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Abstract

The primary localization process of radiation-induced charges (holes (cation radical sites) and 

excess electrons) remains poorly understood, even at the level of monomeric DNA/RNA-models, 

in particular, in an aqueous environment. Herein, we report the first spectroscopic study of charge 

transfer occurring in radiolysis of aqueous uridine 5′-monophosphate (UMP) solutions and its 

components: uridine, uracil, ribose and phosphate. Our results show that: prehydrated electrons 

effectively attach to base site of UMP; the holes in UMP formed by either direct-ionization or via 

reaction of UMP with the radiation-mediated water cation radical (H2O•+) facilely localize on the 

ribose site, despite the fact that a part of them were initially created either on the phosphate or 

uracil. The nature of phosphate-to-sugar hole transfer is characterized as a barrierless 

intramolecular electron transfer with a time constant of 2.5 ns, while the base-to-sugar hole 

transfer occurs much faster, within 5 ps electron pulse.
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In a biological medium, the direct-type effects leading to cellular DNA/RNA damage by 

ionizing radiation result from two sorts of events occurring in ultrafast regime (< 1 ps): (a) 

direct ionization of DNA, or oxidation by water cation radicals (H2O•+) formed within the 

DNA hydration shell, and (b) interaction of pre-thermalized electrons with the DNA 

molecule.1,2 Direct-type effects cause the formation of cationic, anionic, and neutral 

radicals,3 accounting for the majority of DNA/RNA damages: strand breaks and base 

damages.4–6 Besides, cascades of low-energy electrons (LEEs; 0–20 eV) also lead to strand 

breaks through dissociative electron attachment.7,8 However, studies of direct-effects were 

often limited to the gas and condensed phases or crystalline state of target molecules.7,8

Radiation ionizes the molecular units of a nucleotide non-specifically with a probability 

proportional to its electron fraction (fs): about 57% of the ionizations will occur at the 2′-
deoxyribose-phosphate backbone while the remaining 43% ionizations are distributed 

among the bases.3,9 Thus, the detailed mechanism of charge transfer processes that should 

take place among the sites of sugar, phosphate and base have not been much elucidated 

experimentally at a single molecule level. The global concentration of macromolecules 

(DNA, RNA, proteins etc.) in cell nucleus ranges from 65 to 220 mg/mL; therefore, cell 

nucleus is not a dilute aqueous solution. Furthermore, dsDNA in cellular systems is highly 

packaged in nucleosomes with the DNA wrapped around the histone protein core that forms 

the basic unit of the chromatin structure.10 As a result, the sophisticated time-resolved 

techniques that are applied in highly concentrated aqueous solutions of DNA-models 

become necessary to investigate the direct-type effects of DNA in bulk phase and to account 

for the initial hole localization and presolvated electron (epre
−, time constant of solvation ca. 

300 fs11) attachment concurrently occurring in sub-picosecond time scales. In fact, this goal 

may not be easily achieved by applying the cutting-edge femtosecond laser spectroscopy;12 

although a laser pulse is able to ionize the aqueous system through a multi-photon process 

and can provide a femtosecond time resolution, most of the light can be preferentially 

absorbed by the abundant purine or pyrimidine groups, resulting in a larger extent of 

photoexcitation of bases. In contrast, laser-driven picosecond electron pulse radiolysis 

coupled with transient optical absorption spectroscopy has recently been proven to be a very 

suitable technique for exploring the electron/H2O•+ transfers and hence, direct-type effects 

that occur in solution, by detecting the formation of the corresponding radicals.12–14

In this work, we performed picosecond electron pulse (5 ps) radiolysis measurements (see SI 

for more details) of various concentrations of uridine 5′-monophosphate (UMP), uridine 

(Urd), uracil (U), ribose (Rib) and phosphate (P). We chose uracil derivatives by taking 

advantage of their unique solubility in water compared to other nucleotide/sides. The direct 

ionization of UMP as well as interaction of UMP with H2O•+ become experimentally 

observable at high concentration of UMP which is associated with high fs (Figure SI1). 

Furthermore, the interaction of epre
− with UMP as a model of reductive DNA/RNA damage 

pathway was studied at similar timescale. Most importantly, this work reports the direct 

observation of the initial charge localization site and subsequent intramolecular charge 

transfer at a single nucleotide level in aqueous solution for the first time.

The radiation track is surrounded both by LEEs and holes, which can either recombine with 

each other or localize in the energetically favorable regions.2–9 At high concentration, UMP 
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molecule effectively scavenges both epre
− and ehyd

−. The global analyses of pulse-probe 

matrix data (Figure 1a and 1b) clearly show that immediately after irradiation of UMP 

solutions, three distinguishable species, absorbing in 380–700 nm range are formed (Figure 

1e). The strong and featureless broad absorption band at ca. 710 nm (red curve, Figure 1c) is 

the typical spectra of ehyd
−. Experimentally, the decrease of ehyd

− formation yield with 

increasing UMP concentration (Figure 1c), provides the direct evidence that a significant 

fraction of epre
− is captured by UMP in competition to the solvation of epre

− to ehyd
− with a 

rate constant ~ 5 × 1012 M−1·s−1 (Figure S2), the highest one of epre
− scavenging rate 

comparing to DNA nucleotides.12 The ultrafast attachment of epre
− to UMP forms the 

transient UMP negative ion (radical, [UMP]*•−). At longer time-scales, ehyd
− is fully 

scavenged by UMP, yet a small residual transient absorption signal (Figure 1d) suggests the 

presence of other intermediates, e.g., either products of [UMP]*•− dissociation or non-

dissociative anion radicals ([UMP]•−). The transient (blue spectrum) which show 

predominant absorption in the UV region can be attributed to either [UMP]*•− or [UMP]•−.
12,15 In addition, one should always consider formation of [UMP]•+, by either direct 

ionization or via reaction between UMP and H2O•+ at high UMP concentration. Species 

absorbing at 520 nm could be attributed to phosphate-center radical formed by direct 

oxidization. The assignment is based on the fact the intermediate at 520 nm found to be 

present only in UMP (Figure 1c), and is not detected in Urd and U solutions (Figure 2c and 

Figure SI3). Its spectral shape is nearly identical with that of phosphate radicals (H2PO4
•).

14,16 Also, the cation radical of ribose absorbs in the UV range below 300 nm and the cation 

radical of U has a different spectral shape (Figure SI5). These results suggest that the 

phosphate moiety in sugar-phosphate backbone plays an important role for trapping the hole.

To identify the localization site of the excess electron on UMP, we have investigated uridine, 

uracil, ribose, and phosphate aqueous solutions as models. Ribose and phosphate do not 

react with epre
− nor ehyd

−. Global data analyses isolate spectra of U, Urd and UMP anion 

radicals, formed in reactions of epre
− and ehyd

− (Figure 2 and SI3) with these compounds, 

and shows that the spectra are nearly-identical to each other (Figure 1e). Therefore, we 

conclude that the negative charge is exclusively located on the uracil base in Urd and UMP 

(U•−MP and U•−rd). Moreover, the observed increase of anion radical signal (blue curve in 

Figure 1e, Figure 2e) is correlated with the decay of ehyd
−, which also verifies this finding. 

At longer timescales (8 ns, Figure 1b), all anion radicals including U•−MP, U•−rd and U•−, 

are found to remain stable at least within the detection time window. Thus, these results 

show that neither the intramolecular electron transfer from the uracil base to other subunits 

(sugar and phosphate) nor intermolecular transfer to neighboring UMP occurs.

[U•−MP]* formed by epre
− attachment to UMP can either relax to its ground state which is of 

the same nature as the U•−MP formed via the reaction with ehyd
−, or it can dissociate into 

fragments. Correlation of the amount of epre
− captured by UMP with the initial yield of 

U•−MP indicates that the dissociation channel is not an efficient process and that epre
− and 

ehyd
− attachment lead to the same radical products, which is in agreement with our previous 

observations for guanine monophosphate in water.12 Taking into account of the 

experimentally determined rate constant of epre
− attachment (~5×1012 M−1·s−1) to UMP, the 

dissociation does not take place because UMP would not be able to scavenge the electrons at 
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higher energy level, such as non-thermalized electrons (time constant of thermalization <30 

fs)11,17 even at concentrations as high as 1 M.

When the ultrafast formation of [UMP]•+ occurs the positive charge is likely to be 

statistically distributed over different parts of the molecules: uracil, ribose and phosphate. 

The positive charge localized on phosphate subunit, UMP•+, has been found to follow a 

nearly first order decay with a time constant of ca. 2.5 ns. From the comprehensive one-

electron oxidation experiments of UMP, Urd, U and ribose, it was learned that initially the 

uracil base moiety has the lowest redox potential to trap the holes.18–22 However, through a 

rapid base-to-sugar charge transfer process happening in a conformation of UMP in which 

the sugar-phosphate very proximate to the base cation radical, the holes are eventually 

trapped in the backbone (Figure SI5).23 Thus, the decay is likely to be an intramolecular or 

intermolecular electron transfer process. The intermolecular pathway is excluded because 

the model study of bimolecular reaction between H2PO4
• and ribose in highly acidic 

condition of H3PO4 solutions (Figure SI4) shows this reaction occurs on microsecond 

timescale (for details see SI), indicating that the R unit of UMP repairs P•+. Furthermore, the 

temperature effect (Figure SI4) on the hole transfer process did not show noticeable impact 

on the lifetime and decay rate of UMP•+ up to 60°C. This experimental result indicates that 

the activation barrier of this hole transfer process is negligible. In aqueous solutions, 

deprotonation and hydration of the UMP cation radical will cause the formation of other 

transients, such as, 6-hydroxy-5,6-dihydrouracil-5yl.24 In addition, oxygen will play a 

significant role on the fate of UMP radicals.25 However, in our experiments in sub- and 

nanosecond time ranges, these reactions and other conversions of UMP-radicals are less 

likely owing to the rates of these reactions1; only the ultrafast reactions, such as, electron 

attachment and charge transfer processes from different sites (base-to-sugar, phosphate-to-

sugar etc.) in a single nucleotide are the predominant processes. In fact, our studies identify 

the radicals which would undergo these reactions, e.g., deprotonation, hydration, reaction 

with oxygen etc.

Carbon-centered radicals located on the 2′-deoxyribose moiety are likely attributed to the 

precursors of radiation-induced strand breaks1,3, so tracking the sugar radical formation in 

DNA is of crucial importance to the biological consequences of radiation3,26,27. The 

mechanism of formation of neutral sugar radicals is dominated by the fast deprotonation of 

sugar cation radicals as a result of very rapid base-to-sugar hole transfer28 or phosphate-to-

sugar hole transfer.18–20 Hence, the decay of URP•+ observed in UMP as well as H2PO4
• in 

H3PO4 / ribose solutions provides evidence for the rates of phosphate-to-sugar hole transfer 

process and subsequent deprotonation of the incipient sugar cation radical. Using 

concentrated UMP solutions, we were not able to observe the expected increase of 

absorption due to sugar cation radical by transient absorption spectroscopy because of high 

UV absorption (< 350 nm) of UMP solute itself. On this basis, we consider that the hole in 

irradiated aqueous Urd should be formed and trapped on the sugar moiety as well as on the 

uracil ring. This is because the irradiated medium has an electron fraction similar to the 

corresponding one found in UMP. However, even at a higher concentration of Urd (1.5 M) 

that is comparable to UMP (1.2 M), no transient signal of U•+rd was detected (Figure 2). 

Thus, from the absence of signal due to [Urd]•+ absorption (Figure S5), we conclude that in 

[Urd]•+, there occurs a very facile intramolecular charge transfer from base-to-sugar within a 
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picosecond time window and most likely via a tunneling process similar to that found in 

UMP23 and in one-electron oxidized gemcitabine.28 The fate of directly formed UR•+P 

radical (Scheme 1) is difficult to track due to previously-mentioned issues with high 

concentrations. Moreover, pulse radiolysis experiments with ribose 5-phosphate (RP) did not 

succeed, since RP was rapidly degrading under radiation. Accounting for the phosphate-to-

sugar hole transfer process, we consider that once formed, UR•+P, remains stable within tens 

of nanoseconds.

In conclusion, this picosecond pulse radiolysis study of rapid charge localization in UMP via 

electron-irradiation of its aqueous solution has led to the following salient findings (Scheme 

1 and Table S1). 1) UMP effectively scavenges epre
− and ehyd

− thereby forming the 

corresponding anion radicals, [UMP]*•− and [UMP]•−, with electron localization on the 

pyrimidine base ring, without leading to the dissociation of UMP. 2) The ionization of UMP 

takes place via direct ionization and the reaction of UMP with H2O•+, leading to the 

formation of [UMP]•+, whereas the positive charge is statistically distributed over the 

different parts of the molecule. The hole will eventually localize on the ribose, and the hole 

transfer path from phosphate to ribose occurs as a rather slow intramolecular process, 

possible assisted by H-atom transfer with a negligible activation barrier;21,22 the path from 

uracil to ribose occurs in ultrafast regime. Our observation explains why, ESR studies of 

irradiated DNA18–20,28, or models (e.g., dimethyl phosphate19) of sugar-phosphate 

backbone, the phosphate radical was not observed. 3) Our work has provided an 

experimental estimate of the extent of direct-type effect occurring in an aqueous phase at 

ambient condition. It is known that the sugar radicals are precursors of DNA strand breaks 

and crosslinking.1–6 Thus, the successful application of a picosecond pulse radiolysis 

technique on aqueous DNA/RNA-model systems paves the way to solve the long-standing 

mysteries in the earliest events of radiation-induced damage to nucleic acids (DNA/RNA).

Experimental section

The chemical compounds (5′-UMP in the form of disodium salts, Urd, uracil and ribose; 

purity, >99%) were purchased from Sigma-Aldrich and were used without further 

purification. The 5 ps picosecond pulse radiolysis transient absorbance measurements were 

performed at the electron facility ELYSE29 (Université Paris Sud, France), coupled with 

transient absorption broadband probe spectroscopy (360–800 nm for timescales <10 ns, 250 

– 850 nm for timescales >10 ns, see SI for details). The spectra of the absorbing species in 

the type of system studied here are known to strongly overlap; as a result, it becomes 

difficult to deconvolute individual spectra. Therefore, a global data analysis approach was 

used by using SK-Ana code.30

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Picosecond pulse radiolysis of UMP aqueous solutions at ambient conditions. (a-b) 

Picosecond pulse radiolysis transient absorption profiles on picosecond and nanosecond 

timescales for 1.2 M aqueous UMP solutions, respectively; (c) transient absorption at 650 

nm kinetics on picosecond timescale for aqueous UMP (0.08 to 1.2 M) solutions; (d) 

transient absorption kinetics on nanosecond timescale at different wavelengths for 1.2 M 

UMP; (e) global data analysis of two-dimensional transient absorption profiles in (a) and (b) 

giving the spectra and the kinetics of the three species (ehyd
− in red, U•−MP in blue and 

UMP•+ in green) involved in the mechanism of charge localization on UMP.
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Figure 2. 
Picosecond pulse radiolysis of Urd aqueous solutions at ambient conditions. (a-b) 

Picosecond pulse radiolysis transient absorption profiles on picosecond and nanosecond 

timescales for 1.5 M aqueous Urd solutions, respectively; (c) transient absorption at 650 nm 

kinetics on picosecond timescale for aqueous UMP (0.25 to 1.5 M) solutions; (d) transient 

absorption kinetics on nanosecond timescale at different wavelengths for 1.2 M Urd; (e) 

global data analysis of two-dimensional transient absorption profiles in (a) and (b) giving the 

spectra and the kinetics of the two species (epre
− in red and U•−rd in blue) involved in the 

mechanism of electron localization on Urd.
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Scheme 1. 
Main radiolysis pathways of UMP water solutions.
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