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Abstract
In this study, we report the formation of ribose sugar radicals in high yields (85 – 100%) via
photo-excitation of adenine cation radical (A•+) in Ado and its ribonucleotides. Photo-excitation of
A•+ at low temperatures in homogenous aqueous glassy samples of Ado, 2′-AMP, 3′-AMP and 5′-
AMP forms sugar radicals predominantly at C5′- and also at C3′-sites. The C5′• and C3′• sugar
radicals were identified employing Ado deuterated at specific carbon sites: C1′, C2′, and at C5′.
Phosphate substitution is found to deactivate sugar radical formation at the site of substitution.
Thus, in 5′-AMP, C3′• is observed to be the main radical formed via photo-excitation at ca. 143 K
whereas in 3′-AMP, C5′• is the only species found. These results were supported by results
obtained employing 5′-AMP with specific deuteration at C5′-site (i.e., 5′,5′-D,D-5′-AMP).
Moreover, contrary to the C5′• observed in 3′-dAMP, we find that C5′• in 3′-AMP shows a clear
pH dependent conformational change as evidenced by a large increase in the C4′ β–hyperfine
coupling on increasing the pH from 6 to 9. Calculations performed employing DFT (B3LYP/
6-31G*) for C5′• in 3′-AMP show that the two conformations of C5′• result from strong hydrogen
bond formation between the O5′-H and the 3′-phosphate dianion at higher pHs. Employing time-
dependent density functional theory [TD-DFT, B3LYP/6-31G(d)] we show that in the excited
state, the hole transfers to the sugar moiety and has significant hole localization at the C5′-site in a
number of allowed transitions. This hole localization is proposed to lead to the formation of the
neutral C5′-radical (C5′•) via deprotonation.

Introduction
A number of recent efforts have established that photo-excitation of one-electron oxidized
bases in DNA-RNA systems 1 – 8 at low temperatures results in sugar radical formation. The
excitation effectively results in hole transfer to the sugar which quickly deprotonates to
produce a neutral carbon centered sugar radical. This was found to occur in both guanine
and adenine containing DNA systems with formation of specific sugar radicals dependent on
the base and structural features.1 – 9 For example, we observed that photo-excitation of one-
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electron oxidized adenine in 2′-deoxynucleosides resulted in near complete conversion to
sugar radicals, predominantly C5′• with a small contribution of C3′•.9

The precursor to the sugar radical is the DNA base cation radical for guanine containing
systems and was assumed to be the deprotonated species for adenine containing systems.9
This is because the adenine cation radical (A•+) from dAdo has been reported by Steenken
and coworkers to have a pKa of ≤ 1 in aqueous solutions at ambient temperature.10, 11 In
agreement, a number of ESR and ENDOR studies reported that A•+ is deprotonated even at
4 K in single crystals.12 We note here that the deprotonation of the hole formed initially in
the parent structure leads to its localization on a single base and thus, the deprotonated one-
electron oxidized adenine moieties are detected in single crystals.12b

Thus, on the basis of these previous results10–12 it was assumed that one-electron oxidized
dAdo in our work, that the adenine moiety exists in its de-protonated state as A(–H)• at pHs
ranging from 5 to 12.9 Our method employs aqueous (H2O or D2O) solutions of LiCl at
room temperature which are cooled at 77 K to form homogenous aqueous glasses that soften
on annealing to allow for diffusion.1 – 4, 8, 9, 13, 14 In our experimental system (i.e. in
homogenous aqueous glasses at low temperature), radicals show similar properties as found
in aqueous solutions at room temperature. For example, in the case of G•+ (dGuo), we found
that the site of deprotonation is N113 which had also been suggested by pulse radiolysis in
aqueous solution at room temperature.10, 11 Moreover, we also found that in aqueous glasses
at 150 K, the pKa of G•+ (dGuo) is ca. 5 to 6 13 - which is just ca. 1.5 units higher than the
pKa value of 3.9 of G•+ in aqueous solution at room temperature.10, 11

A recent report from our laboratory shows that the assumption that deprotonation occurred
at pH 5 was incorrect and that adenine cation radical is actually stable at 150 K in aqueous
glasses of dAdo up to pH 8 and to pD 8.5.14 In these systems dAdo associates on cooling
and the adenine cation radical is stabilized by charge-resonance interactions within adenine
stacks thereby resulting in the higher pKa value of ca. 8 for the adenine cation radical in
H2O glasses at 150 K.14 Theoretical calculations point out that the adenine dimer cation
radical, A2•+, shows delocalization of the hole over both bases and is stabilized by ca. 12–16
kcal/mol relative to the monomers, A•+ and A.14 The delocalization of the hole in adenine
stacks is suggested to raise the pKa from ≤1 for monomer cation radical 10, 11 to ca. 8 for the
adenine cation radical in the stacked system.14 These experimental results are supported by
theoretical calculations of the pKa of the adenine monomer cation, A•+ (pKa ca. -0.3) and
dimer cation radical, A2•+ (pKa ca. 7).14 The calculations also show for the amine
deprotonated adenine radical (A(-H)•) that the unpaired spin is localized only on the A(-H)
moiety even when stacked with A, i.e., AA(-H)• 5, 7, whereas the spin is delocalized in
stacked A2•+.14 These results indicate that stacks of A in DNA will tend to stabilize the hole
from deprotonation and allow for hole transfer even over long distances.14 In agreement
with this proposition, studies of hole transfer through A stacks show that such transfer is
apparently not hindered by deprotonation. 15 – 20 In fact, it has been suggested that hole
delocalization should extend over to 3 to 4 adenine bases in such A tracts.21

In this study, we investigate one-electron oxidized Ado and various derivatives and we
establish that at the native pH/pD (ca. 5) of 7.5 M LiCl glass, one-electron oxidized adenine
in each case exists as adenine cation radical at 150 K as found for dAdo14. We also
investigate sugar radical formation via photo-excitation of the adenine cation radical in
glassy systems of Ado and its nucleotides. It is well known that sugar radicals can adopt
numerous conformations22 – 25 defined by its pseudo-rotation cycle 26. This makes sugar
radical identification difficult based on their hyperfine splittings alone. 22 – 25, 27 – 29 As a
result, following our previous studies with Guo,8 in this work we have used selective
deuterium substitution at C1′, C2′ and at C5′ in the sugar moiety of Ado, and at C5′ in 5′-

Adhikary et al. Page 2

J Phys Chem B. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



AMP to identify the site of the sugar radical produced by photo-excitation of A•+ and assign
their proton hyperfine couplings to these sites. These studies show that we observe
production of C3′• and C5′•, but do not find formation of C1′•, C2′• or C4′• via photo-
excitation of the adenine cation radical in Ado. Thus, we find that both Ado and dAdo
nucleosides form the same radicals suggesting little effect of the C2′-OH group during
formation of sugar radicals from the excited cation radical. The reasons for this unexpected
result are discussed in terms of the distribution of the hole over the sugar ring in the excited
state.

Materials and Methods
Compounds

Adenosine (Ado), Adenosine 2′-monophosphate (2′-AMP), Adenosine 3′-monophosphate
(3′-AMP), Adenosine 5′-monophosphate (5′-AMP), Adenosine 2′, 3′-cyclic monophosphate
(2′,3′-cAMP) and lithium chloride (99% anhydrous, SigmaUltra) were obtained from Sigma
Chemical Company (St Louis, MO). Potassium persulfate (crystal) was obtained from
Mallinckrodt, Inc. (Paris, KY). 1′-D-adenosine (1′-D-Ado), 2′-D-adenosine (2′-D-Ado), 5′,
5′-D,D-adenosine (5′,5′-D,D-Ado), and 5′,5′-D,D- adenosine 5′-monophosphate (5′,5′-
D,D-5′-AMP) (see scheme 1) were purchased from Omicron Biochemicals, Inc. (South
Bend, IN). The stereospecificity of the deuteration at the specific site of the sugar moiety in
Ado was maintained in these compounds as these deuterated derivatives were synthesized
by Omicron from D-Ribose.2, 8 All chemicals were used without further purification.

Glassy sample preparation
As per our earlier work with deoxynucleosides, deoxynucleotides, DNA-
oligomers,1 – 4, 9, 13, 14 Guo, its deuterated derivatives and RNA-oligomers containing
guanine moieties,8 glassy samples of Ado, its deuterated derivatives, and its nucleotides
were prepared by dissolving ca. 3 mg of compound in 1 mL of 7.5 M LiCl in D2O or H2O in
the presence of 5 mg K2S2O8. Whenever required, we have adjusted pH/pDs of these
solutions by quick addition of adequate amount (in μL) of 1 M NaOH or 1 M HCl in H2O or
D2O under ice-cooled condition. As per our previous studies,9, 13, 14 Following our previous
works regarding preparation of glassy solutions, 1 – 4, 8, 9, 13, 14 we have used 7.5 M LiCl in
D2O or H2O in this work as well. We have used pH papers for pH/pD measurements of
these solutions. Thus owing to the high ionic strength and the use of pH papers, these pH/pD
values should be considered as approximate. 9, 13, 14 These homogenous solutions were
bubbled thoroughly with nitrogen gas at room temperature. Subsequently, following our
earlier works,1 – 4, 8, 9, 13, 14 the transparent glassy samples were prepared by drawing the
solution into Suprasil quartz tubes (4 mm diameter, cat. no. 734-PQ-8, WILMAD Glass Co.,
Inc., Buena, NJ) followed by cooling to 77 K and were stored at 77 K in liquid nitrogen in
the dark. As per our earlier work,1 – 4, 8, 9, 13, 14 we note that our glassy sample containing
Ado or its derivative being dissolved homogenously in 7.5 M LiCl are not crystalline solids
but are glassy homogeneous super-cooled liquids. These glassy solutions, on annealing,
soften to allow for molecular migration and solution phase chemistry.

γ-Irradiation
As per our earlier works,1 – 4, 8, 9, 13, 14, 30 all glassy samples of Ado and its nucleotides and
the deuterated derivatives of Ado were γ− irradiated with an absorbed dose of 2.5 kGy under
liquid nitrogen at 77 K using a model 109-GR9 irradiator, containing a shielded 60Co
source.
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Annealing and photo-excitation of samples
Following our earlier works,1 – 4, 8, 9, 13, 14, 30 we have produced the one-electron oxidized
adenine species by annealing γ-irradiated glassy samples in a variable temperature assembly
(Air Products) in the dark with the aid of cooled nitrogen gas. The glassy samples were
annealed for 12 – 20 min at 148 to 152 K where the glass softens sufficiently to allow for
molecular migration which leads to the disappearance of Cl2•− with the concomitant
formation of one-electron oxidized adenine as described in our earlier work.9, 13, 14 The
same temperature assembly was used for photo-excitation of adenine cation radical for our
glassy samples. Similar to our work in 2′-deoxynucleosides/tides and in DNA-
oligomers, 1 – 4, 9, 13, 14 and also in Guo and in RNA-oligomers,8 we have not observed
sugar radical formation by the direct attack of Cl2•− on the sugar moiety in these glassy
samples of Ado and its nucleotides as well.

The glassy samples of Ado and its nucleotides were photo-excited 143 K (±2 K) using
tungsten lamp (250 W). This temperature was necessary to prevent radical migration which
starts at ca. 148 K. Also, photo-excitation of the glassy samples of 5′,5′-D,D-Ado were
carried out at 77 K employing tungsten lamp (250 W). Photo-conversion rates are found to
be slower at 77K and in some cases the radical distribution changes with temperature. Both
effects have been attributed to conformational flexibility allowed at higher temperatures in
these glasses.2, 4 During photo-excitation, the IR and UV components of this light were cut
off by a water filter and a 310 nm cut off filter, respectively. We note that ca. 60 mW of the
total lamp intensity is effective in causing sugar radical formation via photo-excitation.9

Electron Spin Resonance
As per our earlier works,1 – 4, 8, 9, 13, 14 the glassy samples of Ado and its nucleotides were
immediately immersed in liquid nitrogen after (i) γ-irradiation at 77 K, (ii) annealing to 148
– 152 K, and (iii) photo-excitation at 143 K. We have recorded the ESR spectra of these
samples at 77 K and at 40 dB (20 μW) employing a Varian Century Series ESR
spectrometer operating at 9.2 GHz with an E-4531 dual cavity, 9-inch magnet and with a
200 mW klystron. Following our work,1 – 4, 8, 9, 13, 14, 30 we have used Fremy’s salt (g
(center of the spectrum) = 2.0056, AN = 13.09 G) for field calibration.

Analyses of ESR spectra
The fraction that a particular radical contributes to the overall spectrum has been estimated
employing doubly integrated areas of benchmark spectra because the number of spins of
each radical species (i.e. moles of each radical) is directly proportional to these doubly
integrated areas. Using programs developed in our laboratory (ESRADSUB, ESRPLAY)
that use least square fittings of benchmark spectra of the radicals, we have obtained the
fractional contribution of these radicals in an experimentally obtained ESR
spectrum.1 – 4, 8, 9, 13, 14, 30

In Figure 1, we have presented the benchmark spectra employed to analyze the ESR spectra
shown in this work. Spectrum 1A is the benchmark spectrum of adenine cation radical in
Ado and in its nucleotides. In Figure 1B, the benchmark spectrum of C5′• is shown (an
anisotropic doublet owing to C5′-αH (ca. -21 G) and this spectrum has been obtained from
3′-dAMP9 and this is in good agreement with the literature.12f,g In Figures 1C and 1D we
have presented the benchmark spectra for C3′• obtained with the aid of simulation based on
isotropic hyperfine and g parameters given in Table 1. Figure 1C was used for analyses of
ESR spectra from 5′-AMP samples and Figure 1D has been used to analyze the ESR spectra
in Ado samples. We note that the C3′• for Guo 8 was found to be identical to that found here
for Ado. We have found in our earlier work with deoxyribonucleosides and –tides that the
hyperfine couplings for C3′• vary slightly with compound and also with temperature.2, 9
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Therefore, we note that the hyperfine coupling constants for the two β-H atoms (β-proton
couplings) – one at C2′ and the other at C4′ could vary slightly with compound for these two
C3′• spectra shown in Figures 1C and 1D.

We also note here that subtraction of a small singlet “spike” from irradiated quartz at g =
2.0006 has been carried out from the recorded spectra before analyses as in our previous
work. 1 – 4, 8, 9, 13, 14

In Table I, we have also mentioned the hyperfine coupling constant (HFCC) values and the
apparent g-values of the sugar radicals. In scheme 2, we have presented the structures of the
radicals described in this work.

Theoretical (DFT) calculations
Calculations for C5′• in 3′-AMP have considered two different protonation states of the
phosphate (PO4) moiety, viz. monoprotonated (PO4

−1) and its deprotonated form (PO4
−2).

Geometries of C5′• in 3′-AMP in PO4
−1 and PO4

−2 states have been optimized in the
presence of 3 to 4 water molecules near the phosphate group to mimic experimental
conditions to some extent. The calculations were preformed using B3LYP functional and
6-31G* basis in the set as implemented Gaussian03 suite of programs.31a The molecular
structures are plotted using freely available molecular modeling program JMOL.31b

In order to obtain reliable values of isotropic HFCCs, calculations require an appropriate
basis set.32 Recently, HFCCs of several neutral radicals as well as cation and anion radicals
using DFT method and different basis sets (6-31G*, TZVP and EPRIII) have been
computed.33 These calculations show that B3LYP/6-31G* method gave the HFCCs which
are comparable to the experimental values. Also, our work using B3LYP/6-31G* method
predicted HFCCs of hydrated guanine radicals and sugar radicals that are in agreement with
experiment.2, 9, 13

We have carried out excited state calculations of Ado radical cation using TD-DFT (time
dependent density functional theory) for determining the transition energy and the nature of
the molecular orbitals involved in transitions. Calculations were performed using the TD-
B3LYP/6-31G(d) method as implemented in Gaussian 03.

Results and Discussion
State of protonation of one-electron oxidized adenine in Ado and in its nucleotides

To determine the acid base nature of the Ado cation radical, the spectra of one electron
oxidized Ado was investigated in glassy samples (7.5 M LiCl/H2O). The line-shape,
hyperfine splitting and the g-values of one-electron oxidized Ado shown in Figure 2A (black
color), is found to be identical to those found in the ESR spectra of one-electron oxidized
dAdo in glassy samples shown in red.14 The spectrum for dAdo has been recently shown to
be due to the adenine cation radical (A•+) with the spin density localized to the adenine ring.
In Figure 2B we reported the spectrum of one electron-oxidized Ado at pH ca. 12 which is
also identical to that found for dAdo (in red). This spectrum is that from the N-6
deprotonated species A(-H)•. A(-H)• is found at pH 9 and above. A study as a function of
pH shows the pKa value of the adenine cation radical in glassy samples of Ado at 150 K is
ca. 8 (see insert of Figure 2), which is identical to that found for the adenine cation radical in
dAdo under similar conditions14. Thus, at the native pH/pD (ca. 5) of 7.5 M LiCl, we
conclude that one-electron oxidized Ado exists as the cation radical (A•+) in these glassy
samples of Ado.
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Photo-excitation of adenine cation radical in the glassy sample of Ado and of derivatives
of Ado having deuteration at specific sites in the sugar moiety

Ado—In Figure 3A, we present the ESR spectrum of A•+ formed via one-electron oxidation
of Ado by Cl2•− in 7.5 M LiCl glass after annealing at ca. 152 K for 10 – 20 min in the dark
and is recorded at 77 K. This spectral shape, g-value, and hyperfine splitting are identical to
that of the adenine cation radical in the glassy samples of dAdo under the same
conditions.9, 14 Hence this spectrum shown in Figure 3A is used as a benchmark spectrum in
Figure 1A regarding our analyses for A•+ in Ado.

Figure 3B shows the spectrum after 140 min of visible light illumination at 143 K. Analysis
of the spectrum shown in Figure 2B using the benchmark spectrum of A•+ and those of the
sugar radicals shown in Figure 1 (Spectra 1B and 1D) reveals that (i) photo-excitation of
A•+ at 143 K in glassy samples of Ado leads to almost complete (ca. 95%) conversion to
sugar radicals, and (ii) the spectrum in Figure 3B is a composite of C5′• (ca. 85%), C3′• (ca.
10%) and A•+ (ca. 5%) (Table II) (see also Figure 4).

1′-D-Ado—Using the same procedures used for glassy samples of Ado above, photo-
excitation of A•+ has also been carried out using 1′-D-Ado resulting in the spectrum in
Figure 3C. We find that the spectrum shown in Figure 3C for 1′-D-Ado shows no significant
changes from the spectrum shown in Figure 3B for Ado samples. As a result of the smaller
magnetic moment of deuterons, couplings from deuterium are only 15% (1/6.514) that of
protons in the same site.13, 14 For this reason, any beta-proton coupling at C1′ would be lost
owing to deuteration at that position. The fact that the spectra obtained via photo-excitation
of A•+ in the glassy samples of Ado and 1′-D-Ado (i.e., Figures 3B and 3C) are identical
makes it clear that no sugar radicals formed in Ado via photo-excitation of A•+ have a
significant beta-proton coupling to the hydrogen at C1′-site. This eliminates the possibility
of C2′• as a contributor to the spectrum of the sugar radical cohort in the spectrum 3B. The
fact that the C2′• is not formed in Ado via photo-excitation of A•+ is unexpected as theory
shows that in RNA and in its model systems (e.g., nucleoside), C2′-H bond is one of the
weakest in the ribose moiety.22

2′-D-Ado (Identification of C3′•)—After photo-excitation of A•+ in the glassy samples
of 2′-DAdo at 143 K, the resulting spectrum is shown in Figure 3D. In this case, the overall
features of the central doublet in the spectrum in Figure 3D are the same as for Ado (Figure
3B) and for 1′-D-Ado (Figure 3C). However, comparison of wings in the spectrum 3D with
those of spectrum 3B (for Ado) show the loss of the two outermost lines of the quartet
assigned to C3′•. Following our work with Guo,8 and from the similarities observed between
the spectra of sugar radical cohort from the samples of 2′-D-Ado and 2′-D-Guo (see
supporting information Figure S1), analysis of the spectrum 3D shows that the larger
coupling was lost for C3′•, and we, therefore, assign that the 41 G (1βH) hyperfine coupling
is due to the hydrogen at C2′ and the 17 G (1βH) hyperfine coupling to the C4′-hydrogen
atom. We have simulated this quartet ESR spectrum (see Figure 1) using these above-
mentioned hyperfine couplings with a line-width of 4.5 G.8 We note here that the overall
hyperfine splitting and the individual hyperfine couplings for the C3′• reported above
matches very well with our findings in Guo samples.8

5′,5′-D,D-Ado (Identification of C5′•)—The spectrum found after photo-excitation of
A•+ in 5′,5′-D,D-Ado at 143 K is shown in Figure 3E. As can be seen, the central (ca. -21 G)
doublet observed in all the spectra 3B – 3D is replaced by a singlet. Comparing the A•+

spectrum shown in 3A with the singlet in spectrum 3E, we note that the singlet does not
originate with any remaining A•+, as it differs considerably in shape and in the g-value
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(center of the spectrum) from the A•+ spectrum. Most importantly, the characteristic visible
absorption associated with A•+ is lost after 140 min of photo-excitation.

The collapse of the central doublet to a singlet in 5′,5′-D,D-Ado but not in 1′-D-Ado and/or
in 2′-D-Ado restricts the choice of radicals giving rise to the doublet to either C4′• or C5′•.
C4′• is not a likely choice for a number of reasons:

i. In our earlier studies an unequivocal assignment of the identical doublet in dAdo to
C5′• was made using 13C substituted dAdo with 13C substitution at C5′ position in
the sugar moiety.9

ii. for both 5′,5′-D,D-Guo 8 and 5′,5′-D,D-dGuo 2, we also found the collapse of a
similar doublet (ca. 19 G) which we have assigned to C5′•. Deuteration at C3′ in 3′-
D-Guo had no effect on the doublet spectrum in keeping with C5′• but not C4′•. 2

For these reasons, we assign the doublet in spectra 3B – 3D and the corresponding singlet in
3E to C5′•.

Formation of sugar radicals with photo-excitation time—In Figure 4, we have
presented the data regarding formation of C5′• and C3′• with time via photo-excitation of the
adenine cation radical in glassy samples of Ado. Using the benchmark spectrum of A•+

(Figure 1A) and those of the sugar radicals shown in Figure 1 (i.e. Figures 1B and 1D), we
have obtained the radical percentages of A•+, C5′•, and C3′• at various photo-excitation
times. Figure 4 clearly shows that, unlike Guo where C1′• was found,8 we do not observe
formation of C1′• via A•+ during photo-excitation in glassy samples of Ado. Both in short
and in long photo-excitation times, excitation of A•+ in glassy samples of Ado, produces
C5′• and C3′• only with C5′• formed at ca. 15 times the rate of C3′• formation.

Photo-excitation of A•+ in glassy samples of adenine nucleotides
In Figure 5A, we present the ESR spectrum of one-electron oxidized adenine in 3′-AMP
formed via oxidation by Cl2•− at pD 6. This spectrum shown in Figure 5A and the spectra of
similarly one-electron-oxidized 2′-AMP, 5′-AMP, 5′,5′-D,D-AMP, and 2′,3′-cAMP at the
native pD (ca. 5) of 7.5 M LiCl glass (not shown) match nicely with the spectrum of A•+

shown in Figure 3A (for Ado) and 1A (benchmark spectrum of A•+). Thus, via one-electron
oxidation, each of the nucleotides is oxidized at the adenine moiety to produce A•+. As
expected, 12a – 12c, 12e this similarity between the spectrum in 5A and that in 3A shows that
during formation of A•+ in adenine ribonucleotides, oxidation does not occur at the sugar or
phosphate moieties i.e., neither sugar nor phosphate radicals are formed on oxidation of
AMPs.

Figures 5B, D and E show the effect of visible illumination of A•+ in 2′-AMP, 5′-AMP and
in 2′,3′-cAMP, respectively at the native pD (ca. 5) of 7.5 M LiCl glass whereas in Figure
5C, the effect of visible illumination of A•+ in 3′-AMP at pD ca. 6 in 7.5 M LiCl is
presented.

Photo-excitation of A•+ in 2′-AMP—In Figure 5B, the ESR spectrum obtained after 180
minutes of visible light illumination at 143 K at the native pD (ca. 5) of the LiCl glass and
after subtraction of A•+ (ca. 5%) in 2′-AMP is shown. The hyperfine splitting, line-shape
and g-value shown in spectrum 5B is nearly identical to those found for the C5′• spectrum
shown in Figure 1B (and in other works2, 9) and is also assigned to C5′• (see supporting
information Figure S2).

Photo-excitation of A•+ in 3′-AMP—In Figure 5C, we present the ESR spectrum found
in 3′-AMP samples at pD ca. 6 after photo-excitation of A•+ for 150 minutes. Note that
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subtraction of remaining A•+ (ca. 10%) was performed. This spectrum is also shown in
Figure 6A. The spectrum shown in Figure 5C has the prominent doublet (ca. -21 G) at the
center and further small line components at the wings as found for 2′ AMP and is assigned
to C5′•.

pH dependence in the C5′• spectrum formed in 3′-AMP—In Figure 6, we report the
ESR spectra of the C5′• formed via photo-excitation of A•+ in the glassy (7.5 M LiCl/D2O)
samples of 3′-AMP at various pDs. The spectrum in Figure 6A obtained at pD ca. 6 is
clearly the spectrum of the C5′• (see supporting information Figure S2). It is evident from
the wings of the spectra shown in Figures 6B and 6C with respect to the wings in Figure 6A
that as the pD of the solution is increased, along with the 21G anisotropic alpha coupling a
new 34 G hyperfine beta-coupling arises which is assigned to the C4′-proton. At pD ca. 7,
we have found that the spectrum 6B is a combination of spectrum 6A (65%) and spectrum
6C (35%) (see supporting information Figure S3). We assign this change in hyperfine
coupling (spectrum 6A vs. spectrum 6C) to deprotonation at the phosphate moiety in 3′-
AMP at the higher pD which leads to a conformational change in the C5′-radical induced by
formation of a hydrogen bond between the 5′-OH and the phosphate dianion (see theory
section). The pKa value for the first dissociation in the phosphate group of 5′-AMP has been
reported in the literature as 6.21 in aqueous solution at ambient temperature.34, 35 Assuming
the pKa value of the phosphate group in 3′-AMP to be close to that in 5′-AMP, and
following our work showing that pKa of G•+ in these glassy samples at low temperature is
ca. 1.5 unit higher than the pKa of G•+ in aqueous solution at ambient temperature,13 we
predict that the pKa value of the phosphate group in 3′-AMP in our system (i.e., in glassy
solution at temperature ca. 150 K) would be ca. (6.2 +1.5 = about 7.7). The relative
concentrations of the two forms for C5′• (i.e., spectrum 6A and spectrum 6C) in Figure 6B
indicates that the pKa of the phosphate group in the glassy solution of 3′-AMP at 150 K is
ca. 7.5 and this value matches well with the expected value (ca. 7.7). Therefore, we assign
the spectrum 6A (at pD ca. 6) and spectrum 6C (at pD ca. 9) to the C5′• containing
monoacidic (charge = −1) and dibasic (charge = −2) forms of the phosphate group at C3′
respectively. We have simulated spectrum 6C using the parameters: 1αH (9.0, 15.0, 33.0) G,
1 βH (34.5, 34.5, 34.5) G, g = (2.0032, 2.0020, 2.0049), line-width (4.5, 4.5, 4.5) G and
Lorentzian/Gaussian = 1. The simulation (red color) matches the experimental spectrum
(black color) in Figure 6C well. The spectrum found in 6A is in accord with a conformation
of the radical site in the C5′ radical that has a torsion angle of ca. 90° between the z-axis of
the p-orbital at the C5′-radical site and the H-C4′ bond (see Figure 8C). Therefore, in this
particular conformation of C5′• in 3′-AMP, the beta C4′-proton is in the nodal position of
C5′-radical p-orbital which results in a small hyperfine coupling. On the other hand, the
spectrum 6C corresponds to a conformation of the C5′• in 3′-AMP where the torsion angle
between the z-axis of the C5′-radical p-orbital and the H-C4′ bond becomes ca. 36° (vide
infra). In this conformation of C5′• in 3′-AMP a large beta C4′-proton hyperfine coupling is
found (see Figure 8D). The -21 G alpha coupling is consistent with a C5′-radical site in a
near-planar conformation as an alpha coupling decreases rapidly with radical site
nonplanarity. For dAdo, 13C substitution at C5′-atom also gave 13C couplings consistent
with a near planar conformation for C5′• in dAdo.9 For comparison, a similar study of C5′-
radical in 3′-dAMP was performed. In this case, we did not observe a pH dependence.

Photo-excitation of A•+ in 5′-AMP—In Figure 5D, we present the ESR spectrum
recorded at 77 K at the native pD (ca. 5) of 7.5 M LiCl/(D2O) glassy sample of 5′-AMP
after photo-excitation of A•+ at 143 K for 190 minutes followed by subtraction of remaining
A•+ (ca. 13%). This spectrum has far less of the central doublet (ca. 15% of total spectral
intensity) as found in the spectra shown in Figures 5B and 5C. The spectrum is clearly
dominated by a quartet. Subtraction of the C5′• doublet (ca. 15%) isolates the quartet (see
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supporting information Figure S4). The quartet results from two couplings of 34 G (1βH)
and 15 G (1βH). A simulation using these couplings with g = 2.0027 and a line-width of 8.5
G is shown in supporting information Figure S4. We assign this quartet to C3′• for 5′-AMP.
This justification for this assignment is presented below.

Photo-excitation of A•+ in 5′,5′-D,D-5′-AMP—In Figures 7A and 7C, we show the ESR
spectrum of A•+ formed by one-electron oxidation reaction with Cl2•− in identically
prepared, and handled samples of 5′-AMP (black color), and 5′,5′-D,D-5′-AMP (red color).
Since the spin and charge are always located in the adenine moiety in these systems, it is
expected and found in spectra 7A and 7C that the deuteration of both hydrogen atoms at C5′
in the sugar moiety of 5′,5′-D,D-5′-AMP does not show any effect on the A•+ spectrum.

The spectra found after photo-excitation at 77 K of A•+ in 5′-AMP (Black) as well as of A•+

in 5′,5′-D,D- 5′-AMP (Red) followed by subtraction of the remaining A•+ (ca. 30% of the
original spectrum in 5′-AMP samples), is shown in Figure 7B. In Figure 7D, we present the
spectra obtained after photo-excitation at 143 K of A•+ in 5′-AMP (Black) as well as of A•+

in 5′,5′-D,D- 5′-AMP (Red) followed by subtraction of the remaining A•+ (ca. 13% of the
original spectrum in 5′-AMP samples). As can be seen from Figures 7B and 7D, the central
(ca. -21 G) doublet assigned to C5′• is converted to a singlet. We note here that the central
singlet assigned to the 5-deuterated C5′• in Figures 7B and 7D do not originate with any
remaining A•+, since it differs considerably in shape and g-value (i.e., the center of the
spectrum) from the A•+ spectrum (Figure 7A, 7C).

It is evident from Figures 7B and 7D that the line components of the quartet are not affected
owing to the deuteration at C5′ site in the sugar moiety in 5′,5′-D,D-5′-AMP samples. This
eliminates the possibility of assignment of this quartet to C4′• since coupling to the C5
protons would be expected. Since deuteration at C1′- in Ado has established that C2′• is not
formed, but, we still found the same C3′• signal (see Figures 3B and 3C). Therefore, we can
confidently assign this quartet to C3′•.

Photo-excitation of A•+ in 2′,3′-cAMP—In Figure 5E, the ESR spectrum obtained after
130 minutes of visible light illumination at 143 K and after subtraction of A•+ (ca. 5%) in 2′,
3′-cAMP is shown. This spectrum contains only a central doublet which is tentatively
assigned to C5′•.

Theoretical calculations for C5′• in different states of phosphate (PO4H−1 and
PO4−2) in 3′-AMP—The B3LYP/6-31G* optimized geometries of C5′• in two protonation
states of phosphate (PO4H−1 and PO4

−2) in 3′-AMP are shown in Figure 8A and B,
respectively. Our experimental findings using 13C-substitution at C5′-site in dAdo 9 and the
C5′-radical α-coupling of ca. -21 G in both dAdo9 and in Ado (this work) clearly establish
that conformation of C5′-radical site is near planar. Therefore, the C5′-radical site has been
constrained to the planar conformation during geometry optimization in these calculations
(i.e., C5′, C4′, O5″, and H5′ atoms are in a plane (see Figures 8A and B)).

A strong and direct hydrogen bonding between O5′–H----(PO4
−2) apparently holds the C5′-

radical in the conformation shown in Figure 8B. However, a weaker hydrogen bonding (1.7
Å) between O5′–H----(PO4H−1) is found (see supporting information Figure S5) that allows
for competition with water hydrogen bonding and likely leads to variety of possible
conformations of the C5′-radical. Therefore, we have introduced a water molecule between
O5′–H and PO4H−1 and have optimized the whole structure as shown in Figure 8A. The
hydrogen bond distances between O5′–H and water molecule as well the water molecule and
PO4 moiety are both found to be ca. 1.7 Å (see Figure 8A). This tends to confirm that water
can compete with direct hydrogen bonding between O5′–H----(PO4H−1).
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The isotropic hyperfine coupling constants (HFCC) of C5′ (αH)-radical for structures 8A
and 8B are found to be ca. -21 to -23 G and are not significantly dependent on the
protonation state of the PO4 moiety. This theoretical isotropic HFCC value of the C5′ (αH)
coupling is in good agreement with experiment which is (-)21G (Table I).

The isotropic HFCC of β (C4′–H) atom in C5′-radical with PO4H−1 in presence of 3 and 4
water molecules (Figure S5) were found to be 29 and 23 G, respectively. However, the
HFCC value obtained for β (C4′–H) atom in C5′-radical in Ado and 3′-AMP in this work
and in previous work with dAdo,9 dGuo,2 3′-dAMP9 clearly shows that the β (C4′–H) atom
in C5′-radical has a HFCC of ca. 0 to 5 G. This small HFCC value clearly establishes that
the beta C4′-proton is in the nodal position of C5′-radical p-orbital (see Figures 8C, D). This
HFCC is therefore, is far lower than the corresponding theoretically calculated value. Thus,
in order to mimic the experimental conformation the dihedral angle H4′-C4′-C5′-O5′ was
constrained to 0°, for C5′-radical with PO4H−1 and we represent this conformation in Figure
8A. This conformation is approximately 1.2 kcal mol−1 higher in stability than the
conformation shown in supporting information Figure S5 in which the dihedral angle H4′-
C4′-C5′-O5″ was relaxed and is clearly accessible in a fully hydrated system.

The isotropic HFCC of β (C4′–H) atom in C5′-radical with PO4
−2 in presence of 3 water

molecules (Figure 8B) was found to be 28.3 G. This is reasonably close to the
experimentally observed HFCC value of ca. 34.5 G.

We note here that a variety of conformations for C5′-radical with PO4H−1 likely exist in
addition to the dominant contribution shown in Figure 8A. In fact, some small components
in the spectra shown in Figure 5B, C as well as in 6A and B likely are contributions from
such conformations. However, the strong hydrogen bonding between O5′–H and the PO4
moiety in C5′-radical with PO4

−2 forces the C5′-radical site to adapt a single conformation
where the β (C4′-H) proton has a large HFCC.

TD-DFT calculations
TD-DFT (B3LYP) calculations were preformed in Ado cation radical employing 6-31G(d)
basis set and the 13 lowest transition energies were calculated. The molecular orbital
involved in each electronic transition, along with their transition energies (in eV) are shown
in supporting information Figure S6 and supporting information Table T1. We have shown
the dominant molecular orbitals involved in these excitations in Figure S6 and a
representative transition in Figure 9.

From molecular orbital plots shown in Figure 9 and S6, it is clearly evident that, in the
ground state, SOMO is localized on the adenine base in Ado cation radical in agreement
with experiment. During electronic excitations, the hole transfers from adenine base to the
sugar moiety. In most of the transitions shown in Figure S6 we found that the hole is largely
is localized on C5′ in the sugar moiety. C5′ is the major site of radical formation as observed
experimentally in Figure 3. However, other sugar sites in the excited state including C3′ as
well as C1′ and C2′ (see electronic transitions S4, S5, S10, S11, S13 in Figure S6) also show
some extent of hole localization; however, apart from C5′•, the other only experimentally
observable sugar radical is C3′•.

Conclusion
(i) Formation and nature of A•+ formed in Ado and in its nucleotides via one-electron
oxidation

We attribute the formation of A•+ in Ado, in deuterated derivatives of Ado, and in the
nucleotides of Ado studied here in homogenous aqueous glassy solutions at low temperature
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to the cation radical A•+ based in part upon previous results for dAdo.14 The deprotonated
species (A(-H)•) for Ado in this and previous work14 is found only at pH ca. 8 and above. In
aqueous solutions at ambient temperature the pKa of A•+ was <1,10,11 thus A(-H)• would be
expected from pH 1 and above (see Introduction). This stabilization found in our system at
low temperatures is attributed to association with other Ado molecules which allows for a
sharing of the hole via a charge-resonance interactions.

This work and our earlier work with guanine and adenine deoxynucleotides2, 8, 9 have
shown that on one-electron oxidation, localization of the hole in these compounds always
takes place in the base moiety. In adenine nucleotides investigated in this work one-electron
oxidation also results in hole localization on the adenine moiety. Theoretical
calculations 12e and references therein also predict that localization will be on the base except
when the phosphate is left as a negatively charged without counterion or solvation in which
case localization occurs at the phosphate. The latter situation would only be applicable to the
gas phase.12e

(ii) Mechanism of formation of sugar radicals in Ado and in its nucleotides via photo-
excitation of A•+

In this work, we have observed neutral sugar radical formation in Ado and in its nucleotides
at specific sites in the sugar moiety via deprotonation of the excited A•+ as shown in scheme
3.

Neutral sugar radical formation by photo-excitation of an one-electron oxidized base is now
shown to be well established mechanism in deoxynucleotides, DNA oligos, DNA1 – 7, 9 and
guanine ribonucleotides and RNA8.

(iii) Identification of sugar radicals formed via photo-excitation of A•+ in Ado
In Table II, we have summarized our experimental data regarding formation of sugar
radicals via photo-excitation of A•+ in Ado and in its nucleotides. It is evident from Table II
that in Ado, on photo-excitation of A•+, C3′• and C5′• are formed without significant
contributions from other sites. We note that the gas phase ONIOM-G3B3 calculations of the
C–H bond energies for the adenosine ribose moiety in Ado give the following relative
energies in kcal mol−1: C4′ (0.0) < C5′ (0.1) < C1′ (0.4) < C2′ (1.2) < C3′ (2.8).22 As can be
seen, the bond energies at each site (except at C3′-site) are within 1 kcal/mol and would
suggest no preference except that formation of C3′• would be the least favored. In fact, we
do not observe C1′•, C2′•, or C4′• production in the sugar radical cohort and only C5′• and
C3′• are formed. Clearly bond energy arguments fail to account for the specific formation
C3′• and C5′• in Ado.

Our work with 3′-dGMP,2 5′-dGMP,2 3′-dAMP,9 5′-dAMP,9 and 5′-GMP8 demonstrates
that the substitution of phosphate at C3′- and at C5′-sites lead to deactivation in the
formation of C3′• and C5′• as found in this work (Table II). Theoretical calculations carried
out in our laboratory23, 24 and the more recent ONIOM-G3B3 calculations22 also show that
substitution of phosphate at a site leads to a significant higher bond energy and deactivation
at that site. However, C-H bond energies are obviously not the dominant overall factors
underlying radical formation in adenine nucleotides, since C2′• would be then be the
predominant radical formed and we find no observable spectrum of C2′•. Thus, the lack of
C2′• formation in the adenine nucleotides again points to the relevance of the effect of spin
and charge distribution on the sugar moiety in the excited hole. Our TD-DFT calculations do
show that C5′-site in adenosine cation radical is the major site for hole localization in the
excited state of the cation and deprotonation from this site we believe is a dominant
mechanism for radical formation on photoexcitation. We note on excitation of A•+ and hole
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transfer to the sugar component that the availability of proton acceptor sites around the sugar
are likely to be involved in the formation of sugar radicals. Of course, thermodynamic
factors such as C-H bond energies are likely to contribute but the lack of significant
deuterium isotope effects on the relative radical production (see Figure 3) suggests that this
is not a dominant factor. Thus the deprotonation leading to neutral sugar radical production
is kinetically rather than thermodynamically controlled. Hole distribution in the excited state
is apparently the dominant driving force for neutral sugar radical production.

(iv) Temperature dependent formation of C5′• on photo-excitation of A•+ in 5′-AMP samples
In agreement with our previous works 2, 8 with 5′-dGMP and 5′-GMP on photo-excitation of
G•+ at 77 K, we have observed that C5′• production dominates on photo-excitation of A•+ in
both 5′-AMP and 5′-dAMP samples (see Table II) at 77 K. On the other hand, similar to the
results found in 5′-dGMP 2 and in 5′-GMP,8 C5′• is found not to be the predominant radical
in the sugar radical cohort formed via photo-excitation at 143 K. These results, therefore,
clearly establish that the site of deprotonation in the excited cation radical changes with
temperature. We attribute this to softening of the aqueous glass at 143 K which allows for
molecular relaxation in the excited state and may provide alternative deprotonation
pathways for each conformation as the hole distribution would likely differ with structural
form. Recent experimental findings showing increases in excited state proton transfer rates
with decreasing viscosity in protic media36 would explain the greater efficiency in
deprotonation found at 143 K vs. 77 K (Table II).

(v) Prediction of the pKa of the phosphate moiety in the C5′• of 3′-AMP
The experimental results presented in Figure 6 and the theoretical results shown in Figure 8
clearly establish the two different conformations of C5′• in 3′-AMP, i.e., one where the beta
C4′-proton in the nodal position of C5′-radical p-orbital (i.e., spectrum in Figure 6A and
structure in Figure 8A) and, (ii) one with a conformation that gives a large beta C4′-proton
hyperfine coupling (spectrum in Figure 6C and the structure in Figure 8B)). The first
conformation is assigned to the species with the monoprotonated phosphate (i.e., PO4H−1)
and the second to the species (i.e., PO4

−2) after deprotonation. The relative contributions of
these two conformations with pH, directly yield the pKa of the phosphate group in the C5′-
radical of 3′-AMP at 150 K as ca. 7.5. This value compares well with that expected (ca. 7.7)
for a nucleotide in our system and suggests that the C5′• does not have a significant
influence on this pKa. This conformational dependence of C5′• with pH is not observed in
3′-dAMP.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) A•+, produced from Adenine moiety in Ado via one-electron oxidation by Cl2•−. (B)
C5′•, formed via photo-excitation of A•+ in 3′-dAMP (7 M LiCl glass/D2O).9 (C)
Isotropically simulated spectrum for C3′• in 5′-AMP with the following parameters: 1βH =
15 G, 1βH = 34 G, line-width = 8.5 G, and giso =2.0027 (see text and Table I) (D)
Isotropically simulated spectrum for C3′• using two β-hydrogen hyperfine couplings
(simulation parameters: C2′-βH = 41 G, C4′-βH = 17 G, line-width = 4.5 G and giso
=2.0028) (see text, Table I). This C3′• characterized from Ado was found to be identical to
that found for Guo.8
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Figure 2.
ESR spectra of one-electron oxidized adenine formed in Ado (Black) and dAdo (red, ref. 14)
respectively in H2O in 7.5 M LiCl glass (see experimental). Spectra in (A) found at pH 5.
Spectra in the pH range 3 to 7 are identical. Spectra in (B) were found at pH 12 and spectra
in the pH range 9 to 12 were identical. All ESR spectra are recorded at 77 K. The spectra in
A and B are assigned to A•+ and its deprotonated species to A(-H)•, respectively. The Figure
(insert) shows that up to pH 7, one-electron oxidized adenine in Ado remains as the cation
radical, and at pH ca. 9 and above, it exists as A(-H)•. These results show that A•+ in Ado
and dAdo have indentical pKa values at 150 K (ca. 8)14.
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Figure 3.
(A) Spectrum of A•+ in Ado in 7.5 M LiCl glass/D2O before illumination. (B) Spectrum
after visible illumination at 143 K of the same sample used in (A) shows a nearly complete
conversion to sugar radicals (Table II). A central doublet assigned to C5′• is present and a
prominent quartet assigned to C3′• is also observed at the wings. (C) Spectrum after visible
illumination at 143 K of A•+ in 1′-D-Ado. No change in spectra in B and C is noted. (D)
Spectrum obtained after visible illumination at 143 K of A•+ in 2′-D-Ado. The central
doublet from C5′• remains, but the end lines of the quartet assigned to C3′• are lost. (E)
After visible illumination at 143 K of A•+ in 5′,5′-D,D-Ado. The central doublet assigned to
C5′• has collapsed to a singlet. Photo-excitation was carried out for 140 min for each
sample. All ESR spectra are recorded at 77 K.
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Figure 4.
Extent of formation of C3′• and C5′• sugar radicals by excitation of A•+ (Ado) as a function
of photo-excitation time at the native pD (ca. 5) of 7.5 M LiCl/D2O at 143 K in glassy
samples of Ado.
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Figure 5.
(A) ESR Spectrum from A•+ in 3′-AMP in a 7.5 M LiCl glass/D2O at pD ca. 6. (B) After
illumination of A•+ in 2′-AMP for 180 min, C5′• is produced (see text). (C) Illumination of
A•+ in 3′-AMP for 150 min at pD 6, this resulting spectrum is assigned to C5′•. (D)
Spectrum after illumination of A•+ in 5′-AMP at pD ca. 5 for 180 min containing C3′• and
C5′• found by subtraction of ca. 13% of the A•+ benchmark spectrum (Figure 1A). (E)
Spectrum found after illumination of A•+ in 2′,3′-cAMP at pD ca. 5 for 180 min. This
spectrum is assigned to C5′•. Each of the spectra (B), (C), (D) and (E) has an appropriate
amount of A•+ spectrum (Figure 3A) subtracted (ca. 5%, 10%, 13% and 5% respectively)
from the final spectra obtained after photo-excitation. All illuminations have been carried
out with visible light at 143 K and all spectra were recorded at 77 K.
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Figure 6.
Spectra obtained after illumination of one-electron oxidized 3′-AMP in 7.5 M LiCl/D2O
glass at pD 6, 7 and 9. The remaining A•+ has been subtracted from each spectrum. All
spectra are attributed to C5′• which changes its conformation with increasing pD to show
coupling to the C4′-H atom. With increase in pD of the glassy solution, the line components
at the wings in spectrum become more visible (see spectrum C). Spectrum (C) is simulated
(red color) using the parameters: 1αH (9.0, 15.0, 33.0) G, 1 βH (34.5, 34.5, 34.5) G, (2.0032,
2.0020, 2.0049), 4.5 G line-width with Lorentzian/Gaussian = 1.
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Figure 7.
(A) and (C) Spectra of A•+ formed in identically prepared and handled samples of 5′-AMP
(Black) and 5′,5′-D,D-5′-AMP (Red) before illumination. After visible illumination (B) at 77
K and (D) at 143 K of A•+ in 5′-AMP (Black) and 5′,5′-D,D-5′-AMP (Red) respectively.
The spectra (B) and (D) of sugar radical cohort in 5′-AMP samples (Black) are obtained
after subtraction of the adequate amount (ca. 30% (for 77 K) and ca. 13% (for 143K)) of
A•+ spectrum (Figure 1A). After visible illumination at 77 K as well as at 143 K of A•+ in
5′-D,D-5′-AMP, the central doublet from C5′• has collapsed to a singlet, but the quartet
assigned to C3′• is present in the sugar radical cohort. All ESR spectra are recorded at 77 K.
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Figure 8.
B3LYP/6-31G* optimized geometries of C5′-radical in (A) mono-protonated phosphate
(PO4H−1) in the presence of 4 waters and (B) deprotonated form (PO4

−2) in the presence of
3 waters. The atoms O5′, C5′, H5′, and C4′ are constrained in the same plane in (A) and (B).
In (A) the dihedral angle H4′-C4′-C5′-O5″ was constrained to 0° whereas in (B) it is 54°.
Figures (C) and (D) are the exposed views of the atoms O5′, C5′, H5′, and C4′ shown in
Figures (A) and (B). Figure (C) shows that the C4′-H atom in Figure (A) is in the nodal
plane of the p-orbital of C5′-radical; whereas, Figure (D) points out that it is lifted
significantly out of the nodal plane and results in a large beta proton hyperfine coupling
from the C4′-H atom in the C5′-radical.
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Figure 9.
Representative TD-B3LYP/6-31G(d) calculated electronic transition (10th) occurring from
inner core doubly occupied molecular orbital (62β) to 70 β SOMO (singly occupied
molecular orbital). This transition as most others show significant hole localization at C5′ in
the excited state. After the transition the lower figure represents the SOMO showing the hole
moves from base to sugar.
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Scheme 1.
Isotopically substituted compounds used:
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Scheme 2.
Radicals described in this work.
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Scheme 3.
Formation of a sugar radical e.g., C5′• via photo-excited A•+.
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Table I

Hyperfine couplings and g-values for ribose radicals in Ado and its derivativesa

Name of the radical a Compound Hyperfine coupling constants (G) g-value (apparent)b

C3′• Ado, 2′-AMP, 3′-AMP ca. 41 (C2′-βH)
ca. 17 (C4′-βH),

2.0028

C3′• 5′-AMP, 5′,5′-D,D-5′-AMP ca. 15 (1 βH), ca. 34 (1βH) 2.0027

C5′• Ado, 2′-AMP, 3′-AMP pH 5 ca. 21 (C5′-αH) 2.0023

3′-AMP pH 9 ca. 21 (C5′-αH), ca. 34.5 (C4′-βH)

a
HFCC values are for the sugar radicals produced via photo-excitation of the adenine cation radical at 143 K in the frozen aqueous (7.5 M LiCl

D2O) glassy solution with native pD (ca. 5). These values are obtained from the spectra recorded at 77 K.

b
The apparent g-value is the experimental center of the spectrum.
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Table II

Extent of formation of sugar radicals via photo-excitation of A•+ in Ado and in its nucleotides at 143Ka,b,c

Name of the Compound Percent converted d C3′• e C5′•e

Ado 95 10 90

2′-AMP 95 - 100

3′-AMP 100 - 100

5′-AMP
87 85 15

(77 K) 70 30 70

5′-dAMP
100 50f 50f

(77 K) 30 30 70

2′,3′-cAMP 95 – 100

a
Percentage expressed to ±10% relative error.

b
We have prepared all the glassy samples using 7.5 M LiCl (the native pH of 7.5 M LiCl is ca. 5) unless mentioned otherwise in table.

c
Samples were photo-excited at 143 K except as noted and all the spectra were recorded at 77 K.

d
Percentage of A•+ that converts to sugar radicals via photo-excitation. Within experimental uncertainties, we have found that the total spectral

intensities before and after illumination were the same.

e
Each calculated as percentage of total sugar radical concentration - which sum to 100%.

f
From our published work.9
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