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ABSTRACT

Analytical procedures and quality assurance criteria have been established for enzymatic hydrolysis of fish tissue DNA to free
nucleosides and their subsequent characterization by liquid chromatography—photodiode-array ultraviolet spectroscopy and liquid
chromatography-thermospray mass spectrometry. Optimization of enzymatic efficiency to assure minimal loss of modified nucleosides
is described. Variability in analyte capacity factors and multiwavelength response have been compared for analyte standards and
hydrolysates, and results have been used to derive qualitative and quantitative quality assurance criteria. A comparison of DNA mole
percent calculated using single-wavelength quantification and multiwavelength averaging quantification indicates that less variability in
data may be expected using the multiwavelength technique. Finally, the composition of DNA from liver of three species of fish widely
used in mutagen/carcinogen laboratory and field studies, rainbow trout (Onchorynchus mykiss), medaka (Oryzias latipes), and brown
bullhead (lctalurus nebulosus), has been determined. Identification of deoxyuridine in the DNA hydrolysates of each fish indicates that
this analyte should be measured to accurately report DNA deoxynucleoside mole percent, especially when reporting data for the
methylation of deoxycytidine.

INTRODUCTION icals that may react with important biomolecules

such as DNA. Our objective was to develop stan-

Chemical residues in fish have been used suc-
cessfully by the U.S. EPA as an indicator of, and
monitor for, environmental pollutants that read-
ily bioaccumulate [1]. However, analytical meth-
ods must also be capable of characterizing reac-
tive environmental pollutants, i.e. those chem-
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dard protocols to generate reproducible data on
the composition of DNA constituents which the
U.S. EPA may use in both research and monitor-
ing activities. Further, we hoped to obtain infor-
mation on the composition of DNA in the liver
of several fish species commonly used in toxicol-
ogy research programs. We have therefore devel-
oped analytical methodology based upon liquid
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chromatography—photodiode-array  ultraviolet
spectroscopy (LC-UYV) and liquid chromatogra-
phy-thermospray mass spectrometry (LC-TSP-
MS) for the characterization of major and minor
deoxynucleosides in fish liver DNA, and have
used the methods to characterize deoxynucleo-
sides in three species of fish, rainbow trout, me-
daka, and brown bullhead. An essential part of
the methodology was the development of mild
DNA isolation and enzymatic digestion proce-
dures which do not degrade modified nucleosides
and are compatible with chromatographic pa-
rameters for optimal analyte resolution and ther-
mospray ionization processes. Assessment of the
variability of qualitative and quantitative param-
eters for the determination of quality assurance
criteria was done by repetitive analysis of cali-
bration standards and calf thymus DNA.

EXPERIMENTAL®

Fish care and handling

Fish were obtained from commercial sources
and maintained in the fish culture facility at
ERL-Duluth [2]. Trout and medaka were sexual-
ly mature, bullheads were not. Food was with-
held for 24 h before using fish.

Reagents

Chemical reagents were of the highest purity
commercially available and purchased from Sig-
ma (St. Louis, MO, USA) or Aldrich (Milwau-
kee, WI, USA). A mixture of nucleosides used to
test LC column performance was purchased from
Supelco (Bellefonte, PA, USA). HPLC-grade wa-
ter was purchased from EM Science (Gibbstown,
PA, USA). Calf thymus and Escherichia Coli
DNA were purchased from Sigma.

Instrumentation

UV spectrophotometry. A Beckman DU-7 mul-
tiwavelength scanning spectrophotometer (Beck-
man Instruments, San Ramon, CA, USA) was
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used to determine total microgram of nucleic
acids (RNA and DNA), and purified DNA (260
nm).

HPLC-UV. A Beckman System Gold HPLC
system (Beckman Instruments) consisting of a
solvent delivery module (Model 126), autosam-
pler with stream switching valves (Model 507),
photodiode-array detector (Model 168), and
IBM PS/2 Model 55 SX (IBM, Armonk, NY,
USA) with System Gold chromatography soft-
ware was used for HPLC-UYV analysis. The unit
was fitted with a reversed-phase column (Supel-
cosil LC-18, Supelco, 5 um, 250 mm x 4.6 mm
1.D.), preceded by a C,5 guard column (Supelco
LC-18S, 5 um, 20 mm X 4.6 mm 1.D.).

LC-TSP-MS. A Finnigan-MAT triple-stage
quadrupole mass spectrometer (Model TSQ70B,
Finnigan-MAT, San Jose, CA, USA), was cou-
pled through a thermospray interface (TSP2,
Finnigan-MAT) to a Beckman Instruments high-
performance liquid chromatographic (HPLC)
system (Model 340). The LC system consisted of
a solvent delivery module (Model 112), gradient
program controller (Model 421), UV absorbance
detector (Model 160, 254 nm), and manual in-
jector (Model 7125, Rheodyne, Cotati, CA,
USA). The HPLC was fitted with a reversed-
phase column (Supelcosil LC-18, 5 ym, 250 mm
x 4.6 mm [.D.) preceded by a guard column (Su-
pelco LC-18S, 5 um, 20 mm X 4.6 mm I.D.).

Preparation of nucleoside standards

Deoxyadenosine (dAdo), adenosine (Ado), de-
oxyguanosine (dGuo), deoxycytidine (dCyd),
thymidine (Thd), S5-methyldeoxycytidine
(m3dCyd), S-iodocytidine (I°Cyd), N6-methyl-
adenosine (m®Ado), deoxyinosine (dIno), inosine
(Ino) uridine (Urd), adenosine monophosphate
(AMP) and deoxyuridine (dUrd) were purchased
from Sigma and stock solutions prepared (50
mM ammonium acetate, pH 6.2). Purity of each
analyte was found to be greater than 98% except
for dCyd which was contaminated with m>dCyd.
Five calibration standards were prepared, con-
taining dAdo, dGuo, dCyd and Thd in the range
3.8-210 upg/ml, and m>dCyd and dUrd in the
range 0.43-25.6 ug/ml.
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Sample preparation procedures

Preparation, purification, and handling of en-
zyme solutions. All enzymes were purchased from
Sigma, and prepared and stored according to
specifications. These include: Nuclease P; (NP,)
from Penicillium citrinum (2 U/ul in 50 mM am-
monium acetate, pH 5.3), RNase A from bovine
pancreas (10 mg/ml in 1 M Tris-HCI, pH 7.4),
proteinase K from T. album (50 mg/ml in water),
phosphodiesterase 1 (PDI) from Crotalux atrox
venom (0.001 U/ul in water), RNase T, from As-
pergillus orizae (0.5 U/ul in 60 mM Tris-HCI, pH
7.2), RNase T, from Aspergillus orizae (5000 U/
mlin 2.7 M ammonium sulfate, pH 6.0) and alka-
line phosphatase (AP) from E. coli (250 U/ml in
2.5 M ammonium sulfate). Alkaline phosphatase
was washed with ammonium sulfate prior to use
to remove UV-absorbing impurities. It may also
be contaminated with adenine deaminases and
diesterases. These contaminants were removed
and alkaline phosphatase activity verified accord-
ing to Crain [3]. Alkaline phosphataée may also
be contaminated with cytosine deaminases not
removed during the clean-up procedure de-
scribed above. The action of this contaminant en-
zyme was limited with the addition of 5-bromo-
cytidine (note: tetrahydrouridine may also be
used).

Fish DNA isolation. Fish were anesthetized and
euthanized by cervical dislocation. The liver was
removed and stored in 50 mM Tris—-HC] (pH
7.4). Aliquots of liver homogenates (approxi-
mately 150 mg in 500 ul of lysis buffer) were
transferred to sterile 1.7-ml polypropylene vials
and proteins were degraded with proteinase K
(2600 U, 45 min, 37°C). Samples were then ex-
tracted with phenol (presaturated with 50 mM
Tris—-HC], pH 7.8), phenol-chloroform-isoamyl
alcohol (25:24:1, v/v) and chloroform-isoamyl
alcohol (24:1, v/v), and nucleic acids were precip-
itated with the addition of 3 M LiCl and isopro-
pyl alcohol. Nucleic acid fibers were collected by
centrifuging (25 min, 10 000 g), washed with ice-
cold ethanol-water (70%, v/v) and dried in a cen-
trifuge vacuum evaporator (Savant Instruments,
Minneapolis, MN, USA). The amount of nucleic
acids obtained from each sample matrix (fish spe-
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cies) was determined spectrophotometrically (see
Analyte quantification).

The dried nucleic acid pellet was resuspended
(0.38 pg/ul) in TE buffer pH 7.4 (100 mM Tris—
HCI pH 7.4-1 mM EDTA pH 8.0) and the RNA
was hydrolyzed (45 min, 37°C) with RNase T,
and RNase A, 4.4 U and 245 ug, respectively, for
each 150 ug of nucleic acids. A second hydrolysis
(45 min, 37°C) was done using RNase T, (20 U
per 150 ug of nucleic acids) (45 min, 37°C). Final-
ly, the samples were incubated with proteinase K
(600 U per 150 ug of nucleic acids), and extracted
with phenol-chloroform-isoamyl alcohol. DNA
was precipitated, washed and dried as previously
described. The total amount of DNA obtained
from each sample matrix was then determined
spectrophotometrically (see Analyte quantifica-
tion).

Handling and preparation of commercially
available DNA. E. coli and calf thymus DNA
were dissolved in 1 mM Tris—HCI (pH 7.2), trans-
ferred to 1.7-mi polypropylene vials (50 ug),
dried, and stored in the dark at room temper-
ature until needed.

Enzymatic hydrolysis of DNA. DNA samples
(50160 ug) were hydrolyzed following a varia-
tion of the method previously reported by Crain
[3]. DNA was resuspended in HPLC-grade water
(0.5 ug DNA per ul), heated (3 min, 98°C) and
immediately chilled (ice) to denature it. The pH
was adjusted to 5.3 with ammonium acetate (100
mAM). Nuclease P; (3 U per 25 ug DNA) was
added, and the mixture incubated (2.5 h, 45°C).
The pH was adjusted to 7.9 with freshly-made
ammonium bicarbonate (1 M) and incubated
with phosphodiesterase 1 (0.0025 U per 25 ug
DNA) (2.5 h, 37°C). Finally, the samples were
incubated with alkaline phosphatase (0.65 U per
25 ug DNA) (1.5 h, 37°C) to obtain free deoxyri-
bonucleosides (dN). I°Cyd and formic acid (10 ul
each) were added to 80 ul of each sample in
HPLC autosample vials for analysis by LC-UV
and/or LC-TSP-MS. Remaining portions of
sample were stored at —20°C.

HPLC conditions
Solvent composition and flow-rate program-
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ming HPLC were used to separate dN for identi-
fication and quantification. Each solvent (A =
1.5% acetonitrile—water; B = 30% acetonitrile-
water) was prepared to the same concentration of
ammonium acetate (50 mM, pH 6.0) for thermo-
spray ionization. The duration of analysis was 25
min and was followed by a 10-min column re-
equilibration period. A flow-rate of 1.2 ml/min
was maintained for the first 3.5 min, then in-
creased linearly to 1.4 ml/min during the next 12
min where it was maintained until the end of the
analysis. The solvent composition was main-
tained at 3% B for the first 3.5 min increasing
linearly to 15% during the next 6 min, and finally
increasing linearly to 95% during the next 6 min
where it was maintained until the end of analysis.
Column temperatures were maintained at 30°C.

LC-TSP-MS conditions

LC-TSP-MS was used to verify the identifica-
tion of each analyte, and for the quantification of
minor dN. The optimum temperatures for the
capillary vaporizer and the ion source were 110
and 200°C, respectively and the analyzer pressure
was 1.5 - 107 ° Torr. The mass spectrometer was
alternatively scanned between positive (105-650
Da) and negative (120650 Da) ions every 0.5 s
(PPINICI). When more sensitivity was required,
a limited mass range positive ion only scan was
used (105-305 Da, 1.0 s). Multiple ion detection
(MID) scanning mode was used for the analyses
of 6-methyldeoxyadenosine (m®dAdo). The scan
function for MID was: m/z 266 (M + H]*), 0.1
s (m°dAdo); m/z 282 (M + H] "), 0.1 s (m®Ado);
mjz 252 (IM + H]*), 0.1 s (dAdo); m/z 150 (B +
2H]™"), 0.1 s (6-methyladenine); and m/z 370, 0.1 s
(I°Cyd).

Analyte quantification

Quantification of total nucleic acid (RNA and
DNA) and DNA purified during sample prep-
aration was accomplished by spectrophotometric
analysis (260 nm) using the relationship of one
absorbance unit for each 40 ug nucleic acid and
for each 50 ug DNA [3]. Quantification of dN
was done using 1°Cyd as the internal standard,
and was similar to methods previously reported
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by Gehrke and co-workers [4,5). The response of
each analyte and the internal standard was mea-
sured at both 254 and 280 nm, and analyte peak
area relative to the internal standard peak area
was determined for each analyte using a five-
point calibration curve generated at each wave-
length. Analyte concentration was then calculat-
ed using System Gold software according to eqn.
l:

concentration = (slope x area) + offset ()

Quality assurance/quality control

Identification of the major and minor compo-
nents in DNA lysate chromatograms was based
on: (1) LC capacity factors; (2) LC peak-area ab-
sorbance ratios (254 and 280 nm); (3) UV spec-
tra; and (4) mass spectra. A sample analysis set
consisted of: an instrument blank; the lowest
concentration calibration standard; analyzed Su-
pelco nucleoside test mixture; a mid-range cali-
bration standard analyzed before and after anal-
ysis of sample set; hydrolyzed calf thymus DNA;
reagent/enzyme control; five samples and an in-
strument blank (repeated until all samples were
analyzed); and a duplicate of one of the samples.
The following criteria were met before LC-UV
quantification data were acceptable: (1) no ana-
lytes were to be detected in the instrument blank;
(2) signal/noise (S/N) for m*dCyd in the lowest
concentration calibration standard was at least
10:1; (3) resolution of 1-methyladenosine
(m'Ado) from 2-thiocytidine (s2Cyd) (Supelco
test mixture) was at least 0.50; (4) peak symmetry
of m>Cyd (Supelco test mixture) was within 1.0
1.25; (5) quantification, capacity factor, and 254/
280 nm absorbance ratio for each analyte (mid-
range calibration standard) was within 5% of the
expected value; (6) the difference from the mean
mole percent of each dN in the duplicate sample
was within + 10%; (7) mole percent of dN in calf
thymus DNA sample was within +10% of ex-
pected value; (8) identification of each analyte
was confirmed (presence of B + 2H and M + H
at expected capacity factor) by TSP-MS in at
least 10% of all samples. Control charts were
maintained for S/N of m*dCyd in the low con-
centration calibration standard and for the ca-
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pacity factor, 254/280 ratio, and mole percent of
dAdo from calf thymus DNA.

RESULTS AND DISCUSSION

This report presents analytical methodology
and quality assurance criteria developed to char-
acterize major and minor deoxynucleosides in
fish liver DNA. Methods development included
the optimization of enzymatic hydrolysis, chro-
matographic resolution and analyte detection. A
flow chart summarizing the methodology is pre-
sented in Fig. 1. Briefly, tissue was lysed with
EDTA-sodium dodecyl sulfate (SDS) and cen-
trifuged to remove cellular debris. Denatured
proteinaceous material was degraded with pro-
teinase K and removed by extraction with phe-
nol, chloroform, and isoamyl alcohol. Resulting
nucleic acids were precipitated, washed and
dried. The amount of nucleic acids was deter-
mined in at least one sample of each sample type
(fish species or selected tissue) so that the amount
of enzyme for RNA hydrolysis could be calculat-
ed. For the first analysis of any species or tissue
type, the amount of enzymes needed for RNA
hydrolysis was calculated based upon the as-
sumption that the recovered nucleic acids were all

- RNA. (For subsequent sample sets, the amount
of enzymes required was adjusted according to
the measured RNA/DNA ratio.) Samples were
then treated with a mixture of RNases (A, T; and
T,) followed by proteinase K and repetition of
the organic solvent extractions. Highly purified
DNA was precipitated, washed, and dried. The
amount of DNA was determined in at least one
sample of each sample type so that both the
amount and concentration of enzyme for DNA
hydrolysis could be calculated. Samples were
then treated with nuclease P;, phosphodiesterase
I, and alkaline phosphatase to release deoxynu-
cleosides for analysis. Fig. 2 shows a typical fish
liver DNA LC-UV chromatogram at 254 and
280 nm.

The effectiveness of the enzymatic procedure
was determined by evaluating LC-UV chro-
matograms for contamination by protein, free
bases, nucleosides, deoxynucleotides, and oligo-
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deoxynucleotides. No depurinated free bases, nu-
cleotides, or oligonucleotides (peaks less than
0.01% internal standard) were detected in any of
the three fish DNA. RNA contamination was
measured by the ratio of Ado/dAdo, and the de-
tection of Urd (less than 1%, and not detected,
respectively). Proteinaceous contamination was
characterized by analyzing incubated samples
containing enzymes but not substrate. It was
found that only two enzymes, phosphodiesterase
I and alkaline phosphatase, showed LC-UV
peaks that could possibly interfere with dN anal-
ysis. Contaminants from alkaline phosphatase
were removed by washing the enzyme with am-
monium sulfate (see Preparation, purification,
and handling of enzyme solutions). Trace amounts
of contaminants in phosphodiesterase 1, a lyo-
philized enzyme, remained, whether resuspended
in HPLC-grade water, distilled water, or labora-
tory-distilled, deionized water. However careful
control of the amounts of each enzyme resulted
in final lysates which were free of proteinaceous
contaminants which may possibly interfere with
dN quantification. The amount of DNA per sam-
ple and the RNA/DNA ratio in trout, bullhead,
and medaka from a typical analysis were 1.1
mg/g and 5.2, 0.33 mg/g and 3.0, and 0.50 mg/g
and 4.2, respectively.

Nuclease Py was used instead of DNase, I for
the initial hydrolysis of DNA to 5'-mononucleo-
tides because of its ability to hydrolyze all diester
bonds, even those adjacent to modified deoxynu-
cleosides [4,5]. Denaturing of DNA, and the opti-
mization of enzyme concentrations and incuba-
tion times were done to insure efficient hydrolysis
by NP,. For our study, DNA was denatured at
98°C, however, subsequent experiments have
shown that the maximum amount of DNA was
denatured at 95°C. Further denaturing at temper-
atures between 85 and 100°C did not change the
relative amount of m>dCyd or dUrd. The use of
phosphodiesterase I and bacterial alkaline phos-
phatase (also a non base-specific enzyme) com-
pleted and assured the quantitative release of dN.

The performance of the LC-UV system was
evaluated before each sample set was analyzed by
determining analyte resolution, sensitivity,
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Fig. 1. Summary of analytical procedures for the characterization of DNA nucleosides.
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Fig. 2. LC-UV chromatogram of medaka liver DNA lysate. Upper trace 254 nm; lower trace 280 nm.

symmetry, variation of response factors from
previously determined values, and the presence
of residual analytes from previous analyses (peak
carry-over). Resolution and symmetry were eval-
uated by analyzing a mixture of nucleosides (Su-
pelco nucleoside test mixture) and calculating a
resolution and symmetry coefficient. The varia-
bility of these performance parameters were de-
termined from repetitive analysis of calibration
standards and the nucleoside test mixture, and
was used to set quality assurance criteria. Sensi-
tivity was determined by analyzing the lowest
concentration m>dCyd standard and calculating
a value for S/N. A minimum S/N was arbitrarily
set at 10:1 to assure accurate measurement of
small concentrations. Changes in analyte UV re-
sponse from that which was determined using the
original five-point calibrations were determined
by measuring the concentration of dN in at least
one calibration standard. The measured concen-
tration for each analyte was compared to the ex-
pected value. The acceptable daily variability was
arbitrarily set at +10%. The presence of residual

analytes from previous analyses was evaluated by
analyzing 50 mM ammonium acetate as an in-
strument blank. Samples were not analyzed until
gach of these performance criteria was met (see
Quality assurance).

The capability of the LC-UV system for both
qualitative and quantitative analysis was evaluat-
ed in several ways. Linearity of analyte response
was verified by determining that the coefficient of
determination (r*) for each calibration curve was
greater than 0.995. The accuracy of each calibra-
tion curve was verified by independent prepara-
tion of standard solutions and their quantifica-
tion using the original calibration curve. Each
analyte was quantified within +10% of the ex-
pected value. Next, five replicate injections of
each of five calibration standards were analyzed
and capacity factor and absorbance ratios (4;s4/
Azgo) were determined. Capacity factor and ab-
sorbance ratio are two criteria used for the identi-
fication of analytes. The mean capacity factors
and absorbance ratio (Azss/A2s0) for dCyd,
dUrd, m*dCyd, dGuo, Thd and dAdo were 0.99
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TABLE 1
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COMPARISON OF CONCENTRATION OF DEOXYNUCLEOSIDES IN CALIBRATION STANDARD 3 REPORTED AS
SINGLE WAVELENGTH (SINGLE) AND AVERAGE OF TWO WAVELENGTHS (DUAL)

Deoxynucleoside

Concentration (mean + S.D., n = 5) (ug/ml)

Single Dual Difference of means
dCyd 363 % 0.06 36.2 £ 0.04 +0.1
m*dCyd 3.33 £ 0.02 3.33 + 0.02 0.0
dGuo 354 + 0.04 354 £ 0.04 0.0
Thd 36.5 £ 0.03 36.5 + 0.03 0.0
dAdo 355 £ 0.04 356 + 0.04 -0.1

and 0.90, 1.69 and 2.52, 2.61 and 0.61, 3.01 and
1.74, 3.73 and 1.10, and 4.63 and 5.85, respec-
tively. The relative standard deviation (R.S.D.)
for the capacity factors ranged from 0.5 to 2.2%,
and for the absorbance ratios from 0.4 to 2.0%.
The influence of trace amounts of enzymes and
organic solvents remaining in a sample upon ca-
pacity factor and absorbance ratio was evaluated
by duplicate injection of five replicate prepara-
tions of calf thymus DNA. It was found that the
R.S.D. varied from 0.7 to 1.9% and from 0.1 to
0.4% for capacity factor and absorbance ratio,
respectively, indicating that the presence of co-
extractives had little effect upon these two vari-
ables. Based upon results from these two data
sets, we have set quality control criteria for the
identification of analytes by LC-UYV to be +£5%
of the expected values, which were obtained from
the calibration standards data set.

The replicate analysis of calibration standards
and calf thymus DNA was also used to assess
variability in analyte response, i.e. the ability to

TABLE 11

quantify dN. First, it was found that the percent-
age R.S.D. calculated from the repetitive analysis
of the calibration standards was less than 2% for
each analyte at each concentration, at both 254
and 280 nm, except for m>dCyd which was 3.2%
at 280 nm. Second, the concentration of each dN
in the replicate calf thymus analysis was mea-
sured to allow us to calculate the mole percent
composition of DNA. However, several different
methods to determine mole percent are possible.
First, concentrations at a single wavelength may
be used; second, concentrations at select wave-
lengths for each analyte based upon absorbance
maxima, i.e. 254 nm for purine nucleosides and
280 nm for pyrimidine nucleosides, may be used;
and third, mean concentrations determined at
two (254 and 280 nm) wavelengths may be used.
Because our LC-UV system has the capability
for dual wavelength monitoring we have chosen
to compare the second and third methods. Tables
I and II present a summary of the results. In each
table, the mean values reported for single-wave-

COMPARISON OF MOLE PERCENT COMPOSITION OF CALF THYMUS DNA

Deoxynucleoside Mole percent (mean + S.D., n = 10)

Single Dual Difference of means
dCyd 19.78 + 0.29 20.11 + 0.28 -0.33
m>dCyd 1.27 + 0.07 1.28 + 0.04 -0.01
dGuo 22.69 + 0.08 22.66 + 0.07 +0.03
Thd 27.36 = 0.13 27.28 £ 0.12 +0.08
dAdo 28.90 + 0.11 28.67 + 0.11 +0.23
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length analysis were determined at 254 nm for
dGuo and dAdo, and at 280 nm for dCyd,
m>dCyd and Thd, while mean values for dual-
wavelength analysis were determined at both 254
and 280 nm for each dN. The difference in dN
concentrations measured in calibration standard
3 (Table I) and mole percent of dN in calf thymus
DNA (Table II) are approximately 1 S.D. or less,
indicating that the data from each method were
similar within reasonable error, and neither
method appeared to offer a distinct advantage.
However, an advantage can be seen for dual-
wavelength averaging by comparing percentage
R.S.D. of each dN measured at a single wave-
length to the value determined by averaging two
wavelengths for the calf thymus DNA data (Ta-
ble II). The percentage R.S.D. of the single-wave-
length mole percent of the minor dN, m>dCyd, is
nearly twice as large as the value for the dual-
wavelength method, 5.5% versus 3.1%, respec-
tively. These data indicate that quantification er-
rors due to interferences may be significant for
minor nucleosides, and that these errors can be
minimized using dual-wavelength averaging. Be-
cause of this, and because several other authors
have previously chosen to report mole percent
based upon the average concentration of two
wavelengths [4-8], the fish liver DNA composi-
tion data reported in this paper were also calcu-
lated in this manner. Further, we have used these
data to set a quality control criterium of +10%
for the allowable variability of the expected dN
concentrations in the mid-range calibration stan-

TABLE III

21t

dard, in the expected dN mole percent in the calf
thymus DNA control sample, and in the differ-
ence from the mean mole percent of the duplicate
samples.

The dN composition of liver DNA from
brown bullhead, medaka, and rainbow trout,
three species of fish currently being studied in our
laboratory because of their sensitivity to tumor
development . upon exposure to anthropogenic
chemical contaminants [9-11}, was determined
(Table III). It was found that the mole percent
decreased in the order dAdo, Thd, dGuo, dCyd,
and that the relative amount of any single dN
varied between species by as much as 4.5%. Our
results (Table III) did not show a 1:1 mole per-
cent correlation as expected by Watson—Crick
nucleoside pairing (i.e. dAdo = Thd and dGuo
= dCyd + m3dCyd). Other authors have used
relative calibration factors [4] or software adjust-
ed LC calibration to assure a 1:1 ratio (e.g. salm-
on sperm, E. coli and calf thymus) {12-15]. Our
chromatograms, however, did not show any free
depurinated bases, nucleotides, nucleosides, oli-
gomers or oligonucleotides that could have ac-
counted for the error in the DNA mole percent
data. Other experimental parameters were also
rigorously controlled to avoid depurination or
deamination. It has been suggested that the ex-
treme accuracy of the DNA base pairing is much
more exact than can be determined analytically
[4]. We therefore suggest that a highly accurate

. compositional analysis of environmental samples

might not be possible without the use of a mathe-

MOLE PERCENT COMPOSITIONS OF LIVER DNA FROM THREE SPECIES OF FISH FOUND TO BE SENSITIVE TO

DEVELOPMENT OF TUMORS

Deoxynucleoside Mole percent

Rainbow trout Medaka Brown bullhead
dCyd 18.69 16.76 14.49
m3dCyd 1.45 1.85 1.92
dGuo 21.94 20.74 22.72
Thd 26.79 27.94 26.14
dAdo 30.29 31.22 32.50
dUrd 0.83 1.50 222
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matical approach that may adjust the mole per-
cent ratios of pairing ratios to a value of 1.

The mole percent of m*°dCyd varied from 1.39
to 1.93% for the three species of fish. These val-
ues are in agreement with values previously ob-
tained for other fish species including carp (Cy-
prinus carpio) (1.41%) [16], salmon (Oncorhyn-
chus gorbuscha) (2.13%) [16], and bluegill (Lep-
omis macrochirus) (1.6%) [17]. The methylation
of dCyd has been shown to be an important pa-
rameter in mammalian systems influencing cell
differentiation, chromosome structure stability,
and DNA transcription, replication, and repair
[18]. Changes in the ratio of m3dCyd/dCyd has
been suggested as a good bioindicator of expo-
sure to carcinogens [17,18]. It is essential there-
fore that the m>dCyd be carefully measured. It
has been shown that m*dCyd can be deaminated
at pH < 4 to Thd [19], however, we did not ob-
serve any transformation (<0.01%) at pH values
used during the sample preparation we described.

LC-TSP-MS analysis showed that the peak for
m3dCyd was free from other dN interferences
and that dUrd was present in the fish DNA ly-
sates. dUrd arises from dCyd conversion from a
variety of sources including in vivo DNA sponta-
neous deamination [20,21], in vitro nucleotide
deamination when commercial enzymes are con-
taminated with deaminases [22,23], or deamina-
tion by heat at neutral pH [23-25]. In this study,
in vitro deamination of dCyd occurred to a great-
er extent than in vivo deamination as a source of
dUrd in fish liver DNA lysates. Deamination
studies using DNA and a cytosine deaminase in-
hibitor (5-bromocytidine) showed that both ven-
om phosphodiesterase and bacterial alkaline
phosphatase were contaminated with cytosine
deaminases. The deaminase activity in alkaline
phosphatase was found to be inversely correlated
to the amount of ammonium sulfate in the prep-
aration. Furthermore, venom phosphodiesterase
contained half of the deaminase activity of phos-
phatase.

Methylation of dCyd can then be presented as
the ratio of either m*dCyd/dCyd or m’>dCyd/
(dCyd + dUrd). Although values calculated us-
ing either method differ from each other only
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slightly, the difference relative to dCyd can be
quite large. Further, replicate analysis (n = 3) of
bullhead liver DNA gave dUrd mole percent data
from 1.16 to 1.73%, indicating an expected vari-
ability of 1-2%. It seems, therefore, that al-
though the presence of dUrd in fish DNA lysates
might arise from either in vivo andfor in vitro
sources, the quantification of the relative amount
of methylation of dCyd as a bioindicator of expo-
sure should include dUrd values. Finally, the
presence of adenine deaminases in the enzyme
preparations was studied using purified AMP
and DNA lysates. LC-UV and LC-TSP-MS
screening of these samples did not show any
transformation of dAdo to dIno or of Ado to Ino
under the experimental conditions used.

Although not previously identified in fish,
m©®dAdo has been reported as another minor dN
in prokaryotic DNA [4]. Positive ion MID-MS, a
more sensitive technique, was therefore used to
screen for m®dAdo in the medaka, bullhead, and
trout samples. A sample of E. coli DNA, known
to contain m®dAdo, was hydrolyzed to dN and
spiked with m®Ado (1% relative to dAdo). The
LC capacity factors for m®dAdo and m®Ado
were then determined using this sample. A por-
tion of liver DNA hydrolysate from each fish was
similarly spiked with m®Ado and reanalyzed by
PPINICI TSP-MS. No m®dAdo was detected in
any of the fish samples. Based upon S/N ratios of
the M +H ions for m®Ado and m®dAdo it was
estimated that the concentration of m®dAdo in
the fish samples was less than 0.01%.

CONCLUSIONS

This paper presented analytical methodology
and quality assurance guidelines for both the use
of enzymes and qualitative and quantitative char-
acterization of the deoxynucleoside composition
of DNA. These methods have been shown to
produce accurate and reproducible results for en-
vironmental samples with minimal losses of labile
modified dN. Rigorous quality assurance criteria
applicable to the determination of DNA deoxy-
nucleoside composition are essential because it
has been previously shown that very subtle
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changes in the composition can result in signif-
icant cellular changes. We have also shown that
deamination of dCyd to dUrd can significantly
change DNA mole percent composition, and can
influence the presentation of information on the
methylation of dCyd as a bioindicator of xeno-
biotic chemical exposure. Finally, this paper has
been developed to serve as an analytical proce-
dure and quality assurance guideline for future
studies. Mention of trade names or commercial
products does not constitute endorsement or rec-
ommendation for use by EPA.
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