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Abstract

P2X receptors are ATP-gated ion channels involved in many physiological functions, and determination of ATP-recognition
(AR) of P2X receptors will promote the development of new therapeutic agents for pain, inflammation, bladder dysfunction
and osteoporosis. Recent crystal structures of the zebrafish P2X4 (zfP2X4) receptor reveal a large ATP-binding pocket (ABP)
located at the subunit interface of zfP2X4 receptors, which is occupied by a conspicuous cluster of basic residues to
recognize triphosphate moiety of ATP. Using the engineered affinity labeling and molecular modeling, at least three sites
(S1, S2 and S3) within ABP have been identified that are able to recognize the adenine ring of ATP, implying the existence of
at least three distinct AR modes in ABP. The open crystal structure of zfP2X4 confirms one of three AR modes (named AR1),
in which the adenine ring of ATP is buried into site ST while the triphosphate moiety interacts with clustered basic residues.
Why architecture of ABP favors AR1 not the other two AR modes still remains unexplored. Here, we examine the potential
role of inherent dynamics of head domain, a domain involved in ABP formation, in AR determinant of P2X4 receptors.
In silico docking and binding free energy calculation revealed comparable characters of three distinct AR modes. Inherent
dynamics of head domain, especially the downward motion favors the preference of ABP for AR1 rather than AR2 and AR3.
Along with the downward motion of head domain, the closing movement of loop;39_146 and loopeg_183 and structural
rearrangements of K70, K72, R298 and R143 enabled ABP to discriminate AR1 from other AR modes. Our observations
suggest the essential role of head domain dynamics in determining AR of P2X4 receptors, allowing evaluation of new
strategies aimed at developing specific blockers/allosteric modulators by preventing the dynamics of head domain
associated with both AR and channel activation of P2X4 receptors.
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Introduction with a large, glycosylated, disulphide-rich extracellular (EC) loop,
two transmembrane (TM) domains and intracellular N- and C-
P2X receptors, ion channels Qactivated by extracellular ATP and termini[25,26,24]. ATP binds to extracellular subunit interfaces
permeable to Na”, K™ and Ca™, are involved in a large array of ;14 evokes a conformational change of P2X receptor, leading to
physiological  functions[1] including  presynaptic ~ modula- the opening of non-selective channel pore formed by TM domains
tion[2,3,4], synaptic transmission[5,6], smooth muscle contrac- [25,26]. Notably, the seven homomeric P2X receptors differ
tion[7,8], inflammation[9,10,11,12], cancer[13], intestinal motil- considerably in their biophysical and pharmacological properties,
ity[14,15], taste[16], pain[17,18,8,10], and the regulation of 544 the formation of heteromeric P2X receptors further confers
immune[19] and cardiovascular[20,21] responses, and therefore, the divergence in channel properties [24].
are potential therapeutic targets of many diseases [22,23]. Today, Determination of ATP-recognition (AR) is a prerequisite for
seven genes have been identified to encode distinct P2X subunit better understanding physiological and pharmacological functions
isoforms, denoted P2X1 to P2X7, with functional P2X receptors of these homo- or hetero-trimeric P2X receptors [24]. The EC
formed as homotrimers or heterotrimers of those subunit isoforms loop of P2X receptors has ~280 amino acids, containing no

[24]. All P2X subunits share a common topology, characterized known consensus sequences for agonist binding identified in other
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Figure 1. Stereo view of three-dimensional (3-D) structures of zfP2X4 and ATP-binding pocket (ABP). (A) 3-D architecture of zfP2X4 and
ATP-binding pocket (ABP). The structure model constructed on the basis of the X-ray crystal closed structure of zfP2X4 (PDB entry code: 3H9V) is
shown parallel to the membrane layer. Subunits A, B and C are displayed in red, green and blue cartoon, respectively. This figure and following
Figures 2-6 are made with PyMol (http://www.pymol.org). 3-D architecture of ABP was highlighted within enlarged square box. S1, 2 and 3 indicate
three potential sites that are able to contact with adenine ring of ATP. (B) The bent conformation of ATP.

doi:10.1371/journal.pone.0097528.g001

ATP-sensitive protein [26,24,27]. Experiments on chimeric
receptors have narrowed down the region of the ATP-binding
sites from K67 to K313 (rat P2X4 receptor numbering) [24].
Using alanine-scanning mutagenesis, further studies identified
eight residues having the potential to participate in the formation
of the ATP binding site: K67, K69, F185, T186, N293, F294,
R295 and K313 (rat P2X4 numbering). The positively charged
lysines coordinate the binding of the negatively charged triphos-
phate of ATP, while aromatic phenylalanine residues could
coordinate the binding of the ATP adenine ring. The open
structure of zebra fish P2X4 (zfP2X4) receptors partially
confirmed this predicted AR mode of P2X receptors [26].

Besides the AR mode described above (we called it AR1), at
least two other AR modes may take place when ABP is exposed to
a certain concentration of ATP. Jiang ef al. have located ATP-
binding sites in rat P2X2 (rP2X2) receptor using an engineered
affinity labeling approach [28]. They reported two previously
unidentified residues N140 and L186 (rP2X2 numbering) from
two adjacent subunits separated by about 18 A in the rP2X2
homology model at the resting state, suggesting the existence of at
least two distinct AR modes [28]. One shows similar features to
ARI1, while the other mode exhibits distinct characters. Addition-
ally, numerous i silico docking studies supported the presence of a
third AR mode [24,29], in which the adenine ring of ATP is
deeply buried into the hydrophobic region at the interface of rigid
lower body domains from two subunits. All of these observations
mmply that ABP recognizes ATP through different modes.
However, why only AR1 can trigger P2X4 channel activation
and how the architecture of ABP favors the occurrence of ARI
rather than other AR modes still remain uncertain. Further
investigation on the underlying mechanism of the AR determining
will help to understand the ligand recognition of these ATP-gated
trimeric ion channels.

Taking advantage of the resolved crystal structures of z{P2X4,
here we then study the structural determinant of AR of P2X4
receptors using a diversity of computational approaches, including
in silico docking, molecular dynamics (MD) simulations, normal
mode analysis (NMA), conformational sampling and binding free
energy (4Gy,,q) calculations. Our results reveal a potential role of
inherent dynamics of head domain in AR determining of P2X4
receptors.
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Results

Three Distinct ATP-recognition Modes of zfP2X4
Receptor: AR1, 2 and 3

The closed structure of zfP2X4 receptor reveals a large ATP-
binding pocket (ABP) at the interfaces of two subunits (Fig. 1A).
ABP is formed by the head and upper body domains of one
subunit, and the lower body and dorsal fin domains of another
subunit (Fig. 1A). It is widely accepted that the conspicuous cluster
of basic and polar residues, R298, K316, K70, K72 and N296,
constitute a pocket specific for recognizing the triphosphate moiety
of ATP [26]. However, as revealed by closed structure of zfP2X4,
there are at least three sites in ABP, S1, S2 and S3, can dock the
adenine ring of ATP (Fig. 1A). We established those three
recognition modes using i silico docking (Fig. 2), AR1, 2 and 3, to
show initial interactions between ATP and those three sites. In our
modes, AR1 had similar features with the open crystal structure of
zfP2X4 [26], in which the adenine ring made contacts with site S1
(consisting of L191, K70, K72, 1232 and T186) (Fig. 2A). For
AR2, the adenine ring of ATP is deeply buried into the interface of
rigid lower body domains and contacts with 194, F297, Q97 and
Y295 (Fig. 2B), a recognition mode proposed by numerous
computational studies [29,24]. AR3 showed similar features
revealed by covalent binding of NCS-ATP to engineered cysteine
residues in the putative ATP-binding sites of rP2X2 [28], where
the adenine ring of ATP contacts with site S3 (W167, 1173, L.170,
D145 and E171) (Fig. 2C).

We further characterized these three distinct AR modes through
additional computational approaches. It has been reported that
ATP may bend into ‘U’ or “V’-shaped structure (Fig. 1B) with the
p- and y-phosphates folded towards the adenine ring, as observed
in ATP-bound opening zfP2X4 [26] and class II aminoacyl
transfer RNA synthetases[30]. Our & silico docking studies showed
that the bound ATP could adopt bent conformations when
adenine ring of ATP made contacts with any one of those three
sites despite the differences in the bending angle (Fig. 2A-C),
suggesting that sites S1, 2 and 3, together with the charged region,
are capable to fit bended ATP. Additionally, as revealed by
combining the docking and AGy,;,q calculations (Table 1), AR2
induced a litle more free energy release than ARI1 did
(AGping= —33.6%4.1, —43.2%+3.9 and —28.8%4.4 kcal/mol for
ARI, AR2 and AR3, respectively), indicating higher ATP-
affinities of AR2 than ARI, at least in molecular simulations.
Thus, the 4Gy,;,q analysis does not support the dominant presence
of ARI. Additionally, ATP was also docked into the closed

May 2014 | Volume 9 | Issue 5 | €97528


http://www.pymol.org

ATP-Recognition of P2X4 Receptors

Ribose Adenine base

Figure 2. Three distinct potential ATP-recognition modes of zfP2X4 receptors. (A-C) Structure and key residues (displayed in sticks for
emphasis) of three distinct potential ATP-recognition (AR) modes of zfP2X4 receptors: AR1 (A), 2(B) and 3(C). ATP was docked into the potential
binding sites, S1, 2 and 3, of zfP2X4 using docking program Glide [34]. (D) ART mode obtained by docking ATP into previously sampled/averaged
zfP2X4 structure by 2-ns MD simulations. (E) AR1T mode obtained by induced fit docking strategy. (F) Superposition of ATP poses of AR1 modes
obtained by three different strategies, including rigid body docking ATP into static closed structure of zfP2X4 (blue) and previously sampled/
averaged closed structure of zfP2X4 (yellow) by 2-ns MD simulations, and induced fit docking (grey).

doi:10.1371/journal.pone.0097528.g002

structure of zfP2X4 that has been previously sampled and
averaged on short timescale (2-ns) MD simulations (Fig. 2D, F),
and an induced fit docking strategy was also performed on this
closed structure (Fig. 2E, F). 4Gy,;,q calculations indicated that
those two docking strategies still did not support the dominant
presence of AR1 (Table 1), implying that more dynamic features in
ABP are responsible for the dominance of AR1 over AR2 and 3.

Inherent Dynamics of Head Domain is Able to Change

the Preference of ABP for AR1, 2 and 3

As revealed by crystal structures of zfP2X4, both closed and
open structures, head domain exhibits higher B-factor values than
other domains involved in forming ABP[26], such as the lower
body domain and dorsal fin domain (Fig. 1A). Previous studies
have demonstrated the critical role of head dynamics in channel
activations [31,32]. Here, taking account of its role in ABP
formation, we proposed that the dynamics of head domain would
affect the recognition of ATP. To test this hypothesis, we
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extensively investigated the relationship between the inherent
dynamics of head domain and AR of P2X receptors using MD,
NMA and i silico docking. As revealed by low frequency modes of
NMA, head domain displayed three possible dynamic modes
(Fig. 3A): a downward motion, a rotation around the central axis
of itself, and a rotation around the central axis of protein. MD
simulations confirmed a more notable conformational fluctuation
of head domain than that of body, left flipper, right flipper and
dorsal fin domains in the absence of ATP (Fig3. B-D). Moreover,
a spontaneous downward motion of head domain was observed in
MD simulations (Fig. 3C), indicating the preference of zfP2X4 to
the downward motion of head domain even without ATP binding.
In open structure of zfP2X4, ATP binding induces slightly
downward motions of the head domain and subsequently closing
of ATP-binding jaw [26], confirming the idea that the downward
motion may be the inherent dynamics of head domains.

To further test the contribution of head domain dynamics to
determination of AR in P2X4, six representative conformations
were sampled by getting the ‘average’ conformations around 0, 12,
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Figure 3. General motions of head domain detected by NMA and MD simulations. (A) General motions of the head domain in NMA modes
1 (left), 2 (middle) and 3 (right). The vectors representing both the amplitudes and directions of the displacements experienced by residues during
the conformation changes are mapped onto the head domain. These three modes were derived from low-frequency modes NMA 9, 10 and 15 during
NMA analysis (http://lorentz.immstr.pasteur.fr/nomad-ref.php), respectively. As indicated by the vectors, the motions can be described approximately
as a downward motion (mode 1), a rotation around the central axis of protein (mode 2), and a rotation around the central axis of itself (mode 3). Blue
arrows show the directions of motion of head domain. (B) Time-dependence of the root mean square deviation (RMSD) of the C, atoms from the
initial zfP2X4 structure in MD simulations. The average conformations around initial (0 ns), 12, 24, 48, 100 and 250 ns were sampled to performed
further in silico docking. (C) Spontaneous downward motion of head domain during MD simulations. 13 snapshots were superimposed to the initial
structure (grey) by fitting all the C, atoms of the zfP2X4. The arrows show the direction of motions. (D) r.m.s. fluctuations of various domains during

MD simulations.
doi:10.1371/journal.pone.0097528.g003

24, 48, 100, and 250 ns upon the initiation of spontaneous
downward motion of head domain during MD simulations
(Fig. 3B, D). ATP was docked into the sampled conformations
of zfP2X4, and various ATP-poses were then characterized and
plotted according to their total docking scores and vdIV scores of
ATP contacting with L191 (L191,4w) and 1232 (1232 4w) (see
Fig. 4A-F, each colorful dot represents an ATP pose). Poses with
lower values of docking score (<—7), and lower values of L191qw
and 1232, 4y scores (<—1) (region III, Fig. 4A-F) were regarded as
rational AR1 mode in which the adenine ring of ATP makes a
contact with L191, 1232 and nearby hydrophobic residues while

PLOS ONE | www.plosone.org

the triphosphate moiety contacts with clustered basic residues. On
the other hand, lower values of docking score (<—7), and higher
values of L191,qw and 1232, qyy scores (>—1) (region I in Fig. 4A—
F) indicated that the adenine ring of ATP makes no contacts with
these two amino acid, reflecting rational AR2 or 3 modes. Along
with the motion of head domain, the top ATP poses with the
lowest docking score within region I (AR2 and 3) and III (AR1)
were obviously altered (Fig. 4A-F, within the highlighted circles).
For initial conformation of zfP2X4 (0 ns), the top ATP poses
distributed both in region I and III showed comparable lowest
docking scores (Fig. 4A). However, the top ATP poses only
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each other (Fig. 4G), which significantly narrowed entrance of
ATP into site S2 (Fig. 4G, H) and prevented contacts between the
adenine ring of ATP and site S2. On the contrary, the downward
motion of R143 and rightward movement of loop,39_14¢ facilitated
the contacts between ATP and site S1 via a mechanism of partially
trapping adenine ring of ATP into the narrowed cleft formed by
loop39 146 and dorsal fin domain (Fig. 4G, H). Meanwhile, the
altered orientations of K70, K72 and R298 would favored
coulombic interactions between triphosphate moiety of ATP and
basic groups of those three residues. These allosteric changes
resulted in an increased preference of ABP for AR1 and prevent
ATP from interacting with sites S2 and S3.

occurred within region III instead of region I (Fig. 4B-F) along
with the downward motion of head domain, indicating that this
motion favors the ARI’s occurrence rather than AR2 and 3.
These data suggested that inherent conformational fluctuations of
head domain, especially the downward motion, can alter the
preference of ABP for AR1, 2 and 3.

A superposition of closed structure and equilibrated represen-
tative structure after 300-ns MD simulations showed that the
downward motion of head domain was followed by a marked
change in the orientation of R143 side chain, a leftward movement
of loop;39-146 (a region within the head domains) and a rightward
movement of loopisg 133 (a region covalently linking with the head

domains). The closing movement between these two loop regions
dramatically changed the shape of site S3 (Fig. 4G, H), which
prevented ATP from contacting with site S3. It also brought the
basic residues K70, K72 and R298 as well as f1 and £12 close to
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Figure 4. Molecular docking of ATP into various sampled conformations of zfP2X4. (A-F) Summary of poses in various sampled
conformations of zfP2X4. These conformations were sampled from snapshots of MD simulations, during which downward motion of head domain
occurred. In this panel and Figure 6B, the poses distributed into region | and Il represent rational recognition modes of ATP, AR2/3 and AR1,
respectively. The docking scores and vdW scores of L191 and 1232 of per poses were calculated by Glide [34]. Each dot represents a pose of ATP. The
colors of dot indicate the vdW scores of 1232. Blue dot means strong vdW contacts between ATP and 1232. The top poses of each sampled
conformation of receptors were highlighted within black cycles. (G) Superposition of the initial structure (grey) and equilibrated representative
structure (green) after 300-ns MD simulations. Black arrows denote the movements of key domains/regions and residues (displayed in sticks for
emphasis) from the initial structure to equilibrated structure. (H) 3-D architectures of ABP with docked-ATP in the equilibrated representative
structure of zfP2X4 after MD simulations. S1, S2 and S3 indicate three potential sites interacting with the adenine ring of ATP.
doi:10.1371/journal.pone.0097528.9g004
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AR1 Instead of AR2 and 3 Favors the Downward Motion
of Head Domain and Downstream Allosteric Changes
Associated with the Channel Activation of P2X4
Receptors

We also found that AR1 rather than AR2 and 3 can promote
the inherent downward motion of head domain (Fig. 5A). A
combination of 10-ns MD simulations of and PCA analysis of
snapshots from simulations revealed that ARI-induced a down-
ward movement of the head domain, upward motion of dorsal fin
domain and a subsequent closing of ATP-binding site jaw (Fig. 5A),
consistent with previous observations[31,26]. Meanwhile, it has
been well established that those allosteric changes are associated
with downstream opening-related allosteric changes, such as the
radial expansions of extracellular vestibule and the final iris-like
channel opening [26,33]. The potential energy calculations on
resting and open states of zfP2X4 receptors revealed that ARI-
induced allosteric changes led to energy releases during confor-
mational transition between the resting and open states (Fig. 5B).
In contrast, MD simulations together with PCA analysis showed
that AR2 and 3 can only induce outward and upward movements
of head domain, respectively (Fig. 5C). Therefore, AR2 and AR3
would not trigger downstream allosteric changes. These observa-
tions provided a conceivable explanation for why only AR1 rather
than AR2 and 3 is able to trigger channel activation of P2X4
receptors. The AGy;q together with the downstream allosteric
changes-induced energy releases may enable AR1 to efficiently
overcome the energy barrier for the channel gating.

Meanwhile, based on the observation that conformational
fluctuations of head domain, especially the downward motion,
greatly enhance the preference of ABP for AR1 (Fig. 4A-F), we
proposed that the downward motion of head domain facilitated by

(=% Dorsal
-g fin

ATP-Recognition of P2X4 Receptors

AR may further increase the preference of ABP for AR1. It looks
like an induced-fit/positive feedback mechanism when ARI
occurs. Indeed, when we compare conformations of resting sate
and the open state as well as their corresponding 4Gy,;,q values of
ATP, ARI-induced downward movement of the head domain,
upward motion of dorsal fin domain and the closing of ATP-
binding site jaw in open state (Fig. 6A) led to significant increase in
free energy release than that in resting state (4Gy,q of ATP = —
33.6%4.1 and —46.79£7.7 kcal/mol, for resting and open states,
respectively, Table 1). This increased free energy release upon
ATP-binding may attribute to the dynamics of head domain
together with dorsal fin upward movement-induced partial
trapping of the adenine ring of ATP into site S1 of ABP (Fig. 6A).

Taken together, the contact between ATP and site S1 (AR1)
promoted downward motion of head domain correlated well with
conformational changes of ABP and subsequently increased
preference of ABP for AR1. Once ATP comes in contact with
site S1, it will initiate an ‘induced-fit’/positive-feedback mecha-
nism, with the increased free energy release and the downstream
allosteric changes-induced energy releases acting as the driving
force. In contrast, AR2 and 3 are not capable of facilitating the
downward motion of head domain and therefore, would not evoke
such positive feedback.

The Allosteric Changes of Head Domain Induced by AR1
Attenuate the Preference of ABP for AR2 and 3

Beside the positive-feedback mechanism of AR1 on itself, the
possibility that AR1 exerted a negative effect of ARl on the
occurrence of AR2 and 3 is also examined here. Taken into
consideration of the involvement of head domain in forming S2
and S3, AR1-induced dynamics of head domain may also change

Potential ~ Total Potential Strain energy vdW energy Electrostatic ~ Solvation
energy enerey Total strain ~ Bend  Torsion  Stretch (kcal/mol) energy enerey
(kcal/mol) (kcal/mol)  (kcal/mol)

energy  energy  energy
Closed -46658.5 4099.3 1638.5 2045.7  415.1 -4210.1 -38089.5 -8458.2
structure
Open -47190.3 4211.2 1634.8 2173.6  402.8 -4238.9 -38543.5 -8619.1
structure
AEco -531.8 111.9 -3.7 127.9 -12.3 -28.8 -454.0 -160.9

Figure 5. AR1’s occurrence-mediated ‘induced-fit’ allosteric changes in ABP and whole zfP2X4 receptor. (A) Vector representation of
the motions of zfP2X4 (PDB entry code: 3H9V) in principal component analysis (PCA) based on the snapshots from 10-ns MD simulation of zfP2X4-
ATP complex in AR1 mode. The vector arrows represent both the amplitudes and directions of the displacements experienced by residues during
conformational changes. (B) Summary of the potential energy of receptors at the resting and open states. (C) Vector representation of the motions of
zfP2X4 in PCA analysis based on the snapshots from 10-ns MD simulation of zfP2X4 complexes with pre-docked ATP based on AR2 and AR3 modes.

doi:10.1371/journal.pone.0097528.9005
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Figure 6. AR1’s occurrence gives rise to a decreased preference of ABP for AR2 and 3. (A) AR1 mode in the open structure (PDB entry

code: 4DW1). S1, S2 and S3 indicate three potential sites contacting with

the adenine ring of ATP. (B-C) Summary of poses in opening structure of

zfP2X4. The docking scores and vdW scores of L191, 1232, 194 and 1232 of per poses were calculated by Glide [34]. Each dot represents a pose of ATP.
The colors of dot indicate vdW scores of 1232 (B) or 1173 (C). The blue dot means strong vdW contacts between ATP and L191 (B) or 1173 (C). The top
poses of each sampled conformation of receptors were highlighted within cycles. (D) Superposition of closed (grey, PDB entry code: 3H9V) and open
structures (light brown, PDB entry code: 4DWT1). Black arrows denote the movements of key domains/regions and residues (displayed in sticks for
emphasis) from the resting to open structures. The changed sizes of site S2 in closed (grey) and open (brown) structures are highlighted with dotted

lines.
doi:10.1371/journal.pone.0097528.9006

the preference of ABP for AR2 and 3 accompanying the ARI1’s
occurrence. To test this idea, ATP was further docked into ABP of
open crystal structure of zfP2X4 (Fig. 6A, B), a state representing
the stable conformation of AR1-induced alterations both in head
domain and ABP. Interestingly, the top ATP poses with very low
values of docking scores (<—12) and low values of L1914y and
1232,qw scores can be easily observed in region III (Fig. 6B),
confirming the ‘induced-fit" mechanism of ARI on itself. In
contrast, as revealed by the approaching zero scores of 194, 4y in
all the ATP poses (Fig. 6C), no poses possessing features of AR2
occurred during  silico docking. This result indicated that AR1-
induced conformation changes of ABP preclude the contact
between ATP and site S2. The 1173,qw scores revealed that a few
poses possessing features of AR3 can be also observed in molecular
docking (Fig. 6C, blue dots). However, AR3-induced free energy
release was much less than that of AR1 (4Gy;,q= —46.79%7.7
and —27.52%5.04 kcal/mol, for AR1 and 3 in open state,
respectively, Table 1). These results suggested that AR1-induced
allosteric change of head domain would decrease the preference of
ABP for AR2 and 3. The positive feedback of ARI on itself
together with the negative effect it exerted on AR2 and 3 will
dramatically improve the ability of ABP for AR1 recognition.
Notably, along with the downward motion of head domain, the
closing movement of loopisg 146 and loopigg 133 and structural
rearrangements of K70, K72, R298, R143 and D145 enable ABP
in the open structure to discriminate AR1 from other AR modes.
Consistent with the MD data (Fig. 4G), our results support the
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pivotal role of the conformational changes of head domain in AR
determinants (Fig. 7A).

Discussion and Conclusions

Agonist-recognition is a fundamental question for ligand-gated
ion channels. Although the newly resolved crystal structures of
2fP2X4 uncover exact AR mode (ARI) of these trimeric ion
channels [26], it remains unclear why ABP of P2X receptor favors
AR1 while other AR modes proposed by both experimental and
computational approaches cannot trigger the activation of those
receptors. Understanding the underlying mechanism of AR will
greatly contribute to the development of novel antagonists/
allosteric modulators of P2X receptors [24]. Using a diversity of
computational approaches, we suggested that the following factors
may contribute to the preference of ABP for AR1 and abilities of
AR1 rather AR2 and 3 in P2X4 receptors gating: First, site S1 is
located on the surface of P2X receptor while S2 and 3 are partially
buried by head domain and body domain (Fig. 1A), thus, the
probability of ATP contacting with site S1 is a little higher than
that of S2 and S3. Secondly, although the binding free energy
releases of three distinct AR modes at the very beginning of ATP
contacting with resting P2X4 receptors were comparable, the
increased free energy release, springing from ARI-mediated
promoted downward motion head domain, together with the
downstream allosteric changes-induced significantly increased
energy releases, which would enable AR1 to overcome the energy
barrier required for channel gating. In contrast, AR2 and 3 would
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Figure 7. lllustrations of allosteric changes associated with AR determining and strategies to de novo design new blockers of P2X4
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domains/regions crucial for AR determinants. (B) lllustrations of strategies to de novo design new blockers of P2X4 receptors.

doi:10.1371/journal.pone.0097528.g007

preclude the downward motion of head domain and the
downstream allosteric changes correlated with channel gating
(Fig. 5C). Third, beside the positive feedback of AR on itself,
ART’s occurrences-induced allosteric changes of ABP is able to
preclude the occurrence of AR2 and 3(Figs. 4G, H and 6D). This
idea is supported by the observation that no AR2 poses was
observed during docking of ATP into open conformation of
zfP2X4 (Fig. 6C). All of these contribute to the preference of ABP
for AR1 over AR2 and 3 during channel gating.

The comparisons between closed and open structures, and the
equilibrated averaged structure after MD simulations would not
only facilitate studying ligand-recognition of P2X4 receptors
(Fig. 7A), but also will provide some clues to understanding of
channel gating mechanism. The movements observed in MD
simulations exhibited high a similarity to bound-ATP induced
conformational changes of ABP in open crystal structure. For
instance, the structural rearrangements of K70, K68, R289 and
R143, and closing movements of loop;se 146 and loopieo 133
(Figs. 4G, H and 6D). However, the rightward movement of
loopigg-183 and the down movement of head domain during MD
simulations were more evident than those of ATP-bound open
structure (Figs. 4G, H and 6D). On the contrary, the upward
movement of head domain in MD data was not as obvious as that
of open structure (Figs. 4G and 6D). These observations confirmed
the crucial role of inherent dynamics of head domain in both AR
and channel gating of P2X4 receptors. However, the complex
dynamics in the process of channel gating well beyond the
inherent dynamics of head domain, during which bound-ATP
evoked coordinated movements of multiple domains, especially for
the head and dorsal fin domains, are crucial for this process.

Our findings also provide new strategies for developing specific
blockers/allosteric modulators by preventing the dynamics of head
domain associated both with AR and channels activation of P2X4
receptors (Fig. 7B). Three types of new molecules could interrupt
P2X4 activation based on our findings: First, we can de novo design
high affinity small molecules containing both the acidic group to
interact with K70, 72, K316, K193, R298 and the heterocyclic
group to finely match the shape of site 2 or 3 (Fig. 7B). These small
molecules can compete with ATP and meanwhile act as allosteric
modulator to prevent the dynamics of head domain. The second
type of molecules are designed to fill up the cleft between the head
domain and the dorsal fin domain. This strategy has also been
proposed by Jiang et al. as inhibitor binds to this position can
prevent the closing of ATP-binding site jaw [33], an allosteric
change essential for channel activation. Here we predict that small
molecules at this position would block the inherent dynamics of
head domain. As a result, more ATP would contact with sites S2
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and S3. Additionally, ATP contacting with site S1 induced
positive-feedback can also be inhibited by these small molecules.
Therefore, molecules that filling up the cleft between the head
domain and the dorsal fin domain would impede the probability of
AR1’ occurrence at the very beginning of ATP contacting with
P2X4. Third, we can design de novo small molecules with a bulky
size to occupy both the whole ABP and the cleft between head and
dorsal fin, which can both compete with ATP and prevent the
dynamics of head domain as well as the closing of ATP-binding
site jaw.

In summary, our study brings new insights into the mechanism
of ATP recognition. The crucial role of head domain dynamics in
channel activation has been well established, here we discuss its
potential role in determining AR of P2X4 receptors. Our findings
provide strategies in designing new blockers that prevent the
dynamics of head domain associated with both AR and channel
activation of P2X4 receptors.

Methods

In silico Docking

The docking program Glide [34] was applied to dock ATP into
the potential binding site of closed (PDB entry code: 3H9V) and
open (PDB entry code: 4DW1) zfP2X4 as our previous description
[35]. Briefly, for Glide docking, the zfP2X4 structure was
preprocessed using the protein preparation and refinement
components. Then the grid for the protein was defined as an
enclosing cubic box within 30 A of centroid of selected reside
(K70) in ABP of zfP2X4, where sites S1, S2 and S3 were all
included. Conformations of ATP were generated by LigPrep [36].
For docking runs, the extra precision (XP) docking mode was
selected. All of the procedures including protein preparation,
refinement, grid generation, and docking were performed using
the default parameters except for the parameters for ATP poses
output. During i silico docking, at most 100000 poses per docking
run were selected, among of which top 300 poses per conforma-
tion of ATP were performed post-docking minimization. The
threshold for rejecting minimized pose is 0.5 kcal/mol. At most
100 poses per conformation of ATP will be finally wrote out. ATP-
per residue interaction scores were also measured during m silico
docking. The docking scores and ATP-residue interaction scores
were summarized, sorted and then plotted by Maestro (https://
www.schrodinger.com/productpage/14/12/37/).  Induced fit
docking was performed by Glide®. The residues within 15 A of
ligand pose were refined.
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MM-GBSA Binding Free Energy Calculation

Binding free energy (4Gy,,a) calculations were performed by
Prime MM-GBSA[37]. The pose files obtained from Glide were
the source of structures, where ligands and receptors were properly
prepared beforehand. Residues that have any atoms within the 15
A of the ATP processed are included in the flexible region. The
movement of the flexible residues were not constrained with a
harmonic potential. The binding energy is calculated according to
the equaﬁOlT AGT)iud = 7('()mplcx_((;ligemd-i_Grc('(tptor)'

Molecular Dynamics Simulations

According to our previous description [38], MD simulations
were performed by using the program Desmond 3.0[39] with
constant number of particles, constant pressure and temperature,
and periodic boundary conditions, which uses a particular
“neutral territory” method called the midpoint method to
efficiently exploit a high degree of computational parallelism.
Briefly, the closed structure of zfP2X4 (PDB entry code: 3H9V) or
closed structure of zfP2X4 (PDB entry code: 3H9V) complexes
with pre-docked ATP were used as the starting structures for MD
simulations. A large dimyristoylphosphatidylcholine bilayer was
constructed to generate a suitable membrane system where the
TM domain of the zfP2X4 could be embedded. The protein/
dimyristoylphosphatidylcholine system was then solvated in a bath
of simple point charge water molecules. Counter ions Na* were
subsequently added to compensate for the net negative charge of
the system. A default OPLS_2005 force field was employed for the
protein or protein-ligand complex. To maintain the system at a
constant temperature of 300 K, the Berendsen algorithm was
applied to couple protein and other molecules separately with a
coupling time of 0.1 ps. All of the bond lengths including hydrogen
atoms were constrained by the Linear Constraint Solver
algorithm. Electrostatic interactions between charged groups at a
distance less than 9 A were calculated explicitly. Long range
electrostatic interactions were calculated using the smoothed
particle mesh Ewald method. All of the MD simulations were run
on the DAWNING TC2600, with 200 AMD Opteron™™ 8374HE
CPUs). All MD simulations were repeated in at least two
independent runs.
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Normal Mode Analysis and PCA Analysis

According to our previous description [40], the atomic
coordinates for the crystal structure of zfP2X4.1 (PDB entry code:
3H9V) with proper preparation and minimization beforechand was
used as the starting structure in a series of computational
simulations and calculations. NMA was conducted using the web
server developed by Delarue et al. (http://lorentz.immstr.pasteur.
fr/nomad-ref.php) [41]. During the NMA simulations, the single-
parameter Hookean potential, a simplified all-atom potential [41],
was used:

Ep: Z C(dij—dgz

a9 <R¢
q

where dj is the distance between two atoms 7 and j, 4 )?7- is the
distance between the atoms in the three-dimensional structure, ¢ is
the spring constant of the Hookean potential (assumed to be the
same for all interacting pairs) and R, is an arbitrary cut-off. In this
study, R, was set to be 10 A. PCA analysis were applied by using
the program ProDy 1.1 [42]. PCA modes of zfP2X4 dynamics
were obtained by essential dynamics analysis (EDA) of snapshots of
MD simulations of zfP2X4 receptors that ATP has been pre-
docked into sites S1, S2 or S3. This measurement was performed
using the default Prody parameters. 5 modes were generated in
PCA analysis by Prody [42].

Acknowledgments
We thank Dr. Tian-Le Xu for his permission to use DAWNING TC2600.

Author Contributions

Conceived and designed the experiments: Y. Yu. Analyzed the data: Y. Yu
XYL JW. Wrote the paper: Y. Yu XYC Y. Yang. Supervised Y. Tian:
XYL. Performed MD simulations, NMA analysis, and docking: LDH YZF
YT JW WSZ PC. MM-GBSA binding free energy calculations and
induced fit docking: YL WCZ.

13. White N, Burnstock G (2006) P2 receptors and cancer. Trends Pharmacol Sci
27: 211-217.

14. Galligan JJ (2004) Enteric P2X receptors as potential targets for drug treatment
of the irritable bowel syndrome. Br J Pharmacol 141: 1294-1302.

15. Bornstein JC (2008) Purinergic mechanisms in the control of gastrointestinal
motility. Purinergic Signal 4: 197-212.

16. Finger TE, Danilova V, Barrows J, Bartel DL, Vigers AJ, et al. (2005) ATP
signaling is crucial for communication from taste buds to gustatory nerves.
Science 310: 1495-1499.

17. Cook SP, Vulchanova L, Hargreaves KM, Elde R, McCleskey EW (1997)
Distinct ATP receptors on pain-sensing and stretch-sensing neurons. Nature
387: 505-508.

18. Souslova V, Cesare P, Ding Y, Akopian AN, Stanfa L, et al. (2000) Warm-
coding deficits and aberrant inflammatory pain in mice lacking P2X3 receptors.
Nature 407: 1015-1017.

19. Miller CM, Boulter NR, Fuller SJ, Zakrzewski AM, Lees MP, et al. (2011) The
Role of the P2X(7) Receptor in Infectious Diseases. PLoS Pathog 7: €1002212.

20. Yamamoto K, Sokabe T, Matsumoto T, Yoshimura K, Shibata M, et al. (2006)
Impaired flow-dependent control of vascular tone and remodeling in P2X4-
deficient mice. Nat Med 12: 133-137.

21. Fabre JE, Nguyen M, Latour A, Keifer JA, Audoly LP, et al. (1999) Decreased
platelet aggregation, increased bleeding time and resistance to thromboembo-
lism in P2Y1-deficient mice. Nat Med 5: 1199-1202.

22. LiZ, Liang D, Chen L (2008) Potential therapeutic targets for ATP-gated P2X
receptor ion channels. Assay Drug Dev Technol. 6(2). United States. 277-284.

23. Browne LE, Jiang LH, North RA (2010) New structure enlivens interest in P2X
receptors. Trends Pharmacol Sci 31: 229-237.

May 2014 | Volume 9 | Issue 5 | €97528



24.

26.

27.

28.

29.

30.

31.

32.

Coddou C, Yan Z, Obsil T, Huidobro-Toro JP, Stojilkovic SS (2011) Activation
and regulation of purinergic P2X receptor channels. Pharmacol Rev 63: 641
683.

. Kawate T, Michel JC, Birdsong WT, Gouaux E (2009) Crystal structure of the

ATP-gated P2X(4) ion channel in the closed state. Nature 460: 592-598.
Hattori M, Gouaux E (2012) Molecular mechanism of ATP binding and ion
channel activation in P2X receptors. Nature 485(7397): 207-212.

Evans RJ (2009) Orthosteric and allosteric binding sites of P2X receptors. Eur
Biophys J. 38(3). Germany. 319-327.

Jiang R, Lemoine D, Martz A, Taly A, Gonin S, et al. (2011) Agonist trapped in
ATP-binding sites of the P2X2 receptor. Proc Natl Acad Sci U S A. United
States, 108(22): 9066-9071.

Du J, Dong H, Zhou HX (2012) Gating mechanism of a P2X4 receptor
developed from normal mode analysis andmolecular dynamics simulations. Proc
Natl Acad Sci U S A. 109(11): 4140-4145.

Cavarelli J, Eriani G, Rees B, Ruff M, Boeglin M, et al. (1994) The active site of
yeast aspartyl-tRNA synthetase: structural and functional aspects of the
aminoacylation reaction. EMBO ] 13: 327-337.

Jiang R, Taly A, Lemoine D, Martz A, Cunrath O, et al. (2012) Tightening of
the ATP-binding sites induces the opening of P2X receptor channels. EMBO J
31: 2134-2143.

Lorinczi E, Bhargava Y, Marino SF, Taly A, Kaczmarek-Hajek K, et al. (2012)
Involvement of the cysteine-rich head domain in activation and desensitization
ofthe P2X1 receptor. Proc Natl Acad Sci U S A, 2012.

. Jiang R, Taly A, Grutter T (2013) Moving through the gate in ATP-activated

P2X receptors. Trends Biochem Sci 38: 20-29.

PLOS ONE | www.plosone.org

1

34.

35.

36.

38.

39.

40.

41.

42.

ATP-Recognition of P2X4 Receptors

Friesner RA, Banks JLI., Murphy RB, Halgren TA, Klicic JJ, et al. (2004) Glide: a
new approach for rapid, accurate docking and scoring. 1. Method and
assessment of docking accuracy. J] Med Chem 47: 1739-1749.

Yu Y, Li WG, Chen Z, Cao H, Yang H, et al. (2011) Atomic-level
characterization of the nonproton ligand sensing domain of ASIC3 channels.
J Biol Chem.

Gadakar PK, Phukan S, Dattatreya P, Balaji VN (2007) Pose prediction
accuracy in docking studies and enrichment of actives in the active site of GSK-

3beta. J Chem Inf Model 47: 1446-1459.

. Hou T, Wang J, Li Y, Wang W (2011) Assessing the performance of the MM/

PBSA and MM/GBSA methods. 1. The accuracy of binding free energy
calculations based on molecular dynamics simulations. J Chem Inf Model 51:
69-82.

Yang Y, Yu 'Y, Cheng J, Liu Y, Liu DS, et al. (2012) Highly conserved salt bridge
stabilizes rigid signal patch at extracellular loop critical for surface expression of
acid-sensing ion channels. J Biol Chem. 287(18). United States, 2012. 14443~
14455.

Shaw DE (2005) A fast, scalable method for the parallel evaluation of distance-
limited pairwise particle interactions. J Comput Chem 26: 1318-1328.

Yang H, Yu Y, Li WG, Yu F, Cao H, et al. (2009) Inherent dynamics of the
acid-sensing ion channel 1 correlates with the gating mechanism. PLoS Biol 7:
¢1000151.

Suhre K, Sanejouand YH (2004) EINemo: a normal mode web server for protein
movement analysis and the generation of templates for molecular replacement.
Nucleic Acids Res 32: W610-614.

Bakan A, Meireles LM, Bahar I (2011) ProDy: protein dynamics inferred from
theory and experiments. Bioinformatics. 27(11). England, 2011. 1575-1577.

May 2014 | Volume 9 | Issue 5 | €97528



