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Abstract
In this study, the reactions of presolvated electrons with glycine methyl ester and N-
acetylalanylalanine methyl ester (N-aAAMe) are investigated by electron spin resonance (ESR)
spectroscopy and DFT calculations. Electrons were produced by gamma irradiation in neutral 7.5
M LiCl-D2O aqueous glasses at low temperatures. For glycine methyl ester electron addition at
77K results in both N-terminal deamination to form a glycyl radical and C-O ester bond cleavage
to form methyl radicals. For samples of N-acetylalanylalanine methyl ester electrons are found to
add to the peptide bonds at 77K and cleave the carboxyl ester groups to produce methyl radicals.
On annealing to 160K electron adducts at the peptide links undergo chain scission to produce
alanyl radicals and further annealing to 170K α-carbon peptide backbone radicals are produced by
hydrogen abstraction. DFT calculations for electron addition to the methyl ester portion of N-
aAAMe show the cleavage reaction is highly favorable (free energy equals to −30.7 kcal/mol)
with the kinetic barrier of only 9.9 kcal/mol. A substantial electron affinity of the ester link (38.0
kcal/mol) provides more than sufficient energy to overcome this small barrier. Protonated peptide
bond electron adducts, also show favorable N-C chain cleavage reactions of −12.7 to −15.5 kcal/
mol with a barrier from 7.4 to 10.0 kcal/mol. The substantial adiabatic electron affinity (AEA) of
the peptide bond and ester groups provides sufficient energy for the bond dissociation.
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Introduction
Low energy electrons (LEE) are produced in copious amounts by ionization radiation and
most often lose energy to become less damaging solvated electrons.1,2 LEE are well known
to induce facile bond cleavages in the gas phase and are used in mass spectrometry to cleave
biomolecules at specific sites. 3, 4 In aqueous solution the action of LEE has been more
controversial because of the many deactivation pathways for excess energy in condensed
media as well as due to substantial stabilization (up to 3.4 eV) of solvated electrons in
water.5 However, Sanche has shown that for DNA at low temperatures LEE can effectively
cause both single and double strand cleavages in condensed media.1,2 Q-B. Lu was the first
to suggest that presolvated electrons in aqueous solution may also produce DNA damage.6,7

For peptides and proteins it is well known that even solvated electrons can lead to bond
cleavage reactions.8–13 Both the N-terminal amine group and the peptide bond are
susceptible to such cleavage.8,9
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In these previous investigations radicals formed by the reaction of electrons with amino
acids, N-acetylamino acids and peptides or model systems were investigated in aqueous
glasses.10–13 Each showed that electron attachment led to fragmentation reactions in these
aqueous systems. Studies of direct gamma irradiation of N-acetyl amino acids in frozen
aqueous solutions8,9 resulted in radicals from both electron and holes formed in these
species. The electron reactions in the frozen ices followed the similar chemistry to those in
aqueous glasses. Our recent efforts also have shown the cyclic peptide, N-acetylproline is
susceptible to N-C bond cleavage; however in this case the cyclic nature of proline prevents
the chain from full cleavage.10,14

The nature of the radiation produced electrons in LiCl aqueous glasses has been investigated
by several workers. Several groups reported that in aqueous 6–8M LiCl glasses at low
temperature there are two spectroscopically observable trapped electrons.15–17 The first is
the dominant species and is a shallow trapped species (−0.5eV ground state below the
continuum) that absorbs in the IR at >2400 nm (<0.5 eV). The second absorbs at 650 nm
(−1.8 eV) and the ground state is ca. 2.6 eV below the continuum. The first was assigned by
Kevan and coworkers to the presolvated electron17 while the second has the expected energy
of more fully solvated electron (deeper trap). For the conditions used in this study (25mM
peptides) the dominant reaction would be with the presolvated electrons and these electrons
remain energetic by several eVs with respect to the fully solvated electron. Thus on addition
this excess energy can contribute to reaction processes even at 77K. As suggested earlier the
LEE range in solvated systems would be from ca. −1 to 10 eV.

In the current study we investigate the reactions of electrons with glycine methyl ester and
N-acetylalanylalanine methyl ester at low temperatures and follow the radical species
produced by use of electron spin resonance (ESR) spectroscopy. Previous work with methyl
esters has shown the production of methyl radicals from the C-O bond cleavage even at
77K.18 Thus it is of interest to investigate the possibility of this cleavage in a peptide which
can provide several other functional groups for electron attachment.14,18,19

Density functional theory is employed for the various radical species proposed to confirm
our analyses and give additional insights to the mechanisms of action. Our results show that
even at 77K attachment of a presolvated electron can result in cleavage of both N-terminal
amine and methyl ester bonds in aqueous media whereas C-N peptide cleavages are
observed only on annealing. The spontaneous 77K presolvated electron induced bond
cleavage found in this work clearly shows the potential for presolvated electron induced C-O
and C-N bond cleavages even in aqueous phases at low temperatures.

I. Materials and methods
Experiment

The glycine methyl ester and N-acetylalanylalanine methyl ether used in these experiments
were purchased from Sigma-Aldrich as were the lithium chloride, ≥99% (LiCl) and
deuterium oxide, 99.9% (D2O) used to prepare 7.5M LiCl/D2O. The gamma (Co-60)
irradiator employed was a GR-9 producing 1.0 kGy/hr. All samples were irradiated at 77K.
The ESR (electron spin resonance) spectrometer is a E-9 Century Series with dual
microwave cavities. Suprasil quartz tubes (4 mm in diameter) used for samples were
purchased from Wilmad Labglass.

Sample Preparation
Approximately 5 milligrams (25–80 mM) of solute was dissolved in 0.5ml of 7.5M LiCl/
D2O. After the solution was fully dissolved, it was bubbled with nitrogen gas for 5 minutes
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to remove oxygen from the samples. The sample was then drawn into a 4 mm quartz tube
and cooled to 77K in liquid nitrogen to form a clear glass.

Radical formation
The samples were gamma irradiated with Co-60 source for ca. 60 krads in a Styrofoam
vessel filled with liquid nitrogen (77K). After sample irradiation was completed, the vessel
with the sample was transported to the ESR instrument and placed in a quartz EPR dewar
insert also at 77K. An ESR spectrum was then taken to view radicals produced from gamma
irradiation. Since irradiation of the glass produces only electrons and Cl2−• and since only
electrons are mobile at 77K, all radicals at 77K are from electron attachment to the solute.
Annealing of the sample at temperatures of 152K–170K was done to view thermally induced
radical reactions of the electron adducts. At these temperatures Cl2−• becomes mobile but is
not able to oxidize the solutes chosen for this study.10 Thus only radicals originating from
electron attachment are observed.

DFT calculations
In our theoretical work electron attachment to glycine methyl ester and N-
acetylalanylalanine methyl ester was considered using DFT methods. All the calculations
were performed using B3LYP20–22 and the 6-31++G(d,p) basis set. 23, 24 Additionally, to
simulate an aqueous environment, the polarized continuum model (PCM25) with the UAHF
solvation radii26 was employed.

All geometries presented here were fully optimized without any geometrical constraints, and
the analysis of harmonic frequencies proved that all of them are either structures at energetic
minima (all force constants positive) or first-order saddle points (all but one force constants
positive). The starting conformation of the backbone of both the neutral glycine and N-
acetylalanylalanine methyl esters were adopted after the literature. Namely, the
conformation of neutral glycine methyl ester has been taken from the papers of Makowski et
al. 27 and Simon et al. 28 On the other hand the conformation of the backbone of N-
acetylalanylalanine methyl ester was adopted after the HF and B3LYP29 as well as MD
conformational studies30 on the alanine dipeptide. This approach assured that optimization
of the substrates geometries converged to one of the low energy conformations.
Furthermore, one should realize that the starting conformation is not crucial as long as it is
kept unchanged for particular stationary points along the reaction path. This is because one
calculates the energy difference between a product and substrate (or a transition state and
substrate) and if them both have a similar conformation their conformational energies cancel
out.

All presented energetic values are given in the Gibbs free energy scale in aqueous solution.
Moreover, the adiabatic electron affinity, calculated using Gibbs free energies at T=298 K of
the fully optimized neutral and anion radical complex, is denoted by AEAG. If the
considered reaction led to two molecular fragments, the reaction free energies were
calculated as the difference between the free energy of the molecular complex between those
fragments and that of substrate.

Calculations have been carried out with the GAUSSIAN0931 code and the pictures of
molecules and orbitals were plotted with the GaussView 5 package.32
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II. Results and Discussion
Glycine methyl ester

In Figure 1 we show the results of gamma irradiation at 77K of a 7.5M LiCl sample
containing 80 mM N-glycine methyl ester. The radiation produces Cl2−• and electrons. For
clarity the background signal of the Cl2−• has been subtracted. The electrons are mobile after
formation and add to the solute whereas the Cl2−• remains fixed in the glass. The ESR
spectrum shown in Figure 1A shows the results of electron addition to the solute at 77K. The
sharp 4 line 1:3:3:1 quartet (marked with an asterisk) with 23 G separation is unambiguous
evidence for methyl radicals formed on electron addition and immediate ester C-O bond
cleavage to produce the methyl radical all at 77K. The second and more abundant radical in
the spectrum is that formed by electron induced cleavage at 77K of the C-N bond to form
•CH2CO2CH3 and ammonia. Annealing to 155K for 10 minutes results in the loss of almost
all of the methyl radical signal and leaves the •CH2CO2CH3 without production of new
radical species.

For the neutral glycine methyl ester two degradation paths were considered at the DFT level
(see Figure 2). Path B, leading to the ester bond cleavage (ΔG=−27.1 and ΔG*=9.8 kcal/
mol), is more likely than path A, leading to scission at the amine group (ΔG=4.3 and
ΔG*=8.5 kcal/mol, see Figure 2). Nevertheless it should be underlined, that under the
experimental conditions (pH ca. 5) the amine group is fully protonated and for the
protonated species the situation is reversed (see Figure 3). Indeed, proton attachment to the
amine group leads after electron addition to ammonia elimination with the negligibly low
activation barrier (ΔG*=0.9 kcal/mol) and significantly negative thermodynamic stimulus
(ΔG=−33.8 kcal/mol), while the molecule protonated at the ester site is less prone to
degradation by cleavage of the ester C-O bond (ΔG=−13.0 and ΔG*=8.4 kcal/mol, see
Figure 3). So, if the ester was protonated before electron attachment, path C in Figure 3
should be preferred. Thus, in order to explain the experimental picture one could assume
that there is a mixture of protonated and the neutral forms of the ester in water glass and
then the methyl radical would form on the path B in Figure 2 (from the neutral) while
ammonia and the respective radical on the path C in Figure 3 (from the protonated form of
the ester). However, this is not necessary as we note that the electron affinity of the glycine
methyl ester is sufficient to provide the energy to overcome the barrier in protonated and
nonprotonated cases (AEAG=34.7 kcal/mol, see Figure 2). The lower barrier for C-N
cleavage does explain the predominance of the deamination pathway at 77K.

N-acetyl-L-alanyl-L-alanine methyl ester
In Figure 4 we show the ESR results for a sample containing 25 mM N-acetyl-L-alanyl-L-
alanine methyl ester. The ESR spectrum shown in Figure 4A shows the results of electron
addition to the solute as well as line components of the Cl2− observed in the low field region
of the spectrum. The sharp 4 line 1:3:3:1 quartet with 23 G separation is again unambiguous
evidence for methyl radicals formed on electron addition at 77K. The central line component
is assigned to the electron adducts at the peptide bonds which do not fragment at 77K. Line
components of the Cl2−• are observed in the low field region of the spectrum.

The ESR spectrum in Figure 4A consists of radicals formed by electron attachment to the
three possible sites in the structure and Cl2−• in addition to methyl radicals. The doublet
which broadens the central two CH3• radical lines is assigned to electron attachment to the
N-acetyl group in the molecule. The central singlet is assigned to electron attachment at
center peptide bond and ester carbonyl site. On annealing to 155K for 10 min (see Figure
4B) the methyl radical increases and main chain cleavage occurs to form the alanyl radicals,
•CHCH3C(O)R1 and •CHCH3C(O)R2, which show a quintet from couplings to four nearly
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equivalent protons (24 G avg each) arising from the three β-protons from the -CH3 group
and the single α-proton at the radical center. Figure 4C shows the results of further
annealing to 170 K. At this temperature the CH3• and alanyl radicals abstract from the α-
hydrogens on the peptide backbone to produce the peptide backbone α-carbon radical, i.e., –
[NH-C(•)(CH3)-C(O)]-. This radical shows an 18 G coupling from 3 equivalent methyl
group protons. The equal line intensities are evidence for hindered rotation of the methyl
group at 77K. Note that all spectra in Figure 4A–4C are recorded at 77K after annealing to
temperatures indicated in the figure. However, in Figure 4D the spectrum of the sample in
4C is recorded at 155K. At this temperature the spectrum shows line intensities more like
the expected pattern from a methyl group in near free rotation. The change in spectra from
4C to 4D was completely reversible with temperature and is clearly not associated with any
radical reactions. Such changes have been observed in previous work on glycyl alanine and
alanyl alanine dipeptides and are simply the result of a small barrier of ca. 1 kcal/mol to free
rotation for the methyl group. 33,34 As done for glycine methyl ester we carried out DFT
calculations to model electron induced reactivity of N-acetylalanine methyl ester. The
neutral form of N-aAAMe has an electron affinity high enough (AEAG=38.0 kcal/mol) to
form a stable valence anion radical (anrad). The SOMO orbital is localized on the ester
group (see Figure 5) and therefore this site is prone to direct cleavage (see path A in Figure
6). The slightly acidic environment of our experiment (pH=5) promotes protonation of anrad
(negative ΔGprotonation value, see Figure 6). Five protonated radicals were considered (see
Figure 5). Rad1 and rad2 are believed not to occur under experimental conditions due to
their high relative free energies (ΔGr=13.0 and 6.0 kcal/mol, respectively; see Figure 6). For
the remaining radicals (rad3–5) five degradation paths (D–H) were studied (see Figure 6).
Two of them (G and H) are thermodynamically forbidden due to highly positive
thermodynamic stimulus for the considered degradation reactions (ΔGG=33.7, ΔGH=24.6
kcal/mol), while paths D–F seem to be probable both thermodynamically and kinetically
(see Figure 6). The radical degradation products, radE and radF (see Figure 6), are difficult
to distinguish with an ESR technique (both should occur as 1:4:6:4:1 quintets at 77K). The
same issue holds for distinguishing the initial anrad, rad3 and rad5 since all should produce
singlets at 77K.

The computational results are therefore in accord with the experimental interpretations. At
first, anrad (ESR singlet; see Figure 6) can decompose directly via the ester bond cleavage
(path A in Figure 6), giving the methyl radical (quartet in the ESR spectrum). On the other
hand, the high pKa of a peptide bond electron adduct means that anrad will quickly
protonate, giving two possible radicals: rad4 (ESR doublet at 77K) and rad5 (ESR singlet at
77K). The pKa of the ester link anion also suggests that rad3 will form by protonation of
anrad which also produces an ESR singlet. Those radicals, after overcoming relatively low
activation barriers, are predicted to react to produce the secondary radical products on path
D (ester bond cleavage to form methyl radical), E and F (to form the alanyl radical) as found
in the experiment.

III. Summary
In this study, the reactions of low energy electrons (LEE) with glycine methyl ester and N-
acetylalanylalanine methyl ester are investigated. For glycine methyl ester electron addition
at 77K results in N-terminal deamination to form the glycyl radical as well as methyl radical
by electron induced ester C-O bond cleavage. For samples of N-acetylalanylalanine methyl
ester electrons are found to add at 77K to the peptide bonds and to the carboxyl ester groups
resulting in methyl radical formation. Our DFT calculations show the formation of methyl
radicals has a significant barrier in both molecules. Thus the formation of the methyl radical
at 77K is clearly a result of the LEE attachment which liberates the substantial electron
affinity of the ester group as well as any residual kinetic/potential energy of the electron. On
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annealing to 160K electron adducts at the peptide links and ester carbonyl site undergo chain
scission to produce alanyl radicals. On further annealing to 170K both the methyl radical
and the chain scission radicals abstract from the α-carbon sites of the peptide forming the
peptide backbone radical. Both of these processes are expected from previous work.7–13

Further the rotational hindrance of the methyl group found for the final peptide backbone
radical in N-acetylalanylalanine methyl ester has been observed in earlier work.33,34 DFT
calculations for electron addition to the methyl ester portion of N-acetylalanylalanine methyl
ester show the cleavage reaction is highly favorable (−30.7 kcal/mol) with the barrier only
9.9 kcal/mol. The substantial electron affinity of the ester link (38.0 kcal/mol) provides more
than sufficient energy to overcome this small barrier. The peptide bond protonation electron
adducts, also show a favorable N-C chain cleavage reaction of (−12.7 to −15.5 kcal/mol)
with a barrier from 7.4 to 10.0 kcal/mol) as well as a high AEA. The observation of low
energy electron induced N-terminal deamination and methyl radical formation at 77K is
attributed to both the exergonic nature of the reactions and the NH3 and CH3• mobility that
allows for facile cleavage and some movement from the cleavage site.
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Figure 1.
Glycine methyl ester (5mg) in 7.5 M LiCl after 45 minutes of gamma irradiation at 77K. A.
Sample at 77K after electron addition which results in both deamination by C-N bond
cleavage to form •CH2CO2CH3 and C-O bond cleavage to form the methyl radical (CH3•)
which gives rise to the sharp 1:3:3:1 spectrum with 23 G separations. The background signal
of the Cl2−• has been subtracted. B. After annealing to 155K for 10 minutes which results in
the loss of almost all the methyl radical signal and leaves the •CH2CO2CH3. This spectrum
was recorded at 77K after annealing. The three markers are separated by 13.09 G each. The
middle marker is at g=2.0056.
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Figure 2.
Electron attachment to neutral glycine methyl ester, leading to the cleavage at the amine
(path A) or methyl (path B) group. AEAG, ΔG and ΔG* stand for adiabatic electron
affinity, free energy and free activation energy of the reaction, all in kcal/mol.
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Figure 3.
Electron attachment to protonated glycine methyl ester, leading to the cleavage at the amine
(path C) or methyl (path D) group. AEAG, ΔG and ΔG* stand for adiabatic electron
affinity, free energy and free activation energy of the reaction, all in kcal/mol.
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Figure 4.
ESR spectra found after electron attachment to N-acetylalanylalanine methyl ester at 77K
and annealing to temperatures shown in the figure. A. Spectrum at 77K immediately after
gamma irradiation. The ESR spectrum consists of radicals formed by electron attachment to
the three possible sites in the structure and Cl2−•. The strong signal from the methyl radical
is a result of C-O bond cleavage at 77K induced by electron attachment. The doublet which
broadens the central two CH3• radical lines is from electron attachment to the N-acetyl
portion. The central singlet is assigned to electron attachment at the alanyl and ester sites. B.
On warming the methyl radical increases and main chain cleavage occurs to form the alanyl
radical, •CHCH3C(O)R, which shows a quintet from couplings to four nearly equivalent
protons (24 G avg each). C. On annealing to 170 K all radicals abstract from the alpha
hydrogens on the peptide backbone to produce the –NH-C(•)(CH3)-C(O)- radical with an 18
G coupling from 3 equivalent methyl group protons showing hindered rotation at 77K. All
spectra in A–C are recorded at 77K after annealing to temperatures in the figure. D. This
spectrum was recorded at 155K and shows the expected pattern from a methyl group in near
free rotation. The change in spectra from C to D was reversible with temperature and is only
a result of rotation of the methyl group.
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Figure 5.
Geometries and singly occupied molecular orbitals (SOMO) distribution in the anion radical
(anrad) and radical substrates, along with the relative free energy for radicals, calculated
with respect to the most stable one – rad3. All values given in kcal/mol, SOMO orbitals
plotted with a contour value of 0.05 bohr−3/2.

Kheir et al. Page 13

J Phys Chem B. Author manuscript; available in PMC 2014 March 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Degradation paths for N-acetylalanylalanine methyl ester after electron attachment, along
with activation barriers (ΔG*), thermodynamic stimuli (ΔG) and adiabatic electron affinity
(AEAG). All values given in the free energy scale, in kcal/mol, calculated at B3LYP/6-31+
+G** level, in aqueous solution (PCM model). Species that are observed in ESR spectra are
framed.
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