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Abstract
In the calculation of partial atomic charges, for use in molecular mechanics or dynamics simulations,
it is common practice to select only a single conformation for the molecule of interest. For molecules
that contain rotatable bonds, it is preferable to compute the charges from several relevant
conformations. We present here results from a charge derivation protocol that determines the partial
charges by averaging charges computed for conformations selected from explicitly solvated MD
simulations, performed under periodic boundary conditions. This approach leads to partial charges
that are weighted by a realistic population of conformations and that are suitable for condensed phase
simulations. This protocol can, in principle, be applied to any class of molecule and to nonaqueous
solvation. Carbohydrates contain numerous hydroxyl groups that exist in an ensemble of orientations
in solution, and in this report we apply ensemble averaging to a series of methyl glycosides. We
report the extent to which ensemble averaging leads to charge convergence among the various
monosaccharides and among the constituent atoms within a given monosaccharide. Due to the large
number of conformations (200) in our ensembles, we are able to compute statistically relevant
standard deviations for the partial charges. An analysis of the standard deviations allows us to assess
the extent to which equivalent atom types may, nevertheless, require unique partial charges. The
configurations of the hydroxyl groups exert considerable influence on internal energies, and the limits
of ensemble averaged charges are discussed in terms of these properties.
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Introduction
In computing partial atomic charges for use in classical mechanics or dynamics simulations
two issues immediately arise. First, the method for computing the charges must be selected
from a large number of possible protocols. And second, the extent to which internal motions
affect the computed charges must be established. Despite the importance of partial charges in
modeling and in rationalizing electrostatic properties and reactivities of molecules and
complexes, there is no unique protocol for determining the partial charge of an atom in a
molecule. Partial charges are not experimentally observable; thus, they cannot be
unambiguously determined by quantum mechanical methods. Consequently, one has to
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construct methods for determining partial charges that reproduce desirable molecular
properties, such as, inter- and intramolecular energies.

There exist several different methods for deriving partial charges. Some of these methods are
purely empirical, making use of experimental quantities (e.g., enthalpy of vaporization, density
of liquids, or crystal properties),1 – 6 whereas many current methods employ quantum
mechanics.

Mulliken population analysis,7 which involves a partitioning of overlap integral contributions
equally between directly bonded atoms, is one of the oldest of the quantum-based methods.
Although straightforward, the resultant charges from a Mulliken analysis have been shown to
be highly basis set dependent, and are unsatisfactory for deriving electrostatic potentials and
intermolecular interaction energies.8 Other partitioning protocols, which are less basis set
dependent, include modifications to the Mulliken approach,9 as well as Löwdin population
analysis10 and natural population analysis.11 Alternatives to arbitrarily partitioning the wave
function between nuclei include the elegant approach proposed by Bader,12 which involves
the direct computation of the electron density associated with each atom, using a critical point
analysis to determine atomic boundaries.

Methods for computing partial charges, based on fitting to quantum mechanical molecular
electrostatic potentials (ESPs), offer several advantages when applied to polar molecules.
Although partial charges are a fictitious concept, ESPs are an experimental observable, and
can be directly obtained from a quantum mechanical wavefunction. ESP charges (q) are derived
by optimizing the fit (χ2

esp) between the classical Coulomb model for the electrostatic potential
(V̂) and the quantum mechanical molecular electrostatic potential (V) evaluated at points (i)
around the molecule.

χesp
2 =∑

i
(Vi − V̂ i)2 (1)

where

V̂ i =∑
i

q j
rij

(2)

Because the ESP depends to some extent on basis set and theoretical level (HF, MP2, etc.),
this approach does not entirely eliminate these issues. Further, ESP charges are sensitive to the
number and location of the points used in sampling the molecular ESP.13, 14 Several methods
for selecting the points around a molecule at which the ESPs are computed have been proposed,
including the Merz–Kollman scheme,15 CHELP,16 and CHELPG13 and PDQP.14 A
characteristic feature of ESP partial charges is that they are more sensitive to molecular
conformation than are charges from methods based on partitioning of the wavefunction. The
conformational dependency is reduced, but not eliminated even with a high sampling density
of ESP points,14, 17, 18 suggesting that it is a genuine molecular property.

ESP charges are generally able to reproduce intermolecular interaction energies between polar
molecules. Further, they lead to reasonable values for the energetics of hydrogen bond
interactions, without the need to introduce additional interaction potentials. This is a
considerable advantage over other methods. Nevertheless, ESP charges are recognized to lead
to overestimation of intermolecular forces, bond polarities, and the dipole moments.19 While
this behavior may be desirable for reproducing the bulk properties of condensed phase
simulations of solvents, in which the effect of polarization is included approximately in the
ESP charges, as Bayly et al. have noted,19 there is no reason to expect that the solute should
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be as polarized as the solvent. In cases where conformational properties depend on a delicate
balance between solvent–solute and solute–solute interactions, ESP charges may inaccurately
favor inter- over intramolecular interactions or vice versa. An example of such sensitivity to
charge is found in solvated carbohydrates simulations, in which the conformations and
dynamics are highly sensitive to the balance of forces between water–sugar and sugar–sugar
interactions, both of which involve hydrogen bonds between hydroxyl groups.20

A refinement of the ESP method is offered by the restrained electrostatic potential (RESP) fit
model.21 This method employs a hyperbolic restraint function during the least-squares fitting
of the partial charges to the molecular ESP. The result is a set of partial charges of reduced
magnitudes, which more accurately predict the strengths of short-range intermolecular
interactions.6, 21 Although the magnitudes of the largest partial charges are reduced, the
molecular dipole moments are unaffected, and thus, RESP charges maintain correct long-range
behavior. A further advantage of the RESP approach is that it does not result in a nonintegral
net charge for ionic molecules.

The issue of the influence of internal motion on computed charge has received considerably
less attention than has the choice of protocol for computing charges. For essentially rigid
molecules the choice of molecular conformation is trivial; however, for molecules that contain
rotatable bonds it is not always straightforward to compute a set of partial atomic charges that
reasonably represents each conformation, or even the average conformation. Computing the
charges from a representative ensemble of structures, followed by charge averaging (ensemble
averaging) is a logical approach. For molecules that exist in the gas-phase it is possible to select
the conformers from quantum mechanical calculations and weight the individual contribution
for a given conformer by its Boltzman population. This may even extend to flexible molecules
whose conformational populations are not solvent dependent.22 Boltzman-weighted ESP
charges have been shown to give improved free energies in simulations of alcohols in water
and carbon tetra-chloride, compared to ESP charges from a single conformation.23

However, when the conformational distribution is highly solvent dependant, Boltzman
weighting based on the gas-phase conformational energies is a poor approximation. Molecules
that fall into this last category include polar molecules, such as many biomolecules and
particularly carbohydrates.

The high number of rotatable bonds in carbohydrates, associated with hydroxyl and
hydroxymethyl groups, makes it difficult to determine a representative ensemble of
conformations. Moreover, in carbohydrates, the gas-phase conformational energies are
dominated by the formation of internal hydrogen bonds between hydroxyl groups. The
persistence of such hydrogen bonds in solution is unknown, but it is reasonable to suppose that
water molecules disrupt, if not destroy, these internal interactions. Consequently, we believe
that Boltzman averaging based on gas-phase conformational energies is inappropriate.

In this article we present a practical protocol for deriving a set of partial charges for use in
solvated simulations of carbohydrates. By computing the partial charges from an ensemble of
conformations extracted from solvated molecular dynamics (MD) simulations it is possible to
satisfy the need for the charge set to represent the average behavior of the molecule in solution.
We report here ensemble-averaged (EA) ESP, RESP, and Mulliken charges, all computed at
the HF/6-31G* level, for each anomer of three common methyl glycosides (see Scheme 1).

The approach outlined in Scheme 2 has the clear benefit that the weighting of the conformations
is a direct outcome of the statistical populations of the conformers in solution. Nonetheless,
issues of sensitivity to conformation and configuration, charge variation as a function of atom
type, and the dependency of the resultant charges on the initial charge set employed in the
simulations, must be considered. Similarities and differences between the glycosides and
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between the α-and β-anomers of each are discussed with regard to the effect of EA charges on
the relative conformational energies for low energy conformations. Due to the large number
of conformations in our ensembles (200), we are able to compute statistically relevant standard
deviations for the partial charges. An analysis of the standard deviations allows us to determine
the extent to which the charges show conformational and configurational dependency as well
as the extent to which equivalent atom types may nevertheless require unique partial charges.

Computational Details
All quantum mechanical calculations were performed with the Gaussian94 program.24
Electrostatic potentials were computed at the Hartree–Fock (HF) level with the 6-31G* basis
set, at points around the solvent accessible surface of the molecules as determined using the
CHELPG13 protocol. All molecular dynamics (MD) simulations were performed with the
SANDER module of the AMBER 5.0 program25 using the all-atom GLYCAM parameter set
for oligosaccharides and glycoproteins.26 All calculations were performed on a Silicon
Graphics R10000 Octane computer.

The initial conformations of the methyl pyranosides was obtained from neutron diffraction data
retrieved from the Cambridge Crystallographic Database.27 The initial partial charges for the
solute were computed from the crystal geometry. In a typical simulation, the methyl glycoside
was solvated by 270 TIP3P water molecules in a theoretical box with approximate dimensions
23 × 23 × 20 Å. This starting configuration was subjected to 1800 cycles of steepest decent
energy minimization followed by 200 cycles of conjugate gradient minimization. All
minimization and MD simulations used a dielectric constant of unity and a cutoff distance of
8 Å for solute–solvent interactions, while no cutoff was employed within the solute. Following
standard practice with AMBER, all 1–4 electrostatic and van der Waals interactions were scaled
by 0.83 and 0.5, respectively. The MD simulations were performed under periodic boundary
conditions. The system was coupled to an external temperature bath at 298 K and to a pressure
bath at 1 atm. Initial velocities were assigned from a Maxwellian distribution at 5 K. All the
bonds involving hydrogen atoms were constrained to their equilibrium values using the
SHAKE option, consistent with the use of the TIP3P water model. After equilibration for 50
ps the simulations were run for an additional 1000 ps, using an integration time step of 2 fs.

Over the time course of these simulations, it was impossible to obtain sufficient conformational
sampling of the rotameric distributions of the C5–C6 bonds to generate populations that were
in good agreement with the established experimental values for methyl D-gluco-, D-galacto-,
and D-mannopyranoside.28 We have recently found that a simulational time of 20–50 ns is
required to correctly determine these rotational distributions.20 Thus, during the MD
simulations, rotation about the C5–C6 bond was constrained to yield the correct ratio of the
three possible rotamers, termed gg (gauche–gauche), gt (gauche–trans), and tg (trans–
gauche).

These terms describe the orientation of O6 relative to the O5 and C4 positions, for example,
in the tg conformation, O6 is trans to O5 and gauche to C4 (see Scheme 3). Experimental NMR
studies employing stereospecifically deuterated glycosides28 showed that for gluco- and
mannopyranosides the gg and gt rotamers were dominant in solution, in nearly equal
populations. Thus, charge averaging for the gluco- and mannopyranosides was performed on
200 solute conformations (100 for each of the gg and gt rotamers of each anomer) that were
collected from the MD trajectories at 10 ps intervals. All three rotamers are reported to exist
in galactopyranosides in solution, in a gt:tg:gg ratio of approximately 60:25:15.28 and for the
galactopyranosides, 120, 50, and 30 conformations were selected, respectively, for the gt, tg,
and gg rotamers of each anomer.
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The ESP charges are sensitive not only to the orientation of rotatable bonds, but also to
variations in bond length and valence angle. To isolate the variation associated with hydroxyl
and hydroxymethyl group orientations from that arising from other sources, we elected to
compute the partial charges, not for each snapshot as taken directly from the MD simulation,
but for a geometry-optimized conformation. A quantum mechanical geometry optimization
was performed once for each glycoside, at the HF/6-31G* level. Thereafter, the dihedral angles
defining the rotatable bonds were replaced by those extracted from the MD simulations. Full
optimization was not performed, as it would have resulted in alteration of the orientation of
the rotatable bonds, and would have led to conformations exhibiting only internal hydrogen
bonds.

Partial charges were then computed for each conformation and arithmetically averaged for
each sugar as discussed in the text. Restrained electrostatic potential (RESP) charges were
derived using a restraint value of 0.01. We have shown recently that this restraint weight
achieves satisfactory results in condensed-phase simulations of carbohydrates.6

Results and Discussion
CONFORMATIONAL SENSITIVITY

Ensemble averaging provides a mechanism to compute not only the average charge on an atom,
but also the standard deviation in that charge. This latter quantity is a very useful measurement
of the sensitivity of the charge to conformational variation. The differences in the average
charges between carbon atoms in equivalent positions in other glycosides provide
complimentary insight into the effects of atomic configuration. Lastly, using the standard
deviations as an error estimate, it is possible to assess the extent to which related atom types
are actually distinct from one another, in terms of their partial charge.

The EA-ESP and EA-RESP charges for the methyl pyranosides are presented in Tables I and
II. The general trends in the values of the partial charges are in agreement with those previously
reported from calculations performed on single conformations.6 As expected, the most positive
atoms are the hydroxyl protons, whereas aliphatic protons carry the least positive charges. The
most negative atoms are the hydroxyl oxygens. The ring oxygen (O5) and the anomeric oxygen
(O1) atoms are less negative than the hydroxyl oxygen atoms. These trends are independent
of the glycosides studied. The relative ordering of the charges on the ring carbon atoms are
almost the same for all three sugars, differing only slightly from methyl glucopyranoside at
the epimeric sites (C2 for methyl mannopyranoside, C4 for methyl galactopyranoside).

A benefit of the ensemble-averaging approach is that it permits the determination of the extent
to which the charge on a given atom is sensitive to conformation. This sensitivity is reflected
in the values for the standard deviations in the charges, also listed in Tables I and II. The charges
on the ring carbon atoms have the highest standard deviations. The origin of this variability is
threefold; certainly it reflects sensitivity to the hydroxyl group orientations. However, these
atoms are also the furthest from the molecular surface, and are essentially nonpolar. These
latter two properties result in difficulty in assigning partial charges to these atoms during the
fitting procedure. We,14 and others,13 have shown that the variations in the charges on
tetrahedral carbon atoms are extremely sensitive to factors such as grid point density and choice
of van der Waals radii. In fact, the molecular electrostatic potential can be well reproduced
without the need to include charges on all of the nonpolar atoms.29 The implication is that the
high variability in the charges on the carbon atoms is an artifact of the fitting procedure. The
large charge fluctuations on these atoms are compensated by smaller variations in the more
polar atoms, and so have little or no impact on the molecular electrostatic potentials for the
glycosides. However, the artificially high sensitivity of the carbon atom partial charges has a
large effect on properties such as relative conformational energies (see discussion below).
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As reported previously, the RESP methodology brings an improvement over the raw ESP
derived charges, by lowering the magnitude of the charges. This is particularly evident for the
ring carbon atoms for which the RESP charges are, on average, 40% smaller than the ESP
charges. Although the conformational dependency of the RESP charges appeared to be less
than for the ESP charges, the charges on the ring atoms continued to show the largest
fluctuations. In contrast, the average RESP charges, for the oxygen and hydrogen atoms of the
hydroxyl groups, were reduced by only 7 and 3%, respectively, from the ESP values.

It is interesting to note that the charges on the hydroxyl groups show the lowest sensitivity to
conformation (as evidenced by the small standard deviations), despite the fact that the hydroxyl
hydrogen atoms undergo the largest changes in conformation. In fact, the only oxygen atom
with significant fluctuations in charge is the ring oxygen atom, O5. It should be noted that
throughout all the simulations the pyranosyl rings remained in the 1C4 conformations, as
illustrated in Scheme 1.

An examination of the EA-Mulliken charges (see Table III) indicates that they are much less
sensitive to conformation or configuration than either the EA-ESP or EA-RESP charges. The
ring carbon atoms again display somewhat larger variations than do the other atoms; however,
the largest variation is only approximately 0.03 a.u. Although many of the same general trends
in the charges are present, certain differences between the Mulliken and the potential-fitted
charges may be seen. With the exception of the anomeric center, the Mulliken partial charges
on the aliphatic hydrogen atoms appear to be larger than those on the carbon atoms to which
they are attached. This indicates a reversal of the bond dipoles relative to the ESP and RESP
charges. This is most evident for the methyl and hydroxymethyl groups.

Included in Table IV are the dipole moments computed from the partial atomic charges as well
as those computed directly from the HF/6-31G* wave functions. It is well known that dipole
moments computed from ESP and RESP charges reproduce the quantum mechanical dipoles
very accurately. For example, the average ESP–dipole moments, computed by averaging the
dipole for each conformation, were within 0.01 debye of the averaged quantum mechanical
values. Moreover, both the ESP and RESP methods lead to dipole moments in excellent
agreement with each other, despite the variations in the ESP and RESP partial charges discussed
above. In contrast, the average dipole moment computed from the Mulliken charges for each
conformation differed from the quantum mechanical values by as much as 3 debye. Thus,
despite the desirable property of being relatively insensitive to conformational changes, the
Mulliken charges poorly reproduce the molecular electrostatic properties. For comparison, we
computed the dipole moments by assigning the EA charges to the individual molecular
conformations. Although the EA-ESP and EA-RESP charges still performed well, all EA
charge sets led to a degradation in accuracy of the computed dipole moments. The variation
between the dipoles computed from the EA charges relative to those computed from individual
charge sets suggests that there may be cases in which EA charges may not be appropriate.
Specifically, in instances where the carbohydrate exists in what is essentially a single
conformation, it may be preferable to employ the charges for that conformation. This is most
likely to occur when the carbohydrate exists in a crystalline lattice, either alone or complexed
with a receptor such as a lectin or antibody. However, in cases in which the carbohydrate is
free in solution, the EA charges are the better approximation.

CONFIGURATIONAL EFFECTS
Not surprisingly, the largest effect on the charges from changes in anomeric configuration was
observed for C1 and the directly attached atoms (C2, O1, H1, and O5). This was generally true
for all of the charge calculation protocols. Due to the large standard deviations associated with
the EA-ESP and EA-RESP charges, there were few general trends observable in the charges.
However, in the case of the Mulliken charges, the charges on the carbon atoms could be ranked
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from largest to smallest, for all glycosides in the following order: C1 > C2 ~ C3 ~ C4 ~ C5 >
C6 > Cme. This ranking was independent of the anomeric configuration. Further, in each
system the charge on C1 in the β-anomer was found to be larger than in the α-anomer. The
more positive the carbon atom, the more it would be expected to be deshielded in the NMR
spectrum, and it is interesting to note that the trends in charge are in excellent agreement with
the 13C chemical shifts for these molecules.30 An analysis of the Mulliken charges vs. 13C
chemical shifts gave rise to an average correlation coefficient of 0.96.

In contrast, the potential-fitted charges, while giving an excellent description of the molecular
electrostatic potentials and resultant intermolecular interaction energies,31 showed no
statistically significant correlation with intramolecular properties, such as 13C chemical shifts.
This raised a question as to the ability of the ESP or RESP charges to reproduce conformational
energies, which are highly dependent on internal electrostatic interactions. To explore this
issue, we computed the relative energies of several low energy conformers32, 33 of the methyl
glycosides 1 and 3 at the HF/6-31G* level. Using our GLYCAM parameters for carbohydrate
simulations within the AMBER force field we were able to examine the effect of charge on
the relative conformational energies (see Table V). The quantum mechanical relative energies
are included for comparison.

From the data presented in Table V it is apparent that the RESP charges are able to reproduce
the relative conformational energies for each glycoside, generally to within 0.5 kcal mol−1. It
is important to note that for each charge-averaging protocol the same GLYCAM parameter set
was used to compute the data presented in Table V. Better agreement with the quantum
mechanical energies could be achieved if the GLYCAM parameters were reoptimized for use
with each charge protocol. However, the overall effects arising from alterations in the partial
charges are more evident when a common set of parameters is employed. It is most notable
that the use of individual charge sets for each anomer could lead to a excessively large energy
gap between the α- and β-anomers. For example, in the case of 3, this gap is approximately 7.5
kcal mol−1. In contrast, in the gluco- series (1) there is a much smaller difference between the
energies of the α- and β-anomers. This energy gap is dependant primarily on the charges, and
not on the GLYCAM parameters. This is clearly shown by the fact that relative energies
computed using an average charge set for each anomer (RESP α, β  in Table V) removes the
excessive energy gap and leads to relative energies in accord with the quantum mechanical
data. This approach could be extended to generate a common set of charges for all of the
pyranosides (RESP overall  in Table V), however, in doing so, the uniqueness of each charge
set would be removed. Although this would enhance the ability of the charges to reproduce
intramolecular interactions, it would detract from the accuracy of the molecular electrostatic
potentials. A poor description of the potentials would, in turn, lead to inaccurate intermolecular
interaction energies. Nonetheless, in the case where the charges would be used in solvated MD
simulations, rather than in free energy simulations, the use of average charges may be
satisfactory. These charges are presented in Tables I and II.

CONVERGENCE OF EA-CHARGES
To establish the extent to which the EA charges were sensitive to the initial charge set, we
performed a second simulation of 2α employing the EA charges from the first MD simulation.
The average values for the resultant charges from the second simulation were within the
standard deviations of the first charge set (data not shown). From this we were able to conclude
that conformational ensembles were more dependent on interactions with solvent than on initial
charge choice. This is particularly interesting given that many of the charges computed from
the crystal conformation of each glycoside, which were employed in the primary MD
simulations, fall outside the standard deviations of the EA charges. The largest differences
between the EA charges and those computed from the crystal conformations were observed

BASMA et al. Page 7

J Comput Chem. Author manuscript; available in PMC 2007 September 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



for the aliphatic hydrogen and ring carbon atoms (see Fig. 1). It appears that ensemble averaging
is able to absorb some level of inaccuracy in the initial charge set. This has the practical
advantage of allowing a relatively crude initial charge set, perhaps computed from a single
energy minimized, or crystalographically determined structure, to be used to initiate the EA
protocol.

Conclusions
We have computed partial charges from an ensemble of conformations collected from long
simulations performed in the presence of explicit solvent. This approach ensures that the
conformations represent the populations present in solution, in contrast to ensembles from
adiabatic mapping or gas-phase MD simulations. The resulting EA charges were employed in
subsequent simulations from which new EA charges were computed. This iterative approach
confirmed that a single cycle of simulation-charge calculation was sufficient to reach
convergence in the computed charges.

A benefit of the EA protocol is that it provides estimates of the standard deviations in the atomic
charges. These, in turn, provide insight into the conformational and configurational sensitivity
of the charge fitting protocol. We have shown that the EA-RESP and EA-ESP approaches lead
to excellent reproduction of average electrostatic properties, such as dipole moments, in
contrast to the poor behavior of EA charges derived from a Mulliken population analysis.

Internal conformational energies may also be well reproduced by the EA-RESP or EA-ESP
charges, for any given sugar configuration. However, these charges, by virtue of their
sensitivity to chirality at the carbon nuclei, overestimate the relative energy differences
between the α- and β-anomers of the glycosides studied. This inaccuracy is removed if the
charges are averaged over the anomeric configurations. Based on the results of this work we
intend to incorporate EA charges into the GLYCAM parameters for carbohydrate simulations.

Supplementary Material
EA-RESP charge sets for the methyl glycosides of xylose, fucose, and N-acetylglucosamine
(Table S1). Optimized geometries (HF/6-31G*//6-31G*) for the structures presented in Table
V (Tables S2–S13). The GLYCAM parameters are freely available by contacting Dr. Woods.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Selected EA-ESP charges (black circles) and standard deviations (shown as error bars), and
single point charges (open diamonds) computed from the neutron diffraction crystal structures,
for 1α34 (A) and 1β35 (B).
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