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A technique for the measurement of thymine glycol at parts per million concentrations in
double-stranded polymeric DNA is described. The procedure utilizes base to ring-open
DNA-bound thymine glycol in the presence of monomeric [2H4]thymine glycol as an
internal standard, followed by reduction, solvolytic cleavage, and quantification of the
characteristic methyl-2-methylglycerate released from polymeric DNA. Methyl-2-methyl
glycerate is derivatized to form the di-tert-butyldimethylsilyl [(TBDMS)2] ether to enhance
its gas chromatographic properties and electron ionization detection. This assay was tested
by measuring thymine glycol levels in native, undamaged DNA (not purposefully oxidized).
The measured quantities of thymine glycol are proportional to the amount of DNA analyzed.
Components of DNA not containing oxidizable thymine do not contribute to the measured
signal from methyl-2-methylglycerate-CTBDMS)2' These results indicate that there is approxi
mately one thymine glycol per 106 bases in undamaged DNA and that this value increases
with storage of DNA in refrigerated aqueous solutions. (J Am Soc Mass Spectrom 1993, 4,
336-342)

Progressive neurological diseases associated with
aging humans, such as Alzheimer's or Parkin
son's, may be the product of accumulated unre

paired DNA damage in nondividing neuronal cells [1,
2]. Damaged genes could be the result of oxidative
stresses caused by infection, drugs, or environmental
agents that may overwhelm the normal enzymatic
capacity to repair DNA. Such unrepaired DNA dam
age may compromise the ability of a neuron to synthe
size functional proteins for vital tasks. Damage to gene
regions coding for repair enzymes would affect the
ability of cells to survive and thus lead to progressive
disorders. The subject of DNA repair and its role in
disease has been an area of active investigation, as
summarized previously [3, 4].

We have approached the posIulates with regard to
unrepaircd DNA damage as a factor in human disease
with the intent of developing methods for the direct
measurement of damaged DNA bases in human tis
sue. Initial efforts in this project were focused on the
measurement of thymine glycol, one of the oxidation
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products of the base thymine [5-7]. Adelman et al. [8]
demonstrated that formation of thymine glycol corre
lated to species metabolic rate and life span. The liquid
chromatographic methods used in that study were not
sufficiently sensitive to be applied to human DNA
thymine glycol measurements. The value and signifi
cance of using thymine glycol as a marker of DNA
oxidation have been established by a number of sIud
ies on damaged DNA and the mechanism of its repair
(Figure 1) [9-16],

There have been several published assays for quan
tifying thymine glycol in DNA using radiochemical,
immunoassay, chromatographic, and mass spectromet
ric procedures [10, 17-23]. These have been successful
in measuring the oxidative damage in solutions of
DNA exposed to various chemical or radiochemical
agents but have generally lacked the sensitivity re
quired to be applied to clinical measurements, in vivo
animal studies, or even cultured cell experiments, ex
cept when cells have been prelabeled with radioactive
thymine [24-26]; however, one of the analytical proce
dures seemed particularly well suited for adaptation
for gas chromatography-mass spectrometry (GC-MS)
analysis. Schellenberg and Shaeffer [23] used a radio
chemical procedure employing alkaline hydrolysis, fol-
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Figure 1. Oxidative damage to nuclear DNA occurs when DNA is single stranded within the cell
nucleus. In nondividing neuronal cells, DNA is tightly folded, except during transcription. Thymine
glycol is one of multiple products that are formed as the result of hydroxyl radical attack.
Ordinarily, efficient repair enzymes excise and replace damaged bases in the DNA strand within a
cell.

(NaB[2H4 ]) was obtained from Merck and Co. (Rah
way, NJ). Sodium hydroxide 00 M NaOH) and ace
tonitrile (high-performance liquid chromatography
grade) were obtained from Fisher Scientific (Fair Lawn,
NT). Hydrochloric acid and heptane were obtained
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Figure 2. Formation of methyl-2-methylglycerate. from .thymine
glycol in isolated polymeric DNA. When DNA IS subjected to
base hydrolysis, the thymine glycol ring opens, and. borodeu
teride reduction produces a labeled glycoL Methanolysls releases
methyl-2-methylglycerate from the polymer .strand. Soluble.
monomeric [2H.lthymine glycol IS used as an internal standard
to quantify the yield of these reactions.

Materials and Methods

Materials

Tert-butyldimethylsilyl (TBDMS) chloride, thymine,
imidazole, and decane were obtained from Aldrich
Chemical Co. (Milwaukee, wn Methanolic hydrochlo
ric add (0.5 M) in sealed ampules was obtained from
Supelco, Inc. (Bellefonte, PA). Sodium borodeuteride

lowed by sodium [3H]borohydride reduction to cause
thymine glycol in DNA to ring open. The resulting
amide was cleaved by solvolysis with methanolic
hydrochloric acid to release the methyl-2-methyl
[3H]glycerate, which was quantified by scintillation
counting. We modified this radiochemical procedure
for stable isotope dilution GC-MS because it offered
several substantive advantages for quantitative analy
sis. First, the selective cleavage of thymine glycol sepa
rates the bulk of the methanol insoluble DNA from
methyl-2-methylglycerate. Second, this technique pre
cludes the need for extensive separation and purifica
tion of nucleotides or nucleosides, significantly elimi
nating the chances of oxidative artifact formation.
Third, by cleaving a four-carbon fragment from
thymine glycol, the derivatization and gas-phase meas
urement is simplified considerably because methyl-2
methylglycerate is a relatively stable, low molecular
weight compound. (Figure 2).

This report summarizes a GC-MS (electron ioniza
tion) method for thymine glycol quantification and its
application to preparations of DNA. In the course of
this study, derivatization and analysis conditions were
tested repeatedly with regard to artifact production,
sensitivity enhancement, and consistency. The absence
of polymeric reference materials precluded the option
of preparing the known, standardized dilutions that
are required for accurate isotope dilution assays and
are characteristically used for GC-MS method develop
ment.
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from Mallinckrodt (Paris, KY). Osmium tetroxide was
obtained from Colonial Metals (Elkton, MD); sodium
chlorate was obtained from J. T. Baker (Phillipsburg,
NJ).

Salmon sperm DNA was obtained from Sigma
Chemical Company (St. Louis, MO). Herring sperm
DNA; the nucleotides deoxyadenosine 5'-triphosphate
(dATP), deoxyinosine 5'-triphosphate (dlTP), de
oxythymidine 5'-triphosphate (dTTP), deoxyguanosine
5'-triphosphate (dGTP), and deoxycytosine 5'-triphos
phate (dCTP); and the synthetic polymers poly(dA)
poly(dT), polyldfl-Cj], poly[d(A-T)], and poly(A) were
obtained from Boehringer Mannheim (Indianapolis,
IN).

Crystalline unlabeled [2Ho]thymine glycol [2H(lH,
3H)-pyrimidinedione-5,6-dihydroxy-5-methyl, Reg.
2943-56-8] was used as an external quantitative stand
ard, and [2H4]thymine glycol (5-[ 2H 3]methyl-5,6-di
hydroxy-6-{2H]pyrimidine-l,3-dione) was used as an
internal standard. Small quantities of both were syn
thesized from thymine via permanganate oxidation
following published procedures [7, 27-30]; however,
to have sufficient crystalline thymine glycol for spec
troscopic studies and gravimetric standards, an im
proved alternative synthetic preparation was investi
gated [31]. Thymine (l g) was dissolved in hot water
(25 mL) in a flask fitted with a reflux condenser and
treated with osmium tetroxide (0.030 g) with stirring.
The reaction was maintained under an argon atmo
sphere. After 10 min, the reaction mixture became
black, and sodium chlorate (0.8 g) was added [32]; the
mixture was then maintained at 80 DC with vigorous
stirring for 2 days. The reaction was monitored by
thin-layer chromatography on silica [ethyl acetate
acetonitrile (9:1) eluent; thymine retention approxi
mately 0.4] and continued until all thymine was con
sumed. The reaction mixture was cooled to room tem
perature and extracted with carbon tetrachloride (3 x
30 ml.) to eliminate the osmium tetroxide [33]. The
aqueous layer was concentrated under reduced pres
sure until a precipitate formed. The mixture of precipi
tate and aqueous layer was extracted with boiling
acetonitrile (50 ml.) for 60 min and filtered. The precip
itate was extracted with boiling acetonitrile (l00 ml.)
an additional five times. The combined acetonitrile
extracts were evaporated, and the resulting amorphous
solid was crystallized twice in water-ethanol to pro
duce 840 mg of pure thymine glycol (70% yield): mp
223-228 DC (d). Lit ~ 214-216 QC [27]. AnaL Calcd. for
C SHBN20 4 • 1/3 H 20 , C 36.15 H 5.26 N 16.86. Found
C 36.34 H 5.14 N 16.93. Infrared (KBr, cm" ') 3425,
3365, 3245, 1735, 1698, 1671, 1481, 1228, 1173, 1089,
1055, 985. 1H-nudear magnetic resonance (NMR) [di
methylsulfoxide(DMSO)-d6) ] {) ~ 1.24 [Methyl (Me) at
C-6]; 4.36 (dd, fa = 3.9 Hz, h = 2.1 Hz, lH, H-5); 5.33
(s, 1H, HO at C-6); 6.05 (d, J = 3.9 Hz, IH, HO at C-5);
8.16 (d, J = 2.1 Hz, 1H, H-4); 10.05 (s, 1H, H-2) 13C_
NMR (DMSO-d6 ) s = 23.49 (Me at C-6); 71.17 (C-6);
78.68 (C-5); 152.46 (C-3); 174.41 (C-l). Chemical ioniza-

tion mass spectrometry (mlz, %) ~ 195 ([M + 2NH 3
+ 1]+, 20); 178 ([M + NH 3 + 1]+, 100). Electron ion
ization mass spectrometry (mlz, %) = 161 ([M + 1]+,
5); 142(10); 115(100); 99(35); 89(90). The infrared spec
trum was measured with a BioRad (Cambridge, MA)
model FTS 45 instrument. lH_ and 13C-NMR experi
ments were recorded with a Varian (Sunnyvale, CA)
Gemini 300 at 300 and 75 MHz, respectively. A Finni~

gan 4600 mass spectrometer (Finnigan-MAT, San Jose,
CA) was used to record mass spectra via direct probe
introduction.

Sample Preparation

Quantitative standards of [2Holthymine glycol (50
pg-l00 ng in 10-100 j.LL H 20 ) were aliquoted from
accurately weighed and diluted thymine glycol for the
standard curve. Quantitative DNA samples were pre
pared in water (0.1-2 mg in 100 j.LL). As internal
standard, 10 j.LL of [2H4lthymine glycol (1.6 ng/j.LL)
was included in every sample, excluding a procedural
blank. The reactions were prepared in glass test tubes
with Teflon-lined caps. A 0.2 M NaOH solution, pre
washed three times with methylene chloride, was used
to prepare 10 mM NaB[2H 4 ] solution. The DNA sam
ples were treated at 37 DC for 1 h with 100 j.LL of 10
mM NaB[2H4J!0.2M NaOH to hydrolyze and reduce
thymine glycol. The reaction was quenched with 100
j.LL of 6 M hydrochloric acid; the sample tubes were
vortexed and evaporated to dryness in a vacuum des
iccator. Aliquots of methanolic hydrochloric acid (200
j.LL, 0.5 M) were added, and the samples were vor
texed and then heated at 70°C for 30 min. The samples
were evaporated to dryness in a vacuum desiccator,
and the residue was treated with 100 j.LL of TBDMS
imidazole reagent (prepared from 150 mg TBDMS
chloride and 170 mg imidazole in 1 mL acetonitrile,
then washed five times with equal volumes of hep
tane) at 70°C for 30 min in a heating block. The
methyl-2-methylglycerate-(TBDMS)2 derivative was
extracted into 100 /-LL of heptaney'decane (90:10) after
the addition of 100 ILL of water. The organic phase
was removed after freezing the tube with dry ice,
transferred to tapered autosampler glass vial inserts,
and concentrated in vacuo to a final volume of
20-25/-LL.

GC-MS analyses. Analyses were performed using ei
ther a Hewlett-Packard (Avondale, PA) 5890 GCI 5970
mass selective detector or a Varian 3400 GCI Finni
gan-MAT TSQ-70 spectrometer. A 30 m, 0.25 mm in
side diameter, 0.15 j.Lm DB225 fused-silica column
(} & W Scientific, Folsom, CA) was programmed from
90°C (1 min) to 180°C at 10 °C/min, followed by a
40 °C/min ramp to 240 DC (held 4 min), with the in
jector port at 200°C. The derivatized samples were dis
solved in heptaneydecane. Methyl-2-methylglycerate
(TBDMS)2 eluted at approximately 160°C.
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Figure 3. Electron ionization mass spectra of THOMS deriva
tives of (a) synthetic methyl-2-methylglycerate; (b) [2H 1Jmethyl
2-methylglycerate released from thymine glycol by hydrolysis
and borodeuteride reduction; and (3) [2H,lmethyl-2-methyl
glycerate released from [2H.lthyrnine glycol. Dominant iOI15

result from the loss of a tertiary butyl group 1M - 571 and reflect
the degree of isotope incorporation, as do several other less
intense but characteristic fragment ions at [M - 151, [M - 85],
[M - 1171, and [M - 2311.

is characteristic of TBDMS derivatives, fragmentation
is dominated by an [M - 57] ion (m/z 305), resulting
from the loss of a tertiary butyl group. The derivatiza
tion chemistry was optimized after trying several vari
ations of TBDMS reagents. Neither N-methyl-N
TBDMS-trifluoroacetamide nor distilled TBDMS
imidazole, with or without added anhydrous hydro
chloric acid for catalysis, produced a (TBDMS)2
derivative. Both reagents lack sufficient activity to re
act with the sterically hindered tertiary hydroxyl func
tion at 70 "C, and at higher temperature, decomposi
tion of the analyte occurs. In contrast reagent produced
by formation of TBDMS-imidazole from crystalline im
idazole and TBDMS-CI in acetonitrile, although ex
hibiting abundant side products (silyl polymers) as
background, yields a (TBDMS)2 derivative under mild
reaction conditions. This reagent is purified signifi
cantly by extraction with several aliquots of heptane,
but total ion current recordings of procedural blanks
indicate the presence of a considerable variety of silyl
by-products. Comparison of chromatographic separa
tions using several common liquid phases showed that
the lowest chemical background from reagents and
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Results and Discussion

Synthesis of Thymine Glycol

Thymine glycol is not commercially available, and
repeating the previously published procedures for per
manganate oxidation of thymine [27, 28] resulted in
highly variable yields of products that required exten
sive chromatographic separations and removal of copi
ous quantities of salts prior to crystallization of small
quantities of product. Consequently, we adapted pro
cedures for the use of OS04 instead of KMn04 as an
oxidizing agent [31, 33]. The crude reaction product
contained almost no side products, significantly reduc
ing the difficulty in purification and crystallization.
The yield of cis-thymine glycol from OS04 oxidation of
thymine was consistently 70%. The analytical data
(lH- and 13C-NMR, infrared and mass spectra, melting
point) were consistent with the assigned structure, and
the combustion analysis indicated that the crystal
lattice includes one water per three thymine glycol
molecules.

Characterization of
Methyl-2-Methylglycerate Derivatives

The GC-MS characterization of methyl-2-methyl
glycerate generated from thymine glycol necessitated
synthesis of a reference material because of the un
availability of a commercial standard. Methacrylic acid
oxidizes with H 202 in formic acid, as previously re
ported [34], and the product 2-methylglycerate reacts
with bis(trimethylsilyI)trifluoroacetamide. The result
ing tris-trimethylsilylated acid was analyzed by GC-MS
and identified by comparison of its mass spectrum
with that previously published [34]. The 2-methyl
glycerate was then methylated with anhydrous metha
nolic hydrochloric acid, and the methyl ester was
derivatized with a variety of reagents [bisftrimethyl
silyljtrifluoroacetamide, trifluoroacetyl imidazole, TB
DMS-imidazole] to permit selection of the derivative
with the most desirable GC-MS characteristics for
quantitative assay. Prominent structure-specific frag
mention formation, stability to storage, and volatility
were used to guide selection of suitable derivatives.
For example, mass spectra of di-Itrjfluoroacetyl)
derivative (molecular weight 326) exhibit prominent
structure-specific fragment ions-[M+ - C02CH 3]

m r z 267, 25%; [M+-(C02CH 3 + CF3C02H)], m/z
154,30%)- with a base peak of m/z 69 (CFt), The
high volatility of trifluoroacetyl derivatives of either
the methyl or transesterified isobutyl ester of 2-methyl
glyceric acid preclude sample concentration by evapo
ration without significant losses, limiting the useful
range of the assay. Methyl-2-methylglycerate
(TBDMS)z permits lower limits of detection than other
derivatives tested.

The electron ionization mass spectrum of methyl-2
methylglycerate-(TBDMS)2 is shown in Figure 3a. As
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Figure 5. Replicate measurements of thymine glycol in different
quantities of DNA over the range 0-2 mg indicate the linearity
and consistency of response for freshly dissolved salmon sperm
DNA.

Figure 4. Selected ion chromatograms at m rz 306 (upper traces)
used to measure [2Hdmethyl-2-methylglycerate, and at m!z 310
(lower traces) used to measure the internal standard
[2 Hslmethyl-2-methylglycerate. The signal from freshly dis
solved salmon sperm DNA (b) corresponds to 0.5 ± 0.1 ng
thymine glycol/mg DNA, in contrast to the procedural blank in
(a) or the signal from the same DNA stored for 5 months in
solution at 4 °C (c), corresponding to 1.86 ± .06 ng thymine
glycol/mg DNA. Each chromatogram begins at - 2.3 min and
ends - 13 slater (2.45 sjscale division).
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306 from commercial guanosine and polyjdtl-Cj], but
the largest signals resulted from the thymine-contain
ing materials [dTTP and polyCdA)-polyCdT)] that ap
parently partially oxidized on storage (Figure 6).

Although demonstration of the accuracy of this
method for thymine glycol determination in DNA will
require additional materials and assay comparisons, it
is clear that this assay offers sufficient precision to
detect increased levels of oxidation of thymine in DNA.
For example, we have been able to detect the oxidation
of DNA, which occurs on standing in refrigerated
aqueous solutions. Salmon sperm DNA was weighed
and dissolved in distilled water. The resulting viscous
solution was stored at 4 DC in a plastic vial, and
measurements indicated consistently increasing values
of thymine glycol with respect to storage time when

J

310

306

m/z aexcellent peak shape was obtained when a polar
bonded liquid phase (50% cyanopropylphenyl-50%
methyl silicone, DB225) was used.

Following optimization of derivatization and chro
matography of methyl-2-methylglycerate-<TBDMS)z'
we tested conditions for its generation from thymine
glycol. The optimal conditions for hydrolysis and
[3H]borohydride reduction of thymine glycol were de
scribed previously by Schellenberg and Shaeffer [23]
and adapted for [2H]borohydride. The resulting prod
uct from crystalline thymine glycol contains a single
deuterium atom, as shown in Figure 3b, exhibiting an
[M - 57] fragment ion shifted from m/z 305 to 306,
compared with the product obtained when NaBH4 is
used (Figure 3a). The product resulting from the hy
drolysis and [ZHlborohydride reduction of [2H4l

thymine glycol contains five deuterium atoms, with
the [M - 57] fragment ion shifted to m/z 310
(Figure 3c).

Combining the procedures for release of methyl-2
methylglycerate with its derivatization and assay re
quired several tests to prove that this assay was a valid
quantitative measurement of thymine glycol in DNA.
First, known and varying amounts of crystalline
[2H o]thymine glycol (50 pg-25 ng) were assayed in
the presence of a constant amount of FH4lthymine

glycol internal standard (approximately 16 ngytube),
The resulting standard curves were consistently linear
from 0.05 to 25 ng, indicating a lower limit of de
tectability of 100 pg/tube. Second, weighed and varied
amounts of two commercially available DNAs (herring
and salmon sperm) were assayed for thymine glycol
content. The results for selected ion monitoring of a
procedural blank and a 0.5 mg sample of native salmon
sperm DNA are shown in Figure 4. The signal repre
senting unrepaired thymine glycol in these samples
was measurable, distinct from the procedural blank,
and was linear with increasing amounts of DNA over
the range 0.1-2.0 mg DNA/tube (y = 0.025 + 0.036x;
r = 0.938), as indicated in Figure 5. Third, recycling
and repetition of the hydrolysis/reduction treatment
of DNA prior to methanolysis did not change the ratio
for [2H1lI[2Hs]methyl-2-methylglycerate, indicating
that the hydrolysis/reduction of thymine glycol was
complete, whether in a DNA polymer or as the
monomeric [2H4l internal standard. Fourth, the se
lected ion current at m rz 306 used as a measure of
thymine glycol was specific for the presence of poly
meric or monomeric thymine glycol and was not in
fluenced by other constituents of DNA. Commercially
available nucleotides (250 f.Lg each of dATP, dTIP,
qGTP, dCTP, dITP) and polymers {0.5 and 1.0 mg of
polyA, polytctAj-polytd'I'), and poly[d(I-C)]} were as
sayed to determine whether they contributed to the
signal at m/z 306. The results indicated that the
[2H1J/[2Hsl ratio from m/z 306/310 was not influ
enced by the presence of deoxyglucose, phosphate, or
the bases adenine, inosine, or cytosine. There was
small but measurable contaminant interference at m rz
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It would be desirable to reduce the amount of DNA
required for each assay, and toward that objective we
tested several alternative methods of mass spectromet
ric analysis. Using the same chemical derivatization
method and GC separations, we compared standard
curves, limits of detection, and the precision of results
using electron ionization (El), methane- or ammonia
positive chemical ionization (pel), and tandem mass
spectrometric analysis (MS/MS) [5]. The ion current
signal from ammonia PCI [M + NH 4 ]+ ions exceeded
the [M - 57] signal with EI for analysis of the same
solutions of methyl-2-methy1glycerate-(TBDMS)z but
this did not translate into a lower limit of detectability
because of higher chemical background. Selected reac
tion monitoring MS/MS was investigated as a means
to enhance assay selectivity by diminishing chemical
background. No signal-to-noise improvements were
realized compared with EI mass spectrometry for low
level standards using EI-MS/MS or PCI-MS/MS
when a variety of ion transitions were monitored. This
observation is probably consistent with the fact that
the TBDMS derivatization procedure converts chemi
cal interfering substances to compounds so closely
related to the target analyte that favored collisionally
induced transitions are equivalent in both analyte and
chemical background. As a consequence, EI mass spec
trometry is the preferred method of sample analysis.

Experiments are in progress to measure oxidation
and repair of DNA in cultured cells using a variety of
compounds that generate hydroxyl radicals when me
tabolized. Determination of the time course of repair of
thymine glycol, as well as the differences between
mitochondrial and genomic DNA, will be assayed in
cultured cells to validate the assumption that thymine
glycol in DNA is a valid measure of oxidative insult.
Alternative derivatives to the methyl-2-methylglycer
ate-(TBDMS)2 are being investigated to use the sensi
tivity enhancement of negative chemical ionization
mass spectrometry, with the expectation that assay
sensitivity improvements would reduce directly the
quantity of DNA required for assay, with the goal of
10-100 fLg DNA/assay appropriate for clinical appli
cations.
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