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Abstract
Improvements are made to our gas chromatography-mass spectrometry based assay for quantifying
low levels of DNA-uracil. Folate deficiency leads to increased deoxyuridine monophosphate/
thymidylate (dUMP/dTMP) ratios and uracil misincorporation into DNA, which may increase cancer
risk. Vitamin B6 (B6) deficiency might also result in increased DNA-uracil because B6 is a cofactor
for serine hydroxymethyltransferase (SHMT), which catalyzes the methylation of tetrahydrofolate
(THF) to methylene-THF, the folate form that is required to convert dUMP to dTMP. However, the
low baseline levels of DNA-uracil in healthy human lymphocytes are difficult to measure accurately.
This version of the assay (Uracil assay V3) has an approximately ten-fold increase in signal strength
over the previous method, and a ten-fold lower detection limit (0.2 pg uracil). Five micrograms of
DNA, the amount in about 1 ml of human blood, is a suitable amount for this assay. Using this
improved assay, DNA-uracil was measured in lymphocytes from twelve healthy smoking or
nonsmoking young men and women who consumed a B6 restricted diet (0.7 mg B6/day, or ≈ half
the RDA) for 28 days. DNA-uracil concentration was not significantly related to B6 status or
smoking. More severe and/or prolonged vitamin B6 deficiency may be necessary to detect significant
changes in DNA-uracil in humans. The average concentration of DNA-uracil from these subjects
was found to be approximately 3,000 uracils per diploid lymphocyte, which is comparable to steady
state levels of one of the oxidative adducts of DNA, 8-oxoguanine.
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Introduction
Folate deficiency leads to increased uracil misincorporation into DNA, with consequent nicks
in DNA and chromosome breaks [1]. This DNA damage may contribute to the increased risk
of cancer associated with folate deficiency [1;2;3;4]. In folate deficiency, low cytosolic levels
of N5,N10-methylene tetrahydrofolate (mnTHF), the folate cofactor for thymidylate synthase,
which converts deoxyuridine monophosphate (dUMP) to thymidylate (dTMP), leads to
lowered (dTMP) synthesis and a higher dUMP/dTMP ratio [5]. This higher ratio leads to an
increased misincorporation of deoxyuridine triphosphate (dUTP) into DNA by DNA
polymerase [6;7;8;9]. In human and cell culture studies, it has been shown that DNA-uracil
content rises with folate deficiency [5;6;7;8]. We hypothesized that vitamin B6 (B6) deficiency
may similarly lead to increased DNA-uracil because B6, as pyridoxal phosphate, is a required
cofactor for serine hydroxymethyltransferase (SHMT), which catalyzes the methylation of
tetrahydrofolate (THF) to form mnTHF [4;10].

During repair of uracil in DNA, transient nicks are formed when uracil is excised by uracil-
DNA glycosylase followed by cleavage of the sugar-phosphate backbone by an AP (apurinic/
apyrimidinic) endonuclease. DNA polymerase β then fills in the missing base [11]. In addition
to single strand breaks, folate deficiency leads to double strand breaks, which are more difficult
to repair, if two nicks occur close to each other (within 14 base pairs) on opposite strands
[12]. The presence of DNA nicks due to other causes increases the probability of double strand
breaks by increasing the frequency of total DNA nicks. For example, another source of DNA
nicks is glycosylase removal of oxidant-damaged bases such as 8-oxoguanine. Double strand
DNA breaks may lead to acentric chromosomes fragments and micronuclei.

Although it has been established that folate deficiency leads to increased DNA-uracil and that
there is an association between folate deficiency and increased DNA damage or micronuclei
formation [1;3;13;14], it is unknown whether B6 deficiency causes a similar effect. We used
the improved uracil assay described here to measure lymphocyte DNA-uracil in healthy
humans who were marginally B6 deficient.

Vitamin B6 is comprised of a group of related vitamers: pyridoxal, pyridoxine, and
pyridoxamine, and their phosphorylated forms pyridoxal phosphate (PLP), pyridoxine
phosphate, and pyridoxamine phosphate, respectively [15]. Plasma PLP is the most commonly
used index for determining vitamin B6 status [15;16]. The current recommended daily
allowance (RDA) for adults (19-50 years of age) is 1.3 mg vitamin B6/d [16]. In the United
States, about 28% of female and 7% of male adults are below the estimated average requirement
(EAR) [17]. (The EAR is used to estimate the prevalence of inadequate population and intakes
[17] are defined as 2 standard deviations below the RDA). Although this indicates that many
people have an inadequate intake of vitamin B6, it is not clear what level is optimal for long-
term health [18].

Some studies have found that smoking decreases vitamin folate status [19;20] and other
vitamins such as vitamin C [21], and increases DNA damage [22;23], although these
relationships are not definitive. In the current study, we included both smokers and nonsmokers
as subjects for B6 and DNA-uracil assessment.

Previously, we described a set of improvements that were made to a gas chromatography-mass
spectrometry (GC-MS) assay for uracil in DNA in order to analyze more accurately the DNA-
uracil content of cells grown in tissue culture under folate-deficient conditions [24]. This assay,
referred to hereafter as “Uracil assay V2,” was used in tissue culture studies that examined the
effects of folate deficiency on the proliferation and DNA-uracil content of primary, cultured
human lymphocytes [24]. However, preliminary studies indicated that DNA-uracil levels in
freshly harvested lymphocytes from healthy (vitamin sufficient) humans were much lower than
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those found in lymphocytes grown in tissue culture with a concentration of 12 nM folic acid,
a level that approximates adequate folate levels in vivo (Figure 1). This apparent discrepancy
is probably caused by the fact that folic acid, the oxidized form of folate commonly used in
supplements and tissue culture studies, is different from the folate forms naturally found in
food, i.e., 5-methyltetrahydrofolate (5-MeTHF) and 10-formyltetrahydrofolate (10-
formylTHF). Folic acid, is much less efficiently transported into the cells of most tissues via
the reduced folate carrier than the fully reduced forms, 5-MeTHF and 10-formylTHF [2;25].
Therefore, the concentrations of folate in the tissue culture experiments were effectively
equivalent to a much lower in vivo level and DNA-uracil levels in these cultured cells were
easier to detect.

A wide range of DNA-uracil levels has been reported in the literature ranging from 0.2 to 129.0
pg uracil / μg DNA [1;24;26;27;28;29;30;31]. Although the health and vitamin status of study
subjects might greatly affect DNA-uracil levels, the wide range of reported values is probably
partly due to the technical difficulty of accurately measuring DNA-uracil content, especially
in samples where levels are low. Table 1 shows some measurements that have been reported
from both animal and human studies. In order to detect more accurately low baseline
lymphocyte DNA-uracil content of healthy human DNA, further modifications were made to
the uracil assay; this most recent version of the assay will hereafter be referred to as “Uracil
assay V3.” This assay was also used to measure DNA-uracil in lymphocytes from healthy
humans (both smokers and nonsmokers) who were marginally B6 deficient.

Materials and methods
Uracil assay improvement

The uracil assay was carried out as described [24] except for the following changes: Use of
more concentrated enzyme: Cloning and purification of E. coli UDG Using smaller amounts
of enzyme resulted in higher signals and that this was likely due to lessening glycerol from the
enzyme storage buffer, as glycerol is known to be a good nucleophile and thus competes with
uracil for the derivatization reagent. In a control experiment, 10 μl of UDG diluted to 1:10,
1:100, and 1:1000 were added to oligos containing 100 pg of uracil (in duplicate): 343
abundances were (mean ± STDEV) 2,007 ± 14; 7,656 ± 1,460; and 9,622 ± 257, respectively.

In order to obtain a higher concentration of UDG for the assay, so that sufficient enzyme could
be used in the assay in smaller volumes, the E. coli UDG (uracil DNA glycosylase; also called
“UNG”) gene was cloned (NCBI Entrez Nucleotide website at http://www.ncbi.nlm.nih.gov,
accession number D13169) and the protein purified using standard molecular biology
techniques. This sequence was used to design primers for amplifying the UDG gene and cloning
into the pTYB1 expression vector included in the IMPACT-CN kit (New England Biolabs,
Ipswich, MA). The primer sequences were: Forward (5' to 3'):
CGGTCGCATATGGCTAACGAATTAACCTGG; reverse (5' to 3'):
CGGTCGGCTCTTCCGCACTCACTCTCTGCCGGTAATAC. The culture from which the
plasmid (verified by DNA sequencing) had been obtained was cryopreserved by adding
autoclaved glycerol to a final concentration of 20% glycerol and storing in aliquots at −80 °C.

For protein expression and purification, the manufacturer's instructions for the IMPACT kit
were followed using the clarified extracts from 2 liters of cells on each column. One important
change to the IMPACT protocol was to add about 3 mg of DNase 1 (Sigma) to each cell pellet
before sonication. The DNase addition made the cell pellets more compact after centrifugation,
with a cleaner and less viscous supernatant, which prevented clogging of the column. Also,
the column buffer was made to a final concentration of 2.5 M NaCl as the lower concentration
of salt suggested in the instructions led to very inefficient elution of protein at the end of the
process. The yield was about 16 ml of 1 mg/ml protein. An equal volume of glycerol was added
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to each enzyme preparation and stored at −20 °C for a final concentration of about 0.5 mg
protein/ml.

One unit of the UDG enzyme was defined as the amount that could completely digest uracil
from synthetic oligonucleotides containing 100 pg of uracil assayed using the uracil assay
(described in this paper). A 1:500 dilution of the enzyme preparation yielded a concentration
of about 1 U/μl.

Improved drying step—Previously, for the Uracil assay V2 [24], we noted found that speed-
vac drying samples for a shorter period of time (2 hours instead of overnight as in the original
protocol) and capping the tubes loosely or using caps that had been punched with a needle
greatly decreased contamination problems. In an experiment in which samples were dried for
12 hours in a speed vac in duplicate, tubes with UDG and 15 pg ISTD had a 337/343 ratio
(mean ± STDEV) of 3.40 ± 0.84 (43.2 ± 10.7 pg uracil) when dried with no caps and 0.33 ±
0.04 (4.0 ± 0.5 pg uracil) when dried with punched caps. In contrast, six replicate tubes with
ISTD and buffer only had a 337/343 ratio of 0.02 ± 0.01 when dried with loose caps for 2 hours.
The amount of contamination from speed-vac drying could vary widely from run to run, and
probably was related to the cleanliness of the speed vac and what sort of samples had been
previously run.

For the current Uracil assay V3 protocol, we avoided the speed vac altogether by drying
samples in a desiccator lined with Drierite. In another control experiment, tubes with 5 pg of
ISTD and no uracil added had a 337/343 ratio (mean ± STDEV) of 0.14 ± 0.03 for duplicate
tubes dried in the SV (2 h.) vs. 0.07 ± 0.01 for duplicated tubes dried with Drierite for 1 day.

A vacuum desiccator was prepared by lining with Drierite desiccant (W.A. Hammond Drierite
Co. Ltd., Xenia, OH) and the desiccant allowed to settle for at least 24 hs to prevent
contamination of samples by trace amounts of Drierite dust. Evacuation of the desiccator two
times using a bench top vacuum source is also recommended before the first use of fresh
desiccant. Recent trials indicate that use of several 10 g packets of silica gel (Minipax absorbent
packets, Sigma-Aldrich, USA), aspirating trace dust from the packets and desiccator before
use with a benchtop vacuum source, is more convenient than Drierite and also works well.

Sample, standard curve, and control tubes were made up as described [24] except that the
standard curve was comprised of lower amounts of uracil and internal standard: 0, 0.2, 1, 2.5,
and 5 pg of uracil (Sigma) in a volume of 10 μl for each tube. Five pg of internal standard
(labeled uracil, MW=343: 13C4H4O2 15N2; Cambridge Isotope Laboratories, Andover, MA)
was added in 10 μl to each tube as well as 5 μl of a 1:125 dilution of UDG (approximately 20
U) was next added. After bringing all tubes to a final volume of 45 μl with PIPPS buffer, the
tubes were then capped, and the solution briefly spun down in a microcentrifuge (pulsing to
1,200 X g) to force all liquid to the bottom of the tubes, then incubated at 37 °C for 1 h in a
dry incubator after wrapping the entire rack with sample tubes in aluminum foil.

After incubation, the tube caps were loosened 1/3 turn and placed in the vacuum desiccator
and the chamber evacuated using a benchtop vacuum source for 30-60 sec. then sealed. The
desiccator was then placed in the dark at room temperature for two days. After this time, air
was let back into the chamber after first connecting (with rubber tubing) the dessicator inlet to
a syringe in which two layers of small circles of filter paper had been inserted to the impede
air flow. This allowed air to re-enter the chamber very slowly and prevented disturbance of the
sample tube contents.

Concentration of the derivatized sample—We used a method to concentrate the sample
at the isooctane extraction step that greatly increased signals. In a typical experiment using the
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Uracil assay V2 protocol [24] of adding 100 μl isooctane to derivatized samples, vortexing,
then extracting off 85 μl, the mean 337 signal (mean ± STDEV) for duplicate tubes of 5 pg U
standard was 575 ± 49.5. In contrast, in a typical experiment in which the V3 protocol was
followed as described below, the mean 337 for duplicate tubes of 5 pg U standard was 18,3743
± 1,613.6. The great increase in signal was attained without sacrificing reproducibility: 0 pg
standards run in quadruplicate in this same experiment yielded a 337/343 ratio (mean ±
STDEV) of 0.06 ± 0.01.

Derivatization of the samples was carried out as described [24] except that after derivatization,
50 μl of milliQ water and 205 μl of isooctane were added before vortexing and centrifugation.
Next, 185 μl of the top isooctane layer was removed into GC vials and placed in a 70 °C heat
block in the hood for approximately 1 h to concentrate the volume to about 20 μl. A standard
plastic balance draft shield placed backwards was used to prevent dust from contaminating
tubes during evaporation. The isooctane used was nano-pure and small bottles of the reagent
were ordered as the concentration step can amplify small levels of background contamination.
If background levels started to increase, a new bottle of isooctane was used. Vials were capped
and run on the GC-MS in batches, keeping vials at −20 °C until analyzed to prevent evaporation.
The GC-MS conditions used were the same as those described [24].

Cell culturing and/or collection—Fresh human mononuclear cells were obtained from
AllCells (Berkeley, CA) for the low-folate culturing experiments and initial direct
measurements (without culturing). Human lymphocytes were cultured in folate concentrations
ranging from 0-30 nM before analysis as described [24]. Lymphocytes for the marginal B-6
deficiency studies were collected as described below in the section “Vitamin B6 deficiency
study materials and methods.”

DNA from the pellets of human lymphocytes were extracted using a modification of the
sodium-iodide “chaotropic” protocol included in the Wako DNA Extractor Kit (Wako Pure
Chemical Industries, Ltd., Osaka, Japan) as described [32]. Some assay runs became
contaminated, but it was discovered that the duplicate DNA pellets for these samples had been
degraded. Therefore samples for these runs were extracted using duplicate cell pellets using a
different extraction technique that might yield more stable duplicate DNA aliquots for the
remaining precious cell samples. The alternate DNA extraction method was the QIAamp DNA
Blood Maxi Kit Maxi kit (“Maxi kit”, Qiagen, Valencia, CA) for samples with up to 100 million
cells, and used the optional RNase step. Using the Maxi kit, the DNA was eluted in 500 μl of
PIPPS buffer (5 mM PIPPS, pH 8; PIPPS: piperazine N,N'-bis[3-propane sulfonic acid];
Calbiochem, San Diego, CA) and the eluant reapplied to the column membrane and the DNA
re-eluted after a 5 min incubation at room temperature. The uracil assay was run on replicates
of some samples that had been extracted using both methods to verify that similar DNA-uracil
measurements were attained using either extraction method. For example, there were enough
samples to run duplicates of DNA extracted with both techniques on all five timepoints for
subject #LS-7. A set of five cell pellets was extracted with both the Qiagen and sodium-iodide
techniques. Duplicates were run of samples with separate runs for the Qiagen-extracted and
the sodium-iodide extracted DNA. The mean of duplicate measurements for each run was
calculated, and then the standard deviation of between run means and the mean of the means
between runs calculated to calculate inter-run variability The CV% of the mean of the means
ranged from 5.1-18.8%.

Following either DNA extraction technique, DNA was quantified with Picogreen (Molecular
Probes, Eugene, OR), then 50 μg of DNA for each sample was digested with RNase A and
RNase T1 (0.5 U/μg DNA each, to remove possible residual RNA) at 37 °C for 1 h, then treated
with Hind III (1 U/μg DNA) at 37 °C for 1 h. The DNA was then re-precipitated to remove the
reaction buffer using modifications of the isopropanol/sodium-iodide method [32]. Briefly,
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400 μl total volume of DNA was precipitated by adding 1 ml 100% isopropanol and inverting
the tubes 30 times. Then, 600 μl of sodium iodide solution (11.4 g sodium iodide; 0.4 ml EDTA
0.5 M, pH 8; 0.4 ml 1 M Tris pH 8; and 6 ml of water for a total volume of 10 ml) was added
to each tube and inverted 60 times. The DNA was pelleted by spinning at a maximum setting
(12,000 ×g) in a microcentrifuge for 5 min, and the supernatant removed by aspiration. The
DNA pellets were washed by adding 1 ml 80% ethanol, vortexing briefly, then centrifuging
(12,000 × g) for 5 min. The wash was repeated with 1 ml 90% then 100% ethanol, with pellets
transferred before the spin in 90% ethanol using a wide bore pipette tip to clean, DNase/RNase
free tubes. For DNA in volumes up to 100 or 200 μl, volumes of reagents were scaled down
to 25% or 50% of that listed above, except for the ethanol washes, which were 0.5 ml each.
Following the 100% ethanol wash, spin, and aspiration, pellets were air-dried for 5 min, then
PIPPS buffer was added to attain a DNA concentration of approximately 700 ng/μl and DNA
incubated in the dark at room temperature for 30 min. After this time, DNA was vortexed for
30 sec., briefly spun down, and stored at 4 °C if the uracil assay was performed within a few
days, or at −20 °C if the DNA was to be stored longer.

The restriction enzyme digest step was added because sodium iodide precipitated DNA is often
extremely difficult to suspend in buffer if the pellet is over-dried. Working an over-dried DNA
pellet into solution can take 30 min. or longer with a pipette, whereas an over-dried DNA pellet
that had been pre-treated with restriction enzyme easily went into solution in seconds.
Precipitation of DNA was used because large amounts of DNA from healthy human
lymphocytes were originally necessary for use in the uracil assay, and also because experiments
run during this time period involving tissue samples indicated a danger of large amounts of
RNA contamination, and so we added an additional RNase step and re-precipitation was needed
to remove RNase and RNase buffer. However, we subsequently found that for lymphocytes,
RNA contamination is unlikely to be a problem and that lymphocyte DNA with or without
secondary RNase treatment yielded similar DNA-uracil measurements (data not shown).
Tissue samples may pose more of a problem, however, and secondary RNase treatment is
recommended for DNA extracted from tissue samples.

If samples are extracted using sodium iodide precipitation, use of the restriction enzyme is
recommended. Hind III was chosen to homogenize DNA samples because of its robust
character (Hind III can be used at concentrations up to 200-fold without “star activity,” or
cleavage of DNA at non-specific sites), low cost, and because it was predicted (based on
computer analysis of the human genome and Hind III sites) to produce fragments long enough
not to be lost in washing steps of the DNA pellet, but not so long as to become tangled and
inhibit solubilization.

Vitamin B6 deficiency study materials and methods
Subject selection and experimental design—Subject recruitment, treatment, and blood
sample collection were carried out by the Shultz group at Washington State University (WSU)
following approval by the WSU Committee for the Protection of Human Subjects (WSU IRB
approval #4113). Twelve healthy young subjects, 6 smokers (S) and 6 nonsmokers (NS),
consumed a controlled diet for three successive 28-day (d) periods: depletion (0.7 mg B6/d),
repletion 1 (1.4 mg B6/d, ≈RDA [16]), and repletion 2 (2.2 mg B6/d); followed by a 28-day
self-selected diet supplemented with 10.3 mg B6/d. During the two repletion periods, additional
vitamin B-6 was provided as a solution of pyridoxine hydrochloride (PN-HCL) given at
breakfast. Supplemental PN-HCL, a highly bioavailable form, provided 62 and 76% of the
total B-6 intake during these periods.

Male S (n=2) and NS (n=3), female S (n=4) and NS (n=3) were recruited from the local
university community by advertisements in newspapers and announcements posted and
circulated throughout the community. Subjects ranged in age from 21 to 44 y (mean ± SD:
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28.6 ± 7.9). Smokers selected for the study smoked an average of 16 cigarettes/d (range: 9-25/
d) and had been smoking for an average of 10 y (range: 3 mo-25 y). A urinary cotinine test
was conducted once/mo to estimate cigarette smoking quantity and/or exposure to second-hand
smoke. Screening of S urinary cotinine (NicAlert, Nymox Laboratories, Maywood, NJ)
concentrations indicated that these subjects were heavy smokers with a concentration >2,000
ng/mL, while NS cotinine concentration revealed none or negligible environmental tobacco
smoke exposure. Monthly urinary cotinine measurements during the study confirmed smoking
status. Potential subjects were additionally screened by assessment of plasma folate
concentration. Subjects were considered to have adequate folate status with a plasma
concentration of ≥7 nmol/L (16). Subjects folate concentration (mean ± SD) at screening and
baseline was 41.1 ± 16.5 nmol/L. Smoker and NS folate concentration was not significantly
different at screening. To provide the Dietary Reference Intake RDA (16) for all nutrients
except vitamin B-6, subjects were supplemented every other day with 400 μg folic acid (Rite
Aid Corp., Harrisburg, PA). There were no significant differences between S and NS plasma
folate concentrations at baseline and at the end of each experimental period. During the entire
study, plasma folate concentrations averaged 43.7 ± 8.2 nmol/L.

All subjects met the following criteria for inclusion in the study: 1) general good health; 2) no
hormonal therapy (i.e., oral contraceptives, estrogen, androgen, progesterone or
glucocorticoids) or other drugs (i.e., isoniazid, penicillamine and others) which would
influence vitamin B-6 [33] or folate [34] metabolism; 3) no use of vitamin or other nutritional
supplements one month prior to the beginning of the study.

At the start of the study and at the end of each study period, whole blood was collected, plasma
separated, and lymphocytes isolated using Lymphocyte Separation Medium (ICN
Biochemical, Aurora, OH) according to the manufacturer's instructions. Plasma, lymphocyte,
and erythrocyte PLP concentrations were measured as previously described [35;36].
Lymphocyte pellets from 10-20 ml of whole blood were frozen at -80 °C and shipped on dry
ice to the Ames laboratory, where they were stored at -80 °C until analyzed for DNA-uracil.
A solid phase no boil Dualcount radioassay (Diagnostic Products Corp., Los Angeles, CA)
was used to determine folic acid concentration.

Uracil analysis—The UC Berkeley Committee for the Protection of Human Subjects and
the Institutional Review Board of CHORI approved the role of UC Berkeley and CHORI
researchers, respectively, in measuring DNA-uracil in all the samples used in experiments
described in this paper (lymphocytes from the B6 deficiency study, and lymphocytes from
AllCells). Uracil analysis using 5-10 μg of DNA per sample was carried out using GC-MS as
described above.

Data analysis—Data analysis was performed using GraphPad Prism software, version 4.00.
Repeated measures one-way analysis of variance (ANOVA) was used to determine if a
significant difference existed between means corresponding to different treatments (baseline
and different vitamin B6 intake levels) with Dunnett's post-hoc test performed to determine
significant differences between treatment groups and the marginally vitamin B6 deficient
treatment. For the comparison of DNA-uracil levels in S vs. NS, an unpaired t-test was
performed for each treatment. Pearson's correlation coefficients were calculated to determine
relationships among vitamin B6 status measures and lymphocyte DNA-uracil concentrations.
P < 0.05 was considered statistically significant. For the preliminary results of DNA-uracil in
healthy individuals with low or high folate status, a Student's t-test was performed in Microsoft
Excel to determine if there was a significant difference between the DNA-uracil concentrations
of the two groups.

Mashiyama et al. Page 7

Anal Biochem. Author manuscript; available in PMC 2009 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Results
Uracil assay V3

Figure 2 (A, B, C) shows a comparison of typical standard curves produced using the Uracil
assay V1, V2, V3. Shown in Figure 3 is a comparison of the GC-MS chromatograms obtained
using directly collected (uncultured) human lymphocytes from AllCells processed using Uracil
assay V2, (Figure 3A) vs. V3 (Figure 3B).

Improved linearity test
Using the previous version of the Uracil assay (V2), a standard curve of the amount of uracil
vs. the amount of DNA from healthy humans, which contains very low levels of DNA-uracil,
often produced non-linear results because of lack of sufficient accuracy of the assay in
measuring samples with very low DNA-uracil content (Figure 4A). However, using the V3
protocol, linear results were produced as shown in Figure 4B.

Intra- and inter-assay variability
The study of marginal vitamin B6 deficiency and lymphocyte DNA-uracil incorporation
yielded 59 lymphocyte samples (five different timepoints for each of twelve donors, except
for one donor for whom there were four time point samples). There was enough material from
some of these samples to assay DNA-uracil in duplicate one or more times. For same-day
duplicates, each DNA sample was prepared for the uracil assay in two vials, and each pair of
duplicate vials run on GC-MS the same day. Intra-assay variability was calculated using the
same-day measurements of 53 sets of duplicates. These samples had an average intra-assay
coefficient of variation % (CV%) of 5.0% (ranging from 0.1-23.1%). For the inter-assay
variability, samples were measured in duplicate on two different days (e.g., DNA was prepared
for the uracil assay as detailed above for the same-day duplicate measurements, and the
duplicates assayed for uracil; then the entire process was repeated, starting on a different day
for a second pair of duplicates). There was sufficient DNA for twelve sets of these two-day
duplicates. Average inter-assay CV% of the mean of each day's duplicates over two days was
17.9% (ranging from 4.5-41.8%). Because of the low levels of uracil detected, there were some
measurements that had higher variability, but the overall assay performance was at a level of
less than 20% variability, which is generally considered acceptable.

Marginal vitamin B6 deficiency in humans
Figure 5A shows that DNA-uracil remained relatively constant at all vitamin B6 intake levels
in this study, and that marginal B6 deficiency for 4 wks at approximately half the RDA (0.7
mg B6/day) did not significantly increase DNA-uracil concentrations. Consumption of the
marginally deficient vitamin B6 diet (0.7 mg B6/day) reduced mean lymphocyte and plasma
PLP by 35 and 58%, respectively, but these differences were not statistically significant when
compared with baseline (Figures 5B and C). Plasma and erythrocyte PLP concentrations
appeared to be more responsive than lymphocytes to the highest vitamin B6 intake (Figures
5C and D).

For the entire group, including both smokers (S) and non-smokers (NS), plasma, lymphocyte,
and erythrocyte PLP were not significantly correlated with lymphocyte DNA-uracil. Between
S and NS, DNA-uracil also did not significantly differ at any of the vitamin B6 intake levels.
DNA-uracil (mean ± SEM, pg uracil/μg DNA) concentrations for S vs. NS was: 0.124 ± 0.015
vs. 0.145 ± 0.033 (baseline); 0.111 ± 0.013 vs. 0.100 ± 0.007 (depletion); 0.113 ± 0.011 vs.
0.095 ± 0.007 (repletion 1); 0.129 ± 0.032 vs. 0.097 ± 0.008 (repletion 2); and 0.120 ± 0.009
vs. 0.112 ± 0.014 (supplementation). Smoker plasma PLP was 52% (P<0.05) lower than NS
at baseline, but not significantly different during the experimental periods.
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Discussion
This paper describes the most recent set of improvements to the uracil assay (Uracil assay V3).
The earlier versions: the original assay [26] and the Uracil assay V2 [24], were suitable for
measuring moderately high levels of DNA-uracil found in the DNA of severely folate-deficient
humans or tissue culture cells that had been grown under folate-deficient conditions. However,
the assay needed to be improved further for measuring baseline or mildly vitamin-deficient
lymphocyte DNA-uracil in humans.

For Uracil assay V3, three major changes were made to the previously described [24] Uracil
assay V2 protocol. The first improvement was to use smaller volumes of a more concentrated
enzyme by producing our own UDG in-house. Because the glycerol in the storage buffer of
enzymes decreases GC-MS signal strength, using smaller amounts of the enzyme resulted in
higher overall signals.

The second improvement was to replace the speed vac in the dry-down step with a standard
laboratory glass vacuum desiccator lined with desiccant (Drierite or packets of silica gel).
Previously [24], we explained that modifications to the dry-down step after enzyme reaction
with DNA greatly reduced cross-contamination of uracil from one tube to another in the speed
vac and lowered to threshold of detection to 2.5 pg of uracil. In the current method, the threshold
is further lowered to 0.2 pg, and this increase in sensitivity was in large part due to modified
dry-down step. Although processing time was increased considerably, this step was critical for
reducing contamination to the point that lower limits of uracil that can be detected reproducibly.

In a third major change, signal strength was increased by about ten-fold by adding a
concentration step after the isooctane extraction. Tests showed that evaporating the extract at
70 °C neither affected the 337/343 ratio nor introduced artifactual uracil signals (data not
shown).

In comparison with Uracil assay V2, Uracil assay V3 has an approximately ten-fold increase
in signal strength and a ten-fold lower detection limit of 0.2 pg uracil. Using this method, five
micrograms of DNA is a suitable amount for measuring baseline levels of DNA-uracil in
healthy, well-nourished humans. With the previous methods, even using large amounts of DNA
often produced variable results when DNA-uracil levels were very low, likely because of low
signal-to-noise ratios. This improved protocol may be useful in human studies where DNA-
uracil levels are likely to be low and small differences in DNA-uracil levels may be important.

Marginal vitamin B6 deficiency in humans
As shown in Figure 5A lymphocyte DNA-uracil was not significantly affected by the short-
term marginal vitamin B6 restriction during the 4 wk time period, suggesting that the cell has
a robust system for protecting DNA from uracil incorporation. Lymphocyte DNA-uracil (mean
± SEM) concentrations for all subjects were 0.134 ± 0.018, 0.105 ± 0.007, 0.104 ± 0.007, 0.113
± 0.017, and 0.116 ± 0.008 pg uracil/μg DNA for baseline, depletion, repletion 1, repletion 2,
and supplementation periods, respectively.

Lymphocyte PLP concentrations (Figure 5B) show an increasing dose response to vitamin B6
intake, with a three-fold higher mean lymphocyte PLP concentration (± SEM) at
supplementation vs. depletion (80.1 ± 27.0 vs. 27.4 ± 3.8 pmol/mg protein); however, there
was a lack of significant difference between the marginal lymphocyte PLP concentration and
any of the baseline or repletion/supplementation periods. This may be due to variability in the
subjects' response to vitamin B6 intake and/or the small sample size (n = 12). Increased B
vitamin intake, such as vitamin B6, over the RDA raises the coenzyme level, e.g. PLP,
considerably over the level present at the RDA [37], as is also shown here.
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Plasma and erythrocyte PLP concentrations (as shown in Figures 5C and D) were more
responsive to the vitamin B6 supplementation period with a significant difference (p < 0.01
for both plasma and erythrocyte PLP) when compared with the marginal B6 treatment. Plasma
PLP (mean ± SEM) was 15.6 ± 2.4 nM at depletion vs. 207.3 ± 23.8 nM at supplementation;
the fifteen-fold increase in vitamin B6 intake resulted in a corresponding thirteen-fold increase
in plasma PLP. This shows that vitamin B6 taken orally enters the bloodstream rapidly and
efficiently. Erythrocyte PLP (mean ± SEM) increased from 25.2 ± 0.9 nM at depletion to 106.7
± 15.3 nM at supplementation. This four-fold increase in PLP concentration due to a 15-fold
increase in vitamin B6 intake was significant, but not as dramatic as for plasma PLP. The
increase in PLP concentration in lymphocytes (a three-fold increase) due to the same fifteen-
fold increase in vitamin B6 intake was lower than for erythrocytes, indicating that lymphocytes
may have more tightly controlled uptake than erythrocytes.

Even the highest supplementation level of 10.3 mg B6/day, or about 8 times the RDA, did not
result in significantly lower DNA-uracil concentrations compared to baseline measurements
in these subjects. The low baseline concentrations of DNA-uracil indicate that the donors were
likely to be healthy individuals who were well-nourished before beginning the study. This
postulation is supported by the fact that individual B6 intake of subjects before the study,
calculated from 3-d diet records averaged 1.6 ± 0.2 mg/d (mean ± SEM; data not shown), an
intake greater than the RDA. Results of this study suggest that intakes greater than the RDA
for B6 do not reduce DNA-uracil concentrations. During the study, subjects were well-
nourished except for marginal B6 intakes over the “depletion” period, consuming
approximately 100% of the RDA for all other nutrients (with the exception of vitamin C for
smokers).

The average DNA-uracil content of these donors over all timepoints of the study was about
3,000 uracils per diploid cell, or approximately 1 U for every million thymines (data not
shown). This is in the range of that reported by the most recent report on DNA-uracil
concentration of human lymphocytes that were not pre-cultured in folate-deficient conditions
before measurement [30]. The level of vitamin B6 deficiency used in this study for the relatively
short period of 4 wks did not lead to increased lymphocyte DNA-uracil concentrations. Tissue
culture studies have shown that while folate deficiency may not result in increased DNA-uracil
content, cell repair response to oxidative insults can be impaired and it takes longer for DNA
repair to occur [3]. In a similar way, marginal vitamin B6 deficiency may not result in a
measurably higher steady-state level of DNA-uracil, but the capacity of the cell to respond to
stress, such as that induced by deficiencies of other vitamins or oxidative damage may be
compromised under marginal vitamin deficiencies such as B6 [18]. DNA-uracil also did not
significantly differ between smoking and non-smoking at any of the vitamin B6 intake levels.

In conclusion, while extreme experimental conditions show that the phenomenon of increased
DNA-uracil content under folate-deficient conditions undoubtedly occurs [24;26;29], and is
likely to lead to lowered DNA-repair capacity under stress and increased long-term risk for
DNA damage, it is more difficult than previously thought to measure this increase in normal,
healthy humans with physiological vitamin B6 deficiency.
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dTMP, thymidylate
dUMP, deoxyuridine monophosphate
dUTP, deoxyuridine triphosphate EAR, Estimated Average Requirement
formylTHF, 10-formyltetrahydrofolate
GC-MS, gas chromatography-mass spectrometry
MeTHF, 5-methyltetrahydrofolate
mnTHF, N5,N10-methylene tetrahydrofolate
NS, nonsmokers
PIPPS buffer, piperazine N,N'-bis (3-propane sulfonic acid)
PLP, pyridoxal phosphate
RDA, Recommended Dietary Allowance
S, smokers
SHMT, serine hydroxymethyltransferase
THF, tetrahydrofolate
UDG, E. coli uracil DNA-glycosylase
UNG, human uracil DNA-glycosylase
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Figure 1. DNA-uracil concentrations in cultured, “folate-sufficient” lymphocytes are higher than
those in lymphocytes freshly harvested from healthy humans
Typical chromatograms produced using the Uracil assay V2 using 50 pg of internal standard
(“343”) and the following amounts of sample DNA: (A) 3 μg of DNA from human lymphocytes
grown in tissue culture with 12 nM folic acid; (B) 3 μg of DNA from lymphocytes grown in
30 nM folic acid; (C) 10 μg of DNA from freshly collected healthy human lymphocytes
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Figure 2. Comparison of typical standard curves
Comparison of typical standard curves produced using the uracil assay (A) original protocol,
(B) V2, or (C) V3. Progressively lower ranges of uracil can be accurately detected with each
subsequent protocol version.
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Figure 3. Uracil assay chromatography signals were amplified by concentrating the isooctane
extract
Signals from the internal standard (“343,” mass-to-charge ratio) and uracil are indicated on the
GC-MS chromatograms. (A) Typical chromatogram produced following the previous Uracil
assay (V2) protocol; 10 μg of DNA and 50 pg of internal standard (“343”) were used. (B)
Typical chromatogram produced following the new Uracil assay (V3) protocol; 10 μg of DNA
and 5 pg of internal standard were used.
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Figure 4. Improved linearity test using low uracil-content DNA from lymphocytes of healthy
humans
Representative results from running linearly increasing amounts of DNA from healthy human
lymphocytes in duplicate through the uracil assay using (A) the previous protocol, Uracil assay
V2, or (B) the new protocol, Uracil assay V3. Values represented as mean +/− SEM.
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Figure 5. DNA-uracil is not significantly affected by marginally deficient vitamin B-6 status
The vitamin B-6 (B-6) Recommended Dietary Allowance is 1.3 mg/day. A) Lymphocyte DNA-
uracil content vs. B-6 intake levels. B) Lymphocyte PLP concentration vs. B-6 intake. C)
Plasma PLP concentration vs. B-6 intake. D) Erythrocyte PLP concentration vs. B-6 intake.
Values are represented as mean ± SEM, n=12.
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