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Abstract

The hydroxyl radical ("OH), a product of water radiolysis, reacts to hydroxylate aromatic organic compounds. In
some cases, these hydroxylated products are fluorescent. Examples include the benzoate, coumarin, and phenoxazinone
systems. For representative members of these systems, we have determined both the rate constants for reaction with
*OH and the yields of the fluorescent products. The rate constants all fall in the range 2 x 10° to 2 x 10'° Lmol~'s™!,
and the yields 5-11% per “OH. These results suggest that it may prove feasible to construct a probe consisting of two
groups both of which must react with "OH to become fluorescent. The efficient process of fluorescence resonance
energy transfer implies that such a probe might be able to detect “OH clusters, which are generally assumed to be a
characteristic feature of energy deposition by ionizing radiation.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

It is generally accepted that the biological effects of
ionizing radiation are a consequence of damage to
DNA. Mechanisms by which this damage is formed are
classified as the direct effect (ionization of the DNA
itself), the quasi-direct effect (ionization of water
molecules closely associated with the DNA which then
react with it by electron transfer, and the indirect effect
(Bernhard and Close, 2003). The indirect effect involves
radiolysis of water to form diffusible and highly reactive
intermediates, some of which react with the DNA target.
The indirect effect makes a significant contribution to
biologically significant DNA damage in biological
systems. The hydroxyl radical (‘OH) is the radical
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species largely responsible for DNA damage by the
indirect effect.

Because of the importance of “OH, several different
methods have been devised to detect it in various
experimental systems (Gutteridge and Halliwell, 2000).
These include spin traps which react with many short-
lived radicals to form relatively stable species which may
then be detected and characterized by EPR spectroscopy
(Bottle et al., 2003). Inhibition of fluorescence quenching
has also been applied to the detection of radical species
(Lietal., 1997; Ivan and Scaiano, 2003; Soh et al., 2004).
Unfortunately these methods are not particularly
selective for "OH.

However, one characteristic feature of the chemical
reactivity of “OH is the hydroxylation of aromatic rings
(in the presence of a suitable additional oxidizing agent)
(Lundqvist and Eriksson, 2000; Biondi et al., 2001). An
example is the formation of phenol from benzene. In the
case where the substrate is not benzene but instead a
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benzoate, a coumarin, or a phenoxazinone, at least one
of the hydroxylated products is highly fluorescent. These
fluorescent products are respectively salicylates, umbel-
liferones, and resorufins. This property has found use as
the basis of a sensitive assay for “OH (Manevich et al.,
1997; Saran and Summer, 1999; Ali et al., 2000; Liu
et al., 2002). In a slightly different form, it has also been
used as an assay for the enzymes aryl hydrocarbon
hydroxylase (Nakamura et al., 2001).

A distinctive feature of the spatial distribution of
energy deposition by ionizing radiation is that it is non-
uniform. Although “OH is a small and diffusible species,
its lifetime under cellular conditions is relatively short,
being in the nanosecond range. This corresponds to
small diffusion distances of a few nanometers (Fulford
et al., 2001). The spatial distribution of “OH on the time
scale of its reaction with DNA therefore resembles the
original track structure of the ionizing radiation.
Although it is the reaction of “OH with DNA which is
of importance in the biological effects of the indirect
effect, evidence for non-uniform radical distributions
producing clustered DNA damage is not easily obtained
in model systems. Part of the difficulty derives from the
reactivity of alkyl and alkylperoxyl radicals with DNA,
either of which may lead to large artifactual yields of
DNA damage (Milligan and Ward, 1994; Milligan et al.,
1996). Simpler chemical systems have the potential to
provide useful information about radical clustering at
the nanometer level. This requires an assay system which
is insensitive to single "OHs but responsive to multiple
*OHs.

In principle, fluorescence detection of “OH may offer
such a possibility, because of its potentially high
selectivity and sensitivity. There are at least two methods
by which this may be achieved. One involves the
hydroxylation of an aromatic substrate which forms a
fluorescent chromophore only after two —OH groups,
have been introduced. Phenoxazine is an example of
such a substrate, since the product formed by hydro-
xylation at both the 3- and 7-positions (7-hydroxy-3 H-
phenoxazin-3-one, also known by the trivial name of
resorufin) is known to be fluorescent. Unfortunately,
phenoxazine itself is insufficiently soluble in aqueous
media to be useful. Moreover, as might be expected of
an aromatic amine, it is sensitive to oxidation by species
other than "OH (Villegas et al., 2005). Another example
is the 9-phenylxanthene system, which after hydroxyla-
tion at both the 3- and 6-positions forms a fluorescein.
In this case however, the monohydroxylated intermedi-
ate is also significantly fluorescent (Shen et al., 1995).

An alternative approach exploits the phenomenon of
fluorescence resonance energy transfer (Selvin, 2000). A
heterodimer consisting of (for example) a salicylate and
an umbelliferone covalently linked to one another would
tend to exhibit the property that excitation of the
salicylate results in no detectable emission from it,

because the energy is instead transferred from the
salicylate (the donor) to the umbelliferone (the accep-
tor), resulting in an emission characteristic of the
umbelliferone chromophore. Such intramolecular en-
ergy transfer is in general highly efficient (to the extent
of being essentially quantitative) over distances of
several nanometers, a distance of the same order as the
expected diffusion distance of “OH. The mechanism
involves coupling between diploes and not orbital
overlap. Increasing coincidence of the emission spec-
trum of the donor and the excitation spectrum of the
acceptor, higher extinction coefficients, and higher
quantum yields all result in a more efficient and longer
range interaction (Selvin, 2000; Watrob et al., 2003).

The sensitivity of a fluorescence assay for "OH
depends upon additional factors. In addition to the
usual concerns about the extinction coefficient and
the quantum yield, it is also important to quantify the
reactivity with “OH and the yield of the fluorescent
product. There are multiple sites at which “OH may add
to an aromatic ring system, most of which produce non-
fluorescent products. In order to examine the feasibility
of the approach discussed above, we have prepared
derivatives of benzoic acid, coumarin, and phenoxazine.
We have determined the yields in which the fluorescent
products are formed from "OH, and the rate constants
for these reactions.

2. Experimental
2.1. Preparation of 4-(acetylamino)benzoic acid (1a)

At room temperature, a solution of acetic anhydride
(1.89mL, 20mmol) in acetonitrile (15mL) was added
from a dropping funnel to a mixture of 4-aminobenzoic
acid (2.74g, 20mmol) and triethylamine (2.79mL,
20mmol) in acetonitrile (50mL) and water (25mL).
The resulting solution was allowed to react overnight.
The acetonitrile was removed under reduced pressure,
and the resulting aqueous solution was acidified to
pH ca. 2 with concentrated aqueous hydrogen chloride.
The resulting precipitate was collected by filtration
and washed with water. Purified by recrystallization
from water. 'H-NMR (300 MHz, DMSO-d;):  (ppm)
2.1 (3H, s, COCHy), 7.7 (2H, d, ArH), 7.9 (2H, d, ArH),
10.3 (1H, s, NH), 12.7 (IH, br s, CO,H).
UV (102mol L™ phosphate, pH 7.0): Jmax = 262nm
(¢ 1.06 x 10%.

2.2. Preparation of 4-(acetylamino )-2-hydroxybenzoic
acid (1b)

Prepared from 4-amino-2-hydroxybenzoic acid as
described for 1la. Purified by recrystallization from
50% ethyl alcohol in water. 'H-NMR (300 MHz,
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DMSO-dy): ¢ (ppm) 2.0 (3H, s, COCHj3), 7.1 (1H, d,
ArH), 7.3 (1H, s, ArH), 7.7 (1H, d, ArH), 10.2 (1H, s,
NH), 11.4 (1H, br s, OH), 13.5 (1H, br s, CO,H). UV
(1072 mol L™! phosphate, pH 7.0): Jmax = 263 nm
(e 1.28 x 10%); 298 nm (¢ 7.56 x 10%).

2.3. Preparation of 7-hydroxycoumarin-3-carboxylic acid
(2b)

Prepared by condensation of 2,4-hydroxybenzalde-
hyde and diethylmalonate followed by saponification of
the resulting ethyl ester (Joule and Mills, 2000). Purified
by recrystallization from 95% ethyl alcohol. '"H-NMR
(300 MHz, DMSO-dg): ¢ (ppm) 6.7 (1H, s, C8-H), 6.9
(1H, d, C6-H), 7.7 (1H, d, C5-H), 8.7 (1H, s, C4-H), 12.0
(1H, br s, OH). UV (102>mol L™! phosphate, pH 7.0):
Jmax = 339nm (g 1.62 x 10%); 380 nm (¢ 6.26 x 10°%).

2.4. Preparation of 3H-phenoxazin-3-one (3a)

Prepared by the oxidation of phenoxazine with ferric
chloride (Bolognese et al., 2002). Purified by recrystalli-
zation from water.

2.5. Irradiation

Aliquots (10mL) of solutions containing the unhy-
droxylated benzoate (la), coumarin (2a), or phenox-
azine (3a) at ca. 10"*mol L™ (except ca. 10"®mol L' in
the case of the less soluble 3a) in an aqueous phosphate
buffer (107>molL~!, pH 7.0), and usually one of
four radical scavengers (DMSO, methyl alcohol, acet-
one, or acetonitrile) were irradiated aerobically with
137Cs y-rays (662keV) in 15mL glass test tubes. The
maximum radiation dose was 180 Gy. Dose rates were
between 2.9 x 10~" and 1.7 x 107> Gys™!, determined
with the Fricke system (Klassen et al., 1999).

2.6. Fluorescence

The fluorescence of the irradiated solutions was
measured for an aliquot (3mL) of each irradiated
sample using an Aminco-Bowman instrument with
excitation and emission bandwidths both of 5.5nm.
Excitation and emission wavelengths are listed in

Table 1
Excitation and emission wavelengths for the fluorescent
compounds shown in Fig. 1

Structure Excitation (nm) Emission (nm)
1b 300 350
2b 385 450
3b 570 585

Table 1. The response was calibrated with solutions of
authentic compounds whose concentration had been
determined gravimetrically.

3. Results and discussion
3.1. Chemical species

Fig. 1 shows the chemical structures of the benzoate
(1a), coumarin (2a), and phenoxazinone (3a) com-
pounds that we used in this study. The structures of
their fluorescent hydroxylated derivatives are also shown
(1b, 2b, and 3b). Only compounds 2a and 3b are
commercially available, so the others were synthesized
from available precursors and characterized spectro-
scopically. The wavelengths used for the fluorescence
detection of compounds 1b, 2b, and 3b are listed in
Table 1.

3.2. Formation of fluorescent products by irradiation

The formation of fluorescent products after gamma
irradiation of compound 2a is shown in Fig. 2. There are
four typical yield dose plots for the irradiation of
1.03 x 10~*mol L™! 2a in the presence of four different
concentrations of acetone in the range zero to
2x10™>molL™". The emission and excitation wave-
lengths were respectively 385 and 450nm. Increasing
irradiation dose produces an increase in the fluorescence
signal, but the presence of acetone attenuates this dose-
dependent response. The slopes of the straight lines
fitted to the data in Fig. 2 provide a value for the
radiation chemical yield (also called a G value) of the
hydroxylated fluorescent product (compound 2b) at
each of the four different concentrations of acetone. The
G value for the formation of compound 2b is symbolized
as G(2b). The use of the excitation and emission
wavelengths determined by using an authentic sample
of compound 2b implies that it was this compound that
was being detected as an irradiation product of
compound 2a. Inhibition of the formation of compound
2a by acetone is consistent with “OH scavenging by
acetone. Increasing concentrations of acetone are able to
compete with increasing effectiveness against the fixed
concentration of compound 2a for "OH. Addition of
acetone after irradiation but before fluorescence assay
did not prevent the formation of fluorescent products
(not shown).

3.3. Inhibition of fluorescence formation by additives

Fig. 2 reveals that the presence of acetone during
irradiation decreases the yield of the fluorescent product
2b. If it is assumed that competition for “OH between
acetone and 2a is responsible, it is possible to analyze
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Fig. 1. Chemical structures of the species examined in this study. The names of the compounds are: (1a) 4-(acetylamino)benzoic acid;
(1b) 4-(acetylamino)-2-hydroxybenzoic acid (trivial name 4-(acetylamino)salicylic acid); (2a) coumarin-3-carboxylic acid; (2b) 7-
hydroxycoumarin-3-carboxylic acid (trivial name umbelliferone-3-carboxylic acid); (3a) 3H-phenoxazin-3-one; (3b) 7-hydroxy-3H-

phenoxazin-3-one (trivial name resorufin).
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Fig. 2. Formation of fluorescent products after the irradiation
of coumarin compound 2a (1.03 x 10~*mol L™"). Compound
2a was irradiated in the presence of one of four different
concentrations of acetone. These were zero (open square);
5x 103 mol L™ (closed square); 1 x 1072molL~" (open cir-
cle); or 2 x 10 2mol L™! (closed circle). The four data sets are
each fitted with a least mean square straight line of the form
y=mx+ c. From the slopes m of these straight lines, the
radiation chemical yields of the fluorescent product 2b are
respectively 12.7, 7.34, 4.81, and 3.19 nmolJ ™!

this effect using competition kinetics. The two reactions
in competition with one another are the formation of 2b
from 2a (reaction 1) and the scavenging of "OH by

acetone (reaction 2). The rate constants of these two
reactions are respectively k; and k.

2a+OH — 2b (1)

acetone+ OH — Products 2)

This competition may be described quantitatively by
Eq. (1).

1 1 ka[acetone]
G(2b) _ Go(2b) ' Go(2b)k:[2a]

The yield of 2b in the absence of any added acetone is
symbolized by Gy(2b). Eq. (1) is applicable to small
radiation doses such that the concentration of 2a
remains essentially constant and much larger than the
concentrations of products that are formed. These
conditions are fulfilled at under the conditions for the
data plotted in Fig. 2, where the concentration of the
precursor 2a is ca. 107*mol L™ and the fluorescent
product is formed in sub-micromolar concentrations.
The fit of a straight line to the data plotted in Fig. 3
implies that Eq. (1) is valid. The value of the slope m is
equal to kyc/ki[2a], where ¢ is the intercept. Since a value
for k, is available in the literature (k; = 8.5x
10’ Lmol™'s~!) (Buxton et al., 1988) a value for k
may be estimated as (8.5 x 107 x 0.0806 x 10%)/(11.8 x
10°x 1.03 x 107%) = 5.6 x 10° Lmol~'s™".

The results plotted in Fig. 2 and analyzed in Fig. 3
were repeated with three other scavengers (not shown).

(M
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Fig. 3. Formation of fluorescent compound 2b in the presence
of acetone, according to competition kinetics. The yields of
compound 2b were derived from the slopes of the yield dose
plots in Fig. 2. The data set is fitted with a least mean square
straight line of the form y = mx + c¢. The values of the slope m
and intercept ¢ are respectively 11.8 x 10°Jdm>mol~2 and
0.0806J nmol .

Table 2
Rate constants for the formation of the fluorescent products 1b,

2b, and 3c by reaction of “OH with the precursors la, 2a, and
3a, respectively

Scavenger Rate constant (Lmol~'s™")

la+ "OH 2a+ "OH 3a+ "OH
DMSO 43 % 10° 5.6 x 10° 14 x 10°
Methyl alcohol 4.4x10° 5.5x 10° 15 10°
Acetone 3.5x 10° 5.6 x 10° 9.9 x 10°
Acetonitrile 2.6 x 10° 23 % 10° 9.2x 10°

These were DMSO, methyl alcohol, and acetonitrile.
Literature values of k, are respectively 7.1 x 10°,
8.4x10%, and 5.5x 10°Lmol 's™! (Buxton et al.,
1988). The resulting estimates for k; are respectively
5.6 x 10°, 5.5 10°, and 2.3 x 10°Lmol 's™".

These measurements were repeated for compounds 1a
and 3a. The resulting estimates of the rate constant for
reaction of 1a and 3a with "OH are listed in Table 2.
In general the four estimates for the rate constants
are consistent with one another. Rate constants for
the reaction of "OH with compounds having
structures similar to 1a, 2a, and 3a are available in the
literature (Buxton et al., 1988). Examples are
5.9 x 10° Lmol~'s™! for the benzoate ion (similar to
1a), 2 x 10° Lmol~'s™! for coumarin (similar to 2a),
and 1.2 x 10'°Lmol~!s™! for diphenylamine (similar to
3a). All of these are consistent with our results.

Table 3

Yields of fluorescent products 1b, 2b, and 3b from their
precursors 1a, 2a, and 3a, after irradiation in the absence of any
added scavengers

Structure Yield (nmolJ™") Yield per “OH (%)
1b 25.7 9.5

2b 12.7 4.7

3b 30.2 11

This agreement for four different scavengers having
rate constants for reaction with “OH roughly equally
spread over four orders of magnitude implies that
it is the hydroxyl radical and not some other species that
is responsible for the formation of the fluorescent
product.

3.4. Yield of fluorescent products

In the absence of any added scavenger, essentially all
‘OH that escape the spurs go on to react with the
substrate (i.e., compound 1la, 2a, or 3a), since it is the
only compound present in solution that is reactive with
“OH. Comparing the yield of the fluorescent product
under these conditions with the yield of “OH from water
radiolysis provides an estimate of the fraction of “OH
that produce the fluorescent product. For example, for
the irradiation of compound 2a, the yield for the
formation of 2b in the absence of acetone (see Fig. 2)
was 12.7nmolJ™'. The "OH yield under these condi-
tions is 270nmolJ~' (Pimblott and LaVerne, 1998).
Therefore the yield of the fluorescent product 2b is
12.7/270 = 4.7% per "OH. The same calculation was
made for the other two substrates, and the values are
listed in Table 3.

A value for the yield of 2b per “OH reaction with 2a
has been reported previously (Collins et al., 1994) asa G
value of 0.123 (in units of (100eV)™"). This is equivalent
t0 0.123/(F x 100) = 12.8 nmol J~! in SI units, where Fis
Faraday’s constant. Although these authors do not
report a value for the rate constant of 2a with “OH, they
do provide sufficient data to arrive at an estimate of
9.4 x 10° Lmol~'s™' (based on a competition between
DMSO and 2a). These values compare well with our
estimates (see Tables 2 and 3).

3.5. Summary

The substrates we examined here all react rapidly with
“OH to produce fluorescent products in moderate yield.
Therefore it is possible that one or more of these
functional groups may form the basis for detecting the
‘OH clusters expected to be formed by ionizing
radiation (see Introduction).
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