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Abstract: In aqueous solution, 193 nm (6.4 eV) photolysis of inorganic and organic phosphates such as ribose-
5-phosphate leads to ionization with formation of the corresponding oxygen-centered phosphate radicals,
OsPO. These (oxidizing) radicals function as traps with respect to hydrogens attactiegstoor, possibly,
y-carbons, whereby in the case of {fiaydrogens a six-membered transition state for transfer of the hydrogen

to the phosphate oxygen is possible, leading to high rate constants ffpxtal(’ s-1) for H-transfer in these
unimolecular reactions. In the case of (deoxy)ribosephosphates the six-membered transition state is possible
for transfer of the hydrogen at C4 to the phosphate group at C5 as well as at C3. In DNA, the resulting
C4-radical will undergo a rapig-elimination of the phosphate-ester group, this step representing the DNA
chain break. The apparently easy H-transfer from a carbon to a phosphate radical, by which these radicals are
“repaired”, is why phosphate radicals are not observed in irradiated DNA. Insofar as hereby-ttagliCal

is formed, the mechanism of DNA chain breakage is the same for the “direct” and the “indirect” effect.

Introduction acterized® In many studies, very little evidence for sugar

Despite more than a generation of radiation chemists’ and (deoxyrib_ose) and no evidence for_phosphate-c_entere_d radicals
biologists’ efforts! the understanding of the mechanistic details was _obtalned, although, on the basis ﬁf thehrelat!vely high rrl]nass-
of the radiation or radical-induced chain breakage of DNA is fraction (0.6) of deoxyribose and phosphate in DNA, these
still incomplete. This is particularly true with respect to the radicals are expected to be formed in appreciable yields by the
“direct effect’2 which appears to be at least as important as unselective ionizing radiation. It has therefore been suggested

the “indirect effect”, which involves the mediation by th@H that a “spin-transfer” takes place leading, finally, tdbase

radical (produced by irradiation of the solvens@). Concern-  centered radicat” To study a (potential) spin-transfer from
ing the indirect effect, a mechanism has been proposed (thephosphate to the deoxyribose moiety and to obtain information

C4-mechanismdwhich explains well all experimental observa- 2P0ut a chain breakage mechanism starting out from a directly
tions and which has recently been supported by experiments'on'ze‘j phosphate ester function, the present experiments were

on DNA-model compounds (oligomer).In contrast, the Performed.
mechanism by which the direct effect operates, i.e., leads to
the lethal chain breaks, is not at all well understood. On the
basis of EPR-experimentd¢ddthe radiation damage is localized 1. UV-Absorption Spectra of Phosphates.In Figure 1 are
mainly on thebasesthereductive equivalent on the pyrimidines  presented the absorption spectra in aqueous solution of the
(initially at cytosine (C), at higher temperatures at thymine phosphate dianion, HR®", and of the organic phosphates,
(T))tacde.sand theoxidative equivalent preferentially on guanine  n-butyl phosphate and triethyl phosphate, and in Figure 2 those
(G), whose (deprotonated) radical cation has been well char-of 2-hydroxyethyl phosphate (ethylene glycolphosphate) and

Results and Discussion

(1) For reviews on DNA, see, e.g., (a) Bernhard, W.A&k. Radiat. riboge-S-phosphate.
Biol. 1981, 9, 199. (b) Steenken, $£hem. Re. 1989 89, 503. (c) Close, With HPOs2~ and the monoalkyl phosphates, that 193
D. M. Magn. Res. Re 1991, 15, 241. (d) Hitermann, J. IrRadical lonic nm is between 100 and 180 Mcm~%. The absorption band

Systems: Properties in Condensed Phasemd, A.; Shiotani, M. Klu- ; ; ; ;
wer: Dordrecht 1991; p 435. (e) Steenken,Fsee Rad. Res. Commun of the phosphate function, which extends into the regidi87

1992 16, 349. (f) O'Neill, P.; Fielden, E. MAdy. Radiat. Bio 1993 17, nm, where measurements with our equipment were not possible,

53. (g) Becker, D.; Sevilla, M. DAdv. Radiat. Bio 1993 17, 121. (e) has been assigned to charge transfer to solvent (CTTS).
Steenken, SBiol. Chem.1997, 378 1293.
(2) See, e.g.; Le Sech, C.; Frohlich, H.; Saint-Marc, C.; Charlier, M. (5) Barnes, J. P.; Bernhard, W. A. Phys. Chem1995 99, 11248.
Radiat. Res1996 145 632. (6) (a) In aqueous solution: Candeias, L. P.; Steenked, Sm. Chem.
(3) Dizdaroglu, M.; von Sonntag, C.; Schulte-Frohlinde JDAm. Chem. Soc.1989 111, 1094. Steenken, S.; Jovanovic, S..Am. Chem. Soc
Soc 1975 97, 2277. For reviews, see: Schulte-Frohlinde, DMechanisms 1997 119 617. (b) In the solid state: Hole, E. O.; Nelson, W. H.; Sagstuen,
of DNA Damage and RepaiSimic, M. G., Grossman, L., Upton, A. C., E.; Close, D. M.Radiation Res1992 129 119.

Eds.; Plenum: New York, 1980; p 19. Schulte-Frohlinde, DRhdiation (7) In the case of thymidine-6-yl radical, the feasibility of treerse

Protection and AnticarcinogensdNygaard, O. F., Simic, M. G., Eds.; reaction has recently been studied with the result that its rate is 4@&v (

Academic: New York, 1983; p 53. s 1): Barvian, M. R.; Barkley, R. M.; Greenberg, M. M. Am. Chem.
(4) For areview, see: Giese, B.; Beyrich-Graf, X.; Erdmann, P.; Petretta, Soc 1995 117, 4894.

M.; Schwitter, U.Chem. Biol.1995 2, 367. (8) Halman, M.Top. Phosph. Cheni967, 4, 49.
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Figure 1. UV spectra of HPG#~ (filled circles), n-BuOPQ?~ (open . .
- : h - Figure 4. Spectra recorded at 125 ns (open circles), @8 closed
circles) and (EtQPO (triangles) in aqueous solution pH 8. circles), and &s (triangles) on 248 nm photolysis of a!rilsoxygenated
500 25 mM solution of LiP,Og in water, pH 9.2.
L9 circles) on removal of &g by O,, whereby @~ is formed
400r whose absorptioni.x = 241 nm¥2 adds on top of that of
— N HPOy~ (Figure 3, filled circles).
£300} 2 The formation of HP@~ was checked by producing it inde-
F'E ) pendently (see Figure 4), i.e., by 248 nm photolysis of the per-
=001 o oxide, "THO3P—O—0O—PQO;H, reaction 1:
“ 0!
g "HOP—O—0-POH ™ —2— 2HPQ;” @ = 0.8% (1)
100+ 3 G 248 nm 4 '
L
Ol M e aaaaaaas From a comparison of Figure 3, filled circles, with Figure 4
180 200 220 240 260 280 300 it is apparent that the phosphate radical, HPQs the product
A/nm of the ionization of HPGF~. From a quantitative inspection of
Figure 2. Absorption spectra of of HOCKH,OPQ2" (circles) and Figure 3 it is also clear that photoionization cannot be the only
of ribose-5-phosphate (triangles) in water, pH 8. photoreaction of HP3~ induced by the 193 nm light. On the
basis of the optical density (filled circles) at 515 nm, measured
012F using an oxygenated (to scavengeg aqueous solution of
01f HPQO,2~, compared with the optical density at 700 nm (open
r circles), due to &g and taking account of the extinction
A o.er— coefficients of HP@~ at 515 and of &, at 720 nm (19000
O o06F M~1cm™1),° the photochemical yield of HP compared to
b s that of e aqturned out to be 224%. Therefore, there must be
0.04 an additional source of HR®, other than ionization (eq 2a)
002 of HPOs2~. A reasonable path to HRO would be homolysis
Qg of the O—H bond, eq 2b:
%0 300 400 500 600 700
A/nm e HPO" a
Figure 3. Absorption_ spectra recorded at (])Liaf_ter 193 nm photol)_/sis HPOZ hv e + oK=89
of 20 mM NaHPQ, in deoxygenated (open circles) and at @s8in 4 193 nm \ Hijj«H P ’
oxygenated_ _(fiIIed circles) aqueous solution. The latter spectrum has -H* PO b
been magnified by the factor 5. 4

@

2. Laser Flash I_Dhotolysis (LFP) of Phosphates. Inorganic The photon energy of 193 nm light (6.4 e¥148 kcal/mol)
Phosphate and Simple Alkyl Phosphates.On photolysis of is sufficient to break an ©H bond (116-120 kcal/mol). The

the phosphates with 20 ns pulses of 193 nm laser light from a o ation of the phosphate radicals via 2a amounts to 45% and
ArF-excimer laser, the hydrated electronagwas formed, as 5504 via 2b. The K.-value of HPQ™ has been determin&d
evidenced by its characteristiabsorption spectrum withmax to be 8.9.

at~700 nm and its reactivity with agscavengers? E.g.,in ginijar experiments were performed with a series of simple
Figure 3 is shown the spectrum observed on 193 nm phomlys'sorganicphosphates. In Figure 5, a and b, are shown the spectra

of a 20 mM solution of HPG™ in the absence (open circles)  ,prained on 193 nm photolysis of an aqueous solution of methyl
and presence of Lfilled circles). In the absence of Othe P y . y

broad band extending from ca. 400 nm=@00 nm is that of (11) Maruthamuthu, P.; Neta, B. Phys. Chem197§ 82, 710.

_ - (12) Czapski, G.; Dorfman, LJ. Phys. Chem1964 68, 1169.

€ ag Whereas_ the weaker band a_*225 nm _'S due to the (13) Quantum vyield for decomposition of the peroxide at pH 9.2,

phosphate radical, HRO, whose main absorption band (at 515 measured by comparison with that (0.9, cf. Faria, J. L.; Steenked, S.

nm with e = 1550 M~tcm~1)11 becomes visible (Figure 3, filled Phys. Cheml992 96, 10869) for decomposition 0:8g?~ and taking (from

ref 11)e(HPOy ")s15 nm= 1550 M1 cm™1. The value 0.8 was also obtained
(9) Hug, G. E.Nat. Stand. Ref. Data Ser. Nat. Bur. Stah€i81, 69, 6. if the photoionization in water of 1with 248 nm light @ = 0.29; Jortner,
(10) Buxton, G. V.; Greenstock. C. L.; Helman, W. R.Phys. Chem. J.; Levine, R.; Ottolenghi, M. Stein, @. Phys. Cheml961, 65, 1232, see

Ref. Data1988 17, 513. also ref 14b) was used for actinometry.
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Figure 6. Absorption spectra recorded at 350 ns after the 193 nm
0.02 - laser pulse on photolyzing oxygenated aqueous solutions at pH 8 of
[ b = methyl phosphate (filled circles), ethyl phosphate (open ciratesjtyl
0.015 L § phosph_ate (o_pen triangles), gnd diisopropyl phosphate (filled triangles).
i ) In the inset is shown the (first-order) decay of EtQPQproduced
: 8 by photolysis of an oxygenated 8 mM solution of ethyl phosphate at
§ oot p < pH 8.
<
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Figure 5. (a) Time-resolved spectra recorded on 193 nm photolysis 0.02 b ° mJ/pulse 12
of a deoxygenated aqueous solution of 12 mM Me@P@t pH 8. [
Filled circles: 275 ns, open circles: 775 ns, filled triangles: 285 0.01
open triangles: 7.7gs after the flash. Inset: Time-dependence of the E
absorption at 540 nm and at 720 nm. (b) Same solution as in (a) but 0 1 | .
containing 1 mM Q to scavenge @ Filled circles: 350 ns, open 200 300 400 500 800 700 800
circles: 1.55us, filled triangles: 5.5s, open triangles: 15&s after A/nm
the flash. Figure 7. Time-dependent absorption spectra observed on 193 nm

photolysis of a deoxygenated 10 mM aqueous solution of ribose-5-

phosphate, CEDPQ?", in the absence (a) and in the presence phosphate, recorded at 150 ns (filled circles), 775 ns (open circles),
of oxygen (b). In Figure 5a, the presence okgis clearly 1.5 us (filled triangl_es), and 7.7@s (opt_an triangles) after the pulse
seen, as is a peak a240 nm, indicative of a phosphate-cen- (30 mJ). Inset: yield of &qas a function of laser power/mJ.

tered radical. If the electron is removed by reaction with O Taple 1. Quantum Yields for the 193 nm Photoionization of

the presence of a species absorbingza&20 nm is evident Phosphates in Aqueous Solution

(Figure 5b). phosphate P(eag)?

On the basis of the similarity of its spectrum with that of HPOZ- 059
HPOy~, the species is identified as the methyl phosphate radical, monomethyl phosphatte 0.61
CH3OPOy~. As seen in the inset in Figure 5b, the species monoethyl phosphate 0.65
decays with a first half-life of ca. s (which is much shorter monon-butyl phosphate 0.58
than that of the inorganic phosphate radical, see inset in Figure elthyle”eglym'phos‘)hﬁe 0.43
4) in a reaction which is predominantly second order, but which g ycerc’l:l:phOSphaEe 0.61

) ! glycerol-2-phosphate 0.55

has a first-order component, the rate of which turns out to be ribose-5-phosphate 0.46 (0.47)
smaller than 19s™1. 2-deoxyribose-5-phosphéte 0.42

On photolysis okthylphosphate under the same cpnditions, :?tz)z;.é-s-phosphate monoanion 0'3§24
there also was a band at ca. 520 nm, which is assigned to the diethyl phosphate 0.11 (pH 6)
phosphate radical, EtORO, but its intensity at 350 ns after diisopropy! phosphate 0.35
the pulse was only about half that in the case noéthyl diethyleneglycolphosphate 0.29
phosphate (see Figure 6). It was found that the radical E¢OPO triethyl phosphate 0.085
had a much shorter lifetime than MeOPO or HPOs ™, a Error £10%.° From ref 15.¢ Dianion.? pH ~ 8.
decaying with first-order kinetics (see inset in Figure 6) vkith
= 7.9 x 10° s'1 as measured at 45%60 nm. aqueous solution as an actinometer wj(e . = 0.4614 the

When n-butyl phosphate was photolyzed, the 520 nm band duantum yields for photoionization as listed in Table 1 were

was hardly discernible. A similar observation was made in the obtained.
case of diisopropyl phosphate (see Figure 6). As is evident from Table 1, for thmoncalkyl phosphates

In the 193 nm ionization of the phosphates, the yields af e the quantum yields are in the range 0-4R65, which is similar

were in all cases proportional to the laser light intensity (see, (14) (a) Dainton, F. S.; Fowles, Proc. R. Soc1965 287, 312. See

a..in in Figure 7 he pr | in he pr ionalso: (b) Jortner, J.; Ottolenghi, M.; Stein, G.Phys. Chem1964 68,
e.g., inset gure 7), so the process leading to the productio 247. However, there is also a more recent value for photoionization-of Cl

of € 4 (ionization) is monophotonic. From the linear.g (® = 0.41): Iwata, A.; Nakashima, N.; Kusaba, M.; Izawa, Y.; Yamanaka,
yield vs laser-power plots, taking the photoionization of @i C. Chem. Phys. Lettl993 207, 137.
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Table 2. Products and Their Quantum Yieffltom the 193 nm 0.8

Photolysis of HOCHCH,OPQZ at pH & 5 ‘%\
product BIAT IO, 07| N

€ aq 0.43 C k
H. 0.09 < 0.00 06 ¢ <
inorganic phosphate 0.69 0.46 Q . \
acetaldehyde 0.70 0.02 05 [ \C'\.\
glycolaldehyde 0.0 0.13 ‘ \\,\
formaldehyde 0.09 0.04 04 L
succinaldehyde ~0.02 traces [

a i 04 b [0)fc J) SPUPIFN AP PP PP (PR SAFUFTE S
Error limits £10%.° The power per pulse was 36 mJ. 0 0 20 20 0 50 50 20

to that (0.53) for the phosphate dianion, HPO There is E (mJ)/pulse

obviously only a very small influence of the nature of the Figure 8. Dependence of the quantum yields for formation in
organic group on the quantum yield, which indicates that the deoxygenated solution of inorganic phosphate (filled circles) and
photogenerated*gq stems from the phosphate and not from acetaldehyde (open circles) on the light intensity per pulse, measured

the alkyl function. For theli-alkyl phosphates, the ionization as mJ/pulse.
quantum yields appear to be somewhat smaller (avera@@5 the experiments described in Figure 8, th&al dose was kept
+ 0.12), and an even smaller number is observedrfeethyl constant at 1200 mJ).

phosphateg = 0.085). Since alkylation of the phosphate anion  Thjs dose-rate dependence is indicative of a chain reaction
corresponds to protonation and since protonation reduces theyccurring. On this basis, the results so far presented are ex-
electron density of an anion, the observed decreagget) plained in terms of the following reactions:

with increasing alkylation reflects the corresponding decréase

in the ionization potential. Concerning DNA, in this molecule 2— _tw o— —
are, of course, presedialkyl phosphate groups{monanions) HOCH,CH,OPG, 193 nm HOCHCH,OPO € o

which should havéigherionization potentials than thmonalkyl $»=0.43 (3)
phosphatalianions discussed in this study. " o .

(Deoxy)ribose-5-phosphate and 2-Hydroxyethyl Phos- HOCH,CH,OPO;” —HOCHCH,0PQ," +H™ (4)
phate. In Figure 2 is contained the absorption spectrum of
ribose-5-phosphate in agueous solution at pH 8 (natural pH). k>5x10"s*

Visible is the phosphate band withn,x < 187 nm. On

irradiation into this band with 193 nm light, a strong signal due HOCHCH,0PQ;”” — OCHCH, + HPO>  (5)
to e 3q Was seen (Figure 7), whose half-life is ca. @8 As

shown in the inset, the formation of g is monophotonic. From k>23x 10°s?

the slope of this dependence, compared with that from ClI

qb(e‘?u),ibosﬁfphosphate: 0.46. Based on thAOD at~ 515 OCHCH, + HOCHZCHZOPOf_ _slow

nm in oxygenated solution, there was no evidence for the

presence of a phosphate radical, which means that its lifetime CH,CHO + HOCHCH,OPO;~ (6)
is < 20 ns € pulse length of laser).

With 2-hydroxyethyl phosphate, 193 nm photoionization The first step (eq 3) is the photoionization of the phosphate
occurs with a quantum yield of 0.43, which is similar to that function in EGP, leading to the phosphate radical where the
(0.46) for ribose-5-phosphate. Despite this relatively high quan- Unpaired spin is probably strongly localized on an oxygen
tum yield as reflected by a strong signal Ofa@ there was no atoml” This OXy'-radlcal must be very short-lived, since, even
evidence, based on the signakef15 nm, for the presence of ~ immediately after the 20 ns pulse, spectroscopic evidence for
a phosphate radical. This means that the phosphate radicait (expected atr 520 nm) was not found. As the reason for
necessarily produced in the ionization step must have a lifetime this, we suggest a very rapid intramolecular H-atom shift, from
of <20 ns. the -carbon to the phosphato oxygen (egs 4 and 7). On the

3. Product Analysis Results. HOCHCH,OPOs?~. For basis of the nonobservability of theOPQy~ signal at 520 nm,
HOCH,CH,OPQ:2~, it was possible to perform a quantitative the rate constant for this reaction mustb&/20 ns=5 x 10’
product analysis study, the results of which are presented inS - As the product of this 1,5 H-shift, which can proceed
Table 2 and Figure 8. through a six-membered ring, a carbon-centerdd/droxy3-

As seen from Table 2, in the absence of, Ghe main

products-other than e,qand H—are inorganic phosphate and é_o\ —0 O_QP;O
acetaldehyde, whose yields are equal. The small yield of PN k TN %
glycolaldehyde probably indicates traces of oxygen in the /\c\_o’Hz «C—CH,
solution. This is concluded from the fact that the yield of Rl R, R R,
glycolaldehyde increases by the factor 16 in going from an Ar-

to an Q-saturated solution. The effect of varying the dose/

pulse was also investigated, the results of which are shown in Ry=R, =H k=79105%s""

Figure 8. From Figure 8 it is evident that the yield of inorganic _—

phosphate and of acetaldehyde depends on the intensity per pulse Ry =HR, =0H k=510's

of the 193 nm lightjncreasing withdecreasing dose/pulse (in
phosphato radical is formed (eq 4). Radicals of this type have

(15) Candeias, L. P.; Steenken, 5.Am. Chem. Sod.992 114, 699.
(16) See Tasaki, K. Yang, X.; Urano, S.; Fetzer, S.; LeBreton, B. R. (17) For ESR spectra of phosphate radicals see, e.g.: Subramanian, S.;
Am. Chem. Sod99Q 112 538. Symons, M. C. R.; Wardale, H. W. Chem. Soc. (A}97Q 1239.
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500 Concerning the possibility dhtramolecular H-transfer from
a C to a phosphate oxyl radical, it may be relevant that the
400 |- analogousntermolecular reaction, i.e., that between HPQ
POy2~ and ribose or deoxyribose, does in fact exist, the rate
— constants measured at pH*®eing 9 x 107 and 7.5x 107
“g 300 |- M-1g125
= Support for theintramolecular transfer of an Hrom a C
w 200 |- to a phosphate oxygen (eq 4/7) comes from ESR-measure-
ments of y-irradiated silver diethyl phosphate, where the
100 |- *CH,CH,O(CHs;CH,0)PQ,~ radical was seen and interpreted
as resulting from H-transfer to the initially formed radical
ol o v oy v oxidation product (EtQPO,*.26 Intramolecular H-transfers have
220 260 300 340 380 been found also in other alkyl phosphatésOf relevance is
Figure 9. Absorption spectrum measured on reactionr@H with also the fac® that in the mass spectra of trialkyl phosphates,
1 mM EGP at pH 8 (a). Comparison with absorption spectrum of the positive molecular ion decomposes very rapidly such that
*CH,CHO (b; from ref 20). its contribution to the recorded spectrum is almost zero. In the

case of tributyl phosphate, this has been interpreted as resulting

been showt# to undergo a rapid, heterolytic elimination of from an intramolecular H-transfer from a carbon to the oxygen
inorganic phosphate to yiel@-oxoalkyl radicals which are  of the P-oxyl groug?
oxidizing in charactet® In this reaction (eq 5), the formyl As evident, the H-transfer mechanism eq 7 involves a six-
methyl radical is produced which has been shtito be able membered transition state, which is a way possible only for
to abstract an H-atom from-hydroxyalkanes. If this hap-  alkyl phosphates with R= Et. For R= CHjs, the transition
pens (eq 6), a chain reaction is started, the chain carrier beingstate necessarily involves the less favorable-finembered ring,
*CH,CHO, the products of the chain reaction are acetaldehyde and this, together with the higher-& bond energy of gori-
and inorganic phosphate, in equal yields, as experimentally mary vs asecondaryalkyl group, is probably the reason why
observed (see Table 2). the rate constant for H-transfer methylphosphate£ 10° s™%)

In the presence of oxygen, the chain carrt&@H,CHO, is is lower than that with ethyl- (7.9 10° s™1) or the higher
scavenged, as is visible from the dramatic decrease in the yieldphospates X5 x 107 s™1). In the case of 2-hydroxyethyl
of CH3CHO and the increase in the yield of glycolaldehyde. phosphate, H-abstraction from the 2-position should be strongly
Under this condition, the yield of inorganic phosphate should enhanced by the activating effect of the OH-group. In agree-
be equal to that of the primarily produced (by the ionization) ment with this is the fact thdt(abstraction) is in fact larger
phosphate radicals, and this is in fact the case, as seen fronthan 5x 10’ s™%.
Table 2 ¢(phosphate)ygen= 0.46 as compared (€ ag = Ribose-5-phosphate.Product analysis experiments were also
0.43). performed after 193 nm photolysis of riboseghosphate at pH

To check the formation of the formylmethyl radical from 8. It was found that in agueous deoxygenated solution (Ar or
ethyleneglycolphosphate, pulsadiolysis experiments were  N,O-saturated) the quantum yield of inorganic phosphate was
performed with an NO-saturated aqueous solution of 1 mM 0.2 which dropped to 0.08 when, @1 mM) was admitted. Of
HOCH,CH,OPQ?~. Under this condition, the OH-radicals organic compounds in deoxygenated solution, the main pho-
produced by the pulse are expected to abstract an H-atom fromtolysis products were 5-deoxypentos-4-ulose, pentos-4-ulose,
a carbon atom of the substrate, preferably from ghearbon and pentodialdose. In the presence gf{OmM), the yield of
relative to the phosphate group. This carbon is activated by 5-deoxypentos-4-ulose dropped to below the detection limit,
the OH-group it carries. The resultinghydroxy{3-phosphato whereas those of pentos-4-ulose and pentodialdose remained
radical is the same as that from the intramolecular H-atom shift approximately the same.
to the phosphato radical (eq 4/7) and is expected to rapidly These results can be explained (Schemes 1 and 2) by
undergo the heterolytig-phosphate elimination reaction 5 photoionization of the phosphate group € 0.46) followed
yielding the formylmethyl radical. In Figure 9 the measured by intramolecular H-abstraction by the ionization-produced
spectrum is compared with that of the authedtformylmethyl phosphato-radical from C4 (main reaction), and from C5.
radical: The similarities between the two spectra with respect H-abstraction from C4 is via aixmembered transition state,
to band position and epsilon are satisfacf8rylhe rate constant  as shown in Scheme 1.
measured for the reaction of OMith HOCH,CH,OPQ?™ is The resulting C4-radical then eliminates a phosphate anion
2.3 x 10° M~1s7L similar to that (2.4x 10° M~1s71)2L for in a heterolytic fashion. This is the famous'@dechanisri*
reaction with ethyleneglycol. From the fact that there was no — - - -
delayed formation of absorption due ®0H,CHO in a 1 mM 19%1)7;3’61;]’5%';.'(' M.; Giezel, M.; Henglein, A.; Janata, . Phys. Chem.
solution of HOCHCH,OPQ2~ at pH 8 it is concluded that the (22) The fact that in the HOG}€H,OPQ2~ case the absorption a280
rate constant for (the intramolecular) elimination of phosphate nm is stronger than that of the formylmethyl radical may be due to the
from the 8-phosphato radical (eq 5) i52.3 x 10° M~1s71 x additional formation of thex-phosphatoalkyl radical from the reaction of

3 1 . . HOCH,CH,OPQ2~ with OH".
103 M = 2.3 x 10° s7%, a value in agreement with analogous (23) See, e.g., ref 18 and Behrens, G.; Koltzenburg, G.; Schulte-Frohlinde,

case23 D. Z. Naturforsch 1982 37¢ 1205.
(24) Due to K4(HPOs ™) = 8.910 the rate constant refers mainly to the
(18) Samuni, A.; Neta, Rl. Phys. Cheml973 77, 1425. Steenken, S; less reactive form, i.e., P&~.
Behrens, G.; Schulte-Frohlinde, Dut. J. Radiat. Biol 1974 25, 205. See, (25) Nakashima, M.; Hayon, B. Phys. Chem197Q 74, 3290.
also: Steenken, S. Ifree Radicals: Chemistry, Pathology and Medigine (26) Bernhard, W. A.; Ezra, F. S. Phys. Chem1974 78, 958.
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of DNA-chain breakage. The G4adical can be produced also  sugarbut not for phosphate radical. Furthermore, Scheme

by H-abstraction via a six-membered transition state if the 1 (and 2) provides a mechanistic basis for the observétthat

phosphate groujn the 3-positionis ionized. On this basis the frank strand breaks induced 5200 nm UV-irradiation of

the C4-radical is quite a likely radical to be formed (and plasmid DNA result from excitation of the suggohosphate

therefore a chain break induced) on ionization of a phosphatebackbone. The strand breaks induced in model DNA com-

group in DNAS® Obviously, by this reaction the phosphate pounds by monochromatic soft X-ré&fsan be explained on

radical is “repaired”. In this connection it is relevant that the same basi®.

phosphate radicals, in contrast to sugar radicals, have never been To explain the formation of the product pentodialdose, it is

seen iny-irradiated nucleotide®:3! If irradiated with densely necessary to assume abstraction by the phosphate radical of the

ionizing particles, evidence has been found also in DNA for H at C5, a reaction which involves a five-membered ring,

- - - followed by oxidation, addition, and elimination, as shown in

(30) To which extent these concepts, which are based on simple, low- Scheme 2

molecular weight model compounds, whose intramolecular motions are not :

restricted, can be applied to the rather stiff DNA polymer remains to be (32) Becker, D.; Razskazovskii, Y.; Sevilla, M. [Radiat. Res1996

seen. It is obvious that model calculations on H-transfer to phosphate radicals146, 361.

at C3 or C5 from “adjacent” deoxyribose €H groups would be very (33) Gut, I. G.; Farmer, R.; Huang, R. C.; Kochevar, |.Hhotochem.

helpful. Photobiol 1993 58, 313.

(31) Sevilla, M. D.; Becker, DElectron Spin Resonance, A Specialist (34) Ito, T.; Saito, M.; Kobayashi, Knt. J. Radiat. Biol 1992 62, 129.
Periodical Reportl994 14, 130. (35) The authors, however, propose a different mechanism.
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In principle, it is also possible that a phosphate radical is possible for H-transfer from C4 to the phosphate group at C5
repaired intramolecularly bglectron transfefrom a base, e.g., aswell as at C3. In DNA, the resulting Cradical will undergo

G, as indicated: a rapid g-elimination of the phosphate-ester group, this step

representing the DNA chain break. The apparently easy

®o o a ®o &® H-transfer from a carbon to a phosphate radical, by which these
o

radicals are repaired, is probably why phosphate radicals are
not observed in irradiated DNA. A consequence of the

involvement of the C4radical is that the mechanism of DNA
o o o o chain breakage is the same for the direct and the indirect effect.
\P/ \P/ . )
VZAN 7\ Experimental Section
(0] Oj o Oj . . :
Inorganic phosphate (analytical grade) was from Merck. Ribose-

and 2-deoxy-5-ribosephosphate were from Fluka or Sigma. Dialkyl
phosphates were prepared from the corresponding trialkyl phosphates

. . ; (from Fluka) by partial hydrolysis with agueous NaOH, following a
the photochemically produced (via eq 1) phosphate radical Wasprocedure as described for diethyl phospRat&thyleneglycolphos-

reacted with 2deoxyguanosine, momtorm_g the a_bsor_pt|on_ at phate was synthesized from 2-chloroethanol and polyphosphoric acid
525 nm. At pH 7, the rate constant for this reaction, in which 5¢cording to ref. 38. The water was purified with a Millipore-Milli-Q

the one-electron oxidized guanine. rat.ﬁéa[l/aS. formed, was system. The optical densities of the solutions at 193 nm were ca. 0.4
measured to be 8 1 M~1s7, which is considerably higher  1/cm. The solutions were deaerated with argon or saturated with
than that &1 x 10° M1 s71, see above) for reaction with  oxygen and flowed through the 2 mm (in the direction of the laser
d-ribose, which indicates that the reaction mechanism of ##PO  light) by 4 mm (in the direction of the analyzing light) Suprasil quartz
with the “aromatic” nucleoside may be different from that with ~ cell with flow rates of ca. 3 mL/min, using pulse rates of 0.4 Hz. Unless
the aliphatic ribose-unit. However, tlyéeld of the G-centered otherV\r/]ise indicated, the pH was 53’ and ,tue temperatlure ,‘(’1"35 20
radical from the reaction of HP& was 2.4-timedower than °C. The experiments were carried out with an argon fluoride excimer
that (=100%J from the reactioﬁjof S@-. This is indicative laser (Lambda Physik EMG103MSC) that delivered unfocused 20 ns

. . pulses with a power of-350 mJ (measured at the position of the cell
of a higher tendency of HP', as compared to SO, for H with a Gentech ED-200 power meter). The optical signals were

To test this idea, applied, however, tbianolecular reaction,

relative to electron transfer. digitized with Tektronix 7612 and 7912 transient recorders interfaced
. with a DEC LSI11/73 computer, which also controlled the other
Summary and Conclusions functions of the apparatus and on-line preanalyzed the data. Final data

In aqueous solution, 193 nm photolysis of inorganic and analysis was _done with a Microvax Il connected to the ITSI.
organic phosphates such as ribose-5-phosphate leads to ioniza- Quan_tum yield measurements of 193 nm photplonlzatlon are based
tion with formation of the corresponding oxygen-centered on € qYyields from argon-saturated aqueous solutions of NaCl (Merck)

. 36 . of the same OD at 193 nm as those of the phosphate solutions. The
phosphate radicals,s£0.*> These radicals abstract hydrogens quantum vyield for the production of g from CI~ is assumed to be

attached tax-, /-, or, possibly,y-carbons, whereby in the case e same as that with 185 nm light, reported as @“4Bor the product

of the 8-hydrogens a six-membered transition state for transfer analysis measurements, the Farkas-actinometer (5 M ethanol in water,
of the hydrogen from the carbon to the phosphate oxygen is formation of H (measured by GC)) was used, takigH,) = 0.432
possible, leading to high rate constants (up>te x 10’ s71) JA974393M

for H-transfer in these unimolecular reactions. In the case of
(deoxy)ribosephosphates the six-membered transition state is3 (Cig)llg\)/lclvor, R. A.; McCarthy, G. D.; Grant, G. ACan. J. Chem1956,

(36) In the case of DNAneutral phosphato radicals are expected from (38) Cherbuliez, E.; Probst, H.; Rabinowitz,Helv. Chim. Actal958
the DNA monanionic phosphate ester function. These neutral radicals 41, 1693.
should be considerabyore oxidizing(i.e., even better H-abstractors) than (39) For a discussion of this actinometer, see: von Sonntag, C.;
the phosphato radicanionsdiscussed in this paper. Schuchmann, H. PAdv. Photochem1977, 10, 59.




