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Abstract

The sidechain conformational potential energy hypersurfaces (PEHS) for the gL, bL, aL, and aD backbone conformations of

N-acetyl-L-aspartate-N0-methylamide were generated. Of the 81 possible conformers initially expected for the aspartate residue,

only seven were found after geometric optimizations at the B3LYP/6-31G(d) level of theory. No stable conformers could be

located in the dL, 1L, gD, dD, and 1D backbone conformations. The ‘adiabatic’ deprotonation energies for the endo and exo forms

of N-acetyl-L-aspartic acid-N0-methylamide were calculated by comparing their optimized relative energies against those found

for the seven stable conformers of N-acetyl-L-aspartate-N0-methylamide. Sidechain conformational PEHSs were also generated

for the estimation of ‘vertical’ deprotonation energies for both endo and exo forms of N-acetyl-L-aspartic acid-N0-methylamide.

All backbone–sidechain (N–H· · ·2O–C) and backbone–backbone (N–H· · ·OyC) hydrogen bond interactions were analyzed.

A total of two backbone–backbone and four backbone–sidechain interactions were found for N-acetyl-L-aspartate-N0-

methylamide. The deprotonated sidechain of N-acetyl-L-aspartate-N0-methylamide may allow the aspartyl residue to form

strong hydrogen bond interactions (since it is negatively charged) which may be significant in such processes as protein–ligand

recognition and ligand binding. As a primary example, the molecular geometry of the aspartyl residue may be important in

peptide folding, such as that in the RGD tripeptide.
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1. Introduction

1.1. Stereochemical background

N-acetyl-L-aspartate-N0-methylamide is the depro-

tonated form of either the endo or the exo form
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of N-acetyl-L-aspartic acid-N0-methylamide (Fig. 1).

In general, all conformations of an amino acid residue

of this complexity may be characterized by at least

four torsional angles: f, c, x1, and x2, leading to a

potential energy hypersurface (PEHS) consisting of

four independent variables (4D) (Eq. (1)):

E ¼ Eðf;c;x1;x2Þ: ð1Þ

In turn, the 4D PEHS can be separated into two

distinctive 2D potential energy surfaces (PESs):

E ¼ Eðf;cÞ ð2Þ

E ¼ Eðx1;x2Þ: ð3Þ

Here, Eq. (2) denotes the 2D PES for backbone

torsional angles (Ramachandran surface) while Eq.

(3) denotes the 2D PES for sidechain dihedral angles.

Hence, for N-acetyl-L-aspartate-N0-methylamide, both

backbone and sidechain torsional angles need to be

discussed in relation to the overall PEHS so as to des-

cribe the molecular geometry of the aspartate residue.

The sidechain of the aspartic acid residue can be

modeled by propionic acid (CH3 –CH2 –COOH).

When x3 ¼ 1808; the aspartic acid residue is capable

of sidechain–sidechain (SC/SC) internal hydrogen

bonding and it is considered to be in an endo

orientation (Fig. 2(a)). When x3 ¼ 08; the SC/SC

interaction no longer exists and the aspartic acid

sidechain is free to participate in external interactions,

such as sidechain–backbone (SC/BB) hydrogen bond-

ing. In this case, the aspartic acid residue is considered

to be in exo orientation (Fig. 2(b)). Unlike aspartic acid,

there are no endo or exo orientations in describing the

sidechain characteristic of N-acetyl-L-aspartate-N0-

methylamide. The aspartate anion sidechain can be

modeled by propionate (CH3–CH2–COO2) where the

a-carbon on the aspartate is represented by CH3.

Here, the carboxylate sidechain of aspartate may

exhibit an asymmetric vibrational oscillation about its

two C–O bonds, where one bond may be longer,

shorter, or of equal length with respect to the other

(Fig. 3). In this paper, the longer C–O bond is denoted

as r[C–O] and its respective x2 torsional angle is

denoted normally. On the other hand, the shorter C–O

bond is denoted as R[C–Op] and its respective x2

torsional angle is denoted as x2
p.

Fig. 1. Protonation of N-acetyl-L-aspartate-N0-methylamide (top) to the endo (bottom left) or the exo (bottom right) forms of N-acetyl-L-aspartic

acid-N0-methylamide.
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Fig. 3. Definitions of atomic numbering and torsional angles for N-acetyl-L-aspartate-N0-methylamide.

Fig. 2. Definitions of (a) endo and (b) exo forms of N-acetyl-L-aspartic acid-N0-methylamide. The sidechain of N-acetyl-L-aspartic acid-N0-

methylamide is modeled by propionic acid.
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It is interesting to explore the protonation pre-

ference for the aspartate anion. Depending on where

on the carboxylate sidechain it is protonated, an

aspartate anion will transform into the endo or exo

form of its aspartic acid sidechain counterpart. At the

end, there could be two endo and two exo protonation

location (Fig. 4). Hence, we propose a protonation

model for N-acetyl-L-aspartate-N0-methylamide

where the H atom will protonate each conformer of

the aspartate residue at a maximum of four locations.

The two possible endo protonated forms differs from

one another by a x2 rotation of 1808 (Fig. 4[2] and

[3]). Likewise, the two possible exo protonated forms

differs from one another also by a x2 rotation of 1808

(Fig. 4[1] and [4]). In this paper, the geometric

preference of the aspartate residue will be compared

against those of its protonated forms, the endo and exo

conformers of aspartic acid, whose results have been

previously published [1,2].

Before, many studies have been performed on

single amino acids, including alanine [3–8], aspar-

agine [9], cysteine [10,11], glycine [12,13], phenyl-

alanine [14–16], proline [17], selenocysteine [18],

serine [19–21] and valine [22]. Here, the backbone

geometry of N-acetyl-L-aspartic acid-N0-methylamide

is similar to that of the alanine residue, where the H

atom of the a-methyl group of alanine is replaced by a

–COO2 group.

1.2. Biological background

Recently, many mutational studies were performed

on receptors and channels in the biological systems.

Among these investigations were reports that aspartic

Fig. 4. Protonation choices for N-acetyl-L-aspartate-N0-methylamide: [1] and [4] depicts the protonated exo form while [2] and [3] depicts the

protonated endo form. The two exo forms (and the two endo forms) differ from one another by having their x2 torsional angles rotated by 1808.
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acid, or aspartate, is crucial in the selectivity and

regulation of ion channel selectivity, ligand binding, as

well as functionality of a receptor protein. For instance,

it was reported that an aspartic acid site in the inositol

1,4,5-trisphosphate receptor is important in controlling

Ca2þ selectivity [23]. Also, an aspartate-rich region in

the calsequestrin Ca2þ binding protein was found to be

important in a receptor-mediated Ca2þ release process

by acting as a direct binding site for Ca2þ [24]. In

another study, point mutations of the aspartate residue

was also found to abolish Ca2þ permeation in the

epithelial Ca2þ channel, causing the channel to be non-

functional [25]. Mutations in two aspartate regions of

the human immunodeficiency virus-1 (HIV-1) chemo-

kine coreceptor CXCR4 were even found to be able to

reduce HIV-1 entry into host cells [26]. In these cases,

the sidechain and backbone geometry of the aspartate

residue will result in the formation of various

stabilizing forces that may affect the binding affinity

or function of proteins and receptors. The aspartate

residue is also a key amino acid in many clinical studies

involving probing assays [27,28], aging [29,30],

cerebral injury [31], and enzyme activities [32] just

to name a few. Perhaps one of its most important

associations with medicine, however, lies in its

connection with the RGD tripeptide (Fig. 5). The

arginine (R)–glycine (G)–aspartic acid (D) tripeptide

has been intensively studied in molecular biology and

medical genetics. It was shown to improve gene

delivery efficiency [33,34] and expand the tropism of

gene-delivering vectors [35], and increase a drug’s oral

bioavailability in a body system [36]. By studying

the three-dimensional molecular preference for the

aspartate residue, insights may be gained in the RGD’s

binding affinity and geometric characteristics. Since

computational molecular modeling of molecules is an

area of high interest in recent years in drug designs

[37–44], ab initio studies on amino acids such as the

aspartate residue may deem beneficial in the pharma-

ceutical industry; especially when exploring binding

affinity or selectivity of a target receptor. In this paper,

we wish to report all possible sidechain (SC) and

backbone (BB) conformers that may exist for the

aspartate residue, using N-acetyl-L-aspartic acid-N0-

methylamide as a peptide model. In addition, the

deprotonation and protonation preference for the

aspartate residue will be explored. The deprotonation

and protonation characteristics of this aspartate will

decide the various inter- and intra-residual and

intermolecular hydrogen interactions that may result.

In turn, these forces may directly govern the binding

patterns of ligands to aspartate sites in receptors and

proteins.

2. Computational methods

To determine all geometric minima for N-acetyl-L-

aspartate-N0-methylamide on the conformational

PEHS, shown in Fig. 6, ab initio optimizations were

performed on all possible sidechain conformers in the

nine backbone conformation (gL, bL, dL, aL, 1L, gD,

dD, aD, 1D). All calculations were performed

using GAUSSIAN 94 [45] and GAUSSIAN 98 [46].

Fig. 5. An example of the arginine (R)–glycine (G)–aspartic acid (D) tripeptide.
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Here, CH3–CH2–COO2 was used to mimic the

geometric characteristics of the aspartate sidechain.

Tight geometry optimizations were performed at RHF/

3-21G, RHF/6-31G(d), and B3LYP/6-31G(d) levels of

theory using Berny optimization (FOPT ¼ TIGHT, Z-

MATRIX). Under these conditions, a gradient of less

than 1.5 £ 1025 a.u. was generated at termination for

all critical points. Since there could be 32 ¼ 9

structures from backbone conformations (gL, bL, dL,

aL, 1L, gD, dD, aD, 1D) and that there could be 32 ¼ 9

sidechain orientations (x1, x2), there could exist a

maximum of 9 £ 9 ¼ 81 possible conformers for the

aspartate residue at each level of theory. In this paper,

only the B3LYP/6-31G(d) results were reported for the

optimized geometries.

Partially relaxed PEHS double-scan calculations

were performed at the RHF/3-21G level of theory on

the backbone conformations in which all stable

conformers were found (gL, bL, aL, aD) for N-

acetyl-L-aspartate-N0-methylamide. These scan calcu-

lations, where E ¼ Eðx1;x2Þ; were carried out under

normal condition where (FOPT ¼ Z-MATRIX). By

setting and specifying the f and c torsional angles,

the aspartate was fixed to the specified backbone

conformations. In addition, the two sidechain vari-

ables, x1 and x2, were rotated with 30.08 increments,

resulting in 12 £ 12 ¼ 144 points. Consequently, all

critical points generated in these scan calculations had

gradients of less than 4.5 £ 1024 a.u.

The stabilization energy exerted by the sidechain

on the backbone was calculated with respect of the gL

(Eq. (4)) and bL (Eq. (5)) backbones of N-acetyl-

glycine-N0-methylamide using the following isodes-

mic reaction quoting only the B3LYP/6-31G(d)

energy values:

CH3 –CO– ðNH–CH2 –COÞ–NHCH3
gL

2456:5375150 Hartree

þ CH3 –R
2267:815181 Hartree

! CH3CO– ðNH–CHR–COÞ–NHCH3
any conformation

þ CH4
240:5183829 Hartree

þ DEstabilðgLÞ ð4Þ

CH3 –CO– ðNH–CH2 –COÞ–NHCH3
bL

–456:5357122 Hartree

þ CH3 –R
2267:815181 Hartree

! CH3CO– ðNH–CHR–COÞ–NHCH3
any conformation

þ CH4
240:5183829 Hartree

þ DEstabilðbLÞ ð5Þ

where CH3–CO–(NH–CH2–CO)–NHCH3 stands

for N-acetyl-glycine-N0-methylamide in its gL or bL

backbone conformation; CH3 – R stands for

Fig. 6. Schematic representation of the 4D Ramachandran PEHS, E ¼ Eðf;c;x1; x2Þ: Each of the nine backbone conformations (gL, bL, dL, aL,

1L, gD, dD, aD, 1D) holds nine sidechain conformations as illustrated by the gL backbone.
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CH3–CH2–COO2; and CH3CO–(NH–CHR–CO)–

NHCH3 stands for N-acetyl-L-aspartic acid-N0-

methylamide. The two stabilization energy values,

calculated with respect to the gL or bL backbone of

glycine diamide (from Eqs. (4) and (5)), are shifted

with respect to each other by 1.132 kcal/mol (Eq. (6)):

B3LYP=6-31GðdÞ

DEstabilðbLÞ2 DEstabilðgLÞ ¼ 1:132 kcal=mol:
ð6Þ

Fig. 7 shows how the stabilization energy for a

particular conformer is calculated.

Since the global minima for most single amino acid

diamides in the gas phase are usually located in the gL

backbone, DE stabil (gL) was favored in stabilization

energy calculation in the past. However, it was found

that the bL backbone conformation is highly sym-

metrical when it is fully extended. As a result, the bL

backbone represents a unique structure on the

Ramachandran Map and it is becoming more accepted

as a parameter for stabilization energy calculations

[47–49].

3. Results and discussions

Shown in Table 1 are all optimized results, which

include the dihedral angles, the relative energies as

well as the stabilization energies, for all stable

conformers found for N-acetyl-L-aspartate-N0-methy-

lamide. Of the possible 81 initial structures expected

to be found for N-acetyl-L-aspartate-N0-methylamide,

Fig. 7. An example illustrating how the stabilization energy exerted by the sidechain on the backbone was calculated for each conformer of N-

acetyl-L-aspartate-N0-methylamide.
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only seven stable conformers were found at the

B3LYP/6-31G(d) level. These stable conformers were

found in only four of the nine possible backbone

conformations: gL, bL, aL, aD. The double-scan

PEHSs for these backbones reveal numerous minima

on the landscape and contour representations, shown

in Figs. 8–11. However, only some of these points can

be considered as ‘true’ minima as any minimum found

on a particular PES is considered as semi-rigid

optimizations. Minima that are not confirmed by

subsequent ab initio optimization can only be

regarded as ‘false’ points on the hypersurface and

may represent higher order critical points such as

those for transition state structures. There are two

reasons why false minima occurred on the PEHS for

N-acetyl-L-aspartate-N0-methylamide: (1) both f and

c torsional angles were frozen during the double-scan

calculations; (2) both x1 and x2 were optimized at

fixed 308 increments (from 0 to 3608) while the f and

c torsional angles were fixed. As mentioned earlier,

the backbone geometry of N-acetyl-L-aspartate-N0-

methylamide is expected to be similar to that of the

alanyl residue. Since previous ab initio studies on the

alanine molecule [3–8] have reported that most stable

conformers were found in the gL, bL and gD backbone

conformations, it is somewhat surprising to learn that

no conformers were found in the gD backbone of the

aspartate residue. Unexpectedly, of the seven stable

conformers found for the aspartate residue, three were

located in the aL backbone, a conformation that is not

known to harbor stable structures in most amino acids.

More surprising, however, is the fact that the global

minimum for N-acetyl-L-aspartate-N0-methylamide

occurred in the aL backbone conformation and not

in the gL backbone where global minima were usually

located. These observations can be linked to the

findings by Deane et al. [50], who reported that the aL

region on the Ramachandran plot is readily adopted

by the aspartic acid residue in an experiment

involving carbonyl–carbonyl interactions.

For this research, it was initially expected that the

proton affinity of N-acetyl-L-aspartate-N0-methyla-

mide could be defined by matching the optimized

parameters of stable geometric structures against

those optimized in the endo and exo forms of

N-acetyl-L-aspartic acid-N0-methylamide [1,2].

However, 37 and 27 stable conformers were found,

respectively, for the endo [2] and exo [1] forms ofT
ab
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Fig. 8. Double-scan PES, E ¼ Eðx1; x2Þ; generated for the gL backbone conformation of: (a) the endo form of N-acetyl-L-aspartic acid-N0-methylamide, (b) N-acetyl-L-aspartate-N0-

methylamide, (c) the exo form of N-acetyl-L-aspartic acid-N0-methylamide in both landscape (top) and contour (bottom) representations. Note that the double-scan results for the

endo and exo forms were previously published [1,2]. Torsional angles x1 and x2 are given in degrees.
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Fig. 9. Double-scan PES, E ¼ Eðx1;x2Þ; generated for the bL backbone conformation of: (a) the endo form of N-acetyl-L-aspartic acid-N0-methylamide, (b) N-acetyl-L-aspartate-N0-

methylamide, (c) the exo form of N-acetyl-L-aspartic acid-N0-methylamide in both landscape (top) and contour (bottom) representations. Note that the double-scan results for the

endo and exo forms were previously published [1,2]. Torsional angles x1 and x2 are given in degrees.
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Fig. 10. Double-scan PES, E ¼ Eðx1; x2Þ; generated for the aL backbone conformation of: (a) the endo form of N-acetyl-L-aspartic acid-N0-methylamide, (b) N-acetyl-L-aspartate-

N0-methylamide, (c) the exo form of N-acetyl-L-aspartic acid-N0-methylamide in both landscape (top) and contour (bottom) representations. Note that the double-scan results for the

endo and exo forms were previously published [1–2]. Torsional angles x1 and x2 are given in degrees.
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Fig. 11. Double-scan PES, E ¼ Eðx1;x2Þ; generated for the aD backbone conformation of: (a) the endo form of N-acetyl-L-aspartic acid-N0-methylamide, (b) N-acetyl-L-aspartate-

N0-methylamide, (c) the exo form of N-acetyl-L-aspartic acid-N0-methylamide in both landscape (top) and contour (bottom) representations. Note that the double-scan results for the

endo and exo forms were previously published [1–2]. Torsional angles x1 and x2 are given in degrees.
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Table 2

Geometric and energetic parameters of optimized conformers of N-acetyl-L-aspartic acid N0-methylamide in its endo form for all its stable

backbone (gL, bL, dL, aL, gD, dD, aD, and 1D) conformation computed at the B3LYP/6-31G(d) level of theory. Shown here are the optimized

torsional angles, computed energy values, relative energies, and stabilization energies

Final conform. Optimized parameters

BB [x1,x2] x1 x2 v0 v1 f c Emin

(Hartree)
DE
(kcal/mol)

DE stabil

(kcal) bL

DE stabil

(kcal) gL

gL Backbone conformation
gL [gþsþ] 58.85 144.19 2179.63 2176.47 282.63 69.39 2684.4260542 0.000 27.5936 26.4623
gL [gþg2] 67.76 241.53 2179.64 2176.59 283.22 70.88 2684.4210847 3.118 24.4751 23.3439
gL [a s ] 2176.54 27.91 2178.12 2177.73 283.13 69.16 2684.4178720 5.134 22.4591 21.3279
gL [a a ] 2169.19 2163.60 2179.13 2177.93 282.80 71.63 2684.4199177 3.851 23.7428 22.6116
gL g2sþ] 255.28 90.31 2173.51 2176.48 283.30 71.37 2684.4190950 4.367 23.2266 22.0953
gL [g2a ] 272.14 157.14 2173.78 2177.94 284.30 66.13 2684.4189046 4.486 23.1071 21.9758
gL [g2s2] 245.07 2119.39 2170.48 2175.81 283.95 72.82 2684.4217674 2.690 24.9035 23.7723

bL Backbone conformation
bL [gþsþ] 58.82 107.24 2169.30 175.92 2170.22 150.84 2684.4154168 6.675 20.9185 0.2128
bL [gþa ]a,b 66.22 2171.49 173.48 2179.57 2157.77 2177.22 2684.4153786 6.699 20.8945 0.2368
bL [a gþ] 2173.28 32.25 177.73 177.71 2164.40 162.84 2684.4184974 4.742 22.8516 21.7203
bL [a a ] 2161.48 173.27 175.07 178.61 2163.51 167.73 2684.4240236 1.274 26.3193 25.1881

dL Backbone conformation
dL [gþs ] 69.12 226.01 2170.39 176.65 2130.53 32.86 2684.4164380 6.034 21.5593 20.4280
dL [gþa ]a,b 60.44 162.32 2170.27 177.91 2130.74 30.06 2684.4215144 2.849 24.7448 23.6135
dL [a gþ] 2172.91 37.96 2170.11 175.22 2135.53 34.83 2684.4130412 8.166 0.5722 1.7035
dL [g2gþ] 267.72 82.47 2164.18 174.86 2135.08 25.11 2684.4133097 7.997 0.4037 1.5350
dL [g2s2] 256.89 298.79 2161.57 175.51 2133.61 22.39 2684.4155795 6.573 21.0206 0.1107

aL Backbone conformation
aL [g2s2]a,b 255.35 2119.10 2164.10 176.83 281.20 213.35 2684.4153827 6.696 20.8971 0.2342

gD Backbone conformation
gD [a gþ] 2170.77 65.87 175.99 2176.30 73.01 253.01 2684.4128945 8.258 0.6643 1.7956
gD [a s2]a,b 2155.29 2145.77 178.99 177.75 74.54 265.87 2684.4128963 8.257 0.6632 1.7944
gD [g2a ] 264.89 179.52 168.25 2178.12 73.63 249.71 2684.4181554 4.957 22.6370 21.5057
gD [g2g2] 259.41 237.44 172.24 2178.73 72.81 253.52 2684.4146876 7.133 20.4609 0.6704

dD Backbone conformation
dD [gþgþ]a,b 43.03 44.58 171.16 2175.78 2155.89 238.80 2684.4069299 12.001 4.4071 5.5384
dD [gþa ]a,b 54.07 2168.35 174.77 2176.77 2156.90 248.59 2684.4146306 7.168 20.4251 0.7061
dD [gþg2] 67.67 235.23 176.01 2175.35 2164.26 245.65 2684.4075771 11.595 4.0010 5.1323
dD [a gþ] 178.57 65.29 168.72 2171.72 2169.53 239.89 2684.4067348 12.123 4.5296 5.6608
dD [a s2] 2172.30 2117.79 167.19 2172.40 2173.40 236.11 2684.4058219 12.696 5.1024 6.2337
dD [g2g2]a,b 261.73 279.40 178.05 2176.94 2144.09 261.07 2684.4052097 13.080 5.4866 6.6178

aD Backbone conformation
aD [gþsþ] 42.53 102.03 161.69 2175.78 58.20 35.63 2684.4070563 11.921 4.3278 5.4591
aD [gþg2] 55.10 281.81 164.08 2176.20 59.50 29.35 2684.4040903 13.783 6.1890 7.3203
aD [a gþ] 2167.04 37.82 168.69 2176.91 65.49 31.81 2684.4097827 10.211 2.6170 3.7482
aD [a s2] 2157.47 2149.78 169.86 2177.78 66.30 32.61 2684.4122840 8.641 1.0474 2.1787
aD [g2s ] 263.19 218.36 166.07 2177.25 66.36 28.71 2684.4119363 8.859 1.2656 2.3968
aD [g2a ] 264.43 2176.83 164.61 2177.19 66.01 30.43 2684.4166005 5.932 21.6613 20.5300

1D Backbone conformation
1D [gþgþ] 51.08 89.57 2176.20 177.24 53.92 2123.45 2684.4079873 11.337 3.7436 4.8749
1D [gþs2] 69.41 2103.68 2164.86 179.14 57.16 2134.18 2684.4113997 9.196 1.6023 2.7336
1D [s2a ] 2149.86 160.48 2158.02 2175.88 66.93 2178.82 2684.4142905 7.382 20.2117 0.9196
1D [s2g2] 2135.38 250.94 2160.60 2175.48 64.41 2167.41 2684.4076898 11.524 3.9303 5.0616

Note: The information presented in this table has been published before [2]. The numerical values are presented here for the sake of

comparison with the optimized results for N-acetyl-L-aspartate-N0-methylamide.
a After 200 iterations under B3LYP/6-31G(d) at (TIGHT, Z-MATRIX), the force has converged, but the displacement did not converge

completely.
b This result was obtained from an optimization fully converged under regular B3LYP/6-31G(d) at (Z-MATRIX).
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Table 3

Geometric and energetic parameters of optimized conformers of N-acetyl-L-aspartic acid N0-methylamide in its exo form for all its stable backbone (gL, bL, dL, 1L, gD, dD, aD, and

1D) conformation computed at the B3LYP/6-31G(d) level of theory. Shown here are the optimized torsional angles, computed energy values, relative energies, and stabilization

energies

Final Conform. Optimized parameters

BB [x1,x2] x1 x2 x3 f c v0 v1 Emin (Hartree) DE (kcal/mol) DE stabil (kcal) bL DE stabil (kcal) gL

gL Backbone conformation
gL [gþgþ] 50.73 82.28 213.95 281.06 63.58 2171.12 2179.73 2684.4265160 20.290 213.7932 212.6619
gL [gþgþ] 50.58 82.31 213.98 281.91 63.80 2170.70 2179.40 2684.4266579 20.379 213.8822 212.7509
gL [a g2] 2165.32 270.57 4.41 283.16 64.17 2172.10 2179.20 2684.4208809 3.246 210.2571 29.1258
gL [g2s2] 245.91 2121.27 0.59 284.07 70.53 2169.26 2176.36 2684.4126227 8.428 25.0750 23.9437

bL Backbone conformation
bL [gþgþ]a,b 64.56 72.14 21.65 2156.59 2176.43 177.82 2171.12 2684.4058456 12.681 20.8223 0.3090
bL [gþs2] 63.71 290.93 6.92 158.11 2139.74 172.36 179.88 2684.4201077 3.731 29.7719 28.6406
bL [a a ] 2159.70 167.29 23.78 2167.29 170.92 174.39 179.24 2684.4161709 6.202 27.3015 26.1702
bL [s2gþ] 2130.05 74.37 24.45 2169.92 2177.45 175.01 2179.22 2684.4237651 1.436 212.0669 210.9357

dL Backbone conformation
dL [s2gþ]a,b 2118.31 48.09 4.66 2161.43 45.11 2176.35 173.71 2684.4099383 10.113 23.3905 22.2592
dL [g2s ] 267.01 215.76 14.84 2135.40 25.16 2177.58 174.07 2684.4103060 9.882 23.6212 22.4900

1L Backbone conformation
1L [g2gþ] 263.25 43.99 25.09 294.47 149.36 160.78 177.79 2684.4102974 9.888 23.6158 22.4846

gD Backbone conformation
gD [gþgþ] 60.23 67.68 217.12 64.96 261.81 168.52 175.34 2684.4033200 14.266 0.7625 1.8938
gD [sþg2] 107.66 275.40 6.66 79.72 253.75 2177.65 2174.22 2684.4073279 11.751 21.7524 20.6212
gD [a a ] 2154.73 2154.72 4.80 74.38 270.80 2179.62 175.29 2684.4035338 14.132 0.6284 1.7597
gD [a g2] 2176.52 270.85 4.12 70.34 281.17 177.02 172.78 2684.4078146 11.446 22.0579 20.9266
gD [s2g2] 2143.16 235.94 23.53 70.12 228.28 167.77 2175.15 2684.4144381 7.289 26.2142 25.0829
gD [g2a ] 263.68 176.48 20.54 73.63 244.57 167.30 2177.58 2684.4098022 10.198 23.3051 22.1738

dD Backbone conformation
dD [gþa ]a,b 52.48 2164.30 3.41 2160.74 248.85 175.72 2176.93 2684.4071457 11.865 21.6381 20.5068
dD [gþg2]a,b 62.86 242.90 23.04 2152.24 246.34 162.79 2174.56 2684.4046175 13.452 20.0516 1.0796
dD [s2gþ] 2121.06 55.27 4.53 2166.96 252.06 172.53 2173.85 2684.4070418 11.930 21.5729 20.4416
dD [g2s ]a,b 279.12 2.05 12.10 2135.56 270.97 168.84 2177.26 2684.4055002 12.898 20.6055 0.5257

aD Backbone conformation
aD [gþgþ] 57.95 78.07 213.34 51.02 50.87 158.65 2173.41 2684.4118612 8.906 24.5971 23.4659
aD [gþg2] 42.68 269.95 7.37 49.91 35.67 175.22 2176.17 2684.3904410 22.348 8.8442 9.9755
aD [s2g2] 2147.48 261.61 0.62 68.57 27.90 165.45 2178.48 2684.4145135 7.242 26.2615 25.1302
aD [g2a ] 264.08 2177.94 0.92 66.58 30.54 164.64 2177.60 2684.4094323 10.430 23.0730 21.9417

1D Backbone conformation
1D [a a ] 2152.00 171.32 20.35 68.83 176.68 2157.00 2176.55 2684.4069842 11.967 21.5368 20.4055
1D [g2gþ] 262.34 93.43 27.44 85.36 163.60 2152.58 178.97 2684.4096079 10.320 23.1832 22.0519

Note: The information presented in this table has been published before [1]. The numerical values are presented here for the sake of comparison with the optimized results for

N-acetyl-L-aspartate-N0-methylamide.
a After 200 iterations under B3LYP/6-31G(d) at (TIGHT, Z-MATRIX), the force has converged, but the displacement did not converge completely.
b This result was obtained from an optimization fully converged under regular B3LYP/6-31G(d) at (Z-MATRIX).
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the aspartic acid residue at B3LYP/6-31G(d) com-

pared to the seven stable structures found for the

aspartate. Tables 2 and 3 show the optimized

parameters of the stable conformers found for the

endo and exo forms of N-acetyl-L-aspartic acid-N0-

methylamide. Clearly, the number of stable confor-

mers found in both endo and exo forms of N-acetyl-L-

aspartic acid-N0-methylamide far exceed those found

in N-acetyl-L-aspartate-N0-methylamide, suggesting

that the complexity of the protonation pattern for the

aspartate residue far exceeds the initial hypothesis.

Comparing the energy (Emin) of the conformers found

for the aspartate residue against those found for the

aspartic acid residue provide some clues to explain the

dilemma concerning the aspartate protonation pattern

(Tables 4–7). From Tables 4–7, it is shown that the

energy difference between aspartate conformers and

aspartic acid conformers is approximately 340 kcal/

mol (or 0.54 Hartree). This means that protonating the

aspartate residue may stabilize the overall geometry

of each conformer optimized, since the pronated

aspartic acid has lower energies than the deprotonated

aspartate. More noticeably, however, is the

difference between the stabilization energy exerted

Table 4

Deprotonation energies found for the endo and exo conformers of N-acetyl-L-aspartic acid-N0-methylamide against conformers optimized for N-

acetyl-L-aspartate-N0-methylamide in the gL backbone conformation at the B3LYP/6-31G(d) level of theory

Aspartate Emin

(Hartree)

Aspartic acid endo Emin

(Hartree)

vs gL [gþs ]

(Hartree)

vs gL [gþs ] DE

(kcal/mol)

vs gL [g2gþ]

(Hartree)

vs gL [g2gþ] DE

(kcal/mol)

gL [gþs ] 2683.8711687 gL [gþsþ] 2684.4260542 0.5549 348.1959 0.5528 346.8964

gL [g2gþ] 2683.8732396 gL [gþg2] 2684.4210847 0.5549 348.1959 0.5478 343.7780

gL [a s ] 2684.4178720 0.5499 345.0775 0.5446 341.7620

gL [a a ] 2684.4199177 0.5487 344.3452 0.5467 343.0457

gL [g2sþ] 2684.4190950 0.5479 343.8290 0.5459 342.5294

gL [g2 a ] 2684.4189046 0.5477 343.7095 0.5457 342.4100

gL [g2s2] 2684.4217674 0.5506 345.5059 0.5485 344.2064

Aspartic acid exo

gL [gþgþ] 2684.4265160 0.5553 348.4857 0.5533 347.1862

gL [gþgþ] 2684.4266579 0.5555 348.5748 0.5534 347.2752

gL [a g2] 2684.4208809 0.5497 344.9496 0.5476 343.6501

gL [g2s2] 2684.4126227 0.5415 339.7675 0.5394 338.4680

Note that the relative energies for both endo and exo forms of N-acetyl-L-aspartic acid-N0-methylamide were previously published [1,2].

Table 5

Deprotonation energies found for the endo and exo conformers of N-acetyl-L-aspartic acid-N0-methylamide against conformers optimized for N-

acetyl-L-aspartate-N0-methylamide in the bL backbone conformation at the B3LYP/6-31G(d) level of theory

Aspartate Emin (Hartree) Aspartic acid endo Emin (Hartree) vs bL [a s ] (Hartree) vs bL [a s ] DE (kcal/mol)

bL [a s ] 2683.8760086 bL [gþsþ] 2684.4154168 0.5394 338.4838

bL [gþa ]a,b 2684.4153786 0.5394 338.4598

bL [agþ] 2684.4184974 0.5425 340.4169

bL [a a ] 2684.4240236 0.5480 343.8846

Aspartic acid exo

bL [gþgþ]a,b 2684.4058456 0.5298 332.4778

bL [gþs2] 2684.4201077 0.5441 341.4274

bL [a a ] 2684.4161709 0.5402 338.9570

bL [s2gþ] 2684.4237651 0.5478 343.7224

Note that the relative energies for both endo and exo forms of N-acetyl-L-aspartic acid-N0-methylamide were previously published [1,2].
a After 200 iterations under B3LYP/6-31G(d) at (TIGHT, Z-MATRIX), the force has converged, but the displacement did not converge

completely.
b This result was obtained from an optimization fully converged under regular B3LYP/6-31G(d) at (Z-MATRIX).
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by the sidechain on the backbone for the aspartate and

aspartic acid residues (Tables 1–3). When comparing

the stabilization energy values between Tables 1–3, it

is clear that the aspartate sidechain, while losing its

proton, can stabilize its backbone geometry in a

greater extend than the aspartic acid sidechain. If this

is the case, then it suggests that when deprotonated,

the lone electron in the negatively charged aspartate

sidechain allows for greater stabilization effects on its

backbone than the aspartic acid sidechain. In this

scenario, both r[C–O] and R[C–Op] may participate

in hydrogen bond interactions with the backbone

atoms and stabilizing the backbone geometry.

When protonating the aspartate residue, there are

more geometric choices by which the proton can dock

itself (Fig. 12). As shown in Fig. 12, there are, in

general, more endo and exo conformers of the aspartic

acid residue surrounding the aspartate conformers in

most backbone conformations. Interestingly, how-

ever, there are three aspartate conformers found for

the aL backbone conformation while only one stable

conformer was found in both endo and exo forms of

the aspartic acid (Fig. 12(b)). This finding may

suggest that a particular aspartic acid conformer

might need to change its backbone conformation

before it can be deprotonated into a stable aspartate

form.

Fig. 13 shows the traditional hydrogen interactions

that may exist in N-acetyl-L-aspartate-N0-methyla-

mide. The various types of hydrogen bond inter-

actions were tabulated in Table 8. There were two

backbone–backbone (BB/BB) and four backbone–

sidechain (BB/SC) interactions. Although hydrogen

bonding represents only weak interactions in inter-

and intra-molecular structures, their presence is still

significant and especially in ligand binding and

protein–ligand recognitions. If the aspartyl residue

was coded in a receptor or an ion channel, BB/BB

interactions may help stabilize the aspartyl residue in

a peptide chain, BB/SC interactions would allow for

ligand binding and recognition by forming an overall

stable structure with the ligand. In addition, since the

aspartyl residue is involved in the RGD tripeptide,

these hydrogen bond interactions may be significant

in peptide folding, where both BB/BB and BB/SC

interactions might be important in forming stabilized

structures. The aspartate sidechain stabilizes the

backbone more than its protonated form. As shownT
ab

le
6

D
ep

ro
to

n
at

io
n

en
er

g
ie

s
fo

u
n

d
fo

r
th

e
en

d
o

an
d

ex
o

co
n

fo
rm

er
s

o
f

N
-a

ce
ty

l-
L
-a

sp
ar

ti
c

ac
id

-N
0 -m

et
h

y
la

m
id

e
ag

ai
n
st

co
n

fo
rm

er
s

o
p

ti
m

iz
ed

fo
r

N
-a

ce
ty

l-
L
-a

sp
ar

ta
te

-N
0 -m

et
h

y
la

m
id

e

in
th

e
a

L
b

ac
k

b
o
n

e
co

n
fo

rm
at

io
n

at
th

e
B

3
L

Y
P

/6
-3

1
G

(d
)

le
v

el
o

f
th

eo
ry

A
sp

ar
ta

te
E

m
in

(H
ar

tr
ee

)

A
sp

ar
ti

c
ac

id
en

d
o

E
m

in

(H
ar

tr
ee

)

v
s
a

L
[g

þ
s
þ

]

(H
ar

tr
ee

)

v
s
a

L
[g

þ
s
þ

]
D

E

(k
ca

l/
m

o
l)

v
s
a

L
[g

þ
s

]

(H
ar

tr
ee

)

v
s
a

L
[g

þ
s

]
D

E

(k
ca

l/
m

o
l)

v
s
a

L
[g

2
g
þ

]

(H
ar

tr
ee

)

v
s
a

L
[g

2
g
þ

]
D

E

(k
ca

l/
m

o
l)

a
L

[g
þ

s
þ

]
2

6
8

3
.8

7
5

5
9

9
9

a
L

[g
2

s
2

]a
,b

2
6

8
4

.4
1

5
3

8
2

7
0

.5
3
9

8
3

3
8

.7
1

8
8

0
.5

3
5

5
3

3
6

.0
5

8
6

0
.5

4
5

5
3

4
2

.3
1

2
6

a
L

[g
þ

s
]

2
6

8
3

.8
7

9
8
3

9
3

A
sp

ar
ti

c
ac

id
ex

o

a
L

[g
2

g
þ

]
2

6
8

3
.8

6
9

8
7

2
8

–
–

–
–

–
–

–
–

N
o

te
th

at
th

e
re

la
ti

v
e

en
er

g
ie

s
fo

r
th

e
en

d
o

fo
rm

o
f

N
-a

ce
ty

l-
L
-a

sp
ar

ti
c

ac
id

-N
0 -m

et
h

y
la

m
id

e
w

er
e

p
re

v
io

u
sl

y
p

u
b

li
sh

ed
[1

,2
].

N
o

st
ab

le
co

n
fo

rm
er

fo
r

th
e

ex
o

fo
rm

o
f

N
-a

ce
ty

l-

L
-a

sp
ar

ti
c

ac
id

-N
0 -

m
et

h
y

la
m

id
e

co
u

ld
b

e
fo

u
n

d
.

a
A

ft
er

2
0

0
it

er
at

io
n

s
u

n
d

er
B

3
L

Y
P

/6
-3

1
G

(d
)

at
(T

IG
H

T
,

Z
-M

A
T

R
IX

),
th

e
fo

rc
e

h
as

co
n

v
er

g
ed

,
b

u
t

th
e

d
is

p
la

ce
m

en
t

d
id

n
o

t
co

n
v

er
g

e
co

m
p

le
te

ly
.

b
T

h
is

re
su

lt
w

as
o

b
ta

in
ed

fr
o

m
an

o
p

ti
m

iz
at

io
n

fu
ll

y
co

n
v

er
g

ed
u

n
d

er
re

g
u

la
r

B
3
L

Y
P

/6
-3

1
G

(d
)

at
(Z

-M
A

T
R

IX
).

J.C.P. Koo et al. / Journal of Molecular Structure (Theochem) 620 (2003) 231–255246



Table 7

Deprotonation energies found for the endo and exo conformers of N-acetyl-L-aspartic acid-N0-methylamide against conformers optimized for N-

acetyl-L-aspartate-N0-methylamide in the aD backbone conformation at the B3LYP/6-31G(d) level of theory

Aspartate Emin (Hartree) Aspartic acid endo Emin (Hartree) vs aD [g2s ] (Hartree) vs aD [g2s ] DE (kcal/mol)

aD [g2s ] 2683.8613062 aD [gþsþ] 2684.4070563 0.5458 342.4634

aD [gþg2] 2684.4040903 0.5428 340.6022

aD [a gþ] 2684.4097827 0.5485 344.1742

aD [a s2] 2684.4122840 0.5510 345.7438

aD [g2s ] 2684.4119363 0.5506 345.5256

aD [g2a ] 2684.4166005 0.5553 348.4524

Aspartic acid exo

aD [gþgþ] 2684.4118612 0.5506 345.4785

aD [gþg2] 2684.3904410 0.5291 332.0371

aD [s2g2] 2684.4145135 0.5532 347.1428

aD [g2a ] 2684.4094323 0.5481 343.9543

Note that the relative energies for both endo and exo forms of N-acetyl-L-aspartic acid-N0-methylamide were previously published [1,2].

Fig. 12. Scatter-plot diagrams showing the optimized conformers found for N-acetyl-L-aspartate-N0-methylamide and the endo and exo forms of

N-acetyl-L-aspartic acid-N0-methylamide in the (a) bL, (b) aL, (c) aD, and (d) gL backbone conformations. Note: rhombus represents N-acetyl-L-

aspartate-N0-methylamide, circle represents the endo form of N-acetyl-L-aspartic acid-N0-methylamide, and triangles represent the exo form of

N-acetyl-L-aspartic acid-N0-methylamide.
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Fig. 13. Classification of the ‘traditional’ hydrogen bond interactions for N-acetyl-L-aspartate-N0-methylamide.
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in Table 8, all stable conformers of the aspartate

residue have at least one type of hydrogen bond

interaction. Because it is an anion, the aspartate

sidechain may participate in more hydrogen bond

interactions than the aspartic acid sidechain; and each

atom in the aspartate molecule will repel against one

another to a greater extend than in the aspartic acid

residue. Clearly, this situation will cause the overall

bond length to be somewhat longer in the aspartate

than in the aspartic acid, resulting in higher energies

for the aspartate conformers.

By subtracting the PEHSs of the endo and exo forms

of N-acetyl-L-aspartic acid-N0-methylamide from that

of N-acetyl-L-aspartate-N0-methylamide in their

respective backbone conformations (gL, bL, aL, aD),

the vertical deprotonation PEHS of N-acetyl-L-aspartic

acid-N0-methylamide can be found (Fig. 14–17). In

general, the deprotonation patterns of both endo and

exo forms of N-acetyl-L-aspartic acid-N0-methylamide

were similar, where the PEHSs show similar minima

and maxima. The greatest difference in deprotonation

patterns for both the endo and exo forms of the aspartic

acid residue was shown in the bL backbone confor-

mation (Fig. 15(a) and (c)).

In closing, it should be emphasized that aspartate

sidechain surfaces were possible to compute for the

gL, bL, aL and aD backbone conformations.

However, such surfaces could not be generated for

the remaining five backbone conformations. All

attempts failed because many of the points were

considerably higher (data not shown) than the

normal deprotonation energy. For this reason it

seems that the aspartic acid residue would rather

change conformation to the favorable backbone

structures (gL, bL, aL, aD) before it would undergo

deprotonation. In this case, a conformer of the

aspartic acid residue in the dL, 1L, gD, dD, and 1D

backbone conformations (where no stable confor-

mers could be found for the aspartate residue) would

migrate to its nearest neighbors (gL, bL, aL, or aD)

by changing either the f or the c torsional angles.

These ‘nearest neighbors’ also represent the

‘allowed’ backbone conformations where stable

conformers of aspartate residue were found (gL,

bL, aL, and aD). This model is shown in Fig. 18,

where there are three backbone conformations (gD,

dD, and 1D) with two nearest allowed neighbors and

two backbone conformations (dL and 1L) with three

nearest allowed neighbors.

4. Conclusions

Only seven of the initially expected 81 con-

formers were found for N-acetyl-L-aspartate-N0-

methylamide at the B3LYP/6-31G(d) level of

theory. These stable conformers were located at

the gL, bL, aL, and aD backbone conformations

while no conformers could be found in the dL, 1L,

gD, dD, and 1D backbones. By comparing the

relative energies of the endo and exo forms of N-

acetyl-L-aspartic acid-N0-methylamide against those

of N-acetyl-L-aspartate-N0-methylamide, the adia-

batic deprotonation energies for the aspartic acid

residue were found. The deprotonation patterns

of the endo and exo forms of N-acetyl-L-aspartic

Table 8

The relative distances of potential hydrogen bonds of N-acetyl-L-aspartate-N0-methylamide for all its stable backbone (gL, bL, aL, and aD)

conformations computed at the B3LYP/6-31G(d) level of theory. No conformers were found for the dL, 1L, gD, dD, and 1D backbone

conformations and hence no hydrogen bond distances for these backbones could be tabulated

Final conform. Interaction type Distance (Å)

BB [x1x2] BB/BB SC/BB H12–O10 H12–O15 H12–O16 H21–O4 H21–O15 H21–O16

gL [g þs ] 1B 2A 3.782 1.561 3.484 1.896 4.894 6.074

gL [g 2g þ] 1B 2A 3.982 1.583 3.441 1.844 5.171 6.060

bL [a s ] 1A 2C 2.021 4.926 5.530 5.129 1.601 3.524

aL [g þs þ] – 2B, 2C 3.734 3.489 1.912 5.439 1.832 3.278

aL [g þs ] – 2A, 2C 4.066 1.899 3.643 4.764 1.802 3.552

aL [g 2g þ] – 2A 4.417 1.632 3.518 3.082 4.331 5.558

aD [g 2s ] – 2A 4.368 1.693 3.633 2.721 4.810 6.142
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Fig. 14. Double-scan PES, E ¼ Eðx1; x2Þ; generated for the deprotonation energies of (a) the endo, (b) the average deprotonation energies of both endo and exo forms, and (c) the exo

forms of N-acetyl-L-aspartic acid-N0-methylamide in its gL backbone conformation. Torsional angles x1 and x2 are given in degrees.
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Fig. 15. Double-scan PES, E ¼ Eðx1; x2Þ; generated for the deprotonation energies of (a) the endo, (b) the average deprotonation energies of both endo and exo forms, and (c) the exo

forms of N-acetyl-L-aspartic acid-N0-methylamide in its bL backbone conformation. Torsional angles x1 and x2 are given in degrees.
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Fig. 16. Double-scan PES, E ¼ Eðx1; x2Þ; generated for the deprotonation energies of (a) the endo, (b) the average deprotonation energies of both endo and exo forms, and (c) the exo

forms of N-acetyl-L-aspartic acid-N0-methylamide in its aL backbone conformation. Torsional angles x1 and x2 are given in degrees.
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Fig. 17. Double-scan PES, E ¼ Eðx1; x2Þ; generated for the deprotonation energies of (a) the endo, (b) the average deprotonation energies of both endo and exo forms, and (c) the exo

forms of N-acetyl-L-aspartic acid-N0-methylamide in its aD backbone conformation. Torsional angles x1 and x2 are given in degrees.
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acid-N0-methylamide with respect to N-acetyl-L-

aspartate-N0-methylamide were established. The

sidechain PEHSs for the vertical deprotonation

energies of the endo and exo forms of N-acetyl-L-

aspartate-N0-methylamide showed similarities as

well as difference in the deprotonation patterns

between the two forms. Two types of hydrogen

bond interactions were found for N-acetyl-L-aspar-

tate-N0-methylamide: backbone – sidechain (N –

H· · ·2O – C) and backbone – backbone (N –

H· · ·OyC). In sum, there were a total of two

backbone–backbone and four backbone–sidechain

interactions for the aspartate residue. In addition,

these hydrogen bond interactions may help explain

the geometric preference of RGD during peptide

folding as well as the importance of the aspartyl

residue during such molecular processes as ligand

binding and ligand recognition by cell receptors.
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Varro, J.G. Papp, I.G. Csizmadia, Eur. Phys. J. D (2002) in

press.

[2] J.C.P. Koo, G.A. Chass, A. Perczel, Ö. Farkas, L.L. Torday, A.

Varro, J.G. Papp, I.G. Csizmadia, J. Phys. Chem. A 106 (2002)

6999.
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