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Abstract: Ab initio calculations at the B3LYP/6-31G(d) level of theory were carried out on selected cyclic
hydrogen-bonded (H-bonded) dimers of glycine and alanine as modefssioeets and on th&C-centered
radicals derived from them. The structures mirrored the cycles found in the H-bonded network of parallel and
antiparallels-sheet secondary structure, and were otimized both with and without enforcement of constraints
on the®,W torsion angles. Transition structures for the migration of an H atom frofiCasite to anothetC

site or to an S atom were located. It was found that the presence of a H-bonded strghdluget has little

effect on the*C—H bond dissociation enthalpy (BDE) of glycine but raises the BDE of other residues by a
significant amount. Theparallel 5-sheet structure and®,W angles lead to a significant increase in BDE,
relative to the random coil structure, due to loss of captodative stabilizatiorarithgarallel 5-sheet structure
and®,¥ angles do not lead to a significant increase in BDE. All residues incorporajedtieet secondary
structure, with the exception of glycine, are protected from oxidative damage becau¥e-thebond is
internal to the sheet and inaccessible to oxidizing radicals. Glycine is susceptible to oxidative damage because
it has a secontiC—H bond which is exposed. Among residues in secondary structures, only glycine is susceptible
to damage by weak oxidants such as thiyl radicals and superoxide, provided it is in an antifashbet.
Radical damage may propagate readily from one strand to another abg@stiket, but not within thg-sheet.
[B-Sheet structure narrows the difference between the gifyH BDE and S-H BDE and facilitates interstrand

H atom transfer between the glycyC site and the S atom of cysteine.

Introduction are captodatively stabilizedl. Consequently, thermochemistry
lprovides no barrier to strong oxidizing species such as hydroxyl
or alkoxyl radicals, and even weaker oxydizing species such as
superoxide (@~ )/hydroperoxyl (HOO) and thiyl radicals (RS
can abstract a hydrogen atom fromesite in an exothermic
reaction. The consequences of formation of s¥Chcentered
radicals have been widely discusse#? Under normal aerobic
conditions such radicals react rapidly with dissolved molecular
oxygen leading to the formation of superoxide and/or hydro-
peroxides and ultimately to the rupture of the protein backbone.
The stability of*C-centered radicals depends on the particular
residue under attack and could be measured by the strength of
the *C—H bond. However, no bond dissociation enthalpies
(BDEs) of *C—H bonds are available experimentally. Modern
dheoretical/computational techniques are now able to provide
structures and energies of model peptides which are large
enough to reflect the local protein environment. We have
initially used these methods to obtain valueef;, the BDE
at 298 K, for the residues of glycihand the amino acids with
smaller aliphatic side chains: alanine, serine, threohine,

In the past decade there has been a rapid growth of interes
in free radicals in proteins. Except in a few casesch radicals
arise from the action of more reactive oxidizing radical species
(ROS). ROS are generated as a result of “mistakes” in the
normal metabolic functions having to do with oxygen transport
in red blood cells and its reduction in mitochonckfain the
detoxification of extraneous chemicals in the livéand through
ionizing radiatior? The probability of the formation of free
radicals in proteins depends on two factors, thermochemistry
and opportunity. In other words, reactions that produce free
radicals should be exothermic (or if endothermic, by not more
than a few kJ moit), and hindered by modest activation barriers
else the reactions would be too slow to be of physiological
importance. Second, the reagents must be able to achieve th
geometry required for the transition state for the reaction, an
important primary requirement being that they can get together
in the first place. Hitherto, we have focused our attention on
backbone radicals of the polypeptide chain, since such radicals
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prolinel? and cysteiné3 Application of the same methods to 0 WR
the anhydrides of glycine and alanine gave good agreement with H/t\?/ AN
experiment?* Subsequently, theC—H BDEs of all amino acid 0 4 bl poR
residues have been theoretically calculdtexhd predicted to
be in the range 336370 kJ mot?, low enough for the residues
to react with even the milder oxidizing species under circum-
stances where the residues are exposed and in an unstructured y ' _ .
(random coil) environment. H/g\N/V\c/N\H b wg W AT

However, real protein structure consists of a complex scaffold, bl A N

. . H v H

the tertiary structure, assembled from smaller structural units Vool R2
consisting of helices, sheets, and turns, which are in turn
assembled from regions of the polypeptide polymer interlinked antiparaliel
by H-bonds or disulfide bridges. In previous wdfk}® the
effects of some of these secondary element§@nH BDEs oy
and activation enthalpies for H-atom transfer have been probed H\N/B AN A
by the simple expedient of imposing constraints in thaP ﬁ LR
torsion angles. The captodative stabilizatiéof the*C radical, e
which underlies the anomalously low BDEs and enthalpies of ~ # . b y
activation, is diminished as these angles deviate from®180 ooy N K4 \ﬁ By
(coplanarity of the peptide backbone). As a consequence, it was “\N/H\E/’!' y ™~ H 0 H\N/H AN A
predicted theoretically that thee-helical secondary structuréd( ! b \ﬁ A
= —45° W = —60°) confers protection on theC—H bond LN
toward oxidative damage, but antiparaffetheet ¢ = —150, .5
W = +150) does not. In the latter case, the BDE rises only by parallel
about 10 kJ motl. It was argued, but not verified, that the
involvement of both the donor and acceptor amide units in
H-bonding, should not have a significant effect on BDE.
Similarly the activation energy for H-atom abstraction by, say (3,5) network of H-bonds. Accommodation of the H-bonds and
a thiyl or other radical, should parallel the changes in BDE, side chain repulsions also causes a pleating with smaller torsion
provided the structure necessary for the transition state couldangles, ® = —12(°, W = +115 (again approximately,
be achieved. depending on the specific residues).

The-sheet secondary structure is of special significance for  For either parallel or antiparallel orientation, the disposition
two reasons. First, the formation g¢f-sheet structure in  of the strand as being on the edge of a sheet or internal to it
amyloidogenic proteins appears to be a precursor to their may be a factor to be considered. Abstraction of eifi@rH
damaging role in diseases such as Alzheimer's Dis&ase. bond of a (5,5) cycle of an antiparallgisheet yields a radical
Second, as discussed above, the thermochemical barriers t@f typeR1 (Figure 1), which is characterized by a reorientation
radical formation imposed by the typical range of tieW of the side chain toward the middle of the cycle. We previously
torsion angles (at least in the antiparallel variation) have been speculated that such reorientation may raise the BDE if the side
predicted not to be high enough to prevent reaction with reactive chain is larger than P In the case where the strand is internal
oxidizing species (ROS). In the present work, we examine the to the sheet, the radical will also have a (3,3) H-bonding
effect of f-sheet structure on the susceptibility of t@&—H network. Abstraction of a®C—H from the “3” bridge of an
site to oxidative damage by explicit calculations on hydrogen antiparallels-sheet also yields thiR1 radical, if the strand is
bonded dimers of model peptide glycine and alanine units internal to a sheet. A different radicd®2, is obtained if the
arranged in parallel and antiparallel fashion, with and without strand is at an edge. IR2, the side chain igxoto the cycle,
imposition of the appropriatg-sheet constraints. The parents oriented to a position unhindered by the presence of an adjacent
and derived radicals are shown in Figure 1, with the specific strand. Anotheexoradical, R3, is obtained by abstraction of
parent models indicated by the bracketstiparallel 3-sheets an“C—H from the “3” bridge of aparallel 5-sheet, provided
have two or more strands in extended conformation with head- the strand is at an edge. A fourth radical of ty4, is obtained
to-tail regiochemistry, connected by alternating (3,3) and (5,5) by removal of the*C—H bond from the “5” bridge of the (3,5)
H-bonded networks. Minimization of repulsive interactions cycle of the paralleB-sheet.
between the side chains forcespkeating of the sheet with It is not known to what extent the structural features
torsion angles,® = —150°, W = +150C (approximately, (principally the®,W angles) of the pleated sheets are maintained
depending on the residues), causing the side chains to be orientednce the*C-centered radical is formed. Some information on
approximately perpendicular to the average plane of the sheetthis point may be derived by optimization of the H-bonded
and the*C—H bonds to be pointing toward each other more or dimeric structures with and without imposition of the appropriate
less in the plane of the sheet. The adjacent strands pkitadiel constraints on the, W torsion angles.

fB-sheet run in the same direction and are bound by a repeating
Computational Methods

Figure 1. Models for antiparallel and parallgtsheets: four distinct
“C radicals arise.

(12) Block, D. A.; Yu, D.; Armstrong, D. A.; Rauk, ACan. J. Chem.

1998 76, 1042-1049. All calculations were carried out at the B3LYP level of theory using
(13) Rauk, A.; Yu, D.; Armstrong, D. AJ. Am. Chem. Sod998 120, the 6-31G(d) basis set as implemented in the Gaussian 94 and 98 suites
8848-8855. of programs-” Geometry optimizations were carried out to the point

A 814():ﬁ§21$s§2’cMb;e\r’;\(ﬁy?ghgﬁlzféé\ﬂfg/é\grfig?gg’ D.A;Yu, D Rauk,  yhat successive steps produced no more than & Hartree (0.03 kJ

(15) Rauk, A.. Yu, D.; Taylor, J.; Shustov, G. V.; Block, D. A.: mol~%) change in the energy. T€—H BDE for the modelPH(res)
Armstrong, D. A.Biochemistryl999 38, 9089-9096. is defined as the heat of reactionAlH«)°, where the specific amino
(16) Orpiszewski, J.; Benson, M. D. Mol. Biol. 1999 289, 413-428. acid residue can be indicated by inserting the conventional abbreviation
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Table 1. Total Energies and Zero Point Vibrational Energies (ZPVE) of Optimized/Btieet-Constrained Structures

type of fully optimized [-sheet constraints
structure radical E (hartrees) ZPVE (kJ mot) E (hartrees)
Antiparallel (5,5)
PH(Gly):--PH(Gly) (5,5) —755.83504 544.0 —755.83321
aP(Gly)---PH(Gly) R1 —755.19139 509.7 —755.18490
PH(Gly):--PH(Ala) (5,5) —795.15134 619.3 —795.15037
ap(Gly)---PH(Ala) R1 —794.50781 584.8 —794.50207
oP+(Ala)---PH(Gly) R1 —794.50433 585.3 —794.49999
Antiparallel (3,3)
PH(Gly)---PH(Gly) (3,3) —755.83444 548.7 —755.81759
P+(Gly)---PH(Gly) R2 —755.19116 511.5 —755.17712
Parallel (3,5)
PH(Gly):--PH(Gly) (3,5) —755.83518 546.9 —755.82132
aP(Gly)---PH(Gly) R3 —755.19129 511.5 —755.15941
PH(Gly):--*P*(Gly) R4 —755.18876 —755.16446
Transition Structures (5,5)
TS(“P*(Gly)---PH(Gly)) —755.15266 499.5
TS(CH3SPH(Gly)-+-PH(Gly)) —1193.87533
TS(CHsSPH(Gly)---PH(Ala)) —1233.19254

(Gly, Ala, etc.) in place of “res” in parentheses. If calculated directly, the calculated endothermicity of the reaction

o ) J %C—H+ -S —TS—°C' + —S—H
NN I, = Y, o
5 A% o R ’

Z—

is 12 kJ mot? higher than the value obtained after isodesmic corrections
for the *C—H and S-H BDEs were made. We therefore assume that

PH(res) “Pe(res) the calculated activation enthalpy is also too highhhif this amount,

and predict a forward activation enthalpy which is 6 kJ mdbwer.

AHqy° is subject to a substantial computational error, being calculated This procedure has no effect on the calculated enthalpy of activation
to be about 20 kJ mot too low. As a means of reducing errors due to  of H transfer from®C to “C.
basis set and correlation effects, BDEs were derived from the heats of
isodesmic reaction$.Here reaction 2 was used withbNCH,COOH

(Dacy = 331.0 kJ mot?)? as the reference moleculaH. Results

The B3LYP/6-31G(d) energies of all species are collected
P'(res)+ AH = PH(res)+ A’ @) in Table 1. Selected structures are shown in subsequent Figures
beginning in Figure 2. Two derived properties are collected in
Table 2, the binding energy, BE, of the dimeric complex (i.e.,
Dei(PH) = Dey(AH) — AH 3) the energy required to dissociate the complex into monomeric
units optimized the same way), aridey, the *C—H bond

whereAHy°was calculated from the energies of the four species in eq dissociation er_1tha|py. Activation parameters for H atom transfer
2 each computed at the B3LYP/6-31G(d) level of theory. This procedure are collected in Table 3.
has been shown to yielBcy(PH) values with an accuracy within 10
kJ mol 1734 Structures of several of the most stable conformations of Discussion
the parent residue model peptide antiparallel and parallel H-bonded
dimers and the derivetC-centered radicals were obtained. Harmonic Parent H-Bonded Dimers. Unconstrained Optimizations:
vibrational frequency analysis at the B3LYP/6-31G(d) level was Parent Structural FeaturesLacking a chiral center, the
performed on the structures optimized with no constraints for the optimized structure of the glycine model peptide monomer has
purpose of estimating the zero point vibrational energy (ZPVE). The 4 planar skeleton an@s symmetry’ The optimized H-bonded
calculated ZPVE was scaled by 0.98 and assumed to be the same fordimer in the antiparallel (5,5) cycl@H(Gly)-+PH(GIY) (5,5)
structures optimized witld, W angle constraints. . . . -

is shown in Figure 2a. The structure is also planar, viith

Transition structures for the transfer of &@—H hydrogen atom to - R I
the S atom of a thiyl radical, or to anoth&Z-center in the (5,5) cycle symmetry. The NH-O=C separation is 1.96 A, indicative of

of the antiparalleB-sheet were located. Since the device of isodesmic @ strong H-bond, although the<D---H angle, 175, is far from
reactions cannot be used directly to reduce errors in the predictedthe optimum value (approximately 120 The two inward-
activation parameters, we adjust the potential curve for the reaction to pointing methylene groups are displaced from each other and
the isodesmically predicted difference in BDEs. Specifically, for both just out of van der Waals contact. The alanine residue is
of the cases discussed below, whér& angle constraints are imposed, prototypical of most of the remaining amino acids whose side

(17) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. w.; droups begin with a methylene group. The structure of the
Johnson, B. G.; Robb, M. A; Cheeseman, J. R.; Keith, T. A.; Petersson, PH(Gly) moiety in PH(Gly)---PH(Ala) (5,5), Figure 3a, is
G. A;; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrewski,  almost identical to that ifPH(Gly)---PH(Gly) (5,5), as is the

V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; _ : : e i
Nanayakkara, A.; Challacombe, M.; Peng, C. Y. Ayala, P. Y.. Chen, W H-bonding network. However, in theH(Ala) of this simple

Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L. model, the principal features of the pleated antipargisheet
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head- are already apparent, namely the torsion angless —154°,

Gordon, M.; Gonzalez, C.; Pople, J. Saussian 94 SGIl-revision B.3; — i i
Gaussian. Inc.. Pittsburgh. PA. 1095, W = 159, which are close to our generic values, and the

(18) Hehre, W. J.; Ditchfield, R.; Radom, L.; Pople, J.JAAmM. Chem. orientation of the (methyl) side group is perpendicular to the
So0c.197Q 92, 4796-4816. average plane.

Then one has:




4188 J. Am. Chem. Soc., Vol. 122, No. 17, 2000

. 1750 7
., N 4
N 196 5 Y
o )j( N‘P:z-":f,-\
LR W e
7] md \
.f?l © \ﬁ - ,b
”:—':’Q”;N ?’ o
y, /
e ~~8 «,«z“‘d\N 5;;
; : 3, hY
7 3,
i) T
[PH(GIY)> 6,5) - Ot N 8
7
N 1270 -80°
Vi ‘E (Dy,}}*"“”)
o iN oy 2
U et T I
b 2ot iy }._V“?N
G‘W 65‘
O&m« «?" N (o}
4
A
o - 7 PHGRL GY)
0 e
7 1888
‘ FN7T e \QN
% 4 1790
\ 4 e :?&@
(TR W AL 1213 €
“ g < \
1 .98\\ “(: 1790 \‘f’ DY
g K 1410 ;}w"“ o
N ~o J
{ 1.95 ~o=4G N
[PH(GIy)], B,5)

Figure 2. The dimer ofPH(Gly) fully optimized models for: (a) the
(5,5) cycle of an antiparallgl-sheet, (b) the (3,3) cycle of an antiparallel
f-sheet, (c) the (3,5) cycle of a paralj@isheet.

Table 2. Binding Energies, BE, of the H-bonded Complexes and
Bond Dissociation Enthalpie®cp, of the ®C—H Bonds, in kJ
mol~*

fully optimized j-sheet constraints

type of
structure radical BE Dch BE Dch
Antiparallel (5,5)
PH(Gly)---PH(Gly) (5,5) 72.6 74.3
AP(Gly)---PH(Gly). R1 64.4 358.6 67.6 370.8
PH(Gly)---PH(Ala) (5,5) 72.2 74.4
AP(Gly)---PH(Ala) R1 64.5 358.1 67.9 370.6
3P+(Ala)---PH(Gly) R1 49.0 367.7 57.1 376.6
Antiparallel (3,3)

PH(Gly)---PH(Gly) (3,3) 66.4 28.7
4P*(Gly)---PH(Gly) R2 62.0 354.8 45.4 347.4
Parallel (3,5)

PH(Gly)---PH(Gly) (3,5) 70.2 53.8
4P(Gly)---PH(Gly) R3 62.4 358.2 52.5 405.5
PH(Gly)---P*(Gly) R4 55.7 364.8 65.7 389.9

Rauk and Armstrong

this is 72 kJ mot? for the (5,5) cycle, botlPH(Gly)---PH(Gly)

and PH(Gly)---PH(Ala) having virtually the same binding
energy. The values listed for the optimized (3,3) and (3,5) cycles
are not relevant here since, as noted above, the structures are
not compatible with being in an extend@dsheet formation.

We return to this point in our discussion of the constrained
structures below.

Constrained OptimizationsThe structure ofPH(Gly)-:-
PH(Ala) (5,5), optimized with the torsion angles of both
PH(Gly) and PH(Ala) constrained to the generic antiparallel
[B-sheet valuesp = —150°, W = 15, is shown in Figure 3b.
The H-bonding network is hardly perturbed by the constraints.
The same is true for the parePH(Gly)---PH(Gly) in the (5,5)
configuration (not shown) but not in the (3,3) and (3,5)
configurations which are shown in Figures 4a and 5a, respec-
tively. For the (3,5) cycle, the parallgtsheet constraintsp
= —120¢°, ¥ = 117, were imposed. It is noteworthy that the
generic paralleB-sheet torsion angles do not impose as severe
a deformation from planarity as that found in the fully optimized
structures involving “3” bridges shown in b and c of Figure 2.
The BE values of the two constrained (5,5) cyclic structures
are again the same, 74 kJ mbland also similar to those found
in the unconstrained optimizations. In sharp contrast, the (3,3)
cycle has a much lower BE, 29 kJ mél In an extended
antiparallelg-sheet, there are equal numbers of (5,5) and (3,3)
cycles, suggesting an average binding energy per cycle of 52
kJ mol™%, a value almost identical to that found for the (3,5)
cycle, 54 kJ mot!, which comprises the parallgs-sheet
secondary structure.

Radicals. The situation for many of the radicals is more
complex than the parents and the properties of the unconstrained
andf-sheet-constrained structures are therefore best discussed
together.

Structures of Typ&1 The structures of the parent dimers,
PH(Gly)---PH(Gly) (5,5) (Figure 2a) andPH(Gly)---PH(Ala)
(5,5) (Figure 3a), are hardly perturbed upon conversion of the
PH(Gly) moiety to the“C-centered radical in the absence of
pB-sheet constraints. The structure*®f(Gly)---PH(Ala) R1is
shown in Figure 6a. The=O---H distances are 0.19 A longer
than in the parent, the largest change in torsion angle is 12
and the frameworks of the two moieties are essentially coplanar.
In short, there is room within the (5,5) cycle to accommodate
the remaining*H atom of the planatC radical site. The same
is not true of the methyl group ofP*(Ala) (Figure 6b). To
accommodate the plan&€ radical site, the two components,
“pP*(Ala) andPH(Gly), are forced out of the desirable coplanar
arrangement into an almost perpendicular orientatitie angle

As seen in Figure 2b, The antiparallel (3,3) cycle, unsupported between the average planes®®¥(Ala) and PH(Gly) is about

by flanking (5,5) cycles, optimizes to a structuRH(Gly)---
PH(Gly) (3,3), with an almost optimum H-bonding network,
but at the expense of a highly distorted skeleton it —80°,

W =75 (or ® = 80°, W = —75°). A similar consequence is
seen in the (3,5) cycle of the parallel orientati®(Gly)---
PH(GIly) (3,5), in Figure 2c. The “3” bridge is folded witl®

= 80°, W = —72°, and the “5” bridge has an almost planar
framework. The H-bond angles at=0©, 137 and 142, are
close to optimum, and as in the (3,3) cycle, the ske@---H

70°. In addition, both fragments are distinctly nonplanar with
torsion anglesp = —157, ¥ = 170° and® = —158, ¥ =
162, respectively.

Generation of a radical site at th€ site causes the remaining
group at that site to move into the plane, which in the dimer,
coincides with the plane of the H-bonding network. Thus, steric
considerations will affect the BE of the radieglarent pair. In
addition, delocalization of the radical character over the heavy
atom skeleton, as represented by the resonance structures shown

distances are indicative of strong H-bonds. It is apparent thatin Scheme 1, may potentially modify the intrinsic H-bonding

unlike the (5,5) cycle, neither of the fully optimized (3,3) nor

characteristics of the radical relative to those of the parent. As

(3,5) cyclic structures is compatible with being part of extended can be seen in Table 2, the BE of the unconstrained (5,5) cycles,

f-sheet secondary structure.
Unconstrained Optimizations: Parent Binding Energiéise

“P*(Gly)---PH(Gly) R1 and *P*(Gly)---PH(Ala) R1, are es-
sentially the same, 64 kJ md| but lower by 8 kJ moi* than

binding energies, BE, listed in Table 2 are an indication of the that of the parent (5,5) dimers. As expected from the highly

strength of the H-bonds. In the fully optimized structures,

distorted structure, the BE ¢fP*(Ala)---PH(Gly) R1, 49 kJ
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Table 3. Calculated AH*.., and CorrectedAH*c,,, Enthalpies of Activatioh

AH#calc AH#corrb
reaction (kJ mol?) (kJ mol?)

PH(Gly)-+*PH(Gly) (5,5) + CHsS — TS(CH3;SPH(Gly)-+-PH(Gly)) 39.3 33
4P(Gly)---PH(Gly) R1 + CH3SH— TS(CH3SPH(Gly):--PH(Gly)) 17.5 23
PH(Gly)--PH(AIa) (5,5)+ CHsS — TS(CH3SPH(Gly)---PH(Ala)) 39.2 33
P(Gly)---PH(Ala) R1 + CH3SH— TS(CH3SPH(Gly)---PH(Ala)) 174 23
4P(Gly)---PH(Gly) R1 — TS(*P*(Gly)---PH(Gly)) 91.7 (75)

“P+(Gly) + PH(Gly) — TS(*P*(Gly)---PH(Gly)) 27.3

2 See Figure 7 for structures of transition staj@s&Sheet constraints except as noteBotential curve fitted to difference i##C—H and S-H
BDEs (see Computational Method®)ZPE corrections are adopted from the corresponding monomers (reéf@pjimized with no constraints.
d Relative tof-sheet constrained dimer.

0.

4
g ~ao ya
) o ) ) o A\ 1,92 Q=

Figure 3. PH(Gly)---PH(Ala) (5,5)optimized with: (a) no constraints, \ 0 N
(b) constraintgh = —150¢°, ¥ = 150°. ) ; )

Figure 5. Parallels-sheet constraintsp = —120°, ¥ = 115: (a)
PH(Gly)-+-PH(Gly) (3,5), (b) *P*(Gly):--PH(Gly) R3, (c) PH(Gly)--
-ap(Gly) R4.

A
3

the case ofP*(Ala):--PH(Gly) R1 (see Table 2). These small
effects are in accord with the minor structural changes caused
by these constraints.

Structures of Typ&2. The situation is more complicated for
the antiparallel (3,3) cycle:P*(Gly)---PH(Gly) R2. The opti-
mized structure is not shown but, as in the case of the parent
system (Figure 2b), optimization without constraints results in
a buckled structure for theH(Gly) moiety and the formation
of an additional intraresidue H-bond which is not possible as
part of 5-sheet structure. However, the radical fragmé&rt;
(Gly), optimized to a planar structure. One would expect this
to be the case even if the adjacent strand were constrained to
) p-sheet torsion angles, a fact that is confirmed by/gtsheet-
Qm”‘a o] “\%;1 ) constrained structure ¢#*(Gly)---PH(Gly) R2 in Figure 4b

0 m\% N which is relatively unperturbed from that of the parent. The
’ binding energy is 17 kJ mot higher than the parent (Figure
4a). Steric factors are not important for either species so one
must attribute the stronger H-bonds to electronic effects. The
shorter=0---H distances support this view. Note that radicals
mol~1, is lower by 15 kJ mol® than that ofP*(Gly)---PH(Gly) of type R2 differ from type R1 in that they are at an edge of
R1 or *P*(Gly)---PH(Ala) R1, and by 23 kJ mot! relative to the -sheet. Steric considerations that are important for type

Figure 4. Antiparallel 5-sheet constraintsp = —15¢°, ¥ = 150°:
(a) PH(Gly)---PH(Gly) (3,3), (b) *P*(Gly)---PH(Gly) R2.

the that of the parent. R1, as demonstrated in the case *f(Ala)---PH(Gly) R1
Imposition of 5-sheet constraints causes the BE of the (5,5) discussed above, do not apply for type R2.
cycles to increase by 3 kJ nm@lin the case oftP*(Gly):-- Structures of TypeRR3 and R4. The structures of the

PH(Gly) R1 and“P*(Gly)---PH(Ala) R1, and by 8 kJ maitin parallel (3,5) cycle¥P*(Gly)---PH(Gly) R3, (at the “3” bridge),
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Figure 6. Unconstrained typ&1 radicals: (a)*P*(Gly)---PH(Ala),
(b) *P*(Ala)---PH(Gly).

Scheme 1
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and *P*(Gly)---PH(Gly) R4, (at the “5” bridge), with torsion
angles constrained to paralekheet values, are shown in Figure
5, parts b and c, respectively. TheO---H bond distances of
the former are slightly shorter although the BE of the latter is
greater by 13 kJ mol, and greater by 12 kJ ndl than that of
the parent (Figure 5a). Unconstrained optimizatioARXGly)-
--PH(Gly) R3 yields a planar structure for the cycle, wit
symmetry, while only theP*(Gly) component of*P*(Gly)---
PH(Gly) R4 is planar. It is noted again that the type R3 radical
is at an edge of the parallgtsheet. Thus, the in-plane position

of a side chain of a residue other than glycine does not pose

steric problems. However, type R4 radicals, like R1, will face

severe steric hindrance in positioning the side chain. This is
expected to be even more severe (given that a (3,5) cycle ha:

a smaller interior cavity than a (5,5) cycle), but we did not test
this hypothesis with an alanine residue, as in the caséwf
(Ala)---PH(Gly) R1.

“C—H Bond Dissociation Enthalpies, dp. Values of Dcy
obtained by both3-sheet constrained and unconstrained opti-

S
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Dcn by a further 12 kJ mot! to 371 kJ mot?. In isolated PH-
(Gly) with the same8-sheet constraintf)cy = 361 kJ mot1.1!
Thus, the effect of H-bonding is to raiSg by a small amount.

It is likely that Dcy of the glycyl residue in an antiparallel
B-sheet will be somewhat less than 371 kJ mhpkince some
relaxatiort® of the radical structure will take place even though
its cross-ring partner is held in place by the rest of fkgheet
network. Thus, th&éC—H bond strength of the glycine residue
in such an environment is comparable to that of a sulfhydryl
S—H bond (367 kJ mai),’2 and the conclusion is that it is
thermodynamically feasible for a thiyl radical (R® exchange

a H atom with a glycyl*C-centered radical. We examine the
question of kinetic feasibility, that is, the activation energy for
the process, below.

We note that in the case of the (3,3) cycle yielding the
pB-sheet-constrained edge-positioned type R2 radi€aGly)-
+*PH(Gly) R2, Dcy = 347 kJ mot? (Table 2). This value is
lower by 14 kJ mot?! than that of the the similarly constrained
but isolated peptideRH(Gly). Thus, in this case, H-bonding to
the C=0 and N-H immediately flanking the formal radical
site lowers the strength of t&C—H bond. This consequence
may be due to a significant contribution of the middle resonance
structure shown in Scheme 1. Again, the ability to relax the
radical somewhat may lower this value even further. These
considerations may apply to most other amino acid residues at
the edges of antiparall¢l-sheets, since steric factors are less
important. Thus, the edge strand of an antipar@isheet may
be particularly susceptible to oxidative damage at the outside
“3” position of a (3,3) cycle.

The Parallel-SheetThe angular constraintdy = —120,
¥ = 117, of a parallelg-sheet raise the energy of the parent
(monomeric) systemPH(Gly), by a modest 10 kJ mol, but
they have a much larger effect on the radigal(Gly), raising
its energy by 64 kJ mot. The difference translates directly
into an increase in bond strengtBcy = 404 kJ mot1.20 In
effect, all captodative stabilization of the radical is lost upon
such severe deformation from planarity. This consequence is
also seen in the data on tfiesheet constrained (3,5) cycles in
Table 2.Dcy = 406 kJ mot? at the “3” bridge, andDcy =
390 kJ mot? at the “5” bridge. Relaxation of the radical moiety
will lower these values to some extent. However, it is unlikely
that they will approach the bond strength of the-REbond.
Thus the®C—H bond of glycine, and presumably any other
residue, in a paralleB-sheet is too strong to be damaged by
the weaker oxidizing radicals such as*RBOQC, and Q°~.

Activation Energies: Reaction with Thiyl Radicals/e have

mizations are listed in Table 2. A quick perusal reveals that Previously predicted that thiyl radicals, modeled by {Stiare

Dchn for glycine in the fully optimized structures fall in the
narrow range 355365 kJ mot?! for the fully optimized

able to abstraa H atom from isolate®H(Gly) with enthalpy
of activation of 27 kJ moi1.12 The transition structures for the

H-bonded structures. These values are to be compared with 35g€action of CHS' with PH(Gly)---PH(GIy) (5,5)andPH(Gly)-

kJ mol?, the value oDcy for isolatedPH(Gly).” An immediate
first conclusion is that H-bonding to a neighboring strand
increases the bond strength of t€—H bond by a modest
5—15 kJ moft™ through electronic and/or steric effects. For the
alanyl radical, the latter effect is obviously the principal
component of the increase D¢y of the ®C—H bond—the
optimized value in Table 2, 368 kJ m@) is 23 kJ mot! higher
than the value derived for isolaté®?H(Ala), 345 kJ mot1.1!

As was found in the case of BE values, comparisoDgj of
the PH(Gly) parts of PH(Gly)---PH(Gly) (5,5) and PH(Gly)-
--PH(Ala) (5,5) suggests that the strength of tHeé—H bond is

independent of the cross-ring residue in a (5,5) cycle. The sam

is true when the structures are constrained to haghsheet

torsion angles. The effect of the constraint though is to increase

--PH(Ala) (5,5) at the glycyl site, optimized with thg-sheet
constraints, are shown in Figure 7, parts a and b, respectively.
The geometric parameters of the two are almost identical,
showing little perturbation by the presence of the methyl group.
The H atom is almost midway between the S &Qdcenters.
This corresponds to a proportionally greater stretch of@eH

bond and a late transition state. Enthalpies

(19) Even in secondary structure, the parent residues should exist in
conformations close to their optimum. However, the optimum geometry of
the “C radical is significantly different from that of the parent, and some
shift toward the optimum value will occur despite constraints imposed by

esecondary structure. Such “relaxation” is not permitted in our torsion angle

constrained optimizations, and thus an upper limit of tGe-H BDE is
expected.
(20) Rauk, A.; Armstrong, D. A. Unpublished results.
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Figure 7. Transition struct‘ures: (8)S(CH3sSPH(Gly)-+-PH(Gly)),
(b) TS(CH3SPH(Gly)---PH(Ala)), (c) TS(*P*(Gly):--PH(Gly)).

of activation are listed in Table 3. The enthalpy of activation
of the forward reaction,

CH,S + PH(Gly):*-PH(res)—
CH,SH + “P*(Gly)---PH(res)

where res= Gly or Ala, is 33 kJ mot? for both systems, after

J. Am. Chem. Soc., Vol. 122, No. 17, 2601®1

narity and H-bonding inherent in this structure would narrow
the energy difference betwetC—H and S-H BDEs and
facilitate the reversible H atom transfer.

Activation Energies: Chain to Chain propagatiofhe data
in Table 3 and the transition structure shown in Figure 7c are
pertinent to the question, “Once formed, how easy is it for
damage to migrate from or€-site to another?” The structure
of the fully optimized TSTS(*P*(Gly)---PH(Gly)), represents
the critical stage for migration of the H atom from an intact
glycyl residue to the*C-centered radical site of another. The
structure isC, symmetric as a consequence of the antiparallel
regiochemistry. If one considelsS(*P*(Gly)---PH(Gly)) to be
the TS for propagation of damage from an unconstrained R1
radical across the (5,5) cycle, it is evident that the normal
H-bonding framework of the (5,5) cycle is completely disrupted,
although some attraction is evident in the ske@:---H distances
(1.97 A). The enthalpy of activation is predicted to be 92 kJ
mol~L. If one starts from thgd-sheet-constrained R1 structure,
the activation enthalpy is 75 kJ m@l In view of the high
enthalpies of activation, one must conclude that it is not feasible
to propagate radical damage from one strand to another within
the sames-sheet.

One may also view S(*P*(Gly)---PH(Gly)) as representative
of the TS for H-atom transfer between isolated strands of random
coil. In this case, the enthalpy of activation is predicted to be
27 kJ mot™® (i.e., relative ta*P*(Gly) + PH(Gly)), low enough
to permit rapid migration of damage. A similar activation energy
is expected for most pairs of residues. In principle, steric
considerations are not important in this “intermolecular” case,
but rather the relative strengths of t#&—H bonds of the two
residues, almost all of which are similar to, or smaller than,
Dcn of PH(GIy).15 Thus, in the case of a random coil, it would
appear that damage can propagate to any residue other than
proline which has too strong ¥C—H bond?!®> TS(*P*(Gly)--+
PH(GIly)) should also be representative of the TS for H-atom
transfer from®P*(Gly) on one strand of #-sheet to any non-
proline residue of a random coil strand, or from ghsheet to

adjustment for the fact that the reaction is endothermic by 10 & Second overlaying antiparallgsheet. In the last case, the

kJ moi in each case. Thus, the activation energy for the H
atom abstraction is predicted to be only 6 kJ mdiigher for
the antiparallejs-sheet structure than for a glycyl residue in a
random coil environmenf The activation enthalpy for the
reverse step is 23 kJ mdl In the anaerobic enzyme systems,
Escherichia coliribonucleotide reductase (RNR) and pyruvate

formate lyase (PFL), and bacteriophage T4 RNR, the reversible

transfer of a hydrogen atom between thiyl (cysteinyl) and glycyl
residues forms part of the normal functioning of the enzyie.
The structures of two of the three enzymes are known from
X-ray crystallography? In each case, the active-site Gly residue

is at the top of a hairpin loop, and nonplanar. However, electron
spin resonance measurements indicate that the glycyl radical
of the activated enzyme has relaxed to a planar geometry in

the E. coli enzymes but is still nonplanar in T4 RNRWhile
the present paper deals withsheet secondary structure and
not the hairpin loop, the present results imply that the nonpla-

(21) Brush, E. J.; Lipsett, K. A.; Kozarich, J. VBiochemistry198§
27, 22172222.

(22) (a) G580A mutant of T4 RNR (nrdD): Logan, D. T.; Andersson,
J.; Sjtberg, B.-M.; Nordlund, PSciencel999 283 1499-1504. (b) Wild-
type unactivated PFL: Becker, A.; Fritz-Wolf, K.; Kabsch, W.; Knappe,
J.; Schultz, S.; Wagner, A. F. Wat. Struct. Biol.1999 6, 969-975. (c)
truncated PFL missing active site Gly: Lepea, V.-M.; Merckel, M. C.;
Ollis, D. L.; Wong, K. K.; Kozarich, J. W.; Goldman, /tructure1999
7, 733-744.

(23) Himo, F.; Eriksson, L. AJ. Chem. Soc., Perkin Trans. 199§
305—-308.

two residues involved are necessarily glycine residues.

Conclusions

The present results suggest that:

- the presence of a H-bonded strand obatiparallel 5-sheet
has only a modest effect on th€—H BDE of a glycine residue
but raises the BDE of other residues by a significant amount if
they are part of a (5,5) cycle;

- the parallel s-sheet structure and,¥ angles lead to a
significant increase in BDE due to loss of captodative stabiliza-
tion;

- the antiparallel 3-sheet structure an®,W angles do not
lead to a significant increase in BDE relative to the random
coil structure;

- all residues incorporated ffirsheet secondary structure, with
the exception of glycine, are protected from oxidative damage
because theC—H bond is internal to the sheet and inaccessible
to oxidizing radicals;

- glycine is susceptible to oxidative damage because it has a
second*C—H bond which is exposed,;

- among residues in secondary structure, only glycine is
susceptible to damage by weak oxidants such as thiyl, peroxyl,
and superoxide, provided it is in an antiparaffesheet;
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