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The EPR spectra of single crystals of deoxycytidine 5′-phosphate monohydrate (5′dCMP), X-irradiated at 10
K, exhibit signals from several distinct radical species. Analysis of the ENDOR spectra from two of these
radicals indicates that these result from oxidation and reduction of the cytosine base. The reduced species
exhibits hyperfine coupling to the C6-HR proton, and an additional small exchangeable hyperfine coupling
from the N3-H proton. No additional couplings that may be associated with protonation of the amino group
have been observed. Since the native molecule is protonated at N3, it appears that reduction of the cytosine
base does not result in any further protonation. The oxidized species exhibits hyperfine couplings to C5-HR

and C1′-Hâ, and two small exchangeable couplings from the C4-NH2 protons. Since no hyperfine coupling
to N3-H was observed, the oxidized species is believed to be the N3-H deprotonated cation. At high X-ray
dose there is also evidence for both C5 and C6 H-addition radicals at 10 K. The fate of these radicals has
been studied under controlled warming conditions. Attempts have been made to relate the fate of the low-
temperature radicals with several radicals that have been detected previously at 77 K and at room temperature.

Introduction

One consequence of the direct effects of ionizing radiation
on DNA is the production of electron loss and electron gain
centers. An important problem in the field of radiation biology
is the determination of the chemical nature and distribution of
these initial damage sites in DNA. Electron paramagnetic
resonance (EPR) spectroscopy have been used extensively in
this effort since this technique is able to characterize the free
radicals formed when DNA is exposed to ionizing radiation.

One aspect of these studies has been to characterize the initial
electron loss (reduction) products in DNA. At one time it was
thought that thymine was the primary reduction site in DNA.1

However, results by Hu¨ttermann and co-workers,2 by Bernhard
and co-workers,3 and by Sevilla and co-workers4 now suggest
that cytosine may be the primary reduction site in DNA.
Furthermore, dissimilarities in the EPR spectrum from mono-
mers and oligomers of cytosine have focused attention on the
protonation state of the cytosine anion.5

Numerous EPR studies have been performed on cytosine
derivatives. Reviews by Close,6 Bernhard,7 and Becker and
Sevilla8 cover most of the results on radical ions and their
reactions in cytosine derivatives. While many species formed
by oxidation and reduction of cytosine have been reported, the
actual protonation states of these products are largely unknown.
Steenken has proposed that proton-transfer reactions may be
important for the stabilization of the initial DNA ion radicals.9

To study these proton-transfer reaction schemes, one needs to

determine the protonation states of the reduction and oxidation
products of cytosine in various chemical environments.

Electron nuclear double resonance (ENDOR) spectroscopy
has been very useful in our group’s effort to determine the
protonation states of various DNA base constituents. A recently
completed study on single crystals of cytosine monohydrate
revealed the cytosine anion to be protonated at N3 (the small
>N3-H and -N4-H2 proton couplings were detected and
characterized), while the cytosine cation to be deprotonated at
N1 (the amino protons were characterized by ENDOR).10 The
present work concerns EPR/ENDOR reinvestigations of single
crystals of deoxycytidine 5′-phosphate monohydrate (5′dCMP).
In a previous study of 5′dCMP, hereafter referred to as (I), the
cytosine base reduction and oxidation products were discussed,11

though the protonation states of these products were not
determined. In the present work, the actual protonation states
of the primary one-electron oxidation and reduction products
in 5′dCMP have been established. Furthermore, aided by
additional experimental results, an overview of the radical
products trapped, and the transformation these radicals undergo,
is presented.

Some recent EPR work on 5′dCMP in frozen solution at 77
K has relevance to the present study. In D2O the spectrum
consists of three components, (1) matrix OD radicals, (2) the
base anion, and (3) the C1′ H-abstraction radical.12 Laser
photoionization of cytosine and its derivatives has been used
to generate parent radical cations.13 In cytosine either the
π-cation or its N1-deprotonated form is observed. However in
N1-substituted derivatives such as 5′dCMP, the parent cations
give rise to C1′ H-abstraction radicals even at 77 K.
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Materials and Methods

5′dCMP (structure I) was purchased from Sigma Chemical
Company and used without further purification. Single crystals
were grown by slow evaporation from either H2O or D2O. The
crystals are orthorhombic, belonging to space groupP212121.14

Most of the data were taken by rotating the crystals about the
three crystallographic axes. In some cases, however, a skewed
axis was used to aid in resolving the Schonland ambiguity in
the hyperfine coupling tensors.15

The X-band EPR/ENDOR experiments were performed at
the University of Rochester. The use of a Cryo-Tip cavity,
which allows for irradiations of crystals at temperatures of 10
K or higher, and EPR or ENDOR data acquisition at∼6 K or
higher, has been described elsewhere.16 Controlled warming
EPR eperiments were conducted by warming the irradiated
crystals from 10 to 300 K. EPR experiments were also
performed by irradiating the crystals at 77 K. Methods of crystal
orientation, data collection, and analysis have been previously
described.17

K-band EPR, ENDOR, and field-swept ENDOR (FSE)
experiments were performed at Georgia State University on
equipment previously described.18 The crystals were X-
irradiated to doses in the range of 15-100 kGy at 10 K and
maintained at this temperature for data collection. Computer
simulations of composite EPR spectra as well as of powder
spectra were made using Maruani’s program with parameters
described in the text.19

A large number of hyperfine coupling tensors are reported
in this work. The extensive data for each coupling and plots
comparing the angular variations of the ENDOR data with those
calculated from the coupling tensors have not been included.
These plots are available upon request from the authors.

Results and Analysis

Reduction of the Cytosine Base (Radical R1).Typical
ENDOR and field-swept ENDOR (FSE) spectra of single
crystals of 5′dCMP, X-irradiated and observed at 10 K, are
shown in Figure 1. Three ENDOR lines were associated with
radicalR1 in normal crystals as established from FSE spectra
as well as from thermal annealing experiments. These ENDOR
lines decay on warming to ca. 100 K. Hyperfine couplings
obtained from the ENDOR data are given in Table 1.

Tensor 1a is characteristic of an interaction between an
unpairedπ-electron spin density and a>Ċ6-HR fragment. The
eigenvectors for the intermediate and minimum principal values
are close to the directions for the cytosine ring plane normal
and the>C6-H bond direction. Using aQ-value of -72.8
MHz7 in the McConnell relation,20 the spin density at C6 was
computed to be 0.56. Bernhard has argued that the dipolar
coupling tensor is more reliable than the isotropic coupling in

estimatingπ-spin densities atR-carbons.21 From the dipolar
coupling tensor in Table 1, Bernhard’s relation yields a spin
density of 0.51.

In the previous X-band study (I), when the>Ċ6-HR coupling
was analyzed, it was noted that in some crystallographic
orientations, a second set of ENDOR lines was observed
(particularly with Ho in the 〈ac〉-crystallographic plane). This
led to some small inaccuracies in determining the coupling
tensor. In the present study care was taken to follow the second
set of hyperfine couplings in all three crystallographic planes.
The results for this second coupling are given in Table 1 as1b.

For tensor1c, which was not observed in (I), the eigenvectors
for the intermediate and minimum principal values are close to
the directions for the cytosine ring plane normal and the
>N3-H bond direction. In partially deuterated crystals this
hyperfine coupling was not present, indicating a coupling to a
nitrogen-bonded proton. Therefore tensor1c is associated with
the N3-H proton coupling. With aQ-value of-80 MHz22 in
the McConnell relation,20 theπ-spin density at N3 is calculated
to be 0.07. These results then are almost identical to the N3-
HR coupling associated with the cytosine anion observed in
cytosine monohydrate.10

In the previous study (I) the reduction product was considered
to have one of the following possible structures (structuresR1a
andR1b). In the cytosine monohydrate study, additional weak
couplings were associated with the N4H2 protons.10 These
couplings were even weaker than the N3-H coupling. In the
present study there is too much interference from other weak
hyperfine couplings to positively identify any additional hy-
perfine couplings associated with radicalR1.

Consequently, it seems that the best choice for radicalR1 is
structureR1a on the basis of the fact that the N3-H coupling

Figure 1. (A) K-band ENDOR spectrum from a nondeuterated single
crystal of 5′dCMP, X-irradiated and measured at 10 K. Low-dose
(crystal irradiated with 55 kVp (kilovolts peak), 10 mA X-rays for 1
h) study for rotation about the〈a〉 crystallographic axis, Ho parallel to
the 〈c〉 axis. ENDOR lines marked/ are from the alkoxy radical (ref
24). (B) The ENDOR lines at ca. 53.5 MHz in Figure 1A, showing the
characteristic additional splitting associated with radicalR1a. The FSE
spectrum from this line is poorly resolved at this crystallographic
orientation. FSE spectrum from the same ENDOR line for Ho parallel
to the〈b〉 crystallographic axis, showing the narrow EPR doublet from
radicalR1a (ENDOR frequency now 55.66 MHz). (C) FSE spectrum
from the ENDOR line at 60.91 MHz. ENDOR lines at 42.75, 44.99,
and 56.55 MHz gave a similar broad FSE pattern characteristic of
radicalR2b.

6738 J. Phys. Chem. A, Vol. 102, No. 34, 1998 Close et al.



has been observed and that no additional coupling that might
be associated with protonation of the amino group has been
observed.

Oxidation of the Cytosine Base (Radical R2). Four
ENDOR lines were associated with radicalR2 in normal crystals
(grown from H2O) as established from field-swept ENDOR
spectra (Figure 1) as well as from thermal annealing experi-
ments. These ENDOR lines decay on warming to ca. 60 K.
Hyperfine couplings obtained from the ENDOR data are given
in Table 2.

The eigenvectors for the intermediate and minimum principal
values of the coupling with the largest anisotropy (2a in Table
2) are close to the directions for the cytosine ring plane normal
and the>C5-H bond direction. This coupling then is associ-
ated with the>C5-HR proton. Using aQ-value of-72.8 MHz7

in the McConnell relation,20 the spin density at C5 was computed
to be 0.56, whereas if the dipolar coupling tensor is used21 the
spin density at C5 is computed to be 0.60.

The second hyperfine coupling (2b in Table 2) is character-
istic of a â-proton with a sizable isotropic interaction (ca. 1.4
mT). Normally one assumes that a cytosine ring proton cannot
be sufficiently far out of the ring plane to be responsible for
such a large hyperfine coupling. Therefore this coupling was
assumed in (I) to be due to the C1′-Hâ proton. This is
reasonable only if radicalR2 has significant spin density at N1,
which is discussed below.

Two additional weak ENDOR lines can be linked to the base
oxidation product using FSE techniques (Table 2). Both
couplings are exchangeable, typical of couplings of N-HR

TABLE 1: Hyperfine Couplings for Radical R1 Formed in 5 ′dCMP Single Crystals, X-Irradiated and Observed at 10 K

eigenvectorsb

tensor isotropic valuea principal values 〈a〉 〈b〉 〈c〉 (∆ψ),c deg

-64.9(3) 0.702(3) -0.599(5) 0.119(1)
1a -40.8(3) -36.3(1) 0.202(7) 0.440(6) 0.875(3)

(0.136) (0.492) (0.860)d 4.8
-21.3(3) 0.577(3) 0.669(6) -0.469(5)

(0.619) (0.635) (-0.462)e 3.1

-63.2(6) 0.815(10) -0.542(17) 0.205(4)
1b -39.2(5) -36.7(2) 0.171(18) 0.564(10) 0.808(6) 5.4

-17.6(6) -0.554(11) -0.622(15) 0.552(8) 6.5

-10.4(2) 0.498(20) -0.865(13) 0.062(49)
1c -5.8(2) -5.4(3) 0.320(51) 0.250(58) 0.914(27)

-1.6(3) 0.806(24) 0.436(24) -0.401(59)
(0.740) (0.519) (-0.429)f 6.3

a Hyperfine couplings are in MHz. Uncertainties in the last digit(s) are given in parentheses, quoted at the 95% confidence level.b Eigenvectors
here are for crystallographic site(l, m, n). The other three symmetry related sites are given by (l, mj , nj), (lh, m, nj), (lh, mj , n). c ∆ψ is the angle between
a specific principal value and the expected direction computed from the coordinates of the native molecule (ref 14).d The expected direction of the
C6 2pπ orbital (the perpendicular to the pyrimidine plane).e The expected direction of the C6-HR bond (the in-plane bisector of the C5-C6-N1
bond). f The expected direction of the N3-H bond (taken from the N3‚‚‚O8(P) direction).

TABLE 2: Hyperfine Couplings for Radical R2 Formed in 5 ′dCMP Single Crystals, X-Irradiated and Observed at 10 K

eigenvectorsb

tensor isotropic valuea principal values 〈a〉 〈b〉 〈c〉 (∆ψ),c deg

-62.6(1) 0.156(9) 0.833(4) -0.531(2)
2a -41.2(1) -42.9(1) 0.170(6) 0.507(8) 0.845(3)

(0.165) (0.500) (0.850)d 2.4
-18.0(1) 0.973(7) -0.222(13) -0.062(29)

(0.976) (-0.206) (-0.068)e 2.1

46.8(3) 0.490(23) -0.848(12) -0.201(13)
2b 41.9(5) 39.5(1) 0.259(104) 0.362(37) -0.895(31)

39.5(1) 0.832(27) 0.387(55) 0.397(61)

-18.6(1) 0.245(13) 0.841(17) -0.483(106)
2c -12.4(1) -16.4(1) 0.025(46) 0.492(64) 0.870(1)

(0.130) (0.527) (0.840)f 6.6
-2.3(2) -0.969(3) 0.225(5) -0.100(57)

(-0.986) (0.088) (-0.144)g 8.3

-24.5(1) 0.797(3) -0.524(6) 0.299(6)
2d -14.5(1) -16.8(1) 0.059(8) 0.561(13) 0.826(9) 4.3

-2.3(2) -0.601(4) -0.641(5) 0.478(4)
(-0.681) (-0.552) (0.481)h 6.8

a Hyperfine couplings are in MHz. Uncertainties in the last digit(s) are given in parentheses, quoted at the 95% confidence level.b Eigenvectors
here are for crystallographic site(l, m, n). The other three symmetry related sites are given by (1,mj , nj), (1h, m, nj), (1h, mj , n). c ∆ψ is the angle
between a specific principal value and the expected direction computed from the coordinates of the native molecule (ref 14).d The expected direction
of the C5 2pπ orbital (the perpendicular to the pyrimidine plane).e The expected direction of the C5-HR bond (the in-plane bisector of the C5-
C6-N1 bond).f The expected direction of the N4 2pπ orbital (the perpendicular to the pyrimidine plane).g The expected direction of the N4-H1
bond.h The expected direction of the N4-H2 bond.
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fragments, and exhibit eigenvectors for the intermediate principal
value close to the direction of the ring perpendicular. The
eigenvectors for the minimum principal values of these hyperfine
couplings are close to the two N4-H proton directions. The
isotropic values of the two tensors are very similar indicating
N4 spin density of 0.17( 0.01 (with aQ-value of-80 MHz).

Attempts have been made to determine nitrogen spin densities
exhibited by radicalR2 from the EPR spectra (Figure 2). The
spectra chosen for simulations were for Ho | to 〈c〉 plane, D2O
crystals, irradiated at low X-ray dose. One can see from the
angular variations of the EPR spectra that there are contributions
from hyperfine couplings not seen by ENDOR. In particular a
maximum spectral width is seen in a direction perpendicular to
the pyrimidine plane. This feature is characteristic of 2pπ
nitrogen hyperfine coupling. The best EPR simulations were
obtained with the ENDOR tensors in Table 2 and two additional
nitrogen hyperfine couplings withAiso(N1) ) 0.63 mT and a
second smallerAiso(N4) ) 0.33 mT.

Using this value ofAiso(N4) ) 0.33 mT and theF(N4) )
0.17( 0.01, one has aQN ) 1.9( 0.1 mT. With thisQ-value,
the N1 spin density is estimated to be 0.30, which is the same
as previously calculated for the cytosine cation.10 Finally, the
â-proton coupling (2b in Table 2) can be used to estimate the
torsion angle from the approximate formula

with B2 ∼ 170 MHz,23 which givesθ ) 26 ( 4°. From the
crystal structure one can determine that the torsion angle
between C6-N1-C1′-Hâ is 101.4°, while the torsion angle
between C2-N1-C1′-Hâ is -70.3°. This indicates some
nonplanarity in the N1 bonding. If one assumes that the nitrogen
2pπ orbital is perpendicular to the C2-N1-C6 plane, then the

torsion angle between this perpendicular and the C1′-H
direction is calculated to be 15.8°. Considering the approximate
nature of eq 1 and the constants used, this agreement is quite
satisfactory.

To assign a structure to radicalR2 one must account for
appreciable spin density on N1 and C5 and modest spin density
on N4. No coupling was observed that can be associated with
the N3-H proton for this radical. The small N3 coupling is in
accord with recent results by Malone et al.13 They report no
spectral changes on N3 methyl substitution in various cytosine
π-cations. Therefore it seems most likely that the oxidation
product observed at 10 K in 5′dCMP is radicalR2b, the N3-
deprotonated cation.

Oxidation of the Deoxyribose Moiety (Radical R3). The
only identified product associated with radiation damage to the
deoxyribose moiety is a secondary alkoxy radical observed at
10 K and stable on warming to ca. 65 K. This radical was
correctly identified by Box et al.,24 and although ENDOR lines
from this radical were detected in the present work (Figure 1),
no new experimental results on this radical are reported here.
It is important to note, however, that this radical exhibits a
number of weak hyperfine couplings that appear only 5-8 MHz
from the free proton ENDOR signal (36.5 MHz at K-band),
which interfered with the weak couplings from radicalsR1 and
R2.

H-Addition Radicals (R4 and R5). In crystals given a high
X-ray dose at 10 K, one sees, in addition to the three primary
radicals discussed above, several ENDOR lines above 65 MHz.
In Figure 3 one sees the angular variations of these ENDOR
lines for the rot 〈a〉 plane. Although ENDOR lines were
observed at several orientations in other planes, the resonances
were too weak to allow for the calculation of hyperfine coupling
tensors. However, enough information is available from this
single plane of data to make reasonable radical assignments.

FSE results for the orientation Ho | 〈b〉 show that the ENDOR
lines at 72.6, 85.7, and 109.6 MHz belong to the same radical
species (radicalR4). The two high-frequency lines represent

Figure 2. (A) K-band EPR spectrum from a deuterated single crystal,
X-irradiated (55 kVp, 10 mA for 4.5 h) and measured at 10 K. Ho

parallel to the〈c〉 crystallographic axis. The spectrum is composed
mainly of a 1.25 mT doublet from radicalR1a and a broad EPR signal
from radical R2b. (B) Simulation of the EPR spectrum using the
program by Maruani (ref 19). For RadicalR1a the C6-HR tensor in
Table 1 was used, together with a cytosine aniong-tensor suggested in
ref 10. For radicalR2b tensors2a and 2b from Table 2 were used
along with two axially symmetric nitrogen hyperfine couplings with
principal values of (1.7, 0.1, 0.1) and (0.8, 0.1, 0.1) mT.

Aiso(Hâ) ) F(N1) B2 cos2 θ (1)

Figure 3. Angular variations of the K-band ENDOR spectra from a
single crystal of 5′dCMP, X-irradiated and measured at 10 K. High-
dose experiment (crystal X-irradiated 4.25 h with 55 kVp X-rays at 10
mA) for rotation about the〈a〉 crystallographic axis. Only the high-
field ENDOR lines from radicalsR4 andR5 are shown here.
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â-proton interactions of 3.5 and>5.1 mT. At some of the
angles recorded above 100 MHz, the ENDOR lines were too
weak to be observed. There are, however, data at enough
orientations to be confident about the presence of thisâ-proton
interaction. Such large couplings are typically seen in cytosine
C5dC6 H-addition products.7 For example, the C6-Hadd

radical in 1MeC has two isotropicâ-proton couplings of 4.78
and 5.13 mT.25

The hyperfine coupling at 72.6 MHz (for Ho | 〈b〉 in Figure
3) has an angular variation characteristic of anR-proton
interaction. Actually one sees that the plot has the same
anisotropy as the>C5-HR proton interaction of radical2a.This
then is sufficient to establish that radicalR4 is the C6-Hadd

radical.

The other three high-frequency ENDOR lines in Figure 3
are also linked by FSE to a single radical species (R5). The
lines at 76.2 and 98.2 MHz correspond toâ-proton interactions
of 2.72 and 3.51 mT. The single line at ca. 66 MHz is the
C6-HR coupling. This coupling has the same angular variation
as the C6-HR coupling of radicalR1 for this plane of data.
The hyperfine couplings observed for this radical are typical of
those observed for cytosine C5-Hadd radicals.7 Therefore, it
seems safe to conclude that radicalR5 is indeed the C5-Hadd

radical shown above.
It is important to point out here that the evidence for

H-addition radicals at 10 K comes mainly from the ENDOR
results. There is only weak evidence for either H-addition
radical in any of the EPR spectra at 10 K. There is EPR
evidence for a C6-Hadd radical at temperatures above 100 K
but with slightly differentâ-proton hyperfine couplings. At
room temperature only the C6-Hadd radical is observed. The
two â-proton hyperfine couplings are close to being equivalent
(4.09 mT).26

Unidentified Radicals Species. In addition to the 12
hyperfine couplings discussed above, and 4 or 5 small couplings
associated with the secondary alkoxy radical, there are several
additional hyperfine couplings to which no radicals species has
been assigned. From one small ENDOR coupling a hyperfine
coupling tensor with principal values of 21.3, 11.6, and 10.3
MHz has been obtained. The FSE spectrum from this coupling
was poorly resolved. This coupling most likely is a small
â-proton interaction from some unidentified sugar radical.

There is one more large hyperfine coupling that was obtained
from the high-dose plane of data. For rotation about the〈a〉
axis, this coupling varies from 1.68 to 3.15 mT. The FSE is
well-resolved and shown a single doublet. Unfortunately this
coupling was too weak to be observed in the other data sets,
and so no additional information is available. This large
anisotropic coupling is most likely from a sugar H-abstraction
radical. A recent paper on sugar radicals summarizes the
spectral features of the five H-abstraction radicals.27 C5′
H-abstraction radicals generally have a large C5′-HR anisotropic
hyperfine coupling and only very smallâ-proton interactions.
While this fits the data currently available, it is premature to

speculate on a radical assignment without the complete hyperfine
coupling tensor.

Radicals Observed at 10 K, Summary. The primary
radiation induced products in 5′dCMP are therefore (1) reduction
of the base (R1a), (2) oxidation of the base resulting in the
N3-deprotonated cation (R2b), (3) oxidation of the deoxyribose
moiety, resulting in a secondary alkoxy radical at O3′, (4) C5d
C6 H-addition radicalsR4 and R5 (at least at high radiation
dose), and (5) perhaps one or two unidentified sugar radicals.

Radicals at 77 K (R6). An interesting radical observed in
5′dCMP by irradiation at 77 K by Krilov and Herak28 has the
structure C˙ 5′(H2)-C4′(H)<. The analysis performed by Krilov
and Herak on the EPR data produced one isotropic hyperfine
coupling of 3.6 mT and two anisotropic couplings with principal
values of-2.97,-2.04, and-1.40 mT. These principal values
deviate from normalR-proton anisotropic couplings since only
the mean value of the two anisotropic couplings was measured.
The proper hyperfine couplings for the methylene protons,
suitable for EPR spectral simulation, were obtained by the
following procedure.

Our analysis of the X-band EPR spectra at 77 K produced a
hyperfine coupling tensor with principal values of-2.94,-1.97,
and -1.44 mT, in good agreement with the results of Krilov
and Herak.28 The direction cosine associated withAmax is
essentially parallel to the C4′-C5′ direction. A principal axis
system was chosen that represents the direction of theπ-electron
orbital, the C4′-C5′ bond direction, and a third direction
perpendicular to the first two axes. Then the direction ofAmid

was chosen as the direction of theπ-orbital. Assuming ideal
sp2 structure, the other principal values of 1.44 and 2.94 mT
can be transformed to the in-plane principal values of the
individual methylene protons using

The solutions areAmin ) 1.06 mT andAmax ) 3.45 mT. This
agrees well with the experimental>C-HR values of 1.07, 2.20,
3.30 mT.29

Using the individual hyperfine couplings for each methylene
proton, and a 3.6 mTâ-proton coupling, one can simulate the
EPR spectrum for radicalR6. Figure 4 shows the EPR spectrum
for Ho along the〈b〉 crystallographic axis. Comparing this
spectrum with the spectrum shown by Krilov and Herak, one
notes the increased resolution of the former at low EPR field
modulation. Also shown is the simulation of the EPR powder
spectrum for this radical, which should be compared the EPR
spectra from a number of cytosine derivatives shown in a recent
paper by Malone et al.13

Discussion

Reduction of Cytosine. A number of cytosine reduction
products have been characterized by detailed ENDOR experi-
ments on single crystals X-irradiated and observed at or near
liquid helium temperatures. The results are summarized in
Table 3.

In cytosine monohydrate the native molecule is neutral (not
protonated at N3) The first entry in Table 3 is the reduction
product observed in this crystal.10 The reduction product is
protonated at N3. The second entry represents a reduction
product in the same crystal formed by net H-addition to the
exocyclic O2 site.30 The distinguishing feature of this product
is the rather low spin density on C6.

(Amin)
2 cos2 30° + (Amax)

2 cos2 60° ) (1.44)2 (2)

(Amin)
2 cos2 60°+(Amax)

2 cos2 30° ) (2.94)2 (3)
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The next four entries in Table 4 are for crystals in which the
native molecule is protonated at N3. In Box’s paper on the
ENDOR analysis of 3′CMP the reduction product is shown as
a negative ion (i.e., deprotonated at N3 after electron addition).31

Close32 and Bernhard7 have both pointed out that this species
actually remains protonated at N3.

The recent study of cytosine hydrochloride provides two
interesting reduction products.33 At low doses and low tem-
peratures, one observes the neutral reduction product (molecule
remains protonated at N3 after electron addition). At high doses
one also observes a reduction product that is further protonated
at the exocyclic NH2 group. This species has been previously
inferred from frozen solution studies.5 One further point to note
is the remarkable similarity between the N3-protonated species
observed in cytosine derivatives. Adding the present work on
5′dCMP, there are six reduction species in cytosine with nearly
identical spin density on C6.

Another point to consider here is the multiple set of closely
spaced ENDOR lines observed for some reduction products.
These were first noted in (I). Similar results have also been
observed for reduction products in single crystals of guanine‚
HCl‚H2O34 and guanine‚HCl‚2H2O.18 It is quite likely that these
closely related reduction species represent slight differences in
radical conformation. McCalley and Kwiram35 report a similar
effect in an ENDOR study of malonic acid at 4.2 K. They
observe one set of closely matched pairs of ENDOR lines from
the RCHR radical. This doubling is a consequence of the
absence of the crystallographic inversion center present at room

temperature. It is not known if there is a similar loss of
crystallographic symmetry upon cooling in the crystals we have
studied.

Oxidation of Cytosine. The characteristics of cytosine
oxidation products are listed in Table 4. The first entry
represents oxidation of the neutral cytosine base. This radical
is stabilized by deprotonation at N1.10 The next three entries
are for oxidation products observed in cytosine hydrochloride
in which the base is protonated at N3 in the native molecule.
Cations are observed that are stabilized by deprotonation at N4,
N3, and N1.33 The final entry is for 5′dCMP where it is believed
that the oxidation product formed is the N3-deprotonated cation.
One notes that except for the N4-deprotonated cation in C‚HCl,
the other entries have very similar spin densities at C5. One
feature to note in Table 4 is that all the electron loss centers
here are deprotonated. In our previous work we have noted
that cations of guanine and adenine tend to deprotonate at the
exocyclic amino group.6 In C‚HCl the dominant oxidation
product is indeed the amino-deprotonated cation, but two other
sites of deprotonation are also observed. This likely reflects
the fact that none of the available sites in C‚HCl are hydrogen
bonded to good proton acceptors.

It has been shown that proton-transfer networks that promote
the separation of charge and spin are important in stabilizing
radicals.36 This provides the means of returning ionization sites
to their original charge state and effectively inhibiting recom-
bination. One would like to see if the hydrogen-bonding
network in 5′dCMP might be used to explain why the radical
cation is stabilized by deprotonation at N3 rather than, say, at
C1′ as is observed in solution.

In 5′dCMP the crystal structure shows that there is an intricate
hydrogen-bonding network involving N3 and the phosphate
group, (N3-H‚‚‚O8-P-O7-H‚‚‚O3′-H‚‚‚Ow-H‚‚‚O2).14 This
network provides a convenient path to shuttle the excess positive
charge (via N3-H deprotonation) far away from the original
site of oxidation. Indeed, if the charge moves through the four
hydrogen bonds here it will end up 9.3 Å from the original
oxidation site. On the other hand, C1′-H is not involved in
H-bonding with neighbors. The crystal structure does not show
any good proton acceptors within 3 Å of C1′-H.

H-Addition Radicals. In previous EPR studies it has
commonly been assumed that the electron adduct is the precursor
to the base H-addition radicals. One often sees the cytosine
electron adduct signal decay on warming to 100-150 K at which
time the H-adduct signals appear to grow in. However, detailed
ENDOR studies have shown that when base electron adducts
are formed they rapidly protonate.6 At low temperatures one
often sees ENDOR signals from the H-adducts. Upon warming,
the electron adduct signal often decays with no apparent
successor. Therefore in the crystalline state, at least, there does
not seem to be a necessary link between the electron adducts
and the H-addition radicals.

Sugar Radicals. Identification of an alkoxy radical in
5′dCMP initially led to several incorrect assignments.37,11

Figure 4. (A) X-band EPR spectra from a single crystal of 5′dCMP,
X-irradiated and measured at 77 K, for Ho parallel to the 〈b〉
crystallographic axis. This spectrum should be compared with the
overmodulated EPR spectrum in ref 28 (Figure 1). (B) Simulation of
the EPR spectrum of radicalR6 for Ho parallel to the〈b〉 crystal-
lographic axis, using the hyperfine couplings described in the text. (C)
Simulation of the EPR powder spectrum of radicalR6.

TABLE 3: Cytosine Reduction Products

system radicala Aiso
b principal valuesc Fd ref

C‚H2O Ca+3 -37.8 -24.7, 2.3, 22.5 C6(0.52) 10
C‚H2O Ca+2 -26.7 -15.3, 2.0, 13.3 C6(0.36) 30
3′CMP Ca

+ -36.0 -23.2, 2.0, 21.3 C6(0.49) 31
C‚HCl Ca

++4 -34.4 -19.0, 1.1, 18.0 C6(0.47) 33
C‚HCl Ca

+ -39.0 -22.8, 2.6, 20.2 C6(0.52) 33
1MeC‚5FU Ca+3 -38.6 -23.9, 4.0, 19.9 C6(0.51) 51
5′dCMP Ca

+ -40.8 -24.1, 4.5, 19.5 C6(0.51) this work

a Radical assignment here using the notation given by Bernhard in
ref 7. b Isotropic hyperfine coupling in MHz.c Dipolar components of
the hyperfine coupling tensor (in MHz).d Major site of unpaired spin
density, calculated from the dipolar hyperfine coupling tensor.

TABLE 4: Cytosine Oxidation Products

system radicala Aiso
b principal valuesc Fd ref

C‚H2O Cc-1 -41.3 -22.8,-0.8, 22.2 C5(0.56) 10
C‚HCl Cc

+-4 -27.3 -11.6,-2.0, 13.7 C5(0.36) 33
C‚HCl Cc

+-3 -41.4 -22.9,-0.9, 21.7 C5(0.56) 33
C‚HCl Cc

+-1 -41.5 -25.2,-0.3, 24.9 C5(0.64) 33
5′dCMP Cc

+-3 -41.2 -21.4,-1.7, 23.2 C5(0.60) this work

a Radical assignment here using the notation given by Bernhard (ref
7). b Isotropic hyperfine coupling in MHz.c Dipolar components of the
hyperfine coupling tensor in MHz.d Main site of unpaired spin density,
calculated from the dipolar hyperfine coupling tensor.
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However, ENDOR results by Box et al.,24 which accounted for
oneâ-proton and threeγ-proton couplings, leave no doubt that
the alkoxy radical in 5′dCMP is a secondary alkoxy radical
located at O3′.

Some time ago it was suggested by Hu¨ttermann38 that in DNA
there is a shift away from damage to the sugar. In a 3′
nucleotide one often observes a O˙ -C5′ alkoxy radical.39 If this

position is blocked by the attachment of a phosphate group as
in a 5′-nucleotide, the site of oxidation may be the secondary
alcohol group (as in 5′dCMP).11 Extrapolating to the polymers,
one sees that all alcohol functions are used as phosphoester
bonds. Therefore in DNA the site of direct oxidation is most
likely the base.

Another common type of sugar damage results in the
production of H-abstraction radicals. In the present work there
is only weak evidence for any sugar H-abstraction radicals at
10 K. This is surprising since numerous sugar radicals have
previously been detected in nucleosides and nucleotides.27

Phosphate Damage.To form radicalR6, it is necessary to
cleave the phosphoester bond. This radical is therefore of
interest as a possible intermediate in a strand break. Repeated
attempts to study this radical below 77 K have failed. The
distinctive EPR spectrum of this radical for Ho along the〈b〉
axis is not apparent at 10-20 K. Therefore the precursor to
this radical has not been observed. A similar radical has been
observed by ENDOR in single crystals of 5′dGMP.40 In this
crystal the radical undergoes a reorientation on warming from
10 to 77 K.

Likely pathways for formation of radicalR6 involve dis-
sociative electron capture of the phosphate group.41 It is
commonly assumed, however, that when bases are present
electron capture by the phosphate is unlikely. There is therefore
likely a split in the reaction pathway, which depends on the
thermal energy available during irradiation. At 10 K base
electron adducts are stably trapped. On warming, the base
electron loss and electron gain products likely recombine, and
therefore very few electrons are available to form radicalR6.
On the other hand, when the sample is irradiated at 77 K, enough
energy is apparently available for dissociative electron capture
of the phosphate ester to produce radicalR6.

Room-Temperature Radicals (R7). A radical that was first
observed in cytidine at room temperature by Hampton and
Alexander42 has the general features

and is therefore referred to as the 3RH radical. This radical
has also been observed in 3′CMP by Bernhard et al.43 upon
annealing to 300 K, and in 5′dCMP by Close et al.44 by
irradiating at room temperature. It has been proposed that this
radical is formed in the ribose moiety, although its precise
structure, as well as the mechanism of formation, is unknown.43

In our study of the 3RH radical in 5′dCMP, we considered
the remote possibility that this radical is actually located on
the cytosine base.44 The suggested structure is

similar in structure to the thymine allylic radical.45,46 Table 5

TABLE 5: Hyperfine Coupling Tensors for the 3rH
Radicals in Cytosine Derivatives

eigenvectorsbhyperfine tensor
(MHz) 〈a〉 〈b〉 〈c〉

(∆ψ),a

deg

5′dCMPb

Coupling 1
-18.78 -0.4264 -0.7908 -0.4392
-42.96 0.3537 -0.5926 0.7392 10.5c
-71.16 -0.8325 0.1532 0.5324

Coupling 2
-19.15 -0.5148 0.5147 0.6356
-44.24 0.3331 -0.6186 0.7132 13.9c
-67.18 0.7900 0.5955 0.1460

Coupling 3
-11.69 -0.4751 0.6613 0.5805 10.8d

-25.77 0.2136 -0.5333 0.8051 9.4c
-34.93 0.8536 0.5065 0.1216

3′CMPe

Coupling 1
-13.2 -0.7036 0.3811 0.5997
-39.6 0.7016 0.5064 0.5013 27.0f

-58.9 -0.1127 0.7735 -0.6237

Coupling 2
-18.2 0.4382 -0.8556 0.2755
-39.7 0.6894 0.5166 0.5078 27.9f

-61.3 -0.5768 -0.0326 0.8167

Coupling 3
- 6.9 -0.7026 0.5483 0.4536 39.8g

-29.1 0.7071 0.4661 0.5318 20.5f

-39.6 -0.0801 -0.6944 0.7152

Cytidineh

Coupling 1
-20.74 0.014 0.829 0.560
-43.54 -0.640 -0.423 0.642 16.7i
-66.30 -0.768 0.367 -0.525

Coupling 2
-20.34 -0.638 -0.051 -0.768
-43.38 -0.685 -0.418 0.597 19.3i
-68.86 0.352 -0.907 -0.232

Coupling 3
-13.56 -0.087 -0.752 -0.654 1.0j
-27.00 -0.510 -0.530 0.677 7.0i
-37.16 0.856 -0.392 0.337

1-MeTk

Coupling 1
-21.0 0.393 0.877 -0.277
-43.6 0.496 0.052 0.867
-67.7 0.774 -0.478 -0.415

Coupling 2
-23.1 0.853 0.039 -0.520
-44.1 0.518 0.053 0.854
-72.5 0.062 -0.998 0.025

Coupling 3
-13.1 0.490 0.790 -0.369
-27.1 0.512 0.082 0.855
-37.4 0.706 -0.608 -0.364

a ∆ψ is the angle between a specific principal value and the expected
direction computed from the coordinates of the native molecule.b See
ref 44. c Direction of ring perpendicular: 0.1654-0.5004 0.8499.
d Direction of C6-HR: -0.6190 0.6353 0.4617.e See ref 43.f Direction
of ring perpendicular: 0.9409 0.2991 0.1584.g Direction of C6-HR:
-0.1053 0.6288 0.7704.h See ref 42.i Direction of ring perpendicular:
-0.4210-0.6130 0.6686.j Direction of C6-HR: -0.0786-0.7590-
0.6464.k See ref 50.
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lists the original hyperfine coupling tensors for the 3RH radical
along with the direction cosines associated with the C5dC6
region of the cytosine base. One sees that, except for 3′CMP,
the fit is very good.

In addition one must ask if there is enough space in this region
to replace the C5 proton with a methyl group. A search was
made of the distances between a carbon atom 1.54 Å from C5
and all neighboring molecules in 5′dCMP. There is an oxygen
atom (a C2dO) 1.81 Å away and another oxygen (a P-O8)
2.81 Å away. This means that there might be some small
distortions necessary to accommodate a methyl group on C5.

Cullis has pointed out that common nucleosides and nucle-
otides provided by Sigma often contain methylated impurities.47

The actual 5′dCMP material used for growing crystals has been
analyzed, and it does indeed contain approximately 0.04%
5-methyl deoxycytidine as an impurity.48 If a methylated
cytosine impurity is responsible for the 3RH radical, it is
necessary to show the following: (1) that the impurity is actually
contained in the single crystals, (2) that there is reason to believe
that a minor impurity can give rise to a large EPR/ENDOR
signal, and (3) that the ENDOR data obtained on the 3RH radical
actually fit an allylic cytosine base radical (see Table 3).
Experiments to resolve these issues are currently being pursued.

Radical Reactions. The dominant features of the EPR
spectrum of 5′dCMP X-irradiated at 10 K are from the base
oxidation and reduction products (radicalsR1a andR2b). On
warming these species are apparently not involved in any further
radical reactions. Their signals disappear without any detectable
successors.

A C3′-O alkoxy radical is also present in irradiated 5′dCMP
at 10 K along with small quantities of the C5 and C6 H-addition
radicals. Oxidation of the sugar produces a cation, which in
turn deprotonates to give the alkoxy radical.

The H+ here is H-bonded to a water molecule, which in turn is
close to the C5dC6 region of a neighboring base. It is
intriguing to ask if formation of the alkoxy radical may be a
precursor to any of the other radicals observed in 5′dCMP
(perhaps by protonation of a base anion to yield an H-addition
radical). Presently, however, there are no results that link the
decay of the alkoxy radical with any of the other radicals.

Finally there is the 3RH radical, best observed in 5′dCMP
by irradiation at room temperature. A paper by Herak et al.49

claims that the 3RH radical forms upon decay of radicalR6. In
the present study there is no new information to prove or
disprove this claim. The warming experiments did not produce
sufficient yields of the 3RH radical for study.
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