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SUMMARY

Solute carrier spinster homolog 2 (SPNS2), one of only four known major facilitator superfamily (MFS) lyso-
lipid transporters in humans, exports sphingosine-1-phosphate (S1P) across cell membranes. Here, we
explore the synergistic effects of lipid binding and conformational dynamics on SPNS2’s transport mecha-
nism. Using mass spectrometry, we discovered that SPNS2 interacts preferentially with Pl(4,5)P,. Together
with functional studies and molecular dynamics (MD) simulations, we identified potential PI(4,5)P, binding
sites. Mutagenesis of proposed lipid binding sites and inhibition of Pl(4,5)P, synthesis reduce S1P transport,
whereas the absence of the N terminus renders the transporter essentially inactive. Probing the conforma-
tional dynamics of SPNS2, we show how synergistic binding of PI(4,5)P, and S1P facilitates transport, in-
creases dynamics of the extracellular gate, and stabilizes the intracellular gate. Given that SPNS2 transports
a key signaling lipid, our results have implications for therapeutic targeting and also illustrate a regulatory

mechanism for MFS transporters.

INTRODUCTION

Sphingosine-1-phosphate (S1P) is a signaling lipid involved in the
regulation of lymphocyte trafficking,’ embryonic development,”
inflammation,® and many other physiological processes. Dysre-
gulation of S1P levels leads to a number of human diseases,
including autoimmune diseases,” neurological disorders,® and
cancer.®’ S1P is synthesized in cells by sphingosine kinases 1
and 2, which phosphorylate sphingosine,® and subsequently ex-
ported out of cells by the S1P transporters, spinster homolog 2
(SPNS2),%'° and major facilitator superfamily (MFS) domain con-
taining 2B (MFSD2B)."" After export, extracellular S1P is sensed
by cells via five G-protein-coupled receptors, S1P receptors 1 to
5, to activate downstream signaling pathways.'*'®

The role of SPNS2 in S1P delivery was first discovered in ze-
brafish, where mutations in SPNS2 induced abnormal heart
development, known as cardia bifida, a phenotype that could
be rescued by injecting exogenous S1P.'° Further in vivo evi-
dence showed that SPNS2-deficient mice had a decreased level
of S1P in the blood." Moreover, SPNS2 is also able to export
several S1P analogs, including dihydro-S1P and the immuno-

L)

modulator FTY720 phosphate (FTY720-P).'*'> FTY720 (fingoli-
mod) is approved for the treatment of multiple sclerosis, the
most common autoimmune disorder of the central nervous sys-
tem.'® Administered as a prodrug, FTY720 is phosphorylated by
sphingosine kinase 2 in cells and exported to the extracellular
space via SPNS2."" This extracellular FTY720-P mimics S1P, in-
teracting with S1P receptors and inducing them to internalize
from cell membranes, thereby inhibiting pathogenic lymphocyte
trafficking.'® In addition, deletion of SPNS2 prevented disease
development in a mouse model of multiple sclerosis, '° indicating
that SPNS2 is a promising new drug target for treating multiple
sclerosis.

No structures for full-length human SPNS2 have been reported
to date. A structure has been reported for an inward-facing
conformation of a bacterial homolog of SPNS22° and a structural
model of human SPNS2 is available in the AlphaFold2 database
(https://alphafold.ebi.ac.uk/).>"** In this prediction, similar to
the structure of the bacterial homolog, human SPNS2 has a ca-
nonical MFS fold that comprises two domains, the N domain
and the C domain, with each domain consisting of six consecu-
tive transmembrane helices (TMs). In the classic MFS transport
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model, these two domains use a rocker-switch mechanism to
provide alternate access to substrate on each side of the mem-
brane and thereby allow its translocation.?® In the AlphaFold2
model, TMs 1, 4, 7, and 10 line the central cavity of SPNS2 and,
by analogy, constitute the transport pathway.”* TMs 2, 5, 8,
and 11 form the interface between the N and C domains. TMs
3, 6, 9, and 12 are assembled on the periphery and maintain
structural integrity.” In addition to the core MFS fold, the pre-
dicted model of human SPNS2 has an additional putative N-ter-
minal helix containing six arginine residues (Arg23-28), which are
conserved among mammals (Figure S1A) and connected by a
large disordered loop. This N-terminal region is designated as
“low confidence” in the model from the AlphaFold2 database
(Figure S1B). The significance of this region in terms of its struc-
ture and influence on function is challenging to discern.

Solute carriers (SLCs) are embedded in lipid bilayers and un-
dergo significant conformational changes during their substrate
transport cycle. Therefore, the surrounding lipids might be ex-
pected to play substantial roles in regulating transport func-
tion,?>?% oligomeric state,”’ stability,”®?° and conformational
dynamics.®**' Noteworthy, in the case of membrane proteins,
AlphaFold2 is not able to consider specific lipid binding that
may induce secondary structure in intrinsically disordered re-
gions.?! Although the majority of structural studies to date
have focused on the effect of lipids on bacterial trans-
porters,?>*?7* the modulation of mammalian SLCs by specific
lipids on a lipid transporter has yet to be explored. Native
mass spectrometry (native MS) is one of the few biophysical ap-
proaches capable of capturing lipid interactions and reporting on
the time-resolved conformational dynamics associated with lipid
binding. In such experiments, lipids are added to proteo-micelle
solutions, and equilibrium dissociation constants (Kp) are deter-
mined from peak intensities of the individual lipid-bound species.
Here, we use this approach to discern lipid preferences for two
SPNS2 variants, supporting our findings with functional studies.
We then validate the AlphaFold2 model with results from
hydrogen-deuterium exchange mass spectrometry (HDX-MS)
for both proteins and use this model to assess the impact of lipid
and substrate binding on the conformational dynamics of the
protein. Supported by molecular dynamics (MD) simulations,
we propose a mechanism for the initial recruitment and docking
of P1(4,5)P,> by SPNS2 and the subsequent opening of the extra-
cellular gate. Together, these approaches allow us to uncover
the synergistic effects of biologically active lipids and a lipid sub-
strate on SPNS2 transport activity.
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RESULTS

SPNS2 interacts preferentially with P1(4,5)P,

Considering first the expression of SPNS2, we examined the
AlphaFold2 model, which displays a typical MFS architecture
but has an N-terminal region with a low-confidence helix and
loop predicted®’ (Figure S1B). Due to the unusual location of
the AlphaFold2 model of the predicted N-terminal helix relative
to other MFS transporters and to remove any preconception
about the structure or location of the N terminus, we used steered
MD simulations to obtain a starting model where the N terminus
was outside the protein cavity (Figure 1A). We then expressed
the full-length and truncated proteins (without the N-terminal 89
amino acids) in Expi293F cells using the BacMam system. Both
proteins were purified in n-dodecyl-B-D-maltopyranoside
(DDM) and had similar size exclusion chromatography profiles,
purities, and thermostabilities (Figures S1C-S1F).

Both proteins were then subjected to native MS under the
same experimental conditions. Well-resolved charge states
were obtained for both full-length and truncated SPNS2, with
adduct peaks tentatively assigned to lipids (~863 Da) (Figures
S2A and S2B). Combining these native MS results with lipido-
mics, we identified these adducts as phosphatidylinositols (PI)
(P1[18:1/18:1] and PI[18:0/18:1]) (Figures S2C and S2D). Decon-
volution of the mass spectra showed that the anticipated masses
for full-length and truncated SPNS2 (Figures S2A and S2B) with
additional proteomics identified an N-terminal acetylation (Fig-
ures S2E and S2F), a widespread protein translational modifica-
tion among eukaryotes.*®

To confirm our lipid identification, we first removed endoge-
nous lipids®® then incubated delipidated SPNS2 with Pl (18:1/
18:1). The same adduct peaks as for the endogenously bound
lipids (Figure 1B) confirm that full-length SPNS2 binds to PI. We
then measured the Kp, for individual Pl binding events, observing
aconcomitantincrease in the intensity of the Pl-bound species as
the concentration increased (Figure 1B). At Pl concentrations
>10 puM, Pl-bound full-length SPNS2 predominated over un-
bound forms. At least four binding events were observed when
Pl concentrations were >20 pM (Figure 1B). Mole fractions of
apo and lipid-bound species were calculated from the intensity
of the peaks and fitted with a sequential ligand-binding model
to determine the K for individual lipid binding events®” (Figure 1C;
Table S1). We performed analogous Kp measurements for trun-
cated SPNS2 and found that the binding affinity of Pl to truncated
SPNS2 is dramatically weaker (Figure 1D; Table S1). Together,

Figure 1. A predicted model of SPNS2 and the binding preference of Pl derivatives to full-length and truncated SPNS2

(A) The AlphaFold2 predicted model of SPNS2 (blue) with the N terminus of the full-length protein (green) shown schematically, embedded within a phospholipid
bilayer. Pl derivatives: P, PI(4)P, PI(4,5)P,, and PIP3 are shown as purple, green, orange, and gray spheres, respectively, with binding preference to full-length and
truncated SPNS2 arranged via proximity to the transporter (according to the Ky values in Table S1). The structure of S1P is also shown.

(B) Mass spectra recorded for delipidated full-length SPNS2 (5 pM) with increasing concentrations from 0 to 20 uM of PI (18:1/18:1).

(C) Plot of the mole fraction of full-length SPNS2 and PI binding calculated from titration of PI (18:1/18:1) with a resulting fit (R2 = 0.97) from a sequential ligand-
binding model (solid lines). Data are plotted as mean + standard deviation (SD) (n = 3).

(D) Plot of mole fraction of truncated SPNS2 with Pl-bound states calculated from titration of PI(18:1/18:1) with a resulting fit (R2 = 0.99) from a sequential ligand-

binding model (solid lines). Data are plotted as mean + SD (n = 3).

(E) A single charge state (17+) of full-length SPNS2 following incubation with an equimolar solution containing PI, PI(4)P, PI(4,5)P,, and PIP; confirms preferred
binding of PI(4,5)P,. Data are plotted as mean + SD (n = 3). **p < 0.01. **p < 0.001. ****p < 0.0001.
(F) A single charge state (14+) of truncated SPNS2 following incubation with an equimolar solution containing PI, PI(4)P, PI(4,5)P,, and PIP5. Data are plotted as

mean + SD (n = 3). *p < 0.05. *p < 0.01. **p < 0.001.
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Figure 2. Determination of binding affinities for Pl derivatives to full-length and truncated SPNS2 and potential PI(4,5)P, binding sites on full-

length SPNS2

(A-F) Binding curves for PI(4)P, P1(4,5)P,, and PIP3 binding to full-length SPNS2 (A, B, and C, respectively) and to truncated SPNS2 (D, E, and F, respectively).

Data are plotted as mean + SD (n = 3).

(G) Kpy values for PI, PI(4)P, PI(4,5)P,, and PIP3 binding to full-length and truncated SPNS2. Data are plotted as mean + SD (n = 3).
(H) MD simulation reveals PI(4,5)P, molecule (orange sticks) bound to the N terminus (binding site 1), and further three PI(4,5)P, binding sites are shown (sites 2-4).
SPNS2 is shown in blue (with the N terminus colored in yellow), the potential PI(4,5)P, interacting residues are shown as blue sticks, and phosphorus atoms in the

headgroups of membrane lipids are shown as gray spheres.

these results confirm the high affinity of full-length SPNS2 for PI
and imply a role for the protein’s N terminus in lipid binding.

We next examined the selectivity of full-length SPNS2 for other
lipids, including phosphatidic acid (PA), phosphatidylserine (PS),
phosphatidylglycerol (PG), phosphatidylethanolamine (PE), and
phosphatidylcholine (PC). We measured Kps for all the above
mentioned glycerophospholipids with 1-palmitoyl-2-oleoyl (16:0-
18:1) acyl chains (Figure S3; Table S2). Interestingly, although PE
and PC are the two most abundant glycerophospholipids found
in mammalian cells, no apparent binding was observed for PC to
full-length SPNS2, whereas Kp, for PE is 20-fold weaker than PI
(Table S2). Notably, Pl had the strongest binding affinity among
these glycerophospholipid species, indicating that full-length
SPNS2 has a strong preference for the inositol head group. The
propensity for Pl lipids to be phosphorylated in vivo prompted us
to further investigate selectivity for different Pl phosphates
(PIPs). A competitive binding with equimolar ratios of PI, PI(4)P,
Pl(4,5)P,, and PIP3 (all 18:1/18:1) showed that peaks assigned to
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Pl, PI(4)P, and PIP3 binding have similar intensities, but that the
PI(4,5)P, bound peak has the highest intensity (Figure 1E), consis-
tent with its preferential interaction with full-length SPNS2.

The N terminus of SPNS2 affects both PI(4,5)P, and S1P
binding

To understand further the role of the N terminus on PIP binding,
we performed analogous binding experiments for N-terminally
truncated SPNS2. Compared with the full-length protein,
N-terminally truncated SPNS2 shows significantly reduced bind-
ing ratios for all investigated Pl derivatives (Figure 1F).
Comparing Kp values of PIPs, as before, for both full-length
and N-terminally truncated SPNS2, we observed up to four PIP
binding events with higher affinity for full-length SPNS2 than
the N-terminally truncated protein (Figures 2A-2G; Table S1).
Notably, PI(4,5)P, has the highest affinity to both full-length
and truncated SPNS2 with Kp4 for the first Pl(4,5)P, binding of
0.7 £ 0.2 and 9.9 + 0.1 uM, respectively (Table S1). Intriguingly,
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PI(4)P and PIP3 have binding affinities comparable to PI for full-
length SPNS2 with a Kp1 of ~6 uM (Table S1), despite the fact
that PI(4)P and PIP5 contain more phosphate groups than PI,
indicating that binding is not merely an effect of increased
charge. Unlike full-length SPNS2, truncated SPNS2 shows a
significantly weaker affinity for all the PIPs (Figure 2G). Deletion
of the N terminus caused more than 10-fold weaker affinity for
PI(4,5)P, compared with full-length SPNS2, indicating that the
N terminus of SPNS2 is important not only for high-affinity PIP
binding but also for dictating its preference for Pl(4,5)P..

Next, we carried out atomistic simulations of the AlphaFold2
SPNS2 model with the unstructured N terminus outside the pro-
tein cavity in a phospholipid bilayer containing PI(4,5)P,. PI(4,5)
P, bound to the N terminus (binding site 1), interacting with the
Arginine-rich patch of Arg 23-28, Arg43, Arg65, and Arg66
(Figures 2H and S4). In addition, we found further PI(4,5)P, bind-
ing sites on the periphery of the MFS domain bound primarily to
the cytoplasmic loops TM2-3 (binding site 2), TM8-9 (binding site
4), and the intracellular helices 1 and 2 (ICH1 and ICH2, binding
site 3) (Figures 2H and S4).

We then explored whether the N terminus has an effect on sub-
strate binding by adding S1P to an equimolar solution of full-length
and truncated SPNS2. The resulting mass spectrum showed peaks
corresponding to the S1P-bound full-length and truncated SPNS2
(Figure 3A). Plotting the intensity of peaks corresponding to S1P-
bound states relative to those of the respective apo proteins re-
vealed that S1P bound with higher affinity to full-length SPNS2
than the truncated variant (Figure 3B). Taken together, these results
allow us to propose that the N terminus of SPNS2 has an effect on
both PI(4,5)P, and S1P binding. We hypothesize that PI(4,5)P, and
S1P act synergistically to facilitate S1P transport.

P1(4,5)P, plays a crucial role in S1P transport

To better understand the impact of PI(4,5)P, on SPNS2 activity
and to test our hypothesis, we established a cell-based assay
for S1P transport by SPNS2 (Figure 3D). Using the full-length
SPNS2 overexpressing cells as an assay platform, we subse-
quently sought to understand the role of PI(4,5)P, in S1P trans-
port by inhibiting PI(4,5)P, production by two different PI
4-phosphate 5-kinases (PIP5Ks). After treating the SPNS2 over-
expressing cells for 6 h with ISA-2011B%® and UNC3230,°° which
are distinct chemical scaffolds (Figure 3C) and inhibit distinct
PIP5K enzymes, we observed substantially reduced PI(4,5)P,
levels in both cases, with UNC3230 being the more effective in-
hibitor of PI(4,5)P, production (Figure 3F).

Having established methods to reduce PI(4,5)P, production, we
then measured S1P secretion in the presence of each PIP5K inhib-
itor separately. Both treatments had no effect on SPNS2 overex-
pression levels (Figure S5A) and showed a decrease in S1P secre-
tions from SPNS2 overexpressing cells (Figure 3G). Interestingly,
the decrease in S1P secretion was more pronounced in the pres-
ence of the more effective inhibitor of PI(4,5)P, production
(UNC3230) (Figures 3F and 3G). The results from this functional
assay therefore align with our proposal that levels of PI(4,5)P, are
directly related to the efficiency of S1P transport by SPNS2.

Next, we set out to confirm the importance of each MD-identified
P1(4,5)P, binding site by measuring the transport activity of mutants
at each location. The arginine patch (Arg23-28) and six charged
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residues from the PI(4,5)P, binding sites 1 to 4 were selected and
individually mutated to alanine (Figure 3E). While confirming all
the variants localized to the plasma membrane (Figure S5), we
noted that mutation of any of the PI(4,5)P, binding sites reduced
S1P secretion (Figure 3H). In addition, the N-terminal truncated
variant displayed the most impaired transport activity (Figure 3H).
Together, these results reinforce the important roles of Pl(4,5)P»
binding to the protein and the N terminus in S1P transport.

Substrate S1P induces opening of the extracellular gate
of SPNS2

Because our results indicate that PI(4,5)P, and the N terminus
regulate S1P transport by functional assays, we next sought to
investigate the molecular details by examining the conforma-
tional dynamics of SPNS2. After optimizing the experimental
conditions for time-resolved HDX-MS experiments of SPNS2
proteins, we detected 165 peptides with a sequence coverage
of 90.8% for full-length SPNS2 and 109 peptides with a seq-
uence coverage of 73% for truncated SPNS2 (Figure S6).
Because the AlphaFold2 model has not been experimentally vali-
dated, we first used HDX-MS to assess the proposed elements
of secondary structure in solution. All 12 predicted TMs, of
both full-length and truncated SPNS2 proteins, show substantial
protection from hydrogen exchange with low relative fractional
uptake (RFU) (Figures S7A and S7B), indicating their structural
integrity. The two ICH regions, the unstructured N- and C-termi-
nal tails, and the interhelical regions show markedly less protec-
tion with high RFU, as expected for an MFS-fold protein.

Next, we performed HDX-MS of both SPNS2 proteins in the
presence and absence of substrate S1P (Figures S7A and
S7B). Comparing the HDX-MS results of SPNS2, with and without
S1P, we found that S1P initially induces a rapid (<1 min) decrease
in deuterium uptake at TM8 (Figure 4A). This result implies that
S1P potentially enters the transporter from the membrane
through a TM5-TM8 lateral opening. After 60 min or more, we
observed that peptides from TM1, TM2, and TM7 displayed a
substantial positive differential RFU (ARFU) in the presence of
S1P (red shading in Figures 4A and S7C). Specifically, peptides
117-126, 127-142, 143-147, and 335-340 uptake more deute-
rium in the S1P-bound SPNS2 compared with the apo form
(Figures 4B-4G). We then mapped the ARFU of SPNS2, with
and without S1P, onto the proposed model of SPNS2. We found
that peptides 117-126, 127-142, 143-147, and 335-340 are
located at the extracellular ends of TM1, the loop L1-2, TM2,
and TM7, respectively (Figures 4C and 4F). Similarly, we ob-
served analogous conformational changes for truncated SPN
S2 in the presence of S1P (Figure S7C). These observations are
consistent with a dynamic opening of the extracellular gate of
SPNS2 (the extracellular ends of TM1, the loop L1-2, TM2, and
TM7) upon S1P binding.

P1(4,5)P, binding triggers allosteric regulation of
conformational changes of SPNS2

To test the effect of PI(4,5)P, on the conformational dynamics of
full-length and truncated SPNS2, we carried out analogous HDX
experiments to those described above but in the presence and
absence of PI(4,5)P, (Figure S7). By calculating the ARFU of
full-length and truncated SPNS2, with and without PI(4,5)P,,
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Figure 3. The effect of PI(4,5)P, on S1P transport

(A) Mass spectrum of equimolar ratios of full-length and truncated SPNS2 following incubation with substrate, S1P.

(B) Relative ratios of S1P-bound peaks to the respective apo peaks confirm that full-length SPNS2 has a higher affinity for S1P. Data are plotted as mean + SD (n =
3). ***p < 0.0001.

(C) Structures of the two PIP5K inhibitors ISA-2011B and UNC3230 used in the cell-based transport assay to inhibit synthesis of Pl(4,5)P,.

(D) Schematic illustration of the cell-based functional assay. S1P is synthesized in cells and exported across cell membranes by SPNS2. Extracellular S1P is
detected by an enzyme-linked immunosorbent assay (ELISA).

(E) Potential PI(4,5)P, interacting residues corresponding to binding sites 1-4 are highlighted in the full-length SPNS2 model (orange).

(F) PI(4,5)P2 levels of full-length SPNS2 overexpressing HEK293T cells treated with and without PIP5K inhibitors ISA-2011B and UNC3230. Data are plotted as
mean = SD (n = 3). *p < 0.01. **p < 0.001.

(G) Extracellular S1P levels of full-length SPNS2 overexpressing HEK293T cells treated with and without PIP5K inhibitors ISA-2011B and UNC3230. Data are
plotted as mean + SD (n = 3). **p < 0.01.

(H) Transport activity of full-length SPNS2 variants with point mutations at PI(4,5)P, binding sites. WT, wild-type SPNS2. Truncated, N-terminal truncated SPNS2.
The residues R23-R28 are mutated into alanines (R23-28A). Transport activities are normalized to FLAG expression (Figure S5B) and represented as a ratio to the
wild type. Data are plotted as mean + SD (n = 3).

we observe that PI(4,5)P, causes a rapid (<1 min) overall
decrease in deuterium uptake, notably at the N terminus, as
well as TM1, L2-3, L4-5, ICH1, TM8, L10-11, and ICH2 (Fig-

ures 5A and S7C). Subsequently (>60 min), we observe an in-
crease in deuteration on TM1, TM2, TM7 (most notably), and
TM11 (Figures 5A and S7C). Overlaying the ARFU on the model
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Figure 4. Conformational dynamics of S1P-bound SPNS2
(A) Heatmap comparing S1P-bound SPNS2 with apo SPNS2 via ARFU as a function of time.
B) Deuterium uptake plot for peptide 127-142. Data are plotted as mean + SD (n = 3).

C) ARFU of S1P-bound SPNS2 compared with apo SPNS2 mapped onto the predicted model of SPNS2. Ribbon representation is viewed from membrane.

E) Deuterium uptake plot for peptide 117-126. Data are plotted as mean = SD (n = 3).

F) ARFU of S1P-bound SPNS2 compared with apo SPNS2 mapped onto the predicted model of SPNS2. Ribbon representation is viewed from extracellular side.

(
(
(D) Deuterium uptake plot for peptide 143-147. Data are plotted as mean + SD (n = 3).
(
(
(

G) Deuterium uptake plot for peptide 335-340. Data are plotted as mean + SD (n = 3).

of SPNS2, we found that in the presence of PI(4,5)P, decreased
deuterium uptake occurs mainly at the N terminus and the cyto-
plasmic side of SPNS2 (see, for example, peptide 158-164 from
TM2 (Figures 5B and 5C). Meanwhile, we observed increased
deuteration at peptides 143-147 from the extracellular side of
TM2 (Figure 5D), indicative of an allosteric regulation of TM2 by
PI(4,5)P,. Analogous allosteric regulation is also found for TM1
and TM7 (Figures 5E-5G). In addition, peptides 28-34 from the
N terminus are protected from exchange rapidly (<1 min) in the
presence of Pl(4,5)P, (Figure 5A), consistent with our proposal
of PI(4,5)P, binding in this region. Together, these data indicate
that PI(4,5)P, binds on the intracellular side of SPNS2, inducing
extensive protection beyond that which could be attributed to in-
dividual PI(4,5)P, binding sites, to allosterically induce confor-
mational changes on the extracellular side (Figure 5C).

To investigate how PI(4,5)P, induces conformational cha-
nges to the N terminus, we performed coarse-grained (CG)
simulations of the full-length SPNS2 in a phospholipid bilayer
containing PI(4,5)P,. We found that the first 89 residues at the
N terminus adopted a range of different conformations over
the course of the simulation. Although PI(4,5)P, is initially
randomly placed in the inner leaflet of the bilayer (Figure 5H),
the positively charged guanidinium group of residues of Arg43
or the Arg patch (Arg 23-28) gradually extends to interact with
Pl(4,5)P, (Figure 5H). Later in the trajectory, the N terminus
guides the PI(4,5)P, molecule closer to the SPNS2 protein
(Figure 5H). Taken together, these results are consistent
with the N terminus of SPNS2 participating in binding PI(4,5)
P, and imply the N terminus recruiting PI(4,5)P, to the
transporter.
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Figure 5. Conformational dynamics of PI(4,5)P>-bound SPNS2 and coarse-grained MD simulations of PI(4,5)P, recruitment to SPNS2

(A) Heatmap representing ARFU, comparing PI(4,5)P.-bound SPNS2 with apo as a function of time.

(B) Deuterium uptake plot for peptide 158-164. Data are plotted as mean + SD (n = 3).

(C) ARFU of PI(4,5)P,-bound SPNS2 compared with apo SPNS2 mapped onto the predicted model of SPNS2. Ribbon representation is viewed from membrane.
(D) Deuterium uptake plot for peptide 143-147. Data are plotted as mean + SD (n = 3).

(E) Deuterium uptake plot for peptide 115-120. Data are plotted as mean + SD (n = 3).

(legend continued on next page)
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S1P-induced extracellular gate opening is enhanced
synergistically by PI1(4,5)P,

In order to characterize the combined effects of S1P and P1(4,5)P»
binding on the conformational dynamics of SPNS2, we per-
formed HDX-MS experiments of S1P-bound SPNS2 in the pres-
ence and absence of PI(4,5)P, (Figures S7A and S7B). When
comparing the ternary complex (Pl(4,5)P>: S1P: SPNS2) directly
with the apo protein, we observed pronounced increases in
deuterium uptake on the extracellular ends of TM1, TM2, TM6,
TM7, TM11, and TM12 and a concomitant marked decrease at
the N terminus and the cytoplasmic ends of helices TM1, L2-3,
L4-5, ICH1, TM8, L10-11, and ICH2 (Figures 6A, 6C, and S7C).
Comparing peptides from TM regions across the protein, specif-
ically 117-126, 259-263, 336-340, and 470-478, greater deuter-
ation was observed in the ternary complex (PI(4,5)P,: S1P:
SPNS2) compared with apo or S1P-bound SPNS2 (Figures 6B-
6G). Together, these results indicate that PI(4,5)P, binding in
the presence of substrate induces a larger opening of the extra-
cellular gate than S1P alone.

To explore this proposed synergy, we compared the apo state
RFU with full-length and truncated SPNS2 in complex with S1P
(AS1P), PI(4,5)P, (A PI(4,5)P5), and both S1P and PI(4,5)P, pre-
sent simultaneously (A(S1P + PI(4,5)P,)). We found that the
increased deuterium uptake induced by both S1P and PI(4,5)P,
present simultaneously [A(S1P + PI(4,5)P,)] is larger than
the summed results of S1P and PI(4,5)P, individually (AS1P +
API(4,5)P,) for peptides 117-126 (TM1), 259-263 (TM6), 336-
340 (TM7), and 470-478 (TM11) of full-length SPNS2 (Fig-
ures 6H-6K). Similar synergistic effects were observed for the
same regions of truncated SPNS2 (Figures 6H-6K). These HDX
results demonstrate that PI(4,5)P, and S1P act synergistically
toinduce conformational changes in SPNS2 to promote extracel-
lular gate opening and facilitate S1P transport. Importantly, these
results also indicate that the N terminus is not involved in the syn-
ergistic conformational changes induced by PI(4,5)P, and S1P.
Rather, when combined with our observations that truncated
SPNS2 has lower affinity for PI(4,5)P, and that S1P transport is
significantly impaired, we deduce that the main function of the
N terminus is the recruitment of PI(4,5)P,, which subsequently
leads to more efficient S1P transport.

DISCUSSION

Here, we used native MS to compare individual lipid binding
events with the S1P transporter SPNS2. We discovered a prefer-
ence for PI(4,5)P, binding to the full-length protein with preferen-
tial occupancy of up to four binding sites. In support of our func-
tional studies, we found impaired S1P transport activity by
SPNS2 upon inhibition of PI(4,5)P, synthesis or mutations of
Pl(4,5)P, binding sites. Through a series of comparative HDX ex-

¢ CellP’ress

OPEN ACCESS

periments, we showed that PI(4,5)P, and S1P work synergisti-
cally to trigger the necessary conformational changes for open-
ing the extracellular gate while stabilizing the cytoplasmic face.
These conformational changes are in accord with the current
view of the rocker-switch mechanism proposed for MFS trans-
porters and subsequently refined for the lysophosphatidylcholine
transporter MFSD2A.“° Our data also identify important features
of SPNS2 not previously reported for an MFS transporter,
including the following: (1) The N terminus plays an important
role in the recruitment and binding of PI(4,5)P5, (2) PI(4,5)P, stabi-
lizes the cytoplasmic face, and (3) the synergistic action of the
substrate binding with PI(4,5)P, induces further conformational
changes to facilitate S1P transport. We summarize these findings
and propose a lipid-mediated S1P translocation mechanism
based on our time-resolved HDX data (Figure 7). Starting from
the apo state (A), either PI(4,5)P, is recruited to the inward-
open SPNS2 and subsequently binds to the intracellular side of
SPNS2 to stabilize the intracellular gate or S1P enters the central
cavity to induce the opening of the extracellular gate (C). This
extracellular gate opening is further augmented by PI(4,5)P, bind-
ing. Although the order of lipid binding events would be difficult to
define, it is clear from this study that the lipids act synergistically
to stabilize a transition state, resulting in a larger opening of the
extracellular gate to allow S1P release (D).

To date, mechanistic understanding of human SLCs has been
hampered by the absence of high-resolution structures and the
consideration of regions where secondary or tertiary structures
are absent or dynamic. These regions are generally removed
or difficult to resolve in high-resolution structure determination,
and consequently, their critical roles are often overlooked. In
this study, we identified regions of the S1P transporter SPNS2,
some with weak secondary structure that are crucial in recruiting
Pl(4,5)P, and reveal that this lipid allosterically enhances sub-
strate-induced opening of the extracellular gate. The lipid
recruitment and regulation mechanism may also be operative
for conveying substrates in other MFS family members, as
shown here for S1P in SPNS2. Importantly, because our work
was achieved in advance of conventional structural information,
it marks a step change in native MS. Until this point, native MS of
membrane proteins has added detailed information to structures
determined via either X-ray crystallography or cryo-EM but has
not yet been used without the support of other structural biology
approaches. Our study therefore showcases a new methodol-
ogy to study the lipid regulation of an MFS transporter that not
only provides mechanistic insight but also informs conditions
for trapping distinct conformational states and enlightens
optimal construct design for downstream structural studies.

Considering the implications for human health, multiple scle-
rosis is the most common autoimmune disorder of the central
nervous system. Fingolimod (FTY720) has been approved for

(F) ARFU of PI(4,5)P,-bound SPNS2 compared with apo SPNS2 mapped onto the predicted model of SPNS2. Ribbon representation is viewed from extra-

cellular side.

(G) Deuterium uptake plot for peptide 335-340. Data are plotted as mean + SD (n = 3).

(H) Snapshots from CG simulations of SPNS2 in a PI(4,5)P, containing phospholipid bilayer (back-mapped to atomistic resolution). Starting from the initial state,
Arg43 or the arginine patch (Arg 23-28) interacts with PI(4,5)P, molecule, and the N terminus guides the PI(4,5)P, molecule closer to SPNS2. SPNS2 is shown in
blue (with the N terminus colored in yellow), phospholipids are shown on a white surface (with the phosphates shown as gray spheres), and PI(4,5)P, is shown as

orange sticks.
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Figure 6. Conformational dynamics of SPNS2 in the ternary complex with both S1P and PI(4,5)P..

(A) Heatmap representing ARFU as a function of time, comparing PI(4,5)P,: S1P: SPNS2 with apo SPNS2.

(B) Deuterium uptake plot for peptide 259-263. Data are plotted as mean + SD (n = 3).

(C) ARFU of PI(4,5)P,: S1P: SPNS2 compared with apo SPNS2 mapped onto the predicted model of SPNS2. Ribbon representation is viewed from membrane.
(D) Deuterium uptake plot for peptide 470-478. Data are plotted as mean + SD (n = 3).

(E) Deuterium uptake plot for peptide 117-126. Data are plotted as mean + SD (n = 3).

(F) ARFU of PI(4,5)P,: S1P: SPNS2 compared with apo SPNS2 mapped onto the predicted model of SPNS2. Ribbon representation is viewed from extracel-
lular side.

(G) Deuterium uptake plot for peptide 336-340. Data are plotted as mean + SD (n = 3).
(H-K) Changes in fractional deuterium uptake of peptides 117-126 (H), 259-263 (l), 336-340 (J), and 470-478 (K) for full-length and truncated SPNS2 at 60 min
labeling. All data are plotted as mean + SD (n = 3). *p < 0.05. **p < 0.01. **p < 0.001. ***p < 0.0001.
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the treatment of multiple sclerosis; however, certain side effects
involving bradycardia and macular edema have been ob-
served.*’ A more favorable approach for treating multiple sc-
lerosis may be to interfere with the S1P signaling upstream of
S1P receptors, for example by reducing S1P release through
the inhibition of SPNS2 transport activity. Therefore, our results
showing PI(4,5)P, regulation of SPNS2 suggest a novel strategy
for inhibiting SPNS2 by allosteric modulators. In addition, dele-
tion of SPNS2 creates higher ratios of effector T cells and natural
killer cells that can subsequently attack tumor cells and de-
crease metastatic burden.*? Therefore, in this case, inhibiting
SPNS2 activity may prove a novel modality for immuno-on-
cology. Moreover, because impaired lipid synthesis will compro-
mise PI(4,5)P, levels, which themselves serve as effectors of
multiple downstream proteins,*®> mechanistic understanding of
how S1P signaling is coordinated by PI(4,5)P, has the potential
to inform multifactorial interventions.

Limitations of the study

Given the difficulties inherent to controlling the internal environ-
ment with the cell-based functional assay, we are unable to
determine the driving force for SPNS2 in this study. One of the
key challenges going forward is to develop further approaches
to study native membrane proteins in more native-like bilayer en-
vironments. Although currently technically challenging, such an
approach will enable links between naturally occurring post-
translational modifications and interactions with regulatory lipids
to be defined in native cellular environments.
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Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE

%

PI(4,5)P,: S1P : SPNS2

¢? CellPress

OPEN ACCESS

Figure 7. Proposed transport model based

on time-resolved conformational changes
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Monoclonal Anti-FLAG M2 antibody Sigma Cat# F3165-.2MG

Anti-B-actin antibody

Cell Signaling Technology

Cat# 3700S

Bacterial and virus strains

DH10Bac Competent Cells

Thermo Fisher Scientific

Cat# 10361012

Stellar Competent Cells Takara Cat# 636763
Chemicals, peptides, and recombinant proteins
n-Dodecyl-b-D-maltopyranoside (DDM) Anatrace Cat# D310

18:1 PI

18:1 PI(4)P

18:1 PI(4,5)P,

18:1 PI(3,4,5)P3
16:0-18:1 PA
16:0-18:1 PS
16:0-18:1 PG
16:0-18:1 PE
16:0-18:1 PC
Sphingosine 1-phosphate
Deuterium oxide
Lipofectamine 2000
ISA-2011B
UNC3230

Avanti Polar Lipids
Avanti Polar Lipids
Avanti Polar Lipids
Avanti Polar Lipids
Avanti Polar Lipids
Avanti Polar Lipids
Avanti Polar Lipids
Avanti Polar Lipids
Avanti Polar Lipids
Sigma

Sigma

Thermo Fisher Scientific
MedChemExpress
Cayman Chemical

Cat# 850149P-500ng
Cat# 850151P-500ng
Cat# 850155P-500ng
Cat# 850156P-500ng
Cat# 840857P-500mg
Cat# 840034P-500mg
Cat# 840457P-500mg
Cat# 850757P-500mg
Cat# 850457P-500mg
Cat# 73914-1MG
Cat# 151882-100G
Cat# 11668019

Cat# HY-16937-5mg
Cat# 16401-5 mg-CAY

Critical commercial assays

Human S1P ELISA kit
P1(4,5)P, ELISA kit

MyBioSource
Echelon Biosciences

Cat# MBS2516132
Cat# K-4500

Experimental models: Cell lines

Human: 293T cells
Human: Expi293F cells
Insect: Sf9 cells

ATCC
Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# CRL-3216
Cat# A14527
Cat# 11496015

Deposited data

Raw data This paper https://doi.org/10.17632/vcwttwj4z7.1
Recombinant DNA

pPcDNA5/TO empty vector Thermo Fisher Scientific Cat# V103320
pHTBV1.1 with C-terminal twin-Strep and This paper N/A

10xHis tag

pHTBV1.1-SPNS2-GFP This paper N/A
pHTBV1.1-truncated SPNS2 This paper N/A
pPcDNA5/TO-SPNS2-FLAG This paper N/A
pcDNAS/TO-truncated SPNS2-FLAG This paper N/A
pcDNAS/TO-SPNS2(R23-28A)-FLAG This paper N/A
PcDNA5/TO-SPNS2(R28A)-FLAG This paper N/A
pcDNAS5/TO-SPNS2(R43A)-FLAG This paper N/A
pcDNA5/TO-SPNS2(R164A)-FLAG This paper N/A
pcDNA5/TO-SPNS2(R313A)-FLAG This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
pcDNAS/TO-SPNS2(K391A)-FLAG This paper N/A
pcDNA5/TO-SPNS2(R532A)-FLAG This paper N/A

pcDNA5/TO-EGFP-SPNS2 This paper N/A

pcDNA5/TO-EGFP-truncated SPNS2 This paper N/A
pcDNAS/TO-EGFP-SPNS2(R23-28A) This paper N/A

pcDNA5/TO-EGFP-SPNS2(R28A) This paper N/A

pcDNA5/TO-EGFP-SPNS2(R43A) This paper N/A
pcDNA5/TO-EGFP-SPNS2(R164A) This paper N/A
pcDNA5/TO-EGFP-SPNS2(R313A) This paper N/A
pcDNAS/TO-EGFP-SPNS2(K391A) This paper N/A
pcDNAS/TO-EGFP-SPNS2(R532A) This paper N/A

Software and algorithms

GraphPad Prism 9 GraphPad https://www.graphpad.com/

Volocity 6.3.1 PerkinElmer http://www.cellularimaging.com
Xcalibur 4.4 Thermo Fisher Scientific https://thermo.flexnetoperations.com/
Proteome Discoverer 2.5 Thermo Fisher Scientific https://thermo.flexnetoperations.com/
Lipid Search 4.2 Thermo Fisher Scientific https://thermo.flexnetoperations.com/
MassLynx V4.1 Waters N/A

ProteinLynx Global Server 2.5.1 Waters N/A

DynamX 3.0 Waters N/A

Other

Superdex 200 Increase 10/300 GL column GE Healthcare Cat# 28-9909-44

Acclaim PepMap 100, C18, 75 um x 15cm Thermo Fisher Scientific Cat# 164568

Enzymate BEH Pepsin Column Waters Cat# 186007233

2.1 x 30 mm

ACQUITY UPLC BEH C18 1.7 um Waters Cat# 186002346

1.0x100 mm

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Carol V.
Robinson (carol.robinson@chem.ox.ac.uk).

Materials availability
Plasmids generated in this study are available from the lead contact upon request. Materials that can be shared via a Material Trans-
fer Agreement.

Data and code availability
o Data supporting the findings of this study have been deposited at Mendeley Data and are publicly available as of the date of
publication. The DOl is listed in the key resources table.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture
E. coli cells were cultured in LB medium (Sigma) at 37 °C. The E. coli strain Stellar cells were used to generate and amplify plasmids for
SPNS2 mutations and strain DH10Bac cells were used to generate bacmids.

Sf9 insect cells (Thermo Fisher Scientific) were cultured in Sf-900 Il SFM medium (GIBCO) at 27 °C. The baculovirus were gener-
ated and amplified in Sf9 cells in Sf-900 Il SFM medium supplemented with 2% (v/v) fetal bovine serum (FBS) (GIBCO).
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Expi293F suspension cells were cultured in Freestyle 293 expression medium (GIBCO) and grown in an orbital shaker at 37 °C and
8% CO..

HEK293T cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (GIBCO) supplemented with 10% FBS and grown in
an incubator at 37 °C and 5% CO..

METHOD DETAILS

Expression and purification of SPNS2

The full-length human SPNS2 gene, and a construct with the first 89 amino acids deleted, were cloned into plasmid pHTBV1.1 con-
taining a C-terminal tobacco etch virus (TEV) protease cleavage site followed by twin-Strep and 10 x His affinity tags. Baculoviruses
for these constructs were generated according to the previously described protocols.* Briefly, the plasmids were transformed into
DH10Bac to generate recombinant bacmid DNA. The bacmid DNA was then transfected to insect Sf9 cells using GeneJuice Trans-
fection Reagent (Sigma) to generate recombinant baculovirus according to manufacturer’s instruction. The baculoviruses were
generated and amplified in Sf9 insect cells. The resulting baculovirus was harvested and used to infect Expi293F cells. 1 L of Ex-
pi293F cells cultured in Freestyle 293 expression medium (GIBCO) was infected with 3% baculovirus (v/v) in the presence of
0.5% (v/v) 1M sodium butyrate. Transfected cells were grown in an orbital shaker for 48 h at 37 °C, 8% CO, and 75% humidity before
being harvested. The cell pellets were resuspended to extraction buffer (300 mM NaCl, 50 mM HEPES pH 7.5, 1% DDM) in the pres-
ence of cOmplete Protease Inhibitor Cocktail tablets (Roche) and solubilized at 4 °C for 1 h with gentle rotation. The insoluble
materials were pelleted at 51,000x g for 40 min. The supernatants were incubated with pre-equilibrated TALON resin (Takara)
and allowed to bind for 1 h at 4 °C. The resin was poured on a gravity-flow column and washed with TALON wash buffer
(300 mM NaCl, 50 mM HEPES pH 7.5, 10 mM imidazole, 10 mM MgCl,, 1 mM ATP and 0.03% DDM). Protein was eluted with
TALON elution buffer (300 mM NaCl, 50 mM HEPES pH 7.5, 300 mM imidazole and 0.03% DDM). The elution solution containing
SPNS2 was incubated with pre-equilibrated Strep-Tactin XT Superflow resin (IBA-Lifesciences) for 1 h at 4 °C. The resin was poured
on a gravity-flow column and washed with Strep wash buffer (300 mM NaCl, 50 mM HEPES pH 7.5, 0.03% DDM). Protein was eluted
with Strep elution buffer (300 mM NaCl, 50 mM HEPES pH 7.5, 30 mM D-biotin and 0.03% DDM) followed by tag-cleavage with TEV
protease overnight and reverse IMAC purification using TALON resin. The tag cleaved SPNS2 proteins were concentrated using cen-
trifugal concentrator with 100 kDa cut off (Sartorius) and subjected to size exclusion chromatography using a Superdex 200 10/300
GL column (GE Healthcare) pre-equilibrated with gel filtration buffer (150 mM NaCl, 20 mM HEPES pH 7.5, 0.02% DDM). Peak frac-
tions were pooled and concentrated for subsequent experiments.

Thermal stability measurement by nanoscale differential scanning fluorimetry (nanoDSF)

The purified proteins were diluted to a final concentration of 5 uM in gel filtration buffer and loaded into Plex nanoDSF Grade High
Sensitivity Capillaries (NanoTemper Technologies). Intrinsic protein fluorescence was measured through a temperature ramp 20 to
95 °C (1 °C/min) using a Prometheus NT.48 (NanoTemper Technologies). Melting temperatures were determined from the first de-
rivative of the 330 nm to 350 nm fluorescence ratio.

Lipids and S1P preparation

All lipids used in this study were purchased from Avanti Polar Lipids and 2 mM stock solutions were prepared following a previously
described method.”* In brief, dried lipid films were resuspended in MS buffer (200 mM ammonium acetate buffer pH 7.5, 0.017%
DDM) and sonicated for 10 min before dilution. S1P powder was obtained from Sigma and dissolved in 0.3M NaOH to make the stock
solution (25 mg/ml). The lipids and S1P were diluted into MS buffer (200 mM ammonium acetate buffer pH 7.5, 0.017% DDM) for
native MS experiments.

Native MS experiments

Purified SPNS2 proteins were buffer exchanged into MS buffer 200 MM ammonium acetate buffer pH 7.5, 0.017% DDM) using Micro
Bio-Spin P-6 columns according to manufacturer’s instruction, loaded into a gold coated needle prepared in-house and immediately
subjected to native MS analysis on a Q Exactive UHMR Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific)
as previously described.“® The following parameters were used: capillary voltage was set to 1.2 kV, injection flatapole was setto 5V,
inter flatapole lens was at 4 V, bent flatapole at 2 V, source fragmentation was set to 50 and resolution was set to 17500 at m/z 200.
Trapping gas pressure was set to 7.5. An optimized HCD energy (100 V) was applied to remove the detergent micelle from the pro-
teins. The same conditions were used for full-length and truncated SPNS2 proteins. Data were analysed using Xcalibur 4.4.

Lipid binding experiments

SPNS?2 proteins were delipidated to remove the endogenous bound lipids according to the protocol described previously.*® For lipid
titrations, a final concentration of 5 uM SPNS2 proteins were mixed with various concentrations of lipid solutions and incubated on ice
for 10 min before being injected in the mass spectrometer. The lipid bound mole fraction ratio was calculated by dividing the intensity
of lipid bound peaks by the total intensity of all observed species. The mole fraction ratios were exported in tab delimited text format
for subsequent processing with a previous described custom Python scripts to determine Kp, values.®”*” Competitive binding assays
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were conducted by incubating the delipidated full-length and truncated SPNS2 with equimolar ratios of lipids on ice for 10 min before
being injected in the mass spectrometer. S1P binding experiments were performed by incubating S1P with an equimolar mixture of
full-length and truncated SPNS2 on ice for 10 min before native MS analysis.

Lipidomics analysis

The endogenous bound lipids from SPNS2 proteins were extracted by adding chloroform-methanol (2:1, v/v) as previously
described.“® The extracted lipids were dried and resuspended in 80% methanol. For LC-MS/MS analysis, the lipids were separated
on a C18 column (Acclaim PepMap 100, C18, 75 um x 15 cm, Thermo Fisher Scientific) using a Dionex UltiMate 3000 RSLC nano LC
System using a previously described mobile phase and gradient.*® The column eluent was loaded to Orbitrap Eclipse Tribrid mass
spectrometer (Thermo Fisher Scientific). The Orbitrap Eclipse was operated in negative mode using data-dependent acquisition. The
detailed mass spectrometer parameters are as follows: spray voltage, -1.9 kV; capillary temperature, 320°C; mass range, 250-1500;
full MS resolution, 120K; MS/MS resolution, 15K; NCE, 25/30/35; cycle time, 1.5s. The data was analysed by LipidSearch 4.2 soft-
ware (Thermo Fisher Scientific).

Proteomics analysis

The full-length and truncated SPNS2 proteins were separated by SDS-PAGE, respectively. The gel bands of interest were excised
from the gel, reduced with 25 mM of TCEP and alkylated with 55 mM iodoacetamide. In-gel digestion was then carried out at 37
°C overnight with sequencing grade modified trypsin and chymotrypsin for full-length SPNS2 proteins and truncated SPNS2 respec-
tively. The digested peptides were extracted twice with 0.1% trifluoroacetic acid in 50% acetonitrile aqueous solution for 30 min. Ex-
tracts were then centrifuged in a SpeedVac vacuum concentrator (Thermo Fisher Scientific) to reduce the sample volumes. For LC-
MS/MS analysis, the peptides were separated on a C18 column (Acclaim PepMap 100, C18, 75 um x 15 cm, Thermo Fisher Scientific)
using a Dionex UltiMate 3000 RSLC nano LC System and subjected to Orbitrap Eclipse Tribrid mass spectrometer (Thermo Fisher
Scientific). Mobile phase A consisted of water and 0.1% formic acid, and mobile phase B consisted of 80% acetonitrile and 0.1%
formic acid. The Orbitrap Eclipse was operated in positive mode using data-dependent acquisition. The detailed mass spectrometer
parameters are as follows: spray voltage, 2.0 kV; capillary temperature, 320°C; mass range, 375-1500; full MS resolution, 120K; MS/
MS resolution, 30K; NCE, 30; cycle time, 3 s. The data was analysed by Proteome Discoverer 2.5 (Thermo Fisher Scientific).

Cell-based functional assay

The full length, truncated and mutated SPNS2 genes, with C-terminal flag tags, were cloned into the pcDNA5/TO plasmid. The
plasmid was transfected into HEK 293T cells for 24 h via Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufac-
turer’s protocol. The SPNS2 overexpressing cells were seeded at density of 1x108 per well in a 6-well plate and were treated with
50 uM ISA-2011B (MedChemExpress) or UNC3230 (Cayman Chemical) for 6 h. After treatment, the cell media were harvested and
centrifuged for 20 min at 1,000x g at 4°C and supernatant S1P was measured using a S1P ELISA kit (MyBioSource) and the cell
pellets were collected for Pl(4,5)P, measurement, as described below. For the SPNS2 mutants all constructs were transfected
into HEK 293T cells for 24 h via Lipofectamine 2000 (Thermo Fisher Scientific) and seeded at a density of 1x10° per well. After 6
h, the cell media were harvested and used for S1P measurement using S1P ELISA kit (MyBioSource).

Cellular PI(4,5)P, quantification

Each cell pellet was resuspended in 1 ml of ice-cold 0.5 M trichloroacetic acid (TCA), incubated on ice for 5 min and centrifuged at
3,000 rpm for 7 min at 4°C. The pellets were washed twice with 1 ml of 5% TCA /1 mM EDTA. Afterward, neutral lipids were extracted
by adding 1 ml of MeOH: CHClI; (2:1), vortexed for 10 min and centrifuged at 3,000 rpm for 5 min. The supernatants were discarded,
and the extraction step was repeated. The acidic lipids were extracted by adding 0.75 ml MeOH: CHClI3:12 M HCI (80:40:1), vortexed
for 25 min and centrifuged at 3,000 rpm for 5 min. The supernatants were transferred to a new 2 ml tube. 0.25 ml of CHCl3 and 0.45 ml
of 0.1 M HCI were added to the supernatant, vortexed for 30 s and centrifuged at 3,000 rpm for 5 min to separate organic and aqueous
phases. The organic phase was collected and dried by SpeedVac vacuum concentrator (Thermo Fisher Scientific). The samples were
resuspended in PBS containing 0.25% protein stabilizer and sonicated for 10min before PI(4,5)P, quantification using a P1(4,5)P»
ELISA kit (Echelon Biosciences).

Western blot

Cell pellets collected from cell-based functional assays were resuspended in lysis buffer (300 mM NaCl, 50 mM HEPES pH 7.5, 2%
DDM) in the presence of cOmplete Protease Inhibitor Cocktail tablets (Roche). Proteins were separated by SDS-PAGE and transferred
to PVDF membranes (Thermo Fisher Scientific). The membranes were blocked in blocking buffer (5% milk dissolved in PBS supple-
ment with 0.1% Tween 20, PBST) for 1 h at room temperature and incubated with Anti-FLAG antibody (Sigma, 1:1000 dilution) or Anti-
B-actin antibody (Cell Signaling Technology, 1:2000 dilution) in blocking buffer for 2 h at room temperature. The membranes were
washed five times with TBST, each time for 5 min. Then the membranes were incubated with Anti-mouse IgG HRP-linked secondary
antibody (Cell Signaling Technology, 1:1000 dilution) in blocking buffer for 1 h at room temperature. The membranes were washed five
times with TBST and were developed using SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific).
The images were acquired using Bio-Rad ChemiDoc XRS+ imaging system and analysed using Image Lab software (Bio-Rad).
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Live cell imaging

The full length, truncated and mutated SPNS2 genes with N-terminal GFP fusion were cloned into pcDNA5/TO plasmid. The plasmid
was transfected into HEK 293T cells for 24 h via lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer’s
protocol. Live cells were imaged with a Perkin EImer Spinning Disk Microscope. 100xOlympus PlanApo Objective with Numerical
Aperture of 1.4 was used. GFP was excited by the 488 nm laser and the fluorescence images were taken using EM-CCD camera
(Hamamatsu). Images were analysed using Volocity 6.3.1 software (Perkin Elmer).

HDX-MS experiment

Before labelling, full-length and truncated SPNS2 proteins were diluted to 20 uM using equilibration buffer (20 mM HEPES pH 7.5,
150 mM NaCl and 0.02% DDM). PI(4,5)P, and S1P were diluted from prepared stock solutions using equilibration buffer. In the case
of S1P binding experiment, SPNS2 proteins were incubated with 10-fold molar excess S1P for 20 min. For PI(4,5)P, binding exper-
iment, SPNS2 proteins were incubated with 5-fold molar excess Pl(4,5)P, for 20 min. To study the synergistic binding of both lipid and
substrate, SPNS2 was first incubated with a 10-fold molar excess S1P and subsequently 5-fold molar excess Pl(4,5)P, was added
and equilibrated for 20 min. To initiate the HDX reaction, 5 ul of each sample was incubated with 50 pl of D,O buffer (20 mM HEPES pD
7.5,150 mM NaCl and 0.02% DDM) for a time course of 1, 60, 180 and 360 min, then quenched by 55 pl of ice-cold quenching solution
(100 MM HEPES pH 2.0, 150 mM NaCl, 0.02% DDM). 80 pl of quenched sample was loaded into nanoACQUITY UPLC System (Wa-
ters) and digested by Enzymate BEH Pepsin Column (2.1 x 30 mm, Waters) at 20°C. The digested peptides were separated by
ACQUITY UPLC BEH C18 column (1.7 um, 1.0 x 100 mm, Waters). Mass spectra were acquired in MSF mode using Synapt G2-
Si HDMS mass spectrometer (Waters). Peptides from un-deuterated samples were identified by ProteinLynx Global Server 2.5.1
(Waters). HDX data were analysed by DynamX 3.0 (Waters). RFU was calculated by dividing the measured deuterium uptake by
the theoretically maximum deuterium uptake.

MD simulations

To construct a model for atomistic MD simulations, a predicted model of the SPNS2 was initially obtained from AlphaFold2.?" How-
ever, to obtain a starting model where the unstructured N-terminal domain was located outside the protein cavity and in the cyto-
plasmic region, atomistic steered MD simulations were performed on the AlphaFold2 model. This refined model with the
N-terminus outside the protein was then submitted to the CHARMM-GUI server°®°" and the Membrane Builder tool®” was used
to create a membrane with a lipid composition of DPPC:PI(4,5)P, (90:10%). Systems were explicitly solvated with water, and ions
were added to both neutralize the system with and to provide a salt concentration of 0.15 M of KCI.

The GROMACS simulation suite (2020.3)°° was used to perform MD simulations. Atomistic simulations used the CHARMM36m
force field®*°° and the TIP3P water model.® Our model was relaxed by performing energy minimization using the steepest descent
algorithm followed by several steps of equilibration simulations during which positional restraints on the protein were gradually
released. After the equilibration phase, twelve production MD simulations of 50 ns each (total of 600 ns per system) were performed
at a temperature of 340 K. The higher temperature in simulations provides faster sampling of conformational transitions and lipid in-
teractions. The final snapshot of the most representative outcome of these simulations was used as a starting structure in further
simulations extended for another 250 ns in 3 replicate simulations (750 ns in total) at 340 K. Replicate simulations were performed
with different starting velocities to ensure distinct trajectories, and to enhance conformational sampling. The velocity rescale ther-
mostat®’ with a time constant of 1 ps was used to achieve a constant temperature. The pressure was maintained at 1 bar using a
semi-isotropic, Parrinello-Rahman barostat®® with a time constant of 1 ps. Covalent bonds were constrained using the P-LINCS al-
gorithm.® The Particle mesh Ewald method®® was used to treat long-range electrostatics, with a cut-off value set to 1.2 nm (the same
as the van der Waals cut-off). The leap-frog integrator with a 2 fs time-step was employed, saving frames every 100 ps.

The Martini 2.2 force field was employed for all CG simulations.®” The martinize script was used to obtain a CG model of the
AlphafFold2 predicted model, while the N-terminus disordered region was modelled as a stretched coil using the Modeller package
to avoid initial protein-protein interaction bias. The insane script®® was used to embed the resultant CG protein in a membrane
containing the same lipid composition as the atomistic simulations. The system was solvated using standard Martini water and coun-
terions were added to both neutralize the charges and to provide an overall concentration of 0.15 M within the system. CGMD sim-
ulations were performed for 4 microseconds in 3 replicates (12 microseconds in total) using a 20 fs time-step and frames were saved
every 500 ps.

Visual Molecular Dynamics®® and PyMOL®* were used for visualization and preparation of figures. PyLipID®*°® was employed to
obtain the PI(4,5)P, binding sites in the transporter and calculate their residence times. CG2AT2°¢ was used to backmap snapshots
from the CG simulations to atomistic resolution in order to visualize the SPNS2 recruiting PI(4,5)P. lipids in atomistic resolution.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were performed using GraphPad Prism 9.0. Two-tailed unpaired t-tests were performed. P< 0.05 was considered

significant difference. P-value > 0.05 is indicated as no significant difference (ns). Data are plotted as mean + S.D. from three inde-
pendent experiments.
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A SPNS2_ Human MMCLECASAAAGGAEEEEADAERRRRRRGAQRGAGGSGCCGARGAGGAGV 50

SPNS2 Macaque MMCLECASAAAGGAEEEEADAERRRRRRGAQRGAGGSGCCGARGAGGAGV 50
SPNSZ_MOuSe MMCLECASAAAGGAEEEEADAERRRRRRGAQPGAGGSACCGARGVGGAGV 50
SPNS2Z_Goat MMCLECASAAAGGAEEEEADAERRRRRRGAQRGAGGGGCCGAGAAGAAGV 50
SPNS2 Pig MMCLECASAAAGGAEEEEADAERRRRRRGAQRGAGGGGCCGARTAGAAGV 50
SPNS2 Horse MMCLECASAAAGGAEEEEADAERRRRRRGAQRGAGGGGCCGARAPGATGV 50
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SPNSZ_Goat ATADDEVQTLSGSVRRAPSGPPSTPSTPGCAAAVKGPGAQ 90
SPNS2 Pig ATADDEVQTLSASVRRAPSGPPSTPSTPSCAAAAKGPGAQ 20
SPNS2 Horse AAADDEVQTLSGSVRRAPPGPPSTPSTPSCAAAAKAPGAQ 20
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Figure S1. Amino acid sequence alignment of the N-terminus of SPNS2 orthologs and
biochemical characterizations of SPNS2. Related to Figure 1.

(A) Amino acid sequence alignment of human SPNS2 (Uniprot ID Q81VW8), macaque SPNS2
(Uniprot ID FEBWND5), mouse SPNS2 (Uniprot ID Q91VM4), goat SPNS2 (Uniprot ID



A0A452G0V3), pig SPNS2 (Uniprot ID A0A286ZN28) and horse SPNS2(Uniprot ID F6X8L3).
The sequence similarity is shown with asterisks (*) for identical residues and colon (:) for highly
similar residues. Conserved residues forming the Arg patch are highlighted in red.

(B) AlphaFold2 predicted model of SPNS2 coloured with model confidence levels.

(C) Size-exclusion chromatography profile of full-length SPNS2.

(D) Size-exclusion chromatography profile of truncated SPNS2.

(E) Representative SDS-PAGE gel of purified SPNS2 proteins. Lanel, molecular weight maker;
Lane 2, full-length SPNS2 protein; Lane 3, truncated SPNS2 protein.

(F) Nano-DSF melting curves of full-length and truncated SPNS2, indicating similar thermal
stabilities.



A B Full-length SPNS2 B B Truncated SPNS2
16+ (58946 + 2 Da) 14+ (50683 + 1 Da)
100- = © Adducts (863 + 2 Da) 100+ T u © Adducts (863 + 2 Da)
—~ 7;* 15+ _ |
g = g 13+
2 =
B @
= f=
2 2
w w
= 5
[ [
= >
8 ©
7] 9]
4 4
0_ o e . . APt sl i sl vt 0
3,400 3,800 4200 m/z 3,000 3,400 3,800 4,200 m/z
c R,,CO0 D
100+ 281.25 MS/MS of PI(18:1/18:1) 100- MS/MS of PI(18:0/18:1) 863.56
o PO R,COO
—_ = N 2 .
B o 0 ® | g m 28328 RCOO
z| K z | N aP 28125
= 7 o4 86154 3
S & OHQH =
b5 g 241.01
w w
c L=
. 241.01 °
=3 2>
& 172 579.29 = feee =l
© 417.24 . ©
& | 153.00 g | 15300
0l | Al : : ) ; : 04 | il . | ‘ ,
100 200 300 400 500 600 700 800 m/z 100 200 300 400 500 600 700 800 m/z
E Ye Y7 Yo Ys Ya Y3 Yz Ya
100 4 ya* MJQ_I_QJ_Pl_KrPﬁ_l_SH_ ye'
b1 bz bs br
=
P
i
c
L
|7} +
E b1 bzv
(] +
L SR Iy
B B + 5
ol .l.l R O P (T ll.llL o l.,xlA O R S 1 e LW
200 300 400 500 600 700 800 m/z
F
100 Y1s Ya7 Y6 Yisy1aysYiz Yi1Y1oYs Ya Y7 Y6 Y5 Ya Y3 Y1 yaz*
M, ]G LIE[C.,[ATSTAATAGIG ATE E [EE /AIDA IR
S bz bs ba bs
2 ya'
B 5 s
c Y= N yo©
% y7 yiz*
£ ys* Ye* Yyt
v ba* ya* VALY
5 y1 b2 7 ba ba* y1o®
E ° . y1e"
Yis y"; .
| | b | | | i
04 [0 1| IFTRTHI N T N [T L | | 1 Ll i I
200 400 600 800 1000 1200 1400 1600 m/z

Figure S2. Identification of endogenous lipids bound to SPNS2 and N-terminal acetylation
of truncated and full-length SPNS2. Related to Figure 1.

(A) Mass spectrum of full-length SPNS2 (blue, charge states 14+ to 19+ are shown) with bound
adducts (mass of 863 £ 2 Da) (yellow circles).

(B) Mass spectrum of truncated SPNS2 (green, charge states 12+ to 17+) with bound adducts
(mass of 863 + 2 Da) (yellow circles).

Lipidomics analysis of purified full-length and truncated SPNS2 proteins reveals the
identification of P1(18:1/18:1) and P1(18:0/18:1).

(C) MS/MS spectrum of P1(18:1/18:1).



(D) MS/MS spectrum of P1(18:0/18:1).

(E) MS/MS spectrum of peptide MQQPKPASL modified with acetylation (ac) at the methionine
residues of truncated SPNS2 digested with chymotrypsin.

(F) MS/MS spectrum of peptide MMCLECASAAAGGAEEEEADAER modified with

acetylation (ac) at the N-terminal methionine and cysteine carbamidomethylations (cam) of full-
length SPNS2 digested with trypsin.
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Figure S3. Determination of Kp values for phospholipids binding to full-length SPNS2.

Related to Figures 1 and 2.

Shown are representative mass spectra for full-length SPNS2 in the presence of 20 uM of lipids
except for PE (40 uM) (left panel). Plots of mole fraction (right panel) for apo full-length SPNS2
and bound to different number of lipids determined from a titration series (dots with error bars to
represent the three measurements) and resulting fit from a sequential lipid-binding model (solid

lines). All data are plotted as mean * s.d.(n=3).
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Figure S4. Residence times of P1(4,5)P> molecules interacting with SPNS2. Related to
Figures 2 and 3.

The residence time histograms (in microseconds) were calculated from 3 independent
equilibrium MD simulations and then averaged for each residue. Error bars for each residue
represent standard deviations for their residence times. Each P1(4,5)P2 binding site of SPNS2
contains positively charged residues that strongly interact with P1(4,5)P2 lipids. These binding
sites are labelled in the histograms. For clarity, histograms are split into two plots (SPNS2
residue numbers 1 to 251 - middle; residue numbers 251 to 549 - bottom).
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Figure S5. Western blot and confocal images of HEK293T cells expressing SPNS2 variants.
Related to Figure 3.



(A) Western blot analysis of the expression levels of SPNS2 in SPNS2 overexpression cells in
the absence and presence of PIP5K inhibitor ISA-2011B or UNC3230. 3-actin was used as a

loading control.
(B) Western blot analysis of the expression levels of SPNS2 variants. B-actin was used as a

loading control.

(C) Confocal image of HEK293T cells expressing full-length WT SPNS2. Scale bars, 10 um.
(D) Confocal image of HEK293T cells expressing truncated SPNS2. Scale bars, 10 um.

(E) Confocal image of HEK293T cells expressing R28A substitution. Scale bars, 10 um.

(F) Confocal image of HEK293T cells expressing R23-28A substitutions. Scale bars, 10 um.
(G) Confocal image of HEK293T cells expressing R43A substitution. Scale bars, 10 um.

(H) Confocal image of HEK293T cells expressing R164A substitution. Scale bars, 10 um.

(I) Confocal image of HEK293T cells expressing R313A substitution. Scale bars, 10 pm.

(J) Confocal image of HEK293T cells expressing K391A substitution. Scale bars, 10 um.
(K) Confocal image of HEK293T cells expressing R532A substitution. Scale bars, 10 um.
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Figure S6. Sequence coverage of full-length and truncated SPNS2. Related to Figures 4, 5
and 6.

(A)165 peptides covering 90.8% of full-length SPNS2 sequence were identified following
digestion with immobilized pepsin.

(B) 109 peptides covering 73% of truncated SPNS2 were identified following digestion with
immobilized pepsin.
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Figure S7. Heat map representing the RFU and ARFU of full-length and truncated SPNS2

in apo forms and upon S1P and PI1(4,5)P. binding. Related to Figures 4, 5 and 6.

(A) Heatmap showing the RFU of full-length apo SPNS2, S1P-bound, PI(4,5)P2-bound and
ternary complex (P1(4,5)P2: S1P: SPNS2) as a function of time.

(B) Heatmap showing the RFU of truncated apo SPNS2, S1P-bound, PI(4,5)P2-bound and
ternary complex (P1(4,5)P2: S1P: SPNS2) as a function of time.



(C) Heatmap showing the time-dependent ARFU of truncated SPNS2, comparing S1P-bound
SPNS2, PI(4,5)P2-bound SPNS2 and ternary complex (P1(4,5)P2: S1P: SPNS2) to apo SPNS2.



Table S1. Kp values for PI derivatives binding to full-length and truncated SPNS2

determined by native MS. Related to Figures 1 and 2.

Lipids  Kp Full-length Truncated
Kb1 55+£0.2uM 95+ 4 uM
Pl Kbz 10.5+ 0.4 uM 169 + 10 uM
Kbs 15.4+0.8 uM 214+ 16 uyM
Kba 244+ 1.4 uM
Kbz 6.4+ 0.6 uYM 31+£0.8 uM
PI(4)P Kbz 9.9+0.3 uM 83+1uM
Kbs 13.7+ 0.5 uM 132+ 6 uM
Kba 20+ 1 uM 147 + 13 uM
Kb1 0.7+ 0.2 uM 9.9+0.1 uyM
PI(4,5)P: Kb2 3.0+ 0.3 uM 30+ 1uM
Kbs 7.5+ 1.3 uM 60 £ 3 uM
Kba 9.2+1.2uM 82+5uM
Kb1 6.3+0.2 uM 14+£0.5uM
PIPs Kbz 133+ 1.0 uM 50+ 1 uM
Kbs 20.8 0.5 uM 87+ 1 uM
Kba 38.1+£2.7uM 125+ 7 uM

Table S2. Kp values for glycerophospholipids binding to full-length SPNS2 determined by
native MS. Related to Figures 1 and 2.

Lipids Kp Full length SPNS2

Kbz 157+ 0.9 uM
K

PA D2 17.5+04 uM
Kbs 25.0+ 09 uM
Kba 31.7+£23 uM
Kb1 20.8 £0.6 uM

PS Kbz 275+ 1.7 uM
Kbs 37.5+£1.3uM
Kb1 43.6 £2.7 uM

PG
Kbz 394+3.6 UM

+
PE Kb1 152.0 +10.1 yM

Kbz 111.0£11.8 uyM
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