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Abstract 

Sphingosine-1-phosphate (S1P) is a bioactive sphingolipid that regulates 

immune cell trafficking, vascular homeostasis, and platelet function. 

MFSD2B, a major facilitator superfamily transporter, maintains plasma 

S1P levels by exporting S1P from erythrocytes and platelets, yet the 

molecular basis of S1P recognition and transport by MFSD2B remains 

unclear. Here, we report a 3.65 Å cryo-EM structure of Sus scrofa 

MFSD2B captured in an outward-facing conformation. Together with 

AlphaFold3-based modeling, molecular docking and dynamics simulations, 

and mutagenesis-based transport assays, our results identify key 

determinants of S1P recognition and transport by MFSD2B. Comparative 

analyses show that MFSD2B preserves the lipid-transport features of 

MFSD2A but lacks LPC-recognition and Na⁺-coupling sites. Despite 

sharing S1P transport activity, MFSD2B and SPNS2 recognize the 

phosphate headgroup of S1P through distinct pocket architectures. Current 

S1P-mimic SPNS2 inhibitors cross-react with MFSD2B, highlighting the 

need for scaffold-divergent inhibitors with improved transporter selectivity. 

We establish a transporter-receptor conjugated screening (TRCS) system 

to enable efficient and cost-effective inhibitor screening. Together, our 

findings provide a structural framework for S1P transport by MFSD2B and 

may facilitate the discovery of selective lipid transporter inhibitors. 
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Introduction 

Sphingosine-1-phosphate (S1P) is a bioactive sphingolipid that regulates 

diverse physiological processes, including lymphocyte egress, endothelial 

barrier integrity, angiogenesis, and platelet activation [1]. S1P signaling 

relies on steep concentration gradients between the circulation and 

peripheral tissues: S1P is maintained at relatively high levels in blood and 

lymph but remains much lower in most tissues, thereby directing the 

trafficking of cells expressing S1P receptors [2]. Because S1P is 

amphipathic and does not freely traverse lipid bilayers, dedicated 

membrane transporters are required for its export into the extracellular 

space. 

Among the transporters that sustain extracellular S1P, SPNS2 and 

MFSD2B make particularly important but distinct contributions [3, 4]. 

SPNS2 is expressed predominantly in vascular and lymphatic endothelial 

cells, where it mediates S1P secretion into blood and lymph and supports 

immune cell trafficking and vascular homeostasis [5]. By contrast, 

MFSD2B is highly expressed in erythrocytes and platelets and serves as 

the principal S1P transporter in these hematopoietic cells [4]. Erythrocytes 

constitute a major source of circulating S1P under basal conditions, 

whereas platelets provide an additional activation-dependent source [6]. 

Consistent with this functional partitioning, loss of SPNS2 primarily 

disrupts endothelial and lymphatic S1P export and lymphocyte trafficking, 
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whereas loss of MFSD2B markedly reduces plasma S1P and alters S1P 

handling in blood cells [4, 6]. The more severe impairment caused by 

combined transporter deficiency further indicates that SPNS2 and 

MFSD2B act in complementary rather than redundant roles in systemic 

S1P homeostasis [4, 6], highlighting the importance of transporter 

selectivity when targeting S1P export pharmacologically. 

MFSD2B belongs to the major facilitator superfamily (MFS), whose 

members typically comprise 12 transmembrane helices arranged as two 

pseudo-symmetric six-helix bundles and operate through an alternating-

access mechanism [7]. Within the lysolipid-transporting branch of this 

superfamily, MFSD2B is most closely related to MFSD2A, a sodium-

coupled lysophosphatidylcholine (LPC) transporter that mediates LPC 

uptake at the blood–brain barrier [8]. Despite this close relationship, 

MFSD2B transports S1P rather than lysophospholipids and therefore 

shares substrate preference with SPNS2 rather than MFSD2A. This 

convergence in S1P specificity despite limited sequence similarity within 

a shared MFS scaffold raises fundamental questions about the structural 

determinants of S1P recognition and selectivity. Recent structural studies 

of SPNS2 and MFSD2A have clarified important principles of S1P and 

LPC transport, respectively [9, 10]. However, the molecular basis of S1P 

recognition by MFSD2B, the structural features that distinguish it from 

MFSD2A and SPNS2, and the implications of these differences for 
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selective inhibitor development remain unresolved. 

Here, we report a 3.65 Å cryo-EM structure of Sus scrofa MFSD2B 

(SsMFSD2B) captured in an apo, outward-facing conformation. 

SsMFSD2B shares 85% sequence identity with Homo sapiens MFSD2B 

(HsMFSD2B), supporting its relevance as a structural model for the human 

transporter. By integrating this structure with AlphaFold3-predicted 

inward-facing models, molecular docking, molecular dynamics (MD) 

simulations, and structure-guided mutagenesis, we identify key 

determinants involved in S1P recognition and transport. Comparisons with 

MFSD2A reveal structural features underlying the divergence in substrate 

specificity and energy-coupling mechanisms between these closely related 

transporters. Comparisons with SPNS2 further show that, despite sharing 

S1P transport activity, MFSD2B recognizes S1P through a distinct pocket 

architecture. Although reported S1P-mimic inhibitors of SPNS2 cross-

react with MFSD2B, the non-conserved pocket features of these two 

transporters suggest opportunities to conduct compound screening for 

selective inhibitors with novel scaffolds to reduced cross-activity. To 

support such efforts, we establish a transporter-receptor conjugated 

screening (TRCS) system that replaces low-throughput mass spectrometry 

(MS)-based S1P quantification with a scalable and cost-effective 

bioluminescence resonance energy transfer (BRET)-based readout for 

inhibitor discovery. Together, our study provides a structural framework 
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for S1P recognition and transport by MFSD2B and guides the discovery of 

selective lipid transporter inhibitors. 

Results 

Functional validation and cryo-EM structure of SsMFSD2B 

To investigate the structural basis of S1P transport by MFSD2B, we 

screened eight MFSD2B orthologues and identified Sus scrofa MFSD2B 

(SsMFSD2B) as the most stable and highly expressed candidate for 

structural analysis. SsMFSD2B shares 85% sequence identity with Homo 

sapiens MFSD2B (HsMFSD2B) (Supplementary Fig. S1). To assess 

whether SsMFSD2B is functionally representative of HsMFSD2B, we 

expressed SsMFSD2B, HsMFSD2B, and HsSPNS2 in HEK293T cells and 

quantified S1P export by mass spectrometry. All three transporters 

promoted significantly greater S1P export than the empty-vector control, 

and SsMFSD2B displayed activity comparable to that of HsMFSD2B (Fig. 

1A). Immunofluorescence microscopy confirmed plasma membrane 

localization for all constructs (Fig. 1B). Together, these data establish 

SsMFSD2B as a functional homolog of HsMFSD2B and support its use 

for structural and functional analysis. 

We next determined the structure of SsMFSD2B by single-particle cryo-

EM, which yielded a density map of apo SsMFSD2B at an overall 

resolution of 3.65 Å (Fig. 1C, Supplementary Fig. S2A-F, and Table S1), 

enabling model building for residues 31-205, 221-255, and 264-476 
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(Supplementary Fig. S2G). SsMFSD2B adopts the canonical MFS 

architecture, comprising two pseudo-symmetric six-helix bundles that 

form the N-terminal domain (NTD; TM1-TM6) and C-terminal domain 

(CTD; TM7-TM12), connected by a flexible intracellular loop (Fig. 1D). 

The structure was captured in an outward-facing conformation, with an 

open extracellular vestibule and a sealed cytoplasmic side. A central 

amphipathic cavity extends from the extracellular opening toward the 

membrane midplane between NTD and CTD. Electrostatic potential 

surface analysis revealed a heterogeneous charge distribution within the 

cavity, with negatively and positively charged patches interspersed among 

hydrophobic regions (Fig. 1E), consistent with the accommodation of an 

amphipathic lipid substrate. Although additional density was observed near 

the extracellular side of the central cavity, adjacent to TM7-TM8, TM11, 

and ECL6, it could not be confidently assigned to S1P (Supplementary Fig. 

S2H). 

 

Putative S1P recognition sites in MFSD2B 

To identify potential substrate-binding sites in MFSD2B, we first docked 

S1P into the central cavity of the outward-facing SsMFSD2B structure 

using AutoDock Vina [18]. In the top-ranked docking pose, the 

hydrophobic tail of S1P wraps around TM10-TM11 in the CTD, whereas 

the polar headgroup is positioned within a polar sub-pocket formed mainly 
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by residues from the NTD, including R181, E185, Q52, and Q157 (Fig. 2A 

and B). To explore substrate recognition in an alternative conformational 

state, we next used a locally installed version of AlphaFold3 to predict S1P-

bound models of SsMFSD2B. The top-ranked models consistently adopted 

an inward-facing conformation, with the alkyl tail of S1P inserted into a 

narrow hydrophobic pocket in the CTD and the polar headgroup positioned 

within a sub-pocket of the central cavity at the NTD-CTD interface (Fig. 

2C and Supplementary Fig. S3A). In this predicted inward-facing state, the 

hydrophobic tail of S1P is surrounded mainly by residues from TM7, TM8, 

and TM10, whereas the phosphate group is positioned to interact with the 

positively charged residue K85. Additional polar residues, including Q52, 

Q295, Q298, and S55, further stabilize the local conformation around the 

S1P headgroup (Fig. 2D). The arrangement of S1P in both states suggests 

that the amphipathic lipid is accommodated by a composite pocket in 

which the hydrophobic tail is stabilized by the CTD and the polar 

headgroup is recognized by charged and polar residues from the NTD.  

Given the high sequence identity between SsMFSD2B and HsMFSD2B, 

as well as the conservation of the putative substrate-binding residues 

(Supplementary Fig. S3A-C), we next evaluated the functional roles of key 

pocket residues in HsMFSD2B by site-directed mutagenesis. In the 

outward-facing conformation, we targeted polar residues surrounding the 

S1P headgroup for mutational analysis. R184 and E188 on TM5 
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correspond to SsMFSD2B R181 and E185, which interact with the S1P 

headgroup in the outward-facing docking model. In cell-based transport 

assays, alanine substitution of either R184 or E188 markedly impaired S1P 

transport activity, whereas the R184A/E188A double mutant nearly 

abolished S1P transport (Fig. 2E). In contrast, alanine substitution of M185 

on TM5 (corresponding to SsMFSD2B M182) and W390 on TM10 

(corresponding to SsMFSD2B W387) had no effect on S1P export, 

suggesting that these residues play a limited or indirect role in substrate 

recognition despite their proximity to the predicted binding pocket (Fig. 

2E). In the inward-facing conformation, alanine substitution of Q298 and 

Q301 on TM7 (corresponding to SsMFSD2B Q295 and Q298, respectively) 

significantly impaired S1P transport, while L304A on TM7 (corresponding 

to SsMFSD2B L301) caused only a modest reduction. These results 

support a critical role for distributed polar residues along the putative S1P-

recognition path in S1P recognition and transport by MFSD2B. 

 

MFSD2B diverges from MFSD2A in LPC recognition and Na⁺ 

coupling  

MFSD2A is the closest homolog of MFSD2B and functions as a sodium-

coupled lysophosphatidylcholine (LPC) transporter at the blood-brain 

barrier, where it mediates LPC uptake essential for brain DHA homeostasis. 

HsMFSD2B shares 38.8% sequence identity and 54.1% similarity with 
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Homo sapiens MFSD2A (HsMFSD2A) over 462 aligned residues 

(Supplementary Fig. S4). However, MFSD2B has been reported to lack 

LPC transport activity [4]. To elucidate the structural basis for this 

functional divergence, we compared our AlphaFold3-predicted inward-

facing SsMFSD2B model with experimentally determined LPC-bound 

inward-facing structures of Danio rerio MFSD2A (DrMFSD2A; PDB IDs: 

8D2U and 8D2V) [9] (Fig. 3A). Structural superposition showed that the 

overall MFS folds of SsMFSD2B and DrMFSD2A are highly conserved, 

with RMSD values of 2.454 Å and 2.683 Å over 439 and 441 Cα atoms, 

respectively. In these models, the hydrophobic tail of S1P in SsMFSD2B 

and the acyl chains of LPC in DrMFSD2A occupy a similar CTD-

associated hydrophobic pocket (Fig. 3A, left inset). By contrast, the LPC 

headgroup-binding region is substantially remodeled. Several residues 

implicated in LPC recognition in DrMFSD2A, including Y50, D87, Q152, 

H156, and S160, correspond to N51, G88, A153, Q157, and T161 in 

SsMFSD2B, respectively (Fig. 3A, right inset). Because alanine 

substitution of D87 in DrMFSD2A abolishes LPC transport, whereas 

mutation of Q152 reduces transport activity [9], the lack of conservation of 

these LPC-recognition residues in MFSD2B provides a structural 

explanation for its inability to transport LPC. 

We next compared our experimentally determined outward-facing 

SsMFSD2B structure with the outward-facing mouse MFSD2A structure 
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(MsMFSD2A; PDB ID: 7N98) [11] (Fig. 3B). The two structures 

superimpose with an RMSD of 2.396 Å over 401 Cα atoms, further 

supporting conservation of the overall MFS scaffold. However, marked 

differences are observed at the canonical Na⁺-binding site. In MFSD2A, 

Na⁺ coordination is mediated by D92, T95, D96, T163, and K433. In 

SsMFSD2B, two key acidic and polar residues, D92 and T95, are replaced 

by G88 and A91, respectively. These substitutions remove side chains that 

contribute to Na⁺ coordination in MFSD2A and disrupt the chemical 

environment required for stable Na⁺ binding. Consistent with this structural 

divergence, all-atom MD simulations with Na⁺ placed at the putative 

binding site showed rapid ion dissociation across three independent 100-

ns trajectories, with Na⁺ only transiently sampling the pocket before 

diffusing away (Supplementary Video S1). 

We further tested ion dependence using S1P export assays. Replacement of 

extracellular Na⁺ with either K⁺ or the impermeant cation N-methyl-D-

glucamine (NMDG⁺) had no significant effect on SsMFSD2B-mediated 

S1P export (Fig. 3C), indicating that S1P transport by SsMFSD2B is 

independent of extracellular Na⁺. Together, these structural comparisons, 

MD simulations, and functional assays indicate that MFSD2B preserves 

the lipid-translocation scaffold of MFSD2A but lacks the LPC headgroup-

recognition and Na⁺-coordination features of MFSD2A. 
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MFSD2B and SPNS2 recognize S1P through distinct pocket 

architectures  

MFSD2B and SPNS2 both belong to the MFS superfamily and function as 

S1P transporters that mediate S1P export from the cytoplasm to the 

extracellular space. Despite this functional convergence, HsMFSD2B and 

SsMFSD2B share very low sequence identity with HsSPNS2, 14.3% and 

15.9%, respectively. This pronounced sequence divergence prompted us to 

examine how these transporters achieve S1P recognition within a shared 

MFS scaffold. 

We compared our experimentally determined outward-facing SsMFSD2B 

structure and predicted inward-facing SsMFSD2B model with reported 

HsSPNS2 structures in outward- and inward-facing conformations. After 

superimposing the NTDs of the two outward-facing SsMFSD2B and 

HsSPNS2, with an overall Cα RMSD of 5.983 Å over 133 aligned residues, 

we observed a pronounced rigid-body displacement of the CTDs, 

particularly involving TM7, TM11, and TM12 (Fig. 4A). A similar NTD-

based alignment of the inward-facing structures, with an overall Cα RMSD 

of 9.614 Å over 124 aligned residues, also revealed substantial 

displacement of the CTDs (Fig. 4B).  

Despite these global structural differences, the hydrophobic tail of S1P in 

SsMFSD2B occupies a CTD-associated pocket that is spatially analogous 

to the S1P-binding pocket observed in HsSPNS2 (Fig. 4C, inset). In both 
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transporters, the alkyl tail of S1P is accommodated within a hydrophobic 

groove, suggesting a shared tail-anchoring principle. Previous studies of 

HsSPNS2 identified three positively charged residues, R227, R119, and 

R200, that are located along the transport path and required for efficient 

S1P transport, possibly by recognizing the phosphate group and facilitating  

S1P translocation across the membrane. Similarly, in MFSD2B, R174, 

R181, and K85 are positioned along the putative S1P transport path (Fig. 

4C, inset). However, these charged residues are not conserved in their 

spatial arrangement between MFSD2B and SPNS2, indicating that the two 

transporters use distinct charged-residue architectures for phosphate-group 

recognition during the transport cycle. Moreover, the hydrophobic pocket 

that accommodates the lipid tail of S1P and the polar residues involved in 

binding its headgroup are largely non-conserved between MFSD2B and 

SPNS2, despite their analogous functional roles (Fig. 4D and E). 

Previous studies have suggested that S1P transport by HsSPNS2 is only 

modestly affected by pH and may occur through facilitated diffusion, 

although another SPNS2 homolog, HnSPNS, has been reported to function 

as a proton-coupled symporter [12, 13]. We therefore examined whether 

MFSD2B-mediated S1P export depends on extracellular pH. Transport 

assays across pH 6.5-8.5 showed only modest changes in activity (Fig. 4F), 

arguing against strong proton dependence under the tested conditions. 

Together with the insensitivity of MFSD2B-mediated S1P export to 
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extracellular Na⁺ replacement, these results support a facilitated-diffusion 

model rather than strong Na⁺- or proton-coupled transport for MFSD2B-

mediated S1P export. 

Collectively, our analysis indicates that MFSD2B and SPNS2 follow 

analogous mechanistic principles for S1P recognition and transport: both 

contain a hydrophobic pocket for lipid-tail anchoring and positively 

charged residues positioned to engage the phosphate group, and both 

exhibit features consistent with a facilitated-diffusion transport mode. 

However, the key residues and their spatial arrangements are largely 

distinct, indicating that MFSD2B and SPNS2 have evolved distinct pocket 

architectures to recognize and transport S1P within the MFS scaffold. 

These non-conserved pocket architectures provide a structural basis for 

developing selective S1P transporter inhibitors with reduced cross-activity.  

 

S1P-mimic inhibitor cross-activity and development of the TRCS 

system 

Genetic studies have highlighted SPNS2 as a potential therapeutic target in 

immune and fibrotic diseases. Knockout of Spns2 in mice confers 

protection against experimental autoimmune encephalomyelitis (EAE), a 

widely used preclinical model of multiple sclerosis [14], and Spns2-

deficient mice are also protected in independent models of renal fibrosis 

[15]. Accordingly, several SPNS2 inhibitors have been developed [16]. 
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However, many reported SPNS2 inhibitors are S1P-mimic molecules, 

raising a potential selectivity concern for other S1P transporters such as 

MFSD2B. 

Our structural comparison between MFSD2B and SPNS2 revealed that, 

although their overall pocket architectures differ substantially, both 

transporters contain hydrophobic regions capable of accommodating the 

lipid tail of S1P. Previous structural studies showed that the SPNS2 

inhibitor 16d binds at a site that extensively overlaps with the S1P-binding 

region in the central cavity, consistent with competitive inhibition by 

blocking substrate access [10]. Notably, three reported SPNS2 inhibitors, 

16d, 33p, and 11i, share a similar hydrophobic alkyl tail (Fig. 5A). We 

therefore reasoned that these compounds might also inhibit MFSD2B-

mediated S1P transport by engaging partially conserved hydrophobic 

cavity features, thereby potentially causing unintended inhibition of 

erythrocyte and platelet S1P export. 

To test this possibility, we examined the effects of 16d, 33p, and 11i on 

MFSD2B- and SPNS2-mediated S1P transport. All three compounds 

inhibited both transporters in a dose-dependent manner, with 33p showing 

the strongest potency in both cases (Fig. 5B). These data indicate that 

currently available S1P-mimic SPNS2 inhibitors display limited selectivity 

over MFSD2B. Together with the non-conserved pocket features identified 

above, these results suggest that current S1P-mimic inhibitors may exploit 
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shared substrate-recognition features of MFSD2B and SPNS2, thereby 

causing cross-activity. Reducing such cross-activity may require chemical 

scaffolds that diverge from the S1P-mimic architecture by replacing the 

conventional alkyl-like hydrophobic moiety with groups that exploit non-

conserved hydrophobic pocket features, and by redesigning the polar 

headgroup to engage transporter-specific hydrophilic pockets. Achieving 

this goal requires high-throughput compound screening, but conventional 

mass spectrometry (MS)-based S1P quantification is low-throughput and 

costly, motivating us to develop a more scalable screening approach. 

Here, we established a transporter-receptor conjugated screening (TRCS) 

system as an efficient and cost-effective platform for inhibitor screening 

(Fig. 5C). In this assay, HEK293T donor cells co-expressing the transporter 

and sphingosine kinase 1 (SphK1) were supplied with exogenous 

sphingosine in the presence or absence of test compounds. Intracellular 

SphK1 converted sphingosine to S1P, which was subsequently secreted 

into the culture medium in a transporter-dependent manner and captured 

by albumin [17]. This process would be inhibited by effective transporter 

inhibitors. The conditioned medium containing different levels of S1P was 

then collected and transferred to cells expressing S1P receptors. S1P levels 

were quantified indirectly through receptor activation, using either Gi-

dependent inhibition of cAMP signaling or a β-arrestin-based BRET2 

readout [18]. In the BRET2 assay, S1P-containing conditioned medium 
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induced a dose-dependent reporter response, which was strongly 

suppressed by 33p (Fig. 5D). Thus, TRCS converts transporter-mediated 

S1P secretion into a receptor-based functional readout, eliminating the 

need for direct lipid quantification or fluorescent substrate analogs. 

Compared with conventional assays based on mass spectrometry or NBD-

labeled substrates, this platform is less expensive, operationally simple, 

and readily scalable, providing a practical framework for high-throughput 

discovery and optimization of selective S1P transporter inhibitors. 

 

Discussion 

In this study, we determined a 3.65 Å cryo-EM structure of Sus scrofa 

MFSD2B (SsMFSD2B) in an apo, outward-facing conformation and 

integrated it with AlphaFold3-based modeling, molecular docking, MD 

simulations, and mutagenesis to establish a structural framework for S1P 

recognition and transport. Comparative analyses with MFSD2A and 

SPNS2 place MFSD2B in a distinct mechanistic position: MFSD2B is 

evolutionarily closer to MFSD2A, yet lacks the LPC-recognition and Na⁺-

coordination features of MFSD2A, while functionally converging with 

SPNS2 in S1P export through a distinct pocket architecture. This 

relationship creates an informative comparison for understanding how 

MFS lipid transporters achieve substrate selectivity: the translocation 

scaffold and hydrophobic alkyl-chain anchoring groove are largely 
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conserved, whereas residues responsible for hydrophilic headgroup 

recognition vary in chemical properties and spatial arrangement to 

accommodate different lipid substrates. Future determination of MFSD2B 

structures in substrate-bound and additional conformational states will 

further refine the proposed S1P transport pathway. More broadly, such 

studies will help define how conserved MFS scaffolds accommodate 

chemically diverse lipids through transporter-specific pocket remodeling, 

providing general principles for understanding lipid transporter selectivity. 

In addition, obtaining transporter structures in multiple conformational and 

ligand-bound states will substantially strengthen structure-guided virtual 

screening for inhibitor discovery. For alternating-access MFS transporters, 

different conformations expose different pocket shapes and residue 

arrangements, which may determine whether molecular docking identifies 

productive and selective binders. A broader structural ensemble of 

MFSD2B and SPNS2 would enable more accurate selection of screening 

templates, improve docking reliability, and increase the likelihood of 

identifying true transporter-selective hits. 

The TRCS system developed here provides a practical platform for 

downstream inhibitor discovery and validation. By converting transporter-

mediated S1P secretion into receptor-based functional readouts, TRCS 

reduces the dependence on low-throughput and costly mass spectrometry-

based lipid quantification. This feature makes it suitable for large-scale 
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screening and early-stage optimization of S1P transporter inhibitors. 

Importantly, TRCS is best viewed as a scalable discovery and prioritization 

platform; promising compounds identified through this approach should be 

further validated by direct lipid quantification, binding assays, transporter 

selectivity profiling, and disease-relevant models. Our work may 

ultimately open new avenues for therapeutic modulation of S1P signaling 

in metabolic disorders. 
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Material and methods  

S1P release assay in HEK293 cells 

HEK293T cells (ATCC CRL-11268; mycoplasma free) were co-

transfected with MFSD2B or its mutants together with SphK1 at a ratio of 

1.5:0.5 using polyethyleneimine. Next day, transfected cells were 

harvested and reseeded in 24-well assay plates at a density of 120,000-

200,000 cells per well in DMEM with 2% dialyzed FBS and grown to near 

confluence. Medium was aspirated and 0.4 mL of release buffer (DMEM, 

0.2% fatty acid-free BSA, 1 mM 4-deoxypyridinoline, 2 mM NaF, 0.2 mM 

Na3VO4) was added. Sphingosine (5 µM, duplicate wells) was introduced, 

and plates were incubated for 1 h. Medium was collected and centrifuged; 

50 µL supernatant was mixed with 200 µL acetonitrile/methanol/formic 

acid (80:80:1), held at -80 °C overnight, then centrifuged again. 

Supernatant (0.1 mL) was transferred to UPLC vials, and S1P were 

quantified by LC‑MS/MS (injection 9 µL). 

For pH or cation dependence assays, transfected cells were reseeded in 

24‑well plates at 3×10⁵ cells/well and exposed to different buffers. pH 

conditions: HBSS pH 7.4; condition 1 (140 mM NaCl, 20 mM MES pH 6.5, 

2 mM CaCl₂, 1 g/L D‑glucose); condition 2 (140 mM NaCl, 20 mM 

HEPES‑NaOH pH 7.5, 2 mM CaCl₂, 1 g/L D‑glucose); condition 3 

(140 mM NaCl, 20 mM Tris‑HCl pH 8.5, 2 mM CaCl₂, 1 g/L D‑glucose). 

Ionic conditions: condition 1 (HBSS); condition 2 (140 mM NaCl, 20 mM 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.05.18.000246. This version posted May 19, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



Tris‑HCl pH 7.5, 2 mM CaCl₂, 1 g/L D‑glucose); condition 3 (140 mM KCl, 

20 mM Tris‑HCl pH 7.5, 2 mM CaCl₂, 1 g/L D‑glucose). Growth medium 

was aspirated and replaced with 0.4 mL/well of the respective buffer 

containing 1 mM 4‑deoxypyridinoline, 2 mM NaF, 0.2 mM Na₃VO₄, and 

0.2% fatty acid‑free BSA. Sphingosine (5 μM, duplicate wells) was added 

and incubated for 1 h. Medium was collected and centrifuged; 50 μL 

supernatant was mixed with 200 μL acetonitrile/methanol/formic acid 

(80:80:1) and stored at -80 °C overnight. After further centrifugation, 

0.1 mL of supernatant was transferred to UPLC vials, and S1P was 

quantified by LC‑MS/MS. 

For transporter inhibitors measurement, HEK293T cells were transfected 

with different plasmids in a six-well plate (SphK1: SPNS2 or MFSD2B = 

0.5 μg: 1.5 μg, total plasmid: PEI=2 μg: 8 μg). After 24 h incubation, the 

medium was removed and supplied with 400 μl DMEM with fatty-acid-

free BSA (0.2%), 4-deoxypyridoxine (to 1 mM), NaF (to 2 mM), and 

Na3VO4 (to 0.2 mM) with concentration gradient of inhibitors. After 0.5 h, 

5 μM sphingosine was added, and 50 μL medium was mixed with 200 µL 

extract solution at 1 h.  

S1P measurement by LC-MS/MS 

S1P in cells and medium was extracted and quantified by LC‑MS/MS. The 

system consisted of a Shimadzu LC coupled to a TripleTOF 6600+ 

(ABSciex). Separation used a Waters XBridge® Amide HILIC column 
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(3.5 μm, 4.6×100 mm) with gradient elution: mobile phase A (20 mM 

ammonium acetate, 0.1% ammonium hydroxide, 5 μM ammonium 

phosphate in 95:5 water/ACN) and B (ACN). Gradient: 0-2 min, 85% B; 

2-3 min, 75% B; 3-7 min, 75% B; 7-8 min, 70% B; 8-9 min, 70% B; 9-

10 min, 50% B; 10-12 min, 50% B; 12-12.1 min, 5% B; 12.1-15.5 min, 

5% B; 15.5-15.6 min, 85% B; 15.6-21.6 min, 85% B. Injection volume: 

5 μL; flow rate: 0.4 mL/min; run time: 21.6 min. ESI parameters: GS1 60, 

GS2 60, CUR 40, temperature 500 °C, ISVF +5500/‑4500 

(positive/negative). Data were converted to mzML with MSConvert and 

processed with EI‑MAVEN (v0.12.0) to generate peak tables. 

Immunostaining  

HEK293T cells (ATCC CRL-11268, mycoplasma‑free) were seeded in 

6‑well plates at 5×10⁵ cells/well. The next day, cells were co‑transfected 

with transporter and membrane marker EXOC7‑GFP at a 1:1 ratio using 

polyethylenimine. At 24 h post‑transfection, cells were fixed with 4% 

paraformaldehyde (10 min, RT), permeabilized with 0.2% Triton/0.1% 

BSA in PBS (10 min, ice), and blocked with 5% BSA in PBS (1 h). Cells 

were then incubated with anti‑Flag M2 monoclonal antibody (1:100, 

Sigma‑Aldrich, F1804) overnight at 4 °C, washed three times with PBS, 

followed by Alexa Fluor 594 goat anti‑mouse IgG secondary antibody 

(1:200, Thermo Fisher Scientific) for 3 h at 4 °C, washed again three times, 

stained with DAPI, washed three times, and mounted. Images were 
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acquired with a Zeiss LSM‑780 confocal microscope. 

Transporter–Receptor Conjugated Screening (TRCS) assay 

HEK293T donor cells co-expressing the transporter and sphingosine 

kinase 1 (SphK1) were supplied with exogenous sphingosine in the 

presence or absence of test compounds. Intracellular SphK1 converted 

sphingosine to S1P, which was subsequently secreted into the culture 

medium in a transporter-dependent manner and captured by albumin. The 

conditioned medium containing different levels of S1P was then collected 

and transferred to cells expressing S1P receptors. S1P levels were 

quantified indirectly through receptor activation, using either Gi-dependent 

inhibition of cAMP signaling or a β-arrestin-based BRET2 readout.  

HEK293T cells co‑expressing S1PR1‑5 (pcDNA3.1) and a split‑luciferase 

cAMP biosensor (GloSensor, Promega) in 6‑well plates. After 48 h, cells 

were harvested, suspended in HBSS with 10 mM HEPES (pH 7.4) 

containing 3% D‑Luciferin‑Sodium‑Salt, and seeded into 96‑well white 

clear‑bottom plates (15,000 cells/well, 100 μL/well). After 2 h at 37 °C, 

cells were stimulated with agonist (diluted in assay buffer containing 

forskolin; initial 40 μM, 1/10 serial dilution) for 30 min at 37 °C. 

Luminescence was quantified. BRET measured S1PR1‑5‑mediated Gᵢ 

protein activation. HEK293T cells were co‑transfected with receptor: 

Gᵢ‑Rluc8: Gβ: Gγ‑GFP2 at 1:1:1:1 ratio using polyethylenimine. After 18 h, 

cells were replated in opaque white 96‑well plates (30,000–50,000 
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cells/well) in DMEM with 2% dFBS. The next day, medium was removed, 

and cells were incubated with 40 μL of 7.5 μM coelenterazine 400a 

(Goldbio) in drug buffer (HBSS, 20 mM HEPES pH 7.4, 0.3% BSA) for 

2 min, then treated with 20 μL of serial compound dilutions for 5 min. 

Plates were read on an LB940 Mithras reader (395 nm and 510 nm filters; 

1 s/well). BRET ratio = GFP2 emission (510 nm) / Rluc8 emission 

(395 nm); data analyzed with GraphPad Prism 10.0. 

This assay is suitable for medium- to high-throughput screening and is 

compatible with both inhibitor discovery and early-stage structure–activity 

relationship optimization. 

Expression and purification of human MFSD2B 

Sus scrofa MFSD2B was cloned into pFastBac vector (Invitrogen) with an 

N-terminal 10×His tag. Baculovirus was generated using the Bac-to-Bac 

system (Invitrogen) and used to infect Sf9 cells (Union-Bio) at 2×10⁶ 

cells/mL with 10 mL virus per liter of culture. Cells were harvested after 

60 h, frozen in liquid nitrogen, and stored at -80 °C. Cell pellets were 

disrupted with a Dounce homogenizer (60 cycles on ice) in lysis buffer (25 

mM HEPES-Na pH 7.5, 150 mM NaCl, 5% glycerol). After 

ultracentrifugation (150,000×g, 60 min, 4 °C), the supernatant was 

discarded and membrane fractions were homogenized in solubilization 

buffer (same as lysis buffer) with cocktail inhibitors (Sigma). Membranes 

were dissolved by adding 1% lauryl maltose neopentyl glycol (LMNG) and 
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0.1% cholesteryl hemisuccinate (CHS) under rotation at 4 °C for 2 h. 

Debris was pelleted (40,000×g, 30 min, 4 °C), and the supernatant was 

loaded onto Ni‑NTA resin (0.5 mL/L culture). The resin was washed twice 

with 40 column volumes of wash buffer (25 mM HEPES-Na pH 7.5, 

150 mM NaCl, 5% glycerol, 30 mM imidazole pH 8.0, 0.01% LMNG) and 

eluted with elution buffer (same but 250 mM imidazole). The eluate was 

subjected to size‑exclusion chromatography on a Superdex 200 Increase 

10/300 GL column (GE Healthcare) equilibrated with filtration buffer (25 

mM HEPES-Na pH 7.5, 150 mM NaCl, 0.005% LMNG, 5 mM DTT). 

Fractions with the highest MFSD2B concentration were pooled and 

concentrated for Cryo‑EM, S1P was added into the concentrated protein 

solutions to a final concentration of 100 μM. 

Cryo-EM sample preparation and data acquisition 

3.5 μL of concentrated SsMFSD2B (5-10 mg/mL) was applied to glow-

discharged grids (CryoMatrix M024-Au300-R12/13 or Quantifoil Au 200 

1.2/1.3). The grids were blotted for 3.5 seconds and rapidly plunge-frozen 

in liquid ethane using a Vitrobot (Mark IV, Thermo Fisher Scientific). 

Single-particle data collection was carried out on a 300 kV Titan Krios G3i 

transmission electron microscope (Thermo Fisher Scientific), equipped 

with a Gatan K3 direct electron detector and an energy filter (slit width: 20 

eV). Serial EM [19] software was used for data acquisition. Images were 

collected in super-resolution mode at a magnification of 105,000×, 
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corresponding to a pixel size of 0.425 Å. Each movie was recorded over 

50 frames with a total exposure time of 2 seconds. The data were collected 

in two batches, with electron dose rates of 18.7 and 18.9 e-/px/s, resulting 

in total electron doses of 51.76 and 52.32 e-/Å², respectively. The defocus 

range used for imaging was between -1.5 μm and -2.0 μm. A total of 8,644 

micrographs were collected. 

Data Processing 

Multi-frame images were aligned using MotionCor2 [20] by dividing each 

image into 25 smaller blocks of 5×5. The aligned images were then 

imported into cryoSPARC [21] for PatchCTF and CTF estimation. 

Subsequently, blob picker was used for particle picking and extraction for 

two-dimensional classification. Using the selected two-dimensional class 

averages as templates, template picker was applied to perform template-

based particle picking. Finally, particles were extracted, yielding 5,390,675, 

4,260,346, and 5,421,297 particles, respectively. Multiple rounds of two-

dimensional classification were performed, resulting in the selection of 

2,735,974 particles. Following this, ab initio reconstruction and two rounds 

of heterogeneous refinement were conducted, further selecting 920,574 

particles. Additional rounds of two-dimensional classification were carried 

out, narrowing down the dataset to 619,030 particles. Three parallel ab 

initio reconstructions were then performed, and 207,556 particles were 

selected. This was followed by five more rounds of ab initio reconstruction, 
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resulting in the selection of 73,714 particles. After one final round of two-

dimensional classification, 69,643 particles were subjected to non-uniform 

and local refinement, leading to a reconstructed density map with a 

resolution of 3.93 Å. The particles were then re-extracted. A new round of 

ab initio reconstruction, non-uniform refinement, and local refinement was 

performed, yielding an improved density map with a resolution of 3.79 Å. 

Furthermore, the CryoSieve method [22] developed by Hu Mingxu’s 

research group was applied to further sort and select 44,755 high-quality 

particles. After one final round of ab initio reconstruction, non-uniform 

refinement, and local refinement, a final density map with a resolution of 

3.65 Å was obtained. 

Model building and refinement 

The initial structural model was generated using SWISS-MODEL [23] via 

homology modeling, with the outward-open conformation of MFSD2A 

(PDB ID: 7OIX) serving as the template. The resulting predicted 

MsMFSD2B model was then rigidly fitted into the cryo-EM density map 

in UCSF Chimera and subsequently refined manually in COOT [24]. The 

complete model was finally refined in Phenix using real-space refinement 

with secondary structure and geometry restraints [25] and were checked in 

COOT. Overfitting of the model was checked by refining the model using 

one of the two independent maps from gold-standard refinement and 

calculating FSC against both half maps [26]. The final model was validated 
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using Molprobity [27] (Table S1). Structural figures were prepared in 

UCSF Chimera [28], and UCSF ChimeraX [29]. 

Molecular docking of S1P 

Molecular docking of S1P into the cryo-EM structure of outward-facing 

SsMFSD2B determined in this study was performed using AutoDock Vina 

[30]. Prior to docking, the coordinate files for both the receptor and the 

ligand were prepared using Open Babel 3.1.1 [31] by adding polar 

hydrogens and converting them into the required PDBQT format. Potential 

binding sites were identified using the P2Rank algorithm via the PrankWeb 

server (https://prankweb.cz/), and the geometric center of the top-ranked 

pocket (x=122.0, y=124.0, z=126.0) was defined as the center of the 

docking grid. The grid box dimensions were set to 50×18×18 Å to fully 

encompass the predicted binding cavity. To ensure a thorough sampling of 

the conformational space, the exhaustiveness parameter was set to 64. The 

resulting docking poses were evaluated based on their calculated binding 

affinities, and the top-ranking pose with the lowest binding energy was 

selected as the optimal binding mode. All structural visualizations and 

figures were generated using UCSF ChimeraX 

(https://www.rbvi.ucsf.edu/chimerax). 

AlphaFold 3 Modeling of the SsMFSD2B-S1P 

Structural prediction of the SsMFSD2B-S1P complex was performed using 

a locally deployed instance of AlphaFold 3 [32]. The amino acid sequence 
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of SsMFSD2B (Uniprot ID: F1SCW7) and the chemical representation of 

S1P (provided as a SMILES string) were utilized as inputs. To ensure 

comprehensive conformational sampling, the prediction pipeline was 

executed across 10 independent random seeds, with each seed generating 

5 structural models, yielding a total of 50 predicted structures. The 

resulting models were evaluated and ranked based on their AlphaFold-

predicted confidence scores. The five models with the highest confidence 

scores were selected for downstream analysis. Structural superimposition 

of these top 5 models revealed a highly convergent binding pose for S1P, 

indicating a stable and robust predicted interaction mode. All related 

structural alignments and visualizations were performed using UCSF 

ChimeraX and Pymol (https://www.pymol.org/). 

Molecular dynamics simulation 

The Membrane Builder module in CHARMM-GUI server [33] was used 

to prepare the simulation inputs, a membrane of pre-equilibrated (310 K) 

POPC lipids based on the OPM database [34] alignment, TIP3P solvent 

with 0.15 M Na+/Cl- ions and the CHARMM36 force field [35]. The force 

field of the ligands was generated by the CGenFF program. All MD 

simulations were performed using GROMACS-2019.4 [36]. The 

CHARMM36 force-field was used to describe the interactions in the 

system. Energy minimization was performed for 10000 steps by the 

steepest descent algorithm and then by the conjugate gradient algorithm. 
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Then a 100 ps NVT simulation was performed at 310 K for solvent 

equilibration, followed by a 1 ns NPT equilibration to 1 atm using the 

Berendsen barostat [37]. All MD production simulations were performed 

with a time-step of 2 fs using Parrinello-Rahman barostat [38]. In all 

constant temperature simulations, the Bussi (velocity-rescaling) thermostat 

was used [39]. Long-range electrostatic interactions were treated by the 

particle-mesh Ewald method [40]. The short-range electrostatic and van 

der Waals interactions both used a cutoff of 10 Å. All H-bonds were 

constrained by the LINCS algorithm [41]. For simulations of sodium ion 

binding, a sodium ion was placed in proximity to the specified two residues 

D92 and T95 of HsMFSD2B, followed by 100‑ns MD simulations 

performed in triplicate to characterize the binding stability of the sodium 

ion. 

Statistics and reproducibility 

Statistical analyses were performed using GraphPad Prism 10 using an 

ordinary one-way ANOVA for repeat experiments. All results are expressed 

as mean ± Standard Error of Mean (SEM) values, n = biological replicates. 

Differences were considered statistically significant when p < 0.01(*); 

“****” represents p < 0.0001.  
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Figures and Figure legends 

 

 

 

Figure 1. Functional validation and cryo-EM structure of Sus scrofa MFSD2B 

(SsMFSD2B) 

(A) Extracellular S1P levels in HEK293T cells overexpressing wild-type S1P 

transporters. Data are presented as mean ± SEM. n=4. (B) Immunofluorescence 

localization of HsSPNS2, HsMFSD2B and SsMFSD2B. The plasma membrane is 

labeled by the GFP-fused membrane marker EXOC7 (green). Transporters are labeled 

by Alexa Fluor 594 (red) goat anti-mouse IgG secondary antibody. Cells were stained 

with DAPI (blue). (C) Cryo-EM density map of the determined SsMFSD2B structure. 

Transmembrane helices (TMs) of the C-terminal domain (CTD) and N-terminal domain 

(NTD) are colored cornflower blue and medium turquoise, respectively. The detergent 

micelle density is shown in translucent gray. (D) Cartoon representation of the outward-

facing conformation of SsMFSD2B. TMs of the CTD and NTD are colored as in (C). 

(E) Central cavity between the CTD and NTD, visualized from multiple cutting angles. 

The surface and binding pocket are rendered according to electrostatic potential, while 

the cutting plane is highlighted in blue.  

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.05.18.000246. This version posted May 19, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



 

Figure 2. S1P recognition sites in MFSD2Bs 

(A) Outward-open structure of SsMFSD2B docked with S1P. S1P is depicted as stick 

models and colored goldenrod. TMs of the CTD and NTD are colored cornflower blue 

and medium turquoise, respectively. (B) Close-up view of the docked S1P in the 

outward-open SsMFSD2B binding site. Critical residues and S1P are shown as stick 

models. Goldenrod dashed lines denote potential hydrogen bonds between S1P and 

surrounding residues. (C) AlphaFold3-predicted inward-open conformation of 

SsMFSD2B bound to S1P. S1P and TMs of the CTD and NTD are rendered and colored 

identically to panel (A). (D) Binding site of S1P in the predicted inward-open 

SsMFSD2B. Residues and S1P are displayed as stick models. Goldenrod dashed lines 

indicate putative hydrogen bonds; goldenrod dashed circles highlight a polar 

environment interacting with the S1P headgroup. A gray dashed rectangle outlines the 

hydrophobic pocket accommodating the S1P alkyl tail. (E) Transport assay of 

extracellular S1P level when overexpressing HsMFSD2B wild type or mutants (R184A, 

M185A, E188A, R184A-E188A, Q298A, Q301A, L304A, W390A) in HEK293T cells. 

Data are presented as mean ± SEM. N≥2 biological replicates; p < 0.0001(****).  
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Figure 3. Structural comparison of SsMFSD2B and MFSD2A  

(A) Superposition of the predicted inward-open structural model of SsMFSD2B with 

the inward-open structures of DrMFSD2A (PDB IDs: 8D2U and 8D2V). 

Transmembrane helices (TMs) of the CTD and NTD in SsMFSD2B are colored 

cornflower blue and medium turquoise, respectively; those in DrMFSD2A are colored 

pale violet red and medium purple, respectively. S1P in SsMFSD2B and LPC in 

DrMFSD2A are rendered in goldenrod, dark sea green and forest green, respectively. 

The left inset provides a close-up view highlighting hydrophobic residues in 

DrMFSD2A that interact with the alkyl chains of LPC; the corresponding residues in 

SsMFSD2B are also shown for comparison. The top and bottom right insets show polar 

residues in DrMFSD2A that interact with the LPC headgroups in PDB IDs 8D2U and 

8D2V, respectively; the corresponding residues in SsMFSD2B are shown for 

comparison. S1P, LPC, and residues are displayed as stick models. (B) Superimposed 
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the outward-open structure of SsMFSD2B with the outward-open structures of 

MsMFSD2A (PDB ID: 7N98). TMs of the CTD and NTD in SsMFSD2B and 

MsMFSD2A are colored as in panel (A). Sodium ion–coordinating residues in 

MsMFSD2A and their corresponding residues in SsMFSD2B are displayed as stick 

models in the close-up inset. (C) The transport activity of HsMFSD2B under different 

ionic environments: HBSS (Hank’s balanced salt solution, HBSS); Na+ (140 mM NaCl, 

20 mM Tris-HCl pH 7.5, 2 mM CaCl2, 1 g/L D-glucose); K+ (140 mM KCl, 20 mM 

Tris-HCl pH 7.5, 2 mM CaCl2, 1 g/L D-glucose); NMDG (140 mM N-methyl-D-

glucamine, 20 mM Tris-HCl pH 7.5, 2 mM CaCl2, 1 g/L D-glucose). Data are 

represented as mean ± SEM (n = 4 biological replicates). 
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Figure 4. Structural comparison of SsMFSD2B and HsSPNS2 

(A) Superposition of the outward-open structure of SsMFSD2B with HsSPNS2 (top, 

PDB ID: 8EX5), and (B) superposition of the predicted inward-open structure model 

of SsMFSD2B and HsSPNS2 (PDB ID: 8JHQ). Transmembrane helices (TMs) of the 

CTD and NTD of the SsMFSD2B are colored skyblue and cyan, respectively; those of 

HsSPNS2 are colored salmon and palegreen, respectively. (C) Superposition of the 

predicted inward-open structural model of SsMFSD2B and HsSPNS2 (PDB ID: 8JHQ). 

TMs of the CTD and NTD of both SsMFSD2B with HsSPNS2 are colored identically 

to panel (A). S1P bound with SsMFSD2B and HsSPNS2A are colored goldenrod and 

medium orchid, respectively. A close-up view highlights S1P and three positively 

charged residues (K85, R174, R181 in SsMFSD2B and R119, R200, R227) lining the 

central cavity of the inward-open conformations of SsMFSD2B with HsSPNS2, shown 

as sticks. The gray rectangle demarcates a hydrophobic pocket located in the CTD of 

both transporters. (D) Non-conserved hydrophobic residues forming the hydrophobic 
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pocket in the CTD of SsMFSD2B with HsSPNS2 in panel (B). (E) Non-conserved polar 

residues, predominantly located in the CTD, line the central cavity of SsMFSD2B with 

HsSPNS2 in panel (B). Residues in panel (C) and (D) are shown as sticks. (F) The 

transport activity of HsMFSD2B under different pH environments: pH6.5 (140 mM 

NaCl, 20 mM MES pH 6.5, 2 mM CaCl2, 1 g/L D-glucose); pH7.5 (140 mM NaCl, 20 

mM HEPES-NaOH pH 7.5, 2 mM CaCl2, 1 g/L D-glucose); pH8.5 (140 mM NaCl, 20 

mM Tris-HCl pH 8.5, 2 mM CaCl2, 1 g/L D-glucose). Data are represented as mean ± 

SEM (n = 4 biological replicates). 
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Figure 5. SPNS2 inhibitor cross-activity with MFSD2B and new inhibitors 

screening system 

(A) Chemical structure of SPNS2 inhibitors 16d, 33p, 11i. (B) Inhibition of S1P release 

by 16d, 33p, 11i using HEK293T cells overexpressed HsSPNS2 and HsMFSD2B. Data 

are presented as mean ± SEM. n=4 biological replicates. (C) Schematic overview of the 

Transporter-Receptor Conjugated Screening (TRCS) assay. HEK293T donor cells co-

expressing a S1P transporter and SphK1 are supplied with exogenous sphingosine in 

the presence or absence of test compounds. Intracellular SphK1 converts sphingosine 

to S1P, which is then secreted into the culture medium in a transporter-dependent 

manner and stabilized by albumin. The conditioned medium is collected and transferred 

to reporter cells expressing S1P receptors. Extracellular S1P is quantified indirectly via 

receptor activation, using either Gi-dependent cAMP inhibition or a β‑arrestin‑based 

BRET2 readout. This platform enables functional screening of transporter inhibitors 

without the need for direct lipid quantification or fluorescent substrate analogs. (D) 

BRET2-based detection of transporter-mediated S1P secretion and inhibition. n=4 

biological replicates.  
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Figure S1. Sequence alignment of SsMFSD2B, HsMFSD2B, and HsSPNS2 

Sus scrofa MFSD2B: SsMFSD2B; Homo sapiens MFSD2B: HsMFSD2B; Homo 

sapiens SPNS2: HsSPNS2 
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Figure S2. Purification of SsMFSD2B and structural determination of the 

outward-open structure of SsMFSD2B 

(A) Gel filtration chromatography elution profile of the purified SsMFSD2B and SDS-

PAGE of the eluted protein. (B) Representative micrograph and 2D classes. (C) 

Flowchart for processing cryo-EM data. (D) Angular distribution of the particles used 

for the final reconstructions. (E) Fourier shell correlation (FSC) curves of the final 

refined cryo-EM map are displayed. (F) local resolution of the final map estimated via 

cryoSPARC. (G) The density maps of the transmembrane and intracellular helices of 

SsMFSD2B are shown as mesh. (H) Additional density is shown as mesh.  
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Figure S3. Highly conserved overall structure and conserved putative substrate-

binding sites of SsMFSD2B and HsMFSD2B  

(A) Superposition of AlphaFold-predicted structural model of SsMFSD2B and 

HsMFSD2B. TMs of the CTD and NTD in one SsMFSD2B model are colored 

cornflower blue and medium turquoise, respectively. HsMFSD2B is colored gray. (B) 

Conserved putative S1P-binding residues of SsMFSD2B and HsMFSD2B. S1P and 

residues are depicted as stick models. (C) Two interdomain salt-bridge pairs shown in 

panel (B) are conserved in HsMFSD2B (R177-D398 and D178-K345); Residues are 

displayed in the predicted inward-open model and shown as stick models.  
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Figure S4. Sequence alignment of SsMFSD2B, HsMFSD2B, HsMFSD2A, 

MsMFSD2A, and DrMFSD2A 

Sus scrofa MFSD2B: SsMFSD2B; Homo sapiens MFSD2B: HsMFSD2B; Homo 

sapiens MFSD2A: HsMFSD2A; mouse MFSD2A: MsMFSD2A; Danio rerio 

MFSD2A: DrMFSD2A.  
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 SsMFSD2B 

(EMDB-) 

(PDB ID: ) 

Data collection and processing  

Magnification    105,000 

Voltage (kV) 300 

Electron exposure (e–/Å2) 51.76, 52.32 

Defocus range (μm) -1.5- -2.0 

Pixel size (Å) 0.85 

Symmetry imposed C1 

Initial particle images (no.) 15,072,318 

Final particle images (no.) 44,755 

Map resolution (Å) 

    FSC threshold 

3.65 

0.143 

Map resolution range (Å) 3.0-5.0 

  

Refinement  

Initial model used (PDB code) 7OIX 

Model resolution (Å) 

    FSC threshold 

3.6/4.0 

0.143/0.5 

Model composition 

    Non-hydrogen atoms 

    Protein residues 

    Ligands 

 

3126 

420 

1 

B factors (Å2) 

    Protein 

    Ligand 

 

106.44 

- 

R.m.s. deviations 

    Bond lengths (Å) 

    Bond angles (°) 

 

0.005 

1.007 

 Validation 

    MolProbity score 

    Clashscore 

    Poor rotamers (%)    

 

1.93 

15.27 

0.00 

 Ramachandran plot 

    Favored (%) 

    Allowed (%) 

    Disallowed (%) 

 

96.36 

3.16 

0.49 

Table S1. Cryo-EM data collection, refinement and validation statistics 
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Video S1 
MFSD2B_Na+ binding MD.mp4 

Video S1 Trajectory of molecular dynamics simulations of HsMFSD2B with a 

sodium ion placed at the putative binding site  
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