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ABSTRACT

The present thesis investigates the effect of radical formation on peptide secondary
structure elements, and analyses the changes such radical formations can induce.

To determine if the pro-L hydrogen on C, of the glycyl residues are more prone to
hydrogen abstraction by ‘OH than the respective hydrogen in Ala, the pre-reaction van der
Waals complexes, transition states, and post-reaction van der Waals complexes of H
abstraction from Ala and Gly were computed. To evaluate the conformational effect of H
abstraction, different conformers (P, Vi, Yo, 0L and ap) of these residues were studied. These
calculations were carried out at the MPWKCIS1K/6-311++G(3df,2p)//BHandHLYP/6-
311+G(d,p) level of theory.

To study the effect of hydrogen abstraction on peptide secondary structures, model
pentapetides were also studied. Helical unfolding (as shown in Figure 1) was investigated by
computing the thermodynamic functions of the radical-initiated unfolding of a helix. A
hydrogen atom was extracted from the C, and amide nitrogen of Gly’, and the C,, C; and
amide nitrogen of Ala®, of the respective G5 (N-Ac-GGGGG-NH,) and A5 (N-Ac-AAAAA-
NH,) homo-peptides. The HO", HO," and O," radicals were used in each case, and the
thermodynamic functions were computed using the B3LYP density functional. The changes
in potential energy, standard enthalpy, Gibbs free energy and entropy during these reactions
were computed with G5 and A5 in the 34-helical and fully-extended conformations. These
computations were carried out in the gas phase and the effect of solvent was mimicked with

the C-PCM implicit water model.
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Figure 1. A schematic representation of the radical-initiated unfolding of an amino acid residue.



To enable the effects of C,-centered radicals to be studied in longer peptides and proteins
over greater time intervals with molecular dynamics (MD), force field parameters for the C,-
centered Ala radical were developed for use with the OPLS force field. This was done by
minimizing the sum of squares deviation between the quantum chemical and OPLS-AA
energy hypersurfaces. These parameters were used to determine the effect of the C,-centered
Ala radical on the structure of a hepta-alanyl peptide in molecular dynamics simulations.

A dramatic change in conformation is observed in the Gly and Ala conformers after
converting to Gly" and Ala’, respectively, and this change can be monitored along the minimal
energy pathway by computing the intrinsic reaction coordinate for the conformers of each
residue. The . conformer of Gly and Ala form the lowest-lying transition states, whereas the
side-chain of Ala strongly destabilizes the a conformers compared to the y conformers. The
energies of the a to y transition in Gly are more similar than those of Ala. This effect shown
in Ala could inhibit the abstraction of hydrogen from the chiral amino acid residues in the
helices. The energy of a subsequent hydrogen abstraction reactions between Ala" and Gly”
and H,O, remains approximately 90 kJ mol" below the entrance level of the ‘OH reaction,
indicating that the ‘'OH radical can initiate an a to 3 transition in an amino acid. However, a
molecule such as H,O, must provide the hydrogen atom necessary to reform the Gly and Ala
residues.

As shown in the G5 and A5 peptides, hydrogen abstraction is the most favorable at the
C,, followed by the Cg, then amide nitrogen. The secondary structure has a strong influence
on the bond dissociation energy of the H-C,, but a negligible effect on the dissociation energy
of the H-CH, and H-N bonds. The HO" radical is the strongest hydrogen abstractor, followed
by HO, and finally O,". Secondary structure elements, like H-bonds in the 3o-helix, protect
the peptide from radical attack by hindering the potential electron delocalization at the
C, which is present when the peptide is in the extended conformation. The C,-centered
pentapeptide radicals have a significantly higher propensity to unfold than the closed shell
pentapeptides.  Furthermore, only the HO® radical can initiate the unfolding of the

pentapeptides to an extended pentapeptide radical, and the unfolding of the C,-centered G5 is



more favorable than the unfolding of the C,-centered AS.

A negligible sum-of-squares energy deviation was observed in the stretching parameters,
and the newly-developed OPLS-AA torsional parameters showed a good-agreement with the
LMP2/cc-pVTZ(-f) hypersurface. The MD simulations showed planar conformations of the
residue with the radical on its alpha carbon (Alr) are preferred and these conformations
increase the formation of y- a- and Trturn structures depending on the position in the turn
occupied by the Alr residue. Higher-ordered structures are destabilized by Alr except when
this residue occupies position “i + 17 of the 3,-helix.

These results offer new insight in to the protein-misfolding mechanisms initiated by H-

abstraction from the C, of peptide and protein residues.



1.0 INTRODUCTION
1.1 General Implication of Oxidative Stress

O, is the terminal electron acceptor in the oxidation of carbon fuels to generate ATP by
oxidative phosphorylation. However, the physiological role of O, is not limited to energy
metabolism. The metabolism of sterols, indoles, alkaloids, antibiotics and some detoxifying
pathways are also O,-dependent.! The metabolic analysis of 70 genomes suggested that O, is
directly or indirectly associated with over a thousand metabolic reactions not associated with
anaerobes.” In aerobic organisms, the synthesis of mono-unsaturated fatty acids, tyrosine and

nicotinic acid are O,-dependent.’

A general consequence of O,-dependent biosynthesis and aerobic respiration is the
production of reactive oxygen species (ROS). When the amount of ROS in the body reaches
an elevated state, significant structural modification can be observed in biological
macromolecules. This state is known as 'oxidative stress', and result in loss of function and
degradation.  Oxidative stress is a common feature in the mechanisms that cause
carcinogenesis, tumor promotion, Parkinson's disease, Alzheimer's disease and is also

implicated in the ageing process.*’

The superoxide radical anion (O;”), the perhydroxyl radical (HO,") and the hydroxyl
radical ('OH) comprise the biologically relevant oxygen radicals.'” Hydrogen peroxide
(H»0,) is another biologically active oxygen species. Superoxide is formed when the ground-
state O, molecule accepts a single electron into one of its Tt* anti-bonding orbitals and is

formed in almost all aerobic cells." The addition of the subsequent electron forms the



peroxide ion (O,”) which has no unpaired electron and is not a radical, and readily accepts
two protons to form H,O,. Homolytic cleavage of the O-O bond in H,O, produces two
hydroxyl radicals. It has been shown that "OH can be produced by heat, ionization radiation
or in several reactions with Fe*".'> The hydroxyl radical reacts at an extremely high rate with
carbohydrates, amino acids, phospholipids, DNA bases and organic acids.'> HO," is produced
in reactions between H' and O,, however HO," has a pK, of 4.8, therefore the biological

significance of this radical may be limited."
Reactive oxygen species can oxidize lipids or DNA, and form glycation end-products.
However, proteins form by far the largest mass of oxidizable organic components of living

matter.'*

Free radicals have been shown to induce the formation of bi-tyrosine induced
protein aggregates, increase the rate of protein fragmentation and increase the susceptibility
of proteins to degradation.'™” The formation of protein carbonyls has become the marker
used to identify proteins that have been damaged by oxidative stress.'™' All amino acids are
susceptible to modification by both 'OH and "OH + O,", however tryptophan, tyrosine,
histidine and cysteine showed greater sensitivity and the rate of oxidation depended on the
concentration of the ROS. Moreover, it was suggested that ‘OH is the primary radical
responsible for all amino acid modifications and that O, and O, can further transform the
products of "OH reactions.'***** A decrease in protein solubility, used as a measure of protein

unfolding, was also shown in the presence of ‘OH in a dose-dependent manner, which was

also exacerbated in the presence of O, and O,

1.2. Basic Structural Properties of Peptides



Ab initio and DFT methods, once limited to small molecules, are becoming practical for
use on peptides and peptide analogues. The use of N-Ac- and -NHMe protection groups for
the N and C termini, respectively, allows an amino acid residue to be studied in a local
environment comparable to that of a peptide.” This method can be used to accurately
calculate the relative energies of two or more systems, allowing the relative stabilities of

different secondary structures to be determined.
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Figure 2. The symbols used to describe the conformations of an amino acid residue and their
corresponding ¢ and () angles.

The conformation of an amino acid residue can be described by its ¢ and () angles. The
relationship between @ and  angles and conformation are described in Figure 2. The Greek
letters originate from an older nomenclature, involving a, 3, y, and € for an a-helix, B-sheet,
y-turn, and ¢ for the polyproline II conformations, respectively, while the L and D subscripts
indicate the conformations favored by the L and D configurations of amino acids.”> This

scheme will be used to describe the conformations of the peptide structures in this work.

In the search of a subset of the protein data bank, it was observed that the 3,,-helix

occurs less frequently than the a-helix in regions that are greater than 5 residues, but is more



prevalent in regions containing 5 residues or less.”**” Also, 3,c-helices are considered to be
sequential type III [-turns, therefore the occurrence of these structures can be

d 28,29

underestimate These short 3p-helices can be crucial motifs which mediate the

302 1t has been observed that 3,,-helices are an

conformational transitions of proteins.
intermediate structure in the conversion of a-helices to [3-sheets in amyloid fibrils, and this

has been shown to be initiated by free radicals.”> The aim of this study is to understand how

free radicals initiate the unfolding of the 3,o-helix to an extended conformation.

1.3 Parameterization of the Gly' and Ala’ Force Fields

The OPLS-AA force field is a Class I force-field according to the generally accepted
force-field classification criteria and is widely accepted for simulations of structures of
peptides and proteins in solution.**** The energy of a molecule at a particular geometry can

be described with the OPLS-AA/L force field using Equation 1. The energy of the same
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molecule at the same geometry can be computed using quantum mechanics and yield the

E?" energy described in Equation 2, where H is the molecular Hamiltonian and @ is the

1

wave function:

Ay =EMy )



The quantum mechanical energy can be used to develop molecular mechanical parameters by
fitting the mechanical hyper-surface to the values obtained using quantum mechanics, as
initially described by Lifson and Warshel.”” 1In this method, the molecular mechanics
parameter-dependent sum of squares distances between the selected points on these two
hyper-surfaces are minimized. In this work, the experimental values were replaced with the

computed energy values as a function of the geometrical parameters.



2.0 PURPOSE AND AIM

The presence of the methyl side chain of the alanyl (Ala, A) residue could be the reason
for the difference in the kinetics of hydrogen abstraction reactions between ‘OH and the
respective glycyl (Gly, G) and Ala residues. To see if this is the case, the influence of the
methyl side chain of Ala on the stability of the Gly-"OH and Ala-"OH pre-reaction complexes,
transition states, and post-reaction complexes will be determined. This will reveal the extent
to which steric hindrance inhibits hydrogen abstraction and also determines which
conformations enable or inhibit the progress of the reaction. Moreover, the structural
perturbations induced by hydrogen abstraction from two model pentapeptides will be
investigated. The B3LYP density functional will be used to compare the geometries of N-Ac-
AAAAA-NH, and N-Ac-GGGGG-NH, peptides with radicals centered at the C,, Cg and
amide nitrogen atoms of the third Ala residue (Ala®), and the C, and amide nitrogen of the
third Gly residue (Gly?) to that of the respective third residue of the closed-shell peptides.

Density functionals have been shown to lead to accurate predictions for the energetics of
H-atom abstraction reactions and have also been shown to compute geometries that are in

%39 The penta-alanyl helix was

good agreement with experimentally determined values.
chosen because Ala is the smallest amino acid residue that is able to stabilize the
conformations preferred by L-amino acids, and its small size causes a small entropy loss
during helix formation.*” On the basis of X-ray crystallographic data, the frequency at which

Gly is found at the 3" position of the type-III B-turns is among the highest of all the amino

acid residues.*’ Since Gly is the only achiral amino acid residue used for protein synthesis, it
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1s important to investigate the unfolding properties of this residue.

Quantum chemical calculations have been shown to elucidate mechanisms of free
radical-initiated oxidation of amino acids and peptide analogues.****” One of many peptide
radical structures and reaction intermediates, the C,-centered radical is of particular interest
because it is common to all of the amino acid residues and is stabilized by the capto-dative
effect.®* In quantum chemical studies of pentapeptides, it has been determined that
peptides with Cg-centered radicals have a higher propensity to unfold to the [

conformation.’"?

The number of atoms in the pentapeptide is near the upper limit for
quantum chemical studies, and this technique is best-applied near potential energy critical
points, using time-independent techniques. In order to determine the effect of C,-centered

radicals on the structure of large and dynamic systems, force-field parameters for C,-centered

Gly and Ala radicals will be developed. The use of these systems will enable it to be

A
FOLDED (JU\
PEPTIDE
- Non- radical
| L
|Entrance level

UNFOLDED
PEPTIDE

AG

( Free radical-
initiated path?

UNFOLDING MECHANISM

Figure 3. The central question of this work: does radical initiated unfolding of peptides occur through a
lower energy path than unfolding without free radical initiation?

determined whether a free radical can initiate the unfolding of a peptide. This scheme is

11



illustrated in Figure 3. The changes to the structure of these peptides will be determined

using the methods described in the subsequent section.
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3.0 METHODS
3.1 Computing the Potential Energy Surfaces

3.1.1 Determining the General Features of the Potential Energy Surfaces

The Jaguar 5.5 software package was used to determine the general features of the
potential energy surfaces. The N-Ac-Gly-NHMe and N-Ac-Gly'-NHMe molecules were
constructed using a previously described Z-matrix method.”® To generate a PES, ¢ and (s
angles were independently constrained at 30° intervals starting at ¢ and = 0°, and all other
variables were fully relaxed during geometry optimization. This procedure generated 144
conformers on each PES. Geometry optimizations, using the ab initio method at the HF/3-
21G and then HF/6-31G(d,p) levels of theory, provided the input structures for the final
optimization using DFT at the B3LYP/6-31G(d,p) level of theory, both in vacuo and in a
simulated aqueous environment. The aqueous environment was mimicked with a self-
consistent reaction field method, using a Poisson-Boltzmann solver as incorporated in Jaguar
5.5%.2°* Water was represented with a dielectric constant of 80.37 and a probe radius of

1.40 A.

3.1.2 Obtaining the Conformers of Gly, Gly", Ala, Ala’ for the H Abstraction Reaction
Coordinates

The subsequent computations were completed with the Gaussian 09 program package.™
The @ and  angles of N-Ac-Ala-NHMe (Ala), N-Ac-Ala-NHMe (Ala’), N-Ac-Gly-NHMe
(Gly) and N-Ac-Gly-NHMe (Gly’) were rotated in 30° increments to produce 144

conformations for each residue, which were then energy minimized using the Becke three-

13



parameter Lee-Yang-Parr (B3LYP) density functional, with the 6-31G(d) basis set.’*** The
potential energy values as a function of the ¢ and ) angles were plotted to construct the

potential energy surfaces of Ala, Ala’, Gly and Gly" diamides (Figure 4).

' OHIHO J\ o
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IR
H 0]
Gly

0 H 0 Hy H
)_L H,,a‘ CHj | ‘OH / -H20 )L |
*, N . N
CHs N CH, CHs N CH,
| ¢ v
H 0

Ala Ala

Figure 4. The Gly, Gly’, Ala and Ala" diamide structures. The ¢ and ) angles which were the dependent
variables for the potential energy surfaces are also shown.

Each of the minima of the potential energy surfaces were subsequently optimized
using the Berny algorithm at the BHandHLYP/6-311+G(d,p) level of theory and were
confirmed as such by asserting that none of the calculated frequencies were imaginary.**
The standard free energy correction (G°), enthalpy correction (H®) and entropy (S°) were also
computed at this level of theory. The MPWKCIS1K/6-311++G(3df,2p) level of theory was
used to compute the potential energy of the structures.®’ The pre-reaction and post-reaction
complexes were found by minimizing the transition state structure along the intrinsic reaction

coordinate in the reverse and forward directions, respectively. The ability of the

MPWKCISIK and BHandHLYP functionals to reproduce the activation energies computed

14



with the G3MP2B3 method was compared by using the 6-311+G(d,p) and 6-311++G(3df,2p)
basis sets.”> An implicit solvent using the conductor-like polarizable continuum model (C-
PCM) for water with a dielectric constant of € = 78.39 was used for all calculations to mimic

an aqueous solvent and all of the optimizations were fully relaxed.®

The main disadvantage of the self-consistent reaction field (SCRF) method is the
absence of explicit water molecules. In an attempt to account for this simplification, the
dielectric coefficient is used to account for the “average” of the ensemble of possible
hydrogen bonds between the solvent and solutes and to account for the different electrostatic
environments that can surround a peptide when exposed to water. Previous benchmark
calculations indicate that the BHandHLYP functional yields geometries and energy values
that are in good agreement with results obtained by experiment and high level (G3MP2B3)
ab initio methods, which in turn give results that are in excellent agreement with
experimentally-derived results in radical systems.***%  Moreover, the MPWKCISIK
functional yields hydrogen abstraction barrier height energy values that are in excellent
agreement with G3MP2B3 ab initio methods.®® Several transition states involving Gly, Gly”,
Ala and Ala” with 'OH and H,O, were computed in this study. The ability of the
MPWKCISIK and BHandHLYP functionals to reproduce the activation energies computed
with the with the G3MP2B3 method was compared by using the 6-311+G(d,p) and 6-311+
+G(3df,2p) basis sets. The results of this comparison are discussed in Section 3.1. The use of

the SCRF with these functionals should yield acceptable results in the systems studied herein.

The relative energy values of the structures will be discussed throughout, whereas the

15



temperature dependent parameters, AG°, AH® and AS° will be presented for comparison. This
will enable the temperature-independent results obtained herein to be compared to larger

systems, with more degrees of freedom.

3.2 Computing the Unfolding of the Pentapeptides

The Gaussian 09 program package was used to optimize the N-Ac-GGGGG-NH, (G5)
and N-Ac-AAAAA-NH, (AS) geometries. The G5 and A5 structures were optimized in the
gas phase and in an implicit solvent using the unrestricted B3LYP density functional method,
with the 6-31G(d) and 6-311+G(d,p) basis sets.”™® The implicit solvent was represented by a
conductor-like polarizable continuum model (C-PCM) for water, with a dielectric constant (g)
of 78.39.% The fully-extended conformations (G5gxr, ASexr) were formed using initial ¢ and
P angles of 180°, whereas the helical conformations (GS5ue, ASue) were stabilized by
hydrogen bonds between the respective amide hydrogen and carbonyl oxygen of residues “i”
and “i + 2”. The geometry of both structures was subsequently optimized and their
frequencies were computed to confirm that they were minima. Figure 5 illustrates the
definition of the ¢, Y and “i” symbols used to specify the sequence number of the amino acid
residues in the peptides. The thermodynamic functions were calculated using the unscaled
frequencies. A hydrogen atom was removed from the C, and amide nitrogen of Gly’ and Ala’
in G5 and A5 to construct the G5(C,"), A5(Cy’), G5(N°), AS(N") peptide radicals, whereas a
hydrogen atom was also removed from the methyl group of Ala® to form the A5(CH,") peptide

radical. The geometries of the peptide radicals were subsequently optimized in the doublet

electron configuration using the levels of theory, conformations and environments used to

16



optimize G5 and A5. The bond lengths, @ and ( dihedral angles pertaining to Gly’ and Ala’,

hydrogen bond distances and root-mean-squared deviations

Ala® Ala2 ¢ Ala® ¢ Ala* Ala®

Figure S. Representations of the ¢ and () nomenclature for the peptide dihedral angles (top) and the “i
17, “1”, and “i + 1” nomenclature of amino acid residues of A5 (N-Ac-AAAAA-NH,). The same
nomenclature was used for the G5 peptide (N-Ac-GGGGG-NH»).

(RMSD) of peptide backbone atoms of the peptide radicals were compared to those of the

respective G5 and A5 peptides. A diagram that schematically outlines these peptides can be

ASHEL P W ™ ASE}{T
Hydrogen Hydrogen
abstraction ahstraction

. L ]
P NP N g N N g W N i
AS(Cydexr ASIN Jexr ASICE exr
*HEL

HEL AS CE; HEL

Figure 6. A schematic representation of the peptides computed in this study. The structures of the ASur.
and ASexr peptides are to be compared to the structures of the respective peptide radicals after hydrogen
abstraction. The G5, Gexr and Gue. peptides were compared in a similar way.
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found in Figure 6.

The AH®, AG® and AS° for the reactions with ‘OH, HO, and O,” that resulted in the
formation of the peptide radicals were measured using the previously described gas phase and
implicit solvent conditions. The relative stability and the AH®, AG® and AS° of the unfolding

of the peptide radicals were also computed in these conditions.

3.3 Parameterization of the Gly' and Ala’ force-fields

3.3.1 Force-field Parameterization of Gly’

The parameter fitting of Gly was accomplished by calculating the OPLS-AA/L energy
and the analytical energy first derivatives with respect to the molecular mechanical
parameters. The point-charge parameters for N-Ac-Gly'-N-Me-amide were fitted to the
electrostatic potential using the restrained electrostatic potential (RESP) methodology and the
RESP program from the AMBERS program package.” " The partial charges on the N-Acetyl
and N-Methyl groups were kept the same as they were in the original OPLS-AA/L force field,
to conserve the electroneutrality of the core Gly® radical structure. The electrostatic potentials
at nine geometries, with independent £15.0° fluctuations of ¢ and y from the planar

equilibrium geometry, were calculated.
3.3.2 Force-field Parameterization of Ala’

A new atom type was defined for the carbon atom at the radical center (CRA), being
different from that at the glycyl radical in order to allow more flexible parameter derivation.
However, the van der Waals parameters were chosen to be identical for both of them. The

atomic partial charges were generated from RESP HF/6-31G(d) calculation, as in the case of

18



Gly.*®

During parameterization only small perturbations were allowed for all but the torsion
internal coordinates. Only the C-N-CRA-CT, H-N-CRA-CT, N-C-CRA-CT, O-C-CRA-CT,
N-CRA-CT-H and the C-CRA-CT-H torsion parameters were developed. Rigid rotor
approach was used to scan the torsion potential energy surface. The N-CRA-C-O, N-CRA-C-
N, C-N-CRA-C, H-N-CRA-C, CT1-C-N-CRA, O-C-N-CRA, H-N-C-CRA and CT1-N-C-
CRA torsion parameters were adopted from the glycyl radical force field.

The proper torsion parameters were derived from LMP2/cc-pVTZ(-f) computations as
proposed by Kaminski et al. using a rigid rotor approach from the MP2/6-31+G(d,p)
equilibrium geometry.’ All the other force field parameters were obtained with the use of

MP2/6-31+G(d,p) calculations.

The geometry of N-Ac-Ala’-NHMe was fully optimized at the MP2/6-31+G(d,p) level
of theory. In order to derive the parameters, the potential energy of a series of geometries of

N-Ac-Ala’-NHMe was computed and the variations thereof are shown in Table 1.

Table 1. The variation in bond lengths, bond angles and torsional angles used to parameterize the N- N-Ac-Ala’-

Me amide.
Parameter Atoms Variations
Bond Lengths C-CR +/-(0.01°, 0.02°, 0.03°, 0.04°, 0.05°, 0.06°, 0.07°, 0.08°, 0.1°, 0.12°,
CR-CT 0.15°)
CR-N
Bond Angles CR-CT-H  +/-(1.0°,2.0°, 3.0°, 4.0°, 5.0°, 6.0°, 7.0°, 8.0°, 9.0°, 10.0°, 12.0°, 14.0°,
C-CR-CT 16.0°, 20.0°)
N-C-CT
Torsional Angles T1 15.0° increments
T2
T3

Quantum chemical calculations were performed with the Gaussian09 software
package, while the parameter fitting was carried out by Professor Istvdn Komaromi, at the

University of Debrecen.”™
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3.4 Molecular Dynamics Simulations of the Ala Heptapeptides

Using the newly developed alanyl radical parameters described in Section 2.1, the
conformational space of two heptapeptides was investigated with molecular dynamics
simulations. The peptides were solvated with 2360 TIP4P water molecules in a cubic box of
41.7 A x 41.7 A x 41.7 A The two model heptaalanyl peptides were used: N-Ac;-Ala,-
Alas-Alas-Alas-Alag-Ala,-Alag-Nmay (ALA) and N-Ac;-Ala,-Alas-Alas-Alrs-Alag-Ala;-Alag-
Nma,y (ALR), where the central alanine (Alas) of the latter peptide was modified manually

into the radical form (Alrs) by deleting the hydrogen from the C, atom (Figure 7).

ALA
H, ,CHs

I/,I"
N-Ac1—A|32_A|a3_AIa4\N : Alag — Ala; — Alag —NHMeq
|
H

(0]

ALR CH,

N-Ac1—A|az_A|33_A|a4\N . Alag —Alay —Alag ——NHMeg
|

H 0]

Figure 7. A schematic representation of the ALA and ALR heptapeptides. The force field for the ALR
peptide contains the newly-developed alanyl radical parameters.

The system was pre-equilibrated with the provided protocol followed by a 96 ns
simulation under NPT conditions (T = 310 K, P = 1.01325 bar), using the Martyna-Tobias-
Klein pressure and temperature control.”® A 2 fs integration step was used, while the cutoff
for the short-range non-bonded interactions was 9 A and was updated every second step.
Long-range electrostatic interactions were treated with the particle mesh Ewald method,

containing 32 Fourier mesh points along each axis, and were updated every third integration
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step.”” The structures were saved every 4.8 ps, which established a trajectory of 20,000

structures.

Table 2. Definitions of the Secondary Structure Elements (SSE). Higher order structures consist of repeating

turn structures.

SSE Definition

Turn Structures

S-turn: 2 consecutive residues with a hydrogen bond between NH; and CO;,

y-turn: 3 consecutive residues with a hydrogen bond between CO; and NH;s,

inverse y- 3 consecutive residues with a hydrogen bond between NH; and CO.,

turn:

B-turn: 4 consecutive residues with less than 7 A between the Cq of residue “i” and residue “i + 37,

in the absence of a helix.
a-turn: 5 consecutive residues with less than 7 A between the C, of residue
47, in the absence of a helix.
m-turn: 6 consecutive residues with less than 7 A between the Cq of residue
5, in the absence of a helix.
Higher-Order Structures
310-helix: 2 or more consecutive B-turns and stabilized by hydrogen bonds.
a-helix: 2 or more consecutive a-turns, stabilized by hydrogen bonds.
n-helix: 2 or more consecutive n-turns hydrogen bonds.

13341
1

and residue “i +

13342
1

and residue “i +

The density Ramachandran map was used to analyze the conformational space sampled
by the Alas or Alrs residues. The Ramachandran space was divided into 30° x 30° boxes, and
the percentage of the structures in which Alas or Alrs had @ and ) angles values that fit within
each box was recorded. The number of secondary structure elements that were found in the
discrete regions of the heptapeptides containing the Alas or Alrs residues was quantified using

secondary structure analysis (Table 2).

The secondary structure elements consisted of individual -, y- &, a-, and Tr-turns as
described by Chou, and also higher-order secondary structure elements (SSE), which are
composed of individual turns that combine to form helices.”® The definition of the each

secondary structure element can be found in Table 2.

An H bond was assigned to the peptide residues if the distance between the amide N and

the carbonyl oxygen was less than 3.5 A and the angle, a(N-H---O), was greater than 100°.
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4.0 RESULTS

4.1 General Features of the Amino Acid Potential Energy Surfaces

T T
180 260

¢/Degree

Figure 8. PES and contour plot for N-Ac-Gly-NHMe in the gas phase (A) and in solution (B).

The PES of N-Ac-Gly-NHMe in the gas phase was predominantly flat, except for a
maximum at ¢ = 0° and ) = 180° (Figure 8A). A large and broad valley connected several
conformations of Gly. When ¢ was between 30° and 120° and () between 150° and 300°, the
system was in a low energy state. This was also the case when ¢ was between 90° and 270°

and ) was between 150° and 210°, and when ¢ was between 270° and 300° and ) was
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between 30° and  180°. These three regions were connected and contained low-energy
conformers with minima located in the yp, 3. and yi. conformations. The PES of N-Ac-Gly-
NHMe in a simulated aqueous environment (Figure 8B) was similar to that of the gas phase

PES, indicating the same stable conformations as that of the gas phase model (Figure 8A).

The C,-centered N-Ac-Gly’-NHMe lacked the conformational flexibility of the closed-

shell model. The PES of this model indicated that the (. conformation was the global

minimum (Figure 9A).

Figure 9. PES and contour plot for N-Ac-Gly’-NHMe in the gas phase (A) and in solution (B).
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This minimum had a high energy barrier of about 80 kJ mol™ extending in a 90° radius from
the geometry with @ of 180°, » of 180°. Other minima were present in the &, &p, and @ = 0°,
P = 0° geometry, which also includes the op, ai, yp, Y. conformations. Two maxima were
located at = 60°, |y = 90° and @ = 300°, ) =270°, and were 127 kJ mol" less stable than the
global minimum. The aqueous environment induced a qualitatively similar PES (Figure 3B)
to that in the gas phase. The global minimum was still present in the (3. conformation with a
barrier of 60 kJ mol™, restricting this conformation. The minima found in the gas phase also
were found in the solvent. In addition, the solvent stabilized gp and & conformations. The
unstable conformers in the aqueous environment had the same geometry as those in the gas

phase, but the structures were 88 kJ mol™ less stable than the global minimum.
4.1.1 Comparison of the MPWKCIS1K and BHandHLYP functionals

Activation energies of Gly-"OH, Ala-"OH, Gly'-H,0O, and Ala’-H,O, transition states using
the  BHandHLYP/6-311+G(d,p), = BHandHLYP/6-311++G(3df,2p), MPWKCIS1K/6-
311+G(d,p), MPWKCIS1K/6-311++G(3df,2p) methods were calculated on geometries

obtained by the BHandHLYP/6-311+G(d,p) level of theory. This was done to compare the

accuracy of the respective method. The G3MP2/BHandHLYP/6-311G(d,p) calculations were
used as a reference and the results of the comparison are shown in Table 3.***® The maximum
absolute deviation (MAD) and average absolute deviation (AAD) of the BhandHLYP/6-
311+G(d,p) energies from the reference values is 19.4 and 14.5 kJ mol™, respectively,

showing that the use of this functional with the smaller basis set is unsuitable for computing
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Table 3. Single point activation energies of Gly-‘OH, Ala-"OH, Gly-H,O, and Ala’-H,O, calculated with
the BHandHLYP and MPWKCIS1K functionals. The G3MP2 method was used as a reference. The
maximum absolute deviation (MAD) and average absolute deviation (AAD) are reported, and the
deviations pertaining to the Gly-"OH and Ala-"OH transition states are in parenthesis.

Activation Energy (AE°) / kJ mol™
BHandHLYP/ BHandHLYP/ G3MP2 MPWKCISIK MPWKCISIK/

Transition Conf

State 6-311+G(d,p) 6-311++G(3df,2p) /6-311+G(d,p) 6-311++G(3df,2p)
Gly-OH B, 122 53 29 0.2 0.3
Vi 18.1 0.1 22 45 3.8
" 15.1 42 5.7 1.0 0.3
a 222 42 3.4 7.9 7.0
o 19.9 1.1 7.5 6.6 5.6
Ala"OH @, 11.0 6.4 6.3 13 16
Vi 14.0 3.7 3.1 2.1 1.6
Vo 19.1 0.4 0.6 3.8 2.9
oy 15.2 3.0 42 2.7 1.8
ap 20.4 2.4 5.9 9.6 8.6
Gly-H;0, B, 57.3 51.8 44.9 45.8 512
Ala-H,0, B, 35.1 47.6 31.9 414 47.8
MAD 19.4 (19.4) 157(99)  0.0(0.0)  9.5(6.9) 15.9 (6.0)
AAD 14.5 (15.8) 4227) 00(00) 4.2 (4.0) 4.8 (3.6)

transition state energies, given the overestimation of the activation energies. The use of the
BHandHLYP/6-311++G(3df,2p) (MAD = 15.7 kJ mol', AAD = 42 kJ mol
",MPWKCIS1K/6-311+G(d,p) (MAD = 9.5 kJ mol', AAD = 4.2 kJ mol') and
MPWKCIS1K/6-311++G(3df,2p) (MAD = 15.9 kJ mol”, AAD = 6.0 kJ mol™") functionals
yielded results that are close to the experimental error, given that the AAD values are 6.0 kJ

mol™! or less.

The use of either basis set with the MPWKCIS1K functional and the larger basis set with
the BHandHLYP functional is suitable for these systems. When the reactions involving OH

are combined with that of H,O, to regenerate Gly or Ala, the Gly-"OH and Ala-"OH transition

25



states were shown to be the rate limiting step. Therefore, the accuracy of the Gly-"OH and
Ala-"OH barrier height energies are crucial for determining the minimum energy path for the
‘OH-initiated unfolding of Gly and Ala. When the conformers of the Gly-"OH and Ala-"OH
transition states are considered, the MAD and AAD obtained from the MPWKCIS1K/6-311+
+G(3df,2p) combine to be the lowest of the three methods (MAD = 6.0 kJ mol™”, AAD = 3.6
kJ mol"), therefore this method was chosen for the remainder of the calculations. The
efficiency of this computational method makes it suitable for use in larger systems in future

studies.
4.2 Hydrogen Abstraction from the Monopeptides

The conformers of the Gly, Gly", Ala and Ala" potential energy surfaces were identified
from the respective potential energy surface. The pre-reaction complexes, transition states,
post-reaction complexes and a general description of the H abstraction reaction coordinate

with ‘OH are presented in the subsequent sections.

4.2.1 The Potential Energy Surfaces

Figure 10 shows the Gly and Ala potential energy surfaces. The subsequent
optimization of the minima of the PES of Gly and Ala each yielded five minima: B, yi , b,
o. and ap. The By conformation is the global minimum in the case of Gly, whereas the oL
conformation is the global minimum of the Ala PES. The ¢ and () angles and energy values
for all of the minima can be found in Table 4. In Ala, the D-configurations are less favorable
and are more than 10 kJ mol' higher in energy than the respective L-configurations.

Conversely, the a. and y. conformations have energy values that are similar to their
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Figure 10. The potential energy surfaces of the Gly, Gly’, Ala, and Ala” amino acid diamides. The minima
are labeled by their respective conformation whereas the transition states are labeled with triangles.
respective ap and yp conformations in Gly.

The B. conformation is the global minimum of both the Ala" and the Gly" potential
energy surfaces. These conformations have the lowest relative free energy and enthalpy, and
also the most entropy. In contrast to the closed-shell Gly and Ala potential energy surfaces,
the other minima in the Gly’ and Ala" surfaces are less stable than their respective global

minimum. The higher-energy minima of Gly" are greater than the global minimum by 20 kJ
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mol™, whereas energy of the the Ala’ minima are 15 kJ mol™ higher in energy than the global
minimum. Moreover, to convert from the global minima of the Gly" and Ala" structures to
any of the other minima requires at least 50 kJ mol™” of energy to overcome the ¢ and (s
rotational barriers. Therefore, the Gly' and Ala’ peptide radicals are prone to convert to the 3.
conformer. This increased barrier height can be attributed to the increased electron
delocalization and increased influence of the capto-dative effect shown in the [
conformation. This barrier constrains the conformation of the Gly and Ala structures and
increases the propensity of these molecules to be in the [(3-conformation. The first-order
saddle points of the potential energy surfaces listed in Table 4 show the relative flexibility of
the Gly Gly", Ala and Ala’ residues. The difference in energy between the minima and first-
order saddle points of Gly (17 kJ mol™) is less than that of Ala (33 kJ mol™), indicating that
Gly is more flexible than Ala. The relative energy of the transition states (first-order saddle
points) of the Gly® PES is similar to those of Ala and Ala’, suggesting that the peptide radicals
have a similar flexibility. The AH°® values corresponded well with the electronic energy
values (AE). The AG® values were usually more elevated than the AE values and this increase
was usually coupled to an increase in the negativity of the AS°® value. The AS° values of the
transition states were generally lower than those of the minima, due to the extra intrinsic

degree of freedom of the transition state structures.
4.2.2 The Hydrogen Abstraction Reaction Coordinates

The structures and relative energies of the different Gly and Ala conformers in

complexes with "OH will be presented in the subsequent sections.
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Table 4. Conformation (Conf), @ and () angles, intra-residue hydrogen bond [(N)H~O(=C)] and the AE’.,
AG’q, AH%, AS°. of the lowest energy conformations and transition state structures of Gly, Gly", Ala and
Ala".

Struct. Conf. @, P / degrees (N)H-O(=C) AE‘./ AG . / AH . / AS°a/

/A kJ mol’ kJmol’ kJmol' J mol'K"

Gly B -179.9,179.9 2.18 0.0 0.0 0.0 0.0
Vi -83.9, 60.4 2.06 3.8 95 52 -14.6
Vo 83.9, -60.4 2.06 3.8 95 52 -14.6

oL 92.5,-5.8 3.37 0.1 -0.1 0.7 2.9

o 92.6, 5.6 3.37 0.1 -0.1 0.7 2.8
[Gly] yp<—>ap  88.0,-6.70 3.19 2.8 5.4 -1.1 -21.8
BL<—>y.  -77.4,-1152 2.78 11.5 16.8 8.1 293
BL<—>yo  774,1152 2.78 115 16.8 8.1 -29.2
BL<—>o0.  -95.3,-74.2 3.97 16.4 20.3 12.7 -25.4
BL<—>ap 952,742 3.97 16.4 20.3 12.7 -25.4

Gly' B -179.9, -180.0 23 0.0 0.0 0.0 0.0
Vi 20.4,4.6 1.81 31.0 31.8 31.9 0.5

Vo 20.2,-4.8 1.81 30.9 325 31.9 2.0

5. -172.8,12.4 3.87 393 40.3 38.4 -6.3

5 172.8,-12.4 3.87 21.0 23.9 21.0 9.7

& -47.2,165.9 373 393 40.3 38.4 -6.3

& 47.2,-165.9 373 393 40.3 38.4 6.3

[GlyT v <->3,  10.7,-94.1 3.07 61.8 63.9 57.0 23.1
S<—>yp,  -95.5,-2.2 3.35 57.2 53.2 50.2 -10.0

& <—>Vi 95.5,2.2 3.35 57.2 53.2 50.2 -10.1
BL<—>8  165.1,97.5 3.21 54.2 54.7 49.4 -17.9
BL<—>8, -1652,-97.5 321 54.2 54.7 49.4 -17.8
BL<—>g  -86.0,178.4 3.16 59.1 55.7 523 -11.2
BL<->&,  86.0,-178.4 3.16 59.1 55.7 523 -11.2
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Table 4. Continued
Struct.  Conf. @, P /degrees (N)H"O(=C) AE/ AG%W/ AHwW/ AS°/

1A kJmol' kJmol' kJmol' Jmol' K"

Ala B -154.3,156.7 2.23 0.0 0.0 0.0 0.0
Vi -85.8,70.5 2.09 1.3 4.0 1.8 73

Vo 74.4,-52.6 1.93 10.5 16.3 11.7 -15.4

oL -83.0,-17.6 3.36 0.7 0.4 03 24

o 63.7,34.1 3.21 9.6 12.3 9.7 -8.8

[Ala]f B <—>a,  -96.7,-75.3 3.92 15.8 16.0 10.4 -18.7
BL<—>y.  -76.4, 117.6 2.88 75 8.6 2.4 -20.8
op<->yp  81.5,155.4 3.24 25.5 28.2 26.0 215
BL<—>y,  117.4,-150.4 2.32 33.5 36.7 29.0 257

oL <->yp  -157.6,-61.1 3.50 19.6 20.5 14.1 215

Ala’ B -171.9,176.8 2.09 0.0 0.0 0.0 0.0
Vi -46.7,10.8 1.85 18.3 22.0 18.0 -135

Vo 46.7,-10.7 1.85 18.3 22.0 18.0 -13.6

& -48.8,159.5 4.28 24.0 26.8 22.8 -13.4

5 155.5,-15.0 3.75 15.5 20.7 153 -18.2

[Ala] B.<—>5  -13.5,96.1 3.03 455 48.5 39.8 -29.2
BL<—>3, 95.7,2.6 3.32 30.8 28.9 23.1 -19.7
BL<->8  -84.3,172.7 3.04 40.2 37.4 32.7 -15.6
BL<—>&  -177.3,99.9 2.95 53.2 54.1 47.8 21.4
BL<—>&  177.3,-99.9 2.95 53.2 54.1 47.8 21.4

4.2.2.1 Pre-Reaction van der Waals complexes

In each Gly van der Waals complex, the hydrogen atom of the ‘OH radical formed a
hydrogen bond with a carbonyl oxygen that was between 1.73 A and 1.80 A (Table 4). The
structures of the van der Waals complexes are shown in Figure 11. In the yp and ap
conformations, the hydrogen atom formed a hydrogen bond with the carbonyl residue of the
i™ residue, whereas the oxygen atom of the "OH radical was equidistant to the both the pro-L

and pro-D hydrogen atoms. This was also true in the . conformation, however the hydroxyl
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Table 5. The distances between the Gly and Ala diamide and the ‘OH radical along the reaction coordinate.
The C~H(-O) bond is between the C, and the hydrogen (to be abstracted); the (C-)H O bond is between
the abstracted hydrogen and the oxygen of the hydroxy group and the H-O(=C) bond is between the
hydroxy oxygen and the carbonyl carbon of the amino acid diamide.

Struct. Conf. Distances / A
C-H.0) (COH-O  H-0(C)

Gly-OH B, 1.087 3.161 1.733
prf(')flgﬁfn Ve 1.085 3.052 1770
Vo 1.084 3.630 1.803
o 1.082 2915 1.754
b 1.084 3.634 1727
[Gly"OH B, 1.200 1347 2.114
Vi 1.216 1316 2111
Vo 1.209 1330 2.170
o 1.226 1292 2.059
oo 1.209 1329 2.169
Gly-H.0 B 2.268 i 1.841
pocsgrnfgfeion Ve 1.892 i 1.899
Vo 4.676 : 1.803
a 2.997 : 1.946
o 4.680 . 1.803
Ala-OH B 1.084 2.934 1.731

Pompiex M 1.084 2.536 :
Vo 1.081 3.018 1.719
o 1.084 3252 1.726
b 1.086 2453 5.188
[Ala"OH B, 1.206 1339 2.015
Vi 1.207 1332 2.063
Vo 1.225 1272 2.077
a 1207 1334 2.162
o 1.200 1338 4.026
Ala-H,0 B, 5.156 i 1.845
pocsgrnfgfeion Vi 3.800 i 1.886
Yo 4361 : 1.805
a 3.180 : 1.913
oo 191 i 1913
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hydrogen formed a hydrogen bond with the carbonyl carbon of residue “i1 — 1”. The y. and o,

Gly complexes were the least stable, in spite of the fact that the distance between the hydroxy
oxygen and the pro-D hydrogen was the shortest in these structures. The (. and ap
conformations of Gly were the most stable van der Waals complexes. The relative energy of
the pre-reaction complexes are listed in Table 2, whereas the complex-formation energy

values are listed in Table 5. The y. conformation formed the least-stable pre-reaction

complex.
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Figure 11. The pre-reaction van der Waals complexes, transition states and post-reaction complexes for
the hydrogen abstraction from Gly by ‘OH. The distances between the ‘'OH/H,O molecule and each
conformation of the Gly/Gly" diamide are shown in Table 5.

31
1

In the Ala ap pre-reaction complex the carbonyl oxygens of residues “i” and “i — 1 were
too far from the pro-D hydrogen to enable a hydrogen bond to form with the hydrogen atom
of the hydroxy radical. This is shown in Figure 12. As such, this van der Waals complex
was the least stable. The hydrogen atom of the hydroxy radical formed a hydrogen bond with

31
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the residue “i” carbonyl carbon of y» and o, however the o, van der Waals complex was the
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most stable. The (3. van der Waals complex formed a 9-membered ring, linking the carbonyl
oxygen of residue “n — 1” to the amide hydrogen of residue “n + 1. A hydrogen bond within

31
1

remained intact.
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Figure 12. The pre-reaction van der Waals complexes, transition states and post-reaction complexes for
the hydrogen abstraction from Ala by "OH. The distances between the ‘OH/H,O molecule and each

residue

conformation of the Ala/Ala” diamide are shown in Table 2.

4.2.2.2 The Transition State Structures

The hydrogen atom of the ‘OH radical formed a hydrogen bond with the carbonyl carbon
of the “i — 17 residue of Gly in the transition state when Gly was in the (3, yi and a.
conformations. The structure of the transition states are shown in Figure 11. The (.
conformation was the lowest-lying transition state, whereas the y. and a, conformations had
the highest energy. The ‘OH radical completed a seven-membered ring formed a bridge
between the “i — 1” carbonyl and the C, hydrogen atom. Conversely, the hydroxyl oxygen

€
1

formed a hydrogen bond of the “i’th carbonyl carbon, and therefore formed a six-membered
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Table 6. The @ and  angles, relative potential energy, free energy, enthalpy, entropy for each of the Gly

and Ala pre-reaction and post-reaction complexes and transition states with the "OH radical.

conformation was the reference conformation for each structure.

Struct.  Conf. @, /degrees AE/ AG°/ AH/ AS°/
kJ mol! kJ mol™! kJ mol™ J mol' K"

Gly-OH B, 1783,-1769 0.0 0.0 0.0 0.0
e Yo 851,507 10.4 112 9.4 -6.2
complex 94.1, 4.0 0.8 2.8 14.0 37.8
an 92.2,-4.0 2.7 32 2.6 2.0

ar 934,50 0.9 2.5 0.9 5.4

[Gly-OHJf @,  -1744,-1708 0.0 0.0 0.0 0.0
Vi 762,465 10.9 12.8 11.0 7.1

Vo 1404251 7.5 5.9 7.5 0.7

a.  -75.7,-113 10.7 10.7 10.1 0.2

ap  1404,-25.1 7.5 5.9 7.5 7.1

Glypost- B, -179.7,-1799 0.0 0.0 0.0 0.0
(ffjggﬁi Vi -35.4,5.0 35.7 35.6 20.1 -52.0
v o 172.7,-132 16.5 19.3 18 44
a.  -51.0,-27.4 39.1 37.1 22.8 478
ap  172.6,-12.9 16.6 12.9 0.9 -40.4

Ala"OH B, -1557,1569 0.0 0.0 0.0 0.0
omton W -85.8,69.0 5.7 3.8 -10.3 21.8
complex 74.0, -55.1 9.0 -1.7 9.4 37.6
a. -802,-21.5 0.5 11.8 162 -14.9

ap 647,332 325 15.9 313 51.7

[AlaOH} B, -1605,175.9 0.0 0.0 0.0 0.0
v 784,522 438 5.7 4.7 34

vo  78.1,-582 3.6 2.7 3.8 3.6
a,  -58.4,-384 223 15.1 20.7 -18.6

ap 649,326 20.6 19.1 19.9 2.9

Alapost- B, -170.2,1768 0.0 0.0 0.0 0.0
zzﬁgﬁi v 535,99 20.6 27.0 4.0 773
Vo o 455,140 16.1 26.6 15.3 378

a  -582,-25.1 22,9 22.1 21.0 37
ap 568,186 14.7 19.8 145 -17.9
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ring in the transition state when the Gly residue was in the yp and ap conformations. The
transition states that formed six-membered rings were more stable than those that were seven-

membered rings. The relative stabilities of the transition states are reported in Table 6.

Six-membered rings were formed in the oL and yp conformations of the transition state
between the "OH radical and Ala. However, the a; transition state was more stable, and this
is probably due to the hydrogen bond that formed between the “i — 1" carbonyl oxygen and “i
+ 1” amide hydrogen. The structures of the Ala transition states are also shown in Figure 12.
The steric hindrance caused by the methyl group of Ala prevented the formation of ring
structures for the ap transition state. The hydrogen of the "OH radical may be interacting
with the amide nitrogen in the case of the ap and conformation, since the distance between
these atoms is approximately 3.4 A. These values can be found in Table 5. The [ transition
state was the lowest-lying Ala transition state, whereas the ap and a, were the highest in

energy.

4.2.2.3 The Post-Reaction Complexes

The water molecule that forms after the hydrogen atom is abstracted from Gly" forms a
hydrogen bond between 1.80 A and 1.95 A in length with a carbonyl carbon. These values
are listed in Table 5. The yp and ap transition states formed the same van der Waals complex,
with @ and ) angels close to 173° and -13°, respectively, and their conformation is similar to
that of the yp conformation observed in the Gly in the absence of H,O. The relative energy
of these van der Waals complex (16.5 kJ mol”, Table 6) is also similar to that of the yp

conformation of the Gly" (21.0 kJ mol”, Table 4), indicating that the H,O molecule has a
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small effect on the relative stabilities of the complexes. Both the relative energies and ¢ and
) angles of the van der Waals complexes are shown in Table 6. However, the y. and oL
transition states (35.7 kJ mol™" and 39.1 kJ mol”, respectively) converged to van der Waals
complexes that were similar in structure to the y. conformation of Gly'. The (3. van der Waals
complex was the most stable and the ¢ and ( angles of the Gly” were -179.7° and -179.9°,
respectively. The water molecule in the Gly® complexes stabilized the or and ap

conformations more than the others.

The B, post reaction van der Waals complex of Ala” was the most stable. The ¢ and @
angles of the complex were -170.2° and 176.8°, respectively, which deviated slightly from the
¢ and ) angles of Ala’ in the absence of water, (-171.9° and 176.7°). The y. and a.
conformations were similar in energy, whereas the yp and ap conformations were similar to
each other in energy, and more stable than the yi and a, conformations. This energy
difference can be attributed to the orientation of the water molecule. One of the hydrogen
atoms of H,O was 2.08 A above the “i + 1” amide nitrogen, which was hydrogen bonded to
the amide nitrogen. However, this water orientation was also observed in the [3.
conformation, which was the most stable. The closest distance between the oxygen of the
water molecule and the carbon of the Ala side chain is 3.62 A and 3.64 A, in the a. and yp

conformations, respectively.

4.2.2.4 Relative Energies of Gly and Ala H-Abstraction Reactions
Table 7 contains the energy of the pre-reaction van der Waals complex, transition state

and post-reaction complex for each of the conformations of Gly, Gly", Ala and Ala". The
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energy values are relative to the sum of the energies of the respective Gly and Ala
conformation and an infinitely separated "OH radical. The relative energy of the pre-reaction
van der Waals complexes of Gly was between -19.0 kJ mol™ and -29.4 kJ mol”, whereas the
Ala values were between -1.4 kJ mol™” and -25.9 kJ mol”. The formation of the yp pre-
reaction complex of Gly was the most favorable. Moreover, the yp and ap conformations of
the Gly pre-reaction complexes were more stable than the respective y. and oL

conformations.

Table 7. The AE and AG® of the pre-reaction complexes, transition states, and post-reaction complexes
relative to the those of the reactants of the hydrogen abstraction reactions from Gly and Ala by “OH and the
subsequent abstraction of hydrogen from H,O, by Gly" and Ala’.

Reaction  Conf AE° (AG®) / kJ mol
Pre-reaction  Transition State Post-reaction Products
complex complex
Gly+'OH— B, -24.5(9.2) -0.8 (32.9) -159.8 (-124.0)  -144.7 (-148.0)
Gly'+ H:.0 Vi -19.0 (10.9) 6.2 (36.2) -127.9 (-98.0)
Yo -29.4 (2.5) 2.8(29.3) -147.1 (-118.8)
oL -21.4 (12.5) 9.8 (43.7) -120.7 (-86.9)
Ob -25.5(6.9) 6.5 (38.9) -143.3 (-110.9)
Ala+'OH— (. -24.4 (19.6) -1.1(32.4) -156.4 (-128.3)  -141.7 (-148.8)
Ala+H.0 Vo -19.9 (11.8) 24 (34.1) -137.1 (-105.3)
Yo -25.9(23.2) 8.9 (35.2) -152.3 (-124.8)
oL -24.1 (7.4) 3.1(34.7) -139.6 (-102.2)
Op -1.4 (23.1) 11.6 (35.2) -143.1 (-118.5)
Gly' + H;0. — p, -23.3(9.3) 55.6 (94.8) -53.3 (-2.1) -159 (-11.1)
Gly + HOy
Ala’+ H;0, — B, -23.1 (18.5) 50.8 (101.7) -559(-5.1) -18.8 (-10.3)
Ala + HO,

The y. and ap pre-reaction complexes of Ala were the least stable.

The B. conformations of Gly and Ala were the lowest-lying transition states, which were
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approximately 1 kJ mol™ lower in energy than the respective conformation of the reactant and
the "OH radical. All of the other transition states had positive activation energies. The oy
transition state of Ala and the yp transition state of Gly were the next lowest-lying of the
respective structures, and were within 3 kJ mol” of the B, energies. The B, conformation of
Gly' post-reaction complex was the most stable, which was approximately 11 kJ mol™ more
stable than that of the yp conformation, which had the second highest relative stability. Inter-
residue comparison shows that the B post-reaction complex of Gly" was only 2.4 kJ mol”
more stable than the (3. conformation of the Ala" post-reaction complex, which had the

highest relative stability for Ala".

Given the relative stability of the B, conformation of Gly" and Ala’" in the absence of H,O,
the sum of the energy of the respective structures in the (3. conformation and that of H,O was
used to represent the energy of the dissociated products, which was -144.7 kJ mol™ for Gly" +
H,O and -141.7 kJ mol” for Ala® + H,O. The B;, and yp van der Waals complexes are more
stable than the dissociated Gly" and H,O, whereas the yi, o and ap complexes are not. In the
case of Ala’, the ., ap and yp complexes are more stable than the dissociated Ala’ and H,O,

whereas the yi and o were less stable than the dissociated Ala® and H,O.

4.2.2.6 Reforming Gly and Ala through Hydrogen Abstraction from H,O,

After being chemically activated by the ‘OH radical, the formation of Gly’ and Ala’
radicals from the Gly and Ala residues resulted in 144.7 kJ mol™ and 141.7 kJ mol” to be
released in the case of Gly and Ala, respectively. The formation of the Gly’-H,O, and Ala’-

H,O, pre-reaction complexes released 24.8 kJ mol™ of energy in the case of Gly" and 23.3 kJ

38



mol™ for Ala. These values can be found in Table 7. The transition state also had similar
relative energies; however, the Ala transition state was approximately 5 kJ mol™ higher than
that of Gly. The geometry of the Ala" and Gly" transition state structures are shown in Figure
13. An eight-membered ring was formed between H,O, and Ala’. A similar structure was
observed for the Gly residue, however, the distance between the carbonyl carbon and H,O,
molecule was 0.9 A larger in the Gly transition state. Moreover, the post-reaction Ala van der
Waals complex (-2.6 kJ mol™) and the infinitely separated Ala and HO," (-2.9 kJ mol™) were
more stable than the respective Gly structures by 2.6 kJ mol™ and 2.9 kJ mol™, respectively.
The post-reaction van der Waals structures of both Gly and Ala were more stable than the

respective non-interacting products.

Gly'/ Gly Ala’/ Ala

. (%]
Pre-reaction " [ ;
[*4
Complexes b, P ”

v

Transition
States W
o © v [

Ug’ o°
Post-reaction w
Complexes Q'z" E?‘ - L")
P (%] “ [ d [4 v
[

Figure 13. The pre-reaction van der Waals complexes, transition states and post-reaction complexes for the
hydrogen abstraction from H,O, by Gly" and Ala’".

During the reaction in which H,O, regenerates Gly, the energy stays well below the

energy of the entrance level, which is the sum of the energy of 'OH and the Gly residue. This
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is shown in Figure 14. The transition state of the hydrogen abstraction reaction between Gly”
and H,0, is approximately 90 kJ mol” lower in energy than the energy of the entrance level,

which suggests that the subsequent reaction with H,O, can take place following activation by

‘OH.
Folded Gly Gly* Unfolded Gly
2 ] Transition
- Gly + 'OH State,
o

-20 \._/
- 40 Pre-reaction
E - Complex,
2 07 Transition HO+H,0, —
N '50: H,0 + HO;
O .100
@ —
=]
W -120 -
K 140:
- Gly + HO;’
3 -160 bost # -H,0/+H,0, y 2
o - ost-reaction ;

180 3 Complex Pre-reaction

- 1 Complex,
2007 ost-reaction
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Figure 14. The reaction coordinate diagram showing the E,y of the hydrogen abstraction from Gly in the
B. conformation by ‘OH and the subsequent hydrogen abstraction from H,O, by Gly" and Ala’ in the 3,
conformation. The sum of the energy of Gly and "OH is used as a reference, which shows that energy of

the two reactions stays below the energy of the entrance level.

4.3 Structural analysis of the Pentapeptides

The structures of the G5(C,") and G5(N") peptides will be compared to the G5 peptide in
the subsequent sections. Figure 15 shows a schematic diagram of G5, and the positions from

which hydrogen atoms were removed to yield the peptide radicals.
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Figure 15. A schematic representation of the G5 peptide and the position of the hydrogen atoms before

abstraction.
4.3.1 Comparison of G5 to the G5 Peptide Radicals

4.3.1.1 The GS Structure

The extended conformation of the G5 peptide was conserved during the optimizations at
both levels of theory and in both the gas phase and the simulated aqueous environment. A
list of geometric parameters can be found in Table 8 and Table 9. The ¢ and ) angles were
within 0.4° of 180.0°, indicating that the peptide remained fully extended, and also caused the
peptide to remain flat, as shown in Figure 15. This structure was stabilized with hydrogen
bonds between the amide nitrogen and carbonyl oxygen of neighboring residues.

3t
1

In the case of the 3, helix, the hydrogen bonds between “i” and “i +2” residues remained
intact during the optimizations at both levels of theory and in both environments, thus

conserving the 3, helical conformation.

4.3.1.2 Deviations from the G5 Structure

The structural perturbations resulting from H-Abstraction from the C, and amide

nitrogen of residue 3 in G5 will be described in the subsequent sections.

4.3.1.3 The Effect of H-Abstraction from the C, of G5

The removal of a hydrogen atom from the C, decreased the length of the bonds between
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the C, and the amide nitrogen, C, hydrogen and carbonyl carbon atoms in the gas phase by
0.079 A, 0.016 A and 0.077 A, respectively, (Table 8) when G5 is in the extended
conformation. The length of the amide bond between Gly® and Gly? increased by 0.025 A,
whereas the length of the bond between Gly® and Gly* increased by 0.011 A. The respective
amide bonds increased by 0.030 A and 0.015 A when the structures were optimized in the

implicit solvent.

Figure 16. Structural alignment of the G5 peptide and the G5 peptide radicals in the extended
conformation. The structures were obtained at the B3LYP/6-311+G(d,p) level of theory in the gas phase.
The G5(C,’) peptide is shown in red, the G5(N°) is shown in blue and the G5 peptide is shown in gray.
Hydrogen atom abstraction from the C, of Gly® also increased the length of the bond
between the C, and the amide nitrogen, C, hydrogen and carbonyl carbon atoms in the helical
conformation, as shown in Figure 16. The length of these bonds increased by 0.071 A, 0.011
A and 0.074 A, respectively. The length of the amide bond between Gly® and Gly® increased

by 0.017 A, whereas the length of the amide bond between Gly* and Gly* increased by 0.010

A. The respective amide bond lengths increased by 0.028 A and 0.012 A in the implicit
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Table 8. Bond lengths in Gly® of G5, A(Cy") and A(N") in the extended and helical conformations. The bond lengths were computed at the B3LYP/6-
31G(d) and B3LYP/6-311+G(d,p) (shown in parentheses) levels of theory, both and in the gas phase and implicit solvent.

Peptide

Environment

GEX[

G(Caext

G(N)ex

GHel

G(Co e

G(N)nel

Gaseous
Aqueous
Gaseous
Aqueous
Gaseous
Aqueous
Gaseous
Aqueous
Gaseous
Aqueous
Gaseous

Aqueous

Bond Length / A
“n— 1" amide N-Cq N-H C,-H Cq-C C=0 “n+ 1” amide
1349 (1.349)  1.444 (1.445) 1.016(1.014)  1.098 (1.095) 1.533 (1.53) 1.444 (1.445)  1.349 (1.349)
1343 (1.342) 1446 (1.447)  1.015(1.013)  1.097 (1.094) 1.532 (1.53) 1.446 (1.447)  1.343 (1.342)
1.372 (1.374) 1.367 (1.366) 1.020 (1.018) 1.080 (1.079) 1.454 (1.453) 1.367 (1.366) 1.360 (1.360)
1371(1372)  1.367(1.365) 1.019(1.017)  1.080 (1.078) 1.452 (1.45) 1367 (1.365)  1.358 (1.357)

1.373 (1.374)
1.375 (1.375)
1.355 (1.354)
1.351 (1.348)
1.378 (1.371)
1.377 (1.376)
1.363 (1.360)
1.366 (1.362)

1.428 (1.427)
1.433 (1.434)
1.453 (1.454)
1.450 (1.451)
1.387 (1.383)
1.382 (1.38)
1.431 (1.428)
1.432 (1.431)

1.015 (1.013)
1.018 (1.016)
1.020 (1.019)
1.023 (1.02)

1.090 (1.096)
1.091 (1.09)
1.093 (1.091)
1.093 (1.091)
1.083 (1.08)
1.080 (1.081)
1.097 (1.095)
1.104 (1.096)

1.584 (1.581)
1.575 (1.567)
1.537 (1.535)
1.533 (1.531)
1.463 (1.461)
1.460 (1.458)
1.541 (1.54)
1.541 (1.535)

1.428 (1.427)
1.433 (1.434)
1.453 (1.454)
1.450 (1.451)
1.387 (1.383)
1.382 (1.38)
1.431 (1.428)
1.432 (1.431)

1.344 (1.344)
1.342 (1.340)
1.355 (1.354)
1.351 (1.349)
1.366 (1.364)
1.363 (1.361)
1.351 (1.350)
1.347 (1.345)




solvent.

The @and | angles remained within one degree of full extension (180°) in the gas phase
and implicit solvent, and this was also observed when both basis sets were used. The intra-
residue hydrogen bond of the extended structure is 0.074 A and 0.126 A longer than the
corresponding bond in G5 in the gas phase and implicit solvent, respectively, and these

bonds were slightly shorter when the 6-31G(d) basis set was used.

Figure 17. Structural alignment of the G5 peptide and the G5 peptide radicals in the helical
conformation. The structures were obtained at the B3LYP/6-311+G(d,p) level of theory in the gas phase.
The G5(C,’) peptide is shown in red, the G5(N") is shown in blue and the G5 peptide is shown in gray.
Hydrogen abstraction from the C, in the helical conformation caused the @ and s angles
to go from -62.91° and -18.53° to 0.11° and 2.87°, respectively, and an intra-residue

hydrogen bond formed between the amide hydrogen and the carbonyl carbon of 2.221 A.

These results are shown in Figure 17. Hydrogen abstraction caused the ¢ angle to decreased

44



by approximately 20° in the implicit solvent, whereas the change in the () angle was
negligible. Moreover, the hydrogen bond between the amide nitrogen of Gly® and carbonyl
carbon of Gly' dissociated and the intra-residue hydrogen bond of 2.221 A formed between
the amide hydrogen and carbonyl oxygen. The hydrogen bond between the amide nitrogen
of Gly® and carbonyl oxygen of Gly' and that between the carbonyl oxygen of Gly® and the
amide nitrogen of Gly® were conserved in the aqueous phase and when the smaller basis set
was used. The RMSD of the peptide backbone atoms of the C, peptide radical from those of
G5 was 0.0725 A and 0.132 A in the gas phase and implicit solvent, respectively. The

corresponding deviations in the helical conformation were 0.322 A and 0.279 A.

4.3.1.4 The Effect of H-Abstraction from the Amide Nitrogen of G5

The removal of the hydrogen atom from the amide nitrogen of the extended G5 caused
the length of the bond between the amide N and the C, to decrease by 0.018 A, whereas the
subsequent bond between the C, and the carbonyl carbon increased by 0.051 A. This data is
shown in Table 9. In the helical G5(N°), the decrease in the N-C, bond length was 0.026 A
and the increase in the C,-C=0 bond length was 0.050 A. In both conformations the length
of the amide bonds between Gly’ and Gly* and those between Gly® and Gly* increased. The
length of the amide bond between Gly® and Gly* increased by 0.026 A in the extended
conformation and 0.006 A in the helical. The increase in the length of the bond between
Gly® and Gly* was 0.005 A in the extended conformation and 0.004 A in the helical

conformation.
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Table 9. The @ and ( dihedral angles and H-bond distances of Gly’ in G5 and the peptide radicals in the
extended and helical conformations. The geometric parameters were computed at the B3LYP/6-31G(d)
and B3LYP/6-311+G(d,p) (shown in parentheses) levels of theory, both and in the gas phase and implicit
solvent. The RMSD of the backbone atoms for the peptide radicals compared to those of G5 are also

shown.

Peptide Condition Dihedral Angle Hydrogen bond length Backbone
@/ degrees Y / degrees Amide H Carbonyl O RMSD /A

Gex Gaseous  179.5(179.9)  -179.7(-179.9)  2.11 (2.14)  2.11(2.14)  0.00 (0.00)
Aqueous  179.2(179.7)  -179.4(-179.4) 2.12(2.16)  2.12(2.16) 0.00 (0.00)
G(Co)e Gaseous  179.8(-179.9) 1799 (-179.9)  2.18(2.22)  2.18(2.22) 0.12(0.072)
Xt Aqueous  -179.8 (-179.9) -179.9(-179.9)  2.24(2.29) 2.24(2.29) 0.11 (0.13)
G(N)e, Gaseous -96.6 (-97.8) 61.1(60.5) - - 2.86 (2.82)
Aqueous  -99.5 (-102.8) 63.6 (66.9) - - 2.80 (2.61)

Gl Gaseous -62.1 (-62.9) -19.0 (-18.5) 2.07 (2.12)  2.15(2.12)  0.00 (0.00)
Aqueous  -60.5(-61.9) -21.5 (-20.1) 2.01 (2.08)  2.06(2.15) 0.00 (0.00)

G(C4)u Gaseous -38.9(0.1) -23.8(2.87) 2.07 (2.05) 2.13(2.08) 0.38(1.99)
e Aqueous  -39.9(-40.7)  -233(-24.1) 2.03(2.10) 2.04(2.11) 0.33(0.32)
G(N')ua Gaseous -3.4(-3.3) -52.5(-51.8) - 2.15(2.22) 0.28 (0.27)
Aqueous 6.4 (6.4) -58.2 (-47.3) - 2.06(2.13) 0.29(0.48)

In the extended structure, the absence of the H atom in the amide nitrogen prevents the
formation of the intra-residue hydrogen bond; however, a hydrogen bond was formed
between the carbonyl oxygen of Gly? and the amide nitrogen of Gly*. It is suspected that this
contributes to the = 80° and 120° respective differences between the ¢ and ) angles of the
native G5 peptide in the extended conformation and those of the extended G5(N) (Table 9).
This change in hydrogen bonding is reflected in the RMSD, which showed that the backbone
of the extended G5(N°) deviated from the backbone of the G5 peptide by 2.82 A. In the
helical G5(N"), H-abstraction from the amide nitrogen eliminated the hydrogen bond with the
carbonyl carbon of Gly'. The loss of the hydrogen bond resulted in a decrease in the @ angle

of approximately 60°, whereas the () angle changed by approximately 10°. These
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perturbations in structure was also shown in the RMSD analysis, however this deviation was

only 0.279 A.
4.3.2 Comparison of AS to the AS Peptide Radicals

The structures of the A5(C,’), A5(Cy’) and AS(N’) peptides are compared to the A5
peptide in the subsequent sections. Figure 18 shows a schematic diagram of A5, and the
positions from which hydrogen atoms were removed to yield the corresponding peptide

radicals.

2 ()
Ala —Alag)i\,r\l !

Amide | C
N “ 0

N
“NAlag—Alas

Figure 18. A schematic representation of the A5 peptide and the position of the hydrogen atoms before

abstraction.
4.3.2.1 The AS Pentapeptide

The extended conformation of the A5 peptide was conserved during the optimizations at
both levels of theory and in both the gas phase and the simulated aqueous environment. A
list of geometric parameters can be found in Table 10 and Table 11. The @ and ) angles
were approximately -155° and 160°, respectively, causing the peptide to appear 'pleated’, as
shown in Figure 16. This peptide was not as extended as the G5 peptide was. This structure
was stabilized with hydrogen bonds between the amide nitrogen and carbonyl oxygen of

neighboring residues.

The hydrogen bonds between “i” and “i + 2” residues of the ASue. peptide remained
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intact during the optimizations at both levels of theory and in both environments, thus

conserving the structure of the 3, helix.

The structural perturbations resulting from H-Abstraction from the Ca and amide

nitrogen of residue 3 in A5 will be described in the subsequent sections.

4.3.2.2 The Effect of H-Abstraction from the C, of AS
The removal of the hydrogen atom from the C, decreased the length of the bonds

between the C, and the amide nitrogen, methyl carbon (Cg) and carbonyl carbon atoms in the

Figure 19. Structural alignment of the A5 peptide and the AS peptide radicals in the extended
conformation. The structures were obtained at the B3LYP/6-311+G(d,p) level of theory in the gas phase.
The alignment of A5(C,’) peptide is shown in red (top), that of A5(Me’) is shown in green (middle) and
that of AS(N") is shown in blue (bottom), whereas the A5 peptide is shown in gray. The RMSD of the
structural alignments can be found in Table 11.

gas phase by 0.074 A, 0.049 A and 0.072 A, respectively (Table 10). The observed decrease
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in bond length was slightly less pronounced when the 6-31G(d) basis set was used. The
length of the amide bond between Ala® and Ala® increased by 0.020 A, whereas the length of
the bond between Ala® and Ala* increased by 0.012 A. The respective amide bonds increased

by 0.024 A and 0.013 A when the structures were optimized in the implicit solvent.

The pleats in the AS peptide in the extended conformation can be shown in Figure 19,
and 1s also characterized by @ and () angles of -157.42° and 164.65°. The removal of the
hydrogen atom from the C, caused the dihedral angles to become more planar, with ¢ and

angles of 177.66° and -177.89°, respectively. The increased planarity was observed only at

Figure 20. Structural alignment of the A5 peptide and the A5 peptide radicals in the helical
conformation. The structures were obtained at the B3LYP/6-311+G(d,p) level of theory in the gas phase.
The alignment of A5(C,’) peptide is shown in red (left), that of A5(Me’) is shown in green (middle) and
that of A5(N") is shown in blue (right), whereas the A5 peptide is shown in gray. The RMSD of the
structural alignments can be found in Table 11.

the Ala® of the A5(C,") peptide, whereas the remaining residues retained the pleats shown in
the A5 peptide. The intra-residue hydrogen bond between the amide nitrogen and the

carbonyl oxygen decreased by 0.083 A when the 6-311+G(d,p) basis set was used, which is

0.057 A more than what was computed with the 6-31G(d) basis set. The RMSD of the
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peptide backbone containing the C, radical from that of the A5 peptide was 0.781 A in the

gas phase, and 1.04 A in the implicit solvent. These results are shown in Table 11.

Similar to what was shown in the extended conformation, hydrogen atom abstraction
from the C, of Ala’ increased the length of the bond between the C, and the amide nitrogen,
Cg and carbonyl carbon atoms in the helical conformation, as shown in Figure 15. The
length of these bonds decreased by 0.062 A, 0.042 A and 0.073 A, respectively. The length
of the amide bond between Ala? and Ala’® increased by 0.019 A, whereas the length of the
amide bond between Ala® and Ala* increased by 0.013 A. The respective amide bond lengths
increased by 0.021 A and 0.015 A in the implicit solvent. Hydrogen abstraction from the C,
in the helical conformation caused the ¢ dihedral angle to adopt a conformation that is
moreplanar, as indicated by the ¢ angle changing from of -157.42° to 177.66°, however, the
change in the () angle was negligible. This data is presented in Table 11. The hydrogen
bond between the amide nitrogen of Ala® and carbonyl carbon of Ala' decreased by 0.033 A,
whereas the hydrogen bond between the carbonyl carbon of Ala® and the amide nitrogen of
Ala® decreased by 0.013 A. Changes in dihedral angles suggest that there is a stronger
coupling between C, and the amide nitrogen than between the C, and the carbonyl carbon.
The RMSD of the C, peptide radical backbone from the backbone of the AS peptide was

0.781 A and 1.04 A, respectively. This data is shown in Table 11.

4.3.2.3 The Effect of H-Abstraction from the C; of Ala’
Hydrogen abstraction from the methyl group of A5 in the extended conformation caused

increased the length of the bond between Cg and C, by 0.045 A This bond decreased by
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0.042 A in the helical conformation as shown in Table 10. The remaining bond lengths in
Ala® changed by less than 0.003 A in both conformations. Moreover, the length of the amide
bond between Ala> and Ala® decreased by only 0.001 A, whereas the length of the bond
between Ala® and Ala* decreased by 0.002 A, with a negligible change shown to the
respective bond lengths in optimized in the implicit solvent. The decrease in the intra-
residue hydrogen bond distance compared to the extended and helical A5 was also

negligible. Also, the ¢ and () dihedral angles of the extended and helical A5(N") deviated

from the respective native AS peptide by less than 5° and the RMSD from the backbone of

Table 11. The @ and s dihedral angles and H-bond distances of Ala’ in A5 and the peptide radicals in the
extended and helical conformations. The geometric parameters were computed at the B3LYP/6-31G(d)
and B3LYP/6-311+G(d,p) (shown in parentheses) levels of theory, both and in the gas phase and implicit
solvent. The RMSD of the backbone atoms for the peptide radicals compared to those of A5 are also

shown.
Peptide  Environment Dihedral Angle Hydrogen bond length Backbone
@/ degrees ¢ /degrees  Amide N  Carbonyl C RMSD /A
Agx Gaseous  -160.0 (-157.4) 167.3 (164.6) 2.10(2.11) 2.10(2.11)  0.00 (0.00)
Aqueous  -158.5(-152.5) 162.1(157.4) 2.14(2.22) 2.14(2.22)  0.00 (0.00)
A(Ca)rxe Gaseous  -178.7(177.6) -179.5(-177.8) 2.02(2.03) 2.02(2.03) 0.673 (0.781)
Aqueous 178.1 (172.9) 178.9 (-177.2) 2.04 (2.06) 2.04 (2.06) 0.854 (1.04)
A(CCH;)ee  Gaseous  -164.4 (-160.6) -163.1 (171.5) 2.06 (2.10) 2.06 (2.10) 0.0623 (0.168)
Aqueous  -163.1(-159.0) 169.2 (161.0) 2.10(2.17) 2.10(2.17) 0.192(0.143)
ANex Gaseous -98.2 (-98.6) 66.0 (72.6) - - 2.72 (2.53)
Aqueous  -100.7 (-102.5)  67.0 (69.1) - - 2.59(2.43)
Al Gaseous -63.2 (-64.6)  -19.9(-18.4) 2.10(2.18) 2.15(2.17)  0.00 (0.00)
Aqueous -61.1(-63.2)  -24.3(-20.9) 2.06(2.17) 2.08(2.11)  0.00 (0.00)
A(C)na Gaseous -45.5(-45.9)  -21.6(-22.4) 2.07(2.12) 2.13(2.17) 0.352(0.345)
Aqueous -45.0 (-45.6)  -22.0(-22.7) 2.03(2.12) 2.04(2.08) 0.421 (0.3406)
A(CH3)ua  Gaseous -61.3 (-62.2)  -24.4(-22.5) 2.11(2.17) 2.19(2.21) 0.097 (0.066)
Aqueous -59.7 (-60.8)  -26.8 (-24.3) 2.06(2.15) 2.08 (2.12) 0.054 (0.032)
AN s Gaseous -80.1 (-81.4)  -11.3 (-12.5) - 226 (2.30)  0.64 (0.524)
Aqueous -81.5(-86.0)  -13.6(-22.9) - 2.17 (2.15)  0.65(1.25)

51



Table 10. Bond lengths in Ala® of A5, A(C,), ACCH;) and A(N") in the extended and helical conformations. The bond lengths were computed at the
B3LYP/6-31G(d) and B3LYP/6-311+G(d,p) (shown in parentheses) levels of theory, both and in the gas phase and implicit solvent.

Peptide

Environment

Bond Length (A)

113

n— 1" amide

N-Cq

N-H

Ca-Cp

Cq-C

C=0

“n+ 1” amide

AExt

A(Ca)ex

A(CH2)ex

A(N.)Ext

AHC]

A(Coneal

A(CH2)nel

ANYna

Gaseous
Aqueous
Gaseous
Aqueous
Gaseous
Aqueous
Gaseous
Aqueous
Gaseous
Aqueous
Gaseous
Aqueous
Gaseous
Aqueous
Gaseous

Aqueous

1.350 (1.349)
1.345 (1.344)
1.370 (1.369)
1.369 (1.344)
1.352 (1.351)
1.347 (1.345)
1.371 (1.371)
1.372 (1.371)
1.354 (1.353)
1.350 (1.349)
1.373 (1.372)
1.371 (1.370)
1.353 (1.352)
1.350 (1.349)
1.377 (1.372)
1.380 (1.374)

1.452 (1.454)
1.455 (1.457)
1.379 (1.380)
1.379 (1.380)
1.459 (1.457)
1.456 (1.457)
1.434 (1.432)
1.439 (1.440)
1.460 (1.461)
1.458 (1.459)
1.400 (1.399)
1.395 (1.395)
1.458 (1.459)
1.456 (1.456)
1.421 (1.419)
1.427 (1.438)

1.015 (1.013)
1.015 (1.013)
1.023 (1.020)
1.022 (1.019)
1.016 (1.014)
1.016 (1.013)

1.016 (1.014)
1.019 (1.016)
1.020 (1.018)
1.022 (1.020)
1.015 (1.013)
1.018 (1.016)

1.540 (1.539)
1.540 (1.539)
1.494 (1.490)
1.494 (1.490)
1.459 (1.494)
1.496 (1.495)
1.529 (1.529)
1.530 (1.530)
1.531 (1.530)
1.533 (1.531)
1.490 (1.488)
1.490 (1.488)
1.489 (1.488)
1.491 (1.489)
1.534 (1.534)
1.535 (1.538)

1.539 (1.538)
1.538 (1.536)
1.467 (1.466)
1.467 (1.465)
1.558 (1.558)
1.558 (1.556)
1.593 (1.593)
1.585 (1.581)
1.543 (1.541)
1.539 (1.538)
1.470 (1.468)
1.465 (1.463)
1.562 (1.561)
1.557 (1.489)
1.589 (1.588)
1.574 (1.558)

1.232 (1.227)
1.236 (1.232)
1.247 (1.243)
1.251 (1.248)
1.231 (1.225)
1.234 (1.229)
1.222 (1.216)
1.226 (1.223)
1.232 (1.227)
1.239 (1.235)
1.242 (1.237)
1.250 (1.246)
1.229 (1.224)
1.236 (1.232)
1.225 (1.219)
1.231 (1.226)

1.350 (1.349)
1.345 (1.344)
1.361 (1.361)
1.357 (1.357)
1.347 (1.347)
1.344 (1.342)
1.345 (1.345)
1.343 (1.342)
1.354 (1.353)
1.351 (1.348)
1.367 (1.366)
1.364 (1.363)
1.353 (1.351)
1.350 (1.347)
1.342 (1.342)
1.344 (1.344)

52



A5 was only 0.168 A.

4.3.2.4 The Effect of H-Abstraction from the Amide Nitrogen of Ala’

The removal of the hydrogen atom from the amide nitrogen caused the length of the
bond between the amide N and the C, to decrease by 0.022 A, whereas the subsequent bond
between the C, and the carbonyl carbon increased by 0.055 A. In the helical A5(N") the
decrease in the N-C, bond length was 0.042 A and the increase in the C,-C=0 bond length
was 0.047 A. In both conformations the length of the amide bonds between Ala® and Ala?
and those between Ala® and Ala* increased. The length of the amide bond between Ala’ and
Ala? increased by 0.022 A in the extended conformation and 0.019 A in the helical, whereas

the change in the length of the amide bond between Ala® and Ala* was negligible.

In the extended structure, the absence of the H atom prevented the formation of the
intra-residue hydrogen bond; however, a hydrogen bond was formed between the carbonyl
oxygen of Ala® and the amide nitrogen of Ala*. It is suspected that this contributed to the
roughly 60° difference between the @ and ) angles of the native A5 peptide in the extended
conformation and those of the extended AS(N"). In the helical A5(N"), H abstraction from
the amide nitrogen cleaved the hydrogen bond with the carbonyl carbon of Ala'. The loss of
the hydrogen bond resulted in a decrease in the @ angle by 20°. The  angle, deviated by
less than 10°. The large perturbations in structure also appears in the RMSD value, which

showed a deviation of 2.72 A from the backbone of the A5 peptide.

4.4 Thermodynamic Analysis of the Pentapeptides
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The AG®, AH’ and AS® calculated for the H-abstraction from G5 and A5 by the ROS and

the subsequent unfolding are described in the subsequent sections.

4.4.1 H-Abstraction from GS5.

Gas phase results at the 6-311+G(d,p) basis set shows that the strength of the C,-H bond
is less than that of the N-H bond of the amide group, as shown in Table 12. Hydrogen
abstraction from the C, whilst the peptide is in the extended conformation needs 109.6 kJ
mol™ less energy than that released from the amide nitrogen in the same conformation. The
difference between BDE of the C,-H bond and that of the N-H bond in the helical
conformation is 86.1 kJ mol'. The BDE values of the C,-H and N-H bonds showed a
conformational dependence, as shown by the lower BDE of the peptide in the helical
conformation. Hydrogen abstraction from the C, requires 28.4 kJ mol” less energy in the
extended conformation than in the helical conformation, whereas hydrogen abstraction from

the amide nitrogen required 4.9 kJ/mol less energy in the extended conformation.

The results obtained in the implicit solvent are within 1% of those obtained in the gas
phase. The greatest deviation between the results obtained with the 6-31G(d) basis set and
those obtained with the 6-311+G(d,p) basis set was shown in the helical G5(C,") peptide
computed in the gas phase and the G5(N") peptide in the extended conformation, which had

deviations of less than 3%.

The bond dissociation energy energy can act as a measure of the relative stability of the

peptide radicals since both of the peptides are derived from the same reactant and have the
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same co-product, an infinitely separated hydrogen atom. Therefore, the results in the gas
phase with the 6-311+G(d,p) basis set indicate that G5(C,") is 109.6 kJ mol” more stable than
G5(N"). The relative stabilities computed in the implicit solvent model are within 1% of the
gas phase values, and a similar deviation was observed between the two basis sets. When in
a helix, G5(C,’) is 86.1 kJ mol" more stable than G5(N"). The deviations from the relative
stability values in G5g were negligible when the implicit solvent and the smaller basis set

was used.

Table 12. Reactions of ‘OH, HO,  and O," with G5 in the helical and extended conformations. The bond
dissociation energy and helical to extended unfolding are computed at the B3LYP/6-31G(d) and B3LYP/6-
311+G(d,p) (in parenthesis).

Peptide Environment  Bond Dissociation Energy Transition from Helical to Extended
/ kJ mol!
Extended Helix AH®/ AG°/ AS°/
kJ mol kJ mol! Jmol'K"!
G5 Gaseous - - 33(3.6) -32.7(-36.2) 62.8(109.2)
Aqueous - - 20.8 (10.4) -12.4(-20.5) 111.6 (104.2)

G5(C,)  Gaseous  370.7(368.6) 411.6(397.0) -36.0 (-31.8) -64.8(-55.7)  48.1(80.2)
Aqueous  370.9 (368.8) 409.2 (407.3) -15.7(-26.1) -44.6 (-52.7)  97.0 (89.1)
G5(N)  Gaseous  465.6 (478.2) 474.4 (483.1) -3.4(-63) -26.5(-30.3)  65.0 (30.5)
Aqueous  469.7 (482.4) 484.4 (489.7) 82(5.3)  -13.6(-162) 73.6 (72.3)

4.4.2 Unfolding of G5xg1.

The change in standard free energy (AG°) calculated with the 6-311+G(d,p) basis set are
all negative when computed in the gas phase, and the corresponding gain in entropy under
these conditions indicates that the helical unfolding is mainly entropy-driven. The AG®
values were also negative for the calculations done in implicit solvent and those computed

with the 6-31G(d) basis set, and these results can be found in Table 12. The difference in the
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AG° measured in the gas phase with the 6-311+G(d,p) basis set indicates that the unfolding
of G5(N") is 5.9 kJ mol™ less favorable than the unfolding of G5. However, calculations in
the same conditions indicate that the unfolding of G5(C,’) is more favorable than the
unfolding of G5 by -19.5 kJ mol'. The unfolding of G5(C,") is 28.2 kJ mol”' more
exothermic than the unfolding of G5 and 25.5 kJ mol” more exothermic than the unfolding
of G5(N"), which suggests that increased tendency of G5(C,") to unfold is enthalpy-driven.
Moreover, the unfolding of G5(C,") and G5(N") produced less entropy than the unfolding of
G5, by 29.0 J mol'K™' and 28.7 J mol"'K", respectively. The unfolding of each peptide is

more favorable in the implicit solvent than in the gas phase.

4.4.3 Reactions of G5 with Reactive Oxygen Species

The change in free energy computed in the gas phase with the 6-311+G(d,p) basis set
showed that only the reass entropy than the unfolding of G5, by 29.0 J ctions involving the
‘OH radical and the G5 extended peptide are exergonic. These results can be found in Table
13. Reactions with the ‘OH radical at the C, of G5 in the gas phase releases 141.5 kJ mol™ of
free energy. The reactions with the HO," and O, radicals at the C, are both endergonic, and
require 28.8 kJ mol” and 81.6 kJ mol™, respectively, to proceed. These results were
qualitatively similar to those computed with G5 in the helical conformation, however
hydrogen abstraction from helical G5y was less favorable. The AG® with ‘OH released only
122.0 kJ mol™, whereas the reaction with HO, requires 48.3 kJ mol™ to proceed and that of

the O,” requires an influx of 101.1 kJ mol™” into the system. The relative reactivity of the
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ROS observed at the amide nitrogen are similar to that observed at the C,. However
hydrogen abstraction from the amide nitrogen is less favorable. The reactions at the amide
nitrogen were still exergonic, however the AG® was only -32.8 kJ mol'. The AG°® of the
reactions with the ‘OH radical at the C, released 108.7 kJ mol' more free energy than
hydrogen abstraction from the amide nitrogen. Moreover, the relative propensity of HO,'
and O, to abstract a hydrogen atom from the C, is similar to that of "OH.

The relative enthalpy of the ROS and that of each H-abstraction reactions was similar to
the trends observed for their free energy. The enthalpy change of the reaction with ‘OH at
the C, in the gas phase using the 6-311+G(d,p) basis set was -140.0 kJ mol™', whereas the
reaction with the HO," and O, were both endothermic, requiring 27.2 kJ mol™ and 86.3 kJ
mol” of heat, respectively, to proceed. The enthalpy in the implicit solvent was within 10%

of the gas phase values.

A gain in entropy contributed to the gas phase reaction of ‘'OH (4.8 J mol'K™") and O,"
(15.6 J mol'K™") at the C, when G5 was in the extended conformation whereas entropy was
lost in the reaction at the same site with HO," (-5.4 J mol'K™"). Entropy was lost during
hydrogen abstraction from the ‘OH (-1.7 J mol'K™"), HO,” (-12.0 J mol'K") during
abstraction at the amide nitrogen, whereas 9.0 J mol'K™ of entropy was gained when a
hydrogen atom was abstracted by O,". Hydrogen abstraction from the amide nitrogen of the

helical G5 caused an increase in entropy for all three ROS.
4.4.4 H-Abstraction from AS.

Gas phase results at the 6-311+G(d,p) basis set shows that the strength of the C,-H bond
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Table 13. The enthalpy, free energy and entropy of the reactions of ‘OH, HO," and O," with G5, producing the G(C,’) and G(N°) radicals in the helical and extended
conformations. The values were computed in the gas phase and implicit solvent, at the B3LYP/6-31G(d) and B3LYP/6-311+G(d,p) (in parenthesis) levels of theory.

] AH° / kJ mol™! AG® / kJ mol”! AS°/J mol'K!
Reactants  Environment
Ca N Ca N Ca N
OH + G5 Gaseous -134.7 (-140.0) -42.3 (-33.3) -112.0 (-141.5) -17.76 (-32.8) -10.8 (4.8) -17.1 (-1.7)
Aqueous -121.5 (-146.8) -25.4 (-36.3) -120.9 (-145.8) -23.60 (-39.3) -2.1 (-3.3) -6.2 (10.1)
HOy + GSa Gaseous 19.7 (27.2) 112.1 (133.9) 58.3 (28.8) 152.59 (137.5) -21.2(-5.4) -27.6 (-12.0)
Aqueous 36.1(10.8) 132.2 (121.3) 39.9 (14.9) 137.28 (121.3) -12.6 (-13.6) -16.7 (-0.2)
Oyt GSus Gaseous 87.2 (86.3) 179.6 (193.0) 87.3 (81.6) 181.62 (190.3) -0.1 (15.6) -6.4 (9.0)
Aqueous 89.0 (87.8) 185.1 (198.3) 86.5 (85.6) 183.86 (192.1) 8.4(7.3) 4.3 (20.7)
OH + GSuy Gaseous -95.4 (-111.8) -35.6 (-30.6) -79.9 (-122.0) -24.03 (-38.6) 13.6 (33.9) 26.5 (27.0)
Aqueous -85.0 (-110.2) -12.8 (-31.2) -88.7 (-113.7) -22.37 (-43.7) 12.4 (11.7) 31.7 (41.9)
HOy + GSuy Gaseous 59.1(55.3) 118.8 (136.6) 90.3 (48.3) 146.33 (131.6) 3.2(23.5) 16.0 (16.6)
Aqueous 72.7 (47.4) 144.8 (126.4) 72.1 (47.0) 138.50 (117.0) 1.9 (1.3) 21.2 (31.6)
0yt G Gaseous 126.6 (114.4) 186.4 (195.7) 119.3 (101.1) 175.36 (184.4) 24.3 (44.6) 37.1(37.7)
Aqueous 125.5 (124.4) 197.7 (203.4) 118.6 (117.8) 185.08 (187.7) 23.0 (22.3) 42.3 (52.6)




was less than that of the Cg-H bond of the Ala side chain and that of the N-H bond of the
amide group. As presented in Table 14, hydrogen abstraction from the C, whilst the peptide
is in the extended conformation requires 83.5 kJ mol™” and 106.2 kJ mol™ less energy than
from Cg and the amide nitrogen, respectively. The difference between BDE of C,-H bond
and those of the Cg-H and N-H bonds in the helical conformation is 58.2 kJ mol™ and 92.7 kJ
mol™, respectively. The BDE values of the C,-H and N-H bonds showed a conformational
dependence, as shown by the lower BDE of the peptide in the helical conformations.
Hydrogen abstraction from the C, required 23.4 kJ mol™ less energy in the extended
conformation than in the helical conformation, whereas hydrogen abstraction from the amide
nitrogen required 9.9 kJ mol” less energy in the extended conformation. The results
obtained in the implicit solvent are within 1% of those obtained in the gas phase. The
greatest deviation between the results obtained with the 6-31G(d) basis set and those
obtained with the 6-311+G(d,p) basis set was shown in the AS(N") peptide, which had a

deviation of less than 3%.

The bond dissociation energy values can act as a measure of the relative peptide radical
stability in this case as well. Therefore, the results in the gas phase with the 6-311+G(d,p)
basis set indicate that A5(C,") is 83.5 kJ mol™ more stable than A5(CH,’) and 106.2 kJ mol™
more stable than A5(N"). The relative stabilities computed in the implicit solvent model are
within 1% of the gas phase values, and a similar deviation was observed between the two
basis sets. When in a helix, A5(C,’) is 58.2 kJ mol™ more stable than A5("CH;) and 92.7 kJ

mol” more stable than A5(N"). As shown in the extended the conformation, the deviations
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Table 14. Reactions of ‘'OH, HO," and O," with A5 in the helical and extended conformations. The free
energy of H abstraction and helical to extended unfolding are computed at the B3LYP/6-31G(d) and

B3LYP/6-311+G(d,p) (in parenthesis).

Peptide Environment  Bond Dissociation Energy Transition from Helical to
/ kJ mol”! Extended Conformation
Extended Helix AH° AG® AS°

/ kJ mol” / kJ mol”! / Jmol'K™!
A5 Gaseous - - 10.8(2.3) -7.8(-17.8) 62.8(67.9)
Aqueous - - 29.5(15.2) 9.0 (-7.3) 68.6 (75.5)
A5(Cy) Gaseous 366.4 (367.5) 393.0 (390.9) -13.4(-19.0) -27.7(-36.4) 48.1(58.5)
Aqueous  369.2(370.4) 390.0(387.6) 9.2(0.0) -142(-18.4) 78.8(61.6)
A5(CH;) Gaseous 4569 (451.0) 4552(449.1) 12.7(45) -6.6(-16.6) 65.0(70.8)
Aqueous  455.6 (449.3) 455.6 (450.1) 29.1 (14.4) 8.5(-9.1) 68.9 (79.1)
A5(NY) Gaseous  461.4 (473.7) 4759 (483.6) -2.5(-6.4) -13.1(-19.7) 35.6(44.7)
Aqueous  463.8 (476.6) 489.1(486.6) 4.1(5.2) -8.9(-3.2)  43.7(28.6)

from the relative stability values were negligible when the implicit solvent and the smaller

basis set was used.

4.4.5 Unfolding of ASygL

The change in standard free energy (AG°), calculated with the 6-311+G(d,p) basis set are
all negative when computed in the gas phase, and the corresponding gain in entropy under
these conditions indicates that this conformational change is mainly entropy-driven. These
results can be found in Table 14. The AG® for the helix to extended conformational change
of AS5(CH’) and A5(N") are similar to that of the A5 peptide, however, the unfolding of
A5(Cy") is more favorable than the unfolding of A5 by -18.6 kJ mol”'. The unfolding of
A5(Cy) is 16.7 kJ mol” more exothermic than the unfolding of A5, which suggests that
increased tendency of A5(C,’) to unfold is enthalpy-driven. The unfolding of A5(N") is 8.7
kJ mol" more exothermic than the unfolding of the A5 peptide. Moreover, the unfolding of

AS5(Cy") and A5(N") showed smaller increases in entropy than the unfolding of AS, by 9.4 J
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mol'K™" and 23.2 J mol'K™, respectively. The unfolding of each peptide was less favorable

in the implicit solvent than the gas phase.

4.4.6 Reactions of AS with Reactive Oxygen Species

The change in free energy computed in the gas phase with the 6-311+G(d,p) basis set
showed that only the reactions involving the "OH radical and the A5 extended peptide were
exergonic. These results can be found in Table 15. For reactions at the C, of AS in the gas
phase, the reactions involving the "OH radical released 167.2 kJ mol" more free energy than
those with the HO," radical and 226.3 kJ mol"' more free energy than with the O,” radical.
The reaction Gibbs free energy values indicate that the C, is more susceptible than the Cg
and amide nitrogen to H-abstraction by the ROS. The reaction of ‘OH with A5 at the C,
released 79.3 kJ mol™” more free energy than the abstraction from the CH; and 102.4 kJ mol™
more energy than the abstraction from the amide nitrogen. The AH° values of the reactions
with each of the ROS were similar to those of the AG® values. The H abstraction reactions of
each ROS in the gas phase gained entropy, irrespective of the location. Hydrogen
abstraction from C, and the amide nitrogen showed a decrease of enthalpy in the implicit
solvent, whereas the reactions with O, radical showed the largest gain in entropy. Results in
the gas phase with the 6-311+G(d,p) basis set showed that the reaction of the O,” radical at
the C, of the A5 yielded 10.7 J-mol'K™" and 21.1 J-mol'K™' more entropy than the analogous
reaction with ‘OH and O,™.

The order of the reactivity of the ROS with the helical A5 peptide was qualitatively

similar to those with A5 in the extended conformation, however the AG® of each reaction was
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Table 15. The enthalpy, free energy and entropy of the reactions of ‘OH, HO," and O," with AS, producing the A(C,’), A("CH;) and A(N") radicals in the
helical and extended conformations. The values were computed in the gas phase and implicit solvent, at the B3LYP/6-31G(d) and B3LYP/6-311+G(d,p) (in
parenthesis) levels of theory.

) AH° / kJ mol”! AG° / kJ mol! AS°/J mol'K!
Reactants Environment
Cq CH; N Cq CH; N Cq ‘CH; N
O + A Gaseous  -138.4 (-140.9) -52.7(-61.6) -47.4(-38.5) -123.4(-145.8) -40.3 (-69.1) -32.9(-44.2) 14.9(16.6) 23.6(25.1) 16.8(19.2)
Aqueous  -124.0 (-145.0) -41.7(-70.7) -32.4(-42.4) -131.6(-145.3) -46.8(-76.4) -36.6(-42.4) 25.6(0.9) 17.2(19.3) 14.0(0.1)
HOs + ASes Gaseous 16.0 (26.3) 101.7 (105.6) 107.0 (128.7)  46.9 (24.4) 130.0 (101.2) 137.4(126.0) 4.4(6.2) 13.1(14.8) 6.3(8.9)
Aqueous 33.7 (12.6) 116.0 (87.0) 125.2(115.2) 29.2(15.4) 114.0 (84.3) 124.2(118.3) 15.1(-94) 6.7(9.0) 3.5(-10.2)
Oyt A Gaseous 83.5(85.4) 1693 (164.7) 174.6 (187.8) 759(77.2) 159.0(154.0) 166.4 (178.8) 25.6(27.3) 34.2(35.9) 27.4(30.0)
Aqueous 86.5(89.6) 168.8(164.0) 178.1(192.3) 75.7(86.2) 160.5(155.0) 170.7 (189.0) 36.2(11.5) 27.8(30.0) 24.5(10.7)
OH + ASu Gaseous  -114.2 (-119.5) -54.6 (-63.7) -34.0(-29.7) -103.5(-127.2) -41.5(-70.3) -27.6(-42.3) 29.6 (26.0) 21.3(22.3) 43.9 (42.5)
Aqueous  -103.7 (-129.7) -41.3(-69.9) -7.0(-32.4) -108.3(-134.1) -46.3(-74.6) -18.6(-46.4) 15.5(14.8) 17.0(15.8) 38.9(47.0)
HOy + ASu Gaseous 40.3 (47.7) 99.8 (103.5) 120.5(137.5) 66.8 (43.0) 128.8 (99.9) 142.7 (127.9) 19.1(15.7) 10.8 (11.9) 33.5(32.2)
Aqueous 54.0 (27.9) 116.4 (87.7) 150.6 (125.2)  52.5(26.5) 114.5 (86.1) 142.1 (114.3) 5.0(4.4) 6.5(54) 28.4(36.6)
Ot AS Gaseous 107.8 (106.8) 167.3 (162.6) 188.0(196.6) 95.8(95.8)  157.8(152.7) 171.7(180.7) 40.2 (36.8) 32.0(33.0) 54.6(53.2)
Aqueous 106.8 (104.9) 169.3 (164.7) 203.5(202.2) 99.1(97.3) 161.0(156.8) 188.7(185.0) 26.1 (25.4) 27.6(26.4) 49.5(57.6)
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slightly less favorable. Moreover, the relative ease at which a hydrogen atom can be
abstracted from the of the C,, Cs and the amide nitrogen was also similar to what was found
in the extended conformation.
4.5 Molecular Dynamic Simulations of Heptapeptides

Analysis of the secondary structure elements showed that only y-, B-, a- and m-turn
structures were observed in the ALA and ALR peptides, whereas neither 6- nor inverse -

turns were detected. These results are shown in Table 16.

Table 16. The number of turn structures identified in ALA and ALR, where i is the residue number of the
starting amino acid of the turn and Hb identifies the turn structures that were further stabilized by H-
bonds.

Secondary Structure No. of Structures | Secondary Structure  No. of Structures
Element ALA ALR Element ALA ALR
y-turn (i = 3) 1781 1273 B-turn (i = 2) 3858 1730
y-turn (i =4) 1493 7936 B-turn (Hb, i = 2) 1953 15

v-turn (1=15) 2107 1366 B-turn (i=3) 3356 2292

Trturn (i=2) 1266 3645 B-turn (Hb, i = 3) 1693 228
Teturn (Hb, i = 2) 135 44 B-turn (i=4) 3323 1457
T-turn (i = 3) 1626 8050 B-turn (Hb, i = 4) 2277 8371
Teturn (Hb, 1= 3) 1 26 B-turn (i = 5) 3874 4519

- - - B-turn (Hb, i = 5) 1661 1074

More than 4-times more y-turns (i = 4), B-turns (Hb, 1 = 4), a-turns (1 = 2) and n-turns (i = 3)
were observed in ALR than were observed in ALA, as shown in Table 16. The Alas residue
was one of the two central residues, or the only central residue in each of these structures,
indicating that the ALR residue increased the propensity of turn formation when in a central
position. The distribution of the distances between O;-Ni» (1= 3, 4 and 5) was calculated

for ALA and ALR, which corresponds to a y-turn, and is shown in Figure 21.
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Figure 21. The percentage distribution of the structures according to the measured distance between
Ala3,0--Ala5,N, d(Ala4,0---Ala6,N) and (Ala5,0---Ala7,N).

The distribution of the distance between the carbonyl oxygen of Alas;, Ala, and Alas
(residue “i’) of ALA and the amide hydrogen of its corresponding “i + 2” residue, Alas, Alag
and Ala,, respectively, was plotted to determine whether hydrogen bonds between these
residue pairs can enable y-turn formation. The same residue pairs were plotted for the ALR
peptide (Figure 21). A similar distribution of the inter-atomic distances was shown for

ALA and ALR when Alas or Alrs was at the residue was the first or third residue of the “i” or

at the residue “i + 2” position. These values were most frequently between 3.8 A and 4.1 A
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in ALA, and between 4.1 A and 4.4 A in ALR. However, this distance is reduced to
approximately 2.95 A in ALR when Alr;s is the central residue “i + 17 of the turn. This
distance shortening increased the propensity of hydrogen bonds to to form between the atom
pairs, and enabled y-turns to form in this region of the peptide.

The density Ramachandran map (Figure 22) indicates that the most populated region of
the Ramachandran space of Alas was when ¢ was between -90° and -60° and when () was
between -30° and 0°, which contained 13.6% of the structures. The highest populated region
occupied Alrs was when ¢ was between -30° and 0° and when () was between -60° and -30°,
which includes 21.7% of the structures. Moreover, the Ramachandran map of Alrs shows

that the region where @ is between -30° and 30° was also highly populated.
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Figure 22. The density (top) and classic (bottom) Ramachandran maps of the central amino acid (Ala5 or
Alr5) for ALA (left panel) and ALR (right panel).

65



5.0 DISCUSSION

5.1 Consequences of C, Radical Formation on Monopeptide Conformers

The use of the acetyl and N-methyl amide groups to protect the N- and C- termini,
respectively, helps conserve the electronic environment of the C* center of amino acid
residues since the C® is between two amide bonds. The methyl carbons of the N- and C-
terminal acetyl and N-methyl amide groups, respectively, correspond to C® of the adjacent
amino acid residues in an extended polypeptide structure. Thus, the steric interactions
between the C® and the adjacent amide bonds can be taken into consideration and
contributions to local C® structure from other residues in a polypeptide are avoided.”*!

The relatively flat potential energy surface of N-Ac-Gly-NHMe, matches the
characteristic flexibility of Gly in proteins. Conformations in both D and L configuration can
easily be accessed by Gly and this is demonstrated by the absence of large energy barriers
between the minima. The “flat valleys” between these conformations indicate that the
structures are stable but conformations of Gly can inter-convert easily. The PES of the N-
Ac-Gly-NHMe was substantially different from that of its closed-shell counterpart. The (.
conformation was the most stable structure on the PES and was surrounded by a high-energy
rim, trapping the @ and () angles in 3. conformation. Furthermore, because the other minima
are shallow and a relatively small amount of energy could bring the structure back to the
more stable 3. conformation. It is evident that changes in hybridization of the C* has a large

effect on its PES. The sp’-hybridized C* of the Gly residue generates three low energy

conformations, gauche”, gauche and anti (Figure 9A). This is displayed in the closed shell
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model. With two hydrogen atoms bonded to the C°% however, only the steric hindrance of
the amide bonds provides a significant energy barrier. The @= 0° line on the PES illustrates
this. On the other hand, the sp*-hybridized C®-centered radical has only two low energy
conformations, which indicates the tendency of the C®-centered radical to adopt planar (¢
and ) angles of 0° or 180°) conformations. The adoption of planar conformations following
radical formation by the Gly residue may facilitate the formation of (-sheets, with H- bonds
stabilizing the interactions between [3-strands.

5.2 H-Abstraction from Amino Acid Monopeptides

The structures and energies of the Ala and Gly pre-reaction van der Waals complexes,
transition states, and post-reaction van der Waals complexes will be discussed in the

subsequent sections.

5.2.1 The Pre-Reaction van der Waals Complexes

The difference between the relative energies of the Gly and Ala pre-reaction complexes
shows that the Ala side chain could inhibit the formation of the yp and ap pre-reaction
complexes. The relative energies of the 3., yp, o and ap pre-reaction complexes of Gly are
within 4 kJ mol™ of each other, whereas the yi is a slight outlier, which suggests that the pre-
reaction complex can form easily from multiple conformations. The distribution of the pre-
reaction Ala energy values is similar, however the ap and yp complexes are higher in energy.
It is worth noting that the ap pre-reaction complex is is only 1.4 kJ mol™” lower than the
energy at the entrance level. The side chain of the Ala residue destabilizes this complex by

hindering the ability of the oxygen atom of the ‘OH radical to interact with the pro-D
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hydrogen of the Ala residue. As a result, the formation energy of the complex in this
conformation is 20 — 25 kJ mol™ less than the other conformations. The complex formation
energies of all five conformations of Gly and the four (excluding ap) of Ala indicate that the
formation energies of the pre-reaction complexes are sufficient enough to enable the
hydrogen abstraction reaction to occur, particularly when the activation energy is close to

8283 'When these nine conformations of the residues are considered, the formation

Zero.
energies of the pre-reaction complexes show that the Ala side chain does not significantly

inhibit complex formation. Side chains larger than Ala could further hinder complex

formation, and a future study could provide a rationale for this effect.

With the exception of the yp conformation of Gly, the @ and  angles of the Gly and Ala
van der Waals complexes are within a few degrees of the @ and ) angles of the respective
Gly and Ala residues. Therefore these complexes can form without perturbing the structure
of the respective Gly and Ala minima, and the differences in relative energy only depend on
the interaction between the ‘OH radical and the respective residues. This can also be
expected if explicit water molecules were studied as well, since the ‘OH would occupy a
similar place that a structural H,O molecule would occupy. The lack of conformational
change of the residues during complex formation with ‘OH enables the H-abstraction

reaction to occur with greater ease.

5.2.2  The Transition State Structures
Both Gly and Ala combine with ‘OH to form six and seven-membered rings in the

respective transition state structures (Figure 11 and Figure 12). The ¢ and  angles of the
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Gly transition state structures remain similar to those of the Gly PES, whereas the () angle of
yo becomes more like the ) angle of Gly". The change in the B. conformation of Ala
transition state suggests that the capto-dative stabilization of Ala in this conformation is less
than that of Gly, and is likely to be the reason for the decreased relative energy of the Ala 3.
transition state. It can be concluded that the transition states for each conformation of the
Gly and Ala residues except for the yp of Gly and (3. of Ala deviate from the geometries of

the PES minima by only a few degrees.

Both the Gly and Ala transition states in the 3. conformation are below the entrance
level, and the next lowest lying transition states of Gly are the yp and ap conformations,
followed by the yi and o conformations. The @ and  angles indicate that the (3.
conformation is capto-dative stabilized, and is the reason for the low-lying (3. conformation,
however the differences between the energy of the other conformations are less significant.
After the . conformation, the next lowest-lying transition states of Ala are the y. and yp,
followed by the ar and ap transition states which are much higher in energy. The Ala side
chain has a larger influence on the energy of these conformations, and a distinct

conformational effect can be observed in Ala.

5.2.3 The Post-Reaction van der Waals Complexes with H,O

The relative energy values of the Gly and Ala post-reaction van der Waals (Table 6)
complexes were similar to those of the respective Gly and Ala” PES minima shown in
Table 4. The geometries of the post-reaction complexes only varied from the fully isolated

Gly" and Ala’ residues by a few degrees, except for the a. complex of Gly and Ala, which are
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not similar to any of the respective Gly" or Ala" conformations. Moreover, the
corresponding op conformation of Gly" converged to the yp, which can be attributed to the
absence of the methyl group of the Ala side chain. The post-reaction complexes of the Gly”
residue were more planar than the respective Ala’ complex, which is probably due to the
increased capto-dative stabilization of the Gly residue. The H>O molecule interacts with the
Gly" and Ala" with a hydrogen bond between a hydrogen atom of water and one of the
carbonyl oxygen atoms (Figure 11 and 12). In the yi and o complexes of Gly" and the y. of
Ala’ hydrogen bonds form with both carbonyl oxygen atoms, but these complexes are the

highest in energy.

The post-reaction complexes of Gly are 120.7 - 159.8 kJ mol™ below the energy of the
entrance level, and those of Ala are 137.1 — 156.4 kJ mol" below the Ala entrance level.
This complex is the lowest point of the reaction coordinate for both the Gly and Ala residue,
and the stability of these complexes show that their formation is a significant driving force
for the progress of the H abstraction reactions. The side chain of Ala does not appear to
interact with the H,O molecule, and the stability of the complex is largely influenced by the
hydrogen bond between the water molecule and the residue, and by the ¢ and () angles of the
residue. This is supported by the observation that these angles remain similar to those of the
respective Gly and Ala residues in the absence of the the H,O molecule. The @and ) angles

of Gly and Ala are expected be similar if this system were to include structural water.

5.2.4  H-Abstraction by Gly" and Ala’ Radicals from H,O,

To quantify the stability of the C,-centered radical of Gly" and Ala® we also compared the
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reaction coordinates for the hydrogen abstraction from H,O, by Gly" and Ala’, in order to
form the Gly and Ala residues. H,O, can donate a hydrogen atom and can be found in areas
of the body where ‘OH can be found as well. It should be stressed that H,O, is not the only
molecule that can play this role, but it has been selected as an example. The (3. conformation
of these residues was used as the starting conformation because they are the lowest in
energy, as shown in the potential energy surfaces (Figure 10). Both the Gly and Ala
residues are likely to unfold to the [3 conformer following hydrogen abstraction from any of
the other conformers. The formation energy of the van der Waals complex is the same for
both residues, however, the lower lying transition state and subsequent van der Waals
complex and separated products of the Ala residue shows that the Ala” would be easier to
convert back to Ala, whereas the Gly” would have a higher propensity to remain a C, radical,
as shown in Figure 21. A representative scheme of the reaction coordinate for the re-

formation of Gly and Ala can be found in Figure 22.

Since the energy of the Gly-‘OH/Gly’-H,O, and Ala-"‘OH/Ala’-H,O, systems remain
below the energy of the entrance level, the re-formation to Gly and Ala by H,O, has enough
energy to proceed. Using Gly as an example, it has been shown that the post-reaction
complexes contain Gly in the (., y. and &p conformations, whereas the Gly' PES indicated
that other Gly’ minima are stable. However, the relative energy values of Gly’ PES minima
indicate that the 3; conformation is approximately 30 kJ mol™” more stable. This can also be
said for Ala and presumably for any other residue. This suggests that any rearrangement of

the residue will result in the residue converting to the 3. conformation. These results can
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Figure 21. The reaction coordinate diagram showing the E,, of the hydrogen abstraction from Gly and

Ala in the B. conformation by ‘OH. The energy of the reactants is used as a reference.
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Figure 22. The reaction coordinate diagram showing the E,, of the hydrogen abstraction from H,O, by
Gly" and Ala" in the (. conformation. The energy of the reactants is used as a reference.
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help elucidate the mechanism by which ‘OH initiates protein unfolding, and potential
aggregation. It would be interesting to see whether the conversion to the (3. conformer that
was shown here can be reproduced using other techniques, particularly molecular dynamics,

which enables the time-dependent nature of this unfolding to be observed in larger systems.
5.3. Deviations from the G5 and AS structures

5.3.1 Structural Perturbations due to C, H-Abstraction from G5 and AS

The shift towards the [3 conformation (¢, = 180°) is in agreement with that shown in a
glycyl diamide model, in which the B conformation was shown to be the most stable.”
Allyl-type radicals have a higher stability compared to non-delocalized radicals and also
favor the planar conformation. This structure has been shown to have a rotational energy
barrier of approximately 15 kcal mol™.%**% The stability of this conformation can be
attributed to the overlap of the semi-occupied 1r-orbital of the radical with the p-orbitals of
the amide nitrogen and carbonyl carbon. This structure stabilizes the C, radical of G5(C,’)
and A5(C,’) due to the conjugation between the nitrogen atom of the amide and carbon atom
of the carbonyl group, which has also been shown previously in cyclic and amino alkyl
compounds.®®  Further evidence of the delocalization is the decreased length of the N-C,
and C,-C bonds, which indicates an increase in double-bond character. The increase in the
C,-C bond length was observed in the extended structure, but not in the helix, indicative of
the tendency of the helix to inhibit the delocalization of the unpaired electron. The increased

[1342]
1

length of the amide bonds between residues and “i - 17 and the amide bond between

residues “1” and “i + 1” of both G5 and A5 indicates that these bonds become more like
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single bonds, which are weaker and are more susceptible to enzymatic degradation and

peptide fragmentation.

The stabilization of the radical by the amide nitrogen of G5(N")and A5(N") is twofold,
due to the electron-donating properties of the amide nitrogen, and the ability of the amide
bond to delocalize the unpaired electron.®® The stronger C,” coupling to the amide nitrogen
than to the carbonyl carbon is shown in the larger change in bond length in both G5(C,") and
A5(Cy). The increased planarity of Ala® is shown by the lack of pleats in the extended
conformation (Figure 19) and @ and ) angles of nearly 180°. An increase in the planarity of
the atoms in Gly® and Ala® was also shown in the helical conformation (Figures 17 and 20),
with both the @ and ) angles approaching 0° (Tables 9 and 11). It can be observed that this
effect does not carry over to residue 2 or residue 4 of the G5 and A5 peptides in either the

extended or helical conformations.

5.3.2 Structural Perturbations due to Amide Nitrogen H-Abstraction from G5 and AS

Numerous theoretical studies have been done on hydrogen atom abstraction from the
free amino group, with some suggesting the that the amino hydrogen is the preferred target
by "OH.***° However, when the amide nitrogen is derivatized it was shown that reactions
at the side chain are always preferred.”’ Although free amino acids and their derivatives can
provide a good description of local electronic effects, hydrogen abstraction from the amide
bond of model peptides helps determine the effect of long-range interactions and hydrogen
bonding. The removal of a hydrogen atom from G5 and AS showed an increase of the amide

bond length with the adjacent carbonyl carbon, along with the an increase in the length of
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the C,-C bond. The N-C, bond length decreased, which is consistent with the formation of

an imine.”?

The most significant effect of the H-atom abstraction from the amide nitrogen is due to
the rearrangement of the hydrogen bonds within the G5 and A5 peptides. Instead of the
intra-residue hydrogen bond between the amide nitrogen and carbonyl oxygen of Gly* and
Ala’ in the extended conformation, a hydrogen bond formed between the carbonyl oxygen of
residue “i — 1”7 and the amide hydrogen of residue “i +1”. It is presumed that this caused the
observed deviation in the ¢and () dihedral angles in this structure compared to those of the
G5 and A5 extended @ and ) angles. In the helical conformation, the removal of the Gly®
and Ala’ amide hydrogen atoms eliminated the hydrogen bonds that were formed with
residue 3 and the carbonyl carbon of residue 1. The observed increase in the amide bond
length suggests that N'-containing peptides can be more labile than in a peptide without a

radical.

5.3.3 Structural Perturbations due to Cz H-Abstraction from AS

The change in length of the amide bond between adjacent residues is indicative of the
coupling between the methyl group and the resonance structures of the amide bond.”
However, compared to the effect of radical formation on the C, and amide nitrogen on the
peptide structures, this coupling is relatively weak. Apart from the length of the C,- Cg
bond, Cg-radical formation had a negligible effect on the bond lengths, dihedral angles, or
hydrogen bonds of either the extended or helical AS peptide. The methyl group of Ala is the

B-CH: of the other amino acids apart from glycine, and it is expected that radical formation
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at this or any other position of the side chain would have negligible inductive effects on the
conformation of the peptide backbone. Moreover, the effect on the length of the amide bond
is negligible, suggesting that side chain oxidation does not cause the peptide bond to

weaken.

The RMSD values indicate that the H abstraction from the Cg did not significantly
change the structure of A5. H abstraction from the C, increased the planarity of the peptide
but the secondary structure of the peptide remained intact, whereas H abstraction from the

amide nitrogen altered the secondary structure of the peptide.

5.4 Thermodynamic Analysis
5.4.1 H-Abstraction Energy and Stability of Peptide Radicals

It is expected that with the increase in the number of delocalized electrons in the
conjugated system the stability of the radical will increase.” This phenomenon will
contribute to the lower dissociation energy of the C,-H bond compared to that of the Cg-H
and N-H bonds. The lower relative bond dissociation energy of the extended peptide
compared to that of the helical conformation is similar to results shown by others, however
the secondary structures were mimicked with the use of smaller peptide fragments.*** The
use of model pentapeptides enables the inclusion of intra-molecular hydrogen bond effects
of the secondary structural elements. The conformational dependence shown in the smaller
fragments was shown to be less in the pentapeptides computed herein, suggesting that the
diamide models may exclude the stabilization effect of intra-molecular hydrogen bonding.
The similarity of the BDE results computed at the 6-31G(d) and 6-311+G(d,p) basis sets
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indicate that the inclusion of diffuse functions and polarizable functions on hydrogen did not
significantly improve the BDE values. It is possible that capto-dative stabilization and the
larger number of delocalized electrons of the G5(C,) and the A5(C,) are reasons for the
relative stability. These results also agree with experimental results that state that "OH attack

at the C, position of Ala peptides are favored over Cp.**”!

5.4.2 Helical Unfolding

The use of computational chemistry enables the stability of radicals at specific sites and
the relative stability of otherwise transiently stabilized structures to be evaluated. This
information can help measure the thermodynamic functions and determine the stability of
folding intermediates, which can provide insight into unfolding mechanisms. Here, the AG®
values indicate that the unfolding of the G5 and A5 peptides from a 3,o-helix to an extended
conformation is favorable, but much more so when there is a C, present on residue 3. The
similarity between the AG® for the unfolding of G(N’), A5(Cy") and A5(N") to that of the
respective G5 and AS peptides suggests that the propensity of these structures to unfold is
not significantly greater than that of the G5 or A5 peptides. It has been shown that radical
formation on peptides causes peptides and proteins to unfold, and it has been hypothesized
as a possible mechanism for the aggregation of amyloid peptides.”**® These results indicate
that the unfolding of G5 and A5 are more favorable when a C, radical is present. If a radical
was to form at the C; or amide nitrogen, then a hydrogen transfer reaction is likely to
preclude unfolding. According to several experimental studies, intramolecular hydrogen

transfer reactions almost exclusively result in the formation of C, radicals.””” The
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unfolding of all investigated peptides results in an increase in entropy, which can also drive
peptides and proteins to unfold. The C; and amide nitrogen peptide radicals do not show a
significantly larger propensity than A5 or G5 to unfold. Therefore, radical-initiated

unfolding is likely to be a result of the formation of the C, radical.

5.4.3 Reactions of Pentapeptides with Reactive Oxygen Species

The results in a model peptide indicate that hydrogen abstraction by the ‘OH radical is
favorable from each of the three positions, which is consistent with what was shown in
model amides.'” This study also showed that abstraction from the amide nitrogen was the
least favored, which can be attributed to the relative stability of the amide bond. Hydrogen
abstraction from the amide nitrogen also had the largest change in entropy when G5 and A5
were in the helical conformation. The smaller gain in entropy can be observed in the
extended conformation because the intra-residue hydrogen bond in residue 3 is replaced with
a hydrogen bond between the carbonyl oxygen of residue 3 and the amide nitrogen of
residue 2. The reaction at the C, is the most endergonic and is enthalpy driven, due to the
stabilization discussed previously. In spite of the large endergonicity the associated gain in
entropy of reactions at the C, is less than at the other sites, though the differences are not
significantly different to that measured at the C; in the case of AS.

The reactivity of 'OH can be attributed to the high dissociation energy of the O-H bond
in H,O, which is 499.2 kJ mol™."”" Accordingly, reactions with the ‘OH radical are exergonic
at the C,, Cp and amide nitrogen sites in all conditions calculated herein. Despite being the

most endergonic, the largest gain in entropy was measured in the reactions with the O,”
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radical, which, in addition to the AH measured directly, indicates that the change in enthalpy

was the least favorable in this ROS.

These results indicate that a hydrogen atom from the C,, Cz and amide nitrogen can be
abstracted by "OH but not by HO," or O,". It is well known that the ‘OH is the most reactive,
but it has also been shown that ‘OH is more destructive when HO," or O, are present. A

hypothesis for this phenomenon is discussed in the next section.

5.4.4 Thermodynamic Cycles of H-Abstraction

As discussed previously, the oxidation of proteins has been shown to cause proteins to
unfold. Moreover, it has been hypothesized that radical-initiated protein unfolding is the
first step in the mechanism that causes the formation of the amyloid plaques, which are
hallmarks of Alzheimer's, Creutzfeld-Jakob, and Parkinson's diseases.'” The results
obtained herein allow for quantification of the thermodynamic parameters of this process
and enables the comparison of the propensity of "OH, HO," and O,” radicals to initiate this
process. The AH°, AG® and AS° for the oxidation of the helical G5 and A5 by 'OH are all
favorable, whereas oxidation by HO," and O," are not favorable. After the endothermic,
exergonic and entropically favorable unfolding of G5ue.” and ASue”, the AH® and AG® for the
formation of the reduced and extended G5 and A5 by H,O, and HO, are all negative.
Amyloid plaques are not radicals, so in this scheme, the extended G5 and A5 structures best
represent the amyloid plaques that have been associated with Alzheimer's disease, and can
therefore a suggest a role for H,O, and HO; in the formation of amyloid plaques. This

scheme illustrates how each step in the unfolding of G5 and A5 is favorable when "OH, H,O,
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and HO, are present, as shown by Davies et al., in which backbone cleavage and
degradation by "OH is exacerbated when H,O, and HO, are also present.'®**!'®* A schematic
comparison between the radical-initiated unfolding of G5 and AS peptides is shown in
Figures 23 and 24. The radical-initiated unfolding of a helix is more favorable than a

mechanism without a radical, which would likely involve less stable intermediates.
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Figure 23. Schematic representations of the AG® associated with the radical-initiated conversion of
ASueL to ASexr by "OH,(green), HO;" (blue) and O™ (red). The top panel shows the AG® for the reaction at
the C,, whereas the the middle and bottom panels show AG® for H abstraction from C, and the amide N,
respectively.

In Figure 25, competing mechanisms for the conversion of the helical G5 and A5 to and

extended G5° and A5" are shown. The G5 and AS5" are the forms in which the oxidized
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peptide can propagate, causing new C, radicalized peptides to form. The AG® values of the
unfolding of the peptide radicals show that the G5'exr and AS5'exr conformations of the
peptide radicals are more stable, therefore, with its longer half-life, the extended

conformations of the peptide radicals are likely to be more toxic.

Amyloidogenic peptides are generally helix forming. In order to form the extended
peptide radicals, the helices must either unfold prior to or after oxidation. As shown in

Figure 25, the unfolding of the peptides is exergonic for both pathways when oxidized by

‘OH; however, unfolding prior to oxidation is entropy-driven, whereas oxidation prior to
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Figure 25. AH°, AG® and AS® for the competing mechanisms of G5ug. (left panel) and ASug. (right panel)
converting to “GS5gxr and "ASgxr initiated by H abstraction from the C, of Gly® and Ala’, respectively, by
"OH, HO;" or O,". In mechanism one (upwards from GS5ug. or ASue.) the H abstraction precedes the
unfolding. In mechanism two (to the right from G5ur. or ASue) the unfolding precedes the H-abstraction.
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unfolding is enthalpy-driven. In a previous study in which the entropy per residue of homo-
oligomeric peptides was measured, it was shown that there is a greater entropy per each
residue added in the extended conformation than in the helical conformation.'” The entropy
contribution to the helical to extended equilibrium would favor the extended conformation in
native peptides, however it remains to be seen how peptide length will affect this equilibrium

when a C,, radical is present.

5.5 Comparison of the Unfolding of G5 to that of AS
5.5.1 Geometric Analysis

A greater decrease in N-C, and C,-C=0 bond length was shown in the G5 peptide than
for the AS peptide, whereas the latter peptide showed a greater decrease in the length of the
C,-R bond length when a C," radical was formed. The difference between the G5 and A5
peptides is the identity of the R group, which is a hydrogen atom in G5 and a methyl group
in AS. Since the sp® orbital of the methyl group is larger than the s orbital of hydrogen, it
can accommodate the unpaired electron from the C, to a larger degree than the s orbital of
the hydrogen can. This should be the reason for the larger decrease in the length of the C,-N
and C,-C=0 bonds shown in G5. This effect was observed both in the extended and helical
peptides in the C,’-containing peptides, but was not detected in the N'-containing peptides.

The increased delocalization observed after the C, radical formation caused residue 3 of
G5 and A5 to be more planar. Since the G5gxr was already within 1° of planarity, a greater
RMSD was observed in the A5(C, )exr than in the G5(C,")exr compared to the respective A5

and G5 structures. However, a larger RMSD was shown in G5(Cy)ur. than in the
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AS5(Cy)ueL, which can be attributed to the changes in the local (around the C,) electronic
environment, as observed in the changes in bond lengths surrounding the C,. As such,
formation of a C, radical induced larger changes in the structure of ASgxr than that of G5gxr,

whereas a larger change was observed in the structure of G5yg1, than was observed in ASyg;.

5.5.2 Thermodynamic Analysis

The dissociation energies of the G5 and A5 H-C, bonds are within 2 kJ mol" of each
other in the extended conformation, whereas the H-C, bond of A5 is slightly more labile (by
7 kJ mol') than G5 when the peptides are helices. The differences between the H-N
dissociation energies of the G5 and A5 peptides were less than 5 kJ mol”. Both the A5(Cy")
and G5(C,") peptides released more free energy during unfolding than their respective AS
and G5 peptides, however, the G5(C,") peptide releases 18.4 kJ mol” more free energy
during unfolding than the A5(C,") peptide does. This indicates that a peptide that has a
hydrogen abstracted from a Gly residue will have a greater tendency to unfold than when
hydrogen is abstracted from an Ala residue. Since this value for the hydrogen abstraction
comes from one residue, this AG® value could have a greater significance when multiple
residues are considered. Therefore, when considering the hydrogen abstraction from the C,
of peptides and proteins by free radicals, it can be assumed that regions that are rich in

glycyl residues would be particularly susceptible to conformational changes.
5.6 Comparing the MD Simulations to the Potential Energy Surfaces
The quantum chemically-derived Ala and Ala’ potential energy surfaces can be

compared to the Ramachandran map for the Ala and Alr residues at position 5 of the
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pentapeptides. The data points of the PES are the same as shown in Section 3.1.1. However,
in Figure 26, the IUPAC cut, which goes from -180° to 180° for ¢ and (J, is used to enable

comparisons to the Ramachandran maps to be made.
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Figure 26. The IUPAC “cut” of the Ala and Ala’ potential energy surfaces (top) and the density Ramachandran
map of the Ala5 and Alr5 residues.

It can be seen that the @ and ) angles of the most stable conformers of Ala agree well with
the highest populated @ and ) angles of the Ala5 structures. The Ramachandran maps and
potential energy surfaces show that the L conformational space is both lower in energy and
has a larger population of structures than that which can be found in the D conformational
space. The agreement between the @ and ) angles of the Ala” potential energy surface and
those of the Alr5 Ramachandran map is not as pronounced as those of Ala and Ala5, largely

because the global minimum of the Ala” PES has a relatively low population density in the

85



MD simulations. Instead, the minimum in the @ and ) equal to zero region has a higher
population density. Moreover, the distribution of the population density is wider along the
axis of the Alr Ramachandran map despite of the fact that the energy is lower along the ¢
axis of the Ala’ potential energy surface. These differences can be attributed to the tendency
of the peptide to form a turn to enable intra-molecular hydrogen bonding and to reduce the
solvent accessible surface area of the peptide. It is possible that the intramolecular hydrogen
bonding observed in the peptide is more favorable when the ¢ angle is near zero degrees than
when the ) angle is near zero degrees. However, the delineation of these and other
parameters used to compare the @ and  angles of single amino acids is still under
investigation, considering that the solvent and secondary structures can perturb the ideal ¢
and | angles of single amino acid residues.'”"'”” Both the quantum chemical and MD results
presented herein show the conversion of helical ¢ and () angles to planar ¢ and ) angles
after hydrogen atom abstraction, which corresponds to the conformations that are also
stabilized by the capto-dative effect. Both the potential energy surfaces from ab initio
methods and the Ramachandran maps from the MD simulations show the consequences of

this effect on the structure of the C”-centered peptide radical.
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6.0 CONCLUSIONS

The PES for the Gly, Gly" Ala and Ala’ structures show the stable conformers for these
residues. The Gly and Ala PES each contained 5 minima, which remained similar to the
geometries of the respective pre-reaction complexes and transition states in the hydrogen
abstraction reaction. Changes to the ¢ and () angles were shown upon the formation of the
post-reaction complexes, which where similar to the structures of the Gly' and Ala’
conformers. The first-order saddle points of the PES showed that the Gly residue loses its

flexibility when changed to Gly’, whereas the flexibility of Ala and Ala" is similar.

The stability of the B. conformer of Gly and Ala radicals was shown in transition state
and post-reaction van der Waals complex with the ‘OH radical. The (3. conformer of the Gly
and Ala radicals is stabilized by resonance and the capto-dative effect and it is suspected that
these factors also influence the stability of the transition state and van der Waals complexes.
The y and a conformers of the Gly transition state were of similar energy, whereas the Ala
side chain strongly destabilized the a conformers of the transition state structures. This
could inhibit the abstraction of hydrogen from residues other than glycine in helical peptides
and proteins. Given the similarity between the structures of H>O and "OH, the structure of
the complexes found herein should be similar to the structure of these complexes in the

presence of structural water.

The unfolded Gly" and Ala’ residues can be converted to Gly and Ala by H,O,, since the
energy of the system remains well-below the pre-"‘OH abstraction entrance. The conversion

of Gly and Ala to the 3 conformer shown in this work reveals a possible mechanism for the
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‘OH-initiated unfolding of peptides and proteins.

Here it has also been shown how a free radical can initiate the unfolding of a helical
peptide. Hydrogen atom abstraction from the C, of residue 3 of N-Ac-GGGGG-NH, and N-
Ac-AAAAA-NH, produces a radical that is stabilized by capto-dative and inductive effects,
with no effects shown on the structure neighboring residues. The conformation of both Ala*
and Gly’ becomes more planar, however, the secondary structural elements are conserved.
Hydrogen atom abstraction from the amide nitrogen eliminates the hydrogen bond with Ala',
but not Gly' in the helix and the hydrogen bond within residue 3 in the extended
conformation. The structural perturbations of the peptide containing the Cg radical are
negligible. An increase in the length of the amide bond is shown when the C, and amide
nitrogen radicals are formed, suggestive of a decrease in bond stability, which is not
observed when a radical forms at Cg.

The hydrogen abstraction reaction energies indicate that the C, radical is the most
stable, whereas the radical at the amide nitrogen is the least. The AG values for the
transition from the 3;-helix to the extended conformation indicated that the unfolding of the
peptides with the C, radical are the most favorable, followed by the those with the radical at
the amide nitrogen, whereas the propensity of A5(Cp)uee to unfold is similar to that of ASugr.
The secondary structure of a peptide has a strong influence on the H-C, bond, but not the H-
Cp, nor the N-H, which can protect the protein from radical-initiated hydrogen abstraction.
Hydrogen abstraction by ‘OH radical is the most favorable of the ROS studied, followed by

HO, and O™,
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The unfolding of the pentapeptides shown in the quantum chemical calculations was
also shown in the MD simulations. The Ramachandran maps of the central residue of the
hepta-alynyl peptide in its closed-shell and radical states were similar to the corresponding
potential energy surfaces of the Ala and Ala’ diamides. These representations showed that
planar conformations of the radicals were the most stable and the most abundant in the
radical and distinct from the stable and abundant conformations of the closed-shell residue,
which populated the more stable L conformations. Long-range interactions that stabilize turn
structures are possible reasons for the differences shown between the representations of the
radical, however future work could delineate the effect of long range interaction on peptide

structures.

The thermodynamic cycles of A5 and G5 indicate that the conversion of the peptide
helices to ASexr or GSgxr™ or are exergonic, exothermic and entropically favorable.
Therefore, the radical-initiated unfolding of ASur. and G5ueL 1s endothermic when initiated

by ‘'OH and terminated by a reducing agent.

This work provides new insight into the unfolding mechanism of peptides in the cellular

condition known as oxidative stress.
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A disszertacioban azt mutatjuk meg, hogy peptidekben kialakul6 szabadgyok centrum,
hogyan befolyasolja a peptidek masodlagos szerkezetét, és milyen szerkezeti valtozasokat tud
indukalni.

Annak eldontésére, hogy a glicin pro-L hidrogénatomjat lehet-e konnyebben
leszakitani, mint az ugyanolyan pozicidban 1évd alanin hidrogénjét, a reakcid kiinduldsi van
der Waals komplexeinek, &atmeneti allapotainak ¢és a reakcié utdni van der Waals
komplexeinek szerkezet és energidit szamitottuk a (3, yi, Yo, oL és dp konformerekre
MPWKCIS1K/6-311++G(3df,2p)//BHandHLYP/6-311+G(d,p) elméleti szinten.

A helikalis szerkezetek HO’, HO," és O," gyokok altal indukalt letekeredésének
(unfolding) mechanizmusat (1. abra) a kiilonb6z6 pozicidokbol toérténd hidrogén absztrakcids
reakcidk segitségével, valamint a reakciok termodinamikdjanak szamolasaval deritettiik fel.
Ehhez modell peptidekben a k6zépsé aminosavakbol képzett C, és amid nitrogénen kialakulo
gyokoket vizsgaltuk a G5 (N-Ac-GGGGG-NH,), valamint a C,, Cgés amid nitrogénen
centralt gyokoket az A5 (N-Ac-AAAAA-NH») esetekben a siirliségfunkciondl elmélet
felhasznaldsaval. A potencidlis energia-, standard entalpia-, standard szabadentalpia- ¢és
standard entropiavaltozasokat a reakciok soran a B3LYP /6-31G(d) és B3LYP/6-311+G(d,p)
elméleti szinteken szamoltuk ki a G5 és AS peptidekre, azok 3,o-helikalis és teljesen nyujtott
struktlrdin, kdvetve az absztrakcids reakciot, mind gaz fazisban, mind pedig CPCM implicit
vizmodell alkalmazasaval.

Ahhoz, hogy az o szénatomon létrejové szabad gyok hatdsat hosszabb
peptidekben és fehérjékben lehessen szimuldlni, hosszabb futasi idejii molekula dinamikai
(MD) szamolasokat alkalmazhatunk. Az Ala-bol képz6dd szabad gydkre 0ij paramétereket
fejlesztettiink ki az OPLS-AA er6térhez a kvantumkémiai és az OPLS-AA potencialenergia-
hiperfeliiletek kiilonbségének minimalasaval. Ezt az ij paraméter készletet hasznaltuk MD

szimulaci6 soran, hogy felderitsiikk az a szénatomon létrejott szabad gyok hatasat a hepta-

crer
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1. abra. Egy aminosav részegységnek szabad gyok inicializalt letekeredése sémadja.

soran jelentdsen megvaltozik a konformacio, és ezt a valtozast mindegyik aminosavegység
konformereire kovetni lehet a legkisebb energiaju uton keresztiil (kiszdmolva a belsé
reakciokoordinatat). A H-elvonasi reakciokban a Gly és az Ala (3. konformereinek atmeneti
allapota (TS) rendelkezik a legkisebb relativ energiaval. A TS-ekben az Ala oldallanca
jelentdsen destabilizalja az a konformereket a y konformerekhez képest. Lényeges kiilonbség
az Ala-tol, hogy a Gly esetében az a és ykonformerek H-elvonasi reakcioinak aktivalasi
energidja nem kiilonbozik jelentdsen. Ez a szerkezeti hatds gatolja a fehérjék hélixeiben a
kiralis aminosavakbol torténd hidrogénelvonasi reakciot. A gyokképzodést kovetd H-elvonas
atmeneti allapota a H,O, és Ala’, ill. Gly' reakciojaban is mintegy 90 kJ mol'-lal
alacsonyabban fekszik, a kezdeti 1épéshez viszonyitva. Ez azt sugallja, hogy a hidoxil gyok
képes a2 atmenetet okozni egy aminosav szekvenciaban, miutan a peptidgyok pl. a H,O»
segitségével normal peptiddé alakul vissza.

A G5 és A5 pentapeptidek esetén megmutattuk, hogy a H-elvondasi reakcidé az a-
szénatomon a legkedvezdbb, majd a [3-szénatomon, €s utdna az amid nitrogénen. A H-C,
kotés disszociacios energiajara nagy hatassal van a peptid masodlagos szerkezete, de ez a
hatas nem figyelhetd meg a H-CH, és H-N kotések esetén. A HO® gyok a legerdsebb
hidrogénelvono agens, ezt kdveti a HO,' és végiil az O,". Masodlagos szerkezeti elemek, mint
példaul a hidrogénhidak a 3,,-hélixben, védelmet nyudjtanak a gyokokkel szemben, géatolva a

kialakul6 elektron-delokalizacidt az a-szénatomon. Ezzel szemben a nyujtott szerkezet a
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gyokcentrum ¢€s a szomszédos peptidkotések delokalizacidjat segit eld. Az a-szénatomon
létrejott szabad gyokok jelentdsen eldsegitik a pentapeptidek letekeredését a zart
elektronszerkezetli pentapeptidekkel szemben. Megmutattuk, hogy csak a HO® képes a
pentapeptidek nyujtott szerkezetté torténd letekeredését inicializalni, és az a-szénatomon
1étrejott szabad gyokok miatt konnyebben letekeredik a G5 mint az AS.

Az jonnan kifejlesztett OPLS-AA torzids paraméterek jo egyezést mutattak az LMP2-
CCpVTZ(-f) hiperfeliilettel, mig a kovalens kotés paraméterei elhanyagolhatd mértékben
valtoztak az illesztés soran. Az \j paraméterezéssel végzett MD szimulaciok azt mutattak,
hogy az a-szénatomon levd gyokcentrumot tartalmazé aminosav (Alr) a nyujtott
konformaciot kedveli, és ezek a konformaciok megnovelik a y-, a- és Trturn-ok (kanyarok)
szamat, attol fliggden, hogy a szabad gyok melyik aminosavon talalhato. A magasabb rendii
struktirakat destabilizalja az Alr gyok jelenléte, kivéve, amikor ez az aminosav a 3 jp-hélix “i

Eredményeink egy 10j értelmezést adnak a fehérjék hibas felcsavarodasi mechanizmusara,

amiket a fehérjék részegységeinek a-szénatomrol térténd hidrogénelvonasa idéz eld.
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