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P2X7 receptors are nonselective cation channels that are
activated by extracellular ATP and play important roles in
inﬂammation. They differ from other P2X family members by a
large intracellular C-terminus that mediates diverse signaling
processes that are little understood. A recent cryo-EM study
revealed that the C-terminus of the P2X7 receptor forms a
unique cytoplasmic ballast domain that possesses a GDPbinding site as well as a dinuclear Zn2+ site. However, the
molecular basis for the regulatory function of the ballast
domain as well as the interplay between the various ligands
remain unclear. Here, we successfully expressed a soluble
trimeric P2X7 ballast domain (P2X7BD) and characterized its
ligand binding properties using a biophysical approach. We
identiﬁed calmodulin (CaM)-binding regions within the ballast
domain and found that binding of Ca2+-CaM and GDP to
P2X7BD have opposite effects on its stability. Small-angle Xray scattering experiments indicate that Ca2+-CaM binding
disrupts the trimeric state of P2X7BD. Our results provide a
possible framework for the intracellular regulation of the P2X7
receptor.

Ligand-gated P2X receptor ion channels (1, 2) and G-protein–coupled P2Y receptors (3) are the two main classes of
membrane proteins that mediate ATP-induced purinergic
signaling (4). P2X receptors are trimeric, nonselective cation
channels activated by extracellular ATP that are found in a
variety of eukaryotic cells (5).
Within the mammalian P2X receptor family (P2X1 to
P2X7), the homotrimeric P2X purinoreceptor 7 (P2X7R)
contains unique functional properties: It requires high
micromolar to millimolar ATP concentrations for activation (1
to 3 orders of magnitude higher than other P2X receptors) and
shows a complete lack of desensitization (6–8). In addition, it
contains a long intracellular C-terminus that is involved in a
variety of signaling cascades. For example, the P2X7R can act
as a cytotoxic receptor by inducing membrane permeabilization and eventually cell death (9–12).
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Its involvement in inﬂammation, autoimmune diseases,
neurodegenerative diseases, and cancer makes the P2X7R a
promising pharmacological target (13–19).
A variety of proteins have been found to physically or
functionally interact with the P2X7R and inﬂuence its diverse
properties and signaling pathways (reviewed in (20)). One of
the proteins that was found in functional and pull-down
studies to interact with the rat P2X7R is the multifunctional
messenger protein calmodulin (CaM). CaM acts as a Ca2+
sensor translating Ca2+ signals into cellular processes (21). A
1-5-16 CaM-binding motif (IX3LX10W) in the C-terminus of
the rat P2X7R (aa I541-R557) was identiﬁed (22). Chelation of
Ca2+ or mutation of the CaM-binding site in the rat P2X7R
inﬂuenced current facilitation of P2X7R (a P2X7R-speciﬁc
property that describes the increase of agonist sensitivity and
current amplitude upon repeated agonist application) and
P2X7R-induced membrane blebbing, but did not interfere with
dye uptake, an assay for P2X7R-induced membrane permeabilization. In the human ortholog, neither the binding
motif nor a Ca2+-dependent current facilitation could be
detected, and it remains unclear whether CaM interacts with
the human P2X7R (23). However, Ca2+-dependent current
facilitation could be reconstituted in the human P2X7R by
replacing three critical residues (aa 541, 552, 559) with the
respective residues of the identiﬁed rat CaM-binding domain.
Using cryo-EM, the structure of the full-length rat P2X7R
has been recently determined in the apo as well as the ATPbound state (8). This revealed for the ﬁrst time the structure
of the cytoplasmic part (8), which consists of a cytoplasmic
cap, a Cys-anchor that prevents desensitization by anchoring
to the membrane through palmitoylation, and a ballast domain
located beneath the neighboring P2X7R subunit. This ballast
domain is formed by the C-terminal 200 residues (α9-α16/
β16-β18) and contains a GDP/GTP-binding site and a dinuclear Zn2+ binding motif (8). Deletion of the C-terminal region
has been shown to alter the function of the P2X7R, in
particular with respect to pore dilation and initiation of cytolytic signal transduction (9, 12, 24).
In this study, we aimed to investigate the ligand-binding
properties of the P2X7R ballast domain (P2X7BD) in more
detail to better understand its modulatory role. We identiﬁed
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Figure 1. P2X7R ballast domain contains two calmodulin-binding regions. A, partial sequence alignment of C-terminal mouse, rat, and human P2X7R
ballast domain (residues 526–595). Peptides used for binding studies are colored and named by ﬁrst and last amino acid alongside length. B–D, ITC
measurements of Ca2+-CaM (20 μM) and the peptides (500 μM) from (A) revealed exothermic binding patterns with low μM Kds. Details are listed in
Table S1. Representative measurements are shown. E and F, mapping of calmodulin binding sites on the structures of the full length P2X7R (pdb: 6U9V) in
(E) and the isolated ballast domain in (F). Peptides are color-coded as in (A), GDP and Zn2+ ions are shown as sticks and spheres, respectively, in (F). ITC,
isothermal titration calorimetry; P2X7R, homotrimeric P2X purinoreceptor 7.

potential CaM-binding regions within the rat, human, and
mouse P2X7BDs and conﬁrmed binding of two of the
respective peptides to CaM. Using a soluble ballast domain, we
determined the binding properties of both Ca2+-CaM and
GDP using various biophysical methods. We found that
binding of Ca2+-CaM and GDP to the human P2X7BD has
opposite effects on the stability of the ballast domain. Further,
small-angle X-ray scattering (SAXS) experiments indicate that
Ca2+-CaM-binding disrupts the trimeric state of the P2X7BD.
These results provide a possible framework for the regulation
of P2X7 receptor properties by its ballast domain.

Results and discussion
The P2X7BD contains two CaM-binding regions
As CaM was shown to bind to the C-terminus of the rat but
not human P2X7R (22), we initially set out to conﬁrm and
identify the exact binding site in the human, mouse, and rat
P2X7R sequences, respectively, using P2X7R-derived peptides.
Based on an appropriate spacing of hydrophobic anchor residues required for efﬁcient Ca2+-CaM binding (25), we
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identiﬁed two P2X7R sequences as putative CaM-binding regions (aa 538–560 and 571–595, Fig. 1A). Isothermal titration
calorimetry (ITC) experiments using the corresponding peptides from the C-terminus of the mouse and human P2X7R
revealed binding of Ca2+-CaM to three peptides with lowmicromolar Kd (Fig. 1, B–D and Table S1). The remaining
peptides from human and rat were insoluble. When mapped
on the structure of the recently determined cryo-EM structure
of the full-length rat P2X7R, it became obvious that the peptides correspond to two helical regions within the P2X7BD
that are both involved in GDP coordination (Fig. 1, E and F).
In order to investigate whether Ca2+-CaM also binds to
these sites in the context of the entire ballast domain, we
recombinantly expressed and puriﬁed the human P2X7BD
(residues 395–595, MW = 24.6 kDa). This construct starts
directly after the cytoplasmic cap region as identiﬁed by
McCarthy et al. (8) and extends to the C-terminus of the fulllength P2X7R. The corresponding protein could be expressed
in E. coli and puriﬁed to homogeneity, showing a monodisperse size-exclusion chromatography (SEC) proﬁle (Fig. 2A,
black trace). The elution volume indicates a trimeric assembly
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Figure 2. Ca2+-calmodulin (Ca2+-CaM) binds to the intact P2X7R ballast domain (P2X7BD). A, size-exclusion chromatography indicates trimeric state for
human P2X7BD (short: BD, black trace). Addition of Ca2+-CaM to hP2X7BD (red trace) resulted in complex formation (see SDS-PAGE inset) that eluted at
slightly higher volume indicating smaller molecular weight and thus a disruption of the trimeric state upon Ca2+-CaM binding. Representative curves of
triplicate experiments are shown. B, ITC measurement of intact BD (35 μM) and Ca2+-CaM (670 μM) reveals exothermic binding in the low micromolar range
(Kd ± ﬁtting error). Details are listed in Table S1. Representative measurement of a duplicate is shown. C, chemical crosslinking assay using disuccinimidyl
suberate followed by SDS-PAGE. Identity of the different bands was conﬁrmed by tryptic digest and mass spectrometry (see Table 2). Inputs as well as
complex bands are labeled. Results indicate Ca2+-CaM-binding disrupts the P2X7BD trimeric state and leads to a state where one or two Ca2+-CaM
molecules bind to monomeric ballast domain. ITC, isothermal titration calorimetry; P2X7R, homotrimeric P2X purinoreceptor 7.

state for the human P2X7BD (short: BD), in good agreement
with the known trimeric P2X receptor structure and the cryoEM structure of the rat P2X7R, which revealed substantial
interactions between the ballast domains (despite the absence
of 27 residues (aa 443–469) that could not be modeled due to
lack of density and are probably unfolded as indicated by the
AlphaFold2 model) (8). Addition of recombinant Ca2+-CaM to
the P2X7BD caused a slight shift toward higher elution volume
during SEC analysis, indicating that the P2X7BD/Ca2+-CaM
complex is smaller than the ballast domain alone and that its
trimeric state is altered or disrupted upon Ca2+-CaM binding
(Fig. 2A, red trace). ITC data conﬁrmed the interaction between Ca2+-CaM and the P2X7BD and revealed binding in the
low micromolar range (Fig. 2B and Table S1). Although this
binding is exothermic, the change in total enthalpy (−3.9 kcal/
mol) is signiﬁcantly smaller compared to Ca2+-CaM binding to
the individual peptides (−7.0 kcal/mol, see Fig. 1, B–D and
Table S1). The reaction seems to be mainly driven by the
change in entropy, providing further indication for a Ca2+CaM–mediated P2X7BD trimer alteration/disruption.

Chemical cross-linking of the P2X7BD with disuccinimidyl
suberate followed by SDS-PAGE identiﬁed three bands at
25 kDa, 50 kDa, and 75 kDa that we assigned to monomeric,
dimeric, and trimeric ballast domain (Fig. 2C, theoretical
values: Table 1). In the presence of Ca2+-CaM (17 kD), a
distinct pattern of the cross-linked proteins was observed. In
addition to monomeric P2X7BD at 25 kDa, two new bands at
around 40 kDa and between 50 kDa and 60 kDa could be
detected (Fig. 2B, lane “BD + Ca2+-CaM x-link”) in good
agreement with P2X7BD/Ca2+-CaM complexes in the ratios

Table 1
Theoretical molecular weights (MWs) of P2X7BD and Ca2+-CaM and
possible complexes
Protein (complex)

Theoretical MW [kDa]

Ca2+-CaM
P2X7BD trimer
P2X7BD + Ca2+-CaM (1:1)
P2X7BD + Ca2+-CaM (1:2)

16.7
73.8
41.3
58.0

Calculations are based on the amino acid sequences of the expressed proteins.
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1:1 (41 kD) and 1:2 (58 kD). In support of this, mass spectrometric analysis of tryptic digests of these bands conﬁrmed
the presence of both P2X7BD and CaM peptides (Table 2) in
these bands. The absence of larger complexes could indicate
that Ca2+-CaM binding disrupts the P2X7BD trimeric state
and leads to a state where one or two Ca2+-CaM molecules
bind to the monomeric ballast domain.

Binding of Ca2+-CaM and GDP to the P2X7BD has opposite
effects on the stability of the ballast domain
Next, we used nano differential scanning ﬂuorimetry (nDSF)
to investigate the effect of Ca2+-CaM or GDP binding on the
stability of the human P2X7BD. nDSF follows intrinsic tryptophan ﬂuorescence as a function of temperature and reports
on protein (un)folding and conformational changes as a
consequence of changes in the tryptophan environment (26,
27). As CaM does not contain any tryptophan or tyrosine
residues, it does not contribute to the nDSF signal during
complex analysis (Fig. S1).
The soluble P2X7BD exhibits an apparent melting temperature (Tm) of 43.3  C ± 0.1  C (n = 3, Fig. 3, A and B, blue
trace). Concentration-dependent Tm experiments indicate a
small concentration-dependent stabilization of P2X7BD
(Fig. S2). In the presence of increasing Ca2+-CaM concentrations, a huge drop in Tm can be observed (up to >10  C)
(Fig. 3, A and B, green trace). This destabilization of P2X7BD
caused by Ca2+-CaM binding could be explained by disruption
of the P2X7BD trimeric state, in support of our observations in
the cross-linking experiment (see Fig. 2C). In the monomeric
Ca2+-CaM complex, the P2X7BD is less stable than in its
native trimeric state. The scattering data indicate that apoP2X7BD and P2X7BD/GDP start to aggregate once the proteins unfold (Fig. 3C, blue and red traces). However, in the
presence of Ca2+-CaM, the P2X7BD samples do not aggregate
anymore (Fig. 3C, green trace), indicating that Ca2+-CaM
binding to P2X7BD prevents it from aggregation. Interestingly,
apo-CaM (with EDTA instead of Ca2+) does not change the
melting temperature of P2X7BD (Fig. 3D), indicating that apoCaM does not bind to the protein target as observed for many
other CaM-regulated proteins (25).
As the cryo-EM structure of rat P2X7 identiﬁed an unexpected binding site for GDP within the ballast domain (8), we
also investigated the effect of GDP on human P2X7BD stability. GDP binds to P2X7BD with a Kd of 2.6 μM ± 0.2 μM as
measured by ITC (n = 3, Fig. 3E). nDSF analysis revealed a
strong stabilizing effect of GDP with the Tm of P2X7BD

increasing from 43.3  C ± 0.1  C in absence to 51.0  C ± 0.1  C
in the presence of 1 mM GDP (n = 3, Fig. 3, A–C, red trace).
A joint analysis of Ca2+-CaM binding and GDP binding to
P2X7BD by nDSF resulted in similar (de)stabilization curves,
however with shifts in absolute Tm values (Fig. 3, F and G).
Isothermal analysis and afﬁnity quantiﬁcation based on these
nDSF thermal shifts (28, 29) yielded similar Kds for GDP independent of the Ca2+-CaM concentration. These results can
be explained by reversible binding events, where Ca2+-CaM
and/or GDP bind to P2X7BD and the equilibrium can be
shifted based on relative concentrations and dissociation
constants (Kd) (Fig. 4A). In summary, these data suggest that
Ca2+-CaM but not apo-CaM promotes dissociation of the BD,
which is counteracted by a stabilizing effect of GDP.
The structure of the homologous rat ballast domain provides a plausible structural model for the ligand binding
equilibrium: The C-terminal helix-loop structure (comprising
peptide SY25, see Fig. 1A) is involved in GDP binding by
clamping it in its binding pocket (Fig. 4B). Binding of Ca2+CaM to this region may disrupt this helix-loop structure and
impair GDP binding.
Ca2+-CaM binding disrupts the trimeric state of P2X7BD
As our results presented above (nDSF, SEC, crosslinking,
and ITC) already indicated that Ca2+-CaM binding changes
the oligomeric state of P2X7BD, we next used SEC-SAXS to
further investigate the effect of Ca2+-CaM binding on the
overall structural parameters of the ballast domain (Fig. S3).
The SAXS data of human P2X7BD yielded a radius of gyration
(Rg) of 3.09 nm, a maximal protein dimension (Dmax) of
10.49 nm, and a molecular weight estimate of 72.4 kDa, all in
agreement with a trimeric state (Fig. 5A and Table 3). Ab initio
modeling using DAMFILT also supports a trimeric state of
human P2X7BD in solution (Fig. 5B).
For the P2X7BD/Ca2+-CaM complex, the overall structural
parameters obtained by SEC-SAXS changed signiﬁcantly
(Fig. 5A and Table 3). While Rg and Dmax increased for the
complex, the Porod volume and molecular weight decreased.
These ﬁndings are in line with the data obtained by the other
methods and indicate that Ca2+-CaM binding to P2X7BD
breaks its trimeric form resulting in a complex comprising one
P2X7BD monomer with one or two Ca2+-CaM molecules.

Conclusion
Here we show for the ﬁrst time the successful expression of
a soluble trimeric P2X7BD, a domain that is unique within the
P2X family (12) and also has no homology to any other

Table 2
Mass spectrometric analysis of tryptic digest of bands after crosslinking
P2X7BD
Band from crosslink
40 kDa
55 kDa

CaM

# Unique peptides

Detected peptide coverage

# Unique peptides

Detected peptide coverage

17
16

74%
74%

12
10

66%
65%

SDS-PAGE gel bands were cut out and subjected to tryptic digest. Resulting peptides were subsequently analyzed by mass spectrometry and mapped to the sequences of the P2X7
ballast domain (P2X7BD) and calmodulin (CaM).

4 J. Biol. Chem. (2022) 298(10) 102495

Ca2+-calmodulin and GDP bind to soluble P2X7 ballast domain

A

B

C

D

E

F

P2X7BD + GDP

G

KD = 2.6 M ± 0.4 M

Figure 3. Binding of Ca2+-calmodulin (Ca2+-CaM) and GDP to P2X7R ballast domain have opposite effects on the stability of the ballast domain. A–
C, nDSF analysis of P2X7BD (20 μM, blue) as well as of its complex with GDP (500 μM, red), Ca2+-CaM (35 μM, green). Raw data F350/F330 (A), ﬁrst derivatives
F350/F330 (visualizing Tm values as minima) (B) as well as scattering data (visualizing aggregation status) (C) indicate stabilization of P2X7BD by GDP and
destabilization by Ca2+-CaM. D, analysis of melting temperature by nDSF shows concentration-dependent destabilization of P2X7BD by Ca2+-CaM (blue
trace) but no effect by apo-CaM (red trace, with EDTA instead of Ca2+). E, ITC measurement of P2X7BD (35 μM) with GDP (300 μM) reveals exothermic
binding with a Kd of 2.6 μM ± 0.2 μM. Representative measurement of a triplicate is shown. F and G, melting temperature analysis of P2X7BD by nDSF shows
concentration-dependent destabilization by Ca2+-CaM as well as stabilization by GDP. All nDSF data were performed in triplicates and representative, data
are shown. ITC, isothermal titration calorimetry; nDSF, nano differential scanning ﬂuorimetry; P2X7BD, P2X7R ballast domain; P2X7R, homotrimeric P2X
purinoreceptor 7.

ballast revealed that the domain is not directly involved in
receptor gating since the mutant was behaving very similar to
the wildtype P2X7R when analyzed by two-electrode voltageclamp (8). However, some functional properties like the ability
to induce membrane permeabilization as well as the activation
of caspases (12, 13, 24) require the ballast domain. Therefore,

protein. We could further show that the human P2X7BD interacts reversibly with GDP and Ca2+-CaM and that Ca2+CaM-binding disrupts the trimeric state of P2X7BD. However,
the resulting implications for signaling and receptor gating in
context of the full-length P2X7R remain elusive. Studies with a
truncated P2X7R variant completely lacking the C-terminal
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Figure 4. Model for ligand binding to the P2X7R ballast domain. A, schematic view of the equilibria of GDP and Ca2+-calmodulin (Ca2+-CaM) binding to
the P2X7R ballast domain (P2X7BD). The trimeric form of P2X7BD is disrupted when Ca2+-CaM is bound. B, the C-terminal helix-loop structure (blue) is
involved in GDP binding by clamping it in its binding pocket. Binding of Ca2+-CaM to this region may disrupt this helix-loop structure and impair binding of
GDP. P2X7R, homotrimeric P2X purinoreceptor 7.
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Figure 5. SAXS analysis indicated that calmodulin-binding disrupts the trimeric state of P2X7BD. A, SEC-SAXS raw data of buffer subtracted samples
(left) and distance distribution plot (right) reveal conformational changes upon Ca2+-CaM binding to P2X7BD. B, structure of trimeric P2X7BD (extracted from
pdb: 6U9V) superimposed on ab initio DAMFILT model. P2X7BD, P2X7R ballast domain; P2X7R, homotrimeric P2X purinoreceptor 7; SAXS, small-angle X-ray
scattering; SEC, size-exclusion chromatography.

it is very likely that the ballast domain connects the channel
function of P2X7R to intracellular signaling cascades.
CaM seems to be one of these signaling proteins since it
interacts with P2X7BD ((22) and this study). We observed a
disruption of the P2X7BD trimer upon Ca2+-CaM binding.
If binding of Ca2+-CaM to the full-length P2X7R also disrupts the trimeric state of the ballast domain within the fulllength P2X7 receptor, this may induce conformational
changes that are transmitted to the cytoplasmic cap and
lead to altered functional properties of the receptor. The

role of GDP in this process as well as its origin remains
unclear. We showed that it binds to and stabilizes the isolated ballast domain and thus counteracts the destabilizing
effect caused by Ca2+-CaM–mediated dissociation of the
trimeric state.
Taken together, this study provides ﬁrst insights into the
regulation of the P2X7 receptor by Ca2+-CaM and GDP. The
results form a basis for further studies on P2X7BD and the
possible implications for ligand-controlled P2X7R signal
transduction.

Table 3
SEC-SAXS analysis of P2X7 ballast domain (P2X7BD) and Ca2+-calmodulin (Ca2+-CaM), alone and in complex
Sample details
SASBDB access code
Sample composition
Buffer composition
SEC-SAXS parameters
Data acquisition parameters
Instrument
Detector
Detector distance [m]
Beam geometry [mm2]
Wavelength [nm]
q range [nm−1]
Exposure time
Temperature
Structural parameters
I(0) from P(r) [cm−1]
Rg from P(r) [nm]
I(0) from Guinier [cm−1]
Rg from Guinier [nm]
Dmax [nm]
Porod volume estimate [Å3]
Molecular mass determination
MMQP (from Porod invariant) [kDa]
MoW (from Porod invariant) [kDa]
From volume of correlation (VC) [kDa]
From size & shape [kDa]
From Bayesian inference [kDa]
Software employed
SEC-SAXS data processing
Data processing
Ab initio analysis
3D molecular graphics

Ca2+-CaM

P2X7BD

P2X7BD/Ca2+-CaM complex

SASDPE4
SASDPD4
SASDPF4
330 μM P2X7BD + 720 μM Ca2+-CaM
330 μM P2X7BD
720 μM Ca2+-CaM
20 mM Hepes pH 7.5, 150 mM NaCl, 5 mM CaCl2
35 μl injected to an S200 increase 5/150 column, Agilent 1260Bio system, ﬂow rate: 0.35 ml/min
EMBL P12 (PETRA III, DESY, Hamburg, Germany)
Dectris Pilatus 6M (2D photon counting detector)
3.0
0.1 × 0.05
0.124
1–7
0.245 s per frame within 0.250 s exposure period, 2880 frames total
291 K
8204 ± 11
3.10 ± 0.01
8216 ± 12
3.09 ± 0.01
10.49
94,246

5926 ± 10
2.20 ± 0.01
5879 ± 11
2.13 ± 0.01
6.88
22,713

8613 ± 14
3.48 ± 0.01
8501 ± 13
3.24 ± 0.01
13.53
72,532

74.9
77.8
68.6
72.7
72.4

13.3
13.9
16.7
17.0
15.5

51.6
56.3
45.8
53.5
50.8

CHROMIXS (part of ATSAS 3.0)
PRIMUS, including GNOM (part of ATSAS 3.0)
DAMFILT (part of ATSAS 3.0)
PyMOL

Details of the SEC-SAXS measurements, including sample details, data acquisition parameters, structural parameters, different methods for obtaining molecular mass estimates,
and software employed. Data are presented according to the accepted guidelines for publication of SAXS data (35). All datasets were deposited in the SASBDB.
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Experimental procedures
Materials
All chemicals were of analytical quality and purchased from
Carl Roth or Sigma Aldrich, unless otherwise stated.

stirring speed was set to 750 rpm. Heat of dilution was
obtained by titrating ligand into buffer to allow for baseline
correction. Binding curves were ﬁtted using a one-site
binding model.

Expression and puriﬁcation of P2X7BD

Protein cross-linking experiments

A pET28a vector was used to express the cytoplasmic
ballast domain (P2X7BD, residues 395–595) of the human
P2X7R protein with a tobacco etch virus–cleavable C-terminal mCherry-His6-tag. Protein expression was carried out
in Rosetta 2 (DE3) cells in Terriﬁc Broth medium. Cells
were induced (0.1 mM IPTG) at a density of 0.6 (measured
at 600 nm) and further grown at 20  C for 16 h. After lysis
using a high-pressure homogenizer (EmulsiFlex-C3, Avestin),
the cleared lysate was subjected to immobilized metal afﬁnity chromatography with Ni-NTA resin to purify the
His6-tagged fusion protein. Further puriﬁcation was achieved
by the removal of the mCherry-His6-tag by tobacco etch
virus protease, subsequent reverse Ni-NTA chromatography,
and gel ﬁltration on a Superdex S200 increase 10/300 column (Cytiva) using Hepes buffer (20 mM Hepes pH 7.5,
150 mM NaCl, 5 mM CaCl2). Peak fractions of trimeric
P2X7BD were pooled, and protein identity was conﬁrmed by
SDS-PAGE and mass spectrometry.

Puriﬁed P2X7BD (50 μM) was mixed with an equal amount
of puriﬁed Ca2+-CaM (50 μM) before the chemical cross-linker
disuccinimidyl suberate was added at 50× excess (2.5 mM).
After 30 min incubation at room temperature, 50 mM Tris pH
7.5 was added to quench the reaction, and the samples were
analyzed by SDS-PAGE.

Expression and puriﬁcation of CaM
The sequence coding for human CaM was cloned into a
pET15b vector without additional tags. Protein expression
was carried out in BL21 Gold (DE3) cells in LB medium.
Cells were induced (0.1 mM IPTG) at a density of 0.6
(measured at 600 nm) and further grown at 20  C for 16 h.
After lysis by pulsed sonication, the cleared lysate was
subjected to hydrophobic interaction chromatography on a
HiTrap Phenyl FF (LS) column (Cytiva). The following
buffers were used: lysis and loading: 50 mM Tris pH 7.5,
2 mM CaCl2; elution: 50 mM Tris pH 7.5, 10 mM EDTA.
The eluted protein fractions were pooled and gel ﬁltrated in
Hepes buffer (see above) to obtain the active Ca2+-CaM or
in Hepes-EDTA buffer (20 mM Hepes pH 7.5, 150 mM
NaCl, 10 mM EDTA) to obtain apo-CaM. Peak fractions
were pooled, and protein identity was conﬁrmed by SDSPAGE and mass spectrometry.
Isothermal titration calorimetry
ITC assays were carried out on a MicroCal ITC-200
isothermal titration calorimeter (Malvern Panalytical), and
thermodynamic parameters were analyzed using the MicroCal ORIGIN software. The ligands (peptides, GDP, or Ca2+CaM) were diluted in Hepes buffer (see puriﬁcation) to a
concentration of 500 μM (peptides), 300 μM (GDP), or
670 μM (Ca2+-CaM) and placed in the ITC syringe. After an
initial injection of 0.5 μl, 18 regular injections of 2 μl were
added to 20 μM Ca2+-CaM or 35 μM P2X7BD in the
sample cell. Each injection was interspaced by 150 s, and the

Analytical SEC
Puriﬁed P2X7BD (250 μM) was mixed with 5× excess of
puriﬁed Ca2+-CaM (1250 μM) and incubated on ice for
30 min. The mixture was gel ﬁltrated on a Superdex S200
increase 10/300 column (Cytiva) using Hepes buffer (20 mM
Hepes pH 7.5, 150 mM NaCl, 5 mM CaCl2). Fractions of
the peaks were analyzed by SDS-PAGE and mass
spectrometry.
Nano differential scanning ﬂuorimetry
Thermal protein unfolding was measured using a
nanoDSF differential scanning ﬂuorimeter (Prometheus,
NanoTemper Technologies) allowing to monitor intrinsic
tryptophan ﬂuorescence. P2X7BD at a concentration of
20 μM was mixed with varying concentrations of GDP as
well as Ca2+-CaM. A thermal gradient from 20 to 95  C
with a heating rate of 1  C/min was applied. All measurements were performed in triplicates (two biological replicates with three technical replicates each), and the ratio
from ﬂuorescence intensities measured at 350 nm and
330 nm was calculated in order to determine the melting
temperatures of the complexes.
Size-exclusion chromatography small-angle X-ray scattering
SEC-SAXS measurements were performed on the Bio-SAXS
beamline P12 on the storage ring PETRA III (DESY). Samples
were chromatographically separated using an S200 increase 5/
150 column in Hepes buffer (see puriﬁcation) before the
measurement. SEC-SAXS data analysis was performed with
CHROMIXS (30) as part of the ATSAS 3.0 package (31). Peaks
were assigned based on the SEC information from the puriﬁcation process. Rg, Porod volumes, and MW estimates were
obtained from buffer subtracted scattering curves using the
Guinier approximation (31). The distance distribution function (P(r)) and the Dmax were calculated from the entire
scattering curve using the program GNOM (32). CRYSOL (33)
was used to compare the experimental with theoretical scattering curves. Furthermore, ab initio models were generated
using DAMMIF (34).
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Data availability
SAXS datasets were deposited in the SASBDB (access codes
SASDPD4/SASDPE4/SASDPF4). All other data are available
from the lead author upon reasonable request.
Supporting information—This
information.
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