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Fig.  1. SPX helical  bundles  provide  a  positively  charged  ligand  binding  surface. (A)  Ribbon
diagram of apo SPXScVtc4 with core helices in blue and surrounding helices colored from N- to C-
terminus in yellow to red. (B) Ribbon diagrams of the reductively methylated SPXScVtc4 (left), SPXCtGde1

(middle) and of SPXHsXPR1 (right) shown in two orientations (colors as in A). (C) Electrostatic surface
potential of the SPX domains from (B) reveals the SPX basic surface cluster. (D) A sulfate ion is bound
to the SPXHsXPR1 basic surface cluster. Interacting residues are shown in bonds representation (PBC, in
bold; KSC; in italics), a distant Lys residue (SC) is shown alongside. Residue numbers correspond to
SPXHsXPR1 (SPXScVtc2 in brackets). (E) Table summaries for NMR titrations of wild-type and mutant
SPXScVtc2 and SPXHsXPR1 with different candidate ligands.

A D

N

1 3

A

N

C

1

2

3

4

6

5

D

N

N

C

C

N

C

N

C

NC

N
C

180º

CC

B

E
Protein Ligand Kd [mM]

SPXScVtc2 wt Pi 4.8 0.6 

SPXScVtc2 wt SO4
2- 7.1 0.3 

PPiSPXScVtc2 wt 0.53 0.13 

SPXScVtc2 Y22F 47.1 22.5Pi

SPXScVtc2 K26A 19.5 1.7Pi

SPXScVtc2 K131A 9.1 1.0Pi

SPXScVtc2 PBC 93.1 38.4Pi

SPXScVtc2 KSC 6.1 2.4 Pi

SPXScVtc2 SC 7.5 1.6 Pi

SPXScVtc2 N14 45.3 3.1 Pi

SPXScVtc2 meth 60.5 18.4 Pi

SPXHsXPR1 wt 22.8 0.3 Pi

E

Y22

K26K158(127)

K161(130)

K162(131)

K165(134)

N 1

2

3
44

SC K77(71)

2
3

4

10



N
Y22

K26

K30

K125

K128

K129

K132
K133

22

33

4

5

1

2

3

5

N Y22

K26

K30

K143

K147

K146

K150

22

3

4
CC

N

55

1

2

Y22

22

3

4

N

C

2

M1
NNH3+

O

NNNNNNHHHHHHHHHHH

K2

HN

NNNHHHH

F3

Y22

K26

K30

222

1

2

44

5

C D

E

F

Protein Ligand Kd [ M]
SPXScVtc2 *

SPXScVtc2 *

SPXScVtc2

SPXCtVtc4

SPXCtGde1

0.05 ± 0.002  

0.04 ± 0.001  

0.44 ± 0.19 

0.07 ± 0.02

0.28 ± 0.02

5-InsP7

InsP6

InsP6

InsP6

InsP6

BA

0.25

SO4
2-

10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1

5-InsP7

InsP6

Pi

0.0

0.5

1.0

1.5

0.75

1.25

Ligand concentration [M]

sy
nt

he
si

ze
d 

po
ly

P 
[n

m
ol

/
g]

K147

K143

K150

K146

Fig. 2. SPX domains sense InsP signaling molecules. (A) VTC-dependent polyP synthesis by isolated
yeast vacuoles in response to increasing concentrations of externally supplied Pi, SO4

2-, InsP6 and 5-
InsP7. (B) Binding affinities of different SPX domains vs. 5-InsP7 and InsP6 by isothermal titration
calorimetry and microscale thermophoresis (indicated by an*) (± fitting errors). (C) Ribbon diagram of
SPXCtGde1 in complex with InsP6 (in bonds representation, colors as in Fig. 1A) and including a 2Fo – Fc

omit electron density map contoured at 1.5 . (D) Close-up view of the SPXCtGde1 with InsP6 – protein
interactions depicted as dotted lines. (E) Ribbon diagram and close up view of the SPXCtVtc4 – InsP6

complex. (F) Rotated view of the SPXCtVtc4 complex highlighting the interactions of InsP6 with main-
chain atoms of helix 1.
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Fig.  3. Mutations  in  the  SPX  InsP-binding  site  affect  polyP synthesis  in  yeast  and  plant  P i

transport and Pi starvation signaling. (A) Isothermal titration calorimetry of wild-type and of PBC
and KSC mutant SPXScVtc2 vs. InsP6 (± fitting errors). (B) Table summaries of the conserved surface
cluster residues in the different SPX-domain containing proteins used in this study. (C) PolyP synthesis
by  isolated  vacuoles  carrying  VTC complexes  with  corresponding  substitutions  in  the  SPX  basic
surface clusters of subunits Vtc3 and Vtc4 and in the presence or absence of 0.5 M 5-InsP 7. (D) Shoot
phenotypes of 28-d-old T2 pho1-2 transgenic lines, carrying promPHO1::PHO1:GFP (labeled wild-
type)  or  its  mutant  variants.  (E)  Shoot  Pi content  of  the transgenic  lines  from D.  (F)  Normalized
relative expression of selected Pi-starvation induced genes in the different pho1-2 complementation
lines.
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Fig. 4. InsPs trigger the association of plant SPX proteins with PHR transcription factors. (A) In
vitro pull-down of full-length OsSPX4 containing a C-terminal HA-tag. Interaction with full-length
untagged OsPHR2 in the presence of either 20 M 5-InsP7 or Pi, respectively. (B) Isothermal titration
calorimetry of OsSPX4/OsPHR2 vs. different ligands (5-InsP7, black; InsP6, dark-blue; 1,3,4,5,6-InsP5,
magenta;  OsSPX4-PBC  mutant  vs.  InsP6,  light-blue)  and  including  table  summaries  for  different
titrations (± fitting  errors,  n.d.  no  detectable  binding).  The * indicates  experiments  performed  by
microscale thermophoresis.
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Fig. S1. SPX domain-containing proteins are involved in Pi homeostasis. Schematic overview of SPX-domain containing proteins:
The name SPX refers to SYG1 and Pho81 from yeast,  and mammalian XPR1, all of which contain an N-terminal SPX domain
(http://www.ebi.ac.uk/interpro/entry/IPR004331). (A) Yeast: Pi is taken up via high- (Phosphate metabolism 89, Pho89) and low-
affinity phosphate transporters (Phosphate metabolism 87, Pho87; Phosphate metabolism 90, Pho90). Their SPX domains interact
with  the  Spl2  protein (Suppressor  of PhosphoLipase  C  1  deletion).  The  cyclin-dependent  kinase  inhibitor  Pho81  regulates
transcription  of  phosphate-regulated  genes  (such  as  the  PHO5  gene)  via  the  cyclin-dependent  kinases  Pho80/Pho85  and  the
transcription factors  Pho2 and Pho4. The glycerophosphodiesterase Gde1 liberates  P i from glycerophosphocholine. The Vacuolar
Transporter Chaperone (VTC) complex generates polyP for Pi storage in vacuoles. TTM (Triphosphate Tunnel Metalloenzyme). (B)
Plants  harbor  SPX  domains  in  Pi transporters  such  as  PHO1  (Arabidopsis  PHOSPHATE  1)  and  SPX-MFS  (Major  Facility
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proteins,  which  interact  with  Pi-responsive PHOSPHATE  STARVATION RESPONSE  (PHR)  transcription  factors.  Pho2:  E2
conjugase. PSI: Phosphate-starvation induced genes. (C) The only SPX domain-containing protein in mammals is the phosphate
exporter Xenotropic and Polytropic retrovirus Receptor 1 (XPR1). PM (plasma membrane), EM (endomembrane).
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protein/ residues/ mutation tag organism
ScPho81 1-199 His [N] S accharomyces cerevisiae P17442 -
ScPho81 1-199 Strep [C] Saccharomyces cerevisiae P17442 -
ScVtc2 1-157 His [C] Saccharomyces cerevisiae P43585 +/-
ScVtc2 1-177 His [N] Saccharomyces cerevisiae P43585 -
ScVtc2 1-182 His [C] Saccharomyces cerevisiae P43585 +
ScVtc2 15-182 His [C] Saccharomyces cerevisiae P43585 +
ScVtc2 1-182 Strep [C] Saccharomyces cerevisiae P43585 +/-
ScVtc2 1-553 E475N (catalytic dead) His [C] Saccharomyces cerevisiae P43585 +
ScVtc2 1-176 Macro-His [C] Saccharomyces cerevisiae P43585 -
ScVtc4 1-156 His [C] Saccharomyces cerevisiae P47075 -
ScVtc4 1-178 His [C] Saccharomyces cerevisiae P47075 +
ScVtc4 1-178 His-Strep-Thioredoxin [N] Saccharomyces cerevisiae P47075 +
ScVtc4 1-178 Macro-His [C] Saccharomyces cerevisiae P47075 +
ScVtc4 1-480 E426N (catalytic dead) His [C] Saccharomyces cerevisiae P47075 +
ScVtc4 1-480 E426N (catalytic dead) Strep [C] Saccharomyces cerevisiae P47075 -
ScVtc4 1-480 E426N (catalytic dead) His [N] Saccharomyces cerevisiae P47075 +
ScVtc4 1-480 His [N] Saccharomyces cerevisiae P47075 +
ScVtc4 1-480 His [C] Saccharomyces cerevisiae P47075 +
ScVtc4 189-480 His [N] Saccharomyces cerevisiae P47075 +
ScPho87 1-383 His [C] Saccharomyces cerevisiae P25360 +
ScPho90 1-335 His [C] Saccharomyces cerevisiae P39535 +
CtGde1 1-193 His [C] Chaetomium thermophilum G0RY29 +
CtVtc4 1-188 His [C] Chaetomium thermophilum G0SCH1 +
CaSPX1 1-189 His [C] Cicer arietinum XP_004494019.1* +/-
CaSPX1 1-189 His [N] Cicer arietinum XP_004494019.1* +/-
CaSPX1 1-189 His-Strep-Sumo [N] Cicer arietinum XP_004494019.1* +/-
TcSPX 1-188 His [C] Theobroma cacao gb|EOY25792.1** -
TcSPX 1-188 His-Strep-Sumo [N] Theobroma cacao gb|EOY25792.1** +/-
HsXRP1 1-207 His [C] Homo sapiens Q9UBH6 +
AtPho1 1-344 His [C] Arabidopsis thaliana Q8S403 -
AtPho1 1-344 His-Strep-Sumo [N] Arabidopsis thaliana Q8S403 -
AtPho1 1-364 His-Strep-Sumo [N] Arabidopsis thaliana Q8S403 -
AtPho1 1-386 His [C] Arabidopsis thaliana Q8S403 +
AtSPX1 1-159 His [C] Arabidopsis thaliana Q8LBH4 -
AtSPX1 1-170 His [C] Arabidopsis thaliana Q8LBH4 -
AtSPX1 1-256 His [C] Arabidopsis thaliana Q8LBH4 +/-
AtSPX1 1-256 His-Strep-Thioredoxin [N] Arabidopsis thaliana Q8LBH4 -
AtSPX1 1-256 His-Strep-GB1 [N] Arabidopsis thaliana Q8LBH4 -
AtSPX1 1-256 Macro-His [C] Arabidopsis thaliana Q8LBH4 +/-
AtSPX1 1-256 His-Strep-Sumo [N] Arabidopsis thaliana Q8LBH4 +/-
AtSPX3 1-248 Strep [C] Arabidopsis thaliana Q5PP62 -

His [C] Arabidopsis thaliana Q5PP62 -
His [C] Arabidopsis thaliana Q5PP62 -
Macro-His [C] Arabidopsis thaliana Q5PP62 -

OsSPX4 1-320 His-Strep-Sumo [N] Oryza sativa Q10B79 +/-
OsSPX4 1-320 His-Strep-Sumo [N] + HA [C] Oryza sativa Q10B79 +/-

N: N-terminal
C: C-terminal * NCBI identifier
Macro: histone macro H2A1.1 domain ** GenBank identifiers
GB1: protein G B1 domain

Uniprot
identifier

express-
able

AtSPX3 1-237 codon opt E.coli
AtSPX3 1-179 codon opt E. coli
AtSPX3 1-171 codon opt E. coli

B

Fig. S2. A conserved set of lysine residues forms a basic surface ligand binding cluster in SPX domains. (A) Sequence alignment
of different SPX domains including a secondary structure assignment for SPXScVtc4 calculated with the program DSSP (51). Conserved
amino acid residues are highlighted in green (phosphate binding cluster, PBC), blue (lysine surface cluster, KSC), orange (semi-
conserved surface lysine), gray (structural control mutant, SC). (B) Overview of the different SPX domain expression constructs and
their biochemical properties.
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Fig. S3. The C-terminal 6 helix adopts various conformations in different SPX domain structures and crystal forms. (A)
Structural superposition of crystal forms A and B of SPXScVtc4 crystallized in fusion with the catalytic TTM domain (r.m.s.d. is 1.6 Å
comparing 170 corresponding C atoms).  Shown are  C traces colored according to Figure  1A. (B)  Structural  superpositions  of
SPXScVtc4 form A (in light-blue) with ScVtc4 form C obtained by carrier driven crystallization (in orange, r.m.s.d. is 2.2 Å comparing
135 corresponding C atoms), with SPXCtGde1 (in dark-blue; r.m.s.d. is 2.3 Å comparing 141 corresponding C atoms), and SPXHsXPR1 (in
red; r.m.s.d. is 1.6 Å comparing 147 corresponding C atoms), indicates that the C-terminal 6 helix can adopt different orientations.
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Fig. S7. Stimulation of VTC-catalyzed inorganic polyphosphate synthesis by different phosphate-containing ligands. VTC-
dependent polyP synthesis by isolated yeast vacuoles in response to increasing concentrations of (A) externally supplied 5-InsP7,
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complex (ribbon diagram, colors as in Fig. 1, InsP6 in bonds representation) is shown in the center. (A) Detailed view of a structural
superposition of SPXCtGde1 (in gray) and SPXCtVtc4 (colors as in Fig. 1) both bound to InsP6 (in bonds representation) and including
interacting side-chains (in bonds representation, black labels SPXScVtc4, gray labels SPXCtGde1). Hydrogen bonds are highlighted in gray
(SPXCtGde1)  and  magenta  (SPXCtVtc4),  respectively).  R.m.s.d.  is  1.9 Å  comparing  145  corresponding  C atoms. (B)  Structural
superposition of SPXCtGde1 – InsP6 (in gray) with SPXHsXPR1 (ribbon diagram, colors as in A) in complex with a sulfate ion (in green)
(r.m.s.d. is 1.5 Å comparing 140 corresponding C atoms) reveals the position of the Pi binding cluster (hydrogen bond interactions in
magenta). The only axial phosphate group of InsP6 (at the C2 position) is anchored in the PBC pocket occupied by a sulfate ion in our
SPXHsXPR1 complex structure, formed by the N-terminus of the protein, by Tyr22, Lys26 and by a conserved lysine residue originating
from helix 4. This and our NMR experiments together suggest that the InsP axial phosphate is specifically recognized by SPX
domains.
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Fig. S9. Substitutions in the SPX basic surface cluster impair InsP6 and 5-InsP7 binding to SPXScVtc2. (A) Isothermal titration
calorimetry thermographs (upper panel) and fitted data (lower panel) of wild-type and mutant SPX ScVtc2 vs. InsP6. Kd (dissociation
constant), N (stoichiometry) (± fitting errors) (B) Microscale thermophoresis analysis of wild-type and mutant SPXScVtc2 vs. InsP6 and
5-InsP7. (n=3, ± SD, n.d. no detectable binding). A complete overview of these experiments can be found in Table S3.
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Fig. S10. Point mutations in the putative SPXAtPHO1 InsP binding site do not affect localization of full-length AtPHO1 in root
pericycle cells. (A) AtPHO1 wild-type and mutant proteins were expressed in the pho1-2 knock-out background with a C-terminal
GFP tag under the control of its native promoter. Scale bar = 10 m. (B) Expression level of PHO1-GFP proteins expressed in pho1-2
transgenic lines, carrying promPHO1::PHO1:GFP (either wild-type or mutated), detected by a polyclonal anti-GFP antibody.
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Fig. S11. Structural mapping of human XPR1 patient mutations. Shown is a ribbon diagram of SPXHsXPR1 colored as in Fig. 1.
Blue spheres indicate the positions of residues involved in InsP binding,  magenta spheres denote the positions  of XPR1 patient
mutations (24). The location of these mutations suggest that additional interaction surfaces, possibly for XPR1 protein interaction
partners, could be located along the central 4 helix.
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Fig.  S12.  The  OsSPX4  –  OsPHR2  complex  senses  inositol  pyrophosphate  ligands. (A) Isothermal  titration  calorimetry
thermographs (upper panel) and fitted data (lower panel) of OsSPX4 and OsPHR2 vs. different Pi-containing ligands. Kd (dissociation
constant), N (stoichiometry) (± fitting errors, n.d. no detectable binding) (B) Microscale thermophoresis of OsSPX4 and OsPHR2 vs.
different InsP ligands. Shown are raw and fitted data, 5-InsP7 and InsP6 measurements were performed with n=3. (error bars ± SD). A
table summary of these experiments can be found in Fig. 4B.
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Fig. S13. Chemical synthesis of 5-InsP7. Novel synthetic approach for the preparation of highly pure 5-InsP7: i) Xe-P-amidite, DCI,
then mCPBA, 93% yield; ii) DBU, BSTFA, then MeOH, TFA, then Bn2-P-Amidite, tetrazole, then mCPBA, 58% yield; iii) NaHCO3,
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A

B

Fig. S14. Analytical data for 5-InsP7. (A) 31P NMR (proton decoupled) of 5-InsP7 in D2O. (B) 1H NMR (water suppression) of 5-
InsP7 in D2O.
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