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Structure and function of human XPR1 in
phosphate export

Long Chen1,2, Jin He1,2, Mingxing Wang 1,2 & Ji She 1,2

Xenotropic and polytropic retrovirus receptor 1 (XPR1) functions as a phos-
phate exporter and is pivotal in maintaining human phosphate homeostasis. It
has been identified as a causative gene for primary familial brain calcification.
Here we present the cryogenic electron microscopy (cryo-EM) structure of
human XPR1 (HsXPR1). HsXPR1 exhibits a dimeric structure in which only TM1
directly constitutes the dimer interface of the transmembrane domain. Each
HsXPR1 subunit can be divided spatially into a core domain and a scaffold
domain. The core domain of HsXPR1 forms a pore-like structure, along which
two phosphate-binding sites enriched with positively charged residues are
identified. Mutations of key residues at either site substantially diminish the
transport activity of HsXPR1. Phosphate binding at the central site may trigger
a conformational change at TM9, leading to the opening of the extracellular
gate. In addition, our structural analysis reveals a new conformational state of
HsXPR1 in which the cytoplasmic SPX domains form a V-shaped structure.
Altogether, our results elucidate the overall architecture of HsXPR1 and shed
light on XPR1-mediated phosphate export.

Inorganic phosphate (Pi) is vital to numerous physiological processes,
including bone mineralization, signal transduction, and the synthesis
of nucleic acids (DNA and RNA) as well as cell membranes
(phospholipids)1,2. Xenotropic and polytropic retrovirus receptor 1
(XPR1) was initially recognized as the receptor for xenotropic and
polytropic murine leukemia viruses3–5. Subsequently, it has been
identified as a crucial transporter protein in maintaining phosphate
homeostasis6. Unlike the sodium-dependent phosphate importers
belonging to the SLC20 and SLC34 families7, XPR1 distinctively facil-
itates the efflux of phosphate6. XPR1 has been shown to have phos-
phate efflux activity across diverse species, including fruit fly,
zebrafish, opossum, cat, and human6.

Given its phosphate transport activity, XPR1 is associated with
various physiological processes and diseases. Xpr1-null mice exhibited
embryonic lethality, and mice with conditional inactivation of Xpr1 in
renal tubules displayed generalized proximal tubular dysfunction
and developed hypophosphatemic rickets8. Similar to phosphate

transporters from the SLC20 family, Xpr1 is recognized as a causative
gene for primary familial brain calcification (also known as idiopathic
basal ganglia calcification or Fahr’s disease)9–13. This rare neurological
disorder is characterized by calcium phosphate deposits in the basal
ganglia and other brain regions. Furthermore, XPR1 plays a pivotal role
in thrombosis, as evidenced by platelet-specific XPR1-deficient mice
accumulating polyphosphate and exhibiting an increased risk of
thrombosis14. A recent study revealed that inhibiting XPR1-dependent
phosphate efflux leads to a toxic buildup of intracellular phosphate
and growth inhibition in SLC34A2-high cancer cells, highlighting XPR1
as a promising therapeutic target for ovarian and uterine cancer15.

XPR1 comprises a transmembrane domain (TMD), an N-terminal
cytoplasmic SPX (SYG1/PHO81/XPR1) domain, and a C-terminal loop.
The SPX domain can bind inositol polyphosphate signaling molecules
(InsPs) and is involved in the regulation of phosphate homeostasis16–21.
It’s worth noting that XPR1 is the sole protein that contains an SPX
domain in mammals, whereas multiple SPX domain-containing
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proteins exist in yeast and plants18,22,23. Despite its profound physio-
logical significance, only the structure of the SPX domain of human
XPR1 has been previously reported19. Many questions, such as the
overall architecture of XPR1 and the mechanism underlying its phos-
phate transport, remain unanswered.

In this work, we perform structural and functional analyses of
human XPR1 (HsXPR1), providing insights into its dimeric architecture
and the mechanism of phosphate export.

Results
Overall structure of HsXPR1
Full-length HsXPR1 was recombinantly expressed in HEK293F cells,
and its phosphate transport activity was evaluated using an in vitro
phosphate assay, as detailed in the Methods section. Initially, we
measured the Pi efflux from the untreated cells and observed only
weak signals (Supplementary Fig. 1). Given that previous reports have
indicated that Pi pre-treatment enhances the Pi efflux signal6,17, we
modified the phosphate transport assay by pretreating HEK293F cells
with 10mMPi. Strikingly, the Pi export was observed to be several-fold
higher than in cells without Pi pre-treatment (Fig. 1a, b and Supple-
mentary Fig. 1). Since high extracellular phosphate levels are known to
increase intracellular InsPs20,21, the increased signal likely represents
the Pi export by InsPs-activated HsXPR1. Importantly, cells over-
expressingwild-typeHsXPR1 exhibited significantly greater phosphate
export compared to control cells (Fig. 1a, b), verifying the transport
activity of recombinant HsXPR1.

The HsXPR1 structure was determined in the presence of phos-
phate at a resolution of 3.55Å using single-particle cryogenic electron
microscopy (cryo-EM) (Fig. 1c, Supplementary Fig. 2 and Supplemen-
tary Table S1). The cryo-EM map of HsXPR1 is of sufficient quality for
the model building of the majority of the transmembrane domain
(TMD), although the cytoplasmic domain remains unresolved (Fig. 1d,
Supplementary Fig. 3). HsXPR1 forms a homodimer (Fig. 1c, d), and
each subunit contains 10 transmembrane segments (TM1-TM10)

(Fig. 1e). Both the N- and C-termini of the TMD reside in the cytosol.
The TMDcanbe separated into two distinct regions: a scaffold domain
(TM1-TM4) and a core domain (TM5-TM10). The scaffold domain
facilitates dimerization, while the core domain is responsible for ion
conduction. The two domains are connected by the TM4-5 linker, a
helix that runs nearly parallel to the cell membrane (Fig. 1e, f). Inter-
estingly, a lipid molecule is lodged in a large cavity between the scaf-
fold and core domains, surrounded by the TM4-5 linker and TM2-TM5
(Fig. 1f). This lipid seems to be essential for maintaining the structural
integrity of XPR1, and it is tentatively designated as phosphati-
dylcholine, although its specific identity remains elusive. Additionally,
several other lipid-shaped densities surround the transmembrane
domain ofHsXPR1 (Fig. 1c). Database searcheswith the TM-align server
indicated that the region encompassing TM2 and TM5-10 of HsXPR1
resembles a microbial rhodopsin, NM-R3, with an RMSD of 4.1 Å over
208 residues24,25 (Supplementary Fig. 4). This finding aligns with pre-
vious research suggesting that XPR1 is an atypical G Protein-Coupled
Receptor5,26. However, a notable difference between HsXPR1 and rho-
dopsin is that TM2 and TM5-10 are split into two parts in sequence,
likely indicating a different evolutionary origin.

Dimer interface of HsXPR1
The homodimerization of HsXPR1 in the current TMD structure is
mediated by scaffold domains (Fig. 2a, b). The dimer interface is
formed only by TM1, while TM2-TM4 provide critical support for sta-
bilizing TM1. Specifically, the intracellular segment of TM1 contains
several residues with small side chains, including Thr234, Gly238,
Gly242, and Val246 (Fig. 2c). These residues engage in strong van der
Waals interactions with residues from the adjacent subunit. In con-
trast, the extracellular portions of TM1aredistant fromeachother, and
some lipid-like densities are discernible near the gap (Fig. 2a, b), fur-
ther aiding in dimer formation. TM3 supports the dimer-forming TM1,
primarily through hydrophobic interactions along the transmembrane
helix (Supplementary Fig. 5). Moreover, a salt bridge exists between
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Fig. 1 | Functional and structural analysis of XPR1. a Time-dependent phosphate
export activity of cells transfected with wild-type HsXPR1 (WT) or empty vector
(control). The data points are the mean± s.e.m. (n = 6 independent experiments).
b Phosphate export of HsXPR1 at 15min from (a). P value from the two-tailed t-test
is indicated on the bar chart. The data points are the mean ± s.e.m. (n = 6 inde-
pendent experiments). c, d Cryo-EM density map (c) and cartoon representation

(d) ofXPR1with each subunit depicted in an individual color. Lipid-like densities are
colored gray. e The topology of XPR1. Dashed lines indicate the missing structural
elements. f Structure of one XPR1 subunit. The scaffold domain (TM1-TM4) and
core domain (TM5-TM10) are colored green and cyan, respectively. The potential
phosphatidylcholine (purple) and its magnified EM density map (right panel)
are shown.
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Arg236 from TM1 and Glu318 from TM3, and Glu318 is also hydrogen-
bonded to Tyr367 from the loop between TM4 and the TM4-5 linker
(Supplementary Fig. 5). On theother side, TM3 interactswith bothTM2
and TM4, which bridge the scaffold and core domains (Fig. 2b).
Homodimerization mediated by a single TM makes HsXPR1 a unique
homodimeric structure.

Phosphate binding sites
To understand the ion recognition and transport mechanism of
HsXPR1, we analysed its phosphate binding sites. The core domain of
HsXPR1 (TM5-TM10) forms a pore-like structure within each TMD of
the dimeric HsXPR1 (Fig. 3a), facilitating anion conduction. We
employed AutoDock Vina to dock phosphate ions and identified the
two most plausible binding sites, termed the external and central
binding sites (Fig. 3a). The external phosphate site is situated on the
extracellular side of the ion conduction pathway. Notably, a non-
protein density peak is evident at this site in the EMmap, exhibiting an
intensity of ~12 σ (Supplementary Fig. 3). This site contains several
positively charged residues, including Arg270 and Arg273 from TM2
and Arg448 from TM6 (Fig. 3b), which form a pocket with a positive
surface electrostatic potential to accommodate the phosphate ion
(Fig. 3c). Additionally, Thr580 from TM9 is close to the external
phosphate (Fig. 3b). Thepositively charged residueswithin thebinding
site are stabilized by adjacent residues: Arg270 is sandwiched between
Asp590 and Tyr412, while Arg273 forms a salt bridge with Asp409
(Fig. 3b). The residues at the external site are largely conserved from
insects to mammals (Supplementary Fig. 6). We performed mutagen-
esis studies to evaluate the functional significance of residues around
the external binding site. Alanine substitutions (R270A, D409A, Y412A,
or R448A) profoundly reduced phosphate export (Fig. 3d), showing
their functional significance.

The central binding site, located near the center of the pathway,
comprises basic residues such as Lys482 fromTM7, Arg570 fromTM9,
andArg603 andArg604 fromTM10 (Fig. 3e, f). Althoughnophosphate
density was observed in the current map, these residues form a posi-
tively charged site, which is ideal for binding negatively charged

phosphate. In the same layer, two residues partially neutralize and
stabilize the binding site: Asp398 from TM5 forms a salt bridge with
Arg604, and Tyr483 from TM7 interacts with Lys482. Below, Asp529,
Asp566, and Trp607 further stabilize the cluster of arginines (Fig. 3f).
Importantly, mutations at this site, including D398A, K482A, Y483A,
R570A, R603A, and R604A, all led to a decrease in transport activity
(Fig. 3g), indicating their critical roles in substrate recognition. The
binding sites in HsXPR1 differ from that in SLC20A1. In the structure of
bacterial SLC20A127, the absence of lysines or arginines, coupled with
the presence of two negatively charged residues, necessitates sodium
ions for phosphate recognition. In contrast, the predominantly posi-
tively charged binding sites inHsXPR1 suggest that itmay directly bind
phosphate.

Extracellular gate
The extracellular gate of HsXPR1 is primarily formed by interactions
between TM9 and TM5-7 in the HsXPR1 structure (Fig. 4a). TM9
appears as a nearly straight helix that inserts into the cleft between
TM8 and TM10. Its extracellular segment extensively interacts with
TM5-TM7 (Fig. 4a, b), resulting in a closed extracellular gate. This
closed extracellular gate can be delineated into three distinct layers
(Fig. 4b). The first layer comprises Trp573 from TM9, which interacts
with Asn401 from TM5, Thr486 from TM7, and Glu600 from TM10.
The second layer primarily consists of Ile577 from TM9 interacting
with Ser404 from TM5, Gln452 from TM6, and Met489 and Val490
from TM7. The third layer involves Thr582 and Thr583 from TM9,
which form hydrogen bonds with Ser497 from TM7 and Tyr445 from
TM6, respectively. Interestingly, the mutation in Trp573 of TM9
resulted in slightly greater export activity (Fig. 3d), which contradicts
the results reported by others28,29. To investigate this discrepancy, we
conducted the Pi export assay without Pi pre-treatment for the
Trp573Ala mutant. The results showed reduced export activity (Sup-
plementary Fig. 7). This difference is thus attributed to the Pi treat-
ment, although the mechanism remains to be further elucidated.
Nonetheless, it is evident that the Trp573 residue plays an important
role in the Pi transport of HsXPR1.
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Different from our structure of HsXPR1, the structure of XPR1open

(PDB: 8X5E)28 clearly exhibited an open extracellular gate (Fig. 4c, d),
with the extracellular segment of TM9 in XPR1open swinging up by
approximately 53 degrees (Fig. 4e, f). TM9 is thus a critical regulatory
element for phosphate export. In our structure, Trp573 from TM9
forms the first layer of the extracellular gate, impeding phosphate
export (Fig. 4b). However, in XPR1open, it shifts by ~6 Å and forms a pi-pi
stacking interaction with Tyr518 from TM8 (Fig. 4f), which contributes
to stabilizing the open extracellular gate. The motion is hinged near
Arg570 (Fig. 4f), a residue thatmakes up the central phosphate binding
site (Fig. 3e, f), directly linkingphosphate binding to theXPR1 gating. In
line with the essential role of Arg570, the Arg570Cys mutation has
been associated with primary familial brain calcification11 (Supple-
mentary Fig. 8).

Discussion
XPR1 is a phosphate exporter crucial for maintaining phosphate
homeostasis in animals. In this study, we determined the structure of

human XPR1. HsXPR1 exhibits a dimeric structure in which only TM1
directly constitutes the dimer interface of the TMD. Two phosphate
binding sites enriched with positively charged residues have been
identified along the core domain of HsXPR1. The structural compar-
ison reveals a major conformational change occurred at TM9, where
the swing-up of TM9 opens the ion conduction pore. In this way,
HsXPR1 may operate via a channel-like transport mechanism. During
the manuscript review, several similar articles were published or
released in bioRxiv28–32. Overall, we share similar conclusions on the
dimeric architecture, ion binding sites, and transport mechanism.
However, our structural analysis reveals a HsXPR1 structure with a SPX
dimer state, which will be discussed below.

Previous studies have highlighted the regulatory role of InsPs on
XPR1 through binding to its SPX domain17,19. During our data proces-
sing, we observed a cryo-EM map with enhanced densities of the SPX
domain in the absence of exogenous InsPs, named HsXPR1spx, which
can be reasonably fitted with the known structure of the SPX domain19

(Supplementary Figs. 9, 10). The SPX domains in HsXPR1spx form a
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V-shaped dimeric structure with a single contact site (Fig. 5a). This is
different from the antiparallel or twisteddimer structure as reported in
previous studies28,29 (Fig. 5b). The HsXPR1spx structure may represent
one intermediate state of HsXPR1, in which the V-shaped SPX dimer
can assist in stabilizing the HsXPR1 dimeric architecture and poises to
allow the InsPs binding. When the cells detect a high concentration of
phosphate andXPR1 is stimulatedby InsPs, the SPXdomains undergo a
shift with respect to each other, and the N-terminal end of each SPX
domain rotates approximately 35 degrees towards the transmembrane
domain (Fig. 5b, c). This then relieves the pore blocking by the
C-terminal loop as suggested previously by other groups28,30. The
phosphate gradient and membrane potential drive the phosphate
efflux. The binding of intracellular phosphate to the central site trig-
gers themovement of TM9, leading to the opening of the extracellular
gate and the export of phosphate (Fig. 5c). Together, our studies offer
valuable insights into the phosphate export mechanism of XPR1 and
pave the way for future mechanistic studies.

Methods
Expression and purification of human XPR1
The DNA encoding human XPR1 (NCBI accession: NM_004736.4),
including a C-terminal flag tag, was cloned into a pEZT-BM vector33.
The protein was expressed in HEK293F cells using the BacMam system
(Thermo Fisher Scientific). Recombinant baculovirus was generated in
Sf9 insect cells via the Bac-to-Bac system (Invitrogen), and P3 viruses
were used for HEK283F cell transfection. HEK293F cells were cultured
in SMM 293-TII medium (Sino Biological Inc.) at 37 °C and 5% CO2.
Sodium butyrate (at a final concentration of 10mM) was added to
boost protein expression. After 48–72 h, the cells were harvested by
centrifugation at 3000 g for 15min at 4 °C, resuspended in buffer A
(20mM Tris, pH 8.0, 150mM NaCl), and homogenized by sonication
on ice. A protease inhibitor cocktail (containing 2 μg/ml DNase I,
0.5μg/ml pepstatin, 2μg/ml leupeptin, 1μg/ml aprotinin, and 0.1mM
PMSF) was added throughout the purification process. XPR1
was extracted with 1% (w/v) n-dodecyl-β-d-maltopyranoside (DDM,
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Anatrace) supplemented with 0.2% (w/v) cholesteryl hemisuccinate
(Sigma Aldrich) by gentle agitation for 2 h. Following extraction, the
supernatant was collected after 60min of centrifugation at 30,000 g
and purified using FLAG resin. During resin washing, the buffer was
gradually changed to buffer B (20mM Tris, pH 8.0, 150mM NaCl, and
0.03%GDN).After elutionwithbuffer B supplementedwith0.3mgml−1

FLAGpeptide, the proteinwas concentrated to a final volumeof 500μl
and further purifiedby size exclusion chromatographyon a Superose6
10/300 GL column (GE Healthcare) equilibrated with buffer B.

Phosphate efflux assay
The phosphate concentration was determined by using the Malachite
Green Phosphate Assay Kit (Sigma, MAK307). HEK293F cells were
seeded at ~1 × 106 cells per well in 2ml of SMM 293-TII medium sup-
plemented with 10% FBS in six-well plates. The cells were infected with
5% (v/v) P2 viruses expressing wild-type XPR1 and its variants. After
12 h, sodium butyrate was added to boost protein expression, and the
cells were incubated for an additional 12 h. For efflux measurements,
unless otherwise indicated, Pi (NaH2PO4/Na2HPO4 mixture, pH 7.4, at
10mM final concentration) was added to the culture and incubated for
30min at 37 °C. Pi-incubated cells were gently washed three timeswith
1ml of Krebs-HEPES buffer34 (10mM HEPES·NaOH, pH 7.4, 120mM
NaCl, 3mMKCl, 2mMCaCl2, 2mMMgCl2, and 2mM glucose, Pi-free),
and then incubated in 1ml of Krebs-HEPES buffer at 37 °C. Aliquots
(8% v/v) of the supernatant were collected at 15min or at other spe-
cified time points, and the Pi concentration was measured using the
Malachite Green Phosphate Assay Kit. The P2 virus harboring the

empty vector was used as a negative control to calibrate the effect of
the virus on the cells. Moreover, a series of Pi standards at 0, 1, 2.5, 5,
10, 20, 30, 40, and 50μM were used to set up a standard curve. The
absorbance at 620 nmwasmeasured for each sample, and the amount
of exported phosphate was determined from the standard curve. All
the samples were run in 5 to 6 replicates.

Cryo-EM sample preparation and EM data acquisition
Cryo-EMgrids were prepared by applying 3.5μl of XPR1 (at ~8.0mg/ml)
with 1mM Na2HPO4 in GDN buffer to glow-discharged holey carbon
grids (Quantifoil Cu R2/1, 200mesh). Grids were blotted for 3.0 s under
100% humidity at 4 °C before being plunged into liquid ethane using a
Mark IV Vitrobot (Thermo Fisher Scientific). Micrographs were
acquired on a Titan Krios microscope (Thermo Fisher Scientific)
operated at 300kV with a K3 Summit direct electron detector (Gatan).
Images were recorded with EPU software (Thermo Fisher Scientific) in
counting mode with a pixel size of 0.82Å. The defocus range was set
from −1.5 to −2.7μm. Each micrograph was dose-fractionated into 30
frames at a dose rate of ~18.7 e−/Å2/s, with a total exposure time of 3 s.

Image processing
Data processing was performed using the software package
cyroSPARC35. Micrographs were motion corrected with patch motion
correction. The CTF parameters of the micrographs were estimated
using patch CTF estimation. Two datasets were collected for the same
sample. For dataset I, 1,356,043 particles were automatically picked
and extracted from 2900 micrographs. After two rounds of 2D
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Fig. 5 | Transport mechanism of XPR1. a The electronmicroscopy density map of
HsXPR1spx. b Comparison of HsXPR1spx (cyan) and XPR1InsP6 (salmon, EMD-
38068)maps in different views. The InsP6 and C-terminal loop in the XPR1InsP6 map
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the SPX domains and the activation of XPR1 (right panel). Inorganic phosphate (Pi)
is displayed as yellow spheres.
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classification, 316,973 particles were chosen for ab-initio reconstruc-
tion. 187,892 particles assigned to the good classes were selected for
further refinement. For dataset II, 2,119,982 particles were picked from
5490micrographs.After two roundsof 2Dclassification andone round
of heterogeneous refinement, 1,241,608 particles from dataset II were
chosen and merged with the 187,892 particles from dataset I. The
combined dataset underwent four rounds of heterogeneous refine-
ment. The good class was then selected for three parallel ab-initio
reconstructions (initial resolution: 6 Å; maximum resolution: 4.5 Å).
After removing duplicates, 424,758 particles were subjected to a final
round of non-uniform refinement with C2 symmetry imposed, yielding
a map at a resolution of 3.55Å.

Dataset II was further processed by using Relion436. Motion cor-
rection was performed using the MotionCorr2 program37, and the
contrast transfer function parameters of the micrographs were esti-
mated using theGctf program38. A total of 4201micrographswere kept
for further data processing. 2,369,078 particles were automatically
picked and extracted with a binning factor of 3 for 2D classification. A
total of 1,618,520 particles were selected for two successive rounds of
3D classifications. 345,317 particles exhibiting strong SPX domain
density were selected and re-extracted. After 3D refinement with C2
symmetry and particle polishing, the final map of HsXPR1spx was
reconstructed to a resolution of 4.3Å.

Model building, refinement, and validation
Model buildingwas conducted inCoot39 and theXPR1model predicted
by AlphaFold240 was used as an initial reference. Real-space model
refinement41 and validation42 were performed in Phenix. The final
structural model contains residues 230-618. The pore radius was cal-
culated using the HOLE43 program. Figures were prepared using
PyMol44 and ChimeraX45 software.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 8.0. Data
from the XPR1 transport assay are presented as the mean ± s.e.m., and
statistical significance was determined using the two-tailed t-test.

Molecular docking
AutoDock Vina46 was used for molecular docking analysis of the
HsXPR1 structure with PO4

3−. Ligand and receptor files were prepared
using AutodockTools47. Docking was performed using a cubic box
encompassing the binding pocket. The models with the high binding
affinity were further analysed.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support this study are available from the corresponding
authors upon request. Cryo-EM maps have been deposited in the
Electron Microscopy Data Bank (EMDB) under accession codes EMD-
60469 (HsXPR1) [https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-
60469] and EMD-62621 (HsXPR1spx) [https://www.ebi.ac.uk/pdbe/
entry/emdb/EMD-62621]. The atomic coordinates have been depos-
ited in the Protein Data Bank (PDB) under accession codes 8ZTO
(HsXPR1) [https://doi.org/10.2210/pdb8ZTO/pdb]. The source data
underlying Figs. 1a, 1b, 3d, 3g, and Supplementary Figs. 1 and 8 are
provided as a Source Data file. The sequence of human XPR1 is avail-
able through NCBI accession NM_004736.4. Source data are provided
with this paper.
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