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High-level quantum chemistry calculations have been carried out to invegtigaission reactions of alkoxyl
radicals located at the-carbon of a peptide backbone. This type of alkoxyl radical may undergo three possible
[-scission reactions, namely—C f-scission of the backbone,-ON f-scission of the backbone, and-®
S-scission of the side chain. We find that the rates for theOJ3-scission reactions are all very fast, with
rate constants of the order 2G&* that are essentially independent of the side chain. Th&l B-scission
reactions are all slow, with rate constants that range from3 1@ 10-4°s*. The rates of the €R j-scission
reactions depend on the side chain and range from moderately fast {Ltb very fast (1% s%). The rates

of the C—R f-scission reactions correlate well with the relative stabilities of the resultant side-chain product
radicals ¢R), as reflected in calculated radical stabilization energies (RSEs). The order of stabilities for the
side-chain fragment radicals for the natural amino acids is found to bes Béu < GIn ~ Leu~ Met ~ Lys

~ Arg < Asp ~ lle ~ Asn ~ Val < Ser~ Thr ~ Cys < Phe~ Tyr ~ His ~ Trp. We predict that for
side-chain C-R $3-scission reactions to effectively compete with the backbon€ @-scission reactions, the
side-chain fragment radicals would generally need an RSE greater8akJ mot*. Thus, the residues that
may lead to competitive side-chafhscission reactions are Ser, Thr, Cys, Phe, Tyr, His, and Trp.

1. Introduction namely$-scission, skeletal rearrangements, and 1,5-hydrogen
Radical-mediated protein damage has been implicated in aSh'f.tS'Sb'6 It might be expected that peptlde-backbone aIkoxyI_
number of diseases such as Alzheimer’s disease, atherosclerosi§ad|caIS will undergo the same types of reactions, as shown in

and diabetes as well as agihgRadicals may be formed in eactions 1, 2, and 3, respecitively.
biological systems through exogenous processes such as radia-

tion or reactions of toxic chemicals. Alternatively, they can be — R?N_cj’o + .C;Rz (1
formed through endogenous processes such as leakage from / H R 0
electron-transport chains and through enzyme-mediated redox P O e - O_CBZ
reactions’ In particular, reactive oxygen species (ROS) have RjN_(';_C;R NS ‘N-C- O @
been postulated to react with amino acid residues on both the H R O H R

backbone and the side chains. The resultant radicals are short- \ H

lived species and undergo isomerization and fragmentation — R Q Re 3)
reactions, leading to the production of further radicals that H'N‘g‘c\\o

propagate damage on protefhs.
Alkoxyl radicals are a particular class of short-lived ROS
that have been postulated to form through initial hydrogen

abstractions on alkyl side chains or on thkearbon of an amino . )
y evidence has been obtained for the occurrence of reacfibn 1.

acid residue. Their involvement in radical reactions on proteins This is b th i fast and invol hai
has been determined through the detection and characterization IS IS because the reactions are fast and can invoive chain

of hydroperoxides$, from which they can be formed via a processes, which makes it problematic to isolate the particular

tetroxide or via one-electron reduction reactions. It has been reaction of interest. An additional degree of complexity arises

established, both through experimental atmospheric and solutiont"’ec"’lu“:’e each of the three classes of reactions can in principle

chemistry studies and through theoretical computations, tha,[undergo three variations. For example, because there are three

alkoxyl radicals can inter alia undergo three classes of reactions,d'ﬁerem groups J°'”°id to tha-cqrbon, reaction 1 is just one
of three possiblgs-scission reactions that can occur, namely,

* E-mail: radom@chem.usyd.edu.au. p-scission of the €C bond (A),3-scission of the €N bond

T University of Sydney. ‘ ‘ _ (B), or g-scission of the side-chain-€R bond (C):

ECentre_of Excellence in Free Radical Chemistry and Biotechnology. Previous electron paramagnetic spectroscopy (EPR) spin-
Australian National University. . . .

O University of Calgary. trapping studies have suggested that process A predominates,

' Heart Research Institute. though the occurrence of other reactions could not be discoented.

Experimentally, it is difficult to obtain quantitative informa-
tion on the individual reactions, though some experimental
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Rl O R2 the GAUSSIAN 03* and MOLPRO 2002% computer pro-
/ H'N_C‘R * Co @) grams. Except when unrestricted (U) wave functions are required
. as part of a defined composite method such as CBS-QB3 or
Rl QO R2 R! o, Re2 G3(MP2)//UB3-LYP (see below), all CCSD(T) calculations
H,N—gc\\o H‘N' * R’C_C\\o ® were carried out with an unrestricted coupled-cluster procedure
1 based on an RHF starting point (designated URCCSD(T)), as
N Rl o & © defined in MOLPRO. All remaining calculations were carried

out with GAUSSIAN 03, including density functional theory
calculations, which used default grid sizes and functional
definitions.

In a recent assessment of theoretical methods for the
determination of accurate thermochemical properties foCC
[-scission reactions (A) of model peptide-backbone alkoxyl
radicals? we identified a number of procedures that would be
suitable for such investigations. B3-LYP/6-31G{t)eometries
were found to be reliable for single-point energy evaluations
with higher levels of theory. For the calculation of enthalpies

CHs and barriers, G3(MP2)//UB3-LYP and G3X(MP2)-RADBS
Hso\é/CHs gave results with an accuracy similar to that of more expensive
0O o o] c:) high-level methods, such as CBS-@B3and W1%° Cost-

H’N_d‘:c Rt
p

This was confirmed recently for a Gly-containing peptide
through product studiesThe investigations showed that the
a-alkoxyglycyl radical 8) derived froma-tert-butylperoxyN-
benzoylglycine methyl estel), through either photolysis or
reduction with tris-(triphenylphosphine) dichlororuthenium,
underwents-scission of theo-carbonr-carbonyl bond to give
N-formylbenzamide 4) in good yield’ i.e.,

& oy o -t-BuO C\N,CH‘C/O\CHS effective alternative procedures included UB3-LYP/6-30G-
O/ NG CHg ©/ H § (3df,2p)//UB3-LYP/6-31G(d), RB3-LYP/6-31G(3df,2p)//
o UB3-LYP/6-31G(d), UBMK/6-31%G(3df,2p)//UB3-LYP/6-
2 3 31G(d), and RBMK/6-31+G(3df,2p)//UB3-LYP/6-31G(d),
o o where BMK is the recently formulated kinetic functional of
. & . 0 Boese and MartiA! The assessment of theoretical methods is
O/ ﬁ H+ CCHg (4) extended in the present study to the I 5-scission pathway
(B) and the C-R 3-scission pathway (C). Geometries have been
optimized and harmonic frequencies, used to obtain zero-point
vibrational energies (with a scale factor of 0.98)6nave been
calculated using B3-LYP/6-31G(d). Energies were calculated
using a selection of the methods noted above to have performed
best for pathway A. Radical stabilization energies (RSEs) for
radicalseR have been calculated as the energy change in the
formal reaction:

As a first step in understanding tlfiescission reactions that
can take place in a protein undergoing oxidative stress, we
examine in this study which of the three possiftscission
reactions for ar-C alkoxyl radical are most likely to occur.

In a preliminary investigatiofithe three competing pathways
were investigated with B3-LYP/6-31G(d) for a model peptide
containing either a Gly or an Ala residue. The lowest fragmen-
tation barriers were found for the-€C S-scission pathway A

for both residues, in accord with experimental cR&taThe ) ] ] ) o )
differences in the calculated barriers between pathways A, B, -8 the difference in bond dissociation energies fors@Hd
and C for peptides containing a Gly or an Ala residue were RH. The RSEs provide a measure of the stabilities of the radicals

sufficiently large that conclusions about the most favorable °R relative to their closed-shell counterparts RH.

R+ CH, — RH + «CH,

pathway are likely to hold, despite a subsequent Stuidgt Stanglard. transition state theqry emplpying the harmonic
showed B3-LYP/6-31G(d) to give results of only moderate approximatioA® was used to obtain Arrhenius parameters (log
accuracy-’ k, log A, andE,) at 298 K. We note that all the reactions of the

In the present study, we examine in more detaildtseission present stuo_ly are unimolecular, and therefore,.the. activation
pathways A, B, and C, first by using higher levels of theory €nergyEa coincides withAH*, the enthalpy of activatioff:
than previously employed on the glycine and alanine peptide Some of the species in the present study have large confor-
models and, second, by examining a wider range of peptide mational flexibility, and it is not straightforward to choose
models to see how the thermochemistry and rates of reactiongeometries that allow consistent comparisons to be made for
change with the side chain. It has previously been found that Properties such as enthalpies, barriers, and Arrhenius parameters.
the activation energies fop-scission reactions are often FOr our present purposes, we have chosen geometries in which
determined largely by the stabilities of the daughter raditals. the backbone of the peptide chain is in an extended-chain
Therefore' we examine whether the |arge gap previous]y found conformation. The conformational Space of each of the side
between the barriers for-€C (A) and G-R (C) -scission chains is then explored to find the optimum side-chain config-
reactions decreases if the side-chain reactions involve residuegiration. In the calculation of RSEs for the radical fragments
that give rise to highly stabilized fragment radicals. We find resulting from cleavage of the side chain (see below), extended-
that the G-R f8-scission can indeed become competitive with chain conformations were again used throughout, with the
backbone G C S-scission in such circumstances. Attempts to assumption that a major part of the effect of conformation is
test this prediction experimentally have so far proved challeng- likely to cancel in a reaction such &R + CHs — RH + «CH.
ing.

g 3. Results and Discussion

2. Theoretical Methods 3.1. Effect of Level of Theory and Choice of Model on

Standard ab initio molecular orbital theéfyand density Calculated Reaction Enthalpies and Barriers.In previous
functional theory (DFT} calculations were carried out with ~ work,® we examined in detail the effect of the level of theory
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on reaction enthalpies and barriers for the-© -scission TABLE 1: Reaction Enthalpies and Barriers (0 K, kJ
pathway A in models for Ala peptide radicals. A primary Mol “) Calculated with Various Theoretical Techniques for
conclusion of that study was that large-basis-set calculations 5% Model C—C Backbone-Scission Reactions (/9

with the hybrid density functionals BMK and B3-LYP (either reactiort AH  AHlicon AHigdiion
unrestricted or restricted) give reasonable estimates of enthalpies Reaction A1
and barriers when compared with high-level composite methods CBS-QB3 3.k 24.4 21.2
such as W1, G3X(MP2)-RAD, and CBS-QB3. Sgé(('\T/I)l?)-R\//%TDZ”Bg g-a? %%4; 2295;0;
. CC- . . .

A notable result was the poor performance of M_P2 (with both URCCSD(TF;/cc—pVTZ//BS 32 322 29.0
restricted and unrestricted reference wave functions) for these UB3-LYP/6-311-G(3df,2p)//B3 54 23 P 18.2
calculations. This might be associated with the presence of a UBMK/6-311+G(3df,2p)//B3 13.° 35.8 22.8
low-lying excited state in alkoxyl radicad! Because the CBS- 8gggggg%%&%;dﬁ@)//% 22-264 4?1%302 12-539
QB3 and G3X(MP2)-RAD composite methods involve a RMP2/6-31G(d) 60 161 291

number of MP2 calculations, the reliability of these methods

could be called into question as a consequence of the poor Reaction A2
. . . CBS-QB3 -10.8 19.2 30.0
performance of MP2. In this regard, we found in our previous  g3x(\mp2)-RAD —13.8@ 239 37.
study’ that the CBS-QB3 and G3-type procedures gave con- URCCSD(T)/cc-pVTZ//BS ~11.9 24.1 36.1
sistent results, which suggests that these procedwessiving UB3-LYP/6-311G(3df,2p)//B3  —14.1° 20.4 34.3
reliable enthalpies and barriers. However, only a minimal UBMK/6-311+G(3df,2p)//B3 —12 217 349
number of external checks were made with high-level proce- ngévgégsgéﬂ;%;df’zmﬂ B3 7'850 42'228 3%'478
dures (SUCh as W1 and CCSD(T)) that do not involve MP2 RMP2/6-31G(d) _24_i 5_é 29_4._
calculations. This aspect is therefore examined further here. We Reaction A3
also examine the effect of the level of theory on reaction cgs.oB3 150 139 —1.2
enthalpies and barriers for pathways B and C of an Ala- G3X(MP2)-RAD 13.2 19.7° 5.6
containing peptide. URCCSD(T)/cc-pVTZ//IB3 13.7b 19.% 6.0
3.1.1. C-C 3-Scission Reaction (AJ.able 1 presents reaction BELI\D,APIZ/YGPL/S_]? i&%ggg;ﬁ%’é& 13'; %‘21:(1;] ?g
enthalpies and barriers for the—-C j-scission reactions via UMpWBlK/6_311_|_G,(3df’2p)//Bg 27.3 305 3.2
pathway A, as presented in Figure 1, for six model peptide- URCCSD(T)/6-31G(d) 29.7 32.0 2.3
backbone alkoxyl radicals. The six reactions have been selectedRMP2/6-31G(d) —3.4 —7.8 —44
to demonstrate the effect on the thermochemical parameters of Reaction A4
building up the peptide chain so as to increasingly simulate the CBS-QB3 -458 -4 4@

Ala radical center, leading up to the final reaction, which G3X(MP2)-RAD —51.9 2.9 49.7

UB3-LYP/6-31H-G(3df,2p)//B3 —60.8 -1.1° 59.7

represents our largest model of the peptide backbone (FigureUBMK/6-311+G(3df,2p)//B$ e 3 59 1
2). For reactions AT A3, the CBS-QB3 and G3X(MP2)-RAD UMPWB1K/6-311G(3df,2p)//B3 —45.8 9.1 54.9
results are compared with those of a large-basis-set (cc-pVTZ) URCCSD(T)/6-31G(d) —40.3 9.9 50.2
URCCSD(T) calculation. The enthalpy and barriers for reaction RMP2/6-31G(d) —85.9 437 42.2
Al are also calculated with UBD(T)/cc-pVTZ//UB3-LYP/6- Reaction A5

31G(d). In general, the high-level results are in good agreement G3X(MP2)-RAD -374  —02 37.6
with one another, suggesting that the basis-set corrections based’B3-LYP/6-311G(3df,2p)//B3 ~ —-31.6  —25 34.1
on MP2 calculations in the case of G3X(MP2)-RAD and the Reaction A6

pair-energies extrapolation in CBS-QB3 are not suffering from YB3-LYP/6-311G(3df,2p)//B3  —25.0 0.2 24.8

the same problems in the computation of enthalpies and barriers 2 See Figure 1 for details of the reactioA®eference 9¢ Calcula-

as does MP2 in isolation. Comparison of the RMP2/6-31G(d) tions have been performed on UB3-LYP/6-31G(d) (abbreviated B3)
and URCCSD(T)/6-31G(d) reaction enthalpies #hscission optim!zed geometries and include scaled (by 0.980&gro-point
barriers for reactions AtA4 (Table 1) shows marked differ-  Viorational energy.

ences, whereas the reverse (addition) barriers are in reasonabl
agreement with one another. This implies a poor performance
of MP2 for the reactant alkoxyl radical species, which has been
suggested previousyand needs to be borne in mind.

In some instances, there is a larger-than-expected difference,

between CBS-QB3 and G3X(MP2)-RAD. For ex?mple, the pathway B for the six model peptide-backbone alkoxy! radicals
addition barriers differ by approximately-8 kJ mol™ for all shown in Figure 3. Again, the six reactions have been chosen

four reactions for which a comparison is possible. In these cases; incrementally build up the peptide about the radical center
the G3X(MP2)-RAD results tend to be in better agreement with i, order to increasingly approximate an Ala radical center.
those for the large-basis-set URCCSD(T) and UBD(T) calcula-  aq found previously for pathway Athe high-level composite
tions. methods, G3X(MP2)-RAD and CBS-QB3, generally give results
As we reported previousB3-LYP/6-311G(3df,2p) and in reasonable agreement with one another. Table 2 also includes
BMK/6-311+G(3df,2p) offer cost-effective alternatives for the results with URCCSD(T)/cc-pVTZ//B3-LYP/6-31G(d) for reac-
calculation of reaction enthalpies and barriers. The results in tions B1-B3 and results with UBD(T)/cc-pVTZ//B3-LYP/6-
Table 1 suggest that B3-LYP generally underestimates th€ C ~ 31G(d) for reactions B1 and B2. The good agreement with the
backbonegs-scission barriers while BMK tends to overestimate results from the composite methods suggests, as for pathway
them. Table 1 also includes MPWB1K/6-3tG(3df,2p) results, A (Table 1), that the composite methods do not suffer from
which show a more severe overestimation of thecission problems associated with MP2 calculations. Where there are
barriers than the other DFT methods when compared with the discrepancies between G3X(MP2)-RAD and CBS-QB3, the

%3X(MP2)-RAD values. Interestingly, the barriers for the
reverse (addition) reactions show less sensitivity to the level of
theory.

3.1.2. C-N -Scission Reaction (BJ.able 2 presents reaction
nthalpies and barriers for the-®l 3-scission reactions via
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TABLE 2: Reaction Enthalpies and Barriers (0 K, kJ

H_g_c;H —>  HC + .C;H (A1) mol~?) Calculated with Various Theoretical Techniques for
H O o Six Model C—N Backbone-Scission Reactions (B)
Q H 0O | reactiort AH AH:cission AH;ddition
H_gac\‘o HfC/\CHS * ol WY Reaction B1
3 CBS-QB3 47.2 59.6 12.3
o G3X(MP2)-RAD 42.7 60.4 17.7
oo e wc® s N ) UBD(T)/cc-pVTZ//BP 44.7 60.4 15.7
&, 0 "CH, o URCCSD(T)/cc-pVTZ//IB8 43.9 59.6 15.7
UB3-LYP/6-311G(3df,2p)//B3 48.1 61.0 12.9
o O w oHC O UBMK/6-311+G(3df,2p)//B3 590 746 15.6
"N-C-C, —> " ON-C + C_ (A% UMPWB1K/6-311G(3df,2p)//B3  73.1 85.0 11.9
H' ¢H, O H CHj )
Reaction B2
o NH CBS-QB3 28.6 46.0 17.4
OHC, & NHe OHC &P +.c 2 435 G3X(MP2)-RAD 21.9 46.1 24.2
H n,0 H CHy O UBD(T)/cc-pVTZ//BP 23.3 46.3 23.0
URCCSD(T)/cc-pVTZ//B8 22.2 45.2 23.0
o) NHCH UB3-LYP/6-31H-G(3df,2p)//B3 22.8 47.3 24.5
HaCOC £ (NHCOHs HCOC O .ol ™) UBMK/6-311+G(3df,2p)//B3 315 577 26.2
H o &y, 0 H cH, O UMPWBI1K/6-311G(3df,2p)//B3  42.9 65.3 22.4
Figure 1. Six model peptides for the study of tifescission of the CBS-QB3 Reaction B:7%O 4 90.8 0.4
C—C backbone bond from am-C-centered alkoxyl radical. G3X(MP2)-RAD 66.3 935 579
URCCSD(T)/cc-pVTZ//IBS 65.2 91.5 26.2
UB3-LYP/6-311-G(3df,2p)//B3  56.9 86.9 30.0
UBMK/6-311+G(3df,2p)//B3 72.9 103.2 30.3
UMPWB1K/6-31HG(3df,2p)/B3 88.1  114.9 26.8
Reaction B4
CBS-QB3 24.5 41.1 16.5
G3X(MP2)-RAD 23.7
UB3-LYP/6-31H-G(3df,2p)//B3 10.6 42.3 31.7
UBMK/6-311+G(3df,2p)//B3 19.5 52.9 334
Figure 2. B3-LYP/6-31G(d) optimized structure of the peptide- UMPWBI1K/6-31HG(3df,2p)//B3  29.4 56.0 26.6
backbone alkoxyl-radical reactant of reactions A6, B6, and C5{CH Reaction B5
CONH—C(0s)CH;—CONHCH;; see Figures 1, 3, and 4), which G3X(MP2)-RAD 56.4 98.4 42.0
represents our largest model system. UB3-LYP/6-31HG(3df,2p)//B3 433 81.8 385
. Reaction B6
CCSD(T) and BD(T) results tend to be closer to those obtained UB3-LYP/6-31H-G(3df,2p)//B3 32.7 82.0 49.3

from G3X(MP2)-RAD.

. . aSee Figure 3 for details of the reactioA<alculations have been

The_ D,FT fqnctlonals, B3-LYP, BMK, gnd MPWBIK in performed on UB3-LYP/6-31G(d) (abbreviated B3) optimized geom-
association with the 6-33—16(3df,2p) basis set', were alsq etries and include scaled (by 0.988&)ero-point vibrational energy.
assessed for the calculation of reaction enthalpies and barriers

for model peptide-backbone alkoxyl radicals underggirggis- H. o 0
sion via pathway B. As for pathway A, B3-LYP and BMK offer gveH = oNH + HCL B
cost-effective alternatives for achieving good accuracy. The H
results of Table 2 suggest that BMK tends to overestimates H © 0
[S-scission barriers for pathway B as does B3-LYP, albeit to a HN‘g;H > NH + H‘CTCHS (B2)
lesser extent. 3

3.1.3._ C-R ﬂ-Scis_sion Rea_ction (C_)?I'able 3 presents OHG. ¢ OHC. o
enthalpies and barriers for five peptide-backbone alkoxyl HN-(,?-H - Nt H-C. (B3)
radicals undergoingg-scission via pathway C, as shown in CH, 8
Figure 4. Observations on the sensitivity of the reaction H O NH, a  NH
enthalpies and barriers to the level of theory are similar to those HiN—Q—CLO —> °NH + M CTC—C;O ?B4)
made for pathways A and B. CH, o

3.1.4_1. Performance #aluation.To ql_Jantlfy the observations OHC, o NH, oHC. o NH,
regarding the performance of the various levels of theory, Table H'N_Q_C\\O — Ne + C-C (B5)
4 presents the mean absolute deviation (MAD), mean deviation Ha H  HC 0
(MD), and largest deviation (LD) fror_n the GB)_((MPZ)-RAD_ H,COOC., ) NHCH,  H,COC. 0. NHCH,
results for each of these procedures in calculating the reaction N-C-C =~ — » Ne +  C-C{ (B6)

H ¢n,0 H  HiC o

enthalpies and barriers for all the reactions of pathways A, B,
and C. These statistics indicate that UB3-LYP/6-8GI(3df,- Figure 3. Six model peptides for the study of tifescission of the
2p)//UB3-LYP/6-31G(d) provides an attractive cost-effective C—N backbone bond from aa-C-centered alkoxyl radical.
alternative to G3X(MP2)-RAD in the prediction of reaction
barriers and enthalpies. The statistics of Table 4 indicate that,and C provide a means of assessing what system size is suitable
at least for the present systems, BMK appears not to perform for reliably representing the cleavage reactions. It has been noted
as well as B3-LYP, in contrast to previous observatidns. previously® that convergence of calculated RSEs foiC-

3.1.5. Model Size Considerationghe results for the model  centered radicals is achieved once the backbone formally
systems of Figures 1, 3, and 4 for each of the pathways A, B, contains an amide functionality on both sides of the radical
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TABLE 3: Reaction Enthalpies and Barriers (0 K, kJ
mol~1) Calculated with Various Theoretical Techniques for
Five Model C—R Side-Chain f-Scission Reactions (&)

Wood et al.

TABLE 4: Performance of Various Theoretical Methods for
the Calculation of #-Scission Reaction Enthalpies and
Barriers?2

reactiort AH  AHLion AHidiion theoretical procedure AH  AHiion  AHigdiion

Reaction C1 MAD®
CBS-QB3 36.4 61.3 24.9 CBS-QB3 4.3 29 7.2
G3X(MP2)-RAD 326 643 31.6 UB3-LYP/6-311-G(3df,2p)//B3 5.6 4.8 4.0
UBD(T)/cc-pVTZ/IBP 370 677 30.8 UBMK/6-311+G(3df,2p)//B3 9.0 8.3 3.2
URCCSD(T)/cc-pVTZ//BS 36.1 66.8 30.7 UMPWB1K/6-31H-G(3df,2p)//B3 19.9 16.0 5.0
UB3-LYP/6-311-G(3df,2p)//B3 352  60.6 25.5 MD<
UBMK/6-311+G(3df,2p)//B3 491 763 27.2 CBS-OB3 143  —29 7
UMPWB1K/6-31+G(3df,2p)//B®  50.7  73.7 23.1 UB3-LYP/6-311G(3df, 2p)//B3 586 28 —01

Reaction C2 UBMK/6-311+G(3df,2p)//B3 +8.3 +8.1 —-0.2
CBS-QB3 38.7 52.4 13.8 UMPWB1K/6-31H-G(3df,2p)//B3 +19.9 +16.0 -39
G3X(MP2)-RAD 331 541 21.0 LD¢
URCCSD(T)/cc-pVTZ//BS 35.7 57.0 21.2 CBS-QB3 +6.7 _5o —94
UB3-LYP/6-311+G(3df,2p)//B3 385  60.0 215 UB3-LYP/6-311-G(3df,2p)//B3  —13.1 —16.6  —10.8
UBMK/6-311+G(3df,2p)//B3 47.8 68.0 20.1 ~
UMPWR1K/6-31 LG (3df 20)/B3 60.3 76.6 16.3 UBMK/6-311+G(3df,2p)//B3 +16.5 +14.2 +10.0

- (3df,2p)//B2 : : : UMPWB1K/6-31H-G(3df,2p)//B3 +30.4 +246  —9.7

CBS-QB3 Reaction CE4 3 37.2 415 a Calculations have been performed on UB3-LYP/6-31G(d) (ab-
G3X(MP2)-RAD -89 421 50.9 breviated B3) optimized geometries and include scaled (by 0.9806)
URCCSD(T)/cc-pVTZ//BS 86 42.2 50.8 zero-point vibrational energy. Energy units are kJ mhot Mean
UB3-LYP/6-311-G(3df,2p)//B3 —15.8 35.1 50.9 absolute deviation from G3X(MP2)-RADMean deviation from
UBMK/6-311+G(3df,2[:;)//B3‘ -78 411 48.9 G3X(MP2)-RAD. 9 Largest deviation from G3X(MP2)-RAD.
UMPWB1K/6-31H-G(3df,2p)//B3 10.4 55.1 44.7

Reaction C4 for AH gnd Aszdmon, resp_ectively. For pathway C, the
G3X(MP2)-RAD -30.1 29.2 59.3 changes in going from reaction C4 to C5 are 6.4, 7.1, and 0.7
UB3-LYP/6-311G(3df,2p)/B3 ~ —29.9 319 61.8 kJ molt for AHY, .., AH, andAH? ..., respectively.
UBMK/6-311+G(3df, 2p)//B3 —19.8 388 8.6 3.1.6. Competing Pathways A, B, andTe calculations in
UMPWB1K/6-31H-G(3df,2p)//B3 —18.2 36.2 54.4 T P .

Reaction C5 this section gllqw us to compare the_barrlers for the three
UB3-LYP/6-311-G(3df,2p)//B3 208 38.3 611 possible g-scission reactions of peptide-backbone alkoxyl

aSee Figure 4 for details of the reactiofi€alculations have been
performed on UB3-LYP/6-31G(d) (abbreviated B3) optimized geom-
etries and include scaled (by 0.988&ero-point vibrational energy.

o)
H-C-H —> «CHy + C. 1
Cre H " H n
5 ;
H-C-G “— «CHy + O Nt (@
CHO 8
oHc, © Q
N-C-H  —= «CHy + OHC G ()
H CH, H
OHC, NH X
\ —(:D—C\\ 2 “CHy + OHC\N,C\ NH; (4
H CH3O H 'O'
o} Q
HsCOC, @ NHCH, HaCOC, & NHCH,
,N—Q— A, —_— °CH3 + NC (C5)
H o &y, 0 H &

Figure 4. Five model peptides for the study of tj§escission of the
C—R side-chain bond from an-C-centered alkoxyl radical.

center. The results given in Tables-3 indicate that the
backbone needs to be aff leastthis size to obtain convergence
in the enthalpies and barriers féscission reactions. The final
two reactions in each sequence of models for pathways A, B,
and C involve the formal substitution of hydrogen with methyl

radicals at an Ala residue. These indicate an order of preference
A > C > B; this preference for the €C -scission pathway A
is in accord with previous experimerftal and theoreticdldata.
For the largest model systems, the thermochemical parameters
indicate that the €C backbonef-scission reaction (A) is
essentially barrierless (0.2 kJ m&). The 5-scission reaction
leading to C-CHjz side-chain fragmentation (C) has a higher
barrier of 38.3 kJ matt, while the C-N backbone3-scission
reaction (B) has a still higher barrier (82.0 kJ mdl

3.2. Side-Chain Dependenceéur discussion up to now has
focused on th@-scission reactions of an alkoxyl radical located
at an Ala residue of a peptide. Calculated barriers indicate that
pathway A is favored in this case. Experimental product analysis
of a Gly containing peptide found that pathway A predominates
also for this residué However, because the ratesicission
reactions of alkoxyl radicals are sensitively dependent on the
stability of the radical that is form@&gland because more highly
stabilized radical products could potentially be formed for other
side chains, this may result in the-® S-scission pathway C
becoming competitive with pathway A. To probe these ideas,
we begin by examining whether a correlation exists between
the calculated radical stabilization energy (RSE) of the fragment
radical, on the one hand, and the barriers and enthalpies of the
side-chairs-scission reactions af-C-centered alkoxyl radicals,
on the other.

3.2.1. Radical Stabilization Energie3able 5 shows the
radical stabilization energies calculated with G3X(MP2)-RAD

capping groups. For pathway A, this substitution is accompanied of radicals formed from the homolytic bond cleavage of the

by a small change in thg-scission barrier height (of 2.7 kJ
mol~1 between A5 and A6 with UB3-LYP/6-3#1G(3df,2p)//
UB3-LYP/6-31G(d)). The changes in the reaction enthalpy and
the addition barrier are slightly greater at 6.6 and 9.3 kJ ol
respectively. In an equivalent formal substitution for the models

o-C—R bond, where R is the side chain. The table compares
the RSEs for the R groups of all the natural amino acids except
for Gly and Pro.

The Ala side-chain fragment radical dé€Hs, which has an
RSE of zero by definition. The remaining amino acid side chains

of pathway B, the differences between reactions B5 and B6 aregive RSEs that are all positive, i.e., the radicals are relatively

+
scission

similar: 0.2 kJ mot? for AH and 10.6 and 10.8 kJ ntdi

more stable than theCH3 of alanine. The ordering of RSEs
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TABLE 5: Radical Stabilization Energies of Side-Chain TABLE 6: Calculated Arrhenius Parameters and Reaction
Fragment Radicals ¢R) Formed from the Homolytic Enthalpies for the Three Possiblgs-Scission Reactions of an
Cleavage of thea-C—R Bond (R = Side Chain) of the o-C-Centered Alkoxyl Radical on a Model Peptide
Natural Amino Acids? Containing Specific Amino Acid Residues8
Ala®  Glu¢ GInd Lewr Met Lys? Argh Asp llel pathway Ala Leu Val Phe
0.0 6.1 11.2 115 128 131 135 224 241 C—C j-Scission (A)
Ea 0.9 11.5 3.7 10.7
Asnk  Vall Sef Thr" Cys® Phe Tyr9 His® Trp log A 14.1 13.7 13.4 13.9
log k 13.2 11.7 12.8 12.0
244 255 335 373 394 595 615 619 622 AH 550 337 319 _a10
a Calculated with G3X(MP2)-RAD ta0 K in units of kJ mot?. N R.Cpicai
> «CH. ¢ «CH;CH,COOH. ¢ «CH,CH,CONH,. € «CH,CH(CHs). E gn o psdsson(®) 89,7
' *CH2CHSCHs. & ¢CHaCH,CH2CHoNH. log A 14.8 132 133 14.4
" «CH,CH,CHoNHC(NH)NH,. ' «CH,COOH.) «CH(CHs)CH,CHs. log k 07 a5 37 13
k OCHzCONHz. ! OCH(CH3)2. m 'CHZOH. n OCH(OH)CHg ° .CHQSH. AH 32.7 24.4 221 49.0

P OCHz_CaHs. a 'CHz_CaH4—OH. r -CHg-imidazole.S-CHz-indole. .
C—R f-Scission (C)

for the different R groups is Alac Glu < GIn ~ Leu ~ Met Ea 39.5 22.6 9.0 7.7
log A 14.3 13.2 13.0 13.3

~ Lys ~ Arg < Asp~ lle ~ Asn~ Val < Ser~ Thr ~ Cys log k 6.6 93 11.4 11.9

< Phe~ Tyr ~ His ~ Trp. AH -22.8 —45.4 —-61.9 —-79.8

We expect that the rates of reaction for side-chain cleavage
will increase as the RSE of the side-chain fragment increases.
To test this hypothesis, we begin by calculating barriers for the

threte_ﬂ-_sussu?arjl pathhw?/yT (A’PE’ ’ angl q C) _?:] model _jystems the theoretical procedures and peptide models &s&dhey
containing an Ala, Leu, vVal, or Fné residue. These residues werey provide insight into the dependence/&cission rates on

chogen to Spa.”.‘he range of RSEs given n Tablg o, thus residue type. The €C p-scission rates are all very fast and
providing a sufficient spectrum of enthalpies and barriers so as essentially independent of the nature of the side chain, with
to give reasonable insights into the side-chain dependence ofIog Kk lying between 11.7 and 13.2. The-® B-scission ratés

the reaction rates. We note that preliminary conformational on the other hand are éll very sI(;vv. There is a variation in rate
studies of model systems containing other residues such as AS%onstants as a function of side chéin of 4 orders of magnitude
and Asn showed that intramolecular hydrogen bonding made it .. log k ranging from—0.7 to —4.5. The rate constants for '
difficult to choose an appropriate conformation that represented the side-chain cleavage bathway. C show an even stronger

a realistic proteln-bound peptu_je fragmept. This unld have dependence on the residue type, with the rate constant increasing
hampered a consistent comparisorgedcission enthalpies and rapidly as the RSE of the side-chain fragment increases. The

nave alkyl Side chains that do not make srong inernal hydrogenCAicuIated RSES provide an approsimate basis o which o select
bonds to the backbone amide functionalities reS|dL_Jes that are most likely to hav_e c_ompeﬂtweR_‘ﬁ-smsm_on_
On the basis of the results of the previous s.ection the model reactions. For val, _the rate g-scission of th_e s_|de chal_n IS
' 1.4 orders of magnitude less than the C-scission reaction

;ysitedmstk:hatg WEbuse tﬁ |tnyest|gate ttﬂams;&onl_riactlons ith of the backbone. Side-chain fragment radicals with RSEs greater
Include the backbone 1hat Incorporates amide inkages wWith y,, approximately 30 kJ niol are likely to have fast side-

methyl capping groups formally substituted on each side of the chain g-scission reactions, with Io ~ 12 + 1. As the RSE

a-C, ie., increases above 30 kJ mé) it is likely that the side-chain
. B-scission reaction will increasingly compete with-C -scis-
8 O><R H sion of the backbone. With an RSE of 59.5 kJ miplthe
HaC” ﬁ 8’ “CHg fragment produced from the-€R f-scission reaction of Phe is
associated with a side-chajftscission rate constant that is

This should represent a reasonable model for estimating ratesapproximately the same as that for the C-scission reaction.
of reaction in a protein-bound peptide. Unfortunately, this system Fragments that have RSEs greater than 59.5 kJmale
is already sufficiently large to prevent the use of methods such e€xpected to provide even stronger candidates for competitive
as G3X(MP2)-RAD with our currently available resources. We Side-chain cleavage. The natural amino acids that give rise to
have therefore used B3-LYP/6-3tG(3df,2p)//B3-LYP/6-31G- side-chain fragments with calculated RSEs greater than 30 kJ
(d), which our assessment study suggests should provide amol~*include Ser, Thr, Cys, Phe, Tyr, His, and Trp. Attempts
reliable cost-effective alternative to G3X(MP2)-RAD. to provide direct experimental evidence for the theoretical

3.2.2. Calculated Rate Parameter§able 6 presents the prediction of competitive side-chain cleavage in a manner
Arrhenius activation energiek), preexponential factors (given ~ Similar to the approach described by reaction 4 for a Gly-
as logA), and rate constants (given as lgfor fragmentation ~ containing peptide have not yet been successful.
pathways A, B, and C, obtained on the basis of B3-LYP/6-  3.2.3. Why Are the €C fj-Scission Reactions Fast®s
311+G(3df,2p)//B3-LYP/6-31G(d) calculations using the har- indicated in the previous section, side-chain fragment radicals
monic approximation. Also included are the calculated reaction that have large RSEs result in-® f-scission reactions with
enthalpies 80 K (AH). The species investigated include model large rate constants. Similar considerations apply to th€C
peptides containing an Ala, Leu, Val, or Phe residue. p-scission reactions, where the radical prodw@@NHCH;)

We note in the first place that the A factors for the three has a large RSE of 37.4 kJ mé}*°® consistent with the large
pathways are all very similar, with lo§ lying between 13.0 calculated rates. Significantly smaller rate constants are found
and 14.8, which is consistent with results of other theoretical for 5-scission reactions of non-peptide-related alkoxyl radicals.
studies of alkoxy)3-scission reaction&.Although our calculated For instance, in an experimental study of 11 simple alkoxyl
rates are only expected to be of moderate accuracy because ofadicals3® the largest rate constant was found to be ap-

a Calculated within the harmonic approximation at 298 K using UB3-
LYP/6-311+G(3df,2p)//UB3-LYP/6-31G(d).
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proximately 18 s~ for the decomposition of the 2-methyl-2-
butoxyl radical (CHCH,(CH3),COs) to give the ethyl radical,

Wood et al.

TABLE 7: Comparison of Empirical and Directly
Calculated Arrhenius Activation Energies (Ea, KJ Mol 1)

consistent with the RSE for the ethyl radical of just 16.3 kJ  pathway IE E.(emp} Es(empy Ey(calc)
mol~1,

While the RSE provides a quick and convenient indication 6.03 C_Czﬁés7°'35'°” (A)29 0 09
of how fast the reaction might go, it is a less direct measure Le{t 6.93 236 29.0 115
than the reaction enthalpy. The-C f-scission reactions of val 6.93 242 29.0 37
the present study are all exothermic, with reaction enthalpies Phe 6.93 19.9 29.0 10.7
ranging from—25.0 to —44.0 kJ mot?! (see Table 6). This C—N p-Scission (B)
shows that the €C bond adjacent to the alkoxyl radical is weak Ala 9.67 75.0 57.6 84.1
and easily ruptured, which is reflected not only in fhscission Leu 9.67 72.0 57.6 101.1
rate but also in long reactant bond lengths. For instance, in the ~ Val 9.67 71.1 57.6 96.7

; Phe 9.67 80.9 57.6 89.7
model system for Phe, the reactantC bond length is 1.606
A compared with normal €C lengths of~1.54 A. This can C—R p-Scission (C)
be rationalized in terms of a strong contribution from the ﬁla %-g% 52‘;% g%% 3;;56
nonbonded resonance structure to the overall reactant wave Vzllj 748 189 347 90
function, i.e., Phe 7.29 10.6 32.8 7.7
5 O nhx a Derived from the calculated reaction enthalpyH, kJ mol?, Table
NHX | 6) and the ionization energy (IE, eV) of the radical fragment, using
Y & <o Y_Ft ’ <\o the empirical relationship of Atkinso#. P Derived from the calculated

ionization energy and the number of H atoms attached to the alkoxy

- . carbon, using the empirical relationship of Raj¢z.
The effect of stabilized radical products on the enthalpy of

reaction and hence the rate of reaction can be more clearly seemyeneral trends for rate constants but do not describe more subtle
for the series of €R f-scission reactions. The rates of these differences. This may be a result of the marked differences
reactions vary by 6 orders of magnitude depending on the between the species in the present study compared with those
stability of the radical that is formed, and follow the reaction used to derive the SARs. For example, although the empirical

enthalpies £22.8 to—79.8 kJ mot?; see Table 6) as well as
the RSEs (0.639.5 kJ mot?; see Table 5). Again, the larger
the rate constant, the weaker the R bond and the more easily

activation energies derived from the Atkinson parameters (Table
7) show the general pattern of the calculated values, i.e., high
for C—N S-scission reactions and lower for<C backbone and

it is ruptured. This is clearly demonstrated by the progression C—R side-chains-scission reactions, deviations between the

in the C-R bond lengths for the different residues investigated
in this study, i.e., Ala 1.538, Leu 1.583, Val 1.603, and Phe
1.600 A.

3.2.4. Empirical Rate Relationship&Experimental studies
have led to the derivation of empirical relationships to predict
Arrhenius parameters of thg-scission reactions of alkoxyl
radicals. For example, Choo and Ben¥dmave proposed that
the activation energ¥, is given by

E,=a+ bAH

whereAH is the reaction enthalpy,is a constant with the value

explicitly calculated and empirically estimated activation ener-
gies can be large. The best agreement is seen for-tie €ide-
chaing-scission reactions. This is consistent with the empirical
relationships having been derived from data for alkyl-substituted
alkoxyl radicals producing alkyl radical fragments. Other more
recently derived empirical relationships, which do not involve
the reaction enthalpy, have proved to be more accurate in
reproducing rate constants for certain sets of cleavage reactions,
e.g.%d

E,= 10.46IE+ 8.7, — 43.51

1.58, andhis a parameter that depends on the ionization energy where the IEs are again in eV, is the number of H atoms

of the alkyl radical fragmenta = 8.8 x IE — 25.9, where the

attached to the alkoxy carbon, and we have converted all the

IEs are in eV and we have converted all the remaining energy remaining energy units to kJ mdl Unfortunately, relationships

units to kJ mot?. Since the initial proposal of this equatiéh,

of this latter type do not give good absolute agreement with

improved values for the parameters have been developed by &he directly calculated activation energies for the present systems

number of research groups. For example, Atkitdoefined
the parameters with a larger data set and propasedL0.0 x

IE — 33.9 andb = 0.36. The large dependence on the ionization
energy reflects the tight transition structure with significant
polarization® i.e.,

(0+)R----C==0 (8-)

Other researchers have developed struetastivity relation-

and, in addition, are not suitable for making the subtle
distinctions between many of the activation energies because
they do not distinguish between different reactions that produce
the same fragment radical (Table 7).

4. Conclusions

Arrhenius parameters have been calculated for models of the
three types of-scission reactions involving an alkoxyl radical
located at thex-carbon position of a peptide. The parameters
have been obtained for the Ala, Leu, Val, and Phe residues to

ships (SARs) that only depend on the ionization energy of the illustrate the effect of variation in the side chain. We find that

products® or on the nature of the alkoxy! radic#l.
We have investigated the applicability of a number of these

the rates of GC backbones-scission are all fast, with rate
constants on the order of &1, consistent with previous EPR

correlations to the alkoxyl radicals of the present study, using data®® The G-N backbones-scission reactions are all found

theoretical ionization energies (calculated with CBS-QB3) and
enthalpies (calculated with UB3-LYP/6-31G(3df,2p)//UB3-
LYP/6-31G(d)). We find that the empirical methods can provide

to have very small rate constants that range fromf-2@ 10707
s~ The side-chain €R fS-scission reactions have a range of
rate constants that depend on the side chain (R). The rate
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constants are found to increase as the stability of the daughterishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,

radical ¢R) resulting from the side-chajfrscission increases.
We predict that alkoxy! radicgb-scission reactions from an

X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A,;

a-C-centered radical on a peptide involving side-chain daughter Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
radicals that have radical stabilization energies greater thanA- D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D;

approximately 30 kJ mol are likely to compete with the
backbone G-C f-scission reaction. The residues identified in
this study that are likely to display this behavior include Ser,
Thr, Cys, Phe, Tyr, His, and Trp.
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