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ABSTRACT The polyamines are small organic cations
that are absolutely required for eukaryotic cell growth. Al-
though their growth requirements are well established, the
molecular functions of the polyamines are ill-defined. Oxida-
tive damage to DNA by reactive oxygen species is a continual
problem that cells must guard against to survive. The poly-
amine spermine, which is normally found in millimolar con-
centrations in the nucleus, is shown here to function directly
as a free radical scavenger, and adducts formed as a result of
this function are identified. These data suggest that spermine
is a major natural intracellular compound capable of pro-
tecting DNA from free radical attack.

The cellular polycationic polyamines are ubiquitous in nature
and are absolutely required for eukaryotic cell growth (1, 2).
However, very few specific molecular functions of polyamines
have been described (3, 4). Some of the attributes ascribed to
polyamines, particularly spermine, include the regulation of
gene expression (5), the stabilization of chromatin (6–8), the
prevention of endonuclease-mediated DNA fragmentation
(9), and the inhibition of DNA damage (8, 10–13). Lovaas has
recently reviewed many of these properties (14). Although
protection of DNA damage by polyamines has been demon-
strated, the mechanisms by which spermine functions in this
protection are not known. Most of the proposals suggest that
polyamine action is a result of charge neutralization and
conformational changes (8, 15). Because spermine is thought
to be intimately associated with chromatin (7), we sought to
investigate if spermine had a direct role in protecting DNA
from free radical attack. Free radical and other reactive oxygen
species (ROS) generation through normal cellular metabolism
and by exogenous insult is a constant problem for which cells
have developed multiple protective mechanisms to sur-
vive(16). Here we demonstrate that spermine, which is nor-
mally found in millimolar concentrations in the nucleus (17),
can function directly as a free radical scavenger.

MATERIALS AND METHODS

Assays for DNA Strand Breaks. DNA strand breakage was
measured by the conversion to open circular and linear forms
of supercoiled FX-174 RF1 double-stranded DNA (New
England Biolabs). To assess DNA cleavage, 0.2 mg of DNA was
incubated in the presence of 30 mM H2O2 and 10 mM CuCl2
in PBS (pH 7.4) in a total volume of 30 ml as described (18, 19).
Polyamines or antioxidants were coincubated as indicated.
Following incubation the samples were separated by electro-

phoresis in a 1% agarose gel containing 40 mM Tris-acetate
and 1 mM EDTA in a horizontal slab gel apparatus using
Tris/acetate gel buffer. The gel was stained with ethidium
bromide (2 mg/ml) for 10 min, followed by destaining in water
for 10 min, and was then photographed by UV translumina-
tion. The gels were photographed using an Eagle Eye digital
camera (Stratagene). A single strand break in supercoiled
double-stranded DNA results in the formation of open circular
DNA, and double strand breaks result in the formation of
linear DNA. In agarose gel electrophoresis of untreated
FX-174 plasmid DNA, supercoiled DNA migrates faster than
open circular DNA. The open circular form migrates more
slowly than the linear form due to the loss of compactness by
superhelicity.

Electron Paramagnetic Resonance (EPR) Analysis. 5,5-
Dimethyl-1-pyrroline-N-oxide (DMPO, 97%; Aldrich) was
further purified by distillation. For the standard assay, 30 mM
H2O2 and 10 mM Cu(II), in PBS (pH 7.4), and 50 mM DMPO
were combined with or without the indicated concentration of
spermine. Spectra were recorded after a 1-hr incubation time.
Spectra were recorded on a Bruker ER 300 spectrometer
operating in the X-band with a TM cavity as previously
reported in ref. 20. The spectrometer settings used were:
modulation frequency, 100 kHz; modulation amplitude, 0.5 G;
scan time, 10 min.; microwave power, 20 mW; microwave
frequency, 9.782 GHz.

Synthesis and Analysis of Bis-a-[13C]spermine for NMR
and MS Analysis. Bis-a-[13C]spermine synthesis (Fig. 3a) was
initiated by the bis-cyanoethylation of 1,4-diaminobutane (2)
with 9%-[13C]CN-enriched acrylonitrile (3) in refluxing eth-
anol (21). This reaction produced the corresponding 1,10-
dicyano-3,8-diazadecane (4), which was reduced with Raney
nickel (22), producing crude bis-a-[13C]spermine. The labeled
spermine was purified by crystallization of the tetrahydrochlo-
ride salt from ethanol/water (21, 23).

RESULTS AND DISCUSSION

Polyamines have been proposed to protect DNA from ROS
damage. However, the mechanisms by which this occurs are
unknown. Khan et al. (10, 11) proposed a mechanism by which
spermidine and spermine could protect DNA from singlet
oxygen attack, but did not demonstrate a direct involvement of
the polyamines in the protection. The very reactive hydroxyl
radicals can be generated by the reaction of hydrogen peroxide
with DNA-associated transition metals, such as copper, in a
Fenton-type mechanism: H2O2 1 Cu(I) 3 OHz 1 OH2 1
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Cu(II). Hydroxyl radical formation mediated by transition
metals is hypothesized to be an important physiological con-
dition, and is thought to be responsible for oxidative toxicity
in vivo, rather than H2O2 itself. To determine if spermine is
capable of protecting DNA against ROS-induced strand
breakage, we used fX-174 plasmid DNA and a Cu(II)/H2O2-
dependent oxygen-radical generating system (24).

When FX-174 plasmid DNA was incubated in the presence
of the ROS-generating system, no supercoiled DNA was
observed to remain, indicating ROS attack of DNA leading to
strand breaks and release of supercoiled DNA to open circle
and the production of linear DNA. Neither Cu(II) nor H2O2
alone induced DNA strand breaks. Spermine at physiologically
relevant concentrations inhibited ROS-induced DNA damage,
with maximal inhibition observed at 1 to 2 mM (Fig. 1). These
concentrations are well within the estimates for the physio-
logical concentrations of spermine (17, 25). These results
suggest that spermine protects DNA from ROS attack in a
manner similar to the classical antioxidants.

There are at least three possible mechanisms by which
spermine could reduce oxidative damage in this system. First,
the association of spermine with DNA could lead to a con-
formational change in DNA, making it less susceptible to
attack. Second, in some instances, spermine could chelate the
transition metal, thus reducing the amount of ROS produced.
However, this is not likely at physiological pH. Third, spermine
can act directly as a free radical scavenger.

To eliminate the first possibility, that the protective effects
of spermine were solely based on spermine-induced DNA
conformational changes, DNA was removed from the system.
The effects of spermine addition to the ROS-generating
system were measured by EPR spectroscopy using DMPO as
the spin trap (19). EPR analysis of the Cu(II)/H2O2-dependent
oxygen-radical generating system in the absence of DNA
displayed a 1:2:2:1 quartet signal indicative of the
DMPOOOH spin adduct formation. The addition of 1 mM
spermine effectively inhibited the Cu(II)/H2O2-mediated gen-
eration of the DMPOOOH adducts (.70%), supporting the
role of spermine as an antioxidant (Fig. 2a). Spermine reduced
the DMPOOOH adduct at concentrations as low as 0.1 mM
(Fig. 2B). The DMPOOOH adduct formation was completely
inhibited by the coaddition of the Cu(I) chelator bathocu-
proinedisulfonic acid, and was significantly diminished by the
coaddition of catalase, directly indicating that the reaction was

dependent on copper redox activity and H2O2 in the phos-
phate-buffered system (not shown). It should be noted that
Hanna et al. (26) have demonstrated that DMPOOOH ad-
ducts can be formed by the nucleophilic addition of water to
DMPO in the presence of copper, and suggest that this
nucleophilic addition could be up to 80% of the total
DMPOOOH adduct signal produced in the Cu/H2O2-
dependent oxygen-radical generating system (27). However,
copper alone did not induce DNA strand breaks, and spermine
was also shown to reduce the DMPOOOH adduct formation
produced in Fe-nitrilotriacetic acid (Fe-NTA)/H2O2, where no
nucleophilic addition occurs (26) (not shown). These results
suggest that spermine reduces the DMPOOOH adduct for-
mation resulting from the spin trapping of hydroxyl radicals,
and that the reduction of DMPOOOH adduct formation does
not occur simply by chelating transition metals.

Although the above results are consistent with the hypoth-
esis that spermine is capable of reducing hydroxyl radical
attack without reliance on changes in DNA conformation,
suggesting that hydroxyl radical and other ROS could react
directly with spermine, they are not conclusive. Specifically,

FIG. 1. Protection of ROS-induced DNA damage by spermine.
FX-174 plasmid DNA (200 ng) was incubated in the ROS-generating
system. (A) Where indicated, spermine, 1 mM catalase (500 units/ml)
or reduced glutathione (4 mM). (B) Protective effects of increasing
concentrations of spermine. O, open circle; L, Linear; SC, supercoiled
DNA.

FIG. 2. Effects of spermine on the hydroxyl radical spin-trapping
by DMPO in the ROS-generating system. (A) Upper EPR spectrum
is from a sample containing 30 mM H2O2 1 10 mM Cu(II). Lower EPR
spectrum is from a sample containing 30 mM H2O2 1 10 mM Cu(II)
1 1 mM spermine. Incubation of H2O2 without Cu(II) or the addition
of bathocuproinedisulfonic acid, a Cu(I) chelator, to the H2O2/Cu(II)
mixture completely inhibited the formation of the DMPOOOH
quartet (not shown). These results are representative of at least three
sets of experiments. (B) Effects of increasing concentrations of
spermine on DMPOOOH formation in the ROS-generating system.
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FIG. 3. (a). Synthetic scheme for bis-a-[13C]spermine. 1,10-Bis([13C]Cyano)-3,8-diazadecane (4). A 0.198-g portion of 1,4-diaminobutane (2)
(0.00224 mol) was added to a solution of 0.250 g (0.00465 mol, 2.07-fold excess) of [13C]cyano-enriched acrylonitrile (3) in 6 ml of ethanol, and
the reaction was allowed to reflux for 18 hr. The solvent was then removed under reduced pressure, and the dark brown, oily residue was purified
on silica gel (4 3 8 cm column, CHCl3:MeOH:NH4OH 900:600:3) to afford 0.261 g of a pale yellow oil, with an Rf of 0.41 (59.3% yield). 1H-NMR
(CDCl3, ppm d 1.54 (t, 4h, H5 and H6), 2.10 (s, 1H, NH), 2.56 (q, 4H, H4 and H7), 2.65 (t, 4H, H2 and H9), 2.91 (t, 4H, H1 and H10); IR cm21

3306 (NH), 2938 (aliphatic), 2198 (CN); 13C-NMR CDCl3, ppm d 118.6 (CN). Bis(d-13C)-spermine (1). A 0.261-g portion of (4) and 0.267 g of NaOH
were added to a suspension of 0.458 g of Raney nickel in 20 ml of dry ethanol, and the mixture was hydrogenated (Parr apparatus) at 50 psi for
24 hr. The reaction was then filtered (Zetapore 0.45 d) and the solvent was removed under reduced pressure. The yellow solid residue was dissolved
in 30 ml of water and washed with three 25-ml portions of chloroform. The aqueous layer was then acidified to pH 1, and the solution was
concentrated under reduced pressure to afford 0.56 g of a white solid. Recrystallization of this solid from water/ethanol afforded 0.41 g (89.1%)
of bis-(a-13C)-spermine (1) as the tetrachloride salt. 1H-NMR (D2O, ppm) d 5 1.77 (t, 4h, H6 and H7), 2.08 (m, 4H, H2 and H11), 3.11 (t, 12H,
H1, H3, H5, H8, H10 and H12); 13C-NMR (D2O, ppm) d 5 36.5 (13CH2ONH3). (b) NMR data for [13C]spermine free radical scavenging experiments.
Spectrum A: bis-a-13C-enriched spermine. Spectrum B: 1% TSP in D2O. Spectrum C: 1 mM bis-a-13C-enriched spermine plus 0.1 M H2O2, 33.3
mM CuCl2. Spectrum D: 0.5 mM bis-a-13C-enriched spermine plus 0.5 M H2O2, 167 mM CuCl2. All spectra were recorded on a General Electric
QE 300 mHz FT-NMR, in D2O.
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they do not exclude entirely the possibility that the EPR data
are the result of copper chelation by spermine. Therefore,
nuclear magnetic resonance (NMR) spectroscopy was used to
determine if adducts of spermine were formed in the ROS-
generating system, and as a preliminary step toward identifying
those adducts. For use as a probe in NMR studies, bis-a-
[13C]spermine was synthesized (Fig. 3a). The resulting 13C-
enriched spermine was subjected to the same oxygen-radical
generating system described above in the absence of DNA. The
products of this reaction were then analyzed by 13C-NMR,
using sodium 3-(trimethylsilyl)propionate (TSP) as internal
standard. The enriched spermine spectrum showed a single
resonance (total of 10 acquisitions) at 39 ppm (Fig. 3b,

spectrum A) which was extremely strong, and distinct from all
TSP peaks (spectrum of TSP is shown at 1% concentration in
spectrum B). If spermine acts as a free radical scavenger, both
upfield and downfield shifts of the 13C spectrum could arise as
adducts and, subsequently, fragments are formed. In experi-
ments involving the ROS-generating system, the 13C-NMR
peak at 39 ppm, corresponding to enriched spermine, com-
pletely disappeared, and two new peaks appeared, one down-
field at 60.3 ppm (see below), and one upfield at 19.6 ppm,
possibly indicative of a methyl group or shielded methylene
moiety (Fig. 3b, spectra C and D). This phenomenon was
observed in each experiment at a variety of concentrations of
copper chloride and hydrogen peroxide, and at two concen-

FIG. 4. Mass spectral analysis for [13C]spermine free radical scavenging experiments. (A) CI spectrum of bis-a-[13C]-enriched spermine standard.
(B) CI mass spectral analysis of unknown products of free radical scavenging reaction. Mass spectroscopy was performed on a VG 7250S MicroMass
spectrometer (MicroMass Corp., Manchester, U.K.) equipped with a direct chemical ionization (DCI) probe and using ammonia as the reagent
gas.

Table 1. Chemical ionization mass spectral fragments from bis-a-[13C]spermine

Structure of fragment Formula Mr m/z

13C2
12C8H26N4 204 205

13C12C6H19N3 146 147
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trations of spermine. These data suggest that spermine is
converted to at least two adducts in the presence of hydroxyl
radical, and support the contention that spermine is capable of
acting as a free radical scavenger. The resonance at 60.3 ppm
could potentially be attributed to the hydrated form of the
dialdehyde (7), described below, and may be formed in the
NMR tube in the presence of D2O (this effect is not seen when
a spectrum of spermine is acquired in D2O). The adduct
producing the signal at 19.6 ppm remains to be identified.
Although these NMR signals cannot be used to identify
specific adducts between spermine and ROS, they are consis-
tent with direct ROS attack on spermine with consequent
adduct formation. Additional experiments are being under-
taken to identify the adducts corresponding to these reso-
nances, and to correlate them with the observed mass spectral
fragments, as outlined below.

High resolution mass spectrometry was next used to deter-
mine the structures of the adducts formed, and to help to
elucidate the chemical pathways involved in the reaction
between spermine and hydroxyl radicals and other ROS. The
reaction mixtures generated as described above were analyzed
by chemical ionization (CI) mass spectroscopy (Fig. 4). To
determine the low-end sensitivity of the instrument, unlabeled
spermine was run as a standard in dilute solution with am-
monia, and a recognizable spectrum was obtained with 20
nmol of sample loaded onto the probe tip. Unlabeled spermine
produced the expected molecular ion peak at m/z 5 203 (data
not shown), corresponding to the protonated parent molecule,
and produced major peaks at m/z 5 146 (loss of one amin-
opropyl) and m/z 5 89 (loss of a second aminopropyl). The CI

mass spectrum generated from a dilute solution of bis-a-
[13C]spermine (20 nmol of sample) is shown in Fig. 4, spectrum
A. A strong molecular ion peak at m/z 5 205 resulted from the
protonated parent molecule, with a minor peak appearing at
m/z 147, corresponding to the loss of a single
a-amino[13C]propyl group. The structures of these fragments,
as well as their empirical formulas and expected mass spectral
peaks, are shown in Table 1.

Using the same technique described above, we pooled and
lyophilized the reaction mixtures from the free radical scav-
enging experiments, then subjected them to CI mass spectral
analysis. Major peaks appeared at m/z 5 203, 148, 130, and 90.
Probable identities of the peaks at 203, 130 and, 90 are listed
in Table 2, while the identity of the peak at 148 has yet to be
determined. Based on the observed fragments from the CI
mass spectral studies outlined above, it is postulated that
spermine can indeed act as a free radical scavenger in the cell.
These results suggest that formation and conversion of the
adduct formed from spermine and hydroxy radical are similar
to those observed following flavin-containing monooxygen-
ase-mediated N-oxygenation of tyramine (27) and other ali-
phatic primary amines (28, 29). In the presence of hydroxyl
radical, bis-a-[13C]spermine could be expected to form the
corresponding bis-N-hydroxyspermine, and then possibly the
unstable bis-di-N-hydroxyspermine (5) (Fig. 5). Spontaneous
dehydration of (5) would then afford the bis-oxime (6), which
would then be readily hydrolyzed to form the dialdehyde (7).
While the NMR and mass spectral data suggest that adducts
(6) and (7) are the predominant products, additional products
or intermediates likely are formed, since there are peaks in

FIG. 5. Proposed mechanism for hydroxyl radical scavenging by spermine that is consistent with EPR, NMR, and MS results. Compound (1),
bis-a-[13C]spermine; compound (5), bis-a-1-(N,N-dihydroxy)amino-12-(N,N-dihydroxy)amino-4,9-diaza[13C]dodecane; compound (6), 1,12-bis-
1,12-di-(hydroxyimino)-4,9-diaza[13C]dodecane; compound (7), 1,12- bis-1,12-dioxo-4,9-diaza[13C]dodecane.

Table 2. Chemical ionization mass spectral fragments from free radical scavenging experiments

Structure of fragment Formula Mr myz

13C2
12C8H20N2O2 202 203

13C12C6H14NO 129 130

13C12C2H8N2O 89 90
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each spectrum that clearly do not arise from any of the
intermediates in Fig. 5.

The production of spermine dialdehyde is of potential
biological significance. High concentrations of oxidized poly-
amines can by themselves be toxic (30). However, once sperm-
ine is oxidized, its affinity for DNA drops dramatically, thus
allowing diffusion away from DNA and making it accessible to
the general detoxifying mechanisms of the cell, including
reaction with glutathione. Therefore, cellular spermine dial-
dehyde toxicity as observed by Morgan (30) is not likely to
occur as a result of the mechanisms proposed here.

Although the polyamines have been associated with many
cellular functions including the regulation of gene expression
and programmed cell death (5, 31),they are shown here to also
have a potentially critical role as free radical scavengers. Khan
et al. (10, 11) first proposed that spermine and spermidine
could protect DNA from singlet oxygen damage. They dem-
onstrated DNA damage by singlet oxygen by using pBR322
plasmid DNA gel migration changes (11) and presented evi-
dence that the polyamines were capable of quenching chem-
ically generated singlet oxygen (10). However, no data were
provided demonstrating a direct interaction between the poly-
amines and singlet oxygen. Our results are consistent with the
hypothesis of Khan et al. (10, 11) suggesting that polyamines
can protect DNA from ROS. Additionally, the current results
demonstrate that spermine, a ubiquitous organic polycation,
can act directly as a free radical scavenger. It should be noted
that many radioprotectants, which presumably act by mecha-
nisms similar to those proposed here, have structures closely
related to the polyamines. These structures are so similar, in
fact, that some of these agents use the polyamine transporter
to enter the cell (32). Taken together, these data suggest that
one of the most important functions of spermine may be its
role in protecting DNA from ROS damage, subsequent mu-
tation, and potential transformation. Because spermine is
closely associated with chromatin in high concentrations, it is
well placed to perform this function (7, 8, 14).
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