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Development of Detection Methods for DNA Adducts of Acetaldehyde
by Capillary Electrophoresis and Liquid Chromatography

Shinsuke INAGAKI', Yukihiro ESAKA, Masashi GOTO

Abstract: Acetaldehyde is considered to react with exocyclic amino groups of guanine in DNA to form MN-ethylguanine
(N*-Et-Gua) and cyclic 1,N*-propanoguanine adduct (CPr-Gua). Until now, the >2P-postlabeling assay is one of the most useful
methods for the detection of DNA adducts, however, it is not a safe one because it requires radioactive compounds. In this study,
more safe and precise methods for the detection of DNA adducts using capillary electrophoresis (CE) and high-performance liquid
chromatography (HPLC) were developed. Using CE, we have succeeded to develop a separation system which enabled us to
control the migration time of nucleotides by changing the pH of the running buffer solution and the concentrations of buffer
additives. Also, we developed an electrochemical detection cell for CE, which carried out the selective detection of normal and
damaged guanines. Using liquid chromatography-mass spectrometry (LC-MS), a highly-sensitive detection of DNA adducts was
achieved, and it could be used for the analysis of real DNA samples. We discussed about damage in DNA through LC-MS
analysis of DNA of cultured human cells and calf thymus DNA which were exposed to acetaldehyde. The developed detection
methods are expected to replace the *’P-postlabeling assay or to be complementary to the assay. :

Keyphrases: DNA, acetaldehyde, N’-ethylguanine, cyclic 1,M-propanoguanine adduct, capillary electrophoresis, liquid
chromatography-mass spectrometry
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Fig. 1 Chemical structures of N-ethylguanine and cyclic
l,Nz-propanoguanine.
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Fig. 2 CZE separations of deoxyribonucleoside
monophosphates.

Conditions: running solution, (A) 10 mM phosphate buffer (pH 7.8),
(B) 100 mM borate buffer (pH 9.25); capillary, 50 cmx0.050 mm i.d.,
30 cm effective length; applied voltage, 10.0 kV; current, (A) 7 pA.
(B) 19 pA; detection wave length, 210 nm. Peaks: 1, N*-Et-dGMP; 2,
dAMP; 3, dCMP; 4, dTMP; 5, dGMP.
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Fig. 3 pH Dependence on the electrophoretic mobility
(m,;) of the deoxyribonucleoside monophosphates.
Conditions: Running solution, 100 mM borate buffer (pH 8.5-10.25).
Symbols: (W) dAMP, (O) dGMP, (A)ICMP, (@) dTMP, (V)
N-Et-dGMP.
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Fig. 4 Dependence of the relative electrophoretic mobility
(me/me, ;) of the deoxyribonucleoside monophosphates on
the concentration of PEG-4000 in the running solution (pH

9.5).

Reference: ortho-phthal aldehydeic acid. Symbols as in Fig. 3.
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Fig. 5 CZE separations of the five deoxyribonucleoside
monophosphates (A) in the absence and (B) in the presence
of 6.5 % (w/v) PEG-4000 as buffer additive.

Conditions: running solution, (A) 100 mM borate buffer (pH 9.5), (B)
100 mM borate buffer containing 6.5 % (w/v) PEG-4000 (pH 9.5);
capillary, 50 cmx0.050 mm i.d. (effective length for (A) 30 cm, for (B)
20 cm); applied voltage, 10.0 kV; current, (A) 22 pA, (B) 16 pA.
Other conditions as in Fig. 2.
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Table 1 Estimated values of complex formation constants®.

Analytes Kx10° / (% wiv)"®
pH of running solutions

, ' 8.5 9.0 9.5 10.0
dGMP 84 109 116 14.1
dAMP 8.4 7.9 6.7 103
dTMP 4.2 4.9 6.0 10.0
dCMP 4.7 4.7 3.0 6.4
N*-Et-dGMP 138 126 126 168

a) These values were estimated using ortho-phthalaldehydic acid as a
reference. }

b) (% w/v) is a unit of the concentration of PEG used in estimation of
the K values.
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# VO pH IR (pH 9.5 & L <iZ pH 10.0) 2BV T, K
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Fig. 6 CZE separation of the five deoxyribonucleoside
monophosphates in the presence of 7.5 mM B-CD as buffer
additive.

Conditions: running solution, 100 mM borate buffer containing 7.5
mM B-CD (pH 9.5); applied voltage, 10.0 kV; current, 17 pA. Other
conditions as in Fig. 2.
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Table 2 Estimated values of complex formation constants.

Analytes Ex10° / (M)

pH of running solutions

85 90 95 100
dGMP 274 224 278 305
dAMP 524 451 543 642
dTMP 107 89 137 204
dCMP 149 164 17.8 23.8
N-Et-dGMP 146 131 203 270
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Fig. 7 PEG-assisted CZE separation of the five
deoxyribonucleoside  monophosphates with  on-lime

preconcentration (A) by stacking amd (B) without
preconcentration.

Conditions: sample solution, (A) 1.0 uM of each analyte (see text for
the stacking method), (B) 80 uM (siphoning, at a height of 17 cm for
20 s); running solution, 100 mM borate buffer containing 6.5 % (w/v)
PEG-4000 (pH 9.5); capillary, 100 cmx0.050 mm, i.d., 80 cm effective
length; applied voltage 20.0 kV; current 17 pA. Other conditions as
in Fig. 2.
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Fig. 8 Handy electrochemical detection cell for capillary
electrophoresis. 1, side view; II, top view. i

A, separation capillary; B, glass tube; C, Ag/AgCl reference electrode;
D, micro-disk working electrode; E, auxiliary platinum electrode; F,
electrophoresis platinum electrode; G, detection cell body; H,
separation capillary holder; 1, working electrode holder; J, nut; K,
rubber ferrule; L, screw.
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Fig. 9 MEKC separations of four normal

deoxyribonucieosides, F*-Et-dG and 8-OH-dG.

Conditions: running solutions, 20 mM borate buffer (pH 9.5)
containing 80 mM SDS; capillary, 50 cm=0.050 mm, i.d. (effective
length, 30 cm); applied voltage, 10 kV; current, 15 pA; detection
wavelength: 210 nm. Peaks: 1, dC; 2, dT; 3, dA; 4, dG; 5, 8-OH-dG;
6, N*-Et-dG.
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Fig. 10 Selective detection of dG, 8-OH-dG and N:-Et-dG
using CE-ECD.

CE conditions were the same as in Fig. 9 except effective capillary
length, 50 cm; detection potential, +1.0 V (vs. Ag/AgCl). Peaks: 1,
dC; 2, dT; 3, dA; 4, dG; 5, 8OH-dG; 6, N*-Et-dG (the former three
were not detected, see text).
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Fig. 11  Analysis of the hydrolysis of calf thymus DNA
using CE with (A) UV detection and (B) amperometric
detection.

Conditions: capillary, 50 cmx0.050 mm, i.d.; effective length, (A) 30
cm (B) 50 cm; detection; (A) 210 nm for UV absorbance detection and
(B) +1.0 V for amperometric detection. Other conditions were the
same as in Fig. 10.
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Fig. 12 Representative reversed-phase HPLC profile of
the standard solution of adenine, guanine, N-Et-Gua and
CPr-Gua.

Conditions: eluant, 10 mM ammonium acetate and 15 % methanol,
column, Hypersil ODS (5 pm; 125 mmx4.0 mm); flow-rate, 0.50
mL/min; detection wave length, 254 nm; column temperature, 30 C.
Peaks: 1, guanine; 2, adenine; 3, N-Et-Gua; 4, CPr-Gua.
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CERRER (pH 8.0) FTT R FTAT b FERIGEET
BB DT 21T o7, FUSHIRE REAICR L CBIT 21T
DI HIEBRE L, LC-MSIZX > TH#HT L7, Fig. 131
RUEDIMFYVHRDNA L 7R 7T F%37 CO
FHETTAHRFERICSEERBEZSTLIZbDOTH D, £
D#ER., CPr-Gua 7% 28.4+6.4 adducts/10° Gua (n=3) DK
THEELTWDIZx L, N-Et-Gua (TR STz,
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Fig. 13 Reversed-phase HPLC profile of the hydrolyzed
calf thymus DNA exposed to 1.8 M acetaldehyde for 48 h.

(A) UV detection, (B, C) MS detection.
Conditions: selected ion monitoring, m/z 180.1 and m/z 222.1. Other
conditions as in Fig. 12.
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[Fig. 14 Reversed-phase HPLC profile of the hydrolyzed
calf thymus DNA exposed to 1.8 M acetaldehyde im the
presence of 110 mM NgBHLCN for 0.5h. (A) UV detection,

(B) MS detection.
Conditions: selected ion monitoring, m/z 180.1. Gther conditions as
in Fig. 12.
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Fig. 15 Reversed-phase HIPLC profile of the hydrolyzed
sample of DNA isolated from HIL-60 cells exposed to SO mM
acetaldehyde for 24 h.  (A) UV detection, (B, C) MS
detection.

Conditions: selected ion monitoring, m/z 180.1 and m/z 222.1. Other
conditions as in Fig. 12.
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Table 3 pH Dependence of the CPr-dG formation in the
reaction of dG with acetaldehyde or crotonaldehyde in the
presence of histones.

Aldehydes pH CPr-dG /%
Acetaldehyde (AA) 7.0 14.5
Acetaldehyde 7.5 19.6
Acetaldehyde 8.0 20.7
Crotonaldehyde (CA) 7.0 36.3
Crotonaldehyde 7.5 44.6
Crotonaldehyde 8.0 45.9

Reaction conditions: a mixture of dG (2.9 mg, 0.010 mmol) and
histones (1.5 mg) in 100 mM phosphate buffer (pH 7.5, 7.5 or 8.0) (1.0
mL) containing an appropriate aldehyde [acetaldehyde (50 pL) or
crotonaldehyde (12.5 pL)] was heated at 37 C in a sealed tube for 4
days with stirring. .

VT, dG ITfh W FY VR DNA £ AW THE %
fTole HERISEHETICBVTHLNIAFY VR DNA
FIREFNAEERI T = %Y 5 CPr-Gua DEE%
Table 4 {Z5R" % (CPr-Gua/Gua DIE TF¥Ml), E7-. Fig. 16
IZE R b BB LCMS IZE 2R ETT, K
SR 1S mL B ~9.0mgDE X b EFMTHI&ICL
D, TERFAFE RiIck 5 CPr-Gua DEKEIT 8 51
BENTWAZ L bhd, £z, 7a b TATE Nk
AWEBE TIE 25 fEE S h T,

Table 4 Reactions of calf thymus DNA with acetaldehyde
and crotonaldehyde in the presence of calf thymus histones
or L-arginine.

Aldehydes Pretreatment  Amino acids Relative Ratio of

of DNA® or protein CPr-Gua/Gua
AA - None 2.72x10”
AA - Histones (9.0 mg) 2.27x10°
AA + Histones (9.0 mg) 1.95x10?
AA + Histones (2.0 mg) 5.70x10°
AA + L-Arg (2.0 mg) 2.82x102
CA - None 5.83x10"
CA - Histones (9.0 mg) 1.46x102
CA + Histones (9.0 mg) 1.04x10"
CA + Histones (2.0 mg) 2.61x10?
CA + L-Arg (2.0 mg) 1.37x10™

None - None Not Detected

None + None Not Detected

Reaction conditions: a mixture of calf thymus DNA (1.0 mg) and calf
thymus histones (2.0 mg or 9.0 mg) or L-arginine in 100 mM
phosphate buffer (pH 7.5, 1.5 mL) containing an appropriate aldehyde
[acetaldehyde (50 pL) or crotonaldehyde (12.5 pL)] was heated at
37 °C in a sealed tube for 18 h with stirring.

c) DNA solutions were incubated in a chamber at 95 °C for 10 min
and then cooled on ice to form single-stranded DNA.

t X k9.0 mg HMEED CPr-Gua DA EIT, 0
ok ) —ARSICBR EE I DNA X OV TR I SIZHEmL
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&, ENETN2EL 18 EOERERH T2, ZO
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DT NT e FOBEREHT TN D Z & 2B/ TNITHN
T 5%, CPr-Gua DAERBITE X L OFRME% 4.5 {51
WMBTAHLE. TEIMTATFE FH LI e b TATE
FERISSBIBICENEN3AER L4052
B X brOBMEBIIZIFHE LTHEML TV,
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- 888
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Fig. 16 Representative semi-micro HPLC profile of the
hydrolyzed calf thymus DNA sample exposed to 0.60 M
acetaldehyde in the presence of 6.0 mg/mL histone for 18 b.
(A) UV detection, (B) MS detection.

Conditions: eluant, 10 mM ammonium acetate and 15 % methanol;
column, Develosil ODS-UG-3 (3.7 um; 150 mmx2.0 mm); flow-rate,
0.15 mL/min. Selected ion monitoring, m/z 222.1. Other conditions
as in Fig. 12.
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