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in the M2 Domain of the P2X7 Receptor: A Novel Conformation?
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ABSTRACT Scanning experiments have shown that the putative TM2 domain of the P2X7 receptor (P2X7R) lines the ionic
pore. However, none has identified an a-helix structure, the paradigmatic secondary structure of ion channels in mammalian
cells. In addition, some researchers have suggested a b-sheet conformation in the TM2 domain of P2X2. These data led us
to investigate a new architecture within the P2X receptor family. P2X7R is considered an intriguing receptor because its activation
induces nonselective large pore formation, in contrast to the majority of other ionic channel proteins in mammals. This receptor
has two states: a low-conductance channel (~10 pS) and a large pore (>400 pS). To our knowledge, one fundamental question
remains unanswered: Are the P2X7R channel and the pore itself the same entity or are they different structures? There are no
structural data to help solve this question. Thus, we investigated the hydrophobic M2 domain with the aim of predicting the fitted
position and the secondary structure of the TM2 segment from human P2X7R (hP2X7R). We provide evidence for a b-sheet
conformation, using bioinformatics algorithms and molecular-dynamics simulation in conjunction with circular dichroism in
different environments and Fourier transform infrared spectroscopy. In summary, our study suggests the possibility that
a segment composed of residues from part of the M2 domain and part of the putative TM2 segment of P2X7R is partially folded
in a b-sheet conformation, and may play an important role in channel/pore formation associated with P2X7R activation. It is impor-
tant to note that most nonselective large pores have a transmembrane b-sheet conformation. Thus, this study may lead to a para-
digmatic change in the P2X7R field and/or raise new questions about this issue.
INTRODUCTION

P2XRs are a family of ATP-gated ion channels with seven

subtypes: P2X1–P2X7. They are ligand-gated ion channels,

each with distinct pharmacological and/or physiological

properties (6). All seven different subtypes of this receptor

family have been found to form functional receptor-ion

channel complexes in homo- and/or heterooligomeric assem-

blies. Within the P2XR family, P2X7R has particular features

and functions (2). This receptor is primarily localized to

epithelial and immune cells (3,4). Additionally, current

biochemical evidence suggests that P2X7R has three or six

subunits (5,6) and forms a heteromeric association with

P2X4R subunits (7). Its activation in homomeric assembly

requires concentrations of ATP that are 10–100 times higher

than those required to activate other P2XRs, and the agonist

affinity and maximum response can also be modulated 5- to

100-fold by alterations in external monovalent and divalent

cations (2,8–10). Moreover, the P2X7R has other peculiar

characteristics, such as a C-terminal tail that is 200 amino

acids longer than that of other P2XRs, and the intriguing

capacity to form a pore permeable to molecules up to

900 Da (2).
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The time course of activation and deactivation of whole-

cell currents evoked by activation of recombinant P2X7R

or native P2X7-like receptors varies greatly with species,

agonist concentration, duration of agonist application, and

different concentrations of divalent cations, such as Ca2þ

or Mg2þ (11). Repeated long-term agonist stimulations

have been found to elicit almost constant whole-cell current

amplitudes (12,13), successively increasing currents (13–

17), or decreasing current amplitudes (15,17,18). These quite

different findings have been attributed to activation-

dependent, long-lasting changes in P2X7R conformation;

activation of ion channels triggered downstream of the

P2X7R (11); or the existence of two distinct ATP activation

sites on P2X7R (19).

Although several biological functions of P2X7R have

been described, little is known about the intrinsic properties

of its molecular structure. In this regard, further elucidation

of the P2X7R structure is crucial for the comprehension of

its pharmacological properties and to stimulate the develop-

ment of new drugs, particularly for the treatment of diseases

such as leukemia, arthritis, neuropathic pain, and tubercu-

losis (20–23).

Previously, Rassendren et al. (24) predicted the membrane

topology for the amino-acid sequence of the two transmem-

brane (TM) stretches of P2XRs, a bulk extracellular domain,

and cytoplasmic N- and C-termini. The first TM segment

(TM1) is close to the N-terminus (residues 30–50 in the

P2X2 subunit), and the second TM segment (TM2) begins
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close to residue 330 (11). Most of the protein is formed by

the intervening ectodomain. This domain has five conserved

intrinsic disulfide bonds (25,26) as well as charged residues,

both of which play a role in ATP binding (27,28) and are

close to TM1 and TM2. This topology is novel for ligand-

gated channels (29) but is similar to that of some Kþ chan-

nels (29–33), amiloride-sensitive Naþ channel subunits

(34,35), proton-gated cation channels (36), and putative

mechanosensitive channel subunits of nematodes (37,38).

It has been suggested that, in contrast to other classes of

ion-channel receptors, the P2XRs have amino-acid residues

that are responsible for the selectivity and permeability of

the channels formed by these receptors, which may not be

configured as an a-helix (24). This raises the hypothesis of a

TM domain formed by some conformation other than a-helix

bundles, a configuration common to other classes of ion

channels (39,40). However, this profile was not indicated

by other predictions made using informatics tools; on the

contrary, no helical conformation was observed in such

studies (24). In this context, one report showed that it is

possible to generate a tridimensional model of the P2X3R

in which its TM1 and TM2 segments display a higher

percentage of b-sheet than a-helix (41). Valera et al. (42)

showed that the TM2 segment of the rat P2X1R strongly

resembles the H5 signature segment of the Kþ channels.

The H5 signature segment has a key role in the selectivity

and permeability of Kþ channels, and the internal part of

these channels is geometrically structured as a loop (42).

However, there is no information regarding the relative

arrangement of TM segments within a subunit, or about

the quaternary organization of subunits within P2XRs.

Different channels, including epithelial Naþ channels (EN-

aCs), inward-rectifier Kþ channels (43), and mechanosensi-

tive channels of E. coli (MscL) (32,34,37,38,44,45), show

the same number of hydrophobic segments as the P2XRs,

but these segments are not associated with pore formation

with large conductance and low selectivity as they are in

P2X7. Nevertheless, there is still a gap in what we know

about the molecular structure of the P2XRs. These facts

prompted us to study the whole M2 domain using bioinfor-

matics approaches. These approaches provide evidence of

a consensus segment (306–318 residues) in the M2 domain

in the P2XR family that could serve an important function,

e.g., as a selective filter or participating in channel formation.

To study the possible molecular structure of this segment,

we synthesized a peptide segment based on the following

criteria: 1), conserved hydrophobic residues in the M2

domain; 2), residues in M2 that align with residues related

to the channel lumen of P2X2R (24); 3), participation in

channel-pore formation (24); and 4), the capacity to form

a cation-selective channel in an artificial bilayer system (see

Fig. S1 in the Supporting Material). This final composed

peptide, which is referred to as ADSEG (part of the consensus

segment of the M2 domain and part of the TM2 segment; see

Fig. 2 A), was analyzed by means of molecular-dynamics
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(MD) simulations, circular dichroism (CD), and Fourier trans-

form infrared (FTIR) spectroscopy to determine its likely

conformation in amphipathic and hydrophobic environments.

Because of the hydrophobic characteristics of the ADSEG

peptide residues, two different solvents were chosen to mimic

a membrane environment: TFE (2,2,2-trifluoroethanol) and

DMSO (dimethylsulfoxide (CH3)2S¼O) (46).

This work suggests for the first time (to our knowledge) that

this segment, a scarcely studied region, may play an important

role in channel/pore formation associated with P2X7R activa-

tion and also exhibits a propensity for adopting b-sheet

folding, such as that observed for porins and voltage-depen-

dent anion-selective channels (47–49). Furthermore, the puta-

tive TM2 segment may not be configured solely as an a-helix.

MATERIALS AND METHODS

Peptide synthesis

The peptide sequence was FGIRFDILVFGTGGKFDIIQLVVY (ADSEG,

residues 313–336). The ADSEG peptide was synthesized by Genemed

Synthesis (San Francisco, CA). The peptide was analyzed by high-

performance liquid chromatography and mass spectroscopy, and was 95%

pure.

Prediction of the membrane-spanning region

The M1 and M2 hydrophobic domains of the hP2X7R were analyzed using

the scales described by Engelman et al. (50), Eisenberg et al. (51), and Kyte

and Doolittle (52), and evaluated for their probability of forming TM

segments. Subsequently, we used ClustalX (53) to analyze sequence align-

ment. An interface was written to provide a single environment in which the

user could perform multiple alignments, view the results, and, if necessary,

refine and improve the alignment.

The computer strategies used to identify the TM segments (TM1 and

TM2) were HMMTOP2 (54) and TMHMM2 (55), which use global

approaches to determine the statistically most probable topology for the

whole protein according to the underlying model; MEMSAT2 (56) and

TMAP (57,58), which use combined forms by evaluating global heuristics

or other differences in the distribution of the amino acids; and ALOM2

(59) and TMPRED (60), which use local properties to investigate the

amino-acid sequences that are more likely to span the membrane (61).

To gain insight into the M2 domain secondary structure, we used the

TOPITS PredictProtein server (62), which performs its predictions based

on threading.

PRED-TMBB (63) was used in further analyses to confirm predictions

regarding the secondary structure. PRED-TMBB is a Web server that is

used to predict TM strands and the topology of b-barrel outer-membrane

proteins (63). The server returns a score indicating the probability of the

protein being an outer-membrane b-barrel protein. It also reports posterior

probabilities for TM strand prediction and furnishes a graphical representa-

tion of the assumed position of the TM strands with respect to the lipid

bilayer. PRED-TMBB is based on a hidden Markov model, a probabilistic

model that consists of several states connected by means of transition prob-

abilities, which has a success rate of 88.8% for the classification of outer-

membrane proteins (64).

Secondary structure prediction

MD simulation

Following standard procedures for MD simulations, we used GROMACS

version 3.3-1 (65) with force field GROMO-96. Before the MD prediction,
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the linear sequence of the ADSEG peptide from the hP2X7R was decoded to

display the three-dimensional structure in pdb format using WHATIF (66)

based on the receptor structure, followed by both a-helix and b-hairpin

sequence conformation from the Swiss PDB Viewer program using set back-

bone Phi, Psi, and Omega tools. The energies of these structures were mini-

mized (steepest descent: 200; three times) and changed to the gro format.

Each one was inserted and centralized in a cubic box (periodic boundary

conditions), keeping a minimal distance of 0.5 Å between the peptide and

the box boundary. Simulations were carried out in the Gibbs ensemble

(NPT) at room temperature (T ¼ 300 K) and atmospheric pressure (1 atm)

(67). The united atom ffG53a6 force field was used for parametrization

(68) of the Gromacs package (65), a modified version of Gromos96 force

field (70); explicit solvation for water (SPC model) (71), for DMSO (72),

and for a 30% (vol/vol) TFE/water mixture (73), under periodic boundary

conditions (cubic box). Particle mesh Ewald (PME; Fourier spacing 1.2

Å, 4th order, and tolerance 10�5) and six to 12 Lennard-Jones potentials

were applied to account for Coulomb and van der Waals interactions, with

radii of 10 Å and 14 Å, respectively. The LINCS algorithm was applied

over all covalent bonds (74). The energy was initially minimized for all

the studied systems. Once the systems were equilibrated, 10 ns data collec-

tion runs were carried out. Trajectories were saved every 2 ps, resulting in

5000 snapshots. In all simulations the time step was 0.002 ps.

CD spectroscopy

CD data were collected using a JASCO 715 spectropolarimeter. A 0.1 mm

pathlength cuvette with 919.5 mM ADSEG peptide in buffer (150 mM

KCl and 10 mM Hepes adjusted to pH 7.4) and 57% TFE was used for

the CD experiments. Each CD spectrum was obtained from an average

of four scans with a 1-nm bandwidth. The scan rate was 50 nm/min,

the step resolution was 0.2 nm, and the response time was 8 s. After back-

ground subtraction and smoothing, all CD data were converted from CD

signal (millidegrees) into mean residue molar ellipticity (deg cm2 dmol�1)

using the equation [q] ¼ q10�1.l�1.c�1, where l is the cell length in cm

and c is the molar concentration. Analyses of ADSEG peptide for integra-

tion into lipid vesicles were performed using two different lipid prepara-

tion: phosphatidylethanolamine (PE; Sigma, Berlin, Germany), and E.

coli polar extract (Avanti Polar Lipids, Alabaster, AL) at 10 mg/mL and

4 mg/mL, respectively. All of the experiments were performed at room

temperature (20�C).

Analyses of secondary structure

Deconvolutions were applied to interpret the CD data in terms of

secondary structure. Quantitative estimates of the secondary-structure

contents were made using the CDPro software package, which includes

the programs CONTINLL, CDSSTR, and SELCON3 (75). All three

methods were comparable in terms of performance, despite the differences

in the algorithms used in the three software packages. Whereas CDSSTR

performed best with a smaller reference set and larger wavelength range,

and CONTINLL performed best with a larger reference set and smaller

wavelength range, the results for individual secondary structures were

mixed (75). SELCON3 is the latest version of the self-consistent method

SELCON (76). In the self-consistent method, the spectrum of the protein

analyzed is included in the matrix of CD spectral data, and an initial

guess, considering the structure of the reference protein that has the CD

spectrum most similar to that of the protein analyzed, is made for the

unknown secondary structure. Analyzing protein CD spectra using all

three methods should improve the reliability of predicted secondary struc-

tural fractions.

FTIR spectroscopy

FTIR spectra were collected on a Nicolet Magna-IR 760 FT instrument

(Nicolet, Madison, WI). The spectral analysis was performed with the

OMNIC software provided by the manufacturer. The ADSEG peptide was

dissolved in DMSO.
RESULTS

Prediction of the membrane-spanning region

According to the literature, the topology of the P2XRs is pre-

dicted as two TM domains (77). To identify these domains,

we analyzed the primary sequence of P2X7R with regard to

the hydrophobicity of its residues using three different scales

as described by Engelman et al. (50), Eisenberg et al. (51),

and Kyte and Doolittle (52). The putative TM domains

(M1 and M2) according to these scales are shown in

Fig. 1. The results displayed on the scales are according to

the topology predicted for the P2XRs in the literature, and

there is also good agreement among the results from the three

scales. The ‘‘break region’’ shown in the three scales is

a region rich in glycines, which correspond to the 320–326

(LVFGTGG) residues in the M2 domain. This region shows

low hydrophobicity and thus provides favorable conditions

for loop formation, which is a characteristic of b-hairpin

structures (69).

Our next step was to seek a consensus segment in P2XRs

in the hydrophobic M2 domain, using ClustalX alignment.

The result from this alignment provides a consensus segment

(306–318 residues) that contains residues with 100% identity

among all P2X7 subtypes (see blue residues in Fig. 2 A). We

also evaluated whether a region of the M2 domain could be

folded as an a-helix and participate in the TM2 segment. In

this context, we used different approaches for predicting the

membrane-spanning region to evaluate the presence a-helix

structures in hP2X7R TM1 and TM2. The predictions for the

putative topology of TM segments configured as an a-helix

are summarized in Tables 1 and 2. The TMHMM2 predicts

with high probability only one a-helix TM segment (TM1)

for the M1 region of the hP2X7R. HMMTOP2 shows three

putative a-helix TM segments—one in the M1 domain

FIGURE 1 Hydrophobicity plot of hP2X7R. Hydrophobicity values were

calculated according to three different scales: Engelman (red), Eisenberg

(black), and Kyte and Doolittle (blue), and are plotted against the amino-

acid sequence (window 21). M1 and M2 (green line labeled) indicate the

peaks of the putative highly hydrophobic TM regions of hP2X7R.

Biophysical Journal 96(3) 951–963
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FIGURE 2 ClustalX multiple align-

ments of the M2 region from the

P2XR linear sequences and the H5

signature segment of Kþ channels. (A)

Green residues are paired with the H5

signature segment (also in green); blue

residues indicate highly conserved M2

residues; and red boxes show the resi-

dues predicted by MEMSAT2 to be

configured as a TM a-helix (matrix Blo-

sum 62, gap opening 10.0, and gap

extension 1.0). The ADSEG peptide is

underlined in red. (B) Scheme of the

ADSEG peptide region represented in

red within the whole P2X7R.
TABLE 1 Summary of predictions of a-helix transmembrane

(TM) domains of the hP2X7R

Methods TM1 TM2 TM3 % accuracy

TMHMM2 25–47 — — 93.1

HMMTOP2 25–47 309–327 334–356 94.4

MEMSAT2 31–47 333–355 — 91.6

TMAP 29–55 316–344 — 92.9

ALOM2 31–47 — — 80.1

TMPRED 29–46 333–351 — 93.8

The methods for prediction of transmembrane domains were used according

to the following approaches: global approaches—TMHMM2 and

HMMTOP2 (based on Hidden Markov Model); local properties—

ALOM2 (hydrophobicity-based prediction of membrane helices using

a discriminant function) and TMPRED (membrane prediction based on

statistical preferences); and combined forms—MEMSAT2 (dynamic

programming optimization to find the most likely prediction based on statis-

tical preferences) and TMAP (statistical preferences averaged over aligned

profiles). Each program is rated in % accuracy (1). (—) represents negative

prediction.

Biophysical Journal 96(3) 951–963
(TM1) and two (TM2 and TM3) in the M2 domain, where

TM2 (309–327) is localized in part of the M2 consensus

region. ALOM2 confirms the TMHMM2 predictions. MEM-

SAT2 and TMPRED show two TM domains in the a-helix—

TM1 (31–47) and TM2 (333–355)—in the M1 and M2

domains, respectively, where the consensus region does

not contain the putative TM2. Similarly to MEMSAT2 and

TMPRED, TMAP identifies two TM segments in the

a-helix: TM1 and TM2. However, in this case, TM2

(316–344), in contrast to the MEMSAT2 and TMPRED

predictions, is also located in the part of the M2 consensus

region and plays a role as an integral part of the whole struc-

ture. According to these analyses, all programs predict a TM

a-helix for the M1 domain; the same was not observed for

the M2 domain. Moreover, there are differences in the results

regarding the possibility of TM2 assuming an a-helix

conformation in this region (TMHMM2 and ALOM2), and
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TABLE 2 TOPITS predictions-based threading for the M2 domain of hP2X7R

TOPITS alignments header: summary

RANK EALI LALI IDEL NDEL ZALI PIDE LEN2 ID2 NAME 2

1 27.47 53 18 7 2.58 42 109 1mslA mechanosensitive

10 24.80 54 10 4 2.01 35 158 1gpr glucose permease

Two of 20 proteins presented by TOPITS were selected by their transmembrane characteristics - the first was the first in rank (an ionic channel protein) and the

second was the tenth in the rank (domain A of glucose permease protein). RANK: rank in alignment list, sorted according to z-score; EALI: alignment score;

LALI: length of alignment; IDEL: number of residues inserted; NDEL: number of insertions; ZALI: alignment z-score; note: 3>ZALI>0: 1st hit correct in

33% of cases; PIDE: percentage of pairwise sequence identity; LEN2: length of aligned protein structure; ID2: PDB identifier of aligned structure; NAME2:

name of aligned protein structure.
also with respect to the possible localization of this segment

(MEMSAT2 and TMAP), and the number of segments that

form a TM a-helix (HMMTOP2).

We further reevaluated the sequence similarity between

the H5 signature segment of the Kþ channel and P2XRs

family. The H5 signature segment is crucial for cation selec-

tivity in Kþ channels (42). It is interesting to note that the

residues in M2 sequences of the P2XR family that can be

aligned with the H5 signature segment (42) resemble

a sequence predicted by MEMSAT2 to form an a-helix in

TM2 (Fig. 2 A, residues in box).

It is intriguing that there is a close sequence identity

between the H5 signature segment (56%) and the residues

in P2X1R (78) and those in P2X2R that are related to channel

lumen formation (24). Moreover, it should be pointed out

that the H5 signature segment does not form an a-helix

(24). This result suggests a possible structural correlation

between these regions and the H5 signature segment, which

is structurally conformed as a loop in Kþ channels and also

acts as a selective filter (79). The scheme in Fig. 2 B shows

the region corresponding to the ADSEG peptide. It is formed

by a large portion of the consensus sequence (blue residues
in Fig. 2 A) and includes some of the residues similar to the
H5 signature segment. As mentioned above, the ADSEG

peptide forms a cation channel in artificial bilayers (Fig. S1).

Secondary structure prediction for the M2 hP2X7R

domain was based on the above-mentioned predictions

together with a previous search in PSI-BLAST (data not

shown) to find sequences similar to M2 as assessed by TOP-

ITS alignments. TOPITS selects protein sequences that align

with the M2 domain not only by pairing residues, but also by

testing for a predicted similarity in secondary structure. The

results from PSI-BLAST converged on an M2 domain inside

the P2XR family itself, and the TOPITS predictions showed

20 proteins with homologous sequences. Two of these were

selected based on the fact that they are membrane proteins:

one was the first in the rank and corresponds to a mechano-

sensitive channel protein (1mslA) (80), and the second was

the 10th in the rank and corresponds to a glucose permease

(1gpr) (81). Fig. 3, A and B, show molecular structural

images of the A domain of mechanosensitive channels

(1mslA) (80) and the glucose permease (1gpr) (81), respec-

tively. In these models, the M2 domain aligns with both

proteins, and the residues that align with the ADSEG

segment are shown in light blue. These protein segments

are located in the portion that has a b-sheet conformation
A B

C

FIGURE 3 Comparison of hP2X7R with other

membrane proteins. Images are drawn using the Swiss

PDB Viewer program and aligned using TOPITS. (A)

Domain A of the mechanosensitive channel of high

conductance (id - 1mslA). Residues in blue represent

the ADSEG peptide, aligned with the b-sheet region of

1-mslA. (B) Domain A of the glucose permease (id -

1gpr). Residues in blue represent the ADSEG peptide,

also aligned by TOPITS with a b-sheet region of 1gpr.

(C) Residues in the box represent the TOPITS threading

alignments for the M2 domain of hP2X7R with 1mslA

and 1gpr. The first line shows the M2 domain of

hP2X7R; light blue residues correspond to the ADSEG

peptide. The second line shows the 1MslA sequence; light

blue residues are paired with the ADSEG peptide. The third

line shows the 1gpr sequence; light blue residues are paired

with the ADSEG peptide. The residues (light blue) corre-

spond to the a-helix (red), and b-sheet (yellow) structures

are indicated below the corresponding sequences.

Biophysical Journal 96(3) 951–963
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in Fig. 3 C. The high hydrophobicity of the ADSEG peptide

and its alignment with an ionic channel (1ms1A) suggest that

this segment plays an important role in the channel structure

formation of P2XRs. Thus far, these results suggest that the

TM2 segment may not be configured solely as a TM a-helix.

Based on current findings for the TM2 segment, we suggest

that a primary structural model (similar to 1mslA) with the

ADSEG peptide can be inserted into the membrane.

Prediction of TM b-strands

Based on the PRED-TMBB program, the M2 domain and the

ADSEG peptide sequences produced scores of 2.961 and

2.870, respectively, which are lower than the threshold value

of 2.965. The prediction of the TM strands according to

posterior decoding using the Viterbi algorithm (VI) is shown

in Fig. 4. The posterior probabilities for the TM strands for

both segments are shown in Fig. 4, B and D. The sequences

in blue for the M2 domain (15–27 and 55–56 residues in

Fig. 4 A) and ADSEG peptide (10–18 residues in Fig. 4 D)

b-strand predictions showed that these residues are similar

to that of outer-membrane proteins with a b-barrel topology.
The PRED-TMBB predicts a high probability (0.9–1) of a

b-sheet conformation for residues (10–18 residues in

Fig. 4 D) for the ADSEG peptide.

Secondary structure prediction

Structural MD behavior

MD simulations were used to analyze the preferred secon-

dary structure of the ADSEG peptide after exposure of

a-helix and b-sheet conformations to DMSO and to

a TFE/water mixture. Snapshots of the initial conformations

for both structures (a-helix and b-sheet) are shown in Fig. 5,

A and B. The last frames from the DMSO and TFE/water

mixture simulations of the two structures (a-helix and

b-sheet) are reproduced in Fig. 5, C–F. The b-sheet structure

after 10 ns simulation in both solvent environments (Fig. 5,

D and F) shows that the initial conformation has a tendency

to remain preserved for a longer period. In contrast, the

a-helix structure does not show this tendency in the

presence of DMSO (Fig. 5 C). However, Fig. 5 E shows

that, in a TFE/water mixture, the a-helix structure remains
FIGURE 4 Predictions for the TM b-sheet, showing the

output of the whole M2 domain prediction obtained from

PRED-TMBB (A and B) and plots of the posterior proba-

bilities for TM strands along the given sequence (A and

C). The sequence score value of the M2 domain was

2.961, which is lower than the threshold value of 2.965.

(D–F) The same representations of the prediction for the

ADSEG peptide. The sequence score value was 2.870,

which is lower than the threshold value of 2.965. The

difference between the sequence score and the threshold

indicates the possibility of the protein being an outer-

membrane protein. The residue colors (green ¼ in, red ¼
TM, and blue ¼ out) represent the position of each one

in relation to the membrane for the M2 domain (A) and

ADSEG peptide (C), respectively. In B and D, the green,

red, and blue lines show the probability of the residues

be b-strand TM (0–1.0) in the y axis; the numbers in the

x axis represent the position of the residues in the M2

domain (56 residues) and ADSEG peptide (24 residues)

according to the segment size. To decode the initial amino

acid frequencies, the Viterbi (VI) algorithm was used in B
and D.

Biophysical Journal 96(3) 951–963
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FIGURE 5 Snapshots of the ADSEG peptide starting

from an initial conformation of a-helix (A) or b-sheet (B)

and after 10 ns of MD simulations performed in DMSO

and a TFE/water mixture. (C) a-Helix simulations in

DMSO. (E) a-Helix simulations in the TFE/water mixture.

(D) b-Sheet simulations in DMSO. (F) b-Sheet simulations

in the TFE/water mixture.
closer to its initial conformation throughout the simulation

time course.

To characterize the structural evolution of the ADSEG

peptide with time, we analyzed the evolution of dihedral

angles (4, j) through a 10 ns simulation, assuming that the

ADSEG peptide starts as an a-helix or a b-sheet conforma-

tion. Fig. S2, A–D, represents the Ramachandran plots for

a-helix and b-sheet conformations in DMSO and a TFE/

water mixture from t ¼ 0 in time intervals of 2 ns to t ¼
10 ns. In DMSO after 2 ns the initial a-helix conformation

shows a tendency for the dihedral angles to scatter from

the a-helix region to the b-sheet region in the temporal

sequence (Fig. S2 A). However, the same behavior was not

observed in TFE/water mixture (Fig. S2 C). When the simu-

lations started from a b-sheet structure in DMSO or the TFE/

water mixture, the evolution of the dihedral angles showed

a tendency to remain in the region favorable to a b-sheet

conformation (see time intervals in Fig. S2, B and D).

A detailed analysis of the time evolution of dihedral angles

(0–10 ns) displayed in Fig. S2 A–D revealed the following

findings: 1) In DMSO, 79% of the residues originally distrib-

uted in the a-helix region are scattered; however, 26% of

these residues (79%) are now localized in the b-sheet region
(Fig. S2 A). Nevertheless, after starting from the b-sheet

conformation (in DMSO), most of the residues (67%) still

appear in the original b-sheet region (Fig. S2 B). 2) In the

TFE/water mixture starting from the b-sheet conformation

(Fig. S2 D), 81% of the residues remain in the b-sheet

region; however, after starting from the a-helix conforma-

tion in the TFE/water mixture (Fig. S2 C), 75% of the resi-

dues remain in the a-helix region. Only a few residues

(17%) are displaced from the a-helix region to the b-sheet

region.

The backbone root mean-square (RMS) deviation values

with respect to the initial structure for each of the two

structures (a-helix and b-sheet) in both organic solvents as

a function of time are reported in Fig. 6. In both solvents

the b-sheet structure remains closer to its starting conforma-

tion. Regarding the a-helix structure, a significant increase

occurs in the RMSD values in DMSO (Fig. 6), indicating

a rapid divergence from the starting conformation up to

1 ns of simulation. After ~3 ns, we calculated the RMSD

mean values that developed from the a-helix and b-sheet

structures in the presence of both solvents. The RMSD

mean value starting from a helical structure in DMSO was

0.75 nm, which was much higher than the mean values

Biophysical Journal 96(3) 951–963
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(~0.4 nm) obtained from the helical structure in the TFE/

water mixture, and from the b-sheet structure in both

solvents. Starting from the b-sheet structure in DMSO, the

mean value reached only 0.4 nm. The increase in the

RMSD value in DMSO indicates a greater change from the

initial a-helix structure, as observed in Ramachandran plots

during the time evolution of dihedral angles (Figs. S2 A and

6). In contrast, its behavior in the TFE/water mixture shows

a propensity for maintaining the a-helix structure population

in the favorable a-helix region (Fig. S2 C); the RMSD values

remained low (0.5 nm). With respect to the b-sheet structure

in the TFE/water mixture, its structure remained defined and

no significant increase occurred; the RMSD mean value was

0.5 nm. This result is in agreement with reports in the liter-

ature indicating that TFE works as a strong cosolvent that

stabilizes a-helix and b-sheet structures in a variety of

peptides and proteins. The same behavior was observed in

the DMSO simulations, where the b-sheet structure remained

well defined throughout the 10 ns simulation (Fig. S2). These

results indicate that the b-sheet structure is more preserved

than the a-helix in both environments.

Secondary structure evaluated by CD spectroscopy

To validate the bioinformatics data, we analyzed CD spectra

of the ADSEG peptide in different environments. CD spec-

troscopy is a useful technique for studying secondary struc-

ture and the folding and binding properties of proteins and

peptides (82). The structural behavior of the ADSEG peptide

in vesicles of different compositions is shown in Fig. 6. The

spectrum obtained for the peptide in the presence of

TFE indicates preferential self-folding into a b-sheet confor-

mation rather than an a-helix (Fig. 6). Of interest, the

FIGURE 6 Time evolution (in nanoseconds) of the backbone RMS devi-

ation (in nm) during simulation of the ADSEG peptide with respect to the

minimized initial structure for a-helix and b-sheet structures. Shown are

the a-helix (green line) and b-sheet (blue line) in DMSO, and the a-helix

(black line) and b-sheet (red line) in the TFE/water mixture.
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predominance of this typical b-sheet conformation was

demonstrated with the ADSEG peptide in free form as

well as incorporated into vesicles. The peptide conforma-

tions were not affected by incorporation into vesicles or by

solvent composition. There were no changes in the b-sheet

content when the ADSEG peptide was incorporated into

the PE or E. coli polar extract. The E. coli polar extract

consists mainly of zwitterionic phospholipid PE (70–75%)

and two anionic phospholipids: phosphatidylglycerol (PG,

20–25%) and cardiolipin (CL, 5–10%) (83). The experi-

ments performed in the artificial planar lipid bilayer with

the ADSEG peptide showed that there was no peptide inser-

tion when PE was used as a lipid membrane, although

different results were found using E. coli polar extract

(data not shown).

Analyses of secondary structure by CD spectroscopy

The results shown in the inset of Fig. 7 are related to the

values from the package of deconvolution algorithms used

(CONTINLL, CDSSTR, and SELCON3). The secondary

structure contents estimated by all three deconvolution algo-

rithms showed a higher b-sheet content than the content of

a-helix (Fig. 7, inset) for the ADSEG peptide. There were

no changes in b-sheet content even when the ADSEG

peptide was incorporated into PE or E. coli polar extract

vesicle, indicating that the incorporation into different lipid

vesicles did not affect the b-sheet content.

It is important to point out that TFE is a useful solvent for

studying peptides and protein fragments by CD (84). On the

other hand, DMSO has been described as a solvent that is not

convenient for far-UV CD experiments because it absorbs

strongly below 240 nm, thereby preventing the extraction

of secondary structure contents from CD spectra (82).

However, the MD simulations were sufficient to obtain

detailed ADSEG peptide secondary structures in the pres-

ence of DMSO (Fig. 5, C and D).

FTIR analyses

To overcome the problems of analyzing the secondary struc-

ture of the ADSEG peptide dissolved in DMSO by CD, we

performed FTIR experiments. FTIR has been widely used to

study protein and peptide conformations (85). Because

sample absorption is not a problem in this case, since only

molecular vibrations are measured, we were able to use

DMSO (86). The analysis of the amide I band indicates

a mixture of a-helix and b-sheet configuration (Fig. S3),

reinforcing the data obtained by MD, which showed a major

propensity for b-sheet conformation. It is possible that equi-

librium among peptide conformations is achieved rapidly.

However, the MD simulations revealed a preferential confor-

mation adopted by this peptide. Thus, the FTIR data are in

agreement with the results described above and reinforce

the suggestion about a major probability to observe a b-sheet

over a-helix conformation.
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FIGURE 7 CD spectra of the ADSEG peptide and

deconvolution analyses of the secondary strutcture. The

peptide is shown in the absence (solid line) and presence

of lipid vesicles composed of PE (dashed line) or lipids

extracted from E. coli (dotted-dashed line). The vesicles

and ADSEG peptide concentrations were 10 mg/mL and

919.5 mM, respectively. The inset shows the relative

amounts of each secondary structure element, estimated

using CONTINLL, CDSSTR, and SELCON3. The first,

second, and third groups of the deconvolution algorithms

refer to free, PE, and E. coli lipid vesicle environments,

respectively.
DISCUSSION

The scarcity of crystallographic and NMR studies of P2XRs

architecture makes it difficult to understand its structural

arrangements, as well as its stoichiometry and pharmacolog-

ical profiles. The aim of this study was to investigate

the molecular structure of part of the hydrophobic M2

domain of P2X7R. To attain this objective, different bioinfor-

matics approaches and experimental tools were used. In

contrast to other ligand-gated ion channels, the putative

TM2 segment of the P2XRs demonstrates great variability

among the different subunits of the residues of that segment.

The absence of primary sequence conservation among the

P2X subunits of all P2XR subtypes makes it difficult to iden-

tify those segments that constitute the internal part of the

channel (24). Some findings indicate that TM2 resembles

similar domains of other ionic channels in its potential to

form an amphipathic a-helix having a hydrophilic face that

lines part of the water-filled ion-conducting pore (87). To

date, to our knowledge, there are no conclusive data showing

either the specific segment of P2X7R lining the pore or its

molecular structure.

In this study, we analyzed the M2 domain and ADSEG

peptide in hP2X7R by employing bioinformatics approaches,

MD, CD, and FTIR to evaluate the possible conformation

and position of the TM segment. The first step was to

confirm the topology of the two putative TM domains of

the hP2X7R. The hydrophobicity plots of the hP2X7R iden-

tified the putative highly hydrophobic TM regions (M1 and

M2), confirming the literature findings (77).

The predictions for the TM segment in the M2 domain

were obtained using different bioinformatics approaches

with different high accuracy algorithms. These predictions

show that there are discrepancies among the results from
different programs as regards the location of TM in the M2

domain, and these discrepancies cast doubt on the hypothesis

that this region is configured as a TM a-helix. Reinforcing

this suggestion, Egan et al. (88) have also shown that the

TM2 may not be stable as an a-helix. On the other hand,

the literature describes the majority of TM proteins and

ion-gated channels as being configured as an a-helical

bundle (39). Despite the a-helix paradigm regarding forma-

tion of the conducting pore of the ionic channels, there are

some membrane proteins, such as porins, that are configured

as b-pleated sheets in the form of a closed barrel and that

function as ion-gated channels (48,49). Of interest, TM

b-barrels are found not only in outer-membrane proteins

(e.g., OmpA, OmpX, phospholipase A, general and substrate-

specific porins, and TonB-dependent receptors), but also in

several toxins that assemble on the membrane to form

oligomeric TM channels, such as the heptameric pore-form-

ing a-hemolysin from Staphylococcus aureus, the human

voltage-dependent anion-selective channels (89), and the

cation-selective pore Tom40 from human mitochondria outer

membrane (90).

Although several different Web-based predictors for

a-helical membrane proteins are currently available, there

is no freely available prediction method for b-barrel membrane

proteins, at least not with an acceptable level of accuracy (63).

In the study presented here, the reports from PRED-TMBB

analyses using the M2 domain and ADSEG peptide produced

a score lower than the threshold value, indicating the possi-

bility that the ADSEG peptide is a b-barrel membrane protein

(Fig. 5, C and D).

Taken together, our results are consistent with the possi-

bility that the ADSEG peptide composes the TM structure

of the channel, since it is preferentially configured as a

b-sheet. In this context, the MD, CD, and FTIR analyses

Biophysical Journal 96(3) 951–963
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of the ADSEG peptide were essential to corroborate our

hypothesis.

MD simulations are used to elucidate molecular structures

and to gain insight into the natural dynamics of biomolecules

in solution on different timescales. Here, we attempted to

simulate the behavior of the ADSEG peptide in two

membrane-mimetic solvents—DMSO and a TFE/water

mixture—using MD simulations (46,91). DMSO, a powerful

organic solvent with amphipathic characteristics, is widely

used in cell biology because of its ability to induce cell

fusion and cell differentiation, increase membrane perme-

ability, and change protein properties (72). Leu-enkephalin

in DMSO shows a well-defined conformation, making it

possible to compare the zwitterionic and the neutral forms

(92). A model for the 3D structure of an analog of oxytocin

antagonist (OT-BC) was proposed based on MD simulations

in DMSO (93). The solution structure of OT-BC was consis-

tent with structure-activity relations of peptide and nonpep-

tide antagonists of oxytocin (OT). In particular, they also

revealed that a b-turn was the common feature responsible

for antagonist interaction with the uterine receptor of OT.

Another important finding was reported by Bennett et al.

(94). They demonstrated by MD simulations in DMSO

that six (TM2, TM7–TM11) TM segments from lactose

permease (LacY) retained a significant (>20%) secondary

structure for the duration of the simulation. Those results

were in substantial agreement with NMR data published

previously. Moreover, MD simulations of a fragment

of gp120 (envelope protein of HIV-1) in DMSO reveled

a b-sheet structure (95). According to the data described

above, and taking into account our findings using MD simu-

lations in DMSO as a membrane-mimic solvent, we can say

that this solvent can be used either for hydrophilic or hydro-

phobic proteins, in agreement with the amphipathic charac-

teristics of this solvent.

TFE has also served as a nonpolar cosolvent in studies

of conformation equilibrium and protein-folding kinetics

(96,97). Although TFE is fully miscible with water at any

ratio, the molecule forms microscopic clusters in aqueous

solutions with the greatest propensity for aggregation near

30 vol %, the optimal concentration for inducing secondary

structure stabilization in peptides and proteins (98). At these

concentrations, TFE strongly stabilizes the a-helix and

b-sheet structures of many soluble and amphiphilic peptides.

The effect of TFE on peptides is most likely due to its ability

to effectively coat the surface of the peptide. By aggregating

around the solute, the TFE molecules exclude water,

favoring the formation of intramolecular hydrogen bonds

and promoting the formation of secondary structure

(99,100). The effect of TFE on the stability of a-helix-

forming peptides has been investigated by several authors

(101). According to our MD simulations analyzed by Ram-

achandran plots displayed as function of the time evolution

of the dihedral angles (4, j) and RMSD calculations, in

both DMSO and a TFE/water mixture, the b-sheet structure
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is almost unchanged from its original secondary structure for

at least 10 ns, whereas the a-helix structure has a tendency to

scatter from the favored a-helix region in Ramachandran

plots in the presence of DMSO. Additionally, some of the

scattered residues (in the a-helix region) converged to the

favored b-sheet region, whereas fewer residues migrated to

the b-sheet region in the TFE/water mixture. Although

some fluctuations were observed in the RMSD plots during

the simulation, they do not represent significant changes in

the secondary structure conformation of the ADSEG peptide

(Fig. 6, B and D). It is important to point out that the RMSD

plots show only the rate of deviation from the initial confor-

mation of the ADSEG peptide, without indicating either the

stability of the system or the secondary structure. The time

simulations on Ramachandran plots show the tendency and

secondary structure evolution that the ADSEG peptide can

adopt. These results provide clear evidence that the ADSEG

peptide exhibits a propensity for adopting the b-sheet fold.

A few studies of sheet-forming peptides in TFE/water

mixture have been done. In this work, we found a b-sheet

structure in the presence of TFE as well as an a-helix, as

should be expected for this solvent (99,100). However, our

results show that the residues of the a-helix structure in

a TFE/water mixture have a slight tendency to scatter to

the favored b-sheet region. Finally, TFE has been shown

to accelerate protein folding (96) and disfavor partially

folded intermediates even at low concentrations (97).

Serrano et al. (102) showed by MD simulation that a 20-

residue peptide was partially folded in a 40% (vol/vol)

TFE/water mixture as a b-hairpin. In another study, a 16-

residue peptide adopted a stable b-hairpin structure in

aqueous solution with a population of ~40% (103).

According to our MD results, the ADSEG peptide prefer-

entially assumes a b-sheet structure rather than an a-helix in

both solvents. Rassendren et al. (24) also demonstrated that

there is a region in the second hydrophobic domain of the

P2XRs that is exposed within the ionic pore. However,

this finding does not support the hypothesis that a pore is

formed at the polar face of an amphipathic a-helix. Given

the large number of residues that react with Agþ, Egan

et al. (88) concluded that TM2 crosses the membrane in

a nonhelical manner, and suggested that this domain makes

a major contribution to the pore structure. Considering a

b-sheet as the initial conformation, our MD ADSEG peptide

simulations resulted in a preferential structure for both

solvents (Fig. 5, D and F), whereas the same motif was not

observed when we performed the simulations starting from

an a-helix structure (Fig. 5, C and E). Together, these results

suggest a possible b-hairpin arrangement in part of the TM2

segment of the P2X7R similar to those found in some defen-

sins (104).

To experimentally confirm the results obtained from

the bioinformatics predictions, we evaluated the ADSEG

peptide by CD spectroscopy in different environments. As

observed in the MD simulations, the initial peptide structure
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(a-helix or b-sheet) was maintained in the TFE/water

mixture. The CD spectra showed a mixture of a-helix with

b-sheet structures, with b-sheet predominating. These results

clearly indicate that the preferential structure assumed by this

segment is b-sheet. A similar behavior was observed for the

ADSEG peptide in the presence of DMSO. Thus, our exper-

imental data provide good support for the MD results.

It is important to note that the model proposed by our

group for part of the M2 domain of P2X7R with b-sheet

structures is not a surprising model for peptides, as other

ion channels can have this configuration (48,49). One could

imagine that a b-sheet conformation is crucial to high-

conductance channels (> 400 pS) since bacterial porins

and the human voltage-dependent anion-selective channels

have conductances above this range. Also, it is possible to

speculate that this segment may be responsible for the struc-

ture of the ionic channel of the integral P2X7R in ‘‘large

conductance conformation,’’ which would be reached

when the P2X7R is activated by high ATP concentrations

(millimolars; see Fig. S4). In addition, assuming the presence

of b-sheet in the peptide configuration (Fig. S4), the

following sequence is quite plausible: When ATP in high

concentration is linked to P2X7R, eliciting a cation influx

and an intracellular cascade, the b-sheet may assume

a configuration that allows passage of molecules up to 1

kDa. In other words, the channel will transiently perform

a large pore function due to the presence in that region of

this b-sheet segment. This model may allow the coexistence

of two functions (channel and large pore) in a single struc-

ture. It does not exclude the need of another protein serving

a large pore function.

Further investigation is necessary to understand this

possible paradigmatic change, i.e., the notion that b-sheet

conformation participates in pore formation of P2X7R.
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