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2 Laboratoire de Chimie Théoriquec, Université Paris VI, 4 place Jussieu, 75005 Paris, France

Received 21 January 2002
Published online 13 September 2002 – c© EDP Sciences, Società Italiana di Fisica, Springer-Verlag 2002

Abstract. The mechanisms of protein degradation induced by ionisation are of great interest for radiobi-
ology, improvement of mass spectroscopy and industrial processes such as radio sterilisation. Sequences
containing asparagin are very sensitive especially if surrounded by glycine. Very few techniques allow a
satisfying understanding of the processes induced by creation of an anionic or cationic site in a peptide. We
used the methods of quantum chemistry (DFT/B3LYP with 6-31G∗ basis set) to characterise the geome-
try modifications induced in the cations or in the anions derived from peptide Gly Asn Gly. The cationic
sites are localised mostly close to the first peptidic bond and induce a lengthening of the Ca–C(O) bond.
Conversely the anionic sites are localised on a carbonyl function. Implications are discussed considering
the radiolytic products and the proposed mechanisms.

PACS. 31.15.Ar Ab initio calculations – 87.15.-v Biomolecules: structure and physical properties

1 Introduction

Protein sequences containing asparagin are known for
their susceptibility to get degraded. The main degradation
pathway is deamidation. This reaction was extensively
studied and is well documented (see for instance [1] and
references therein). It causes biologically and structurally
important alterations in protein structures. Asparagin
degradation is involved in ageing process [2,3]. This pro-
cess is somewhat sequence-specific and the sequence Asn-
Gly is especially sensitive [4], probably because steric
hindrance from Glycine is minimum and conformation
flexibility is maximum [5] as shown by recent ab initio cal-
culations [6]. In the gas phase, sequences Gln-Gly are also
a dominant dissociation site in protein fragmentation [7].

Oxidative damage enhances asparagin instability [8],
which indicates a free radical route in asparagin degrada-
tion. Also, irradiation of proteins in the solid state, either
lyophilised or in frozen aqueous solution, induces peptidic
bond breakage leading to non-random fragmentations [9].
It was shown that sequences containing asparagin or as-
partate groups are prone to bond cleavage leading this
residue either as a C-terminal or at a N-terminal. Despite
their importance in many biological (radioprotection, ra-
diotherapy) and industrial processes (radio-sterilization of
food and drugs), these processes are poorly understood.
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The aim of this work is thus to improve the understand-
ing of free radical-induced degradation in an asparagin-
containing peptide. The chosen sequence was Gly Asn Gly
because of its sensitivity and also because it allows com-
parison of the roles of glycine at C- or at N-terminal.

2 Computational procedure

Three peptides were constructed. In the largest one called
GNG (Glycine Asparagin Glycine peptide), the carboxylic
function was replaced by an aldehyde (Fig. 1), to evalu-
ate the role of the terminal carbonyl function. To pre-
cise the roles of carbonyl and amine terminal groups, two
more truncated peptides were also considered: without the
carbonyl group –CO of C-terminal (GNGa), and without
both –CO and –NH2 of terminal amine (GNGb). With-
out solvation, peptides terminal groups are neutral and
not zwitterionic. The starting point was the geometry of
this sequence in hen egg-white lysozyme, taken from the
Protein Data Bank (2lym) (PDB).

All isolated species were optimised using DFT
(B3LYP) with basis sets (6-31G∗) using the program
Gaussian 98 [10]. This method is commonly used for lo-
calised radical structures [11]. Some problems with DFT
theory and negative ions have been suggested. However
it is now clear that for bound systems reasonable esti-
mates of electron affinities can be obtained with DFT
theory [12]. The use of this relatively small basis set is
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Table 1. Energies B3LYP/6-31G∗ of optimised tripeptides and of their related cations and anions.

Tripeptide Molecule Anion Cation

Energy Energy Electronic Energy Ionisation
(a.u.) (a.u.) affinity (eV) (a.u.) energy (eV)

GNG −833.20674 −833.20595 −0.02 −832.92294 7.72

GNGa −719.89751 −719.86595 −0.86 −719.60804 7.96

GNGb −664.51730 −664.51600 −0.45 −664.25513 7.13

Fig. 1. Optimised geometries of peptides. Dotted lines: hydro-
gen bonding with interatomic distances less than ca. 2 Å.

justified by the number of geometry optimisations that
had to be performed, and by the fact that DFT methods
are known to be little basis set dependent [13]. In ad-
dition, our previous works demonstrated that such basis
sets are sufficient [14,15]. Due to the size and the flex-
ibility of these peptides it was not possible to perform
full optimisations with larger basis sets. However single
point calculations were done with B3LYP/6-31+G∗ and
B3LYP/6-311+G(2d,2p).

Calculations were performed on the Nec SX-5 of IDRIS
(Orsay, France). One full optimisation of each peptide re-
quired more than 60 h cpu.

Fig. 2. Numbering of atoms.

3 Results and discussion

All species, molecules or free radicals, were fully opti-
mised. Their energies are gathered in Table 1. Molecu-
lar structures are compared in Figures 1 and 2 gives the
numbering of atoms.

In lysozyme, the sequence corresponds to a turn
thus it has many degrees of freedom and few hydrogen
bonds. In optimised structures, hydrogen bonds are cre-
ated for stabilisation. The network is similar in all peptides
(Fig. 1, dotted lines). In the three molecules, intramolec-
ular H-bonds create links between the same atoms of the
peptidic bonds: H16 and O8. Carbonyl and amine termi-
nals are not directly involved.

Analysis of the energies of the cation and anion free
radicals shows that electronic affinities are weak and neg-
ative, especially for GNGa, whereas ionisation energies are
high, as it should be for an organic molecule. The values of
ionisation energies are rather close, the differences do not
seem to be significant. We are aware that values of elec-
tronic affinities may be somewhat imprecise because of the
lack of diffuse orbitals. However we have noticed that they
lack the self-consistency even with diffuse orbitals (veri-
fied by us on these peptides) [14,16]. Nevertheless, it seems
that for bound systems and atom-centred radicals reason-
able estimates of electronic affinities can be obtained with
DFT theory.
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Fig. 3. Optimised geometries of anions. Dotted lines: hydrogen
bonding with interatomic distances less than ca. 2 Å. Arrows
indicate the bonds whose length is modified compared to that
in the molecule.

Optimised structures of anions and cations are repre-
sented in Figures 3 and 4 respectively. In GNG radicals
cations as well as anions, the terminal amine and car-
bonyl are hydrogen bonded. The intramolecular hydrogen
bond O8–H16 observed in the molecular peptides remains
in GNGb cation and in GNGa and GNGb anions. In these
three entities, it is reinforced by one more hydrogen bond
between the first glycine and asparagin moieties. Further-
more hydrogen bonds are very short creating a tight net-
work in each anion.

To describe localisation of unpaired electrons, we fo-
cused on spin densities rather than on charge distribution
modifications because charges are not only on heavy atoms
but split between hydrogens and C or N. Spin densities
and modified bond lengths are gathered in Table 2. For
anions, spin density is always on CO bonds. As a conse-
quence, there is an important increase of this bond length.
However the localisation of this carbonyl function is de-
pendent on the anion: in GNG, spin density is on the
CO terminal whereas in GNGa, it is on the CO function
of the first peptidic bond (C7–O8), and in GNGb anion,

Fig. 4. Optimised geometries of cations. Dotted lines: hydro-
gen bonding with interatomic distances less than ca. 2 Å. Ar-
rows indicate the bonds whose length is modified compared to
that in the molecule.

on the amide of asparagin. All these results are indepen-
dent of the size of the basis and were confirmed by single
point calculations with 6-31+G* and 6-311+G(2d, 2p) ba-
sis sets. In GNGa, the N1–C4 bond length does not change
much (0.02 Å) but the peptidic bond is strongly elongated
(Tab. 2). Also, the stereochemistry of the peptidic bond is
modified: whereas it adopts a “trans” conformation in the
molecule and in the cation, it is almost “cis” in the anion.

It was proposed that in aqueous solution, hydrated
electron adds at the C=O bond of peptide C-terminal [17].
In simple amino acids, the resulting radical anion un-
dergoes deamination [18]. The same reaction occurs with
simple peptides like glycylglycine. However with longer
peptides such as tri- or tetra-glycine in aqueous solution,
electron localisation on the carbonyl function is said to
lead also to deamidation [19], i.e. breaking of the N9–
C11 bond (Fig. 2). In the solid phase, electron localization
would also occur on a carbonyl group. Our calculations
support these hypotheses. In addition, differences in the
CO function with neighbouring group would be in agree-
ment with the variety of final compounds, which depends
on the sequence.



554 The European Physical Journal D

Table 2. Bond lengths and spin densities in all entities.

Molecule Cation Anion

Bond length Spin Modified bond Spin Modified bond
(Å) densities lengths (Å) densities lengths (Å)

GNG C4–C7 1.54 O8 0.40 C4–C7 1.65

N1 0.38

O27 0.11

C20–O21 1.21 C20 0.68 C20–O21 1.31

O21 0.21

GNGa C4–C7 1.52 O8 0.46 C4–C7 1.63 C7–O8 1.31

C4–N1 1.48 N1 0.29 C4–N1 1.40

O27 0.15

C7–O8 1.25 C7 0.65 C7–O8 1.31

C7–N9 1.33 O8 0.26 C7–N9 1.49

GNGb C11–C13 1.55 O14 0.42 C11–C13 1.61

C11–N9 1.47 N9 0.22 C11–N9 1.41

O27 0.18

C26–O27 1.22 C26 0.58 C26–O27 1.29

O27 0.32

The geometrical changes could indicate that preferen-
tial cleavage might occur at the peptidic bond. No elon-
gation of the N9–C11 bond is seen, which would lead to
deamidation. Thus mechanisms seem to be different with
the presence of water as a proton donor.

As for cations, the spin density is localised on N1
of –NH2 terminal for GNG and GNGa, and on the car-
bonyl group of the first peptidic bond. They move to N9

and O14 in GNGb, hence both peptidic bonds may be af-
fected. Thus suppression of C-terminal does not change
spin densities, but that of amine does. Nevertheless, these
atoms are always separated by a methylene group. It is
associated with an important variation of bond lengths:
elongation of the C–C bond adjacent to the concerned pep-
tide bond (Ca–C(O) in the PDB terminology, here C4–C7

or C11–C13) (from 0.06 to 0.11 Å) and simultaneous de-
crease of the adjacent C–NH (from 0.06 to 0.08 Å). Part
of the spin density is also on the amide group for the three
peptides (O27).

Experimental data on oxidation of polypeptides indi-
cate that the most stable radicals formed after OH attack
in aqueous solution would result form H abstraction from
Ca (in the PDB notation) (here C4, C11 or C17). Examina-
tion of the C–H bond lengths of all Ca carbons shows that
none of them is elongated. Thus this mechanism should
proceed through one-electron oxidation followed by proton
abstraction by the solvent. However it is difficult to iden-
tify products coming from the Ca–C(O) bond break since
compounds coming from one-electron oxidation are very
numerous [20] and propositions of mechanism are some-
what specious.

4 Conclusion

In this work we have investigated the geometrical changes
induced by ionisation, in a tripeptide based upon the se-
quence Gly Asn Gly.

DFT calculations show different patterns for electron
localisation in radical anions and cations. For anions the
electron is preferentially located on the CO bonds, but the
concerned bond varies with the environment. It belongs to
the first glycine moiety in GNG and GNGa and to aspara-
gin if both terminal groups, COH and NH2 are missing.
For cations, in all peptides, spin density is partially on as-
paragin and is shared between CO and NH separated by
a methylene group.

In general, the first peptidic bond (C7–N9) is more
easily either reduced or oxidised than the second one
(C13–N15). It would mean that in the gas phase,
N-terminal glycine is more radio-sensitive than the
C-terminal one. It suggests also that preferential bond
cleavage would occur between this glycine and aspara-
gin. The latter would then end up as N-terminal, as ob-
served after irradiation of lysozyme in frozen aqueous so-
lutions [8]. Asparagin is always the target in cations, in
good agreement with instability of this amino acid in ox-
idative conditions [7]. In anions, this residue is a target
only in truncated peptide GNGb. However this is a sit-
uation similar to that encountered in polypeptidic chain,
in agreement with the sensitivity of this residue toward
ionising radiation. Finally, to extrapolate these results to
protein radio-sensitivity, one should also take into account
the protein’s constraints and dynamics which might influ-
ence the sequence behaviour. Development of the recent
methods QM/MM would allow further studies.

We thank IDRIS for providing computer time (project 010268).
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