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ABSTRACT
Studies have found strong correlations between polymorphism and structural variations in amyloid-β (Aβ) fibrils and the diverse clinical
subtypes of Alzheimer’s disease (AD). Thus, a detailed understanding of the conformational behavior of Aβ fibrils may be an aid to elucidate
the pathological mechanisms involved in AD. However, a key point that has been inadvertently underestimated or dismissed is the role of the
protonated state at the C-terminal residue of amyloid-β peptides, which can give rise to intrinsic differences in the morphology and stability
of the fibrils. For instance, the effects of the salt bridge formed between the C-terminal residue A42 and the residue K28 on the S-shaped Aβ
protofibril structure remain unknown and may be different from those in the U-shaped Aβ protofibril structures. To address this effect, we
explore the stability of the S-shaped protofibrils capped with different C-terminal modifications, including carboxyl group in its deprotonated
(COO−) and protonated (COOH) states, by using molecular dynamics simulations. Our findings indicated that the C-terminal deprotonated
protofibril is significantly more stable than its C-terminal protonated counterpart due to a well-defined and highly stable zipper-like salt-
bridge-chain formed by the ε-NH3

+ groups on the sidechain of residue K28 and the C-terminal COO− group at the A42 residue. The revealed
underlying molecular mechanism for the different stability of the protofibrils provides insights into the diversity of polymorphism in Aβ
fibrils.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5081948

INTRODUCTION

Polymorphism is a phenomenon commonly encountered in a
variety of amyloid fibrils and is related to various neurodegenera-
tive diseases, such as Alzheimer’s disease (AD),1 diabetes type II,2,3

and Huntington disease (HD).4,5 Recent studies have shown that AD
exhibits a wide spectrum of Amyloid-β (Aβ) structural states. In gen-
eral, Aβ is a 39- to 42-residue peptide produced through the cleavage
of the amyloid precursor protein (APP) by the β and γ-secretases6,7

and subsequently released into extracellular8 or intracellular milieu.9
Aggregation of amyloid-β peptides into amyloid fibrils or plaques

is part of the hallmarks of Alzheimer’s disease (AD).10 The most
prominent forms of Aβ peptides are the Aβ1–40 and Aβ1–42 species,
which only differ by two amino acids (Ile41 and Ala42) at the C-
terminus. These two Aβs can further form insoluble fibrils found in
extracellular amyloid plaques in the AD brain, and it is known that
the Aβ1–42 peptide aggregates faster and is more neurotoxic than the
Aβ1–40 counterpart.11–13

Moreover, the different conformers of Aβ may also play a piv-
otal role in the pathogenesis of distinct AD phenotypes.14,15 Hence,
a detailed comprehension of the Aβ structure and its conforma-
tional behaviors is critical to understand the aggregation process
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and subsequent disease development. However, due to its inherent
properties, i.e., intrinsic disorder and low solubility, the Aβ peptides
cannot be subjected to crystallization. Thus, the structural informa-
tion on the oligomeric states of Aβ remains sparse. The current three
major types of Aβ 3D structures, namely, U-shaped, S-shaped, and
tilde-shaped (supplementary material, Table S1), were determined
by advanced technologies, such as solid-state nuclear magnetic reso-
nance and cryoelectron microscopy.16–20 Two specific regions in the
Aβ peptide sequence seem to play crucial roles in the formation of
specific Aβ protofilaments: one is the central basic or acidic residues
(i.e., K28 and E22/D23, respectively), which is capable of forming
salt bridges; the other is the specific modification of its C-terminus,
which play a significant role in the central salt bridge formation in
the fibril structures.21 In this context, Luhrs et al.16 obtained the
U-shaped structural motif using Aβ1–42 peptides where the C-
terminus was amidated (CONH2) and observed the formation of a
salt bridge between the K28 and D23 residues. By contrast, several
studies using the same Aβ1–42 peptide, but where the C-terminus
was left with the standard moiety (deprotonated carboxylic group,
COO−), produced the S-shaped structure and a different salt bridge
interaction (in this case, between K28 and the A42 terminal carboxy-
late).18,19,22 Finally, under conditions where the terminal carboxylate
is protonated (COOH), the Aβ1–42 peptide formed the tilde-shaped
structure but as expected, the salt bridge interaction between the K28
and the A42 terminal moiety is absent.17,23

A comprehensive literature review revealed that the character-
ization of the S-shaped structure, and particularly its C-terminal
salt bridge interaction, may help us in understanding the other two

structural types of the Aβ1–42 peptide. Due to the computational
resources needed to study the aggregation process of the Aβ1–42 pep-
tide using atomistic simulations, we focus our current attention in
the characterization of the stability and conformational features of
the S-shaped Aβ structure and the role of the presence of different
chemical groups at the C-terminus.

MODELS AND METHODS

We built an S-shaped initial Aβ fibril model based on a seg-
ment of the dimeric fibril structure reported by Michael et al. (PDB
ID: 5KK3)19 that contained nine Aβ11–42 peptides. As shown in
Fig. 1(a), the native S-shaped Aβ11–42 protofibril contains a smaller
hydrophobic core (named “hydrophobic-core-A,” including G29,
I31, G33, V36, V39, and I41) and a larger hydrophobic core (named
“hydrophobic-core-B,” including L17, F19, F20, V24, N27, A30, and
A32). Each peptide also forms a three stranded β-sheet with strands
β1 of residues 12–18, β2 of residues 24–33, and β3 of residues
36–40. In the current study, we investigated the S-shaped Aβ pep-
tide structure capped with two different chemical groups at the
C-terminus: carboxyl group in the deprotonated (COO−) and proto-
nated (COOH) states. On the other hand, the pKa values of the two
different C-terminal protonated peptides were computed using the
PROPKA 3.1 program.24 The results demonstrate that there was no
distinctive pKa shift for all titratable residues between two different
C-terminal protonated state peptides (Table S2).

First, the nine Aβ11–42 peptides were solvated in a 6.72 nm
× 7.42 nm × 8.73 nm water box with approximately 12 460 water

FIG. 1. The initial configuration of the
simulated system consisting of the S
shape Aβ11–42 peptide embedded in
the water solvated system. (a) The
sequence and the structural features S
shape Aβ11–42 protofibril. The Aβ11–42
protofibril inserted in the cubic water
box (6.72 nm × 7.42 nm × 8.73 nm)
and represented as the “NewCartoon”
model, Na+ as the counter ions to neu-
tralize the simulation system are shown
as blue sphere. (b) The C-terminal of
each Aβ11–42 peptide is capped with the
standard C-terminus (COO−) and pro-
tonated C-terminus (COOH). For clarity,
some hydrogen atoms are not shown.
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molecules; then, nine sodium ions were added to neutralize the
system (as detailed in Fig. 1). All simulation systems were built
and visualized using the VMD25 program (version 1.9.2). The
simulations were performed using the GROMACS (version 4.6.7)
package26 with the CHARMM27 force field.27,28 The TIP3P water
model29 was applied for water molecules. The system was then min-
imized by 5000 steps, followed by a 1 ns equilibration, in which
all heavy atoms of peptides are restrained. During the equilibration
and production runs, the temperature and pressure were main-
tained at 300 K and at 1 atm by using a modified Berendsen
thermostat30 and Parrinello–Rahman barostat,31 respectively. The
long-range Coulomb interactions were treated by the particle mesh
Ewald (PME) method,32 whereas van de Waals interactions were
handled with a smooth cutoff distance of 1.2 nm. Five independent
100 ns long production runs were carried out for each of the four
different C-terminal modifications that resulted in a total aggregate
simulation time of 2 µs under the NPT ensemble. The equation of
motion was integrated with a time step of 2.0 fs, and coordinates
were collected every 2.0 ps. The secondary structure analysis of the
protofibril structures was calculated using the dictionary of the pro-
tein secondary structure33 protocol available in the do_dssp module
of the GROMACS package.

The potential of mean force (PMF) profile of a single peptide
to its parent protofibril was estimated using the umbrella sampling
method.34,35 The reaction coordinate was defined as the distance
(from 0.4 nm to 5.0 nm) of the peptide center of mass to its par-
ent protofibril along with the long-axis of protofibril. The harmonic
potential with a force constant of 2000 kJ mol−1 nm−2 was applied
on the peptide. The reaction path was divided into 47 windows, with
each simulating for 5 ns. The Weighted Histogram Analysis Method
(WHAM)36,37 was applied to calculate the PMF. All PMF profiles
were offset by its value at the distance of 5.0 nm, where the PMF
reached a constant. The statistical uncertainty of the PMF was esti-
mated by bootstrapping analysis38 with an equilibration phase of
1 ns in length.

RESULTS AND DISCUSSIONS

The present study focuses on the role of the different proto-
nated states of residue A42 at the C-terminus of the peptide on the
stability of the S-shaped Aβ11–42 protofibril. Therefore, our atten-
tions are mainly devoted to the direct correlation between the sta-
bility of “hydrophobic-core-A” and the “K28-NH3

+-A42-COO−”
salt bridge since the hydrophobic-core-A is wrapped at the end of
the peptide by the K28-NH3

+-A42-COO− interaction. In this study,
we present the simulation results for the effects of two types of
C-terminal modifications in the stability of the Aβ11–42 protofib-
rils. First, we constructed a conformational free energy surface with
regard to the stability of two protofibrils. Then, we compared the
dynamical properties of the two protofibrils. Finally, the possi-
ble mechanisms that cause distinct structural stability level were
proposed.

The structural stability of the two Aβ11–42 protofibrils with dif-
ferent C-terminal protonated states was examined by the protofibril
conformational free energy surface (FES) (potential of mean force).
Here, the two dimensional FES was constructed along the root mean
square distance (RMSD) and the solvent accessible surface area
(SASA) by ∆G(RMSD, SASA) = −KbT ln P(RMSD, SASA), where Kb

is the Boltzmann constant, T is the temperature, P(RMSD, SASA)
is the probability of the configuration of protofibril locating at the
coordinate of (RMSD, SASA). Here, SASA measures the degree of
exposure of the Aβ11–42 protofibril to solvent (water), so a larger
SASA value indicates a more swelled protofibril structure. RMSD
reflects the structural similarity of the Aβ11–42 protofibril to its crystal
structure. Thus, a larger RMSD value demonstrates a larger protofib-
ril structural deviation. The overlap in FES distribution spaces and
the convergence of FES are also analyzed. The exact steps are as fol-
lows: first, all configurations from all independent trajectories are
randomly divided into 10 data subsets; second, three out of ten data
subsets are extracted and be used to construct three sub-FESs for
assessing the overlap and convergence of FESs; finally, the final FES
is constructed by averaging over the all 10 data subsets. The sta-
tistical sampling error in FES is estimated using the bootstrapping
scheme38 by calculating the standard deviation (SD) between the
ten data sets.37,39 Meanwhile, the representative configuration cor-
responds to the energy minimum is captured and rendered in terms
of the protein surface and “Newcartoon” model using the VMD pro-
gram25 to show the overall structure and the secondary structure of
the protofibril.

We first validate the overlap and convergence of the FES dis-
tribution. The two sets of three sub-FESs clearly demonstrate that
the conformational FES distribution for both the C-terminal depro-
tonated and protonated Aβ11–42 protofibrils is overlapped very well
(Fig. S1). Particularly, the exact FES distribution patterns (includ-
ing the specific coordinate space of the distribution and the exact
local/global energy minimum value) in the three sub-FESs for
the C-terminal deprotonated and protonated Aβ11–42 protofibrils
are very closer, indicating a reasonable convergence of the FES
distributions.

Next, we study the thermodynamic stability of the two differ-
ent C-terminal protonated states Aβ11–42 protofibril. As shown in
Figs. 2(a) and 2(b), the distributions of the FES for the two different
Aβ11–42 protofibrils hydrophobic-core-A are largely different. In the
case of C-terminal deprotonated protofibril [Fig. 2(a); A42-COO−,
the native state], there is only one free energy basin; the FES dis-
plays a compact “native-like” state around the basin, indicating the
convergence of the fibrillar hydrophobic-core-A structure. At the
basin (0.40 nm, 47 nm2), with ∆G = −15.0 ± 0.1 kJ/mol, the over-
all structure of the protofibril is intact, with only one edge β3-sheet
partially broken. Then, we superimposed the configurations of the
simulated trajectories at 1 ns interval and found that the integral
structural deviation is very small [Fig. 2(c)]. Moreover, by measur-
ing the secondary structure variation of the integral protofibril, it
also demonstrated a very tiny reduction in β-sheet content [only
decreased by ∼0.07, Fig. 2(d)].

As for the case of the C-terminal protonated protofibril (A42-
COOH), the distribution of the FES is much broader and more com-
plicated. As displayed in Fig. 2(b), there are two free energy basins
distributed over the FES. The first minimum is located at (0.45 nm,
51 nm2), with ∆G = −13.4 ± 0.1 kJ/mol. In this state, the surface
of the protofibril is very rough, with the hydrophobic-core-A par-
tially impaired. Also, more edge β3-sheets (highlighted by the red
circle) detach from the protofibril, accompanied by the formation of
a loosely packed inner core of the protofibril (with a small “crack”).
The second minimum is located at (0.67 nm, 52 nm2), with ∆G
= −12.6 ± 0.2 kJ/mol. In this state, the crack became much larger, the
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FIG. 2. [(a) and (b)] The conformational free energy surface of the C-terminal deprotonated and protonated Aβ11–42 protofibrils, and typical protofibril configuration(s) that
correspond(s) to the free energy basin(s). (c) The protofibril structure superimposed by the extracted configurations from the trajectories of the two systems at 1 ns interval.
Left for the C-terminal deprotonated protofibril, while right the for C-terminal protonated protofibril. (d) The comparison of the β-sheet content between the initial protofibril
structure and that at the equilibrium state (last 50 ns).

hydrophobic-core-A was further disrupted, and the β3-sheet formed
by the detached two strands completely disappeared. Moreover, the
superimposed integral protofibril structure that extracted from the
trajectories at 1 ns interval also displayed a very large deviation
[Fig. 2(c)]. The β-sheet content of the integral protofibril sharply
decreased by ∼0.17, which is about more than twice of which in the
case of the C-terminal deprotonated protofibril [Fig. 2(d)].

Therefore, we can conclude that the C-terminal protonated
state can significantly affect the thermodynamic stability of the
Aβ11–42 protofibril. More specifically, the C-terminal deprotonated
protofibril is much more stable than its C-terminal protonated
counterpart.

We further examined the time evolution of the conformation
of the two Aβ11–42 protofibrils with different C-terminal protonated
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states, which might offer an overall view on their structural stabil-
ity differences and provide a microscopic picture of the underly-
ing mechanisms. Here, the RMSD [Fig. 3(a)], hydrophobic-core-A
SASA [Fig. 3(b)], together with the key configurations [Fig. 3(c)]
at the critical time points were applied to measure the structural
stability of the protofibril.

In general, the conformational adjustment process of the
C-terminal protonated protofibril is more complicated than
its C-terminal deprotonated counterpart. In the case of the
C-terminal deprotonated protofibril, the most significant protofib-
ril conformational change only occurs in a single stage, despite the
exact time scale varying in different trajectories (Figs. 3 and S2).
Herein, we take a trajectory as an example to show the confor-
mational shifting process [Figs. 3(a) and 3(c)]. During the adjust-
ment stage (<20 ns), the original relatively flat fibrillar morphology
became a left-hand twist pattern, which make the protofibril RMSD

value increased by ∼0.2 nm, and the hydrophobic-core-A SASA
value decreased slightly by ∼4 nm2. This is reasonable. The initial rel-
ative loose configuration of the C-terminal deprotonated protofibril
was obtained from the crystal structure resolved by the ssNMR at
the gas phase. When it is solvated in water, the hydrophobic effect
and the other protein intrinsic forces (such as van der Waals and
electrostatic) inevitably drive the protofibril to make some spatial
adjustments to become more compact to accommodate the aque-
ous environment. It is noteworthy that at the end of the simulation,
the edge β3-sheet around the hydrophobic-core-A was partially dis-
rupted, but the hydrophobic-core-A maintained intact [see the top
panel figures in Fig. 3(c)].

On the other hand, the C-terminal protonated protofibril dis-
played a two-stage protofibril conformational change pattern in
three out of five runs (run 3–5) (Figs. 3 and S3). Similarly, we
also take a trajectory to describe those conformational behaviors

FIG. 3. [(a) and (b)] Time evolution of the RMSD and the hydrophobic-core-A SASA values to measure the structural dynamical properties of the two different C-terminal
protonated Aβ11–42 protofibrils. (c) Some snapshots at key simulation time points to illustrate the crucial structural changes during the simulations (see Figs. S4 and S5 for
more details).
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[Figs. 3(b) and 3(c)]. At the stage I (<4 ns), the RMSD value already
increased sharply by ∼0.50 nm and the hydrophobic-core-A SASA
value decreased by ∼2 nm2, when the fibrillar morphology became
a left-hand twist pattern. Meanwhile, the β3 segments on the two
edge strands partially separate from the protofibril and become more
flexible in water, which induce the hydrophobic-core-A SASA value
increased by ∼6 nm2 and introduce an apparent “crack” to the
hydrophobic-core-A. This is to say, water molecules can directly
attack the hydrophobic-core-A from now on. During the stage II
(from ∼4 to ∼34 ns), a larger hydrophobic-core-A area is exposed
to water and became disrupted, which in turn induced the two β3
segments to fully detach from the protofibril with their β-sheet struc-
ture completely vanished. These conformational changes collectively
resulted in the increase in the RMSD value from ∼0.53 to ∼0.72 nm.
The overall structure of the protofibril simultaneously became more
twisted, which gives rise to the decrease in the hydrophobic-core-A
SASA. Thereafter, this state remained until the end of the simulation.
It is noteworthy that we did not directly observe the full destruction

of the protofibril under our current simulation time scale, but we
speculate that the destruction should be more remarkable in the long
run.

Analyses of the dynamical properties of the two Aβ11–42
protofibrils with different C-terminal protonated states suggest that
the breakage of the β3 segment from the protofibril and the exposure
of hydrophobic-core-A to water are the key steps for the destruction
of the protofibril (more below).

To further reveal the underlying molecular mechanism for the
influence of the C-terminus protonated state on the stability of
the β3 segment and hydrophobic-core-A of the Aβ11–42 protofibril,
we systematically investigated the structural characteristics of the
C-terminal of the two Aβ11–42 protofibrils and their hydrophobic-
core-A at the final configurations (Fig. 4).

In the case of the C-terminal deprotonated protofibril
[Fig. 4(a)], the alternatively arranged A42-COO− groups and the
ε-NH3

+ groups on the sidechain of K28 construct a well-defined
and highly stable zipper-like salt-bridge-chain, which is maintained

FIG. 4. Interior and exterior interactions of Aβ11–42 peptides and various structural properties of the protofibrils with different C-terminal capping groups. (a) For the
C-terminal deprotonated protofibril and (b) for the C-terminal protonated protofibril. (c) The difference in residual root mean square fluctuation (RMSF) between two dif-
ferent Aβ11–42 protofibrils, where the values for residues K28 and A42, are highlighted by blue frames. (d) The PMF profiles to show binding free energies of a C-terminal
protonated/deprotonated peptide to the C-terminal protonated/deprotonated protofibril.
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very well until the very end of the simulation. On the one hand,
this unique salt-bridge-chain remarkably reinforces the associa-
tions between the two adjacent peptides and intactly harbors the
hydrophobic-core-A from being directly attacked by water. On the
other hand, it also tightly anchors the C-terminals (A42-COO−) of
the peptide onto the main body of the protofibril. These factors
worked together to effectively suppress the fluctuations of the C-
terminal of the peptide [Fig. 4(c), black curve] and significantly sta-
bilize the overall structure of the protofibril. Whereas, in the case of
the C-terminal protonated protofibril, the specificity and strength of
the interactions between the polar A42-COOH groups and ε-NH3

+

groups on the sidechain of K28 are much weaker as compared to
its deprotonated counterpart. This induces the arrangement of A42-
COOH groups, and the sidechain of K28 becomes more disordered
[Fig. 4(b)] and flexible [Fig. 4(c), red curve]. Hence, under the con-
tinuous attack of the water molecules, the β3 segments on the two
edge strands gradually detach from the protofibril. Then, more and
more water molecules intrude into the hydrophobic-core-A of the
protofibril, resulting in the separation of the two β3 segments. As
thus, the stability of the C-terminal protonated protofibril is largely
reduced.

To validate the above assumptions, the binding free energies
(potential mean force, PMF) of a single peptide to a parent protofib-
ril with the C-terminal protonated or deprotonated are compar-
atively studied by using umbrella-sampling method. As shown in
Fig. 4(d), the binding free energy for the C-terminal deprotonated
peptide to its parent protofibril (∼185.7 ± 2.8 kJ/mol) is much
stronger than its protonated counterpart (∼172.4 ± 6.2 kJ/mol).
Obviously, the enhanced peptide binding affinity (∼13.3 kJ/mol)
and stability of the C-terminal deprotonated protofibril are the
consequences of the deprotonated state at the end of peptide
C-terminus. This result strongly demonstrates that the unique
K28-NH3

+-A42-COO− salt bridge in the deprotonated peptide
is an important contribution to the S-shaped Aβ fibrils struc-
ture maintenance and stability, which is in good agreement with
experiments.18,20,22

It is interesting to note that Xi et al.40 recently suggested that
protofibril stability mainly depends on the hydrophobic contacts
involving the C-terminal residues, rather than the special salt bridge
K28-NH3

+–A42-COO−. The main proof was that the N-terminal
β-motif (β2 and β3) is not fully dissolved in their simulation
time scale (over 200 ns). However, they also observed that the
hydrophobic-core-A was somewhat disrupted and obtained a sim-
ilar RMSF profile of the K28A mutant protofibril to our proto-
nated RMSF profile. As discussed above, we believe the lack of large
destruction of the N-terminal β-motif is largely due to the shortage
of the simulation time. Moreover, we propose that the role of the
salt bridge and hydrophobic core on the stability of the protofib-
ril is complementary. A highly stable ambient salt bridge chain
can smoothly bridge the dry interior (hydrophobic-core-A) of the
protofibril to the external aqueous environment and resist the inva-
sion of water; on the other hand, an intact hydrophobic core can
provide a stable scaffold for the salt bridge chain in return.

CONCLUSION

In this paper, we investigated the conformational consequences
of the S-shaped structure with different C-terminal protonated states

by using atomistic molecular dynamics simulations. The native
S-shaped Aβ11-42 structure (deprotonated state) was significantly sta-
bilized by a well-defined and highly stable zipper-like salt-bridge-
chain formed by the ε-NH3

+ groups on the sidechain of residue K28
and the C-terminal COO− group at the A42 residue. By contrast,
when the C-terminal group at the A42 is protonated (–COOH), the
protofibril became less stable. This difference is due to the lack of
interpeptide electrostatic associations between the ε-NH3

+ groups
on the sidechain of residue K28 and the C-terminal COOH group.
The protonated state at the C-terminus of peptide decreases inter-
peptide binding free energy. Despite the absence of a detailed path-
way of the Aβ aggregation, the present study demonstrates that the
protonated state in the peptide C-terminus plays an important role
in determining the stability of the S-shaped structure of the Aβ
protofibril. In the context of the polymorphic properties of the fib-
ril and the complex process involving the Aβ aggregation pathway,
our results suggest that the structural and physicochemical specifics
in the physiological conditions, such as pH (thus the protonation
states), may play a significant role.

SUPPLEMENTARY MATERIAL

See supplementary material for analysis of classification of Aβ42
and Aβ40 protofibrils, including prepare condition, salt bridge loca-
tion and document information, pKa values for all titratable residues
in the C-terminal protonated and deprotonated S-shaped A42 pep-
tides, additional convergence tests for free energy surface distri-
bution, time evolution of the RMSD and the hydrophobic-core-
A SASA of the C-terminal deprotonated and protonated Aβ11–42
protofibril, time evolution of the hydrophobic-core-A surface of
Aβ11−42 capped with COO− at C-terminus, and time evolution of
the secondary structure of Aβ11−42 protofibril capped with COO−
and COOH.
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