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Abstract: The structures of C;, Cy, Cj, and C, centered deoxyribose radicals are optimized at the UHF/6-31G level.
For each radical two puckered conformations are observed, which are significantly different from those of deoxyribose.
In C; and C, radicals the pseudorotation angle, P, is shifted toward higher values compared to that of deoxyribose.
In C; and C, radicals the shift of P is in the opposite direction. In addition, the puckering amplitude oy, is significantly
decreased in the radicals, indicating a flattening of the five-membered ring. The C, centered radical has the sp2-type
electronic structure, while C,, C;, and C, centered radicals are pyramidal. The enthalpies for H-atom abstraction from
deoxyribose are calculated at the MP2/6-31G* level including ZPE and a scaling of correlation energy. Theabstractions
from C,;, Cs3, and C, positions require similar energies, whereas the abstraction from the C, carbon of deoxyribose is
less favorable by 3—4 kcal/mol. The susceptibility of different deoxyribose hydrogens for abstraction is estimated on
the basis of their bond strength and their accessibility in nucleotides and in DNA.

Introduction

Deoxyribose radicals are key intermediates in producing strand
breaks, which are the most severe form of lesion in radiation
damage to DNA. These radicals are formed in the reaction
between products of water radiolysis (¢.g., *OH radicals) and the
sugar moiety of DNA. The extent of *OH attack on sugar is too
low to account for the observed yield of strand breaks. For
example, in poly(U), only 7% of OH radicals attack the sugar
moiety and the rest add to the uracil base.! Since the efficiency
of an OH radical in producing strand breaks is much greater
(~40%) than the 7% accounted for by H-abstraction from the
sugar, a process must exist in which sugar radicals are formed
in a reaction between the base radical (major product of *OH
attack) and thesugar moiety.! Strong evidence for sugar radicals
formation by base radicals comes from ESR and laser pulse
experiments.2# In these experiments the laser pulse produces
only base radical cations because the sugars are not directly
affected by laser light. However, high yields of strand breaks are
observed, demonstrating the involvement of base radicals in strand
break formation through the intramolecular process of H-ab-
straction from the sugar.

While the base radicals are formed in addition reactions, sugar
radicals are formed exclusively in hydrogen abstraction processes.
From product studies on simple carbohydrates such as b-glucose,
it has been concluded®® that *OH attack at various C-H sugar
bonds is rather random. However, a small preference for the
abstraction from the carbon adjacent to the alicyclic oxygen has
been observed for the furanose ring.® Radiation-induced
formation of radicals in different nucleosides and nucleotides
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together with poly(U) have been extensively studied by ESR and
spin-trapping methods in series of works by Kuwabara et al.%-1¢
In all the molecules studied, radicals localized on C,’, C4, and
Cs’ atoms have been detected. No Cy’ or Cy’ centered radicals
have been observed. On the other hand, the ESR spectra of
H*-induced radicals of purine nucleosides (-tides) formed in frozen
acidic glasses were interpreted in terms of C,’, C;/, Cy’, and Cs’
centered radicals for ribosides and C,’, C;/, and Cs' centered
radicals for deoxyribosides. In the single crystals of 2’-deoxy-
guanosine 5’-monophosphate irradiated at high doses of X-ra-
diation, all the carbon centered (Cy, C), Cy, C4, and Cs")
deoxyribose radicals have been observed recently by ENDOR
spectroscopy.!? Stable products observed in y-irradiated aqueous
solutions of calf thymus DNA in the absence of oxygen have been
correlated with C,’, C//, and Cs’ as well as C,’ centered sugar
radicals as the precursors for those products.!8

It is widely accepted that, in the absence of oxygen, strand
breaks in irradiated DNA are due to sugar—phosphate bond
cleavage at the 8-position to the C,’ radical of deoxyribose. In
RNA, on the other hand, reactions similar to those for C4’ can
bealso written for the C,' radical. Thus,in poly(U), the 8-cleavage
can originate either from the C, radical formed through
H-abstraction by the OH"* radical or from the C,’ radical, which
is postulated to be formed through the intramolecular H-ab-
straction by the base radical.2 These two mechanismsare possible
because the hydroxy group on C,’ of the ribose, which does not
exist in deoxyribose, can enhance strand break formation through
B-cleavage. The question whether a C,’ radical of deoxyribose
can lead to a strand break in DNA remains open. Another
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Deoxyribose Radicals Formed by Hydrogen Abstraction

Scheme 1

important property that may be related tostrand break formation
is the conformation of the sugar radical. This has been suggested
as the possible cause for the selective cleavage at the 3’ side of
dApdA and other model compounds.!®

Thus, understanding the properties of primary radicals gen-
erated by H-abstraction from deoxyribose is essential in inves-
tigating the pathways of radiation damage to DNA. In thisstudy
we present results of extended ab initio calculations of structures
and properties of radicals formed by H-abstraction from different
positions of the deoxyribose sugar ring.

Methods

All the quantum chemical calculations were performed with GAUSS-
IAN8820 and GAUSSIANY902! systems of programs for ab initio
calculations. Deoxyribose has been modeled by (R)-2-amino-(S)-4-
hydroxy-(S)-5-methyltetrahydrofuran (2,5-dideoxy-8-D-erythro-penta-
furanosylamine) shown in Scheme 1. Since only the abstraction of
hydrogens in the ring of deoxyribose was investigated in this work, the
5-OH group was not included in the model. The base was modeled by
an amino group. It is assumed that the absence of the 5-OH group and
the simple model of the base will have small effects on the structure or
the strength of the C—H bonds in the ring. The closest atom to the 5-OH
group is Hy, which is in a 8-position with respect to that group, and the
effect of the polar group is largely attenuated at this distance. Also, the
polarity of the base attached through a nitrogen atom to the sugar is
modeled by the NH, group; the rest of the base has probably a small
effect on the structure of deoxyribose and the C—H bond strength.

The structure of this model of deoxyribose and the radicals formed by
H-abstraction from C,, Cs, Cs, and C,4 positions were fully optimized at
the HF/6-31G level. The initial geometries used for the optimization of
the radicals were taken from the structures of deoxyribose, and all internal
coordinates wereoptimized. Frequency analysis of the optimized structure
confirmed that they are local minima on the potential energy surface.
The expectation value of S2 in open shell molecules did not exceed the
value of 0.764 before anihilation of the first contaminant. The correlated
energy was calculated at the MP2/6-31G* level for each of the optimized
structures. The zero point energy (ZPE) and the enthalpy correction to
room temperature (H(asge) — Hg+)) were evaluated as suggested by Pople
et al.22 on the basis of 6-31G frequencies obtained for the HF/6-31G
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optimized structures. The correlation energies werescaled with a scaling
factor f> = 0.66 using the method described by Gordon and Truhlar.2?

The conformations of the sugar ring are discussed in terms of the
pseudorotation phase angle which can be calculated according to the
following formula:24

(vy+v) - (v + )
2v,(sin 36° + sin 72°)

tan P =

where v; are the ring dihedral angles defined as follows: »p = C40,C,C3;
= 0,C,CyC;y; 13 = C1CaCaCy; vy = C2C3CH01; vy = C3C401Cy. The
puckermg amplitude, 7y, is defined as

4
t=?/ 5;”12
Results and Discussion

Structure of the Sugar Ring. Deoxyribose. Accordingto X-ray
crystallographic studies, the sugar ring in nucleic acids can adopt
one of the two principal puckering states; *E (Cs’-endo) and 2E
(C,'-endo) with minor variants. These two forms correlate with
two distinctly different DNA families: the Cy’-endo puckered
stateis observed in A-DNA and the C;'-endoin B-DNA structures.

Optimizations of the structure of the model of deoxyribose
used in this work produce two energy minima that correspond to
the 2E and 3E puckering states. The structural parameters for
these conformers are shownin Table 1 together with experimental
values obtained from a compilation of X-ray crystallographic
structures of nucleotides and nucleosides.2%26 Clearly the struc-
tural parameters of the optimized structures are in excellent
agreement with the compiled values. The amplitude of puckering,
Tm, 18 in the range of values observed in the crystal data but
slightly lower than the mean value derived from the compilation.
The ring torsional angles in the calculated structures are close
tothe mean experimental values published by Arnott,2indicating
that the calculated puckering in deoxyribose is very similar to
that observed in crystallographic structures of nucleosides and
nucleotides. The sums of the cyclic angles in the calculated
structures agree very well with those observed experimentally.
The agreement for individual ring angles is less good, but the
difference does not exceed 3°. In the experimental structures
thering internal angles always follow the trend C-O-C > C-C-O
> C-C-C. In the calculated structures the C—-O—C angle is the
largest, but there is no meaningful difference between the C—-C-O
and C-C-C angles. According to the work of Westhof and
Sundaralingam,?” at a fixed 7, the variations with P of endocyclic
C, and C, angles are higher than those of C, and C; angles. This
can also be observed in the optimized structures; the difference
between C,C,0, and O,C,C; in 2E and 3E puckered states is
clearly larger than for the remaining ring angles.

The calculated bond lengths for deoxyribose agree well with
experimental values, except the O,C; bond, whichis clearly longer
in the calculated structures. It is possible that the presence of
a highly polar amino group at C; in our model is responsible for
this effect. Both O, and N atoms are highly negative, and the
electrostatic interaction might contribute to the lengthening of
the C,0, bond.

Thus, the calculated geometries of the present model of
deoxyribose conformers agree very well with crystallographic
structures of nucleosides and nucleotides?526 in spite of the fact
that the calculations simulate gas-phase structures of a model
compound that includes a polar amino group at C, position, which
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Table 1. Structural Parameters of the Conformers of Deoxyribose and Its Radicals
_deoxyribose® Cj radical C, radical C; radical C,4 radical
2E 3E 2E E T E °F 2E 1E 2B
Puckering Parameters (deg)
phase angle, P 153.9 (165) 18.3 (2-20) 164.1 55.2 180.7 64.5 84.4 -21.0 136.0 -14.4
Tm 36.9 (3541) 35.6 (3541) 29.9 344 19.1 29.9 31.0 29.0 31.9 34.1
Endocyclic Torsional Angles (deg)
vo -26.1(-23.5) -0.3(3.2) -17.2 -21.3 -5.3 -220 -31.2 19.0 -28.5 18.8
" 35.9(36.9) —21.1(-25.6) 28.2 -0.1 15.5 4.4 19.5 =270 311 -31.6
V2 -33.1(-35.7)  33.7(36.9) 28.2 19.5 -19.2 12.8 -3.0 27.1 =227 324
vy 17.7 (22.9) -33.6(-359) 188 -31.8 15.1 -25.2 -14.8 -16.2 6.3 -22.4
vs 5.4(0.2) 21.5(20.8) -1.4 333 -6.3 30.5 28.7 =22 14.3 2.5
Exocyclic Torsional Angles (deg)
N,C,C.C, 157.2 100.8 167.4 140.1 138.4 126.1 141.5 95.8 147.1 83.5
H;C,C:Cs -79.2 -136.1 -99.0 -110.7  -95.7 -141.1  -83.2 -146.7
H4C2C3Cy 83.8 155.6 90.4 141.2 172.4 -173.8 1154 147.7 92.7 154.1
H35C2CsCy -155.0 -84.0 -149.4  -99.6 -123.3 -90.4 -1454 -84.6
0,C3C40 -99.7 -158.5 -99.5 -1576 -103.4 -149.8 -1574 -1583 -1129 -143.3
Ho303C3Cy -179.2 65.9 174.8 67.3 176.2 71.3 -171.2  -1745 -1703 -1624
H;C;C0, 140.4 849 141.0 86.4 137.4 94.3 127.0 95.7
CsC40,Cy 128.3 145.5 121.3 156.8 116.5 154.6 151.9 121.6 168.6 152.7
H,.C,0,C, -110.6 -94.0 -117.6  -82.3 -1226 -84.8 -87.4 -118.3
Endocyclic Angles (deg) -
C10,Cy 111.7 (109.5) 112.6 (110.5) 111.5 109.3 113.6 111.7 110.8 113.1 110.0 110.7
C,C,0; 102.5(105.8) 104.2 (106.9) 107.3 108.4 103.1 102.6 104.1 104.2 103.4 104.3
C3C.Cy 103.3(101.8)  104.3(102.3) 103.1 103.9 110.6 110.8 103.5 102.2 104.0 102.6
C4CsCa 103.9(102.1)  103.0(102.8) 104.3 104.1 103.5 102.7 110.0 109.3 103.2 102.3
0,C4Cs 105.1 (106.0)  103.6 (104.8)  105.2 103.0 105.8 104.3 102.6 103.2 109.6 108.6
sum of endocyclic angles  526.5 (525.2)  527.7(527.3) 5314 528.7 536.6 532.1 531.0 5320 530.2 528.5
Bond Lengths (A)

C,C; 1.526 (1.517)  1.536 (1.526)  1.501 1.511 1.499 1.503 1.541 1.535 1.531 1.529
C.C, 1.525(1.523)  1.531(1.523) 1.531 1.539 1.493 1.498 1.507 1.504 1.536 1.535
CiC, 1.538 (1.521)  1.531(1.526) 1.539 1.537 1.538 1.541 1.506 1.503 1.502 1.500
C40; 1.445(1.447)  1.440(1.452) 1.449 1.442 1.448 1.441 1.441 1.446 1.395 1.402
0,C, 1.456 (1.420) 1.463(1.414) 1.410 1.416 1.454 1.460 1.457 1.459 1.441 1.440

< In parentheses are the experimental values for deoxyribose, as obtained from a compilation of X-ray structures of nucleosides and nucleotides.24:25

is not present in nucleosides and nucleotides. Evidently, many
geometrical characteristics of deoxyribose are intrinsic features,
which are only moderately affected by the molecular or the
physical environment.

In contrast the puckering of the five-member ring is much
more sensitive to the nature of substituents. Recently the
structures of 2-deoxy-8-D-glycero-tetrofuranose have been cal-
culated with the 3-21G and the 6-31G* basis sets.®2% The
difference between this molecule and the model of deoxyribose
presented in this work is that the amino group is replaced by OH
and the CH; attached to C,4 is missing. Two energetic minima
have also been found, but at significantly different pseudorotation
phase angles than in the model compound presented here. The
S-type conformer was found to be a *E (C,-endo) and the N-type
conformera ,E (C,-ex0). Thus, the minima on the pseudorotation
path aresignificantly shifted in comparison to our results. Because
similar results were obtained with the 6-31G* basis set,? it is
reasonable to suggest that substituent effects are of major
importance in determining the puckering of the sugar ring.

Totaland relative energies of the optimized structuresare shown
in Table 2. At each level of calculations the 2E structure is more
stable. At MP2/6-31G* level the energy difference corrected
for ZPE is 1.63 kcal/mol. This value has not been measured
directly by experiment. However, the interconversion between
deoxyribose puckered states has been observed in the solid-state
ZH NMR of methylated deoxythymidine.?* The major conformer
has been assigned as Cj-exo. This conformer is structurally
similar to Cy’-endo. Its pseudorotation phase angle is 196° as
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compared to 154° for C,"-endo. The estimated population of this
conformer at 25 °C is 95%. This translates to an energetic
difference of 1.77 kcal/mol between the puckered conformations,
which agrees very well with the calculated value for the present
deoxyribose model. The ab initio calculations of 2-deoxy-8-D-
glycero-tetrofuranose?® also show a preference for the S-type
structure by about 1 kcal/mol (HF/6-31G*), which is similar to
the value observed in our calculations (1.2 kcal/mol at the HF/
6-31G*).

Hydration can be expected to affect the relative stabilization
of the conformers. However, on the basis of dipole moments
values, the 2E structure (uz = 2.70 D) should be more stabilized
than the 3E (u =0.97 D), and thus hydration may slightly increase
the preference for the 2E structure.

Deoxyribose Radicals. The structural parameters of the four
carbon centered radicals are shown in Table 1 and their energies
inTable2. The formation of the radical center causes significant
disturbance of the sugar geometry (Table 1). However, it should
be noticed that structural changes are very local, i.e., they are
limited to the radical center and the geometrical parameters of
the rest of the ring are only slightly disturbed.

Two conformations have also been found for the sugar radicals,
but their structures differ from those observed for deoxyribose.
The major structural difference is observed in the ring pseudo-
rotation angles (Table 1, Figure 1). In C; and C, radicals the
pseudorotation phase angle, P, is shifted to higher values than in
deoxyribose. In C, and C, radicals P is shifted in the opposite
direction. In the C; radical, the pseudorotation phase angle of
both conformers is in the range of the northern hemisphere.
However, since the Oy’-endo is very close to 90°, i.e., an
E-conformation, for consistency of presentation, it has been
arbitrary assigned as an S-type. Changes in the puckered state
of deoxyribose arerelated to the decreased amplitude of puckering
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Table 2. Energies and Dipole Moments of Conformers of
Deoxyribose and Radicals of Deoxyribose

energy (hartrees)
(ZPE in kcal/mol)

energy difference,

S-type N-type (N-type) — (S-type)
puckering puckering (kcal/mol)
Deoxyribose
2E (Cyp-endo) 3E (Cs-endo)
HF/6-31G -399.731 749  -399.729 107 1.66
HF/6-31G* -399.896 431 -399.894 525 1.20
MP2/6-31G* -401.064 092 —401.061 224 1.80
ZPE 100.10 99.93 —0.17
(D) 2.70 0.97
C; Radical
2E (Cyendo) 4E (Cs-ex0)
HF/6-31G -399.108 318 —-399.108 490 —0.11
HF/6-31G* -399.271 000 -399.271 434 -0.27
MP2/6-31G* —400.413172 -400.413 102 0.04
ZPE 91.62 91.61 —0.01
u (D) 3.27 0.92
C, Radical
2T (twisted)  4E (Cs-€x0)
HF/6-31G -399.103 194 -399.104 563 -0.86
HF/6-31G* -399.265 049 -399.268 129 -1.93
MP2/6-31G* —-400.403 688 —400.406 582 -1.81
ZPE 91.33 91.35 0.02
u (D) 2.81 1.16
C; Radical
9E (Oy-endo) ,E (Cj-exo0)
HF/6-31G -399.108 697 -399.108 470 0.14
HF/6-31G* -399.273 292 -399.271 984 0.82
MP2/6-31G* —400.413 366 -400.412 883 0.30
ZPE 91.90 91.95 0.05
u (D) 1.99 2.34
C4 Radical
1E (Ci-ex0) »E (Cy-exo0)
HF/6-31G -399.100 501 -399.104 756 -2.67
HF/6-31G* -399.266 421 -399.270 382 -2.49
MP2/6-31G* -400.407 119 -400.411 143 -2.53
ZPE 91.05 91.58 0.53
(D) 2.90 2.20

(Table 1), which causes a distinctive flattening of the sugar ring.
The flattening is largest in the C, radical (for the gT structure,
Tm is only 19.1°), and the smallest for C4 (7, = 34.1° for the ,E
conformer) and C, (7, = 34.4° for the 4E structure) radicals. In
the §T structure of the C, radical the sum of endocyclic angles
is 536.6°, which is very close to 540°, the value expected for an
ideal planar five-membered ring. It should be noted that 7,
values for sugar radicals show essential variations with the
puckering angle. The pseudorotation path is often considered to
occur with a constant amplitude, but the observed variations in
Tm Clearly indicate that this concept is only an approximation of
the dynamics of the furanose ring.

Another way of representing the flatening of the deoxyribose
ring is through the improper dihedral angles at the carbon on
which the radical is centered shown in Table 3. The C, radical
adopts an almost planar configuration with improper dihedral
angles around 170°. In this respect, it represents the largest
flatening because the structure at the other radical centers is
more pyramidal with improper dihedral angles in the range 135—
149°. The more pyramidal nature of these radicals can berelated
to their proximity to the oxygen atom. C,; and C, radicals are
positioned & to Oy, and C;, « to the exocyclic hydroxyl group,
whereas C, has no oxygen in an « position. The high charge
density on the oxygen prevents the formation of a planar radical
because of the repulsion it exerts on the unpaired electron.
Retaining a pyramidal geometry will minimize such interactions.
The radical centered on C, feels no such repulsion, and therefore
it becomes much more flat than all the other radicals.

The tendency of ring flattening induced by the formation of
the radical can provide an explanation for the shift of the sugar

J. Am. Chem. Soc., Vol. 116, No. 1, 1994 235

B C, radical A C4 radical

% Co' radical

@® C3 radical

. 4t

Figure 1. Positions of deoxyribose radicals on a pseudorotation wheel.
The radial coordinate is the energy of the radical relative to that of the
C,radical. The positions of deoxyribose puckered conformersare included
for comparison (arrows).

Table 3. Improper Dihedral Angles at the Carbon on Which the
Radical is Centered

improper dihedral angle? (deg) X1 X2 X3

C] radical 0] N Cz
g 1354
4E 137.1

C, radical C, H, C;
3T 167.1
4E 172.6

C3 radical C4 03 Cz
OE 137.5
,E 136.7

C4 radical C3 C5 01
1E 148.9
2E 144.3

@ The improper dihedral angle is defined as the dihedral angle between
planes X1-C-X2 and X2-C~X3. The respective angles in deoxyribose
are in the range 114-117°.

ring puckering indeoxyribose radicals. Because of the flattening,
formation of a radical center causes a change in the torsional
angles, in which the radical center is involved, in the direction
of bringing them closer to zero. This is illustrated in Figure 2,
which shows that the changes in the torsional angles around bonds
flanking the radical center in the direction closer to zero cause
a change in the pseudorotation angles which correspond to the
observed changes. Two exceptions should be noted: the change
in v in the C,; radical in the 4E form and the change in v4 in the
C, radical in the |E form. In both cases the original angles in
deoxyribose are close to zero, indicating a conformation in which
the radical that is formed is eclipsed with the lone pair of the
oxygen. Thus, the flattening of the radical center taken together
with the repulsion between the unpaired electron and the lone
pair on the adjacent oxygen must result in the observed movement
and associated change in the torsional angles. These interactions
are illustrated on Figure 3 for the |E conformation of the C,4
radical. On the one hand, the change of the puckering phase
angle from 154° in deoxyribose to 136° in the C, radical brings
the v, dihedral angle (C,C;C40,) closer to zero (flattening of
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Figure 2. Plots of torsional angles involving the radical center as a function of the pseudorotation phase angle. The arrows show the observed shifts
of the deoxyribose pseudorotation phase angles upon the formation of radicals.
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radical center
Figure 3. Example of the electronic interactions that influence the
puckering of deoxyribose radicals illustrated on the |E structure of the
C, radical.
radical center), and on the other hand, it increases 4 (C;C40,C)),
which effectively decreases the repulsion between the unpaired
electron and the O, lone pair. The change in puckering of the
C, radical in the opposite direction could help bring »,4 to zero,
but at the same time it would increase the electronic repulsion
with the oxygen lone pair.

The relative energies of the radicals centered on the same carbon
are different from those of deoxyribose. In the radicals the
energetic preference for the S-type conformer is nolonger observed
(Table 2, Figure 1). In C; and C; radicals the energy of the
conformers is almost the same. In C;and especiallyin C, radicals,
the N-type structure has significantly lower energy than the
S-type. Because the calculated energies refer to the molecules

in the gas phase, it is expected that solvation energy may
significantly affect the relative stabilization of conformers. The
calculated dipole moment values (Table 2) show that hydration
should preferentially stabilize the S-type conformer because the
dipole moments of S-type structures are somewhat higher than
the dipole moments of the N-type conformers. Inthe C; radical,
the dipole moments for both conformers are similar. Thus there
should be only a small effect of hydration of their relative
stabilities.

Electronic Properties of Deoxyribose Radicals. The special
electronic properties of deoxyribose radicals are related to the
density distribution of the unpaired electron. The spin density
in the radicals of deoxyribose is highly localized on the carbon
from which the hydrogen was abstracted: 87% for the C, radicals,
93% for the C, radical, 89% for the C; radical, and 88% for the
C, radical as calculated from ROHF wave functions. In C;, C,,
and C4 radicals a significant amount of spin density (5—6%) is
observed on the oxygen atom adjacent to the radical center, i.e.
on O, in C, and C, radicals and on Qj; in the C; radical. The
interaction with these oxygens is responsible for the pyramidal
structure of the radicals, as discussed above. The C, radical
lacks this interaction and therefore has the nearly planar structure.
Consistent with the near planar geometry of the C; radical, the
spin is localized mostly in p-type orbitals with a very small
contribution from the s atomic orbitals (Table 4). The contri-
bution from the s atomic orbitals is much higher for C,, C,, and
C4 radicals, showing that the unpaired electron occupies a
hybridized orbital. This is consistent with the higher degree of
pyramidality of these atoms. The contribution of the s atomic
orbitals is largest in the C, radical, possibly because of the presence
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Table 4. Total Spin Density in Deoxyribose Radicals Summed over
s and p Atomic Orbitals
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Table 6. Enthalpies AH (298¢ for Hydrogen-Atom Abstraction from
Different Positions of the Deoxyribose Ring

total spin density over AH (358%) (kcal /mol)®
s orbitals p orbitals HF/6-31G HF/6-31G* MP2/6-31G* MP-SAC2?
C, radical H; 70.08 71.34 87.33 95.57
E 0.34 0.66 H> 72.15 72.87 91.20 100.64
4E 0.33 0.67 H; 70.12 70.18 87.49 96.41
C, radical H, 72.27 72.27 88.57 97.27
T 0.10 0.90 ¢ AH 298y was calculated for the most stable conformers of deoxyribose
«E 0.13 0.87 and its radicals. # MP-SAC2 values refer to scaled MP2 calculations.??
Cjradial
°F 0.28 0.72 from the H; proton. In the C;’ radical three 8-couplings from
2B 0.30 0.70 two H,’ and the H,’ protons with values of 46.8 MHz (H,p"), 77.1
C,radical MHz (H¢'),and 106.9 MHz (H,4") were observed. The respective
1E 0.28 0.72 calculated values are 52.2, 74.7, and 95.7 MHz. The observed
2E 0.26 0.74 spectrum of the C,/ radical was consistent with an open furanose

Table 5. Isotropic Hyperfine Coupling Constants (MHz) Calculated
from the Fermi Contact Analysis of the UHF Wave Functions

C C, C, Cs

radical 2E  radical 4£  radical °E  radical .E
carbon (13C)* 463.1 308.9 405.9 3939
H; 94.2
Hja 41.7 -146.0 52.2
Hip 97.7 95.7
H, 106.6 85.7
H, 74.7
H;s 63.2%

aCoupling constants for !13C on which the radical is centered.
b Averaged value for the protons of the S-methyl group.

of two atoms (O, and N) with high electron density attached to
this carbon. It isinteresting to note that the analysis of EPR and
ENDOR spectra of deoxyribose radicals in irradiated single
crystals of deoxygunosine!” has led to very similar conclusions:
sp? configuration at C,’ in the C,’ centered radical, but not
complete rehybridizationat C;’ carbonin the Cy’ centered radical.
Ourcalculations indicate that C, and C,4 radicals are electronically
similar to C; with a partial pyramidalization of radical centers.

Table 5 displays the isotropic hyperfine coupling constants
calculated form the Fermi contact analysis of the UHF wave
function. Only the electron density of s-type orbitals contributes
to the Fermi contact interaction, and therefore the hyperfine
coupling for the radical centered carbon nucleus is much smaller
for the C, radical than for other sugar radicals. Furthermore,
the hyperfine coupling with a nitrogen nucleus is almost three
times larger in the C, radical than in the C, radical, despite the
fact that in the C, radical the unpaired electron is centered on
the carbon adjacent to the nitrogen. However, the amino group
in our model is probably not a very good representation of the
base nitrogen, and the observed electronic properties of thisamino
nitrogen may not be a good model of the situation in nucleosides
or nucleotides.

Recently, all carbon centered deoxyribose radicals have been
observed with ENDOR spectroscopy in X-irradiated single
crystals of 2’-deoxyguanosine 5’-monophosphate.!” Bothisotropic
and anisotropic hydrogen hyperfine couplings were extracted from
the ENDOR spectra. The calculated values presented in Table
5can be compared directly with the isotropic hyperfine couplings
measured by Hole et al.!” For the C,’ centered radical two
B-couplings were observed with isotropic values of 78.4 and 45
MHz. The calculated values for H protons in the C, radical are
97.7 and 41.7 MHz, respectively. For the C,’ centered radical
the a-coupling with an isotropic value of -64.8 MHz and the
B-coupling with a value of 90.9 MHz were measured. Thevalues
calculated from the Fermi contact interaction are —146.0 and
94.2 MHz for H,4 and H;, respectively. The coupling with Hj’
was not observed in the ENDOR spectrum. Our calculations
indicate that this coupling should be very similar in value to that

ring structure due to breakage of the C,/~Oy bond. Thus,
comparison with experiment is not possible. The agreement of
calculated values with those measured from ENDOR spectra is
clearly evident (signs, orders of values), especially when one keeps
in mind that the experimental measurements were performed in
the solid state on deoxyguanosine monophosphate while the
calculations modeled anisolated deoxyribose moleculein vacuum.
The agreement indicates that such calculations can be helpful in
the interpretation and analysis of EPR or ENDOR spectra of
carbon centered radicals.

Energetics of H-Atom Abstraction from Deoxyribose. An
important factor that governs the formation of deoxyribose radicals
is the energy needed to abstract a hydrogen from different sugar
positions. The values obtained for abstraction of different
hydrogens from deoxyribose, calculated at different theory levels,
are displayed in Table 6.

The enthalpies of H-abstraction calculated at the HF level are
highly underestimated judging by their increase with extending
the basis set and inclusion of correlation. However, the order of
the HF energies is the same as at the MP2/6-31G* calculations.
Thus, calculations at the HF level can be used for some qualitative
predictions. Scaling of the correlation energy (MP-SAC2), to
account for the incomplete inclusion of correlation energy at the
MP2 level, increases significantly the enthalpies for H-abstraction.
This method of scaling of the correlation energy has been shown
to be quite succesful in predictions of H-abstraction reaction
energetics.3! Experimental data for this reaction are notavailable,
making it difficult to evaluate whether the MP-SAC2 energies
could serve as reliable predictors of C-H bond energies in
deoxyribose. However, the C-H bond strength in tetrahydro-
furan, another model compound of deoxyribose, is only 92 kcal/
mol.32 Thus, it is possible, that the calculated MP2 energies are
underestimated, while the MP-SAC2 energies are slightly
overestimated. The correct enthalpies would probably lie some-
where between the values obtained with these two methods.

The observed order of H-abstraction enthalpies can be
rationalized on the basis of C-H bond strengths of small model
molecules. In CH3;OH and CH3;OCHj, C-H bond strengths are
the same, around 93 kcal/mol.33 These bond strengths are 11
kcal /mollower than those of CH,.3? This difference may explain
why the C-H bonds to C4, C;, and C, have similar energies,
which are significantly lower than that of the C,-H bond. The
former carbon atoms (Cy, Cs, and C,) are directly attached to
heteroatoms (oxygen or nitrogen) while the latter is not. Thus,
abstraction from the C; carbon, which requires the highest energy,
is expected to be the least likely.

The process of H-abstraction depends on two main factors:
the barrier height, i.e. the activation energy, and the reactive

(31) Pardo, L.; Banfelder, J. R.; Osman, R. J. Am. Chem. Soc. 1992, [ 14,
2382-2390.

(32) Golden, D. M.; Benson, S. W. Chem. Rev. 1969, 69, 125.

(33) CRC Handbook of Chemistry and Physics; CRC Press, Inc.: Boca
Raton, FL, 1984,




238 J. Am. Chem. Soc., Vol. 116, No. 1, 1994

Table 7. Relative Rate Constants of H-Abstraction from
Deoxyribose

deoxyribose nucleoside A-DNA B-DNA
keet® Artt  Arkie®  Ar®  Arakrea®  Ar®  Araked

HY 1.85 0.81 1.50 068 1.26 000 0.00
HY 0.26 197 051 025 006 024 0.06
Hy 1.70 060 1.02 002 003 043 073
HY 1.00 1.00 100 100 100 1.00 100

2 k. = relative rate constants in the isolated deoxyribose molecule
estimated from the bond energies (see text). ® A, = relative accessibilities
of hydrogens in nucleosides and DNA .32 ¢ 4.k, = relativerateconstants
of H-abstraction in nucleosides and DNA.

cross section which is proportional to the accessible area of the
abstracted hydrogen. In a previous work,?! it was demonstrated
that the barriers to H-abstraction correlate with C-H bond
strengths. For example, the barriers for H-abstraction from
methanol and from the C, and Cg of ethanol, calculated at the
MP2/6-31G*level,are 3.07,0.61,and 4.35 keal /mol, respectively.
The corresponding C-H bond strengths calculated at the same
level of theory are 85.66, 84.52, and 91.67 kcal/mol, and they
clearly show the same rank order. The correlation between the
bond strength and the barrier height suggests that a similar relation
should exist between the bond strength and the rate constant.
The relative rate constant based on the limited data available
could be related to bond strength through the following expression:

krel

where the factor of 0.5 is derived empirically. On the basis of
the data in Table 6, the rate constant for the H-abstraction of
various hydrogens in deoxyribose relative to that of H, is shown
in the first column of Table 7. Clearly, from energetic consid-
erations, Hj is the least probable hydrogen to be abstracted: its

= ¢0580HcH
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relative rate constant is approximately four times smaller than
that of Hs. The rate constants for the abstraction of H; and H;
areapproximately 2-fold larger than for H,. When theaccessible
surface areas of these hydrogens in a nucleoside are included, the
relative constants become even more similar. The rate constant
for H; is twice as small, and for H;, it is bigger by 50% than Hy.
The inclusion of the steric constraints imposed by the DNA
structure has now a dramatic effect on the rate constants. In
A-DNA, where the accessibility of H,’, and especially Hy’, is
considerably reduced, the relative rate constants of the abstraction
of these hydrogens are reduced by a factor of 10-30 compared
to those of Hy and Hy’. In B-DNA, on the other hand, the
accessibility of H,’ is virtually zero, leading to the situation where
Hy’ becomes the most accessible hydrogen for abstraction with
H;’ a close competitor. These results illustrate the dependence
of H-abstraction in DNA on two important elements. One is the
strength of the scissile C—H bond that contributes to the chemical
barrier for H-abstraction. The other is the accessibility to the
abstracted hydrogen, which depends on the dynamic conforma-
tional properties of DNA. Even with such a simple model of
accessibility, derived from a static description of DN A, the results
presented in this work are in general agreement with the
observation that the major product of H-abstraction in DNA is
the C4 radical.
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