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an integral role in the channel function of P2X7 receptors
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P2X receptors are a class of nonselective cation channels
widely distributed in the immune and nervous systems, and
their dysfunction is a significant cause of tumors, inflamma-
tion, leukemia, and immune diseases. P2X7 is a unique mem-
ber of the P2X receptor family with many properties that differ
from other subtypes in terms of primary sequence, the archi-
tecture of N- and C-terminals, and channel function. Here, we
suggest that the observed lengthened B2- and B3-sheets and
their linker (loop f2,3), encoded by redundant sequences, play
an indispensable role in the activation of the P2X7 receptor.
We show that deletion of this longer structural element leads
to the loss of P2X7 function. Furthermore, by combining
mutagenesis, chimera construction, surface expression, and
protein stability analysis, we found that the deletion of the
longer B2,3-loop affects P2X7 surface expression but, more
importantly, that this loop affects channel gating of P2X7. We
propose that the longer f2,3-sheets may have a negative reg-
ulatory effect on a loop on the head domain and on the
structural element formed by E171 and its surrounding regions.
Understanding the role of the unique structure of the P2X7
receptor in the gating process will aid in the development of
selective drugs targeting this subtype.

P2X receptors are ligand-gated nonselective cation channels
activated by extracellular ATP (1, 2). To date, seven subtypes
of the P2X receptor family have been identified as P2X1-P2X7
(1, 3-7). Among them, P2X7 has many features that differ
from other P2X subtypes, such as the fact that P2X7 requires
very high concentrations of ATP for activation and has an
ECso value (the concentration that produces half of the
maximal response) of approximately 0.3 to 1 mM under
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normal physiological conditions (2 mM extracellular Ca** and
1 mM extracellular Mg**), whereas the ECs, values of other
subtypes are generally around 0.5 to 10 pM (8). In terms of the
channel desensitization of P2X receptors, P2X1 and P2X3
desensitize very quickly (milliseconds) after saturating ATP
applications, whereas P2X2 and P2X4 are relatively slow
(seconds); P2X7 does not desensitize at all (9, 10), even though
prolonged activation leads to pore dilation of P2X7, allowing
permeation of small molecules with molecular weights up to
900 Da (11, 12). The aforementioned unique properties make
P2X7 considered as the most special member of the P2X
family compared to other subtypes.

P2X7 receptors are involved in many physiopathological
functions, particularly its expression in lymphocytes, macro-
phages, and microglia, and its role in the immune response
(13). It has been shown that P2X7 receptors are required for
the establishment of long-lived memory CD8" cells (14). P2X7
receptors are expressed in neutrophils, and their activation
leads to activation of nod-like receptor family pyrin domain-
containing 3 inflammasome and secretion of interleukin-1§
(IL-1B) (15), indicating that P2X7 receptors are closely asso-
ciated with inflammation. P2X7 plays a role in allograft
transplant rejection, and inhibition of the P2X7 receptor or the
nod-like receptor family pyrin domain-containing 3 inflam-
masome contributes to the induction of graft tolerance (16).
P2X7 in the central nervous system is involved in the neuro-
degenerative diseases, such as Alzheimer’s disease (17), Hun-
tington’s disease (18), and multiple sclerosis (19). In addition,
P2X7 receptors are inextricably linked to cancer (20) and pain
(21). Therefore, P2X7 receptors are one of the important new
drug targets in recent years (22—24).

The gating mechanism based on the structure of each P2X
receptor subtype has been well studied. The first crystal
structure of the zebrafish P2X4 (zfP2X4) receptor was deter-
mined in 2009 (25), and the structures of several other P2X
subtypes have been determined in the last decade (26—32). The
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The unique role of the longer [32,3-sheet in P2X7

overall three-dimensional (3D) structure of the P2X receptor
and the way that each subunit is folded are essentially the same
for all subtypes: each P2X subtype exhibits a "chalice"-like
trimeric structure containing a large hydrophilic extracellular
structural domain, two transmembrane helices and intracel-
lular termini, and the individual subunits of each P2X subtype
resemble “dolphins”. Nevertheless, the gating differences be-
tween P2X subtypes are not fully understood, especially the
unique P2X7 receptor. In addition to its function and prop-
erties being specific among P2X subtypes, the structure of
P2X7 is unique, starting with the long intracellular N- and C-
terminals of P2X7. The C-terminus of P2X7 is involved in
regulating many functions of the P2X7 receptor, including
protein—protein interactions, phosphorylation, and post-
translational modifications (33). In contrast to other P2X re-
ceptors, the C-terminus of P2X7 has a unique cysteine-rich
region called the "C-cys anchor" that prevents P2X7 receptor
desensitization (30, 34), and approximately 20 amino acid
residues at the C-terminus form a unique structure called the
“cytoplasmic ballast”. The N-terminal of P2X7 is important for
Ca”*-influx (35), channel activation facilitation (34), and the
activation of extracellular signal-regulated kinases (36). In
addition, despite binding the U-shape of ATP and key residues
recognized by ATP (K64, K66, T189, N292, R294 and K311,
rP2X7 numbering) are conserved in the P2X receptor family,
but recent structures have shown that the ATP-binding pocket
of the P2X7 receptor is narrower than that of the human P2X3
(hP2X3) receptor (29, 30). Thus, P2X7 is structurally unique in
many ways compared to other subtypes, and all of these
unique structural elements are associated with functions that
distinguish it from other subtypes.

Here, we find another unique structural element of P2X7.
By comparison of structure and sequence, we found that the
B2 and B3 sheets of P2X7 and their linker (loop P2,3) are
longer compared to other subtypes. The question of whether
the longer 2,3-sheet and loop 2,3 of the P2X7 receptor have
a unique function compared to other P2X receptor subtypes
remains unclear. In this study, we show that the redundant
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sequence between the P2X7 receptor (2,3 and its corre-
sponding structural elements plays an important role in both
expression and channel gating of the P2X7 receptor, which is
unique among the P2X family.

Results

P2X7 receptors have a longer [32,3-sheet that is necessary for
channel activation

Sequence alignment analysis of the P2X receptor family
revealed that residues 73 to 80 of the P2X7 receptor are
redundant compared to other subtypes (Fig. 1C). In the
recently determined resting-state structure of rP2X7 (PDB ID:
6U9V), no stable conformation of this region was observed in
this disordered region; however, in the open state, this region
folded into a longer B2,3 in the cryo-electron microscopic
(Cryo-EM) structure of the P2X7 receptor than that of the
P2X3 receptor (Fig. 1, A and B and PDB IDs: 6U9W and
5SVK). The superposition of the resting and open states
showed that the longer 2,3 region shifted to the right in the
open state (Fig. 1, A and B).

To verify whether the longer 2,3 structure in the P2X7
receptor is necessary for channel function, we deleted residues
73 to 80 and obtained A(73-80). A(73—80) mutant significantly
reduced the 1 mM ATP-induced currents (70.9 + 57.8 and
250 + 61 pA/pF, for A(73-80) and wildtype, WT, n = 4 and 13,
respectively, p < 0.01, A(73-80) versus WT; Fig. 2, A and B).
We also performed a smaller deletion of this fragment and
obtained three truncations, A(73-74), A(75-76), and
A(77-80), where A(73-74) dramatically decreased the func-
tion of the channel. However, mutations in N73A and N74A at
individual positions did not have as strong an effect as that
caused by deleting both of them (Fig. 2, A and B). Moreover,
the ECsy values of A(73-80) (208.7 + 22.6 uM), A(73-74)
(1762.3 + 5.8 uM), A(75-76) (335.4 + 88.2 uM), E73A (33.9 +
1.7 uM), and N74A (26.6 + 0.2 uM) were significantly changed
compared to rP2X7 WT (98.5 + 37.3 uM) (Fig. 2C). These
results suggest that this redundant structure may not facilitate
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Figure 1. The B2,3-sheet of P2X7 receptor is longer than other subtypes. A and B, a superposition of resting (gray) and open (color) conformations of
rP2X7 (PDB IDs: 6U9W and 6U9V for resting and open states, respectively, A) and hP2X3 (PDB IDs: 55VJ and 5SVK for resting and open states, respectively, B).
The dashed box highlights the $2,3-sheet and its surrounding regions. C, sequence alignment of the P2X receptor family. Black boxes represent redundant

sequences encoding longer (32,3-sheet.
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Figure 2. Deletion of the redundant region 73 to 80 affects the channel function of the rP2X7 receptor. A and B, representation current traces (A) and
pooled data (B) for wildtype (WT) and mutants of rP2X7. The scatter of each open circle represents each measurement (mean * S.D., n = 4-13). **p < 0.01,
*p < 0.05 versus WT, two-way ANOVA with Bonferroni post hoc test (F(6, 66) = 39.56, p < 0.0001). C, dose-response curves of ATP in WT and mutated rP2X7
receptors. Solid lines were fitted by the Hilll equation (mean + S.EM.,, n = 4-7).

interactions with surrounding residues through individual
amino acids but rather participate in channel gating together
as an integrated whole.

In addition to gating modulation, there are many factors
that can affect the maximum current of a channel. First, we
analyzed the membrane expression of these mutants. We
found that A(73-80), A(73-74), A(75-76), and A(77-80) had
significantly reduced numbers of membrane proteins (Fig. 3, A
and B), which suggests that the reduction in the maximum
currents of A(73-80), A(73-74), and A(75-76) channels may
be caused by the reduction in surface expression of channels.
However, there was no significant difference in the surface
expression of these mutants, such as A(73-74), whose
maximum current density was significantly reduced, but
whose membrane expression was the same as that of E73A and
N74A (maximum current density of E73A and N74A was only
slightly lower or not different from that of WT, Fig. 2, A and
B). In addition, the surface/total ratio was also calculated
(Fig. 3C) and correlation analysis showed no correlation be-
tween surface/total ratio and current density (R*> = 0.48, p =
0.08, Pearson’s correlation, Fig. 3D). These results indicate that
some reduction in membrane expression did not contribute
mainly to the reduction in the maximum current density of the
mutants.

In addition, we treated cells transfected with rP2X7 WT and
A(73-80) with cyclohexanone (20 pg/ml) for different times to
see if there was an effect on protein stability. Even after 10 h of
cyclohexanone treatment, the amount of protein was not
affected (Fig. 3, E and F). Once factors of protein surface
expression and stability were excluded, we inferred that the
reduction in the maximum current may be caused by gating
changes in the channel due to the lack of the longer 2,3
structure of P2X7.

E171, a residue near the 32,3-sheet, has an important role in
channel activation that differs from that of other subtypes

The B2,3-sheet in the structure of each P2X receptor is
sandwiched between the upper body domain of the same
subunit and the head domain of the adjacent subunit (Fig. 1, A

SASBMB

and B). In addition, the conformation of the (2,3-sheet of
rP2X7 changed considerably from the resting state to the open
state. In the resting state, the exact conformation cannot be
seen due to insufficient resolution, but it should not be a stable
B-sheet (30). Therefore, residues 73 to 80 of rP2X7 may have a
loose loop-like secondary structure in the resting state, while
in the open state, they form a rigid p-sheet (Fig. 1A4). Notably,
the longer region (residues 73—80) of the 2,3-sheet in P2X7 is
closer to the upper body domain of the same subunit than that
of other subtypes (Fig. 1, A and B). The superposition of the
resting and open state structures of rP2X7 revealed that the
conformation of the loop 168 to 175 (loop 1) in the upper body
domain of the same subunit changed significantly, while the
longer B2,3 shifted to the right, as evidenced by the apparent
flip-flopping of the side chains of amino acids A170, E171, and
E172 (Fig. 4A).

We further mutated each of these three amino acids and
found that mutation of E171A significantly reduced the
function of the channel (3.5 + 1.4 and 314 + 79 pA/pF for
E171A and WT, respectively, p < 0.01, E171A versus WT;
Fig. 4, B and C) even when the concentration of ATP was
increased to 30 mM and it did not further increase the current
density (2.1 £ 1.5 pA/pF for E171A, saturated ATP). E171D, a
mutation with more similar side chain properties, still signif-
icantly impaired channel activation of rP2X7, suggesting a
rigid requirement of this position for rP2X7 activation (112 +
42, 151 £ 60, and 173 + 62 pA/pF after the treatment of 1, 10,
and 30 mM ATP, respectively, in E171D; Fig. 4D). E171D
significantly changed the apparent ATP affinity of rP2X7
(ECs0 = 127 + 41 and 752 + 18 uM for rP2X7 WT and E171D,
respectively; Fig. 4E). In addition, Western blot experiments
showed that E171A did not cause abnormal surface expression
of rP2X7 (Fig. 4, F and G). These results suggest that residue
E171 in the region adjacent to the longer 2,3 region (residues
73-80) is also critical for the gating process of P2X7.

Does E171, like the longer B2,3 redundant region, has a
unique effect on the maximum current of rP2X7 compared to
other members of the P2X family? To explore this idea, we
performed a sequence alignment analysis and found that E171
is highly conserved in the P2X family (Fig. 5A4). Therefore, we
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Figure 3. Deletion of the redundant region 73 to 80 affects P2X7 channel expression but not protein stability. A and B, representative Western
blotting (A) and pooled data (B) of total and surface protein expressions of rPX7 WT and mutant channels. Data are expressed as mean + S.D. (n = 3) at total

or surface level, normalized to WT protein, **p < 0. 01, *p < 0.05 compared to WT, two-way ANOVA with Bonferroni post hoc test (F(6,24)

= 6459, p =

0.0004). C, normalized surface/total ratio of rP2X7 WT and mutant channels (mean + S.D., n = 3), normalized to WT protein; **p < 0. 01 compared to WT,
one-way ANOVA with Bonferroni post hoc test (F(2, 12) = 1.074, p = 0.3724). D, correlation between surface/total ratio and the current density (R>=048, p=
0.08, Pearson’s correlation). E, representative Western blot analysis of total and surface expressions of rP2X7 WT and A(73-80) mutant. HEK-293 cells
expressing WT or A(73-80) were treated with 20 pg/ml CHX, and time-series experiments were performed as indicated. Results were observed in at least
three independent experiments for statistical analysis. F, time response curves (mean + S.D., n = 3) showing protein expression levels at different time points

after incubation with 20 pg/ml CHX.

performed the same point mutation in the identical position
for other P2X subtypes. There are no or only small ATP-
induced currents in the P2X5 and P2X6 subtypes, and thus,
no mutations were made to these two subtypes. In P2X1 to
P2X4, mutations at this position resulted in significant changes
(~10-fold) in the ECsy values of P2X1, P2X3, and P2X4
(ECs0 = 0.67 £ 0.03 and 4.39 + 0.84 pM for P2X1 WT and
E168A, respectively; 0.48 + 0.31 and 0.64 + 0.24 uM for P2X3
WT and E156A, respectively; 7.04 + 4.41 and 52.0 + 18.6 pM
for P2X4 WT and E168A, respectively; Fig. 5, B, F and H). For
the P2X2 subtype, mutation E167A did not affect the ECs of
ATP (ECsp = 24.0 £ 7.8 and 27.5 + 3.9 uM for P2X2 WT and
E167A, respectively; Fig. 5D). Unlike P2X7, none of the mu-
tations in these subtypes altered the maximum current density

4 Biol. Chem. (2022) 298(6) 102002

of ATP (Fig. 5, C, E, G and I), suggesting that E171 of rP2X7
plays a different role in channel function than other subtypes,
at least for P2X1-4.

The longer B2,3-sheet and the linker, loop 2,3, are
functionally interconnected with E171 in the P2X7 receptor

Although both (2,3 and E171 in rP2X7 affect channel gating
and both are specific to the P2X7 subtype, whether the two are
interrelated needs further verification. To address this issue, we
explored the effects of these two regions of P2X7 on channels in
different species, including human P2X7 (hP2X7), panda P2X7
(pdP2X7), dog (dP2X7), guinea pig P2X7 (gpP2X7), mouse
P2X7 (mP2X7), bovine P2X7 (bP2X7), and chicken P2X7

SASBMB



The unique role of the longer 2,3-sheet in P2X7

A B23sheet g Open B C
. Resting ATP 1 mM ATP 30 mM 500
P169 C168 — — — — — E 5
?9.1 11 1 g 400
N | o i >
{ﬁm | | TR0 L g soo{pEm o
K E171 | — | ﬂJ 3 200 ° <
E171 g U \ 5
Loop1 0% T0s S 100 o
G173 "E172
Upper WT  A170L  E171A  E172A  E171D :
body WT A170L E171A E172A
L’I?S e £ 1 mMATPR —-—wr i 8 Total
s = 10 mM ATP 100 81s E
g o m sommarp 09 EI7ID /7 Total ! ™ g Surface .
4000 o i
o o |]° o £os w00 80
@ 5 o © > Surface ° o [
22001 | ° . 70 5 °
z o 03 205
£ S o 40 &
5 ° GAPDH N
© 5 00+ S Eoo
WT E171D 10 1ot/)\TP(1%))o 10000 WT E171A KDa &+ WT E171A
(1]

Figure 4. E171 in the loop one of the upper body domain is essential for channel gating of the P2X7 receptor. A, superimposition of the resting (gray)
and open (blue) states of rP2X7, showing the motion of loop 1 (in the upper domain) and the 32,3-sheet. B and C, representative current traces (B) and
pooled data (C) for WT and E171A. Data are expressed as mean + S.D. (n = 4-6), **p < 0.01, one-way ANOVA with Bonferroni post hoc test (F(3, 13) = 20.42,
p < 0.0001). D, summary of current densities for rP2X7 WT and E171D induced by 1 mM ATP (white), 10 mM ATP (light gray), and 30 mM ATP (dark gray).
Data are expressed as mean + S.D. (n = 4-5), *p < 0.05 and **p < 0.01 versus WT. Student’s t test, p = 0.0139 (1 mM ATP) and p = 0.00568 (10 mM ATP). E,
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(ckP2X7). In these genes, ckP2X7 has a different sequence, i.e., it
does not have a longer [2,3-sheet like other P2X7, and the
identical E171 position is Q159 (Fig. 6A). As expected, the
mutant ckP2X7%* does not affect the maximum current of
this channel (353 + 121 and 387 + 164 pA/pF for ckP2X7?'%94
and ckP2X7%", respectively; p > 0.05, ckP2X7%* versus
ckP2X7%"; Fig. 6, B and C). Since other species have the longer
2,3 and a conserved glutamate at the same position as 171, we
deleted the redundant region of 32,3 and mutated residues at the
corresponding positions of E171 in these species to obtain
pdP2X7A73-80) " L poX7EI7IA  |pox 787380 [poy7EITIA
dP2X727380  qpaX7EI7IA  gppoX7A73E0) g poyEITIA
mP2X747380 mPpaX 71714, bP2X747582) and bP2X7"1 74,
Removing the redundant sequence, pdP2X7*3-%, does not
affect the maximum current of this channel, and therefore, the
mutation in pdP2X757'* does not affect the maximum cur-
rent either (325 + 55 and 260 + 59 pA/pF for pdP2X7*'7** and
pdP2X7%", respectively; pdP2X757 4 versus pdP2X7V7T, p >
0.05; Fig. 6, D and E). As well, the surface/total expression
ratios of pdP2X7%73-8% and pdP2X757'* were comparable to

that of de2X7WT(Fig. 7, A-C). In contrast, deletions

corresponding to rP2X7 are similar in the other five species:
mutations corresponding to the 2,3 redundant region and
E171 position both significantly affect the maximum current of
the P2X7 channel in these species (28.3 + 10.7, 3.5 + 2.6, and
749 + 354 pA/pF for hP2X727380 hpax7E71A  and
hP2X7%7T, respectively, p < 0.01, n = 11, 7, and 7, Fig. 6, F
and G; 731 + 52.7, 65.0 + 36.7, and 222 + 72 pA/pF
for dP2X747389) dpaX757'A and dP2X7%7, respectively,
p <0.01,n=6,4,and 5, Fig. 6, Hand [; 0.54 + 0.54, 41.3 + 28.5,
and 356 + 100 pA/pF for gpP2X727380 gppox 71714 and
gpP2X7¥T, respectively, p < 0.01, n = 3, 4, and 3, Fig. 6, J and
K;91.3 + 20.5, 5.8 + 3.4, and 146 + 12 pA/pF for mP2X74(73-89),
mP2X75 7, and mP2X7Y7, respectively, p < 0.05, n = 4, 4,
and 4, Fig. 6, L and M; 1.5 + 1.7, 4.4 + 3.2, and 185 + 53 pA/pF
for bP2X7A(75’82), bP2X7E173A and bP2X7VT, respectively,
p < 0.01,n =4, 3, and 3, Fig. 6, N and O).

In addition, we examined the membrane expression-to-total
expression ratios of other three different species of P2X7
(dP2X7, mP2X7, and bP2X7) and their corresponding mutants
(dP2X747380  mpoX 7247380 and bP2X74>%Y) by Western
blot. dP2X7273%9 membrane expression was somewhat
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Figure 6. Effects of 73 to 80 and E171 in P2X7 receptors from different species. A, sequence alignment of P2X7 receptors from different species at
positions 171 and 73 to 80 are highlighted in the boxed area. B-O, representative current traces and pooled data of WT and alanine substitutions for P2X7
receptors of different species at equivalent positions: ckP2X7 (chicken P2X7) (B and C), pdP2X7 (panda P2X7) (D and E), hP2X7 (human P2X7) (F and G),
dP2X7 (dog P2X7) (H and /), gpP2X7 (guinea pig P2X7) (J and K), mP2X7 (mouse P2X7) (L and M), and bP2X7 (bovine P2X7) (N and O). Data were presented

as mean + S.D. (n =3-13), **p < 0.01, *p < 0.05 versus WT, student’s t test, p > 0.05 for ckP2X7, one-way ANOVA with Bonferroni post hoc test F(2, 7) =
23.54, p < 0.0001 for hP2X7; F(2, 12) = 11.87, p = 0.0014 for dP2X7; F (2, 7) =

p = 0.1627 for pdP2X7; F(2, 22) =

p < 0.0001 for mP2X7; and F (2, 7) = 42.24, p = 0.0001 for bP2X7.
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2.38,
36.95, p = 0.0002 for gpP2X7; F(2, 9) = 100.5,

SASBMB



The unique role of the longer 2,3-sheet in P2X7

A ; D Es Fe
§2 E30 2.0, g
_ g20 To‘a' r_f \ 8 ETotaI %2.0 °
Ac;t?-F\a S5 Surface 82 4_‘ Total 00 %1 5| Surface 3
< c T4 8_‘ Anti-MYC 0 & g15
5 &1 = 8
Surface 81 s o 100 B 1.0f £
s { Surface o 510
1.2 3
Anti-Flag §' g & Anti-MYC - . e go . §
GAPDH g NO.6| o N Sos
s
€00 Eoo GAPDH ;ES €00 Eoo
o 1@@? &fy@ KDa 2 ﬂ»\r 2 o o v\ﬂ’» o o v“"’p\ KDa 2 e o o vqn}“\
¢ A Q' A
N Q 1 © AP O,
Q‘y-i* & Qes'ﬂ" qum @qrﬁ‘ Q@:“ Q‘\qfd‘ Qg;'ﬁ‘ RN R T g &
2 l Ks
23 B54 & 1] 220
?
g Total g 130 3 B
00§ ] 5 Total $ £
Total 4 5 5 5
. [ [~ @
> 100 £ 8 Surface 130 5 o
Suttoce 1‘ 8 {5“10 Anti-EGFP| . - £ 08 €19 [*
Anti-MYC | 0 S, 3 100 g s
o 3 o 40 g 04 Tos
8 N GAPDH 8 L 5
GAPDH 8 T —35 © ©
=35 Too £0. # KO £ 00 0.0
» o~ KDa g 2 > X o @2 A€ 2 Nid &
S ‘ «:ﬁ o A e o
S i A o L < i
& & & T SR DA & g oF & ‘g’l:“ qﬂj‘

Figure 7. Western blot analysis of the total and surface expression of P2X7 WT and mutant channels of different species. A-C, representative
Western blotting (A), pooled data of total and surface protein expressions (B), and surface/total ratio (C) of pdP2X7 WT and mutant channels (mean + S.D.,

= 3). Anti-Flag antibody was used to detect the expression of pdP2X7. D-F, representative Western blotting (D), pooled data of total and surface protein
expressions (E), and surface/total ratios (F) of dP2X7 WT and mutant channels (mean + S.D., n = 3). Anti-MYC antibody was used to detect the expression of

dP2X7. *p < 0.05 versus WT, two-way ANOVA with Bonferroni post hoc test (F(2,8) =

9.440, p = 0.0078). G-I, representative Western blotting (G), pooled data

of total and surface protein expressions (H), and surface/total ratio (/) of mP2X7 WT and mutant channels (mean + S.D., n = 3). Anti-MYC antibody was used
to detect the expression of mP2X7. J-L, representative Western blotting (J), pooled data of total and surface protein expressions (K), and surface/total ratios
(L) of bP2X7 WT and mutant channels (mean + S.D., n = 3). Anti-GFP antibody was used to detect the expression of bP2X7.

decreased compared to WT (Fig. 7, D—F). However, there was
no significant difference between mP2X7473%) and
bP2X747>52) and WT (Fig. 7, G-L). These results suggest that
the deletion of the longer 2,3 in P2X7 causes a decrease in
membrane expression (as in rP2X7) that varies among species.

Based on the aforementioned results, there is a relation-
ship between these two structural elements, i.e., when the
redundant region influences the maximum current, the E171
position also has an effect; when there is no redundant re-
gion or the redundant region has no effect on the maximum
current, then the E171 also has no effect. Moreover, this
linkage does not appear to be strongly associated with
redundant regions affecting protein membrane expression
or not.

The longer 2,3-sheet of the P2X7 receptor negatively
regulates P2X7 activation in combination with loop structures
near E171

Next, we investigated the mechanism of the interrelation-
ship between the 2,3 redundant region and E171. Since the
2,3 redundant region/E171 of pdP2X7 and rP2X7 have a
diametrically opposed role in the channel activation and the
crystal or cryo-EM structures of both have been determined,
we used both species of P2X7 for the following studies. rP2X7
structural superposition in the resting and open states showed
that hydrogen bonding interactions were formed between
R294 and E171 in both the resting and open states, except
that in the resting state R294...E171 salt bridge is positioned
further away from the ATP-binding site than in the open state
(Fig. 8A). In this process, ATP attracts R294, prompting E171
to move and its side chain orientation to change, resulting in
the R294..E171 salt bridge as a whole toward the ATP-
binding site, further leading to the aforementioned confor-
mational flip of E171 in the loop 1 (residues 168-175, rP2X7

SASBMB

numbering) (Fig. 84). In addition, the head domain move-
ment of the P2X7 receptor is upward upon ATP binding, and
there is a clear positional shift in a segment of the loop
structure in the head domain (which we call loop 2, residues
121-139, rP2X7 numbering), in contrast to that of other
subtypes. Interestingly, in the apo structure of the pdP2X7
receptor, the position of E171 and the conformation of loop 2
are similar to the open structure of rP2X7, but different from
that of the resting state (Fig. 8B). The difference led us to
speculate that the redundant 2,3 structure could facilitate
the conformational transition from the resting to the open
state of E171 and surrounding structural elements in the
rP2X7 receptor and that the differences between rat and
panda species may be caused by sequence differences in the
2,3-sheet.

Therefore, we replaced the (2,3 region of rP2X7 with the
corresponding region of pdP2X7 to construct rP2X7<"
(Fig. 8C). Such a replacement resulted in a certain reduction in
the maximum channel current (82.9 + 35.4 and 204 + 57 pA/
pE for P2X7°M and rP2X7VT, respectively, p < 0.01,
rP2X7M versus rP2X7%", n = 7 and 6; Fig. 8, D and E). On
this basis, E171A was mutated to obtain rP2X7"F17!A The
result was not the unaltered current we expected but rather a
complete loss of function. rP2X747380/EI7IAthe mutant
E171A based on A(73-80), also had an almost negligible ATP
response. These results suggest that it is not only the sequence
of the 2,3 region that determines the interrelationship be-
tween 2,3 and E171.

The structural difference between rP2X7 and pdP2X7 not
only lies in the position of E171 but may also include the re-
gion of loop 2 (121-139). To test the role of loop 2 in the
difference between rP2X7 and pdP2X7, we first replaced loop
2 of rP2X7 with pdP2X7 to obtain rP2X7“"? (Fig. 8F); this
replacement did not affect the function of the channel (Fig. 8,
G and H). Then, mutating E171A on top of this chimera, we
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Figure 8. The longer B2,3-sheet of the P2X7 receptor negatively regulates P2X7 activation in combination with loop structures near E171. A,
superimposed resting (gray) and open (blue) structures of rP2X7, showing magnified views of the 32,3-sheet, loop 1, loop 2, and movements toward bound
ATP for E171 and R294. The yellow dashed lines show the interactions between amino acid residues. B, superimposed the open homology model of pdP2X7

(blue) and the resting structure of rP2X7 (gold) to show the dynamics of t

he B2,3-sheet, loop 1, and loop two and zoom-in view of the E171 and R294

moving closing to the bound ATP. The yellow dotted lines represent interactions among residues. C, schematic diagram of chimeric construction of rP2X7
and pdP2X7. D-E, representative current traces (D) and pooled data (E) for rP2X7"T, rP2X7H", rp2X7H1/E171A and rP2X7273-8E171A Data were presented
as mean = S.D. (n =4-6), **p < 0.01 versus WT, one-way ANOVA with Bonferroni post hoc test (F(3, 17) = 33.75, p < 0.0001). F, schematic diagram of chimera
rP2X7°2. G and H, representative current traces (G) pooled data (H) for rP2X7"T, rP2X7"2, and rP2X7H¥E171A Data were presented as mean = S.D. (n = 3-7)

**p < 0.01 versus WT, one-way ANOVA with Bonferroni post hoc test (F(3, 1
and mutated rP2X7 receptors. Data were presented as mean + SD. (n =
Bonferroni post hoc test (F(11, 47) = 7.455, p < 0.0001).

found that the rP2X7"2/F17'A mytation did not completely
abolish the function of rP2X7 as E171A did, with a current density
of 124 + 17 pA/pF (Fig. 8H), indicating that E171 and loop 2 are
interdependent and can participate in the gating process together
as an integrated structural element. However, replacement or
deletion of the B2,3 fragment above rP2X7<"2/F1714 ]| results in
a nonfunctional channel. We then reduced the number of amino

8 J Biol. Chem. (2022) 298(6) 102002

8) = 43.94, p < 0.0001). /, schematic diagram of chimeras. J, ATP current of WT
3-7) **p < 0.01 versus WT, ## p < 0.01 versus E171A, one-way ANOVA with

acids replaced at a time on top of E171A to identify
important residues (Fig. 8, I and J) and found that single-amino
acid substitutions, rP2X7E1IP/EITIA oy 7YIREEITIA © and
rP2X752MTEITIA L did not rescue the function of rP2X757*, but
the combination of two amino acids, rP2X7%2P/Y12F/EI7IA
rescued it. These results suggest that loop 1... ...E171..
..loop 2 interactions are more complex than we expected.

SASBMB



To answer the question that whether or not the longer 2,3
is able to regulate the integrated structural element formed by
E171 and surrounding regions during channel opening, we
adopted a strategy to further extend the (2,3 structure to
induce a fuller interaction of 2,3 with this integrative struc-
tural element (Fig. 94). We inserted AAA, LLL, and YYY be-
tween two amino acids 78 and 79 to obtain mutations
78AAA79, 78LLL79, and 78YYY79, respectively. Their side
chains become progressively larger in size and therefore have a
progressively larger effect on the conformation in and around
the E171/loop 2 region. Correspondingly, the currents induced
by ATP were 256 + 82, 149 + 87, and 46.5 + 48.2 pA/pF for
78AAA79, 78LLL79, and 78YYY79, respectively (Fig. 9, B and
C). Most importantly, these insertions did not affect the sur-
face expression of the receptor (Fig. 9, D and E). These results
suggest that an appropriate 2,3 length is necessary to regulate
the structural component of E171 and the surrounding regions
that constitute the integrated structural element.

Then, we introduced engineered disulfide bond (cross-link-
ing) at positions 77 and 172 to constrain the conformational
change of 2,3. Interrupting the disulfide bond with dithio-
threitol (DTT) treatment significantly increased the ATP-
induced current of rP2X7E7“E172C (ratio of rP2X7E77C/EL72C
to rP2X7% T =7.03 + 2.67 versus 1.05 + 0.14, p < 0.01), indicating
that immobilization of 2,3 resulted in impaired channel acti-
vation of P2X7 (Fig. 10, A and B).

The unique role of the longer 2,3-sheet in P2X7

In addition, we disrupted the structural elements formed by
E171 and its surrounding region by covalent modification
(Fig. 10C). We replaced Y122 or K174 with cysteine and
introduced a bulky group (N-phenylmaleimide [NPM] of
1-phenylpyrrolidine-2,5-dione) at the position of C122 or
C174 (Fig. 10D). The ATP-induced currents were significantly
decreased after NPM pretreatment (Iager/Ipefore = 0.55 = 0.20
and 0.75 + 0.04 versus 0.89 = 0.08 for rP2X7*'7*“ and
P2X7Y122C yersus rP2X7VT, Fig. 10, E-G). These results
further confirm that the proper conformation of 2,3 and
adjacent loop regions is essential for channel opening of the
P2X7 receptor.

Discussion

Here, we provide evidence that the redundant/longer 2,3-
sheet of the P2X7 receptor is important for channel function
compared to other subtypes of the P2X receptor. Furthermore,
amino acid E171, which is adjacent to the (2,3 region, has a
different role in the activation of the P2X7 receptor than other
subtypes. Further studies suggest that E171 forms a unique
structural element with a region of the head loop (loop 2)
involved in gating of the P2X7 receptor. 2,3 redundant
fragments can be further involved in channel function by
modulating this structural element.

During evolution, specific member proteins of the same
family evolve into completely different structures by evolving
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Figure 9. Alternative strategies for changing the conformation of 32,3 have a significant effect on the P2X7 receptor. A, schematic representation of
the amino acid insertion strategy between the 32 and 3 sheets. The blue region is the 2,3-sheet, and the dashed lines represent the insertion of fragments
of AAA (light gray), LLL (dark gray), and YYY (red) into the linker between the 32 and 33-sheets. B and C, representative current traces (B) and pooled data (C)
for rP2X7-WT, 78AAA79, 78LLL79, and 78YYY79. Data are expressed as mean + S.D. (n = 3-4). **p < 0.01 versus WT, one-way ANOVA with Bonferroni post

hoc test (F(3, 11) = 8.245, p = 0.0037). D and E, representative Western blotti

ng (D) and pooled data (E) of total and surface protein expressions, and for

rP2X7-WT, 78AAA79, 78LLL79, and 78YYY79. Data were presented as mean + S.D. (n = 3). Total levels or surface levels were normalized to WT protein. *p <
0.05 versus WT, one-way ANOVA with Bonferroni post hoc test (F(3,12) = 5.292, p = 0.0148).
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Figure 10. Perturbations of the conformation of the structural element formed by E171 and its surrounding region affect the gating of P2X7. A and
B, representative current traces (4) and pooled date (B, mean + S.D., n = 3-4) recorded from cells transfected with rP2X7%77<E172¢ and rP2X7"T. ATP (1 mM)
and DTT (20 mM) were applied as the schematic indicated. **p < 0.01 versus WT. Student’s t test. C, schematic representation of covalent modification at
position 122 or 174. D, a bulky group introduced into Y122C or K174C, respectively. E-G, samele traces (E) and summarized effects of applications of NPM

(1 mM) inhibited ATP-evoked currents of rP2X7"T, rp2X7%174¢ (F, mean £ S.D., n = 4), or rP2X7

t test.

in certain regions, thus giving that member a new regulatory
mechanism and function. P2X7, studied here, may also be an
example of such a process. The 2,3 region is an important
part of the P2X receptor gating process (37), but the sequences
constituting this region are completely different in different
subtypes, and it is the longest in the P2X7 receptor. Therefore,
we first deleted the redundant fragments to explore whether
these redundant sequences are necessary for the channel. The
results showed that the channel function was impaired after
deletion (Fig. 2). There are two reasons for this impairment.
First, the surface expression of the channel was effected upon
deletion. For rP2X7, position N74 is a possible glycosylation
site, and deletion of sequence resulted in the removal of the
glycosylation site, which may lead to the impairment of the
channel membrane expression (Fig. 3B). However, the region
of dP2X7 has no glycosylation sites, and deletion of dP2X7 also
affects the channel membrane expression, suggesting that
glycosylation is not the most important reason for the reduc-
tion in surface expression caused by the deletion here (Fig. 7,
D-F). Second, deletion of the redundant fragment affects not
only the expression of the channel surface but also the gating
process of P2X7. We found that the conformational changes of
loop 1 in the P2X7 receptor near (2,3 were also unique, where
mutation of E171 in loop 1 clearly affected the function of the
channel, suggesting that E171 plays an important role in the
gating process. However, this role is inconsistent with other
P2X receptor subtypes, where mutations in E171, while
affecting the ATP affinity of some subtypes, do not affect the
maximum current density of other subtypes (Fig. 5). In addi-
tion, the role of 2,3 in other P2X7 species is consistent with
that of E171, leading to the inference that 2,3 and E171 are
interrelated (Fig. 6). By constructing chimeras with pdP2X7,
i.e., 2,3 with opposite roles to rP2X7 and E171, it was found

10 J Biol Chem. (2022) 298(6) 102002

122C (G, mean + S.D., n = 4-5).*p < 0.05 versus WT. Student's

that loop 2 and E171 are jointly involved in gating regulation,
while 2,3 is involved in the structural components of loop 2
and E171 regulates the gating process by influencing the
movement of loop 1.

Residues 73 to 80 of 2,3 of rP2X7 may have a loose loop-
like secondary structure in the resting state (the exact
conformation cannot be seen due to insufficient resolution,
but it should not be a stable -sheet) but partially becomes a
rigid B-sheet in the open state (30). This suggests that the 2,3
of the P2X7 receptor has changed from the resting state to the
open state, whereas the secondary structure of 2,3 in the
hP2X3 and zfP2X4 receptor structures does not change be-
tween the resting and open states (26, 29). $2,3 in the resting
structure of pdP2X7 also exhibits a rigid p-folded structure,
unlike the resting state of the rP2X7 receptor (28). Thus, in
these subtypes and pdP2X7, 2,3 does not play a role in ATP
activation, and the corresponding E171 sites of these P2X re-
ceptors without redundant (2,3 structures do not play an
important role in channel opening. Furthermore, in the
ckP2X7 receptor structures without redundant 2,3 sequences,
the maximum current density of the channel is unchanged
after Q159A mutations (corresponding to E171 in rP2X7),
whereas the redundant (2,3 sequences of other species of
P2X7 such as human, dog, guinea pig, mouse, and bovine are
consistent with those of rat P2X7. In these deletion mutants,
the channel current density becomes smaller, while the current
density at the site corresponding to mutant E171 becomes
smaller or even absent in some cases so that rP2X7 receptor
2,3 involvement in gating is associated with E171. Finally, the
smaller maximum current density induced by the expansion of
2,3 by inserting YYY between 78 and 79 (Fig. 9), engineering
disulfide bonds, or NPM covalent occupation (Fig. 10) also
suggests an important role of $2,3 in P2X7 receptor gating.
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P2X7 is one of the unique subtypes of the P2X receptor
family, differing from other P2X subtypes in terms of channel
characteristics and N-/C-terminals architecture (33, 36, 38).
Importantly, P2X7 receptors can be used as therapeutic targets
for pain, inflammation, and immune and neurological diseases
(39-41). Small molecule discovery based on the unique gating
mechanism of P2X7 is a viable strategy for P2X7-selective lead
drug discovery (28). The function and mechanism of the
unique structure of P2X7 revealed by our study can help to
further understand the P2X7 receptor gating mechanism and
thus provide a structural basis for drug discovery targeting
P2X7 receptor subtype specificity.

Experimental procedures
Drugs, cell culture, mutagenesis, and chimeras

ATP was purchased from Sigma. Human embryonic kidney
293 cells (HEK-293) were cultured in DMEM supplemented
with 10% fetal bovine serum, 1% penicillin-streptomycin, and
1% GlutaMAX at 37 °C in a humidified atmosphere of 5% CO,
and 95% air. All mutants were constructed by the KOD-Plus-
mutagenesis kit and were verified by DNA sequencing.
Transfections of plasmids were performed using calcium
phosphate transfection and Hieff Trans Liposomal Trans-
fection Reagent. The plasmids pcDNA3-rP2X2, pcDNA3-
rP2X4, and pcDNA3-rP2X7 were generous gifts from Drs.
Alan North and Lin-Hua Jiang; the plasmid of hP2X3 was
purchased from Open Biosystems; the cDNA of hP2X1 and
hP2X7 were synthesized from JiKai Gene and were subcloned
into the pcDNA3.1 vector; the plasmid of pdP2X7 was syn-
thesized from Convenience Biology; the cDNA of ckP2X7 and
bP2X7 were kindly gifted by Drs. Motoyuki Hattori and
Osamu Nureki and were subcloned into the pcDNA3.1 vector;
the cDNA of mP2X7, dP2X7, and gpP2X7 were generous gifts
from Dr Ming Zhou and were subcloned into the pcDNA3.1
vector.

Electrophysiology

As we previously described (42—44), whole-cell patch clamp
recordings were performed at room temperature (25 + 2 °C),
using an Axopatch 200B under the voltage clamp. Membrane
currents were filtered at 2 kHz. All currents were sampled and
analyzed using a Digidata 1550B interface and a computer
running the Clampex and Clampfit 10.0 software (Molecular
Devices). The extracellular solution containing (in millimolar,
mM) 150 NaCl, 5 KCl, 10 glucose, 10 Hepes, 2 CaCl, and 1
MgCl,, and the pH was adjusted to 7.35 to 7.4. The pipette so-
lutions contained (mM) 120 KCI, 30 NaCl, 0.5 CaCl,, 1 MgCl,,
10 Hepes, and 5 EGTA, and the pH was adjusted to 7.2. The
membrane potential was held at -60 mV. ATP was dissolved in
external solutions and applied with the Y-tube. As we previously
described (45), nystatin-perforated patch clamp was carried out
to reduce the dialysis of intracellular constituents and avoid the
desensitization of P2X receptors. Nystatin in high-potassium
pipette solutions contained (mM) 75 K,SO,, 55 KCl, 5 MgSO,
and 10 Hepes, pH 7.2. ATP-gated currents were recorded after
regular 10- to 15-s ATP applications every 6 to 8 min.
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Western blotting

Western blotting and surface biotinylation were performed
according to our previous description (37, 46, 47). HEK-
293 cells expressing rP2X7 or its mutants were washed in
chilled PBS** and then incubated with sulfo-NHS-LC-biotin.
The reaction was terminated by incubating the cells with
glycine (20 mM) in PBS. The cells were then collected and
lysed with radio immunoprecipitation assay lysis buffers. With
centrifugation, 20% the volume of the supernatant was diluted
with SDS loading buffer as the total protein fraction. The
remaining lysate was incubated with NeutrAvidin agarose
resin at 4 °C in 4 to 5 h, and then the resin was washed five
times with chilled PBS and diluted with SDS loading bulffer,
used as surface proteins fractions. The protein samples were
separated by SDS-PAGE and transferred to a polyvinylidene
difluoride (PVDF) membrane. The PVDF membrane was
blocked with 5% milk at room temperature for 1 to 2 h and
then incubated overnight at 4 °C with anti-P2X7 (1:200, Cal-
biochem) or anti-GAPDH (1:3000, Sungene Biotech) anti-
bodies dissolved in 5% milk. The PVDF membrane was washed
4 to 5 times with Tris Buffered Saline with Tween 20.
Appropriate horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies for anti-P2X7 (25 °C, 1 h, 1:3000, goat-
rabbit IgG (H+L)HRP) or GAPDH (25 °C, 1 h, 1:3000, goat-
mouse IgG (H+L)-HRP). Finally, the blots were visualized by
exposure with automated chemiluminescence-fluorescence
image analysis systems (Tanon 5200, Multi) for 1 to 3 min
in ECL solution (Thermo). Analysis of protein expression was
repeated by at least three independent experiments.

Data analysis

The results were expressed as the means + SD. Statistical
comparisons were made using Bonferroni post hoc test
(ANOVA) or the Student’s ¢ test. *p < 0.05 and **'** p < 0.01
were considered significant. Concentration—response re-
lationships for ATP activation of WT or mutants were ob-
tained by measuring currents in response to different
concentrations of ATP. The data were fitted to the equation as
UlL,.. = 1/[1 + (ECso/[ATP])"], where I is the normalized
current at a given concentration of ATP, I,,,,, is the maximum
normalized current, ECs is the concentration of ATP yielding
one half of maximal currents, and # is the Hill coefficient.
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