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ABSTRACT

Oxygen species generated by human polymorphonuclear leukocytes
(PMNs) activated by 12-0-terradecanoylphorbol-13-acetate (TPA)
caused the formation of 5-hydroxymethyl-2'-deoxyuridine (HMdUrd),

and (+) and (-) diastereoisomers of ri.v-th) midinc glycol (dTG) in DNA

that was exposed to them. There were 9 HMdUrds and 31 dTGs formed
per 1 x 10* thymidine residues. When Fe(II)/ethylenediaminetetraacetic

acid was added to TPA-activated PMNs at 0, 10, IS, and 20 min after
TPA, HMdUrd formation increased 5-, 13-, 30-, and 35-fold. Although

dTG was initially formed in larger amounts than HMdUrd, it eventually
decreased but was still 5-, 6-, 5.5-, and 3-5-fold, respectively, higher than

in the absence of iron. From 65 to 1800 times more HMdUrd was formed
in DNA when autologous plasma was present during incubation of DNA
with TPA-activated PMNs than in its absence. The levels of dTG also

varied from about the same as HMdUrd to the nondetectable. Reconsti
tuted human serum transferrin used instead of plasma or Fe(II) also
supported the formation of HMdUrd and dTG. When DNA was treated
with Fe(II)-reduced H,O, in the absence of PMNs and TPA, both

derivatives were formed. However, the same treatment of marker dTG
or dTG-containing polydeoxyadenylic-thymidylic acid caused the decom

position of dTG. Thus, the reduction of hydrogen peroxide by Fe(II)
complexed to either ethylenediaminetetraacetic acid or amino acids may
be responsible for the formation of HMdUrd and dTG and for subsequent
decomposition of dTG in DNA exposed to the TPA-activated PMNs.

INTRODUCTION

PMNs3 are cells which take part in the inflammatory and

immune responses ( 1). Their role is to recognize, phagocytize,
and destroy foreign objects such as bacteria and other opsonized
particles. PMNs respond to these stimuli with a respiratory
(oxidative) burst. This burst can also be elicited through the
action of tumor promoters such as TPA (1-3). Regardless of
which stimuli are used, the elicited burst is characterized by a
rapid consumption of oxygen followed by the production of
large amounts of Superoxide aniÃ³n radicals (â€¢<>:)which can
dismutate both spontaneously and cn/ymalic-ally to hydrogen

peroxide. Hydrogen peroxide is the immediate precursor of the
actual bacteriocidal species: hypochlorite ions; singlet oxygen,
and hydroxyl radicals (-OHs) (1-4).

It has been well documented that these oxygen species and
the oxidizing species derived from them, such as ./V-chloramines,
cause extensive damage to proteins and lipids (1, 2, 5-7).
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However, not much is known about PMN-mediated DNA
damage other than that DNA strand breaks are formed in the
DNA of activated PMNs themselves and in the DNA of cells
cocultivated with activated PMNs (8, 9). The formation of
DNA strand breaks in PMNs can be inhibited by the addition
of Superoxide dismutase or catalase (8). However, only catatase
prevents the formation of breaks in the DNA of cells coculti
vated with PMNs (9). Thus, it appears that it is H2O2 that is
primarily responsible for effecting damage to DNA. However,
H2O2 can cause formation of breaks in DNA only if some
transition metal ions such as iron are also present (10, 11).
Since H2O2 is readily reduced by ferrous [Fe(II)] ions to â€¢OHs
which are very reactive and powerful oxidizing agents (11-13),
it is likely that â€¢OHs produced in situ from H2O2 cause DNA
damage.

Previously, we have reported our preliminary results showing
that HMdUrd is formed in DNA which was coincubated with
PMNs activated by the tumor promoter TPA in the presence
of autologous plasma (14). HMdUrd is also formed in DNA
through the indirect action of ionizing radiation (15, 16). This
action is mediated by rad ioh tit-ally generated -OHs which

attack the methyl group of the thymine moiety (17). Therefore,
it appears that -OHs generated by tumor promoter-activated
phagocytic cells are capable of damaging DNA bases in a
radiation-like manner. However, in contrast to radiolytic for
mation, â€¢OHs produced by PMNs seem to be formed as a result
of the Haber-Weiss iron ion-catalyzed interaction of â€¢OÃ ānd
H2O2 (1,13, 18-22). The OÃ r̄educes ferric [Fe(III)] to Fe(II)
ions which then interact with H2O2. Thus, in the PMN system,
the production of -OHs depends on the presence of -Oj and
H2O2 and on the availability of Fe(II) ions.

In this report, we show that TPA-activated human PMNs
cause formation of HMdUrd and c/s-thymidine glycol in coin
cubated DNA in the absence of plasma. We provide evidence
that: (a) with increasing amounts of -OHs generated by the
cells increasing amounts of HMdUrd and dTG are formed; and
(b) iron ions are necessary for this process. We also show that
the presence of autologous plasma greatly increases the
amounts of HMdUrd and dTG formed and that serum trans
ferrin might be responsible for this effect. Finally, we show that
the yields of these two thymidine derivatives in DNA exposed
to TPA-activated PMNs are comparable to those formed by
high doses of ionizing radiation.

MATERIALS AND METHODS

Preparation of PMNs. Blood was obtained from informed volunteers
by venipuncture and collected into vacutainer tubes containing EDTA
as the anticoagulant. Blood was mixed at a ratio of 3:1 with 6% dextran
dissolved in 0.15 M NaCl (23) and was allowed to separate in the plastic
syringe for 40 min. The buffy coat-containing layer was expelled from
the syringe into a 50-ml polypropylene tube and centrifuged (Interna
tional Centrifuge with IEC 253 rotor; 1500 rpm, 10 min). The super
natant was used in the experiments requiring autologous plasma. In
order to remove contaminating RBC, the pellet was suspended in 0.15
M ammonium chloride-0.01 M Tris-HCl, pH 7.2, at a ratio of 5 ml of
blood per ml of buffer and incubated at room temperature for 15 min.
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After centrifugation (as above, 1,000 rpm, 5 min), the pellet was
suspended in BSS and washed twice with the same buffer. Finally, the
pellet was resuspended in BSS at a ratio of 10 ml of blood per ml of
buffer. This type of purification resulted in at least 98% viable WBC,
as determined by trypan blue exclusion. The number of PMNs was
determined by examination of whole blood smears using Wright's stain

(Fisher Scientific Co., Fair Lawn, NJ). Others (20) have shown that
the oxidative burst of PMNs was the same regardless of whether they
were in a mixture with the other WBC or after purification on a Ficoll-
Hypaque. Therefore, the WBC preparation was used as the source of
PMNs and the results calculated per number of viable PMNs.

Reconstitution of Transferrin. HST (1 DIM)(Sigma Chemical Co., St.
Louis, MO) was incubated with FeCl2 (2.5 HIM)at room temperature
for 45 min (24). It was dialyzed three times (30 min each) against 0.15
M NaCl-10 IHM NaHCO3, pH 8.1, using hollow fiber bundles (176
fibers/bundle; Spectrum, Medical Industries, Inc., Los Angeles, CA).
Then, it was dialyzed against 0.15 M NaCl-10 IHMK2HPO4, pH 7.4,
until there was no Fe(II) or Fe(III) present in the dialyzing buffer.
Quantofix Iron 100 (Gallard-Schlesinger Chemical Manufacturing
Corp., Carle Place, NY) indicator strips which can detect Fe(II) at the
concentrations between 2 and 100 Mg/ml were used for these determi
nations. Since this indicator measures only Fe(II), the dialyzing buffer
was tested in the presence of ascorbic acid which is known to reduce
Fe(III) to Fe(II) (12, 25). The yield of the reconstituted HST was about
30% as determined by Â£&= 14.1 (21).

Preparation of DNA. Escherichia coli W3110 (thy~), 3. Cairns strain,

was used as the source of DNA. E. coli was grown in the presence of
[6-3H]thymidine (18.2 Ci/mmol; New England Nuclear, Boston, MA),
and 3H-containing DNA was isolated as described previously (26). The
specific activity of the DNA was 3-7 x IO4 dpm/Vg DNA, assuming

that 1 A260unit = 50 jig of DNA/ml. Prior to use, DNA was dialyzed
for l h into water using hollow fiber bundles with the DNA solution
pumped at 2 ml/min and water at 10 ml/min. The DNA was then
denatured by heating at K!()"(.'for 10 min followed by rapid cooling in

an ice-water bath. BSS (lOx) was added to the denatured DNA to a
final concentration of Ix BSS. The denatured DNA was used in the
coincubation experiments with PMNs because it is thought that dTG
can be formed most readily in single stranded DNA (27).

Incubation of DNA with PMNs. PMNs (1 x 106/ml) suspended in
BSS in 5()-n)l polypropylene tubes were incubated with single stranded
DNA (10 jig/ml) in the presence of either dimethyl sulfoxide alone
(0.001%) (controls) or TPA (25 nM) in dimethyl sulfoxide (samples).
The reaction mixtures were gently rocked at 37Â°C(warm room) for 1

h. In some experiments, DNA was coincubated with PMNs in the
presence of 10% autologous plasma or in the presence of HST (170
Mg/ml) that was reconstituted with Fe(II) ions [4 /Â¿Miron assuming 2
parts iron per 1 part HST (24)]. In others, 0.1 mM Fe(II)/0.4 mM
EDTA complex was added either before the addition of TPA or 10, 15,
and 20 min after the addition of TPA. Since Fe(II) rapidly oxidizes to
Fe(III), the complex with EDTA was prepared just prior to its addition
to the reaction mixture (28). The concentrations of DNA, PMNs, and
TPA were always the same. However, the total number of PMNs and
the amount of DNA used per reaction were changed depending on the
specific activity of DNA in order to assure about 4-6 x IO6 dpm/

analysis.
Isolation of DNA from the Reaction Mixture. After reaction, cells

were removed by centrifugation (3000 rpm, 10 min). When the reaction
was carried out in the presence of plasma or HST, the supernatant was
incubated with proteinase K (10 mg/ml; Sigma) at 37 Â°Cfor 1 h. Then,

the remaining proteins were removed by extraction with isoamyl alco-
holxhloroform (1:24), organic solvents present in the aqueous layer
were evaporated under a stream of nitrogen, and DNA was purified by
a dialysis through the fiber bundles into water. In the absence of plasma
or HST, the protein-removing steps were omitted and the supernatant
was immediately dialyzed through the fiber bundles. The DNA solution
was then concentrated to a volume of about 2 ml on the flash evaporator,
applied to a column (1.5 x 13 cm) containing P6-DG desalting gel
(BioRad, Richmond, CA), and eluted in the void volume with 50 mM
NaCl-3 HIMTris-HCl buffer, pH 8. The eluted DNA was then concen
trated about 2- to 3-fold and enzymatically digested to 2'-deoxyribo-

nucleosides with DNase, snake venom and spleen phosphodiesterases,
and alkaline phosphatase, as described previously (29). Since prepara
tions of DNase are occasionally contaminated with thymidine phos
phor ylaso. 2'-deoxyadenosine, an inhibitor of thymidine phosphorylase

(30), was routinely added to DNA solutions (6 mg/100 jig of DNA)
prior to the enzymatic digestion. Proteins were precipitated with 5
volumes of acetone and removed by centrifugation (Sorvall RC-2 with
SS rotor; 10,000 rpm, 10 min). The supernatant was evaporated to
dryness and the residue was dissolved in water and filtered through a
0.22-Mm pore filter (Gelman, VWR Scientific, San Francisco, CA).

HPLC Analysis of DNA. These analyses were performed on a Beck-
man Model 344 high pressure liquid Chromatograph equipped with a
gradient elution accessory and a Model 421 microprocessor-controller.
The analyzed mixtures were injected into a semipreparative 5-mÂ¿iODS
column (Altex; 1x25 cm inside diameter) with water as the eluent and,
following the elution of HMdUrd, an acetonitrile-water gradient was
used for the elution of thymidine. The flow rate was 2 ml/min. Fractions
were sampled for the presence of 3H-containing material using a stream

splitter (Radiomatic Instruments, Tampa, FL). Fractions were split at
2-s intervals and collected into scintillation vials (40%) and into test
tubes (60%). Authentic markers HMdUrd (Sigma) and IJ( '-containing

dTG [synthesized as described previously (29)] were added to the DNA
hydrolysate containing 2'-deoxyribonucleosides just prior to the HPLC

analysis. Fractions containing both the appropriate marker compound
and 3H-containing material derived from DNA were combined, evapo

rated to dryness, and acetylated with acetic anhydride in dry pyridine,
as described previously (16). After decomposition of unreacted acetic
anhydride by the addition of water, solvents were evaporated. The
residue was chromatographed on the ODS column with 25 or 30%
acetonitrile in water as the eluent depending on whether HMdUrd
acetate or dTG acetate was being analyzed.

QuantitÃ¤ten of HMdUrd and dTG. The amounts of HMdUrd and
dTG formed in DNA exposed to the active oxygen species generated
by TPA-stimulated PMNs were determined from the amounts of ap
propriate acetates, as analyzed by HPLC. The net 3H cpm present in

HMdUrd acetate fractions was divided by 0.75 (an average recovery of
HMdUrd acetate described in Ref. 16). The net 3H cpm present in
fractions with dTG acetates was divided by recovery of MC-containing
dTG which was acetylated together with 3H-containing material. The

values thus obtained were divided by 0.6 because only 60% of the
appropriate HPLC fractions were acetylated. Since the concentration
of DNA exposed to PMNs was always the same, the results were
expressed as the percentage of the 'I I contamini; material present in

the enzymatic hydrolysate that was injected into the ODS column with
water as the eluent. From this, the amount of HMdUrd or dTG formed
in DNA exposed to the resting PMNs (no TPA) was subtracted. The
control values did not exceed 10% of those formed in the TPA-
stimulated samples, unless otherwise stated.

Determination of dTG Sensitivity to Oxidation. To determine whether
dTG is susceptible to oxidation by â€¢OHs produced from H.-.()r by Fe(II)
ions, l4C-containing dTG (about 2 x IO4 dpm/assay) was incubated

with 1 mM H2O2 and 0.1 mM Fe(II)/0.4 mM EDTA complex in the
BSS buffer at 37Â°Cfor 5, 30, or 60 min. Since Fe(II) ions oxidize

rapidly, 0.5 mM ascorbic acid was added to the reaction mixture to
keep iron ions in the reduced state (12, 25, 31). Here, ascorbic acid
mimics the reducing action of -O2 (18) generated by the activated
PMNs. After incubation, an aliquot of the reaction mixture was injected
into the ODS column and eluted with acetonitrile:water (1:50). One-
mi fractions were collected and their radioactivity was determined by
scintillation counting.

The sensitivity to oxidation might differ between the thymine glycol
moiety when it is a part of a nucleoside or a part of a polymer. To
determine whether there are any differences, poly(dA-[mefAy/-3H]dT)
containing about 2% [methyl-}tl]dTG residues in place of thymidine (a

gift from S. Higgins, New York University Medical Center) was used
as a substrate instead of free nucleoside lmethyl->4C]dTG. This poly(dA-
|'H|dT) (about 1.2 x 10s dpm/assay) was incubated with the same

reagents, as above, for either 5 or 60 min. The control sample was not
treated, only incubated for 60 min. After incubation, poly(dA-[3H]dT)

was separated from the reactants by passing the concentrated reaction
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Fig. 1. Role of ion/EDTA in the formation of HMdUrd versus c/i-dTG.
Comparison of the percentage of |6"-3H]HMdUrd and cis-[6-3H]dTG formed in

DNA coincubated with TPA-activated PMNs when 0.1 mM Fe(II)/0.4 mM EDTA
complex was added at 0 (together with TPA) or 10, 15, and 20 min after TPA.
(Representative set of experiments.) HMdUrd (A) and dTG (â€¢)formed in the
presence of Fe(II)/EDTA. HMdUrd (A) and dTG (O) formed in the absence of
Fe(II)/EDTA.

mixture through a column containing a desalting gel, P6-DG. Then,
after an enzymatic hydrolysis to 2'-deoxyribonucleosides, it was ana
lyzed by HPLC for the presence of [3H]dTG using [MC]dTG as a
marker. Fractions in which both 3H- and MC-containing material coe-

luted were acetylated and analyzed again by HPLC.

RESULTS

Formation of HMdUrd and dTG in the DNA Exposed to the
Activated PMNs. The influence of Fe(II)/EDTA and of the
time of its addition on the yields of HMdUrd and dTG in DNA
coincubated with the TPA-activated PMNs are shown in Fig.
1. Since levels of H2O2 generated in response to TPA differ
between preparations of PMNs,4 amounts of HMdUrd and

dTG formed in DNA coincubated with them also vary. For this
reason, the results illustrated in Figs. 1, 2, and 5 show the
formation of these two derivatives in the same batch of DNA
exposed to the same preparation of PMNs with iron/EDTA
added 10,15, and 20 min after TPA. Other experiments showed
different net values for the percentage formation of HMdUrd
and dTG. For HMdUrd; at "0", 0.051 Â±0.024 (SE); IO min,

0.097 Â±0.019; 15 min, 0.164 Â±0.049; and 20 min, 0.194 Â±
0.09. For dTG: at "0", 0.061 Â±0.023; 10 min, 0.067 Â±0.022;

15 min, 0.205 Â±0.069; and 20 min, 0.113 Â±0.04. Whenever
all three time points were determined on the same preparation
of PMNs, the amount of dTG formed at the 20-min point was
always lower than that at 15-min point. In the absence of iron/
EDTA, there were 0.004 Â±0.003% HMdUrd and 0.009 Â±
0.003% dTG formed. There were two to four determinations
per each time point excluding values shown in Fig. 1.

The HPLC profiles of the acetylated dTG and HMdUrd
fractions are shown in Fig. 2. As the presence of two acetyl
derivatives shows, both (+) and (â€”)diastereoisomers of cis-
dTG (32)5 are formed in DNA incubated in the presence of
activated PMNs (Fig. 2, A, C, and D). Interestingly, the (-)
isomer (second of the two peaks) of c/s-dTG seems to be more
susceptible to the -OH-mediated decomposition than the (+)
isomer. The same three derivatives are also formed in DNA
exposed to -OHs produced by the reduction of exogenously
added H2O2 (1 mM) by the Fe(II)/EDTA complex (data not
shown).

Effects of Serum on the Modification of the Thymidine Moiety
in DNA. Since a normal biological milieu of PMNs is serum,
DNA was also coincubated with the TPA-activated PMNs in
the presence of 10% autologous plasma. There was a large

4 Unpublished data.
5 Identification of (+) and (-) isomers of cis-dTG, and of their acetyl deriva

tives, will be published elsewhere.
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Fig. 2. Formation of (+) and (â€”)diastereoisomers of ciÃ-dTGversus HMdUrd.
HPLC separation of acetates (Ac) of (+) and (-) isomers of cis-dTG (â€¢)(A, C,
and Â£),and HMdUrd (A) (S, D, and f). These acetates were obtained by
derivatization of 3H-containing dTG and HMdUrd formed in DNA coincubated
with TPA-activated PMNs in the presence of 0.1 mM Fe(II)/0.4 mw EDTA
complex that was added 10, 15, and 20 min after TPA-induced activation of
PMNs. | I and B (10 min), C and /> (15 min), E and F (20 min), respectively.]
Analysis was based on the same experiments as in Fig. 1. Acetates were separated
on the ODS column with 25% acetonitrile in water for HMdUrd and 30% for
dTG.

amount of HMdUrd (0.8%) present, but dTG was not detecta
ble. The preliminary account of this experiment was given in
Ref. 14. This result was puzzling because the double bond of
the thymine moiety is more susceptible to oxidation than the
methyl group and dTG is formed in higher amounts than
HMdUrd by radiolytically generated -OHs (32)." Also, the

experiments described above (Figs. 1 and 2) showed that dTG
can be formed in the amounts comparable to those of HMdUrd.
Since the formation of HMdUrd attests to the production of
substantial amounts of â€¢OHs in the presence of plasma by the
activated PMNs, it is possible that dTG was initially also
formed in larger amounts. However, since in the presence of
iron ions and H2O2 dTG seems more susceptible to further
oxidation (data shown below), it results in the ring opening
with the formation of jV'-formyl-TV-pyruvylurea. It is then either
fragmented to TV'-formylurea and urea moieties among others

or recyclized to a contracted ring of 5-hydroxy-5-methylhydan-
toin (27, 32), as illustrated in Fig. 3. If dTG was formed but
was further oxidized, we would not be able to detect it because
our assay measures only intact dTG.

Human plasma is a complex mixture containing various
antioxidants and free radical scavengers (1, 33). The content of
plasma varies even within the same individual depending among
other factors on the food intake and on the presence of vitamins
such as A, C, and E. These variations also influence formation
of active oxygen species during the respiratory burst." We have

found that variations in the plasma content also influence
formation of HMdUrd and dTG in DNA that was exposed to
TPA-activated PMNs. Fig. 4 shows a HPLC profile of a hy-
drolysate obtained from DNA coincubated with TPA-activated
PMNs in the presence of 10% autologous plasma obtained
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Fig. 3. Structures of some derivatives of thymine moiety formed through the
effects of radiolytically derived hydroxyl radicals; bases when R = H and 2'-
deoxyribonucleosides when R = 2'-deoxyribose. 1, thymine; 2, 5-hydroxymeth-
yluracil; 3, thymine glycol; 4, /V'-formyl-A'-pyruvylurea; 5, 5-hydroxy-5-methyl-
hydantoin; 6, A'-formylurea; 7, urea.
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Fig. 4. HPLC profile of a hydrolysate obtained from [6-3H]thymidine-contain-
ing DNA that was coincubated with TPA-activated PMNs in the presence of 10%
autologous plasma. DNA-derived material (â€¢)was chromatographed together
with authentic markers [methyl-l4C]aTG (A) and thymine and HMdUrd ( )
on the ODS column with water as the eluent. Thymidine was eluted with
acetonitrile-water gradient after elution of HMdUrd and is not depicted.

from another donor than in the experiment described above. In
this experiment, both HMdUrd and dTG were present in about
equal amounts, 0.063% (sample-control: 0.065-0.002%) for the
former and 0.069% (sample-control: 0.079-0.010%) for the
latter. In another experiment, there were 2.5 times more
HMdUrd (0.110%) than dTG (0.045%). At the highest amount
of HMdUrd formed, (1.79%), there was no detectable dTG.
Thus, it appears that there is a factor(s) in serum which aug
ments the formation of the oxidized DNA bases by mediating
the production of â€¢OHs.

HST as a Component of Plasma Catalyzing the Formation of
Modified Thymines. The next experiments were designed to
determine whether HST, a ubiquitous (2-3.2 mg/ml serum)
iron-containing protein (1, 18), can catalyze the formation of
HMdUrd and dTG in DNA exposed to TPA-activated PMNs
and thus be responsible for the serum effect on the formation
of these derivatives. As Table 1 shows, when DNA was exposed
to HST reconstituted with Fe(II), HMdUrd was formed in
control (no TPA) and higher amounts in the samples in which
HST was added either prior to TPA or 15 min after TPA. In
contrast, the formation of dTG was the highest in the control
and 4.4 and 3.7 times, respectively, lower in the samples. These
results also show that much larger amounts of dTG than
HMdUrd can be formed by the oxygen species produced by the
resting PMNs. It is known that iron chelated by HST causes at
least as efficient formation of -OHs as does iron/EDTA (18).
In the experiments described here, 4 /Â¿MFe(II) chelated to 2

Table 1 Influence of iron-containing transferrin on theformation of{6-3HJ-
HMdUrd and [6-'HJdTG in the absence and presence of albumin

|6 'Il|TliymiiliiK' containing DNA (10 eg/ml) was coincubated with TPA (25
nM)-activated PMNs (1 x 10*/ml) and transferrin reconstituted with Fe(II) (4 pM

iron/2 MMtransferrin) in the absence or presence of albumin (1 mg/ml). DNA
was isolated and enzymatically hydrolyzed to 2'-deoxyribonucleosides, and

HMdUrd and dTG were isolated by HPLC on the ODS column with water as
the eluent, acetylated, and again analyzed on the ODS column with 25 and 30%
acetonitrile in water, respectively, as the eluents.

Treatment
ofPMNsDimethyl

sulfoxide
TPA
TPATime

of
iron/

transferrin
addition

after TPA
(min)0015%

formedâ€”

AlbuminHMdUrd0.00390.0086

0.0132dTG0.05370.01210.0146+

AlbuminHMdUrd0.00260.0110

0.0188dTG000

fiM HST [assuming maximum loading of Fe(II)] caused the
formation of comparable amounts of HMdUrd and dTG when
added together with TPA to PMNs and DNA as those formed
by 0.1 HIMFe(II)/0.4 mM EDTA, a 25-fold higher concentra
tion of iron ions.

When DNA was exposed to the activated PMNs in the
presence of plasma, the catalytic activity of HST was probably
modulated by other serum components. Especially other pro
teins could have been substrates for a nonspecific oxidation by
the active oxygen species generated by PMNs such as hypo-
chlorite and â€¢OHs and thus have provided a protection to DNA
against oxygen radical-mediated damage (1,2,5-7, 23, 33, 34).
To test whether the presence of another protein can protect
DNA, human serum albumin, a most abundant serum protein
(60-80 mg/ml serum), was added to the reaction mixture at the
level of 1 mg/ml prior to the addition of HST. As Table 1
shows, human serum albumin did not protect DNA from the
formation of HMdUrd. However, there was no dTG present in
that DNA. Either it was not formed or, if formed, it was totally
decomposed.

Role of Iron Ions in the Formation of HMdUrd, (+) and (â€”)
Isomers of cis-dTG. It is apparent that iron ions play a crucial
role in the formation of -OHs by the activated PMNs. Although
the same number of PMNs and the same concentrations of
DNA and TPA were used, the differences in time of addition
of iron ions either as a complex with EDTA or with HST
resulted in the differing fluxes of â€¢OHs, as determined by the
formation of HMdUrd and dTG. Fig. 5 shows the graphic
representation of the amounts of HMdUrd and (+) and (-) cis-
dTG formed. The (+):(-) isomer ratios of cis-dTG were 1:4.2,
1:3.7, 1:4.3, 1:2.0, and 1:0.9 in the absence of the iron/EDTA
complex and when it was added together with TPA (Omin), 10,
15, or 20 min after TPA, respectively. For comparison, some
of the results obtained in the presence of serum are also in
cluded. These results suggest that with the increased fluxes of
â€¢OHseither the formation of the (-) isomer is increasingly
inhibited or, if formed, the isomer is preferentially decomposed.

To prove that the thymine glycol moiety can be decomposed
by the iron-catalyzed formation of -OHs, l4C-containing dTG

was incubated with H2O2and Fe(II)/EDTA complex. As Fig.
6 shows, even 5 min incubation at 37Â°Ccaused a significant

decomposition of dTG, as determined by the change in the
retention time of the radioactive material. The intact dTG was
eluted with 25-27 ml, while after 5 min incubation, a major
peak of the radioactive material was eluted with 21-24 ml, and
a minor peak was eluted with 19 ml. By 60 min, a majority of
the u(" containing material was eluted with 16-18 ml, and a

small peak was eluted with 21 ml. These results point to the
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Fig. 5. Formation of (+) and (-) isomers of cÂ«-[6-3H]dTGand [6-'H]HMdUrd
in DNA coincubated with TPA-activated PMNs in the absence or presence of
either 0.1 mM Fe(II/0.4 mm EDTA added together with TPA (O min), or 10, 15,
and 20 min after TPA (analysis of the same set of experiments as in legend to
Fig. 1) or 10% autologous plasma. (+)-cu-dTG, â€¢:(-)-cis-dTG, D; HMdUrd, D.
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Fig. 6. Decomposition of dTG by Fe(II)/HjO2. HPLC separation of the
decomposition products of [mer/ry/-14C]dTG treated at 37'C for 5 min (A) or 60

min (â€¢)with 1 min hydrogen peroxide reduced by 0.1 mM Fe(II)/0.4 mM EDTA
in the presence of 0.5 mM ascorbic acid, and of dTG incubated for 60 min (â€¢)
without the treatment (ODS column with 2% acetonitrile in water as the eluent).

complexity of the oxidative ring opening. They also show that
â€¢OHs formed from H2O2 by Fe(II) are capable of destroying
dTG. In contrast, under the same reaction conditions, there
was no decomposition of [14C]HMdUrd in 5 min and only

about 10% in 60 min and remained the same during overnight
incubation.

The reactivity of the thymine glycol moiety may be different
depending upon whether it is a part of a nucleoside or a part of
a high molecular weight polymer. To determine whether this is
the case, poly(dA-[3H]dT) with approximately 1000 bases in

each of the strands and containing about 2% thymine glycol
residues was used instead of [I4C]dTG. This time, incubation

for 5 min with H2O2, Fe(II)/EDTA and ascorbic acid resulted
in 100% increase in the amount of dTG from 1.9% to 4.0%.
When the incubation time was extended to 60 min, the dTG
content declined to 2.5%. Since the analysis is reproducible
within about Â±5%of the average experimental values, the initial
doubling in dTG formation during S min incubation is highly
significant as is the subsequent degradation of dTG. These
results show that during a short incubation time, the formation
of dTG exceeded its decomposition. During a prolonged incu
bation, additional â€¢OHs were generated and the decomposition

Table 2 Formation of HMdUrd and dTG in DNA exposed to the activated PMNs
|6 'H|lÃ¯iymidinc containing DNA (10 /ig/ml) was coincubated with human

PMNs (1 x lO'/ml) and dimethyl sulfoxide (0.001%, controls) or TPA (25 nM,

samples) in the absence or presence of either 0.1 mM Fe(II)/0.4 mM EDTA or
10% autologous plasma. DNA was analyzed for the presence of HMdUrd and
dTG as described in the legend to Table 1.

HMdUrdTreatmentofPMNsDimethyl

sulfoxideTPATPATPATPATPATPA

+plasmaTPA
+plasmaTPA
+plasmaTPA
+ plasmaTime

ofFe/EDTAaddition

afterTPA
(min)aâ€”0101520â€”â€”â€”â€”Formed(%)0.00070.00160.00500.01230.02800.03250.0650.1140.81.79Radiationequivalency(Gy)0.260.601.874.5910.4512.1324.2642.73298.6668.0dTGformed(%)0.00380.00690.01910.02280.02070.01470.0790.05400

' â€”,Fe/EDTA was not added.

of dTG predominated. This finding is consistent with the results
showing that once dTG is formed, incubation with Fe(II)/H2O2
causes its degradation (Fig. 6).

Radiation Equivalency. Table 2 summarizes the results of
representative experiments. In addition, radiation equivalency
values for HMdUrd are included. They were obtained by com
paring the amounts of HMdUrd formed in the same concentra
tions of DNA that were exposed to ionizing radiation using
G(HMdUrd) = 0.002 (16). Radiation equivalency values for
cis-dTG are not included because in contrast to ionizing radia
tion, dTG formed by the activated PMNs seems to be more
susceptible to the decomposition by -OHs in the presence of
iron ions than by the â€¢OHs generated by radiolysis of water.

DISCUSSION

As Table 2 shows, very high amounts of HMdUrd are formed
in DNA exposed to TPA-activated PMNs. Probably as high, if
not higher, amounts of the relatively reactive (+) and (â€”)
isomers of os-dTG are also formed. Furthermore, the â€¢OH-
mediated decomposition of dTG leads to the formation of other
residues in DNA, some of which are shown in Fig. 3. One ml
of human blood contains about 4x10'' PMNs, but in the

experiments described in this report, 10 fig DNA/ml were
exposed to the active oxygen species generated by only 1 x 106

PMNs/ml. Thus, these results show that the active oxygen
species generated by the tumor promoter-activated PMNs have
a potential to cause extensive DNA damage, some of which
might lead to heritable changes. For example, when HMdUrd
was administered exogenously and incorporated into DNA, it
was found to be mutagenic both in bacteria and in mammalian
cells (35, 36).6

HMdUrd and both isomers of rÃ -dTG are known to be
formed in DNA through the action of ionizing radiation (15-
17, 26-29). Since -OHs cause the formation of these deriva
tives, it is not totally unexpected that the PMN-generated
oxygen species would form the same thymine derivatives. What
is surprising is the high yields of HMdUrd and dTG in the
PMN system. There were 9 HMdUrd and 31 dTG residues
formed per IO6 thymidine moieties in DNA in the absence of

exogenously added Fe(II) ions or serum. Adding Fe(II)/EDTA
to the incubation mixture with TPA or 10,15, and 20 min after
TPA resulted in 5-, 13-, 30-, and 35-fold increases in HMdUrd

* L. ShirnamÃ©-MorÃ©,T. G. Rossman, W. Troll, G. W. Teebor, and K. Frenkel.
Genetic effects of 5-hydroxymethyl-2'-deoxyuridine, a product of ionizing radia

tion, submitted for publication.
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formation (Fig. 1), which are equivalent to 1.9, 4.6, 10.5, and
12.1 Gy (Table 2) of ionizing radiation, respectively. Other
experiments showed an average of 12-, 25-, 40-, and 47-fold
increases in HMdUrd formation. Initially, dTG was formed in
even greater amounts than HMdUrd. However, eventually,
either its formation decreased or its decomposition accelerated,
but its levels were still higher than in the absence of iron (Fig.
1). That Fe(II) is important for the initiation of biological
oxidation-reduced reactions was also shown in the case of /'/;

vivo lipid peroxidation caused by compounds undergoing oxi
dation-reduction cycling (37). In the presence of 10% autolo-
gous plasma, 65 to 1800 times more HMdUrd (equivalent of
25 to 670 Gy) was formed than in its absence. There was about
the same amount of intact dTG present at the lower end of the
HMdUrd yield (equivalent of 25 Gy for HMdUrd). However,
dTG decreased to the nondetectable levels under conditions of
high flux of -OHs which led to the formation of very high
amounts of HMdUrd (equivalent to 300-670 Gy).

The differences between the yields of the radiogenically
formed HMdUrd and dTG and those formed in the activated
PMN system might have been due to the different mechanism
of generation of â€¢OHs. Radiolysis of water causes the formation
of both oxidizing (â€¢OH) and reducing (H-) species. This allows
restitution (chemical repair) reactions to occur, especially under
anoxic conditions (16, 17, 31). In the PMN system, -OHs are
produced by the reduction of H2O2 by Fe(II) ions without a
possibility of H â€¢formation. Morover, large quantities of oxygen
are present during the respiratory burst of PMNs (1), which
would have prevented such a restitution reaction from occur
ring. There is another difference to consider, that of the mi-
croenvironment. In the presence of iron ions, these positively
charged ions congregate near the negatively charged phosphate
groups of the DNA backbone (11, 38). Furthermore, when
complexed with DNA, Fe(Il) remains in the reduced (catalytic)
form (11). Therefore, the formation of -OHs from H2O2 by
Fe(II) ions could have occurred in situ in the proximity of their
targets, i.e., DNA bases, in contrast to -OHs generated by
radiolysis of water.

Another surprise finding was that in contrast to ionizing
radiation, there was apparently more HMdUrd formed than
dTG in the activated PMN system. Since the double bond of
thymine moiety is known to be more susceptible than the methyl
group to the action of oxidative agents (32, 35), we postulated
that dTG is actually formed in larger amounts than HMdUrd
in the PMN system as well. However, because dTG is further
oxidized more readily than HMdUrd, especially in the presence
of Fe(II)-H2O2, its apparent yield is diminished. Indeed, when
dTG or poly(dA-dT) containing dTG was subjected to the
effects of â€¢OHs generated by the reduction of H2O2 by Fe(II)
ions, the thymine glycol moiety has apparently decomposed.
We also showed that when Fe(II) ions were added 20 min after
TPA, the yield of dTG was substantially lower than that in
samples in which Fe(II) ions were added 15 min after TPA.
Togther, these results show that the larger flux of â€¢OHs formed
from H2O2 by Fe(II) ions might be indeed responsible for the
apparent lower yield of dTG than that of HMdUrd. Thus, there
might be an additional difference between the action of radi
ogenically derived â€¢OHs and those formed in the PMN system.
The rate of production of â€¢OHs by ionizing radiation is constant
while that by activated PMNs might occur in bursts.

The high fluxes of -OHs might occur in the PMN system
because the active oxygen species formed in the presence of
plasma: (a) initially interact with serum constituents, among
them with the iron-containing proteins such as transferrin (1,

5-7, 33, 34); then (b) iron ions released in either free or
complexed form from oxidized HST and kept in the reduced
state by -Oj catalyze the formation of a flux of -OHs from the
accumulated H2O2 in a Haber-Weiss reaction (13). We showed
that this explanation was plausible by results of experiments in
which, in the absence of serum, HST caused the accumulation
of increased amounts of HMdUrd and decreased amounts of
dTG. These experiments also corroborated the importance of
other serum constituents such as albumin to the overall for
mation of HMdUrd and dTG. In addition, there is an iron-
containing protein, lactoferrin, present in the granules of PMNs
(1, 2, 20, 39). Lactoferrin was also shown to catalyze -OH
formation (20) similarly to transferrin (Ref. 21 and this report).
Since lactoferrin is released from the granules upon stimulation
of PMNs during phagocytosis, it might contribute to the for
mation of â€¢OHs and of modified thymidine residues in DNA.
Its action could have been responsible for the formation of
HMdUrd and dTG in the absence of exogenously added Fe(II)/
EDTA or serum.

There is increasing evidence that the active oxygen species
generated during the normal processes of oxygen metabolism
cause DNA base damage. It has been shown that the activation
of macrophages causes the formation of saturated thymines in
DNA of the cells that were exposed to those phagocytic cells
(40). Moreover, the analysis of urine samples obtained from
healthy rats as well as from humans showed that dTG, thymine
glycol, and 5-hydroxymethyluraciI are all present (41). These
findings led to the conclusion that oxidative DNA base modi
fication is a rather common occurrence and that there are repair
mechanisms that have evolved to minimize the potential dele
terious effects of such damage. In fact, A'-glycosylase activities
have been identified in mammalian cells that remove 5-hydrox-
ymethyluracil (42) and urea residues (43) from DNA containing
them. This latter activity also recognizes thymine glycol, al
though to a lesser extent. More recently, thymine glycol-DNA
glycosylase present in calf thymus (44) and HeLa cells (45)7

were identified and partially characterized. DNA glycosylases
acting on these two modified thymines are present in cells in
much lower amounts, i.e., 100-fold less 5-hydroxymethyl-uraciI
DNA glycosylase than uracil-DNA glycosylase.8 Totter (46)

postulated that oxidative damage caused by normal oxygen
metabolism is responsible for the occurrence of spontaneous
cancers and that these types of cancer are the result of the same
primary DNA defects as those formed by ionizing radiation.

Although it has been known for a long time that wounding
has a cocarcinogenic effect (47, 48), only quite recently has it
been shown that wounding generates free radicals and activates
protein kinase C and the arachidonate-metabolic pathway (49).
Wounding or the inflammation induced by tumor promoters is
also necessary for the growth of tumors initiated by the Rous
sarcoma virus (49). Inflammation and wounding cause vasodi-
lation leading to both seepage of plasma and infiltration of
PMNs into the affected area (1). The major function of PMNs
is to generate active oxygen species in order to combat infec
tions and to remove paniculate matter. However, these oxygen
species are known to cause extensive damage to the neighboring
tissues, especially when formed in excessive amounts or in the
absence of bacteria or other particles (1,2, 42, 50-52). The
oxygen species generated by activated PMNs are known to be

7S. Higgins, K. Frenkel, A. Cummings, and G. W. Teebor. Identification of

thymine glycol DNA glycosylase activity in mammalian cells, manuscript sub
mitted for publication.

* R. Boorstein, New York University Medical Center, personal communica
tion.
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both mutagenic and tumorigenic (53-55). HMdUrd, which is
one of the products of their interaction with DNA, was found
to be mutagenic in a number of bacterial strains and in mam
malian cells (36).6

In this report, we have shown that these oxygen species cause
the formation of HMdUrd, (+) and (-) isomers of dTG in the
DNA (Figs. 2 and 5), and dTG-derived decomposition products
(Fig. 6). Furthermore, we show that plasma greatly potentiates
the formation of these thymine derivatives. Thus, it seems that
tumor promoters may act, at least partly, through the utilization
of the normal function of phagocytic cells which leads to the
production of large amounts of active oxygen species. These
species would act then similarly to ultimate carcinogens since
they seem to be capable of modifying genomic material during
prolonged inflammation. Since chronic inflammation is known
to lead to skin (48) and colon (56) cancers, the cocarcinogenic
effects of tumor promoters might be due to the promoter-
induced formation of the inflammatory active oxygen species
and modification of DNA.
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