in the presence of fumonisin
B1 (10 uM) to block ceramide synthases. PhotoSph (left) and PhotoS1P (right) were
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extracted and quantified (n.s. = 0.4989 and n.s. = 0.7910 (left to right); two-tailed student’s
t-test, N = 3 biologically independent experiments). (G) Metabolic stability of trans-
PhotoS1P. WT Hela cells were treated with frans-PhotoS1P and PhotoS1P was extracted
and quantified after 0, 15, 30, and 60 min, respectively. Error bars represent SEM.
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