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SUMMARY: Glyoxal, a reactive aldehyde, is a decomposition product of lipid hydroperoxides, oxidative deoxyribose break-
down, or autoxidation of sugars, such as glucose. It readily forms DNA adducts, generating potential carcinogens such as
glyoxalated deoxycytidine (gdC). A major drawback in assessing gdC formation in cellular DNA has been methodologic
sensitivity. We have developed an mAb that specifically recognizes gdC. Balb/c mice were immunized with DNA, oxidatively
modified by UVC/hydrogen peroxide in the presence of endogenous metal ions. Although UVC is not normally considered an
oxidizing agent, a UVC/hydrogen peroxide combination may lead to glyoxalated bases arising from hydroxyl radical damage to
deoxyribose. This damaging system was used to induce numerous oxidative lesions including glyoxal DNA modifications, from
which resulted a number of clones. Clone F3/9/H2/G5 showed increased reactivity toward glyoxal-modified DNA greater than that
of the immunizing antigen. ELISA unequivocally showed Ab recognition toward gdC, which was confirmed by gas
chromatography-mass spectrometry of the derivatized adduct after formic acid hydrolysis to the modified base. Binding of Ab
F3/9 with glyoxalated and untreated oligomers containing deoxycytidine, deoxyguanosine, thymidine, and deoxyadenosine
assessed by ELISA produced significant recognition (p � 0.0001) of glyoxal-modified deoxycytidine greater than that of untreated
oligomer. Additionally, inhibition ELISA studies using the glyoxalated and native deoxycytidine oligomer showed increased
recognition for gdC with more than a 5-fold difference in IC50 values. DNA modified with increasing levels of iron (II)/EDTA
produced a dose-dependent increase in Ab F3/9 binding. This was reduced in the presence of catalase or aminoguanidine. We
have validated the potential of gdC as a marker of oxidative DNA damage and showed negligible cross-reactivity with
8-oxo-2'-deoxyguanosine or malondialdehyde-modified DNA as well as its utility in immunocytochemistry. Formation of the gdC
adduct may involve intermediate structures; however, our results strongly suggest Ab F3/9 has major specificity for the
predominant product, 5-hydroxyacetyl-dC. (Lab Invest 2003, 83:241–250).

L ipid peroxidation is increasingly becoming a focus
of attention as a generator of aldehyde-DNA ad-

ducts, with a potential role in carcinogenesis (Marnett,
2000). This is particularly the case for reactive alde-
hydes, such as malondialdehyde, 4-hydroxynonenal,
and glyoxal. Recent advances in analytical and immu-
nochemical techniques have also increased the po-
tential for detecting physiologically relevant levels of
adducts between DNA, protein, and reactive alde-
hydes (Sevilla et al, 1997; Tanaka et al, 2001; Uchida
et al, 1993; Vay et al, 2001). Experimental reports have
described elevated adduct levels after oxidative insult
in vitro (Cordeiro and Freire, 1996; Everett et al, 2001;

Mistry et al, 1999; Odani et al, 1998; Ruef et al, 2001).
Evidence for the presence of such adducts has also
been presented in conditions in which oxidative stress
is strongly implicated in the etiology, such as diabetes
(AR Al-Turkistani, PhD thesis, Department of Clinical
Biochemistry, Leicester University, Leicester, United
Kingdom, 1999) and autoimmunity (Amara et al, 1995;
Grune et al, 1997; Waszczkowska et al, 1997).
Glyoxal, a dialdehyde product of the autoxidation

of lipids (Loidl-Stahlhofen and Spiteller, 1994),
ascorbic acid (Mlakar et al, 1996), and glucose
(Kasai and Nishimura, 1986; Thornalley, 1985;
Wells-Knecht et al, 1995), is also generated from the
oxidative degradation of deoxyribose (Awada and
Dedon, 2001; Mistry et al, 1999; Murata-Kamiya et
al, 1995). It is suggested that glyoxal, generated
from hydroxyl radical attack at C-4 or C-3 of de-
oxyribose, would readily modify nearby DNA bases.
Glyoxal DNA adducts are potential endogenous and
environmental mutagens. Furthermore, diets rich in
precursors of reactive aldehydes, such as the poly-
unsaturated fatty acids identified in many food-
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stuffs, have the potential to generate glyoxalated
DNA adducts.
Glyoxalated deoxycytidine (gdC) is a relevant

marker of oxidative and peroxidative DNA damage.
However, the lack of analytical sensitivity for the
detection of gdC associated with current methods
(Kasai et al, 1998) has limited the measurement of
these adducts in biologic material. Analysis using gas
chromatography-mass spectrometry (GC-MS) can
potentially increase sensitivity of gdC detection; how-
ever, this procedure may not be amenable to large-
scale sample throughput. Antibodies that recognize
oxidative DNA lesions have repeatedly been shown to
be applicable for analysis of small amounts of biologic
material, with high sample throughput (Sevilla et al,
1997; Toyokuni et al, 1997).
Various antibodies, both polyclonal and monoclo-

nal, to lipid peroxidation-derived adducts have been
described: with protein and DNA, such as malondial-
dehyde (Sevilla et al, 1997); 2-propenal (ie, acrolein)
(Foiles et al, 1989; Satoh et al, 1999); 2-butenal (ie,
crotonaldehyde) (Ichihashi et al, 2001); and glyoxal
(Mistry et al, 1999). We herein report on the production
of a novel mAb that has specificity for a deoxycytidine-
glyoxal adduct, and we highlight its potential applica-
tion for the analysis of gdC in biologic samples using
ELISA-based methodology. A novel strategy was used
to immunize with a complex mixture of oxidatively
modified DNA rather than a purified immunogen.

Results

Antigenicity of Oxygen Free Radical–Modified DNA

Initial screening of crude F3/9 supernatant, from a
mixed cell population before cloning, demonstrated
glyoxal-modified DNA as an effective antigen in com-
parison to native DNA. Only minimal recognition of the
immunizing antigen, UVC/hydrogen peroxide-
modified DNA (UVC/H2O2-DNA), was observed (Fig.
1). Unless stated otherwise, all further studies were
performed with mAb-containing cell culture superna-

tant after cloning. Additional studies with DNA incu-
bated with equimolar concentrations of Fe2�/EDTA
(0–5 mM), a procedure shown previously to generate
reactive oxygen species–derived modifications, as
well as glyoxalated DNA bases (Mistry et al, 1999;
Murata-Kamiya et al, 1995), produced a dose-
dependent increase in Ab binding (Fig. 2). The pres-
ence of catalase (500 U/ml), an acknowledged inhibi-
tor of Fenton chemistry through degradation of H2O2,
reduced the modification of DNA by the Fe2�/EDTA
system as recognized by Ab F3/9 (Fig. 2), suggesting
Ab recognition of oxygen free radical–modified DNA.
Addition of aminoguanidine (1.25 mM), which effec-
tively binds glyoxal, to the reaction mixture also re-
duced Ab F3/9 binding, strongly suggesting Ab F3/9
recognizes glyoxalated DNA bases formed via Fenton
chemistry. In addition, incubation of DNA with increas-
ing concentrations of ascorbate (0–0.625 mM) pro-
duced a dose-dependent increase in Ab F3/9 binding
(Fig. 3). It has been demonstrated previously that this
reaction system readily induces glyoxalation of DNA
(Mistry et al, 1999), where glyoxal is generated as a
product of oxidative ascorbate degradation (Mlakar et
al, 1996). The dose-dependent binding observed be-
tween ascorbate-modified DNA and Ab F3/9 was
significantly reduced in the presence of catalase (500

Figure 1.
Binding of Ab F3/9 (crude supernatant from mixed cell population before
cloning) to glyoxal-modified, UVC/H2O2-modified, and native DNA determined
by direct ELISA. Values represent the mean (SD) of six determinations per
concentration.

Figure 2.
Binding of Ab F3/9 (neat supernatant) to DNA incubated with (A) Fe2�/EDTA
(0–5 mM) in the presence and absence of catalase 500 U/ml or (B)
aminoguanidine 1.25 mM determined by direct ELISA. Values represent the
mean (SD) of three determinations per concentration.
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U/ml) (Fig. 3), providing further evidence that the gdC
formation also may be mediated through hydrogen
peroxide production. Standard isotyping analysis (as
described in “Materials and Methods”) revealed F3/9
to be of the IgM class (data not shown).

Recognition of gdC Adduct Using Direct ELISA

The specificity of Ab F3/9 for glyoxalated DNA was
further investigated by direct ELISA. Oligomers (20
mer) containing exclusively deoxycytidine, deoxyade-
nosine, thymidine, or deoxyguanosine were each
modified with glyoxal. ELISA plates were coated with
these oligomers (2.5 �g/well) with corresponding un-
treated oligomers as controls. mAb F3/9 binding (neat
supernatant, after cloning) was clearly preferentially
directed toward glyoxal-modified oligomer containing
deoxycytidine (oligomer gdC) in comparison to other
modified and unmodified oligomers (Fig. 4). Experi-
ments were also carried out using poly-L-lysine (PLL)–
coated plates, to maximize attachment of the short-
length oligomers (20 mer), as well as uncoated plates
for control. Both experiments showed significant in-
creases with oligomer gdC above that of native oli-
gomer, 11-fold with PLL plates (Fig. 4) and 79-fold
with uncoated plates (Fig. 4).

Recognition of gdC Adduct in Competitive ELISA

For competitive ELISA, glyoxal-modified DNA was
used as the solid-phase antigen and IgM-purified Ab
F3/9 diluted to 1:500. Hydrogen peroxide/ascorbate-
modified DNA (HASH-DNA) and glyoxal-modified
double-stranded DNA effectively inhibited Ab F3/9
binding, resulting in IC50 values of 22.7 and 83.5
�g/ml, respectively (Table 1). No detectable inhibition

was observed with native DNA or methylene blue/
white light-modified DNA (MB-DNA), a damaging sys-
tem that predominantly generates 8-oxo-2'-
deoxyguanosine (8-oxodG) lesions (Table 1). Inhibition
analysis using oligomer gdC and untreated oligomer
containing deoxycytidine provided further evidence
for Ab F3/9 recognition of gdC adduct specifically
(IC50 values were 43.5 and 226.1 �g/ml, respectively)
(Table 1). Malondialdehyde has also been described to
be a product of oxidative deoxyribose breakdown
(Cheeseman et al, 1988). To investigate the potential
cross-reactivity of malondialdehyde-modified DNA
(MDA-DNA) with Ab F3/9, a competitive ELISA using
glyoxal-modified DNA was used as the solid-phase
antigen and neat F3/9 supernatant (Table 2). Inhibition
analysis produced minimal recognition of MDA-DNA
when compared with glyoxal-modified DNA (IC50 val-
ues were 39.6 and 0.97 �g/ml, respectively). In addi-

Table 1. Inhibition ELISA Using Antibody F3/9 Against
Oxidatively modified DNA

Competing Antigen
Competitor Inhibition
IC50 Values (�g/ml)

HASH-DNA 22.7
Glyoxal DNA 83.5
MB-DNA �500
Native DNA �937
Oligomer gdC 43.5
Oligomer dC 226.1

Inhibition ELISA using IgM-purified Ab F3/9 at 1:500 against glyoxal-
modified DNA with HASH-DNA (IC50 � 22.7 �g/ml), glyoxal-modified DNA
(IC50 � 83.5 �g/ml), glyoxalated (IC50 � 43.5 �g/ml), and native oligomer
(IC50 � 226.1 �g/ml) containing deoxycytidine. No inhibition was detected for
native or MB-DNA up to concentrations of 500 and 937 �g/ml, respectively.
Values represent the mean of duplicate determinations.

Figure 3.
Direct ELISA binding of Ab F3/9 (neat supernatant) to DNA modified with
increasing levels of ascorbate (0–2.5 mM) in the presence and absence of
catalase (500 U/ml). Values represent the mean (SD) of three determinations
per concentration.

Figure 4.
Direct ELISA binding of Ab F3/9 (neat supernatant) to oligomers (20 mer) of
thymidine, deoxyguanosine, deoxycytidine, and deoxyadenosine modified with
glyoxal in comparison to untreated oligomer using poly-L-lysine–coated plates
and uncoated plates. Values represent the mean (SD) of six determinations per
concentration.
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tion Ab F3/9 recognition of MDA-DNA was compara-
ble to that of native DNA (IC50 value � 118.9 �g/ml)
suggesting a strong specificity for glyoxal in compar-
ison to MDA-DNA modifications.

Detection of gdC Using GC-MS

For the purpose of GC-MS analysis, oligomer gdC was
hydrolyzed using formic acid according to the optimized
method of Dizdaroglu (1994). Under the GC-MS condi-

tions used, a major peak at 8.4 minutes was observed in
the total ion chromatogram. Figure 5A shows the EI-
mass spectrum of this peak and is believed to corre-
spond to a trimethylsilyl derivative of 5-hydroxyacetyl-
cytosine (Kasai et al, 1998; structure shown in Figure
5B). It consists of the molecular ion (M�·) at m/z 385,
along with ions at m/z 370 (loss of methyl radical from
M�·, M-15) and m/z 296 (loss of ·OSiMe3, M-89). Another
ion observed in the mass spectrum is that at m/z 356
(M-29), which is thought to derive from the loss of HCO·

from the molecular ion. There are also other peaks in the
mass spectrum that may account for possible interme-
diate structures leading to the predominant gC adduct,
5-hydroxyacetylcytosine.

Immunocytochemical Analysis of gdC Adducts Using
Ab F3/9

Treatment of RHT-t25 cells with 0.4% glyoxal pro-
duced intense fluorescent staining, as a consequence
of incubation with Ab F3/9 (neat supernatant) and was
strictly localized to the nucleus (Fig. 6A). In contrast,
negligible staining was seen in the untreated cells (Fig.
6C). This demonstrates applicability of the mAb to the

Table 2. Inhibition ELISA Using Antibody F3/9 Against
Glyoxal- and MDA-Modified DNA

Competing Antigen
Competitor Inhibition
IC50 Values (�g/ml)

Native DNA 118.9
Glyoxal DNA 0.97
MDA-DNA 39.6

Inhibition ELISA using Ab F3/9 (neat supernatant) against glyoxal-modified
DNA with glyoxal-modified DNA (IC50 � 0.97 �g/ml), MDA-modified DNA
(IC50 � 39.6 �g/ml), and native DNA (IC50 � 118.9 �g/ml). Values represent
the mean of duplicate determinations.

Figure 5.
Analysis of glyoxalated deoxycytidine (gdC) showing (A) gas chromatography-mass spectrometry mass spectrum of formic acid hydrolyzed oligomer gdC and (B)
structure of trimethylsilylated 5-hydroxyacetyl-C (Kasai et al, 1998).
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in situ detection of gdC in cells. Ab F3/9 binding was
visualized using an FITC-labeled secondary Ab.
Glyoxal-treated and untreated cells were counter-
stained with propidium iodide to identify the nuclear
regions (Fig. 6, B and D).

Discussion

Glyoxal is a dicarbonyl formed approximately 17 times
in excess of 8-oxodG after treatment of DNA with an
Fe2�/EDTA-damaging system (Murata-Kamiya et al,
1995). The cytotoxicity and mutagenicity of glyoxal in
mammalian cells (Klamerth, 1968; Murata-Kamiya et
al, 1997, 1998) have generally been related to glyox-

alated guanine residues in DNA (Nakaya et al, 1968;
Shapiro and Hachmann, 1966), partly because the
product is easily identifiable by its ultraviolet spectrum
(Murata-Kamiya et al, 1995). However, the gdC adduct
has received less attention in comparison, mainly
because of sensitivity problems associated with anal-
ysis by HPLC with UV detection (Kasai et al, 1998) and
spectrophotometric analysis (Nakaya et al, 1968). This
detection problem can potentially be overcome using
GC-MS analysis, however derivatization procedures
may induce artifactual DNA damage and involve
lengthy sample preparation (Ravanat et al, 1995).
Preparation time can therefore be minimized using
immunochemical techniques that can also simplify

Figure 6.
Immunocytochemical analysis of Ab F3/9 staining in (A) glyoxal-treated (0.4%) and (C) untreated RHT-t25 cells. Ab F3/9 binding (neat supernatant) was visualized
using an anti-mouse FITC-labeled secondary Ab (1:50; green fluorescence). Propidium iodide (red fluorescence) was used as a nuclear counterstain in both the (B)
treated and (D) untreated cells. Analyses were performed using a Leica TCS4D true confocal scanning microscope.
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sample preparation. We have developed a novel mAb
(F3/9) against the gdC adduct using an immunization
protocol devised to produce antibodies against both
oxidative DNA base damage (Dizdaroglu and Bert-
gold, 1986; McBride et al, 1991) and those adducts
arising from the oxidative degradation of the deoxyri-
bose moiety and lipid peroxide-DNA interactions
(Loidl-Stahlhofen and Spiteller, 1994; Mistry et al,
1999; Murata-Kamiya et al, 1995). It was evident from
initial screenings by direct ELISA that monoclonal
F3/9, from IgM-secreting clone F3/9/G2/H5, showed
increased binding toward glyoxalated DNA greater
than that of native DNA. The immunogen (UVC/H2O2-
DNA) did not show reactivity to the degree observed
for glyoxalated DNA or oxidatively-modified DNA such
as HASH-DNA and Fe2�/EDTA-modified DNA using
clone F3/9/G2/H5. It would seem that F3/9 binding
reflects the gdC content induced in DNA by different
damaging systems. Supporting evidence that glyoxal
is induced by hydrogen peroxide was demonstrated
by decreased Ab binding to DNA exposed to ascor-
bate in the presence of endogenous metal ions, after
incubation with catalase. This was further evidence
supporting glyoxal production and adduct formation
to be a consequence of oxidative processes.

Various groups have reported on the formation of
lipid peroxidation end products such as glyoxal via
oxygen free radical–generating systems involving
Fenton and Haber-Weiss reactions (Kasai and Nish-
imura, 1986; Loidl-Stahlhofen and Spiteller, 1994;
Mistry et al, 1999; Thornalley, 1985; Wells-Knecht et
al, 1995). Herein, we have demonstrated increased Ab
F3/9 binding to DNA, after exposure to an Fe2�/EDTA-
damaging system. Ab binding was significantly re-
duced with the inclusion of catalase in the Fe2�/EDTA
DNA modification step, providing additional confirma-
tory evidence for the recognition of glyoxal-modified
DNA formed via hydrogen peroxide-mediated DNA
damage. After the addition of aminoguanidine, which
effectively binds reactive aldehydes (Lo et al, 1994), in
the Fe2�/EDTA-DNA modification step, minimal Ab
recognition was noted compared with Fe2�/EDTA-
modified DNA alone. A similar pattern of binding was
observed for DNA incubated with glyoxal in the pres-
ence and absence of aminoguanidine, strongly sup-
porting the specificity of Ab F3/9 for glyoxalated DNA.
Additionally, our competitive ELISA results, with
glyoxal-modified DNA as the solid-phase antigen,
showed inhibition with glyoxal and HASH-treated DNA
in contrast to native DNA up to 500 �g/ml. In view of
the fact that 8-oxodG is also generated via UVC/H2O2

treatment of DNA, MB-DNA, which specifically in-
duces 8-oxodG formation (Floyd et al, 1989; McBride
et al, 1992), was used a putative antigen. IC50 values
for MB-DNA were not measurable up to levels of 937
�g/ml, which strongly indicated that the reactivity
observed with Ab F3/9 toward oxidatively-modified
DNA is primarily a result of gdC. Furthermore, HASH
treatment, a hydroxyl radical–generating system, is
more effective at producing gdC than simple incuba-
tion with glyoxal.

Malondialdehyde is also a product of oxidative
deoxyribose degradation (Cheeseman et al, 1988),
and immunochemical detection of malondialdehyde-
modified deoxyguanosine has been successfully de-
veloped by Sevilla et al (1997) using an mAb. Ab F3/9
showed negligible recognition of MDA-DNA adduct in
sharp contrast to glyoxal-modified DNA. In fact, inhi-
bition data with MDA-DNA was comparable to that of
native DNA, such that an approximately 3-fold differ-
ence in IC50 values was obtained. This was in contrast
to the 123-fold differences observed with glyoxal-
modified (IC50 � 0.97 �g/ml) and native DNA (IC50 �
118.9 �g/ml). In addition, the IC50 values for MDA-
DNA were almost 40-fold higher with respect to
glyoxal-modified DNA, strongly suggesting negligible
reactivity toward the MDA-DNA adduct, including
malondialdehyde-modified deoxycytidine.

Further studies to investigate the nature of the
antigen recognized by Ab F3/9 used a series of
oligomers containing either deoxycytidine, deox-
yguanosine, thymidine, or deoxyadenosine. Using this
approach we were able to unequivocally assign reac-
tivity of Ab F3/9 against gdC. Given that the oligomer
was a short sequence of 20 mer, ELISA plates were
coated with PLL to increase solid-phase binding.
However the outcome, irrespective of whether ELISA
plates were PLL coated or left untreated, was signifi-
cant F3/9 recognition of gdC greater than that of
untreated oligomers. Also, the competitive ability of
oligomer gdC was almost 5-fold greater than un-
treated oligomer when glyoxal-modified DNA was
used as the solid-phase antigen. Additionally, we have
presented GC-MS evidence to show that the oligomer
gdC was highly modified. The molecular ion produced
corresponds to the product 5-hydroxyacetyl-dC, in
agreement with structural studies performed by Kasai
et al (1998). Our results suggest that the structure for
gdC is most likely 5-hydroxyacetyl-dC and that this
structure is the epitope recognized by Ab F3/9 in both
ELISA and immunocytochemical studies.

Materials and Methods

Glyoxal, 40% w/v solution in water, was obtained from
Sigma-Aldrich Company Ltd. (Gillingham, Dorset, United
Kingdom). Cytosine (4-amino-2-hydroxypyrimidine),
30% hydrogen peroxide, ascorbic acid, O-phenyl-
enediamine tablets (10 mg), Sigma ImmunoType mouse
monoclonal isotyping kit, and peroxidase-labeled mouse
immunoglobulin IgM-� chain were purchased from
Sigma Chemical Company (Dorset, United Kingdom).
Acetonitrile was purchased from Perbio Science (United
Kingdom). Calf thymus DNA was purchased from BDH
Laboratory Supplies (Poole, United Kingdom). Nunc Im-
muno Maxisorp 96-well ELISA plates were purchased
from Life Technologies (Paisley, Scotland), and dried
skimmed milk was from Tesco Stores Ltd. (United King-
dom). N,O-bis(trimethylsilyl)trifluoroacetamide and silyla-
tion grade acetonitrile were from Pierce and Warner
(Chester, Cheshire, United Kingdom). All remaining
chemicals were of the highest purity available (Sigma).
Water was filtered through 0.22-�m filter.
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Preparation of HASH-DNA

Hydrogen peroxide and ascorbate in the presence of
endogenous metal ions were used for site-specific
hydroxyl radical attack on DNA (Cooke et al, 1997;
Mistry et al, 1999). A solution of calf thymus DNA (0.5
mg/ml, final concentration in deionized water) was
incubated with 200 �M H2O2 and 10 mM ascorbate for
1 hour at 37° C.

Preparation of UVC/H2O2-DNA

An aqueous solution (1 mg/ml) of calf thymus DNA
was irradiated under UVC light (254 nm), positioned 6
cm from the source, for 30 minutes at room temper-
ature in the presence of hydrogen peroxide (15.1 mM)
(Ara and Ali, 1993; Cooke et al, 1997). Excess hydro-
gen peroxide was then removed by dialysis against
0.01 M PBS, pH 7.4, overnight at 4 ° C.

Preparation of Glyoxal-Modified DNA

DNA was prepared with a final concentration of 1
mg/ml in Milli-Q water. An equal volume of 1 M glyoxal
was incubated with the DNA solution for 1 hour at
37° C. Glyoxal-DNA was subsequently dialyzed over-
night against PBS.

Preparation of MB-DNA

Methylene blue in the presence of white light specifi-
cally oxidizes deoxyguanosine residues in DNA to
yield 8-oxodeoxyguanosine adducts (McBride et al,
1992). In accordance with the method of Cooke et al
(1998), a solution of calf thymus DNA (0.5 mg/ml, final
concentration in deionized water) was incubated with
methylene blue (20 �g/ml, final concentration in 0.1 M

Tris, pH 8.5) in a Petri dish on ice, shielded from a
white light source by 0.5 cm of water in an upturned
Petri dish lid. Irradiation was for 3 hours, at a distance
of �3 cm, at which time solid sodium chloride was
added to 1 M and DNA precipitated with ethanol on
ice. The DNA was removed by pipette and dissolved in
deionized water. This procedure was repeated twice
to further remove traces of methylene blue.

Preparation of MDA-DNA

DNA (1 mg/ml) was incubated with 100 mM MDA for 96
hours at 37° C. MDA was generated in accordance
with the method of Fogleman et al (1980). Briefly, 100
mM malondialdehyde bis-(dimethyl-acetal) was hydro-
lyzed in water under acidic conditions for 10 minutes
at 37° C. The pH was adjusted to 7.5 with NaOH and
the concentration of MDA determined using spectro-
photometry (A245). The modified DNA was then dia-
lyzed extensively against three washes of PBS.

Production of F39 mAb

The medium consisted of RPMI 1640 (Gibco BRL, Life
Technologies, Gaithersburg, Maryland) containing 20
mM complete glutamax (L-alanyl-L-glutamine) (Gibco).
The 125-�m mesh was obtained from Sigma. The

P3-NS0 mouse myeloma cell line was a gift from Dr. L.
Durrant, CRC Academic Department, Clinical Oncol-
ogy, Nottingham City Hospital. Polyethylene glycol
(PEG) and FCS (FCS Hybri-max) were from Sigma.
Briclone (10%) (TCS Biologicals) was used as a sup-
plement during fusion. Selection medium consisted of
complete medium, FCS, and 1� HAT media supple-
ment (Hybri-max; Sigma).

Female, 6-week-old Balb/c mice were immunized
according to the following protocol. Reference bleeds
were obtained before immunization. Damaged DNA
(UVC/H2O2) was boiled for 10 minutes and then
cooled rapidly on ice to yield single-stranded DNA
before conjugation with a 1% solution of methylated
BSA. This conjugate was then homogenized 1:1 with
Freund’s complete adjuvant. The mice (n � 3) were
immunized with 200 �l of immunogen mix subcutane-
ously at multiple sites. The animals were boosted
subcutaneously with 50 �g of immunogen in 100 �l of
sterile saline 7 days later. Test bleeds were performed
7 days after boost. The animals were killed 3 days
after a final intraperitoneal boost, and spleen and sera
were collected when a sufficient titer of Ab had been
obtained. The latter was assessed by ELISA. The
spleen was collected into a bijou containing 5 ml of
medium. The medium used contained additives but
remained free from FCS until the fusion was
completed.

The preparation of an immortalized hybridoma cell
line was performed as follows. The surface of a
125-�m mesh was washed with a small volume of
medium (as above) before the spleen was teased
apart. The cells were then washed with medium. The
spleen and NS0 cells were mixed at a ratio of 4:1 and
pelleted at 300 �g. NS0 cells are an established
mouse, fusion partner cell line. The medium was
removed and the pellet loosened, and 800 �l of PEG at
37° C was added slowly during a minute, while stirring
continuously. Medium was then used to dilute the
PEG, stirring continuously. The cells were then centri-
fuged and resuspended in RPMI supplemented with
FCS to 15% at 2 � 106 spleen cells per milliliter. These
cells were then plated out over 2 � 96-well plates at
100 �l/well using RPMI � 10% FCS and incubated at
37° C in 5% CO2. After 24 hours, selection medium
was added, and the cultures were fed as required
during the next 2 to 3 weeks with selection medium.
As the wells approached �50% confluence, the su-
pernatants were tested and the wells re-fed. Positive
wells were grown in 24-well plates, before being
cloned at least twice by limiting dilution.

Screening of Supernatants

The cell culture supernatants were tested by direct
ELISA, with damaged DNA appropriate to the im-
munogen, as the solid phase antigen. Neat culture
medium was used as a negative control and serum
prepared from final bleed as a positive control.

mAb to Deoxycytidine-Glyoxal
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Dilution Cloning

One milliliter of cells was harvested from a positive well,
and the cells were diluted to 10 cells per milliliter. The
cells were then plated out onto a 96-well plate at 100 �l
per well (ie, 1 cell per well). A further 100 �l of medium
was then added to the wells and incubated at 37° C in
5% CO2. At Day 6 the wells were monitored for single
colonies and fed with fresh medium. Testing occurred
around Days 9 to 10, with extra medium being added the
day before. Three to six positives were chosen and
expanded before isotyping and freezing.

Isotyping Procedure

Supernatants from the clone F3/9 were isotyped pre-
dominantly to IgM class antibodies. Briefly, 3 ml of
hybridoma supernatant was incubated with the isotyping
strip for 30 minutes in a vial (all incubations at room
temperature) followed by a single wash with PBS-T-BSA
(PBS containing 0.05% Tween 20 and 1% BSA). After 5
minutes, wash buffer was discarded and biotinylated
secondary Ab was added at 1:50 dilution in PBS-T-BSA
for 30 minutes. After incubation, the isotyping strip
required another wash with PBS-T-BSA for 5 minutes.
Having discarded the wash buffer, ExtrAvidin-
Peroxidase was added at 1:50 dilution in PBS-T-BSA
and incubated for 15 minutes. After aspiration of
ExtrAvidin-Peroxidase, the isotyping strip was washed
once with PBS-T-BSA and then in PBS, 5 minutes for
each wash. Wash buffers were discarded, and substrate
solution was added. Incubation was between 1 and 10
minutes until a clear, red, insoluble signal was obtained
for the positive control. The strip was then immediately
placed in 0.1 M NaOH for 1 to 2 minutes and, finally,
rinsed with distilled water and allowed to dry.

Purification of IgM Abs

An IgM purification kit (E-Z-SEP, cell culture IgM;
Pharmacia Biotech, St. Albans, Herts, United King-
dom) was used to purify IgM antibodies from hybrid-
oma supernatant F3/9. Before processing, superna-
tant was brought to room temperature before being
adjusted to pH 7.3 to 7.7. An equal volume of Sepa-
ration Reagent 1 was added to supernatant and al-
lowed to mix well for 30 minutes. After centrifugation
at 2500 rpm at 4 to 20° C for 60 minutes, precipitate
was resuspended in Buffer Solution 2, equal to 50% of
the starting supernatant volume. This solution was
allowed to stand for 10 minutes at room temperature.
A volume of Separation Reagent 3, equal to the
volume of supernatant resuspension, was subse-
quently added and the procedure from centrifugation
was repeated. Finally, the precipitate was resus-
pended in 0.1 M Tris-base buffer, pH 9.2, equal to 10%
of the starting volume of supernatant.

Oligonucleotide Purification

Stock solutions of 20-oligomer containing deoxycyti-
dine, deoxyguanosine, deoxyadenosine, and thymi-
dine with dimethyl trityl groups attached were pre-

pared by Protein Nucleic Acids Laboratory (MRC
Centre for Mechanisms of Human Toxicity, University
of Leicester, United Kingdom). Samples were ob-
tained in ammonia, and overnight lyophilization was
required followed by treatment using NENSORB col-
umns (Dupont, United Kingdom) to remove any failed
sequences. Briefly, the oligomer was reconstituted in
4 ml of 0.1 M triethylammonium acetate (TEAA) buffer,
pH 7.0. The NENSORB cartridge was initially activated
with 10 ml of methanol and then pre-equilibrated with
5 ml of TEAA buffer. The reconstituted sample was
pipetted on top of the resin bed. The cartridge was
subsequently washed with the following: 10 ml of
acetonitrile/0.1 M TEAA buffer (1:9 v/v), 25 ml of 0.5%
TFA buffer, and 10 ml of 0.1 TEAA buffer. Samples
were eluted with 5 ml of 35% methanol and collected
as 1-ml fractions. The OD of each sample was as-
sessed by UV spectrophotometry at 260 nm (1 OD of
oligomer C was taken as 25 �g/ml).

Glyoxal Treatment of Purified Oligonucleotides

Glyoxal treatment of purified oligomers involved incu-
bation of 4 ml of each oligomer with 4 ml of 1 M glyoxal
for 1 hour at 37° C. Excess glyoxal was removed using
NAP-10 columns prepacked with Sephadex G-25,
DNA grade (Pharmacia Biotech). Briefly, each column
was equilibrated with 15 ml of PBS. Sample (up to 1
ml) was allowed to enter the gel bed completely. Note
that for samples �1 ml, sufficient PBS was added to
equal 1 ml. Finally, sample was eluted with 1.5 ml of
PBS and collected as 0.5-ml aliquots. Assessment of
glyoxal within collected fractions was performed using
orthophenylenediamine derivatization as described by
Murata-Kamiya et al (1995) with modifications. Briefly,
25 �l from each aliquot was incubated with 25 �l of
2% orthophenylenediamine solution at room temper-
ature for 30 minutes; 500 �l of water was then added
to each sample and measured at 350 nm. A control
using 1.8% glyoxal (final concentration) was used.
Samples containing �0.18% glyoxal were used for the
assay. Treated samples were also lyophilized, recon-
stituted in water, and stored at 4° C.

ELISA

ELISA was performed according to the method de-
scribed by Herbert et al (1994), for UV-modified DNA.
Briefly, double-stranded DNA (2.5 �g/well) was bound
to a 96-well ELISA plate by incubation in a humidified
environment at 37° C for 1 hour, after which the plate
was washed three times with PBS. Free sites were
then blocked by incubation with 200 �l/well 4% (w/v)
dried skimmed milk in PBS (4% milk/PBS) for 1 hour in
a humidified environment, and the wells were then
washed with PBS. Ab F3/9, 50 �l/well (neat superna-
tant or IgM purified at 1:500 in 4% milk/PBS), was
incubated for 1 hour as described above. After wash-
ing three times with PBS containing 0.05% Tween 20,
50 �l/well of peroxidase-labeled anti-mouse immuno-
globulin IgM-� chain (1:2000 in 4% milk/PBS) was
added and incubated as described above. A substrate
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solution, orthophenylenediamine (0.5 mg/ml in 0.05 M

phosphate-citrate, pH 5.0, containing 0.03% w/v so-
dium perborate) was added after a final PBS wash (50
�l/well) and incubated for 15 minutes at room temper-
ature. The reaction was stopped using 25 �l/well 2 M

H2SO4. The resulting absorbance was read at 492 nm,
using a plate reader (Anthos Instruments). The final
data included correction for background values.

Inhibition ELISA

Inhibition ELISA was performed exactly as described for
the direct binding ELISA data and included correction for
background values, except 25 �l of the putative antigen
(in milk/PBS) was serially diluted followed by 25 �l/well
of IgM-purified Ab F3/9 (1:500 in milk/PBS, final concen-
tration). Percentage inhibitions were calculated on the
basis of detection of bound Ab in competition wells
against Ab binding in the noncompetition wells.

GC-MS Analysis of Oligomer gdC

Samples were formic acid hydrolyzed and derivatized
to the glyoxalated cytosine base using the optimized
methodology of Dizdaroglu (1994). Briefly, aliquots of
100 �g of oligomer gdC or a sample of a glyoxal-
cytosine reaction mixture were treated with 100 �l of a
mixture of N,O-bis(trimethylsilyl)trifluoroacetamide
and acetonitrile (4:1 v/v) at 120° C for 30 minutes
under an argon atmosphere. Analyses were performed
using a Perkin-Elmer Autosystem GC interfaced with a
PE Q-mass 910 quadrople mass spectrometer. One
microliter of the derivatization reaction mixture was
injected onto the GC with the injector port in the split
mode (split ratio 40:1). Separations were performed on
a fused silica capillary column (15 m � 0.25 mm ID
and 0.25-�m stationary phase thickness; Rtx-5,
Restek International). Mass spectra were recorded in
the total ion scan mode in the scan range 50 to 600
amu. The injector port and transfer line were main-
tained at 250° C and 280° C, respectively. The column
temperature was increased from 120° C to 300° C at
10° C/minute after an initial 2 minutes at 120° C. The
carrier gas used was helium (CP grade) at a constant
flow rate of 1 ml/minute.

Glyoxal Treatment of RHT-t25 Cells

RHT-t25 cells (transformed keratinocytes; a kind gift
from Prof. Irene Leigh, Department of Dermatology,
London Hospital Medical College) were maintained
in DMEM containing 20% HAM-12 and 10% FCS
(Gibco BRL, Life Technologies). Keratinocytes were
trypsinized and resuspended in PBS. Cells were cultured
on chambered slides in growth medium until subcon-
fluent and treated with 0.4% glyoxal in growth media
for 1 hour at 37° C. Cells were fixed in 90% ice-cold
methanol for 5 minutes, washed with PBS, and incu-
bated with Ab F3/9 (neat supernatant) for 1 hour. After
a PBS wash, cells were incubated with goat anti-
mouse FITC-labeled secondary Ab (Sigma, Poole,
United Kingdom) at a dilution of 1:50 in PBS for 1 hour.
All incubations were at 37° C. The cells were finally

washed in PBS and mounted in propidium iodide
Vectashield (Vector Labs, Peterborough, United King-
dom) and analyzed using a Leica TCS4D true confocal
scanning microscope (Milton Keynes, United Kingdom).

Statistical Analyses

Statistical analysis was performed using unpaired t test
on GraphPad Prism software.
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