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The human P2X1 receptor (hP2X1R) is a trimeric ligand-gated ion channel opened by extracellular ATP. The intracellular amino 
and carboxyl termini play significant roles in determining the time-course and regulation of channel gating—for example, the 
C terminus regulates recovery from the desensitized state following agonist washout. This suggests that the intracellular 
regions of the channel have distinct structural features. Studies on the hP2X3R have shown that the intracellular regions 
associate to form a cytoplasmic cap in the open state of the channel. However, intracellular features could not be resolved in 
the agonist-free apo and ATP-bound desensitized structures. Here we investigate the organization of the intracellular regions 
of hP2X1R in the apo and ATP-bound desensitized states following expression in HEK293 cells. We couple cysteine scanning 
mutagenesis of residues R25-G30 and H355-R360 with the use of bi-functional cysteine reactive cross-linking compounds of 
different lengths (MTS-2-MTS, BMB, and BM(PEG)2), which we use as molecular calipers. If two cysteine residues come into 
close proximity, we predict they will be cross-linked and result in ∼66% of the receptor subunits running on a Western blot 
as dimers. In the control construct (C349A) that removed the free cysteine C349, and some cysteine-containing mutants, 
cross-linker treatment does not result in dimerization. However, we detect efficient dimerization for R25C, G30C, P358C, 
K359C, and R360C. This selective pattern indicates that there is structural organization to these regions in the apo and 
desensitized states in a native membrane environment. The existence of such precap (apo) and postcap (desensitized) 
organization of the intracellular domains would facilitate efficient gating of the channel.
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Introduction
Extracellular ATP acting at cell surface P2X receptors (P2XRs) 
plays an important role in a variety of physiological and patho-
physiological conditions (Kaczmarek-Hájek et al., 2012). There 
are seven mammalian genes encoding P2XR subunits (P2X1-7; 
Surprenant and North, 2009). The expression pattern of these 
is tissue-specific, and it is clear that defined P2XRs have distinct 
roles, raising their therapeutic potential. For example, P2X1Rs 
are involved in thrombosis (Hechler et al., 2003) as well as neu-
trophil activation (Lecut et al., 2012), and blocking P2X3R activ-
ity is an effective treatment for cough (Abdulqawi et al., 2015). 
The P2XR subunits assemble to form homo- and heterotrimeric 
channels often with distinct properties in terms of agonist sensi-
tivity and/or the time-course of the response. For example, P2X1 
and P2X3Rs have EC50 values of ∼1  µM ATP, and evoked cur-
rents decay rapidly (<1 s) in the continued presence of agonist 
(Kaczmarek-Hájek et al., 2012). In contrast, P2X7Rs have milli-
molar sensitivity to ATP, responses that increase in amplitude to 
subsequent applications, and currents that do not decay during 
continued agonist application (Roger et al., 2010). Variations in 
the extracellular ligand binding region of the receptor contrib-
ute to differences in agonist sensitivity (Young et al., 2007). The 

first information on the molecular mechanisms regulating the 
time-course of responses came from work looking at splice vari-
ants of the P2X2R showing that the absence of a section of the 
intracellular carboxyl terminus sped the decay of ATP-evoked 
currents (Brändle et al., 1997; Simon et al., 1997). Studies have 
shown subsequently that both the amino and carboxyl termini 
contribute to the time-course of responses (Boué-Grabot et al., 
2000), not only the rate of desensitization but also recovery 
from the desensitized state (Allsopp and Evans, 2011; Allsopp et 
al., 2013). In addition, the transmembrane domains can regulate 
the time-course of the response, and there is evidence that this is 
linked to changes in the intracellular regions (Werner et al., 1996; 
Allsopp and Evans, 2011).

The crystallization of the zebrafish P2X4R was a major ad-
vance and allowed a molecular understanding of a range of prop-
erties of the receptors, e.g., agonist binding and the location of 
the channel gate (Kawate et al., 2009; Hattori and Gouaux, 2012). 
However, structural information regarding the intracellular do-
mains was still elusive due to the truncation of the intracellular 
regions required for crystallization. Recently, a series of struc-
tures of the hP2X3R have been published using a construct with 
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longer intracellular regions (Mansoor et al., 2016). The hP2X3R 
shows rapid desensitization, but introduction of mutations in 
the amino terminus resulted in a receptor that showed an ini-
tial peak response to ATP that then declined to a sustained level 
∼10% of the peak response (Hausmann et al., 2014; Mansoor et 
al., 2016). By comparing different conditions and constructs, a 
gating cycle of the hP2X3R has been proposed. The ATP-bound 
structure with the mutations in the amino terminus shows an 
open transmembrane channel gate and an intracellular cytoplas-
mic cap formed from the interaction of the amino and carboxyl 
termini. No structural information on the intracellular termini 
could be resolved in the apo or desensitized states, leading to the 
suggestion that these regions are flexible and disordered. How-
ever, given the complex interdigitated assembly of the amino and 
carboxyl termini, the question arises how the cap forms quickly 
and efficiently in order to give rapid channel openings. One pos-
sibility is that there is some structural organization of the intra-
cellular regions in the apo and desensitized states but that this 
could not be resolved under the conditions used for crystalliza-
tion of the hP2X3R.

P2XRs have been shown to interact with a range of signaling 
molecules and proteins that can modify channel function (e.g., 
Kim et al., 2001; Chaumont et al., 2008; Lalo et al., 2011, 2012). In 
addition, the lipid composition of the membrane also regulates 
channel properties (Fujiwara and Kubo, 2006; Bernier et al., 2013; 
Murrell-Lagnado, 2017). For the hP2X1R, the intracellular regions 
have been shown to be involved in this regulation (Allsopp et al., 
2010; Lalo et al., 2011, 2012), suggesting that cellular regulatory 
factors/accessory proteins play important roles in the struc-
tural integrity of the hP2X1R. Therefore, we wanted to obtain 
molecular information on the intracellular regions of hP2X1Rs 
expressed in as native an environment as possible. To do this, we 
looked at the ability of membrane-permeant bi-functional cys-
teine reactive compounds to cross-link cysteine point mutations 
introduced into the intracellular juxta-transmembrane domains 
of hP2X1Rs expressed in HEK293 cells. These studies highlighted 

a pattern of cross-linking that suggests some structural organi-
zation in both the apo and desensitized states.

Materials and methods
Site-directed mutagenesis
Cysteine point mutations were introduced via the QuikChange 
mutagenesis kit (Stratagene) using the hP2X1R plasmid as the 
template, as described previously (Roberts and Evans, 2007). 
DNA sequencing (Automated ABI Sequencing Service, Univer-
sity of Leicester, Leicester, UK) verified the absence of coding 
errors and incorporation of the correct mutations in the P2X1 
mutant constructs.

Cell culture and plasmid transfection
To express the hP2X1Rs, the constructs were transfected into 
HEK293F cells (Invitrogen, Thermo Fisher Scientific UK Ltd; 
Watson et al., 2016). To transfect 100 ml of cells, 100 µg of each 
construct was diluted in 10 ml PBS (Sigma-Aldrich) and vortexed, 
and 0.2 mg 25 kD branched polyethylenimine (Sigma-Aldrich) 
added. This mixture was vortexed and incubated for 20 min at 
room temperature. This was then added to cells at a final den-
sity of 106 cells per milliliter. Cells were collected after 48 h and 
washed in PBS (adjusted to pH 7.0 to aid cross-linker specificity) 
by centrifugation. The cells were resuspended in PBS and divided 
equally between the experimental conditions. In some experi-
ments, HEK293 cells were transfected in six-well plates using li-
pofectamine (Allsopp and Evans, 2015). Cells were preincubated 
in either 3.2 U/ml−1 apyrase or 300 µM ATP (Sigma-Aldrich) for 
10 min at room temperature with gentle rocking. Cross-linking 
experiments were performed on intact cells expressing recombi-
nant hP2X1Rs. The cells were incubated in 300 µM cysteine-re-
active cross-linker, 1,2-ethanediyl bismethanethiosulfonate 
(MTS-2-MTS; Santa Cruz Biotechnology), 1,4-bismaleimidobu-
tant (BMB), or 1,8-bismaleimido-diethyleneglycol (BM[PEG]2; 
Thermo Fisher Scientific), or DMSO (vehicle control) for 30 min 

Figure 1. Cysteine reactive cross-linkers dimerize subunits. (A) Model of the hP2X1R showing the location of the G30C mutation (black spheres). The three 
subunits are shown in gray, light blue, and light pink. (B) Chemical structures of BMB and BM(PEG)2. The lower panel shows how BM(PEG)2 can cross-link two 
cysteine residues. (C and D) Representative blots from HEK293F cells transfected with hP2X1 C349A (C) and G30C C349A (D), treated with 3.2 U/ml−1 apyrase, 
then cysteine-reactive cross-linker or DMSO (apyrase only). Cells transfected with C349A (C) showed intense bands at ∼55 kD but did not show any distinct 
bands at ∼110 kD in any condition, indicating no dimerization of these subunits. Cells transfected with G30C C349A (D) showed robust bands at ∼55 kD and 
faint bands at ∼110 kD in apyrase only. The intensity of the ∼55-kD band decreased and the intensity of the ∼110-kD band increased with the addition of the 
cysteine cross-linkers, suggesting dimerization of the subunits.
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in the presence of apyrase or ATP at room temperature with 
gentle rocking. For some studies, surface hP2X1Rs were isolated 
using sulfo-NHS-LC-biotin (as described previously; Ennion 
and Evans, 2001). Any unbound cross-linker reactivity was then 
quenched by adding an excess volume of 10 mM cysteine in PBS. 

Cells were centrifuged and the pellet was lysed in buffer contain-
ing 50 mM Tris base, 150 mM NaCl, and 10 mM N-ethylmaleim-
ide (NEM), pH 8.0, with 10 µl/ml−1 protease inhibitor cocktail 
(Sigma-Aldrich). The lysate was centrifuged and supernatant 
retained for SDS-PAGE analysis.

Sample preparation and SDS-PAGE
Cleared supernatants were combined with an equal volume of 
SDS sample buffer, boiled at 95°C for 5 min, then centrifuged for 
5 min. Samples and 10 µl of biotinylated protein ladder (New 
England Biolabs) were loaded onto 10% SDS-PAGE gels. The gels 
were electrophoresed at 120 V for 140 min to ensure suitable sep-
aration of any higher-molecular-weight protein complexes. The 
separated proteins were transferred to nitrocellulose membrane 
(GE Healthcare, VWR International Ltd) at 100 V for 60 min. To 
confirm protein transfer, membranes were stained with Ponceau 
S solution (Sigma-Aldrich), then washed with Tris-buffered sa-
line with Tween 20 (TBST). Membranes were incubated over-
night in 5% nonfat milk TBST at 4°C with constant agitation, then 
washed with TBST. Proteins were identified by using rabbit anti–
P2X1 (1:500; Alomone) then horseradish peroxidase-conjugated 
(HRP) goat anti-rabbit (1:2,000; Sigma-Aldrich) with antibiotin 
HRP (1:1,000, New England Biolabs). All antibodies were diluted 
in 5% nonfat milk TBST, incubated for 60 min at room tempera-
ture, and washed thoroughly with TBST after each incubation. 
The protein/antibody complexes were visualized by chemilu-
minescent detection. Membranes were incubated in Amersham 
ECL prime (GE Healthcare) for 5 min before the excess solution 
was removed. The membranes were wrapped in cling film and 
scanned using the chemiluminescent detection settings of the 
Typhoon Trio+ imager (GE Healthcare).

Patch clamp recording of hP2X1R currents
Whole cell patch voltage clamp recordings were made from 
HEK293 cells cotransfected with hP2X1R mutant DNA 0.45 µg 
and 0.05 µg of DNA for GFP. After 24 h of incubation, cells were 
plated onto 13 mm coverslips and left to grow in Dulbecco's Mod-
ified Eagle's Medium (DMEM) until recordings were made. Fol-
lowing transfer of the coverslip to the recording chamber, they 
were perfused continuously with an extracellular solution con-
taining (in mM) 150 NaCl, 2.5 KCl, 2.5 CaCl2, 1 MgCl2, 10 HEP ES, 
and 10 glucose (pH to 7.3 with NaOH). ATP (100 µM) was applied 
with a U-tube perfusion system. Membrane currents from flu-
orescent cells expressing GFP and hP2X1Rs were recorded at a 
holding potential of −70 mV (corrected for tip potential) using 
an Axopatch 200B amplifier (Molecular Devices). Data were low 
pass–filtered at 1 kHz, digitized at a sampling interval of 200 µs, 
and acquired using a Digidata 1200 analogue-to-digital converter 
with pClamp 9.2 acquisition software (Molecular Devices). Patch 
pipettes were filled with internal solution composed of 140 mM 
potassium gluconate, 10 mM EGTA, 10 mM HEP ES, 5 mM NaCl 
(pH 7.3, adjusted with KOH), and had resistances in the range 
of 2–6 megohms.

Densitometry analysis
ImageJ (National Institutes of Health) was used to measure any 
changes in molecular weight following cross-linker exposure. 

Figure 2. Cross-linking can be prevented by cysteine residue blockade. 
(A) Representative blots from HEK293F cells transfected with hP2X1 C349A 
and G30C C349A, treated with 3.2 U/ml apyrase only, apyrase then BMB, or 
apyrase then NEM followed by BMB. Cells transfected with C349A showed 
intense bands at ∼55 kD but did not show any distinct bands at ∼110 kD in 
any condition, indicating no dimerization of these subunits. Cells transfected 
with G30C C349A showed the intensity of the ∼55 kD band decreased and 
the intensity of the ∼110 kD band increased with the addition of BMB, sug-
gesting dimerization of the subunits. Prior treatment with NEM showed no 
enhancement of the ∼110 kD band in the presence of BMB. This shows that 
NEM treatment prevents BMB from accessing the introduced cysteine residue 
and inhibits dimerization. The outline shows lanes taken from different mem-
branes. (B) Example blots from cells transfected with either G30C C349A or 
N284C C349A, and treated with either apyrase only or apyrase with BM(PEG)2. 
The mutation N284C did not show an enhancement of the ∼110 kD band with 
BM(PEG)2 treatment, suggesting these residues cannot be cross-linked. The 
dotted line indicates where lanes have been removed for clarity. (C) Homol-
ogy models of two hP2X1 N284C receptors, showing that N284C (gray sticks) 
from two separate receptors could be within ∼13 Å of each other without the 
receptors clashing, as shown by line, while G30C were ∼51 Å apart. The two 
models were arranged manually to minimize the N284-N284 and G30-G30 
distances while keeping the central axes of both models perpendicular to the 
membrane plane.
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Briefly, the whole length of each lane of the membrane image was 
analyzed, and pixel density for each band present was measured. 
The percentage of the total pixel density of the band at ∼100–120 
kD was then calculated as the percentage of the P2X1R subunits 
that had dimerized. Data collected from densitometry analysis 
are shown as mean ± SEM with histograms plotted using Graph-
Pad Prism 7 (GraphPad Software). Any differences between the 
means were determined by one-way ANO VA with the Bonferroni 
posttest (n ≥ 3 for all average data). Actual P values from the fig-
ures are given in Table S1.

Molecular modeling
Models of the hP2X1R in the closed state including the intracel-
lular region were built using a hybrid modeling approach in ROS 
ETTA v3.4 (Das and Baker, 2008). The extracellular and trans-
membrane regions of the hP2X1R were built by comparative 
modeling based on the hP2X3R crystal structure in the closed 
state (PDB accession no. 5SVJ) using C3 symmetry constraints, 
a fragment library based on the P2X1R sequence obtained from 
the ROB ETTA server, the target-template sequence alignment, 
and the boundaries of transmembrane helices. Residues 10–26 
and 358–374 were added via ab initio modeling. Combining com-
parative and ab initio modeling used different Rosetta modules 
and constraint types such as RosettaMembrane (Yarov-Yarovoy 
et al., 2006), symmetry and distance constraints, and the Rigid-

ChunkClaimer class for constraining the extracellular and 
transmembrane regions during the modeling process. This was 
achieved using the Rosetta Broker tool (Porter et al., 2015). In 
additional runs, Cα-Cα distance constraints (setting: harmonic, 
weight 10) derived from cross-linking of cysteine mutants were 
included. For each run, 20,000 models were generated, scored 
using the Rosetta Score function, and ranked. For all runs, the 
10% top-ranking structures were clustered based on the intra-
cellular region using the hierarchical clustering option in cpptraj 
(Roe and Cheatham, 2013). The best-scoring structures from the 
largest 10 clusters were visualized and analyzed with respect to 
the cross-linking data. Normal mode analysis was performed for 
the extracellular regions and the transmembrane (TM) domain 
of the hP2X1R model in the closed state using iMOD with default 
settings (Lopéz-Blanco et al., 2011). For open/closed state com-
parisons, a homology model of the hP2X1R trimer in the ATP-
bound, open state was built in MOD ELL ER 9.15 (Webb and Sali, 
2016) using hP2X3R (PDB accession no. 5SVK; sequence identity 
between hP2X1R and hP2X3R: 47%) as template.

Online supplemental material
Table S1 contains adjusted P values from ANO VA of dimer for-
mation. Figure S1 shows residue–residue distance distributions 
calculated from ab initio modeling. Video 1 illustrates dynamics 
of the TM helices derived from normal mode analysis. File S1 
contains the P2X1R/P2X3R pairwise sequence alignment used 
for homology modeling.

Results
Cross-links are formed within one P2X receptor trimer
Residue specific cross-linking compounds can be used as molecu-
lar calipers to determine distances between defined amino acids 
in proteins. In this study, we have used bi-functional cysteine-re-
active cross-linkers with lengths (sulphhydryl to sulphhydryl) of 
5.2 Å for MTS-2-MTS, 10.9 Å for BMB, and 14.7 Å for BM(PEG)2. 
In the WT hP2X1R, there are 10 cysteine residues in the extracel-
lular loop that form five disulphide bonds and so are unavailable 
for cross-linking (Ennion and Evans, 2002; Kawate et al., 2009). 
In addition, there is a single cysteine residue in the second trans-
membrane region at position 349. Mutation of this cysteine to 
alanine (C349A) had no effect on ATP-evoked responses. When 
the hP2X1R is run on a Western blot, it runs predominantly as a 
monomer (molecular weight, ∼55 kD; Ennion and Evans, 2002). 
At the C349A hP2X1R mutant following treatment with the cross-
linkers MTS-2-MTS, BMB, or BM(PEG)2 (300 µM for 30 min), 
there was no change in the proportion of the receptor on the gel 
running as a dimer (2.1 ± 0.86, 0.78 ± 0.41, 0.8 ± 0.54, and 0.6 
± 0.19% for apyrase control, MTS-2-MTS, BMB, and BM(PEG)2 
respectively; Fig. 1). This shows that there are no free cysteine 
residues in the C349A mutant hP2X1R and that the C349A mutant 
can be used as a suitable background for testing the effects on 
introduced cysteine point mutants.

Under the control Western blotting conditions used, the 
hP2X1R was detected predominantly at ∼55 kD in accordance 
with the molecular weight of a glycosylated receptor mono-
mer (Ennion et al., 2000). There was negligible dimer forma-

Figure 3. Specific amino-terminal cysteine residues form cross-links. 
(A) Representative blots from HEK293F cells transfected with hP2X1 C349A, 
R25C, N26C, K27C, K28C, V29C, or G30C treated with 3.2 U/ml apyrase, then 
BMB or DMSO (apyrase only). Of the mutants tested, only R25C and G30C 
showed strong enhancement of the ∼110 kD band with BMB treatments. This 
suggests that only R25C and G30C can dimerize within 10.9 Å. Outlines show 
images were taken from the same blot, while the dotted line shows where 
lanes have been removed for clarity. (B) Histogram showing the average 
percentage dimer present for the above mutants tested with all three cross-
linkers. This shows that only R25C and G30C show ∼60% dimerization with 
BMB or BM(PEG)2 treatments. (*, P < 0.05; **, P < 0.01; ***, P < 0.001; n = 3–5).
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tion following treatment with bi-functional cysteine reactive 
compounds of the C349A hP2X1R consistent with a lack of free 
cysteine residues. However, there was ∼30% of higher-molecu-
lar-weight product. We have previously shown that the hP2X1R 
interacts with a range of proteins e.g., the cytoskeleton and 
HSP90 (Lalo et al., 2011, 2012). The high-molecular-weight prod-
uct, seen following treatment of C349A hP2X1, may therefore 
correspond to cross-linking of interacting proteins, resulting 
in a more stable P2XR “macro-complex.” In addition, for some 
mutants (see next section), e.g., C349A K27C, there was a large 
amount of higher-molecular-weight product, suggesting that 
binding of the cross-linker to the introduced cysteine on the mu-
tant may also directly cross-link with other cellular components.

From the available apo state P2XR crystal structures, there is 
information on the molecular distance between residues at the 
base of the transmembrane regions. We therefore initially tested 
whether the cysteine substitution at glycine 30 (G30C) could be 
cross-linked. G30C was chosen, as based on the hP2X3 homology 
model, the Cys is expected to point toward the central axis of the 
P2XR trimer. This in principle makes it possible to cross-link two 
N-terminal TM helices. The experiments were done in the pres-
ence of apyrase to break down any endogenous ATP and so keep 
the receptor in the apo ligand-free state. If there was cross-link-
ing between subunits, we predict that we would now be able to 

detect receptor dimers on the Western blot. This was the case, 
demonstrating that at some point, the cysteine residues are close 
enough to cross-link (Fig. 1). There is also evidence of a high-
er-molecular-weight band at ∼160–170 kD that we suggest corre-
sponds to the more stable association of the P2X1R trimer (under 
the sample preparation and gel running conditions tested) when 
two subunits are cross-linked. Pretreatment of the G30C C349A 
mutant with NEM should bind any accessible free cysteine resi-
dues and abolished the cross-linking (Fig. 2 A), confirming that 
the cross-linking is cysteine-dependent. Cross-linkers were ap-
plied for 30 min as this was the time recommended on the prod-
uct data sheet. As a control for the effect of application time, we 
directly compared the cross-linking with BMB for 1 min or 30 
min at the G30C C349A mutant. Following 1 min incubation, the 
proportion of dimer was 46 ± 7% and not different from that at 30 
min (53 ± 4%, n = 3 for both). To determine that the dimer corre-
sponds to fully folded and assembled, hP2X1R surface-expressed 
receptors were isolated using sulfo-NHS-LC-biotin. At the cell 
surface, the dimer accounted for 44 ± 9% (n = 6) of the hP2X1R 
and was equivalent to that for total hP2X1R protein (P = 0.23). 
These results suggest that the cysteine-reactive cross-linkers can 
be used as molecular calipers to estimate distances in hP2XRs.

We were interested to see if cross-linking had an effect on the 
properties of hP2X1Rs. As an initial control, we used the C349A 
mutant that was not cross-linked by BMB. ATP (100 µM) evoked 
desensitizing inward currents at the C349A hP2X1R (383 ± 140 
pA, n = 5). However, following treatment with BMB, ATP-evoked 
responses were below the limit of detection. We have previously 
shown that hP2X1Rs are regulated by a range of intracellular pro-
teins and intracellular factors (Lewis and Evans, 2000; Lalo et 
al., 2012). These results suggest that the cross-linker interferes 
with these interactions to inhibit function of the hP2X1R C349A 
receptor (that is not cross-linked), and so it was not possible to 
interpret whether the cross-linkers have an additional effect on 
the G30C C349A mutant (where ATP responses were also abol-
ished following BMB treatment).

The cross-linking of introduced cysteine residues could lead 
to the formation of receptor dimers through inter- and/or intra-
subunit interactions. Analysis of residue distances between two 
homology models of the hP2X1R suggests that it is unlikely that 
G30C mutants in adjacent trimers would come into close enough 
contact to be cross-linked as they are predicted to be ∼50 Å apart 
(Fig. 2). Direct fluorescent labeling of the N284C mutant with 
MTS-TAM RA (Fryatt and Evans, 2014) shows that asparagine res-
idue 284 is on the surface of the receptor. Analysis of homology 
models shows that if adjacent receptors come into close proxim-
ity, cysteine side chains of the N284C mutants can come within 
∼13 Å (Fig. 2). However, the cross-linker BM(PEG)2 (14.7 Å) only 
cross-linked the G30C mutant and not the N284C mutant (Fig. 2). 
Taken together, our results suggest that cross-linking at G30C 
under our experimental conditions is due to binding within the 
trimer and not between adjacent trimers.

Cross-linking of amino-terminal residues 25–30 and carboxyl-
terminal residues 355–360
Our initial studies with G30C confirmed intersubunit dimer 
formation. To study the intracellular juxta-membrane amino 

Figure 4. Specific carboxyl-terminal cysteine residues form cross-links. 
(A) Representative blots from HEK293F cells transfected with hP2X1 C349A 
H355C, I356C, L357C, P358C, K359C, or R360C treated with 3.2 U/ml apyrase, 
then BMB or DMSO (apyrase only). Of the mutants tested, only P358C and 
R360C showed strong enhancement of the ∼110 kD band with BMB treat-
ments. This suggests that only these residues can dimerize within 10.9 Å. 
Boxes show images were taken from the same blot while the the dotted line 
shows where lanes have been removed for clarity. (B) Histogram showing the 
average percentage dimer present for the above mutants tested with all three 
cross-linkers. This shows that only P358C and R360C show 40–60% dimeriza-
tion. (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; n = 3–5).
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termini, we have looked in detail at residues R25-G30 with the 
cross-linkers MTS-2-MTS (5.2 Å), BMB (10.9 Å), and BM(PEG)2 
(14.7 Å; Fig. 3). For all of the individual cysteine point mutants, we 
have previously shown that they have no effect on peak current 
amplitude, ATP sensitivity, and <2-fold change in the time-course 
of desensitization (Wen and Evans, 2009). If there is efficient 
cross-linking within a trimer, then 66% of the subunits (inten-
sity on the Western blot) should be detected as a dimer. The most 
significant levels of cross-linking were found for G30C and R25C. 
At the G30C mutant, there was ∼60% dimer following treatment 
with BMB and BMB(PEG)2, indicating efficient cross-linking. 
With the shorter cross-linker MTS-2-MTS, ∼33% dimer was de-
tected (31.2 ± 4.9%, P = 0.018), demonstrating that the residues 
at position 30 come into closer apposition less frequently. High 
levels of dimerization are seen for the R25C mutant for all three 
cross-linkers, and in this case, the shorter cross-linker MTS-2-
MTS is equally effective. In contrast, there was essentially no 
cross-linking (≤10% of dimerization) for K28C. Dimer forma-
tion was intermediate for the remaining mutants N26C, K27C, 
and V29C, with a trend to greater dimer formation the longer 
the cross-linker.

To gain equivalent information for the intracellular jux-
ta-membrane carboxy termini, we extended our cross-linking 
study to the residues H355-R360. Mutation of the individual 
residues in the run 355–360 had little or no effect on basic chan-
nel properties (≤2-fold decrease in peak current amplitude for 
H355C, K359C, and R360C (with no effect on surface expression) 
and no change in ATP sensitivity and little or no effect on the 

time-course except for R360C that showed a >2-fold increase in 
the rate of desensitization (unpublished data and Wen and Evans, 
2011) and therefore function essentially normally. At the H355C 
and I356C mutants, there was a significant amount of cysteine 
cross-linking: ∼20% dimer with BM(PEG)2 (Fig. 4). No significant 
increase in dimerization was seen for any of the cross-linkers at 
L357C. At the P358C mutant, all three cross-linkers produced a 
significant increase in dimerization. BMB and BM(PEG)2, but 
not the shorter MTS-2-MTS, increased dimerization at K359C 
and R360C mutants. The most significant level of cross-linking 
was found for R360C.

Cross-linking of the amino and carboxyl termini in the 
desensitized state
The P2X1R shows desensitization within ∼1–2s of continued 
agonist exposure. A crystal structure of the hP2X3R is available 
in the desensitized state, and like the apo state, no structure 
associated with the intracellular regions could be resolved. To 
map any structural features associated with the desensitized 
state, we repeated the cross-linking of cysteine residues R25-
G30 and H355-R360 following treatment with ATP to drive the 
hP2X1R into the desensitized state. The pattern of cross-linking 
seen was essentially the same as that for the apo form of the re-
ceptor (Fig. 5).

Structural framework for analysis of cross-links
Structural information for extracellular and TM regions of the 
hP2X1R in the closed state can be derived based on homology to 
the closed state x-ray structure of the hP2X3R. For the intracel-
lular termini in the closed state, no such information is avail-
able from x-ray structures, hence residues 10–26 and 358–374 
were modeled ab initio in Rosetta. This results in a diverse set of 
clusters of models with substantial variation in the intracellu-
lar region. Common features were short elements of secondary 
structure; for instance, an α-helical region for residues 360–367 
was found in most clusters oriented perpendicular to the mem-
brane (albeit in different orientations) with side chains of Y362 
and Y363 interacting with the membrane. For the N-terminal re-
gion, two short antiparallel β-strands (residues 13–15 and 21–23) 
were commonly found. The models of the intracellular regions 
were used to provide a range of plausible distances Cα-Cα be-
tween intracellular residues of different subunits within sym-
metric structures (Fig. S1) that could be compared with distances 
from experimental cross-links.

Discussion
Position specific cross-linking suggests 
structural organization
For the cysteine mutants R25C, G30C, and R360C treated with 
cross-linkers, the hP2X1R dimer accounted for ∼60% of the pro-
tein. This is consistent with the formation of an intersubunit 
cross-link. For some mutants, e.g., K27C and K359C, there was 
intermediate cross-linking, but there was no significant dimer 
formation for, e.g., K28C and L357C. The level of cross-linking is 
dependent on the location of the cysteine residue and highlights 
“cross-linking patterns” for the sequence stretches R25C-G30C 

Figure 5. Specific amino and carboxyl-terminal cysteine residues form 
cross-links with ATP pretreatment. (A) Histogram showing the average per-
centage dimer present for R25C to G30C tested with all three cross-linkers 
in the presence of 300 µM ATP. This shows that only R25C and G30C show 
40–60% dimerization. (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 
0.0001, n = 3–5). (B) Histogram showing the average percentage dimer pres-
ent for H355C to R360C tested with all three cross-linkers in the presence of 
300 µM ATP. This shows that only P358C and R360C show 40–60% dimeriza-
tion. (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; n = 3–5).
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and H355C-R360C in both the apo and desensitized states. The 
patterns found in R25C-G30C (Fig. 3) and H355C-R360C (Fig. 4) 
would not be expected if these regions were fully disordered. 
This suggests that there is some structural organization to both 
the juxta-membrane amino and carboxyl termini that favors 
cross-linking of some cysteine mutants and blocks cross-link-
ing in others. The detection of organization in the intracellular 
domains of the hP2X1R at rest contrasts with the crystallization 
of the hP2X3R in the apo state (Mansoor et al., 2016). In that 

structure, the intracellular regions were not resolved, suggest-
ing a flexible and disordered arrangement (Mansoor et al., 2016). 
However, it is important to consider that crystallization is de-
pendent on the stability of particular conformations under the 
conditions used. For example, the crystallization of the β2-adre-
noceptor required the inclusion of cholesterol (Cherezov et al., 
2007). There is clear evidence that P2XRs are regulated by the 
lipid environment and cholesterol content (Bernier et al., 2013; 
Murrell-Lagnado, 2017). For the hP2X1R, we have previously 

Figure 6. Visualization of cross-links on structural models. (A) TM1 of the hP2X1R in the closed state and residues 25–29 mutated to cysteines with BMB 
(10.9 Å) as cross-linker. (B) Cartoon representation of TM1 and N-terminal region (one subunit) for an ab initio model with residues 25 in cross-linking distance 
of the hP2X1R in the closed state (gray) and the hP2X1R in the ATP-bound state homology model (black). Main chain atoms for the residues 25–29 are shown 
as spheres, colored in rainbow order; zoom-in box refers to the superimposition of the N-terminal region. (C) Cartoon representation of TM1 and N-terminal 
region (trimer) for the ab initio model of the hP2X1R in the closed state (gray) and the hP2X1R in the ATP-bound state homology model (black). (D) Same 
representation as C but with TM2 and C-terminal region added. (E) Transmembrane region of the hP2X1R G30C homology model in the closed state viewed 
along the membrane. The N-terminal TM-helices are shown in blue, C-terminal TM helices in white. The C30 side-chain is shown as spheres with the cysteine 
sulfur atom in yellow. The red double arrows indicate the actual C30-C30 sulfur-sulfur distance as derived from the homology model (28 Å), and the C30-C30 
sulfur-sulfur distance that is required to accommodate a G30C-G30C cross-link (12 Å). (F) As in E, but rotated by 90°, view perpendicular to the membrane 
from the intracellular side.
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shown that the intracellular juxta-membrane amino terminus 
mediated regulation of the receptor by cholesterol and the cy-
toskeleton (Allsopp et al., 2010; Lalo et al., 2011). Therefore, the 
native membrane environment of the current study may enable 
the stabilization of intracellular structural elements in apo and 
desensitized states.

Cross-links in a structural context
Cross-linking compounds give a measure of the distances that 
can be bridged by the compound and can capture information 
on conformations that a protein can adopt. The distances may 
be shorter or indeed longer than derived from a particular state 
captured by a crystal structure. This reflects the dynamics seen 
in proteins that may not be fully apparent from x-ray structures 
that represent states most stable under the crystallization condi-
tions. For example, Radestock and Forrest (2011) commented on 
the need for additional models of various states to explain experi-
mentally derived distance constraints, which can be shorter than 
expected from x-ray structures. We analyzed the best supported 
cross-links R25C, G30C, and R360C in the context of respective 
distances from structural models.

The ab initio models for the intracellular regions provide a 
range of Cα-Cα distances for R25C-G30C and H355C-R360C 
that can be compared with cross-linking distances (Fig. S1). For 
R25C, the shortest distances found (based on R25 Cα-Cα dis-
tance between different subunits) were 20.5 Å, equivalent to a 
cross-linking distance of 11.9 Å, indicating that such a cross-link 
is feasible within the sampled models. To enhance sampling of 
conformations with R25-R25 distances in the range captured by 
cross-links, we generated an additional set of models incorporat-
ing a 19.5 Å Cα-Cα constraint (equivalent to a 10.9-Å cross-link-
ing distance) for R25C-R25C distances. These constraints did 
not introduce any additional clashes (Fig. S1), and suggest that 
a R25C-R25C cross-link could be accommodated within a sym-
metrical conformation of the P2X1R (Fig. 6). A common feature 
of the R25C constrained models is that the residues preceding the 
N-terminal TM helix are in a position more toward the central 
axis of the P2XR trimer. As for the unconstrained models, two an-
tiparallel β-strands were found formed by L13-T18 and M21-R25, 
and an α-helix in the C-terminal region K359-K367. As one would 
expect for different states of the receptor, such an arrangement is 
different from the conformation found in the open state hP2X3R 
x-ray structure (Fig. 6).

G30 is part of the N-terminal TM, and the position and orien-
tation of G30C can be derived by structural homology to hP2X3R 
in the closed state (PDB accession no. 5SVJ). Within the closed 
state hP2X1R G30C model, the distance between two sulfur atoms 
from G30C is ∼30 Å. To probe to what extent shorter G30C-G30C 
distances could be accommodated within the C3-symmetry found 
in the experimentally determined P2XR structures, the Rosetta 
modeling process was rerun with distance constraints on all G30 
pairs within hP2X1R. This approach did not result in any physi-
cally meaningful models as indicated by increased Rosetta scores 
compared with the unconstrained model (Fig. S1). Structurally, 
any substantial concerted inward movement of the N-terminal 
TM helices is limited by the positioning of the C-terminal TM 
helices, and these have little space for tighter packing in the cen-

ter of the pore. To explore whether the G30C-G30C cross-link 
might capture a transient dynamic movement of N-terminal TM 
helices, we performed normal mode analysis of the hP2X1R ho-
mology model based on the closed state of hP2X3R. Indeed, the 
first normal mode shows movement of the TM helices relative 
to each other, thereby reducing one of the G30C-G30C distances 
by ∼5 Å (Video 1). However, the extent of this movement is not 
sufficient to explain the actual cross-link (Fig. 6), indicating that 
the TM domain may be more dynamic/less stable than one might 
expect from the static x-ray structures. Unfolding of the entire 
N-terminal region could explain the G30C-G30C cross-link. 
However, this seems unlikely, as then one would expect to see, 
e.g., V29C-V29C cross-linking, and this is not found. How far the 
observed G30C-G30C cross-link formation reflects transient lo-
calized unfolding around G30C, protein dynamics, “capturing a 
rare event,” or a combination thereof remains to be determined.

The minimum distance between two R360C residues (Cα-Cα) 
in the symmetrical unconstrained models of the intracellular 
region is 40.5 Å (equivalent to a cross-link distance of 31.9 Å). 
Enforcing Cα-Cα distances of 23.3 Å (equivalent to cross-link dis-
tance 14.7 Å) increased the Rosetta Score substantially, indicating 
that such structures are physically unlikely (Fig. S1). This points 
to a scenario where the R360C cross-link may reflect a transient 
conformation not sampled in the constrained ab initio modeling.

Functional implications
One of the key findings from the crystallization of the hP2X3R 
was the detection of the intracellular cap in an ATP-bound form 
of the receptor with the channel gate open. The cap forms from 
complex interactions of the intracellular termini and has been 
described to be important for/as a conduit for ionic permeation. 
This is consistent with several previous mutagenesis studies. For 
example, for the hP2X1R, residues 27–29 when changed to the 
equivalent hP2X2R residues produced a slowing in desensitiza-
tion (Allsopp and Evans, 2011). At the C terminus, swapping the 
region from R360 to Q365 for those in the hP2X2R made desen-
sitization of the hP2X1R even faster, and recovery of the hP2X1R 
R360N mutant was 10-fold longer than for the WT (Allsopp et al., 
2013). In addition, voltage clamp fluorometry studies that mea-
sured real-time movement in the extracellular ligand binding 
domain of the hP2X1R demonstrated that rearrangements in the 
extracellular domain on agonist washout occurred more slowly 
than the recovery from desensitization (Fryatt and Evans, 2014). 
These findings suggest that the differences seen, e.g., in desensi-
tization kinetics above are a consequence of the dynamics of cap 
formation, and the equilibrium of states and conformations in 
the intracellular region.

For efficient channel gating, the intracellular cap of the open 
state needs to fold quickly and efficiently. One way for this to be 
facilitated would be by having preformed elements in the apo 
state of the receptor. Our data indeed indicate that such a “pre-
cap” structure may exist for the hP2X1R. Similar considerations 
apply to the ATP-bound desensitized state. In the respective 
hP2X3R x-ray structure (PDB accession no. 5SVL), the channel 
gate adopts a closed structure, and the cytoplasmic cap or, in-
deed, any structural organization of the intracellular domains 
could not be detected. In the current study, we were able to de-
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tect essentially the same cross-linking pattern in the desensitized 
receptor as found for the apo form of the receptor, which indi-
cates there may be a “postcap” organization of the intracellular 
juxta-membrane regions in the desensitized state. A functional 
model for the intracellular region emerges where ATP-induced 
conformational change and rigidification of the extracellular do-
main are followed by opening of the channel and “full” cytoplas-
mic cap formation. On desensitization, the channel closes and 
the cytoplasmic cap transitions to the “postcap” state. Following 
ATP washout, the receptor then returns to the “precap” apo state.

In summary, our data suggest that when expressed in the na-
tive membrane environment of HEK cells, there is structural or-
ganization of the intracellular domains of the hP2X1R in the apo 
and desensitized states that is likely to contribute to the efficient 
gating of the channel. Future work will need to establish the in-
tricate nature of states and transitions in the intracellular region. 
Recent development of techniques using artificial fluorescent 
amino acids may enable the use of voltage clamp fluorometry 
to study simultaneously the interplay between local structural 
rearrangements and functional electrophysiology in the native 
membrane environment in real time (Gordon et al., 2018).
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