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Biochemical Basis of Genotoxicity of Heterocyclic Arylamine

Food Mutagens

HUMAN DNA POLYMERASE v SELECTIVELY PRODUCES A TWO-BASE DELETION IN
COPYING THE N°*-GUANYL ADDUCT OF 2-AMINO-3-METHYLIMIDAZO[4,5-fIQUINOLINE
BUT NOT THE C® ADDUCT AT THE Narl G3 SITE*®
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Heterocyclic arylamines are highly mutagenic and cause
tumors in animal models. The mutagenicity is attributed to
the C%- and N2-G adducts, the latter of which accumulates due
to slower repair. The C3- and N-G adducts derived from 2-a-
mino-3-methylimidazo[4,5-f]quinoline (IQ) were placed at
the G, and Gj sites of the Narl sequence, in which the G; site
is an established hot spot for frameshift mutation with the
model arylamine derivative 2-acetylaminofluorene but G, is
not. Human DNA polymerase (pol) n extended primers
beyond template G-IQ adducts better than did pol k and
much better than pol ¢ or 6. In 1-base incorporation studies,
pol ninserted C and A, pol vinserted T, and pol k inserted G.
Steady-state kinetic parameters were measured for these
dNTPs opposite the C5- and N2-IQ adducts at both sites,
being most favorable for pol 1. Mass spectrometry of pol n
extension products revealed a single major product in each of
four cases; with the G, and G; C3-IQ adducts, incorporation
was largely error-free. With the G; N*-IQ adduct, a —2 dele-
tion occurred at the site of the adduct. With the G, N2-IQ
adduct, the product was error-free at the site opposite the
base and then stalled. Thus, the pol ) products yielded frame-
shifts with the N2 but not the C® IQ adducts. We show a role
for pol m and the complexity of different chemical adducts of
I1Q, DNA position, and DNA polymerases.
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The modification of DNA by chemical and physical agents is
a common process and leads to loss of genetic stability (1), a
factor in aging, cancer, and various other maladies, e.g. cardio-
vascular disease (2). Therefore, questions about the chemistry
of the damage and the biochemical processing are of particular
interest regarding many diseases, as well as basic molecular
genetics (1). Repair of DNA damage is one issue, but another
issue is the replication of damaged DNA and the introduction
of mutations (1, 3). The field has become more complex with
the discovery of a plethora of translesion DNA polymerases,
some of which appear to have selective functions in replicating
damaged DNA (1, 4). Today at least 14 human DNA polymer-
ases are known (1, 5), and defining roles of individual polymer-
ases in complex processes is an area of considerable interest (3,
5, 6). A major general issue is the elucidation of the bases for the
selectivity of chemical and physical agents in producing various
mutation spectra in individual genes, ultimately a factor in bio-
logical outcomes. Several contributors are as follows: (i) reac-
tion of the chemical or physical agent with DNA; (ii) further
nonenzymatic reactions of the DNA adduct; (iii) DNA repair
(or lack of repair); (iv) the action of DNA polymerases; and (v)
the biological effect of a particular mutation in changing the
phenotype (3, 7).

Heterocyclic amines are an important class of chemical car-
cinogens (8 —10). A number of these compounds are produced
by pyrolysis of food and tobacco (10-12) and were originally
identified on the basis of their extremely strong mutagenic
properties in bacteria (8, 13). The heterocyclic amines have
chemical (and biochemical) similarity to arylamines, several of
which are recognized human carcinogens (14, 15). Several het-
erocyclic amines have been shown to be carcinogenic in
rodents and non-human primates (16).

Arylamines and the derivative arylacetamides can show
strong sequence selectivity in mutational assays. For example,
in bacterial systems on adducts derived from AAF,* a strong —2

3 The abbreviations used are: AAF, 2-acetylaminofluorene; AF, 2-aminoflu-
orene; CGE, capillary gel electrophoresis; CID, collision-induced dissocia-
tion; ES, electrospray; 1Q, 2-amino-3-methylimidazo[4,5-f1quinoline; LC,
(high performance) liquid chromatography; MALDI-TOF, matrix-assisted
laser desorption/time-of-flight; MS, mass spectrometry; PCNA, proliferat-
ing cell nuclear antigen; pol, DNA polymerase; UDG, uracil DNA glyco-
sylase; HPLC, high pressure liquid chromatography.
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Translesion Bypass Synthesis at 1Q Adducts
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FIGURE 1. Guanine N?- and C® adducts of I1Q.

frameshift (deletion) is seen at the “Gy” site of the Narl
sequence (GGCGCC), leading to the loss of a GC doublet (17—
19). This phenomenon, which is not observed with the closely
related compound AF, has been studied at several structural
and biological levels (20-22). The basis is more complex than
alteration of the DNA structure, in that not only the site within
the DNA but also the cellular system influences the biological
outcome (23). The NarI “hot spot” was first detected in analysis
of the mutation spectrum or AAF (17); repetitive sequences
have been detected as being prone to frameshift mutagenesis
with various systems (18, 19). The position of the adduct within
the repetitive Narl sequence has a strong effect on whether
mutations occur or not, as shown with AAF (19).

One of the critical issues in the study of the biochemical
mechanisms of processing of DNA damage is the ability to pre-
pare specific chemical reagents, particularly DNA adducts.
Using methods developed in our laboratories, we have been
able to avoid producing mixtures of heterocyclic amine DNA
adducts with the use of strategies for synthesis of appropri-
ately modified monomers (24 -26). With this strategy, we
were able to synthesize both of the major DNA adducts
formed by IQ, the N?- and C®-guanyl adducts (Fig. 1). Both of
these adducts are formed upon reaction of DNA with N-hy-
droxy1Q (27), but the proportion of the N*-1Q adduct increases
with time ixn vivo (in rodents) due to much slower repair (27,
28). Both adducts were positioned at both the G, and the G,
sites in the Narl sequence, which are known to be resistant and
sensitive, respectively, to frameshift mutations with AAF (19,
29). The modified oligonucleotides were used in studies with
purified recombinant human DNA polymerases, including the
replicative pol 3-PCNA complex and the major translesion po-
lymerases pol m, 1, and k. Analysis included primer extension in
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the presence of all four dNTPs, steady-state kinetic analysis of
single ANTP insertion, and LC-MS/MS sequencing analysis of
the full-length extension products. The results show that pol &
is completely blocked by the IQ adducts and that pol 7 is the
most efficient of the translesion DNA polymerases in copying.
pol m exhibited different behavior with both of the two IQ
adducts at each of the two internal Narl sites. In particular, the
N?2-1Q adduct (with pol 1) yielded only the —2 deletion product
at the G, site, which was not observed with the C*-1Q adduct.
The selectivity of pol n for the site-specific lesions is striking
and correlates not only to the Narl G; frameshift seen in bac-
teria but also a prominent GC deletion seen in several tissues of
rats treated with IQ (30).

EXPERIMENTAL PROCEDURES

Enzymes—Recombinant human pol & (4-subunit mixture)
(31), pol m (31), pol ¢ (32), and pol k (33) were (individually)
expressed in baculovirus-infected insect cell systems and puri-
fied as described previously. Recombinant human PCNA was
prepared in Escherichia coli and purified as described elsewhere
(34, 35).

Oligonucleotide Synthesis—The adducted oligonucleotides
(24—26) were synthesized on an Expedite 8909 DNA synthe-
sizer (PerSeptive Biosystems) on a 1-umol scale using the
UltraMild line of phosphoramidites (phenoxyacetyl-pro-
tected dA, 4-isopropyl-phenoxyacetyl-protected dG, acetyl-
protected dC, and dT phosphoramidites) and solid supports
from Glen Research (Sterling, VA) (Table 1). The manufac-
turer’s standard synthesis protocol was followed except at
the incorporation of the modified phosphoramidites, which
was accomplished manually, off-line. At this point, the col-
umn was removed from the instrument and sealed with two
syringes, one of which contained 250-300 ul of the manu-
facturer’s 1H-tetrazole activator solution (1.9-4.0% in
CH,CN, w/v) and the other contained 250 ul of the phos-
phoramidite (15 mg, 98 mm in anhydrous CH,Cl,). The
1H-tetrazole and the phosphoramidite solutions were
sequentially drawn through the column (1H-tetrazole first),
and this procedure was repeated periodically over 30 min.
After this time, the column was washed with manufacturer’s
grade anhydrous CH;CN and returned to the instrument for
the capping, oxidation, and detritylation steps. The remain-
der of the synthesis was carried out in the usual manner.

HPLC—HPLC analyses and purifications were performed on
a Beckman HPLC system with a UV diode array detector
(model 166) monitored at 254 nm and utilizing 32 Karat soft-
ware (version 3.1). The oligonucleotides were purified by using
a 20 mMm sodium phosphate buffer (pH 7.0, solvent 1) and
CH,OH (solvent 2). The solvent gradient was as follows: ini-
tially 99% solvent 1 (v/v), then a 27.5-min linear gradient to 35%
solvent 1 (v/v); a 2.5-min linear gradient to 50% solvent 1 (v/v)
followed by 5-min isocratic at 50% solvent 1 (v/v), and then a
5-min linear gradient to initial conditions.

CGE—Electrophoretic analyses were carried out using a
Beckman P/ACE Instrument System 5500 Series system, mon-
itored at 260 nm. The P/ACE MDQ instrument used a 31.2
cm X 100 um eCAP capillary with samples applied at 10 kV and
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FIGURE 2. Extension of 3?P-labeled primer paired with a 27-mer template containing G or C*-1Q G. A,
32p-Jabeled 22-mer was annealed with a 27-mer containing G or C5-IQ G at position 23 (G,). B, *?P-labeled
19-mer was annealed with a 27-mer containing G or C®-1Q G at position 20 (G;). All incubations were done for
15 min with 100 nm primer-template and the indicated concentration of the polymerase in the presence of all
four dNTPs. PCNA (400 nm) was present in the case of pol 8. The lengths of the bands are indicated.
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FIGURE 3. Extension of 2P-labeled primer paired with a 27-mer template containing G or N>-1Q G. A,
32p_Jabeled 22-mer was annealed with a 27-mer containing G or N*-IQ G at position 23 (G,). B, **P-labeled
19-mer was annealed with a 27-mer containing G or N*IQ G at position 20 (G). All incubations were done for
15 min with 100 nm primer-template and the indicated concentration of the polymerase in the presence of all
four dNTPs. PCNA (400 nm) was present in the case of pol 8. The lengths of the bands are indicated.

modified oligonucleotides are pre-
sented in supplemental Figs. S1-S4.

MALDI-TOF Sequencing of Oligo-
nucleotides—MALDI-TOF mass spec-
tra of the four intact IG-containing
templates are presented in supple-
mental Figs. S1-S4.

MALDI-TOF MS sequencing of
modified oligonucleotides (36) was
performed by treatment of purified
oligonucleotides (0.3 A,q, units,
based on 1-ml volume) in an ammo-
nium hydrogen citrate buffer (pH
9.4) with 2 milliunits of phosphodi-
esterase 1. Aliquots of 4 ul were
taken before enzyme addition and at
1-, 8-, 18-, 28-, and 38-min time
points and added sequentially to the
same vial, which was kept frozen on
dry ice. A second DNA aliquot (0.3
Ao units in 24 pl of 20 mm ammo-
nium acetate (pH 6.6)) was treated
with 2 milliunits of phosphodiester-
ase I, and aliquots of 4 ul were
taken in the same manner. The two
digest mixtures were desalted using
Millipore C,q Ziptips and eluted
directly onto a MALDI plate in
3-hydroxypicolinic  acid-containing
ammonium hydrogen citrate (7 mg
ml ™ !). MALDI-TOF analysis allowed
sequential identification of nucleo-
tides from the 3’ end of the
sequence for the phosphodiesterase
I-treated sample and from the 5’
end for the phosphodiesterase
II-treated sample. Both phosphodi-
esterase treatments confirmed the
expected positions of the G; and G,
site adducts in the synthetic tem-
plates containing C®- and N>-1Q
(data not presented).

Reaction Conditions for Enzyme
Assays—Unless indicated other-
wise, standard DNA polymerase
reactions were done in 50 mm Tris-
HCI buffer (pH 7.5) containing 5
mM dithiothreitol, 100 ug of bovine
serum albumin ml™! (w/v), and 10%
glycerol (v/v) with 100 nM primer-
template at 37 °C. Primers (19- or
22-mer) were 5’ end-labeled using
T4  polynucleotide  kinase/[y-
32P]ATP and annealed with tem-
plates (27-mers). All reactions were

run at 9 kV. The column was packed with the manufacturer’s initiated by the addition of ANTP solutions containing MgCl, (5
100-R gel (for single-stranded DNA) using a Tris borate buffer mm final concentration) to preincubated enzyme/DNA

system containing 7.0 M urea. CGE electrophoretograms of all ~ mixtures.
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Primer Extension Assay with All Four dNTPs (“Run-on” or
“Standing Start” Experiments)—A *°P-labeled primer,
annealed to either an unmodified or modified (N>-1IQ G or
C81Q G) template, was extended in the presence of all four
dNTPs (100 uMm each) for 15 min. Reaction mixtures (8 ul)
were quenched with 10 volumes of a solution of 20 mm
EDTA in 95% formamide (v/v). Products were resolved using
a16% (w/v) PAGE system containing 8 M urea and visualized
using a Molecular Imager (model FX) and Quantity One
software (Bio-Rad).

Steady-state Kinetic Analyses—A 3>P-labeled primer,
annealed to either an unmodified or adducted template, was
extended in the presence of varying concentrations of a sin-
gle ANTP. The molar ratio of primer-template complex to
enzyme was at least 10:1, except for the adducted templates
with pol k and pol ¢ (molar ratio of 5-30:1). Polymerase con-
centrations and reaction times were chosen so that maximal
product formation was =20% of the substrate concentration.
The reactions with the modified oligonucleotides were relatively
slow, as shown with the results (which are typical for studies in this
field). The primer-template complex was extended with each
dNTP in the presence of 0.1-20 nMm enzyme for 10 min. All reac-
tions (8 ul, done at 10 ANTP concentrations) were quenched with
10 volumes of a solution of 20 mm EDTA in 95% formamide (v/v).
Products were resolved using a 16% polyacrylamide (w/v) electro-
phoresis gel containing 8 M urea and quantitated with Phospho-
rImaging analysis using a Molecular Imager FX instrument and
Quantity One software (Bio-Rad). Graphs of product formation
versus ANTP concentration were fit using nonlinear regression
(hyperbolic fits) in GraphPad Prism version 3.0 (GraphPad, San
Diego) for the estimation of k_,, and K, values.

LC-MS/MS Analysis of Oligonucleotide Products from pol m
Reactions—pol nreactions were performed for 6 hat 37 °C in 50
mM Tris-HCI (pH 7.8) buffer containing 1 mwm dithiothreitol, 50

TABLE 1
Oligonucleotides used in this study
G* indicates G, C®1Q G, or N*IQ G.

pg of bovine serum albumin ml~*, 50 mMm NaCl, and 5 mm
MgCl, (200 ul total reaction mixture). The reactions were done
with all four dNTPs at 1 mm each, 5 um oligonucleotide sub-
strate, and pol m concentrations of 1.25-2.5 um. The reactions
were terminated by extracting the dNTPs using a spin column
(Bio-Spin 6, Bio-Rad). The initial concentrations of Tris-HClI,
EDTA, and dithiothreitol were restored in the above filtrate,
and 15 units of E. coli UDG was added to the mixtures. The
reactions were allowed to incubate at 37 °C for 4 h. Piperi-
dine was added to the reaction mixtures (to 0.25 M), which
were heated at 95°C for 1 h followed by lyophilization. The
residues were dissolved in a 70-ul volume for LC-MS/MS
analysis.

For most of the experiments, MS analysis was performed
in the Vanderbilt facility on a DecaXP ion trap instrument
(ThermoFinnigan, San Jose, CA), using the general methods
described earlier (37, 38). Samples were injected using an
autosampler, with 10 ul withdrawn from the reaction mix-
ture. The mixtures were separated on a Jupiter microbore
column (1.0 mm X 150 mm, 5 wm; Phenomenex, Torrance,
CA). Buffer A contained 10 mm NH,CH,CO,, (pH 6.8) and
2% CH,CN (v/v). Buffer B contained 10 mm NH,CH,CO,
(pH 6.8) and 98% CH,CN (v/v). The flow rate was 1.0 ml
min !, and the gradient was as follows: 0—2 min, hold at
100% A; 2—20 min, linear program to 100% B; 20-30 min,
hold at 100% B; 30 —32 min, linear program to 100% A; 32— 40
min, hold at 100% A (for next injection). Oligonucleotides
eluted at £, 9—12 min. Electrospray conditions (negative ion)
were as follows: source voltage 3.4 kV, source current 8.5 nA,
sheath gas flow rate setting 28.2, auxiliary sweep gas flow
rate setting 4.3, capillary voltage 49 V, capillary temperature
230 °C, tube lens voltage 67 V. MS/MS settings were as fol-
lows: normalized collision energy 35%, activation Q 0.250,
time 30 min, 1 scan. Product ion spectra were acquired over
the range m/z 300-2000. The most abundant ions were
selected for CID analysis. The calculations of the CID frag-
mentations of a certain oligonucleotide sequence were done

19-mer 5'-GGGGGCTCGTAAGGATTGG .
22-mer 5’ -GGGGGCTCGTAAGGATTGGCGC using a program from the Mass Spectrometry Group of
27-mer 3'-CCCCCGAGCATTCCTAACCG, *CG,G, *CTCA Medicinal Chemistry at the University of Utah.
TABLE 2
Steady-state kinetic parameters for 1-base incorporation opposite G, by human pol 7, ¢, and k
Polymerase Template dNTP K, Ko k. /K, f(misinsertion frequency)
M st mm 157!
poln dG, C 1.7 £0.2 0.12 = 0.004 71 1
A 240 = 50 0.037 = 0.002 0.15 0.0021
dG,-C*1Q C 19x2 0.18 = 0.004 9.5 1
A 120 = 10 0.011 * 0.0003 0.092 0.0097
dG,-N?1Q C 42*6 0.028 = 0.001 0.68 1
A 85 * 10 0.041 = 0.001 0.48 0.71
polt dG, C 99 =11 0.33 £0.01 3.3 1
T 220 = 40 0.23 = 0.01 1 0.3
dG,-C*1Q C 690 £ 70 0.00022 = 0.00001 0.0003 1
T 460 = 100 0.00032 = 0.00002 0.0006 2
dG,-N?1Q C 77 =11 0.0025 * 0.00001 0.032 1
T 100 = 20 0.0018 £ 0.0001 0.018 0.56
pol k dG, C 68 = 12 0.089 = 0.005 1.3 1
G 400 * 50 0.0041 = 0.0002 0.010 0.0077
dG,-C*1Q C 360 = 50 0.0068 £ 0.0003 0.019 1
G 140 = 40 0.00013 = 0.00001 0.0009 0.047
dG,-N?1Q C 65 = 24 0.014 = 0.001 0.22 1
G 270 * 40 0.00015 = 0.00001 0.0005 0.0023
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TABLE 3

Translesion Bypass Synthesis at IQ Adducts

Steady-state kinetic parameters for one-base incorporation opposite G; by human pols ), ¢, and k

Polymerase Template dNTP K, Ko k. /K, f(misinsertion frequency)
M st mm st
poln dG, C 6.1 =05 0.12 = 0.003 19.7 1
A 230 + 40 0.074 *+ 0.004 0.32 0.016
dG,-C31Q C 68 = 10 0.036 = 0.001 0.53 1
A 120 =20 0.027 = 0.001 0.23 0.43
dG,-N?-1Q C 46 + 9 0.11 = 0.01 2.4 1
A 510 = 60 0.051 = 0.002 0.1 0.042
pol dG, C 42 +7 0.36 £ 0.01 8.6 1
T 660 * 50 0.37 = 0.01 0.56 0.065
dG,-C31Q C 230 £ 50 0.00072 = 0.00004 0.0031 1
T 130 =20 0.0024 = 0.0001 0.018 5.8
dG,-N2-1Q C 40 =8 0.0022 * 0.00001 0.055 1
T 50 =5 0.00093 = 0.00002 0.018 0.33
pol k dG, C 797 0.15 * 0.005 19 1
G 400 = 50 0.0042 = 0.0002 0.011 0.0058
dG,-C31Q C 320 £ 50 0.00093 = 0.00001 0.0029 1
G 230 = 40 0.00006 = 0.000003 0.0002 0.069
dG,-N2-1Q C 68 + 21 0.011 * 0.001 0.16 1
G 330 = 40 0.0024 £ 0.0001 0.0072 0.045
In the case of the sequence analysis of pol n-catalyzed full- 5' _GGGGGCTCGTAAGGATUGG 3

length extension products across the C®-IQ adduct at the G,
position, the initial analysis was equivocal, and subsequent LC-
MS/MS was performed on a Waters Acquit HPLC system
(Waters, Milford, MA) connected to a Finnigan LTQ mass
spectrometer (thermoelectric) using an Acuity HPLC BE C18
column (1.7 wm, 1.0 mm X 100 mm). LC conditions were as
follows: buffer A contained 10 mm NH,CH,;CO, plus 2%
CH,CN (v/v), and buffer B contained 10 mm NH,CH;CO, plus
95% CH,CN (v/v). The following gradient program was used
with a flow rate of 150 ul min~": 0—3 min, linear gradient from
100% A to 97% A; 3—4.5 min, linear gradient to 80% A; 4.5-5
min, linear gradient 100% B; 5—5.5 min, hold at 100% B; 5.5— 6.5
min, linear gradient to 100% A; 6.5-9.5 min, hold at % A. The
temperature of the column was maintained at 50 °C. Samples
(10 pl) were infused with an autosampler. ES conditions were as
follows: source voltage 4 kV, source current 100 nA, auxiliary
gas flow rate setting 20, sweep gas flow rate setting 5, sheath gas
flow setting 34, capillary voltage —49 V, capillary temperature
350 °C, tube lens voltage —90 V. MS/MS conditions were as
follows: normalized collision energy 35%, activation Q 0.250,
and activation time 30 ms. Product ion spectra were acquired
over the range m/z 345-2000. The triply charged species (m1/z
1152.7) were used for CID analysis. The calculations of the CID
fragmentations of oligonucleotide sequences were also done
using a program linked to the Mass Spectrometry Group of
Medicinal Chemistry at the University of Utah.

RESULTS

Extension of Primers Opposite C5- and N*-IQ Adducts in
Templates—Initial studies were done with all four dNTPs using
each of the human DNA polymerases available (8, n, ¢, and ).
Comparisons were made with the templates containing the C-
and N2-1Q adducts at the G, and G, positions, with the cognate
primers (Figs. 2 and 3).

pol §, in the presence of PCNA, readily extended the primers
opposite the unmodified template but was totally blocked by either
IQ adduct at both the G, or G; positions (Figs. 2 and 3). As
expected, the translesion polymerases (1, t, and k) extended the
primer opposite the unmodified template but with more less than
full-length products due to their distributive character.
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FIGURE 4. Approach to analysis of extension products by LC-MS/MS. The
procedure involves extension of a primer beyond the G-IQ adduct in the tem-
plate (C®-1Q adduct at G; position in this example), digestion of the product
with UDG and LC-MS/MS.

pol 1 extended the primer opposite the C®-1Q adduct at the G,
or G position, although apparently better at G, (Fig. 2). Extension
also occurred opposite the N>-IQ adduct at both the G, and G,
sites, although the products appeared to be less than full-length
(Fig. 3). The latter phenomenon could be due to a lack of ability to
read completely through or to deletions (see below).

Both pol v and k showed very limited ability to catalyze
primer extension opposite the templates with the C%- or the
N?-1Q adduct (Figs. 2 and 3). Only with the N*>-1Q adduct (both
G, and Gj sites) was any extension beyond a single residue seen
(with pol k) (Fig. 3).
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ous insertions (C® and NZ>IQ
adducts at G, and G; sites), the effi-
ciency of pol 7 insertion of dCTP
was the most efficient for the
adducts in all cases.

LC-MS/MS  Analysis of Bases
Inserted during Primer Extension—
LC-MS/MS analysis was used to
identify the extension products
from the pol m reaction (with the
other polymerases, the limited
amounts of extended products were
insufficient for any analysis). Mass
spectra derived from ES ionization
and CID are well suited for direct
sequencing of oligonucleotides, and
the method has the advantage of
high sensitivity and application to
modified oligonucleotides (37, 38).
The same 19-mer primer used for
full extension and single nucleotide
insertion studies was redesigned to
contain a single uracil residue (Fig.
4). Following polymerase extension
of the primer positioned opposite
the C5-IQ adduct at the G, site in
the template, the extended primers
were digested by UDG followed by
piperidine treatment to generate
shorter oligonucleotides, which are
more easily analyzed than the full-
length primer product (Fig. 4). The
CID spectra of longer oligonucleo-
tide sequences are much more diffi-
cult to interpret when compared
with shorter length sequences. After

71800 2000

0 —rerey T ey

400 600 800 1200 1400

m/z

1000

FIGURE 5. Analysis of the pol 1) extension product of the primer extended opposite the template con-
taining the C3-IQ adduct at the G site using LC-MS/MS. A, mass spectrum of the oligonucleotide peak. 8, CID

mass spectrum (of the m/z 1048.1 ion).

Steady-state Kinetics of 1-Base Incorporation into Primers
Opposite C%- and N°-IQ Adducts—The steady-state kinetic
parameters k_,,, K,,, and particularly k_,,/K,,, provide a rough
quantitative estimate of the ability of polymerases to insert
bases opposite an adduct. A misincorporation factor, f(=(k_/
K., )wrong ante!(Kear/K,,)acrp), provides an index of the tend-
ency to misincorporate for comparisons (39).

Preliminary experiments indicated that the dominant incor-
porations opposite both the C3- and N-1Q adducts were poly-
merase-dependent as follows: C and A for pol , Cand T for pol
i, and C and G for pol k (Tables 1 and 2). The activity with pol &
was too low to measure (Figs. 2 and 3). The efficiencies of inser-
tion (k_,/K,,) were 1—4 orders of magnitude lower than for
insertion of dCTP opposite G, depending on the particular sys-
tem. dCTP insertion was preferred to other dNTPs in all but
two cases (f > 1), both with pol ¢« (Tables 2 and 3). Of the vari-
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HPLC separation, an oligonucleoti-
de-containing fraction was eluted at
10.55 min. Initial analysis of the ES
mass spectrum indicated that m/z
1048.6 was the M — 3H ion (Fig. 5)
and indicative of one major species
present in the peak at £; 10.55 min. CID analysis of the m/z
1048.6 peak is shown in Fig. 5B. The composition of the m/z
1048.6 (M-3H) oligonucleotide was 1 phosphate, 5 Gs,3Cs, 1 T,
and 1 A. Given the composition and sequence of the template,
the unknown primer extension product was determined to be
5'-pGGCGCCGAGT-3’, which is the full-length error-free
bypass product (Fig. 6). The CID spectra matched well with
those calculated based on the candidate sequence, with all of
the major ions from Fig. 5 appearing in the calculated
sequence (Table 4). The CID analysis was also compared
with that of a standard oligonucleotide purchased from Mid-
land Certified Reagent Co. (Midland, TX) (5'-pGGCGC-
CGAGT-3’) (shown in supplemental Fig. S5).

A similar result was observed with the C®-1Q adduct at the G,
position; the error-free product accounted for 95% of the
extended primer. However, one additional dATP was incorpo-

1600 1800 2000
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5'—G* +CCGAG
3 '—CXCGGCTCA

|
1Q

5 ' —GC-GC+CGAGT
3'—CG3CG,XCTCA

5'—GC-GC-CGAGTA
3 '—caacc,zlzc-rcn
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1Q 1Q
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;Q \
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FIGURE 6. Proposed schemes for extension of primers. A, |Q adducts at the
G position; B, 1Q adducts at the G, position.

5'—GC-GCC
3'—CG3CG,XCTCA

Q

TABLE 4

Experimental versus theoretical fragmentation for product of pol 1
extension experiment with C®-1Q adduct at the G; site

Sequence Experimental Theoretical
q fragmentation” fragmentation

m/z m/z
—pGT-3’ 650.9 650.1
—pAGT-3' 963.5 963.15
5'-pGGCGCCGA— 1179.89 1179.66
5"-pGGCGCCG— 1015.3 1015.14
—pGGCG-3’ 1124.9 1124.14
—pGAGT-3’ 1293.9 1292.20

“See Fig. 5.

rated at the end of the completed primer strand, in a blunt end
addition (Fig. 6). These results are presented in supplemental
Fig. $6.* An additional product (~5%) was also detected, but we
have not been able to analyze the central section of the nucleo-
tide sequence.

LC-MS/MS analysis was also used to identify the extension
products past the N*-1Q adducts of G at both positions of the
NarlI sequence (G5 and G, ). Following pol n extension and UDG
digestion of the primer extended opposite the N-1Q adduct at
the G; site of the template, an oligonucleotide-containing peak
was eluted at £, 10.56 min during HPLC separation. Preliminary
analysis of the ES mass spectrum indicated that 71/z 1111.6 was
the M — 2 ion (Fig. 7), indicating one major species present in
the peak at 10.56 min. The possible composition of the m/z
1111.6 (M — 2H) oligonucleotide was 1 phosphate, 4 Gs, 2 Cs,
and 1 A. Given the composition and sequence of the template,
the unknown primer extension product was determined to be
5'-pGGCCGAG-3',a —2 deletion product (Fig. 6). CID analysis
of the m/z 1111.6 peak is shown in Fig. 7. The CID spectra

“This is the same major product that resulted from polymerization past the
N2-1Q adduct placed at the G; site by Sulfolobus solfataricus DNA polymer-
ase Dpo4 (J. S. Stover, H. Zang, G. Chowdhury, F. P. Guengerich, and C. J.
Rizzo, submitted for publication).
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matched well with those calculated based on the candidate
sequence, with all of the major ions from Fig. 7 appearing in the
calculated sequence (Table 5). The CID analysis was also com-
pared with that obtained for a standard commercial oligonu-
cleotide (Midland) (5'-pGGCCGAG-3') and is shown in Fig. 8.

The same LC-MS/MS analysis was carried out for the oligo-
nucleotide primer extended opposite the N>-IQ adduct at the
G, site (supplemental Fig. S7). The major extension product
was a blocked one, 5'-pGGCGCC-3’, in which the polymerase
was unable to process to the end of the sequence. The LC-
MS/MS results indicated that only C was inserted in the primer
extension product that was analyzed (Fig. 6). However, steady-
state kinetic analysis had indicated that pol 7 inserted both
dCTP and dATP opposite the G, position N>-IQ G adduct,
with nearly equal efficiency (Table 2). In light of this apparent
discrepancy, we examined the further extension of a primer
with A inserted opposite the G, N*-IQ adduct and found no
activity (supplemental Fig. S8). Thus, we conclude that both C
and A can be inserted but that pol 1 extends only beyond the
N2-1Q G:C pair.

DISCUSSION

One of the most interesting aspects of the heterocyclic
amines is their extremely high mutagenicity (8, 9, 13). Most
reports have focused on bacterial systems; the weaker mutage-
nicity seen in some mammalian cells has been attributed to the
lack of the relevant bioactivation systems (40). In this work, we
positioned both the N*- and C®-1Q adducts at both the G, and
G, sites in the Narl sequence. In all cases, no replication of a
primer occurred with human pol 8, even in the presence of
PCNA, but the translesion polymerases pol m, ¢, and k could
achieve some bypass. Of these, pol 1 was clearly the most effi-
cient (Tables 1 and 2). The steady-state kinetic analysis sug-
gested that dCTP insertion was favored in all cases, indicative of
fidelity. However, LC-MS/MS analysis of the pol 1 primer
extension products indicated that one of the four cases pro-
duced a frameshift mutation, with the N*-1Q adduct showing
the common NarI CG/GC deletion only at the G position. Of
the four cases, only the two C®-IQ adducts showed fidelity of
replication. These in vitro results support the high inherent
mutagenicity of IQ adducts and also show the major differences
among individual chemistry of modifications, as well as with
regard to the DNA site and individual polymerases.

Fuchs et al. (17) first reported that treatment of bacteria with
N-acetoxy-AAF resulted in mutation at a hot spot, yielding a
prominent —2 (GC) deletion in the center of a Narl site
(GGCGCCQ). All three guanines in this sequence showed similar
levels of adduction, but the G; site was most “mutation-prone”
(18). Subsequently, the same group was able to prepare plas-
mids in which each of the three guanines in the Narl sequence
had been modified with (NN-acetoxy) AAF (41), and only the G,
position yielded the —2 deletion (19). The Fuchs laboratory also
demonstrated that IQ caused similar —1 and —2 deletions (42).
The IQ-induced deletions were reported to be SOS-indepen-
dent, in contrast to those seen with AAF, which seems surpris-
ing in light of the current knowledge about translesion synthe-
sis (1, 4, 5). The —1 deletions induced by AAF have also been
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The AF adduct at the same site pro-
duced only G to T transversions (in
E. coli), and both AF and AAF pro-
duced G to T transversions in
COS-7 kidney cells. Similar findings
regarding G; —2 deletions (in an
E. coli system) for AAF G site
adduct(s) were reported by Tebbs
and Romano (29).

Attempts to understand the
molecular basis of the —2 deletions
have been made. Burnouf et al. (44)
used AAF-modified oligonucleo-
tides with several DNA polymerases
(E. coli polymerase I (Klenow frag-
ment, + or — exonuclease), bacteri-
ophage T7 polymerase, E. coli pol I11
a subunit, and pol III holoenzyme).
A variety of results was found,
depending upon the polymerase.
The G, adduct (AAF) produced
error-free replication, and the G,
and G; sites yielded mutations.
However, none of these polymer-
ases produced the GC deletions. Gill
and Romano (20), in contrast,
reported that Klenow fragment
(exonuclease™) produced a GC
deletion when copying the Narl
sequence with an AAF adduct at G,
but did not provide specific evi-
dence. Crystal structures of two rep-
licative DNA polymerases bound to
AAF-modified DNA have been
solved, with Bacillus stearother-
mophilus pol I (45) and bacterio-

[ ! "
1600 1800 2000

phage pol T7 (46). AF-adducted G

0

400 600 800 1000 1200 1400

m/iz

FIGURE 7. Analysis of the pol 7 extension product of the primer extended opposite the template con-
taining the N>-1Q adduct at the G; site using LC-MS/MS. A, mass spectrum of the oligonucleotide peak. B,

CID mass spectrum (of the m/z 1111.6 ion).

TABLE S5

Experimental versus theoretical fragmentation for product of pol 1
extension experiment with N>-1Q adduct at the G; site

Sequence Experimental Theoretical
q fragmentation” fragmentation
m/z m/z
—pAG-3’ 659.1 659.11
—pGAG-3' 988.5 988.16
5'-pGGC— 835.0 835.09
5'-pGGCCG— 1414.1 1413.19
—pCCGAG-3’ 1566.1 1566.25
—pCGAG-3' 1277.5 1277.20

“ See Figs. 7 and 8.

studied in runs of guanines and proposed to be the result of a
slippage mechanism (43). Other subsequent work confirmed
that the modification of G5 guanine of the Narl sequence with
AAF produced an SOS-dependent frameshift in E. coli (23).

25304 JOURNAL OF BIOLOGICAL CHEMISTRY

71600

1800 2000 appears to pair with C; in both
reports the C®-G AAF adduct
induces an anti to syn shift in the
glycosidic bond, which in the case of
pol T7 leads to intercalation of the
AAF fluorene ring into the hydrophobic pocket of the polymer-
ase and locks it in the “open” conformation (46).

Less information is available to date about IQ adducts than
AAF. As mentioned earlier, the guanine C®-1Q adduct is formed
more readily in DNA than the N2-IQ adduct, but the N2-1Q
accumulates in vivo due to slower repair (27, 28). IQ is muta-
genic in human lymphoblastoid cells, but the limited mutation
is probably the result of deficient bioactivation (40). The point
should also be raised that there is a rather limited knowledge of
which translesion DNA polymerases are present in various cell
lines, which may be important (Fig. 1 and Tables 1 and 2). A —2
deletion (—GC) is a prominent mutation observed in transgenic
(+!lac) rats (liver, colon, and kidney) (30). Another heterocyclic
amine adduct, the C®-guanyl derivative of 2-amino-1-methyl-
6-phenylimidazo[4,5-b]pyridine (commonly referred to as
“PhIP”), has been examined in E. coli and COS-7 cells (47); G to
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bypass of AAF C®-G adducts (52).
However, in the context used, the
conclusion was that (a truncated form
of) pol k inserted dTTP opposite the
AAF adduct (52). In our own work
with the IQ adducts (Tables 2 and 3),
pol m was considerably more active
than pol k. With some systems a two-
step process has been invoked in
which pol mcopies opposite lesions
and then pol k proceeds to extend (48,
50, 53, 54). In the present work with
the IQ adducts, pol n could extend
past the adducts without pol k (Figs. 2
and 3). Accordingly, we did not use
mixtures of the polymerases in our

600 800 1000 1200 1400 1600

Relative Abundance

659.1 988.1

B 835.0

1412.9
1277.0

80 1566.0

60 506.0

40 LZO.BI
795.0

20

400 600 800 1000 1200

miz

1400

FIGURE 8. MS of synthesized 5'-pGGCCGAG-3’. The synthetic oligonucleotide was used to confirm the
assignment of the product identified in the primer extension opposite to the N2-1Q adduct at the G, template

site (Fig. 7). A, mass spectrum; B, CID spectrum (of the m/z 1112.2 ion).

T transversions and —1 deletions were observed, but the results
were variable depending upon the sequence context.

In our work presented here, the GC (2-base) deletion was
restricted to the N2-IQ adduct at the G, site of the Narl
sequence (Fig. 4) and was only really seen with pol 7. The single-
base insertion steady-state results (preferential insertion of
dCTP) are misleading in that this is in all likelihood not a direct
insertion opposite the modified G but rather opposite the G two
bases 5’ of the adduct. These findings with pol 1 may provide
some potential insight into the —2 deletion seen in vivo in rats
(30).

pol k is able to bypass bulky lesions such as those formed from
benzo[a]pyrene diol epoxide (48 —51), although the kinetic param-
eters are difficult to compare in these cited studies because of the
expression of units, and furthermore, sequence contexts can influ-
ence the outcomes (51). A role for pol k has been suggested for
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1800 2000 work, which would have obfuscated
quantitative measurements (Tables 2
and 3) and also the interpretation of
LC-MS/MS analysis of products in
the context of individual enzymes.

The Narl system has been used as
amodel for development of a system
for studying the DNA site specificity
of heterocyclic amine mutagenesis
in vitro. However, some of the find-
ings with the IQ adducts may not be
directly relevant to the results
obtained with AAF and vice versa.
In addition, one concern about
much of the earlier work with AAF
is the identity of the adducts.
Although the C®-guanyl adduct is
the most plentiful in the treatment
of DNA with N-hydroxy-IQ (27) or
N-acetoxy-AAF (55, 56), some
N?-guanyl adduct is formed, and
oligonucleotides substituted with
C®- and N”-guanyl adducts might
not be readily discerned except with
careful UV or MS CID analysis. The
difference in the course of the
primer extensions of the C®- and N*-1Q G, adducts is remark-
able (Fig. 4), and the possibility exists in a biological experiment
(i.e. mutagenesis) that a trace of N*(—AAF) adduct might be
responsible for activities attributed to the C® adduct. For fur-
ther understanding of IQ mutagenesis, one important need is
analysis of x-ray structures of polymerases bound to IQ-modi-
fied oligonucleotides. Another need in this area is cellular anal-
ysis of which DNA polymerases are involved in translesion
bypass and mutagenesis. Although the evidence presented here
supports a role of pol 7, the analysis does not include all of the
DNA polymerases potentially involved. Furthermore, the
expression of the individual mammalian translesion DNA po-
lymerases in various cell lines and tissues (in vivo) is not well
characterized.

In conclusion, we have been able to show that IQ-dependent
mutations are functions of the adduct chemistry, the DNA loca-
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tion, and the individual DNA polymerase involved. Although
the literature already contains information for this general view
with other types of DNA adducts, the point is clearly shown
here with the altered adduct chemistry and with three of the
major human translesion DNA polymerases. We have been
able to dissect a mutagenic signature shown in mammals (a —2
base GC deletion) into components associated with different
polymerases and sites. There are caveats about comparing
human DNA polymerases with results in rats, but any compar-
isons with cells of human origin in culture have their own defi-
ciencies. These results demonstrate a source of 2-base deletions
provides a basis for further structural and biological experi-
ments involving mechanisms and relevance.
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