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Abstract
Purpose—To synthesize N-(3-(3-aminopropylamino)propyl)-2-oxo-2H-chromene-3-
carboxamide (7), a novel DNA-binding, coumarin-based, fluorescent hydroxylradical (·OH)
indicator and to assess its quantum efficiency compared with that of coumarin-3-carboxylic acid
(1) and N1,N12-bis[2-oxo-2H-chromene-3-carbonyl]- 1,12-diamine-4,9-diazadodecane (9).

Materials and methods—Using computer-generated molecular modeling, 7 and 9 and their
respective 7-hydroxylated derivatives 8 and 10 were docked onto DNA dodecamer d
(CGCGAATTCGCG)2, the ligand–DNA complexes were energy minimized, and binding free
energies and inhibition constants were calculated. Compound 7 was judged an appropriate target
molecule and was synthesized. Compounds 1, 7, and 9 were incubated with Na125I or irradiated
with 137Cs γ-rays, and the influence of pH, dose, type of radiation, and the concentration of indicator
on fluorescence yield were determined.

Results—Non-fluorescent 7 and 9 are converted to fluorescent, 7-hydroxylated derivatives 8 and
10 after interaction with ·OH in aqueous solution. For 1, 7, and 9, hydroxylation yield increases
linearly with both Na125I dose (0–700 × 106 decays) and 137Cs dose (0–11.0 Gy). Fluorescence
induction is significantly reduced at acidic pH and the fluorescent quantum yield of 8 is ~3 times
that of 2 or 10 at pH 7.0. With Na125I incubation and γ-ray irradiation, the fluorescence signal of 7
increases linearly with concentration and saturates at ~50 μM.

Conclusion—Compound 7 quantifies lower concentrations of ·OH than do 1 and 9. This detector
is therefore likely to be a good reporter of ·OH produced within a few nanometers of DNA.

Keywords
Coumarin–polyamine probe; hydroxyl radical (·OH)

Introduction
At the cellular level, the transformation of normal cells into cancerous cells is a complex
phenomenon, involving evasion of apoptosis, self-sufficiency in cellular growth signals,
insensitivity to cellular anti-growth signals, limitless replicative potential, and tissue invasion
and metastasis with sustained angiogenesis (Coussens et al. 2000). Because of the multifaceted
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events implicated in the process, it is difficult to accept that a single mutation can cause cancer.
Although the complete mechanism of radiation-induced cancer has not been described, it is
thought that radiation-induced biologic changes, such as bystander effects, adaptive responses,
induction of genomic instability, and DNA strand breaks, are caused by the interaction of
hydroxyl radicals (·OH) with mammalian cell-associated molecules (Kadhim et al. 1995, Xue
et al. 2002, Huang et al. 2003, Morgan 2003, Smith et al. 2003, Sowa et al. 2006, Huang et al.
2007, Morgan and Sowa 2007). Since ·OH are short-lived and can diffuse only ~6 nm (Roots
and Okada 1975), the development of DNA-binding probes that can quantify these radicals
would certainly lead to a better understanding of the molecular basis of ·OH-mediated DNA
breaks and advance our comprehension of the radiobiologic effects thereof.

In past studies, we have attempted to develop molecular probes for the detection of ·OH
produced by DNA-targeted, Auger-electron-emitting atoms (Makrigiorgos et al. 1993, 1994,
Chakrabarti et al. 1998). We have now selected to synthesize coumarin–polyamine-derived
probes/conjugates, basing our decision on the following observations: (i) Polyamines,
including spermine, exist in millimolar (mM) concentrations in mammalian cells and bind to
DNA molecules without disturbing their three-dimensional structure and properties (Tabor and
Tabor 1984, Drolet et al. 1986, Ha et al. 1998); (ii) molecular docking studies indicate favorable
binding free energies and inhibition constants for the conjugates (see below); (iii) coumarin–
polyamine analogs are likely to be soluble in aqueous solution; (iv) the fluorescence signal of
coumarin is not quenched by DNA (Coleman et al. 2007); and (v) at low concentrations,
polyamine does not aggregate DNA molecules.

Free radicals are produced in aqueous solution by radiolysis hydroxylate aromatic compounds
including coumarin (Raghavan and Steenken 1980, Makrigiorgos et al. 1993, Kaur and
Halliwell 1994). This event is influenced by the: (i) Radiation dose (10 Gy dose produces ~2.7
μM ·OH) (von Sonntag 1987, Makrigiorgos et al. 1993); (ii) the pH of the medium (acidic pH
drastically lowers the fluorescence signal); (iii) the concentration of the probe in solution; and
(iv) the buffer used during irradiation. We had hypothesized that the addition of multiple
coumarin groups to a given molecule would correspondingly enhance the fluorescence signal.
This has not been demonstrated; in fact, the fluorescence yield for the trimer we designed is
~4-fold less than that for the dimer, the latter having a fluorescence signal approaching that of
coumarin-3-carboxylic acid (Singh et al. 2007).

Herein we examine coumarin-3-carboxylic acid (1), N-(3-(3-aminopropylamino) propyl)- 2-
oxo-2H-chromene-3-carboxamide (7), and N1,N12-bis[2-oxo-2H-chromene-3-carbonyl]-1,12-
diamine-4,9-diazadodecane (9), incubated with Na125I or irradiated with γ-rays in aqueous
solution. The data indicate in situ hydroxylation of coumarin–polyamine conjugates generates
a fluorescent compound, and the intensity of the fluorescence signal is proportional to the yield
of radicals. The hydroxylation yield depends on pH, dose, and compound concentration.
Interestingly, 7 has greater fluorescent yield than 1 and 9.

Materials and methods
Coumarin-3-carboxylic acid, N-hydroxysuccinamide, 2,4-benzaldehyde, Meldrum’s acid, 1,3-
dicyclohexylcarbodiimide, tetrahydrofuran, dimethyl sulfoxide (DMSO), and disposable
polyacrylamide cuvettes were purchased from Sigma-Aldrich (St Louis, MO, USA).
Iodine-125 (2,200 Ci/mmol) in NaOH solution was purchased from GE Healthcare Corporation
(Milwaukee, WI, USA), and radioactivity was determined in a gamma counter. 1H NMR
(nuclear magnetic resonance) spectra were recorded on a Varian XL-200 MHz spectrometer
(Palo Alto, CA, USA). Electrospray mass spectrometry was performed on a Bruker Daltonics
ApexII 3T Fourier transform mass spectrometer. Fluorescence intensity was measured in an
LS50B PerkinElmer spectrophotometer (Boston, MA, USA). Column chromatography was
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used for routine purification of the reaction products, and the column output was monitored
with thin layer chromatography (TLC) on Sigma-Aldrich fluorescent silica gel-coated glass
plates.

Computational docking of coumarin–polyamine analogs with DNA
The crystal structure for oligonucleotide d(CGCGAATTCGCG)2 was obtained from the
Protein Data bank (PDB code: 443D) as a B-DNA model. Metal ions and crystal water were
retained during all simulations. The polar hydrogens of water were added, and the hydrogen
bonding network was further optimized by the PDB2PQR program (Morris et al. 1998). The
coumarin–polyamine ligands were energy minimized by the GROMOS molecular mechanics
force field implemented in the PRODRG2 program (Schüttelkopf and van Aalten 2004), and
Gasteiger charges (polar hydrogens) were assigned to the ligands with AutoDock Tools.

The polyamine chains were treated as polycationic instead of neutral to mimic the cationic
properties of polyamine in a water environment. The AutoDock 3.05 program was used for all
docking studies of coumarin–polyamine analogs. The advanced Lamarckian genetic algorithm
(set at level 2) provided the searching method and the top 100 structures were reported. The
binding free energy scoring function used by AutoDock is given by:

(Morris et al. 1998)where, ΔG = total binding free energy; ΔGvdw = van der Waals interaction
energy; ΔGhbond = hydrogen bonding energy; ΔGelec = electrostatic energy; ΔGtor = tortional
free energy; ΔGsol = desolvation energy. In our analysis, we selected only the best docked
structures with the lowest binding free energies reported by AutoDock.

Chemical synthesis (Figure 1)
7-Hydroxy-2-oxo-2H-chromene-3-carboxylic acid (2), 2-oxo-2H-benzopyran-3-carboxylic
acid N-succinimidyl ester (3), 7-hydroxy-2-oxo-2H-benzopyran-3-carboxylic acid N-
succinimidyl ester (4), N1,N12-bis[2-oxo-2H-chromene-3-carbonyl]-1,12-diamine-4,9-
diazadodecane (9), and N1,N12-bis[7-hydroxy-2-oxo-2H-chromene-3-carbonyl]-1,12-
diamine-4,9-diazadodecane (10) were synthesized as reported previously (Singh et al. 2007).
Compounds were purified and then analyzed by NMR and mass spectroscopy.

Tert-butyl 3-(3-(2-oxo-2H-chromene-3-carboxamido) propylamino)propylcarbamate (5)
Compound 5 was synthesized by stirring a mixture of 3 (6.97 mM, 2.0 g) and tert-butyl [3-(3-
aminopropylamino)propyl]carbamate (6.34 mM, 1.465 g) in tetrahydrofuran (50 ml) for 12 h
at room temperature. The crude product was purified by silica gel column chromatography.
The compound was isolated in 92.73% yield (2.37 g). The structure was confirmed on the basis
of 1H NMR and high resolution mass spectral data. 1H NMR (200 MHz, DMSO-d6): δ 8.86
(s, 1H), 8.79 (s (br), 1H), 7.99 (d, 1H), 7.75 (m, 1H), 7.46 (m, 2H), 3.37 (m, 2H), 2.95 (m, 2H),
2.50 (s (br), 4H), 1.66 (m, 2H), 1.51 (m, 2H), 1.36 (s, 9H). HRMS (high resolution mass
spectroscopy), MALDI-tof (Matrix Assisted Laser Desorption Ionization – time of flight), ESI
(electrospray ionisation): calculated (M + H) 404.2185, found (M + H) 404.2180.

Tert-butyl 3-(3-(7-hydroxy-2-oxo-2H-chromene-3-carboxamido)propylamino)
propylcarbamate (6)

Compound 6 was synthesized by stirring a mixture of 4 (13.19 mM, 4.0 g) and tert-butyl [3-
(3-aminopropylamino)propyl]carbamate (10.99 mM, 2.54 g) in tetrahydrofuran (75 ml) for 15
h at room temperature. The crude product was purified by silica gel column chromatography.
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The compound was isolated in 83.92% yield (3.87 g). The structure was confirmed on the basis
of 1H NMR and high resolution mass spectral data. 1H NMR (200 MHz, DMSO-d6): δ 8.72
(s (br), 1H), 8.60 (s, 1H), 7.60 (d, J = 8.8 Hz, 1H), 6.84 (s (br), 1H), 6.62 (d, J = 8.8 Hz, 1H),
6.46 (s, 1H), 3.35 (m, 2H), 2.97 (m, 2H), 2.64 (m, 2H), 1.69 (m, 2H), 1.57 (m, 2H), 1.37 (s,
9H). HRMS (MALDI-tof, ESI): calculated (M + H) 420.2134, found (M + H) 420.2130.

N-(3-(3-aminopropylamino)propyl)- 2-oxo-2H-chromene-3-carboxamide (7)
The t-Boc deprotection of 5 was used to produce 7. Compound 5 (1.34 mmol, 500 mg) was
stirred with trifluoroacetic acid (2.0 ml) and dichloromethane (10 ml). Upon completion of the
hydrolysis, monitored by TLC, the solvent was evaporated under reduced pressure. The product
was purified (92% yield) and analyzed by NMR and mass spectrometry. 1H NMR (200 MHz,
DMSO-d6): δ 8.85 (s, 1H), 8.59 (s, NH), 8.01 (d, 1H), 7.78 (m, 1H), 7.49 (m, 2H), 3.43 (m,
2H), 2.96 (s (br), 6H), 1.87 (m, 4H). HRMS (MALDI-tof, ESI): calculated (M + H) 304.1661,
found (M + H) 304.1652.

N-(3-(3-aminopropylamino)propyl)- 7-hydroxy-2-oxo-2H-chromene-3-carboxamide (8)
The t-Boc deprotection of 6 was used to produce 8. Compound 6 (3.10 mmol, 1.3 g) was stirred
with trifluoroacetic acid (5 ml) and dichloromethane (25 ml). Upon completion of the
hydrolysis, monitored by TLC, the solvent was evaporated under reduced pressure. The product
was purified (yield 93.02%) and analyzed by NMR and mass spectrometry. 1H NMR (200
MHz, DMSO-d6): δ 8.78 (s, 1H), 8.51 (s, NH), 7.82 (d, 1H), 6.89 (d, 1H), 6.82 (s, 1H), 3.40
(m, 2H), 2.94 (s (br), 6H), 1.86 (m, 4H). HRMS (MALDI-tof, ESI): calculated (M + H)
320.1610, found (M + H) 320.1622.

Na125I- and γ-ray-mediated irradiation and fluorescence spectrometry of 1, 7, and 9
All solutions were prepared in 0.1 × PBS (phosphate buffered saline), pH 7.0. The samples
were irradiated in duplicate at room temperature either by incubation with iodine-125 or with
γ-rays from a 137Cs irradiator (Gamma Cell 40, 96.3 cGy/min) at the Dana–Farber Cancer
Institute. The fluorescence intensity of irradiated samples was measured at excitation
wavelength 395 nm and emission wavelength 445 nm in an LS50B PerkinElmer
spectrophotometer at room temperature. In the Na125I studies, the induction of fluorescence
was followed as a function of time. Net relative fluorescence was derived by subtracting the
small but measurable fluorescence of an identically treated unirradiated sample, and the values
were plotted in arbitrary units (a.u.).

Fluorescence spectrometry of 2, 8, and 10
The fluorescence spectra of the synthesized, 7-hydroxylated compounds 2, 8, and 10 were
determined at 0.25 μM concentration in 0.1 × PBS, pH 7.0. In addition, the fluorescence of
compounds 2 and 10 at 1.0 μM concentration and compound 8 at 0.33 μM concentration was
assessed at various pH between 4.0 and 10.0. Fluorescence was measured as above.

Results
Computational docking of coumarin–polyamine analogs with DNA

In the complexes of 7 and 8 with DNA, the coumarin group is buried deeply in the minor groove
to pack with the deoxyribose ring of adenosine, while the amide NH group forms a hydrogen
bond with the deoxyribose oxygen of thymidine (Figure 2A–2D). Detailed analysis of the
docking data shows that the cationic polyamine tail contributes two polar hydrogens that bind
with each oxygen atom of thymidine and one polar hydrogen that binds with the deoxyribose
oxygen of cytosine. In addition to sharing a binding pose, 7 and 8 have similar binding energies,
suggesting the major contribution to the binding comes from the polyamine chain. For 9 and
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10 (Figure 2E–2H), one coumarin group of the dicoumarin–polyamine ligand is buried in the
minor groove whereas the other coumarin group points out of the groove.

This is consistent with the finding that there seems to be no regularity of binding for polyamine
compounds with DNA structure because of the high flexibility of the polyamine chain (Korolev
et al. 2002). By adopting this conformation, the polar hydrogens on the polyamine chain form
much stronger hydrogen bonds with the more negatively charged oxygen atoms of the
phosphate diester backbone.

Consequently, the binding of 9 and 10 with DNA is ~3 kcal/mol tighter than that of 7 and 8
(Table I).

Fluorescence spectrometry and role of pH
For all compounds, emission maxima are centered at 445 nm when excitation occurs at 395
nm. The fluorescence spectra of the synthesized, 7-hydroxylated compounds 2, 8, and 10 at
pH 7.0 are found in Figure 3A. At equimolar concentrations (0.25 μM), the fluorescent quantum
yield of 8 is 3.3 times that of 2 while that of 10 is slightly higher than that of 2.

As expected, the exposure of 1, 7, and 9 (100 μM in 0.1 × PBS, pH 7.0) to Na125I (2.2 ×
1012 decays) and irradiation of these compounds (50 μM in 0.1 × PBS, pH 7.0) with 137Cs-
rays (9.4 Gy) (Figure 3B and 3C, respectively) lead to the formation of fluorescent derivatives
whose emission spectra are identical to those of 2, 8 and 10, indicating indirectly that
hydroxylation takes place at the 7-position in the coumarin ring.

The effects of pH on the fluorescence yield of 2, 8, and 10 (2 and 10 at 1.0 μM and 8 at 0.33
μM concentration) are shown in Figure 4. At pH 4.0, all compounds have a very low
fluorescence signal, indicating their inadequacy as detectors. At pH 10.0, all compounds have
a high fluorescence signal with that for 2 being off-scale. From pH 6.8–7.4, 2 shows incremental
increases in fluorescence signal with increase in pH, whereas the polyamine chain-containing
8 and 10 have slight changes in fluorescence signal that is probably due to the presence of the
NH groups. The significant variations in fluorescence of 2 with pH could be due to a free
carboxylic group directly attached to the coumarin ring whereby the abstraction of a proton
leads to electron delocalization in the benzopyran ring.

Effect of Na125I dose and probe concentration on fluorescence signal
With incubation of 1, 7, and 9 (100 μM, pH 7.0) in three radioactivity concentrations of
Na125I (16.8 ± 0.2 μCi/ml, 69.5 ± 1.5 μCi/ml, and 138 ± 2 μCi/ml), the fluorescence signal is
enhanced to a different extent (Figure 5).

When the fluorescence of 7 is plotted as a function of the number of decays or exposure times,
the slopes at each of these three radioactivity concentrations increase with escalating
radioiodine concentrations and all responses are linear with R values > 0.99 (Figure 5A–5C).
For 1 and 9, the linear slopes are similar to each other and ~3.5 times lower than those for 7,
i.e. following exposure to the same ·OH flux, the fluorescence quantum yield for 1 is 3.5 times
higher than that of 9 and 1 (Figure 5A–5C). At any given time, increasing the dose amplifies
the fluorescence signal. For example (Figure 5D), at 120 h and incubation with 16.8 ± 0.2, 69.5
± 1.5, and 138 ± 2 μCi/ml, fluorescence values for 1 are 38, 150, and 230 a.u., respectively;
for 7, 150, 500, and 850 a.u., respectively; and for 9, 38, 150, and 230 a.u., respectively. Since
7 is most responsive to radiation (because of its high fluorescence yield), this derivative was
studied in more detail.

When various concentrations of 7 (1–100 μM in 0.1 × PBS, pH 7.0) are incubated with
Na125I (79 ± 3 μCi) and the fluorescence signals plotted as a function of concentration, the
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fluorescent signal increases rapidly with detector concentration and saturates at about 50 μM
(Figure 6A). Plotting these data as a function of time or number of decays (Figure 6B)
demonstrates linear increases in fluorescence signal (R values approximately 0.99). At 50 μM,
y = 4.38 * 10−10x.

Effect of γ-ray dose and probe concentration on fluorescence signal
Compound 7 at various concentrations (1–100 μM in 0.1 × PBS, pH 7.0) has also been irradiated
with escalating doses of rays 137Cs-rays (0–10.5 Gy), and the fluorescence signal has been
plotted as a function of concentration (Figure 6C). As previously observed following Na125I
exposure, the fluorescence signal increases rapidly at the lower concentrations and plateaus
around 50 μM. When these data are plotted as a function of irradiation dose (Figure 6D), a
linear increase in fluorescence signal is observed with R values > 0.99.

To approximate the Na125I time-mediated irradiation conditions, samples of 1, 7 and 9 (50
μM in 0.1 × PBS, pH 7.0) have been repeatedly irradiated with 137Cs (total dose = ~11.0 Gy).
After each dose fraction, the fluorescence is recorded, and the process is repeated. Samples
were irradiated in measurement polyacrylamide cuvettes (not in glass cuvettes) and in the
experimental dose range within which no darkening was observed. Our findings indicate that
the fluorescence signal for the three coumarin derivatives increases linearly with increasing
dose (Figure 7), and that the quantum efficiency of 8 is ~3 times higher than that of 2 and 10
(which are equal). Surprisingly and unexpectedly, the fluorescence yield following fractionated
irradiation (Figure 7 – at 50 μM, y = 79.7 * x) is ~1.6-fold higher than that after single-dose
exposures (Figure 6D – at 50 μM, y = 50.1 * x).

Discussion
DNA molecules are highly charged. Since this property can quench the fluorescence signal of
probes and scavenge hydroxyl radicals, ·OH-detector mediated quantification of the actual
radical yields is difficult (Pryor 1988, Chakrabarti et al. 1998). Therefore, the development of
novel compounds with quantum efficiency is a valuable goal. The aim of the current study is
to synthesize DNA-binding, coumarin-based molecular probes for the detection of ·OH and to
assess and compare their quantum efficiency with that of coumarin-3-carboxylic acid (1).
Previous work had demonstrated that the (i) benzopyran ring structure is essential for
developing fluorescence-based coumarin molecular probes; (ii) γ-ray irradiation of coumarin
molecules generates a fluorescent compound (7-hydroxylation in the coumarin ring); (iii)
intensity of the fluorescence signal is linearly proportional to the number of 7-
hydroxycoumarin molecules formed that in turn is proportional to the radiation absorbed dose;
(iv) addition of multiple coumarin rings in the same molecule does not enhance the fluorescence
signal in the same ratio (Singh et al. 2007).

Both Na125I, used for internal irradiation, and 137Cs, used for external irradiation, ionize water
molecules to produce ·OH. In situ, ·OH react with coumarin molecules to produce hydroxylated
products, including fluorescent, 7-hydroxylated coumarins. Other possible outcomes of ·OH
reactions are: (i) Hydroxylation at various positions, (ii) decarboxylation of the free acid group,
and (iii) cleavage of the coumarin ring, all of which leading to a decrease of the 7-hydroxylated
product yield (Mead et al. 1958). The reactivity of a given ring position determines the product
(hydroxylated compounds produced other than 7-hydroxylated coumarin) distribution
(Goodwin and Kavanagh 1950, 1952, Crosby and Berthold 1962). In analogy, studies of
benzene in aqueous solution indicate that the primary event is an electrophilic attack of
the ·OH on the ring to form a hydroxycyclohexadienyl radical, after which, depending on
solution conditions and the presence of oxidants, various events may take place, including
decay by elimination of water, dimerization, or oxidation, thus fixing the hydroxyl moiety on
the ring to give a stable product (Mantaka et al. 1971, Walling and Johnson 1975). Despite the
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low yield of hydroxylated–fluorescent product, the use of coumarin derivatives is attractive
because of their low cost, sensitivity, and, in principle, applicability both in vitro and in vivo.

Herein, we report that the increase in fluorescence of N-(3-(3-aminopropylamino)propyl)- 2-
oxo-2H-chromene-3-carboxamide (7) upon incubation with Na125I or after γ-ray irradiation is
2–3 times that reported for (Singh et al. 2007) coumarin-3-carboxylic acid (1) and N1,N12-bis
[2-oxo-2H-chromene-3-carbonyl]- 1,12-diamine-4,9-diazadodecane (9). A probable reason
for this finding is the delocalization of an electron on the benzopyran ring by the free amine
group carrying a positive charge that leaves position 7 more suitable for hydroxyl attack in 7
compared with 1 and 9. The addition of two coumarin rings as in 9 does not affect
hydroxylation. Net hydroxylation yield for the dimmer (9) is the same as for the monomer
(1).

The docking studies of 7–10 in a DNA dodecamer demonstrate that coumarin derivatives bind
in the minor groove through a combination of van der Waals and hydrogen-bonding
interactions similar to the docking of miodoHoechst (Chen et al. 2004) (Figure 2). Molecular
modeling supports the DNA-binding properties of polyamine and further informs us that the
molecule with a single coumarin ring (7) is buried completely in the minor groove with the
deoxyribose part of adenosine and where the amide NH group forms a hydrogen bond with the
deoxyribose oxygen of thymidine. With coumarin at both ends of the polyamine chain (9), one
of the coumarins behaves similarly to the monocoumarin, whereas the other binds with the
phosphate linkage in the side of DNA. Consequently, 9 and 10 have a 3 kcal/mol higher binding
energy than 7 and 8.

For 1, 7, and 9, incubation with Na125I and irradiation with γ-ray (Figure 3B and 3C,
respectively) leads to the formation of compounds whose fluorescence maxima (445 nm) are
similar to that of the synthetically produced 7-hydroxylated analogs (Figure 3A). Comparison
of the data in Figure 3A–3C indicates that only a small fraction (~1%) of the compounds is
converted into fluorescent product.

Sensitivity to pH plays an important role in fluorescence-based detection. To develop a
fluorometric method, it is desirable, since fluorescence is greatly influenced by the medium
pH, to scan changes in fluorescence intensity over a range of pH values for every new
experimental compound. For 1, the fluorescence signal decreases with acidic pH and increases
with basic pH; for 9, the fluorescence signal at acidic pH is negligible and, at basic pH, is
similar to that at neutral pH (Figure 4). A drop in fluorescence signal between pH 8.0 and 9.0
has been reported for umbelliferone (7-hydroxycoumarin) (Goodwin and Kavanagh 1950). For
7, the change in fluorescence signal is insignificant at or near neutral pH (6.8–7.4) (Figure 4).
The fluorescence signal is influenced by both the 7-OH group and the polyamine chain; thus,
accurate maintenance of pH for each compound during quantitative experiments is crucial.
Molecular probes are generally used at or near neutral pH; acidic conditions are unsuitable for
biologic systems.

The plot of fluorescence versus radiation dose is used as a basis for quantifying ·OH production.
As seen in Figure 5, the induction of fluorescence for 1, 7 and 9 after incubation with Na125I
is linear as a function of time and number of decays, and the fluorescence signal for 7 (at the
same number of 125I decays) is greater than that for 1 and 9. With an increase in dose, the
fluorescence signal is enhanced. For γ-ray irradiation, fluorescence emission of 7 is also higher
than that of 1 and 9 (Figure 7).

When 7 at increasing concentrations (between 1 μM and 100 μM) is exposed to 125I decays
(79 ± 3 μCi) (Figure 6A and B) or irradiated with γ-rays (0–11.0 Gy) (Figure 6C and 6D), (i)
the fluorescence signal rises rapidly with increases in compound concentration, and (ii) the
fluorescence yield approaches saturation at ~50 μM concentration. Comparison of the 125I and
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γ-ray slopes at this concentration shows that each 125I decay/ml deposits ~9 × 10−12 Gy when
the γ-irradiated samples are exposed to a single dose (Figure 6B and 6D) and ~6 × 10−12 Gy,
when the dose is fractionated over a two-day period (Figures 6B and 7).

These values agree with the calculated dose of 3.8 × 10−12 Gy/125I decay (using a dose
equivalent of 5.01 × 10−4 Gy/μCi-h for a 1 ml sphere of water [radius = 12,394 μm], R. W.
Howell, personal communication), demonstrating the ability of these detectors to accurately
report the dose. Whereas it is unclear whether this difference in dose equivalence is related to
a dose-rate effect (unlike γ-ray irradiation, 125I decays are accumulated over a nine-day period),
exposure of these detector molecules to a source of continuous low-dose-rate radiation should
lead to a more accurate estimation of 125I-to-γ-ray equivalence (i.e., be more in line with the
calculated value of 3.8 × 10−12 Gy). If the dose-rate effect is confirmed, it is possible that these
differences may be a consequence of the higher density/concentration of ·OH following a single
dose, thereby increasing the probability of these radicals reacting with one another rather than
with the coumarin molecules.

Compounds 7 and 9 are coumarin–spermine conjugates. The primary amine group at one end
of 7 is an additional attractive feature of this probe as it could be chemically linked to molecules
of interest (e.g., target-specific binding molecules) that enable the detection of ·OH produced
proximal to the target (e.g., intranuclear DNA). Since the binding of polyamines, including
spermine, with DNA molecules (present in mM concentrations in mammalian cells) does not
disturb the three-dimensional structure and properties of natural macromolecules (Tabor and
Tabor 1984, Ha et al. 1998), we predict – based on the findings of our molecular docking studies
and the experimental data that this coumarin derivative can be used to quantify ·OH within the
immediate vicinity of the DNA double helix in solution (~7 nm-radius cylinder) and thus
advance our comprehension of the molecular basis of ·OH-mediated DNA breaks.
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Figure 1.
Chemical pathway for synthesis of coumarin–polyamine conjugates: (i) ethanol, piperidine,
acetic acid (piperidinium acetate); (ii) tetrahydrofuran, N-hydroxysuccinamide, 1,3-
dicyclohexylcarbodiimide; (iii) tetrahydrofuran, tert-butyl [3-(3-aminopropylamino) propyl]
carbamate; (iv) trifluoroacetic acid, dichloromethane; (v) tetrahydrofuran, spermine.
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Figure 2.
Corey-Pauling-Koltun space-filling models for docking of coumarin derivatives in DNA. (A
and B) 7; (C and D) 8; (E and F) 9; (G and H) 10.
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Figure 3.
(A) Emission spectra for 2, 8 and 10 (0.25 μM in 0.1 × PBS [pH 7.0]). Solutions excited at
wavelength 395 nm (slit width 2.5, no. of scans 100). (B) Induction of fluorescence in 1, 7 and
9 (100 μM in 0.1 × PBS [pH 7.0]) after 120 h incubation with 138 ± 2 μCi/ml Na125I (6.5 ×
108 decays of 125I). Solutions excited at wavelength 395 nm (slit width 5.0, no. of scans 100)
and fluorescence spectra quantified (400–600 nm). (C) Induction of fluorescence in 1, 7 and
9 (50 μM in 0.1 × PBS [pH 7.0]) irradiated with 9.4 Gy. Solutions excited at wavelength 395
nm (slit width 5.0, no. of scans 100) and fluorescence spectra quantified (400–600 nm).
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Figure 4.
Effect of pH on emission spectra of 2 and 10 at 1.0 μM concentration and 8 at 0.33 μM
concentration; * indicates that value is off-scale. Net relative fluorescence in arbitrary units
(a.u.) is derived by subtracting fluorescence of unirradiated samples.
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Figure 5.
(A–C) Induction of fluorescence in 1, 7, and 9 (100 μM in 0.1 × PBS [pH 7.0]) following
exposure to Na125I: (A) 16.8 ± 0.2 μCi/ml; (B) 69.5 ± 1.5 μCi/ml; (C) 138 ± 2 μCi/ml. (D)
Comparison of fluorescence for 1, 7, and 9, each incubated for 120 h with 16.8 ± 0.2, 69.5 ±
1.5, and 138 ± 2 μCi/ml Na125I. Net relative fluorescence in arbitrary units (a.u.) is derived by
subtracting fluorescence of unirradiated samples.
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Figure 6.
Induction of fluorescence in 7 (in 0.1 × PBS [pH 7.0]) following exposure to Na125I (79 ± 3
μCi/ml) as function of concentration of probe (A) and time or number of decays (B). Induction
of fluorescence in 7 (in 0.1 × PBS [pH 7.0]) after γ-ray irradiation as function of concentration
of probe (C) and dose (D). Net relative fluorescence in arbitrary units (a.u.) is derived by
subtracting fluorescence of unirradiated samples.

SINGH et al. Page 16

Int J Radiat Biol. Author manuscript; available in PMC 2010 February 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Induction of fluorescence in 1, 7, and 9 (50 μM, in 0.1 × PBS [pH 7.0]) after irradiation with
escalating doses of γ-rays. Solutions were excited at wavelength 395 nm (slit width 5.0, no. of
scans 100), and fluorescence was measured at 445 nm. Net relative fluorescence in arbitrary
units (a.u.) is derived by subtracting fluorescence of unirradiated samples.
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Table I

Predicted ΔG and Ki values for coumarin analogs

Compound Ki
a ΔGb(kcal/mol)

7 1.04 × 10−10 −13.62

8 1.98 × 10−10 −13.24

9 5.39 × 10−13 −16.74

10 2.24 × 10−12 −15.89

a
binding free energy

b
inhibtion constant.
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