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Abstract

a-Hydroxynitrosamine metabolites of nitrosamines decompose to a reactive diazohydroxide and
an aldehyde. To test the hypothesis that the aldehydes contribute to the harmful effects of
nitrosamines, the toxic and mutagenic activity of three model methylating agents were compared
in Chinese hamster ovary cells expressing human CP-alkylguanine DNA alkyltransferase (AGT)
or not. A-Nitrosomethylurethane (NMUFr), acetoxymethylmethylnitrosamine (AMMN) and 4-
(methylnitrosamino)-4-acetoxy-1-(3-pyridyl)-1-butanone (NNK-4-OAc) are all activated by ester
hydrolysis to methanediazohydroxide. NMUr does not form an aldehyde whereas AMMN
generates formaldehyde and NNK-4-OAc produces 4-0xo-1-(3-pyridyl)-1-butanone (OPB). Since
these compounds were likely to alkylate DNA to different extents, the toxic and mutagenic
activity of these compounds was normalized to the levels of the most cytotoxic and mutagenic
DNA adduct, (3-mG, to assess if the aldehydes contributed to the toxicological properties of these
methylating agents. Levels of 7-mG indicated that the differences in cytotoxic and mutagenic
effects of these compounds resulted from differences in their ability to methylate DNA. When
normalized against the levels of 05-mG, there was no difference between these three compounds
in cells that lacked AGT. However, AMMN and NNK-4-OAc were more toxic than NMUFr in cells
expressing AGT when normalized against G5-mG levels. In addition, AMMN was more
mutagenic than NNK-4-OAc and MNUF in these cells. These findings demonstrate that the
aldehyde decomposition products of nitrosamines can contribute to the cytotoxic and/or mutagenic
activity of methylating nitrosamines.
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Introduction

N-Nitrosodimethylamine (DMN) and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK) are two nitrosamines that are present in tobacco smoke.12 These compounds are
potent carcinogens in laboratory animals. DMN induces liver, respiratory tract, kidney and
blood vessel tumors by several different routes of exposure and is reasonably anticipated to
be a human carcinogen (Group 2A).3-5 NNK is a powerful lung-specific carcinogen in
animal models? and has been designated as a human carcinogen (Group 1).6

Both DMN and NNK are activated by cytochrome P450-catalyzed oxidation of the carbon
adjacent to the nitrosamine (Scheme 1).27-9 The resulting a-hydroxylInitrosamine
metabolite then spontaneously decomposes to an alkanediazohydroxide and an aldehyde.
The alkanediazohydroxide alkylates DNA to form DNA adducts that miscode during DNA
replication, causing mutations that lead to tumor formation. The fate and biological activity
of the aldehyde decomposition product is less well studied.

Alpha-hydroxylation of DMN generates A-nitroso(hydroxymethyl)methylamine that
decomposes to methanediazohydroxide and formaldehyde (Scheme 1).
Methanediazohydroxide leads to a methyldiazonium ion that reacts with DNA to form 7-
methylguanine (7-mG) and (P-methylguanine (GP-mG) along with other adducts.10 NNK
undergoes two different a-hydroxylation reactions (Scheme 1). Methylene hydroxylation
leads to the formation of methanediazohydroxide and 4-oxo-1-(3-pyridyl)-1-butanone
(OPB), whereas methyl hydroxylation leads to the formation of 4-oxo-(3-pyridyl)-
butanediazohydroxide and formaldehyde. As with DMN, the methylation pathway generates
7-mG and 0P-mG.2 The pyridyloxobutylation pathway leads to a variety of adducts, four of
which are 7-[4-3-(pyridyl)-4-oxobut-1-yl]-2'-deoxyguanosine, O?-[4-3-(pyridyl)-4-
oxobut-1-yl]-2’-deoxycytosine, O?-[4-3-(pyridyl)-4-oxobut-1-yl]thymidine, and CP-[4-3-
(pyridyl)-4-oxobut-1-yl]-2'-deoxyguanosine.}1-14 Adducts from both pathways have been
detected in tissue DNA from NNK-treated rodents.2-15-17

Simultaneously formed with the alkanediazohydroxide, nitrosamine-derived aldehydes may
contribute to the toxicological properties of a nitrosamine by at least two pathways. First,
they can be genotoxic. OPB induced sister chromatid exchanges in V79 cells and caused
DNA single strand breaks in V79 cells and hepatocytes.18-20 Similarly, formaldehyde
caused DNA single strand breaks and induced DNA-protein crosslinks in cells.20-21
Formaldehyde also reacted with dA, dC, and dG generating DNA adducts.?2-28 Significant
to their possible importance in nitrosamine derived cancer, formaldehyde DNA adducts are
generated from DMN and NNK /77 vivo and the corresponding a-acetoxynitrosamines /7
vitro.2728 This DNA damage may lead to mutations. Formaldehyde was mutagenic in
human cells, as well as Chinese hamster ovary (CHO), V79 and mouse lymphoma
cells.82%-32 OPB has not been tested for its mutagenic properties.

A second way that aldehydes can contribute to the harmful effects of nitrosamines is by
inhibiting the repair of DNA adducts formed from the alkanediazohydroxides.
Formaldehyde inhibited the removal of (®-mG from DNA by the repair protein, CP-
alkylguanine DNA alkyltransferase (AGT), and potentiated the toxicity and mutagenicity of
N-methylnitrosourea in normal human pulmonary fibroblasts.2 OPB but not formaldehyde
reduced the activity of AGT in hepatocytes.32 Both formaldehyde and OPB synergistically
increased the number of single strand breaks induced by A~methylInitrosourea.3*

Chem Res Toxicol. Author manuscript; available in PMC 2014 October 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Peterson et al.

Page 3

In this report, we test the hypothesis that aldehydes contribute to the toxicological properties
of nitrosamines by generating mutagenic and/or toxic DNA adducts and/or by interfering
with repair of alkyl DNA adducts. Our overall strategy was to compare the toxic and
mutagenic activity of Abmethylnitrosourethane (NMUFr) to that of A-acetoxymethyl-A-
methylnitrosamine (AMMN) and 4-(methylnitrosamino)-4-acetoxy-1-(3-pyridyl)-1-
butanone (NNK-4-OAc) in CHO cells expressing or not expressing human AGT. These
model compounds are all activated by ester hydrolysis to generate the reactive
methanediazohydroxide (Scheme 2). No aldehyde is formed during the decomposition of
NMUr. AMMN hydrolyzes to generate the methylating agent and formaldehyde3® whereas
NNK-4-OAc is expected to generate methandiazohydroxide and OPB. Since these
compounds were likely to have different rates of hydrolysis within the cell, methyl DNA
adduct levels were measured to determine how efficient each model compound was at
generating DNA damage. The most abundant adduct, 7-methylguanine, was employed as a
dosimeter of the total amount of methanediazohydroxide that reached nuclear DNA. Levels
of CP-mG were utilized to determine if the aldehyde modulated the toxicological properties
of the methylating agent since this adduct is the major cytotoxic and mutagenic adduct
generated by methanediazohydroxide.36:37 A comparison of the toxic and mutagenic
properties of AMMN or NNK-4-OAc to NMUFr at concentrations that yielded similar initial
levels of O8-mG provided evidence that these aldehydes may contribute to the toxicological
properties of methylating nitrosamines.

Materials and Methods

Chemicals

NMUr and AMMN were obtained from the National Cancer Institute’s Chemical
Carcinogen Reference Standards Repository (Midwest Research Institute, Kansas City,
MO). 3-[2-(3-Pyridyl)-1,3-dithian-2-yl]propan-1-al was synthesized as previously
described.38 Porcine liver esterase, crystal violet and 6-thioguanine were purchased from
Sigma (St. Louis, MO). Calf thymus DNA (Sigma) was cleaned up with phenol-chloroform
extraction prior to use. All other chemicals were purchased from Aldrich (Milwaukee, WI).

Instrumentation

1H NMR spectra were obtained either at 300 MHz or at 500 MHz on a Varian Inova-300 or
500 NMR spectrometer (Chemistry Department of the University of Minnesota,
Minneapolis) in CDCls.

2-[3-Acetoxy-3-(methylnitrosamino)propan-1-yl]-2-(3-pyridyl)-1,3-dithiane

A solution of 3-[2-(3-pyridyl)-1,3-dithian-2-yl]propan-1-al (390 mg, 1.54 mmol) in glacial
acetic acid (5 mL) was added to a solution of methylamine hydrochloride (104 mg, 1.54
mmol) in glacial acetic acid (7 mL). After the reaction mixture was cooled to 10-15 °C, an
aqueous solution of sodium nitrite (215 mg, 3.0 mmol) was added. The reaction was stirred
at 10-15 °C overnight. Acetic acid was removed /n vacuo and a saturated solution of
NaHCO3 (30 mL) was added to the residue. The solution was extracted with chloroform (2
x 30 mL). The chloroform layer was washed with water (3 x 30 mL), dried over anhydrous
MgSOy, and evaporated to dryness. The residue was then purified by preparative TLC on
silica gel 150 A (size: 20 x 20 cm, 1000 pm thickness, 60F,s54) which was eluted with
EtOAc/hexanes (50:50) to give the product as a light yellow solid (33 mg, 0.09 mmol, 6%
yield). IH NMR (300 MHz, CDCl3) & 9.1 (s, 1H), 8.5 (d, 1H), 8.2 (d, 1H), 7.3 (m, 1H), 6.96
(t, 1H), 2.87 (s, 3H), 2.69 (m, 4H), 1.8-2.2 (m, 9H). MS m/z= 356 [M + H]*, 296, 267, 161.

Chem Res Toxicol. Author manuscript; available in PMC 2014 October 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Peterson et al.

Page 4

4-Acetoxy-4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK-4-OAc)

N-Chlorosuccinimide (400 mg, 3.0 mmol) was added to a solution of 2-[3-acetoxy-3-
(methylnitrosamino)propan-1-yl]-2-(3-pyridyl)-1,3-dithiane (110 mg, 0.30 mmol) in
acetonitrile containing 20% 20 mM sodium phosphate, pH 7.0 (10 mL). The reaction was
stirred for 30 minutes at room temperature. The product was extracted with ether. The
extract was dried over anhydrous MgSQy, and evaporated to dryness. The residue was
purified by preparative TLC on silica gel 150 A (size: 20 x 20 cm, 1000 pm thickness,
60F,54) eluting with ether to give the product as a light yellow solid (39 mg, 0.15 mmol, 50
% yield). 1TH NMR (500 MHz, CDCl5) 5 9.1 (s, 1H), 8.8 (d, 1H), 8.2 (d, 1H), 7.4 (m, 1H),
7.2 (t, 1H), 3.1 (m, 2H), 3.0 (s, 3H), 2.6 (m, 2H), 2.1 (s, 3H). MS m/z= 265[M + H]*, 206,
177, 164, 146.

In Vitro DNA Alkylation Reactions

Cell lines

The extent of DNA methylation in vitro was determined using a previously published
method.39 Briefly, 0 or 10 uM NMUr, AMMN or NNK-4-OAc was incubated with calf
thymus DNA (2 mg) in the presence of 5.5 units porcine liver esterase (17 units/mg) in 15
mM sodium citrate buffer, pH 7, at room temperature (total volume =1 mL). After 1 h,
NaCl (2 mM) was added for a final concentration of 0.33 mM and the DNA was precipitated
with ethanol. It washed three times with 70% ethanol, then three times with 100% ethanol
and dried under nitrogen for storage at —20 °C until DNA adduct analysis.

These experiments were performed with Chinese hamster ovary cell line, AA8, stably
transfected with the pPCMV-neo-Bam vector without an inserted cDNA sequence
(CHOPCDNAS) or the same plasmid expressing human AGT (CHOACT): the parental cell line
(AAB8) does not express the repair protein AGT.*0 Western blot analysis confirmed the
expression of AGT in CHOACT cells.#0 The AGT activity in these cells was approximately
450 fmol/mg protein.*® The cell lines were maintained in Minimum Essential Medium
Alpha Modification (dMEM) supplemented with 10% fetal bovine serum (Invitrogen,
Carlsbad, CA), 1 mg/ml geneticin (Invitrogen) and 1% penicillin/streptomycin at 37 °C in a
humidified 5% CO, incubator. Pre-existing /PR T mutants were eliminated by growing the
cells for three days in complete medium supplemented with 100 uM hypoxanthine, 0.4 yM
aminopterin and 16 pM thymidine as previously described.!

Cytotoxicity and mutagenicity assay

Cytotoxicity and mutation frequency at the Aprtlocus were determined according to
published methods.#2:43 Twenty four h prior to treatment, 6-well or 60 mm plates were
seeded with 2 x 10° cells or 5 x 10° cells/plate, respectively. The cells were exposed to
NMUr (CHOPEDNAS: 0_g yM; CHOACT: 0-250 pM), AMMN (CHOPCSDNAS: 9_4 yM;
CHOAGT: 0-60 pM) or NNK-4-OAc (CHOPEPNAS: 0_2 5 yM; CHOAGT: 0-40 uM) for 1 h.
CMU and AMMN were delivered as concentrated aqueous solutions; NNK-4-OAc was
dissolved in DMSO. The control cells in the NNK-4-OAc experiments were exposed to
DMSO alone (120 yL DMSO/4 mL media). Each treatment was performed in duplicate (six-
well plates) or triplicate (60 mm plates). The cells were washed with PBS and further grown
in fresh medium for 16-24 h. The cells were then harvested and counted, and were re-plated
for measurement of colony forming ability (cytotoxicity) and mutant frequency. Each
experiment was repeated three-four times.

Colony forming ability was determined by plating 100 cells from each treatment into 6-well
plates.#2 Two wells were plated per treatment. The plating efficiencies were similar for both
cell lines. After 6-7 days growth in normal medium, colonies were stained with 0.05%
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crystal violet and were counted with an aCOLyte colony counter (Synbiosis, Frederick,
MD). Cell survival was normalized to the number of colonies from untreated cells.

For the mutagenesis assay, each treated culture was plated into 60 mm dishes and grown in
normal medium, with sub-culturing, to allow phenotypic expression of induced mutants.
After 7 days, the cells were harvested, counted and plated for determination of cloning
efficiency and mutant frequency. The cloning efficiency was determined by seeding 200
cells into 60 mm dishes in normal medium. Colonies were stained with crystal violet after
6—7 days growth and counted. The mutant frequency was determined by plating 100,000
cells into 200 mm dishes in medium containing 5 pg/ml 6-thioguanine to select for mutant
colonies. Ten dishes per treatment were plated. The medium was changed every 3 to 4 days.
After 10 days, the colonies were stained and counted with an aCOLyte colony counter. The
mutant frequency was expressed as the number of 6-thioguanine resistant colonies per
100,000 viable cells.

DNA isolation

Cells (2 x 106) were plated onto 150 mm culture dishes. Three days later, they were exposed
to NMUr (CHOPCPNAS: 0.5 1 or 2 uM; CHOAGT: 50, 100 or 150 pM), AMMN
(CHOPCDNAS: 0 25 0.5, or 1 uM; CHOACT: 10, 30 or 60 uM) and NNK-4-OAc
(CHOPCPNAS: 0,05, 0.25, or 0.5 uM; CHOACT: 5,10 or 20 uM) for 1 h. These
concentrations represented low, medium and high toxic concentrations of methylating agent.
Immediately after the 1 h treatment, cells from 2-3 plates were pooled for DNA isolation.
Triplicate samples were generated at each concentration. DNA was extracted using a Qiagen
Genomic DNA Midi Kit (Valencia, CA) following the manufacturer’s protocol with minor
modifications. Briefly, the cells were lysed and applied to a Genomic-tip 100/G column. The
column was washed with buffer QC three times, and eluted with buffer QF. The eluates
were then precipitated with isopropanol and the precipitated DNA was washed three times
with 70% ethanol, and then three times with 100% ethanol. DNA was dried under nitrogen
and stored at — 20 °C until analysis.

DNA Adducts Analysis

DNA (50-100 pg) was dissolved in 10 mM sodium phosphate, pH 7 (100 pL) and spiked
with [13C42H3]7-methylguanine (0.6-10 pmol) and [2H3] @®-mdG (30 fmol). The solution
was heated at 80°C for 60 min. A portion of the hydrolysates (75 pL) was reserved for the
determination of guanine concentration. After cooling on ice for 30 min, samples were
neutralized with sodium hydroxide. The remainder of the acid hydrolysate was applied to a
Strata-X C18 cartridge (30 um, 30 mg, Phenomenex, Torrance, CA). The cartridge was
sequentially eluted with 1 mL water and 1 mL 100% methanol. The 100% methanol fraction
contained the adducts; it was collected and concentrated to dryness under reduced pressure.
The residue was resuspended in 25 mM ammonium acetate (16 pL) for LC/MS/MS analysis.

Capillary LC/ESI-MS/MS analyses were carried out on a TSQ Vantage mass spectrometer
(Thermo Electron, Bellafonte, PA) interfaced with an Agilent 1100 series capillary HPLC
(Agilent Technologies, Palo Alto, CA). Analyses were performed in the positive ion mode
with N5 as the nebulizing and drying gas. The voltage setting was 3.2 kV and the heated
capillary was 250 °C. Samples (injection vol: 8 pL) were separated on a 150 x 0.5 mm, 3
pm Hypersil GOLD PFP column (Thermo Fischer, Torrance, CA). The column was eluted
with a 25 min linear gradient from 25 mM ammonium acetate containing 2% of 3:1
methanol-acetonitrile to 25 mM ammonium acetate containing 25% 3:1 methanol-
acetonitrile at a flow rate of 10 yL/min. Quantitation was done with selected reaction
monitoring (SRM). The mass transitions (parent to product) monitored were 166 — 149 for
7-mG and O%-mG, 169 - 152 for [2H3] O%-mG, and 170 - 153 for [13C12H3]7-mG. The
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retention times for 7-mG and (P-mG were 12.7 and 18.5, respectively. The amount of 7-mG
and CP-mG in each sample was determined from the product of the area ratio (unlabeled
DNA adduct/labeled standard) and the amount of internal standard added. Calibration curves
were constructed from known amounts of authentic standards spiked with known amounts
of internal standard. Guanine concentrations were determined as previously described.** The
amount of DNA adducts were normalized to the amount of the guanine in each sample.

Statistical methods

Results
Synthesis

The statistical analysis related endpoints of interest, either cytotoxicity (fraction of cells
surviving) or mutagenicity (number of mutant colonies) to (a) the three methylating agents
of interest (b) levels of ©°-mG produced by exposure to the methylating agents and (c)
interactions between (a) and (b). In addition, the analysis sought to determine if cell line
AGT expression (+/-) was related to cytotoxicity or mutagenicity. Tests for the main effects
of P-mG and the interactions between OP-mG and either compound or AGT expression
were of primary interest in the analyses. We tested the null hypothesis that these effects and
interactions were zero using standard regression/analysis of variance methods as built into
the program R (using the Im procedure).

These studies required the synthesis of NNK-4-OAc. This compound was achieved via the
route shown in Scheme 3. Attempts to synthesize the compound by combining OPB,
methylamine and sodium nitrite in acetic acid were unproductive. Protection of the ketone
group of OPB with 1,3-dithiane allowed for the successful preparation of the intermediate,
2-[3-acetoxy-3-(methylnitrosamino)propan-1-yl]-2-(3-pyridyl)-1,3-dithiane, albeit in low
yield. Deprotection of the ketone was achieved with A-chlorosuccinimide in buffered
aqueous acetonitrile. The NMR and mass spectra of the product were consistent with the
desired structure.

In vitro DNA alkylation reactions

To confirm that the three methylating agents generate methyl DNA adducts following ester
hydrolysis, calf thymus DNA was reacted with 10 yM of each methylating agent in vitro in
the presence of esterase according to published methods.3° All three compounds generated
similar levels of 7-mG and OP-mG under these reaction conditions (Table 1). In addition, the
ratio of 7-mG/P-mG was not impacted by the chemical structure of the methylating
nitrosamines. Therefore, we will use a ratio of 7 as the expected value for this ratio in the
cell-based studies when there is no repair of (®-mG.

Cytotoxicity and mutagenesis

The toxic and mutagenic activity of NMUr, AMMN and NNK-4-OAc were determined in
CHOQPCDNAS and CHOACT cell lines. The cells were treated with increasing concentrations
of the methylating agents for 1 h and then plated to assess cytotoxicity or mutagenicity. Cell
survival was determined via a colony forming assay. All three compounds were much more
toxic in the cells lacking hAGT (CHOPCPNA3) (Figure 1A—C). The ECsgs for cytotoxicity
indicated that NNK-4-OAc was the most toxic compound in either cell line whereas NMUr
is the least toxic (Table 2). The difference between the three compounds is greater in the
CHOAGT cell line (8 fold difference in ECsp) than in the CHOPCPNAS cel| fine (4 fold
difference in ECgp).

To determine the ability of the methylating agents to induce point mutations, the mutation
frequency in the Aprt gene was measured by selecting mutants with 6-thioguanine. All three
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methylating agents caused a dose dependent increase in mutation frequency with the cells
lacking AGT being considerably more sensitive to their mutagenic effects (Figure 1D-F).
Similar to the cytotoxicity results, the order of mutagenic activity at equal concentrations
was NNK-4-OAc > AMMN > NMUFr in both cell lines.

DNA adducts analysis

To normalize the toxic and genotoxic effects of these methylating agents to their ability to
alkylate DNA, levels of 7-mG and (P-mG were measured in DNA isolated from cells
immediately following a 1 h exposure to the methylating agents. For each compound, three
concentrations from the toxicity studies were selected for DNA adduct measurements in
each cell line. For each compound and cell line, the concentrations selected represented a
range of cytotoxicity (low, medium and high). Neutral thermal and subsequent acid
hydrolysates were analyzed by LC-MS/MS to determine the levels of 7-mG and O-mG,
respectively (Table 3). The analysis of 7-mG levels in the cells lacking AGT (CHQPCDNA3)
was complicated by inconsistent levels of a co-eluting peak so these levels are not reported.
This contamination did not significantly affect the analysis of this adduct in the DNA from
CHOAGT cells because these cells were treated with much higher concentration of
methylating agents. Consequently, the levels of 7-mG were much higher than the co-eluting
contamination. A concentration dependent increase in 7-mG levels was observed for each
compound in these cells (Figure 2). NNK-4-OAc generated the most DNA adducts followed
by AMMN and, then, NMUTr. As expected, these data parallel the observed toxicity
differences between the three methylating agents in each cell line.

Despite the higher levels of 7-mG, the levels of 08-mG detected in the CHOACT cells were
similar to those observed in the CHOPCPNAS cells as a consequence of the extensive AGT-
mediated repair in the CHOACT cells. The ratio of 7-mG to (¥-mG is a measure of the
extent of (¥-mG repair since 7-mG is only slowly removed from DNA. The high ratio of 7-
mG to GP-mG in the DNA isolated from CHOACT cells is evidence for the extensive repair
of P-mG (Table 3). These ratios are more than 20 times those observed in the i vitro
treated DNA (Table 1). The amount of OB-mG repair was greater in CHOACT cells treated
with NNK-4-OAc or AMMN than in cells treated with NMUr as indicated by the higher
ratios of 7-mG/P-mG in the NNK-4-OAc- or AMMN-treated cells (Table 3).

To determine the influence of the aldehyde on the toxicity of the methylating nitrosamine,
the levels of OP-mG were plotted relative to the cytotoxic effects of each methylating agent.
Since (P-mG is the most cytotoxic adduct formed by these methylating agents, the
expectation is that the slope of the line will be steeper (i.e., the compound will be more toxic
relative to the levels of (P-mG) for the compounds that also generate aldehydes if the
aldehyde contributes to the cytotoxic effects of the methylating agent. In cells lacking AGT,
there was no difference in the cytotoxicity versus G¥-mG plots for any of the methylating
agents (Figure 3A). However, there was a significant difference between the plots of
cytotoxicity versus O5-mG for each compound in the cells expressing AGT. In this case,
AMMN was more toxic than NNK-4-OAc which was more toxic than NMUFr at
concentrations that generated comparable levels of (5-mG (Figure 3B). The differences
between the plots were significant: AMMN versus NNK-4-OAc, p= 4 x 1074; AMMN
versus NMUTr, p= 4 x 1079 and NNK-4-OAc versus NMUr, p= 0.035.

To explore the ability of AGT to influence the cytotoxic effects of each methylating agents,
the plots of cytotoxicity versus OP-mG for each compound were compared between the two
cell lines (Figure SIA-C). If there was extensive repair of (®-mG such that other minor less
toxic adducts start to contribute to the overall cytotoxic effects of the methylating agents, the
slope of the line is expected to decrease. In fact, this is what was observed with NMUr. The
expression of AGT resulted in a significant decrease in the slope of the line for the toxicity
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relative to ©5-mG levels for NMUr (Figure S1 A, p= 2 x 10719), This shift was less
pronounced for NNK-4-OAc where there was a small but significant influence of AGT
expression on the slope of the cytotoxicity versus P-mG plot (Figure S1B, p=0.03). AGT
expression did not affect the plot of cytotoxicity versus 08-mG levels caused by AMMN
(Figure S1C).

To determine the influence of the aldehyde on the mutagenicity of the methylating agent, the
levels of OP-mG were plotted relative to the mutagenic effects of each methylating agent.
Since CP-mG is the most mutagenic adduct formed by these methylating agents, the
expectation is that the slope of the line will be increased (i.e., the compound will be more
mutagenic relative to the levels of P-mG) for the compounds that also generate aldehydes
if the aldehyde contributes to the mutagenic effects of the methylating agent. In the absence
of AGT, there were only minor differences between the plot of mutation frequency versus
5-mG plots with AMMN and NNK-4-OAc were slightly more mutagenic relative to -
mG than NMUFr (Figure 3C, p=0.02 and 0.0002, respectively). In the presence of AGT, the
plot of mutation frequency versus (®-mG for AMMN was substantially different than those
obtained with NMUr or NNK-4-OAc (Figure 3D, p=6.5x 10711 and 1.7 x 10712,
respectively). There was no difference between NMUr and NNK-4-OAc in this cell line.

To explore the ability of AGT to influence the mutagenic effects of each methylating agents,
the plots of Aprt mutation frequency versus (*-mG for each compound were compared
between the two cell lines (Figure S1 D-F). If there was extensive repair of 0°-mG such that
other adducts start to contribute to the overall mutagenic effects of the methylating agents,
the slope of the line for mutation frequency versus C°-mG versus is expected to increase in
the cells expressing AGT (more mutations per ©*-mG). There was no change in the slope of
the line for mutation frequency versus O8-mG for NMUF in the cells expressing AGT
(Figure S1D), indicating that the residual levels of (-mG in these cells were likely
responsible for the mutations observed in NMUr-treated CHOACT cells. Similarly, the plot
of mutation frequency and C¥-mG levels for NNK-4-OAc were similar for the two cell lines
(Figure S1F). On the other hand, AMMN was more mutagenic relative to ¢®-mG in
CHOAGT cells than in CHOPCPNAS cells (Figure S1E, p= 3 x 1077), consistent with the
presence of other adducts contributing to the mutagenic properties of AMMN in the
CHOAGT cells.

Discussion

In this study we demonstrated that the toxic and mutagenic effects of compounds that
generate methandiazohydroxide can be influenced by the presence of aldehyde
decomposition products but only under conditions where (¥-mG is repaired. In the cell line
not expressing AGT (CHOPCPNAS) the differences in the cytotoxic and mutagenic effects
between the three compounds could be explained by their relative ability to alkylate DNA.
This conclusion is supported by the similarity of the plots of cytotoxicity or mutation
frequency versus GP-mG levels in these cells (Figure 3A and C). In the cells expressing
AGT (CHOAGT), there were compound specific differences in the plots of cytotoxicity or
mutation frequency versus (P-mG levels (Figure 3B and D). The largest effects were
observed with AMMN, suggesting that formaldehyde contributes both to the cytotoxic and
mutagenic effects of this methylating agent. Smaller effects were observed with NNK-4-
OAc where the plot of cytotoxicity versus 05-mG levels was modestly different from that
obtained with NMUr, suggesting that the aldehyde OPB enhances the cytotoxic effect of the
methylating agent.

It is not unexpected that the three methylating agents alkylated DNA with different
efficiencies since the mechanism of ester hydrolysis will be dependent on chemical
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structure. AMMN and NMUFr are likely hydrolyzed by a different subset of cellular esterases
since the carboxylesterase inhibitor, paraoxon, reduced the cytotoxicity of AMMN but not
NMUFr in P388 cells.#® Cellular thiols have also be implicated in the decomposition of
NMUr.46 AMMN and NNK-4-OAc may also decompose via intermediary formation of a
nitrosiminium ion.4’ Independent of the mechanism of hydrolysis, the net result is the
formation of methanediazohydroxide for all three compounds and an aldehyde in the cases
of AMMN and NNK-4-OAc. The chemical stability of the intermediates following ester
hydrolysis is another factor that will affect the levels of DNA alkylation by these three
compounds. The calculated half-life of Amethyl-A-nitrosocarbamic acid is about 1.5 min#®
whereas AMMN-derived A-a-hydroxymethyl-A~methylnitrosamine had a half-life of ~ 9
seconds at pH 7.4.48:49 The stability of corresponding intermediate from NNK-4-OAc has
not been investigated.

As predicted, (P-mG was the main toxic and mutagenic adduct formed by all three
compounds, as evidenced by the ability of AGT to protect against their cytotoxic and
mutagenic effects (Figure 1). This observation confirms numerous literature reports that Cf-
mG is the dominant miscoding and toxic adduct formed by Sy1-type alkylating agents.36:37
This adduct miscodes during DNA replication, causing GC to AT transition mutations®® and
AGT is known to protect against the majority of Aprt mutations induced by methylating
agents in CHO cells.152 |t js also the major toxic methyl DNA adduct formed as a result of
the detection of (P-mG-T mismatches by mismatch repair.37:°1-54

The mechanism by which the aldehydes contribute to the cytotoxic effects of AMMN and
NNK-4-OAc will require further study. The toxicity of formaldehyde has been reported and
at least some of its toxicity can be ascribed to the formation of DNA adducts.556 On the
other hand, OPB was not toxic in either cell line up to 500 yM (data not shown). It is
possible that OPB is delivered to intracellular locations more efficiently by the nitrosamine
and that, under those circumstances, OPB may be directly toxic to the cell.

One possible mechanism by which the aldehydes increase the toxicity of the methylating
agents is through an indirect mechanism such as interfering with the repair of a toxic methyl
DNA adduct. For example, aldehyde-mediated inhibition of AGT would enhance the
cytotoxicity of a methylating agent. This possibility is suggested by the influence of AGT on
the plots of (¥-mG versus cytotoxicity for the three compounds (Figure S1). In the case of
NMUF, there is a large difference between the slopes obtained for 5-mG versus
cytotoxicity in the two cell lines. The more gradual slope of the line from the cells
expressing AGT suggests that other DNA adducts are contributing to the cytotoxic effects of
this compound, such as 3-methyladenine and other minor adducts.>” In contrast, the plots for
P-mG versus cytotoxicity for AMMN and NNK-4-OAc were less influenced by AGT
expression. One possible explanation for these observations is that the aldehydes are mildly
interfering with AGT-mediated repair of C¥-mG. However, the repair of (°-mG seemed to
be more efficient in the cells treated with AMMN or NNK-4-OAc as evidence by the more
than 2 fold increase in the 7-mG/P-mG ratios in the cells treated with NNK-4-OAc and
AMMN relative to those exposed to NMUr (Table 3). Since this measurement of repair
occurs at 1 h, it is possible that the aldehydes interfere with the long term repair of Cf-mG.
The active site cysteine is very reactive and could react directly with aldehydes, resulting in
inactivation.8:58:59 Alternatively, aldehydes can reduce the overall sulfhydryl reducing
potential of a cell by reacting with GSH, leading to a loss of AGT activity.>®

The reason for the more rapid initial repair of °-mG in the NNK-4-OAc- and AMMN-
treated cells is unknown. It may be that kinetics of DNA alkylation by NNK-4-OAc and
AMMN is faster relative to NMUr. If the NNK-4-OAc and AMMN-mediated alkylation
reactions are completed much earlier in the 1 h incubation period, it will appear as if more
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5-mG repair occurred with these two nitrosamines. Another possibility is that the
aldehydes increased the rate of degradation of the alkylated AGT protein. It is known that
the alkylated protein can block O8-mG repair by active AGT80 so increased degradation of
the protein is expected to increase the rate of AGT mediated repair. However, there was no
apparent difference in the rate of AGT degradation as measured by immunoblot analysis
between the three compounds (data not shown) suggesting that this is not an explanation for
the enhanced ratio of 7-mG/P-mG in the AMMN and NNK-4-OAc-treated cells.
Additional experiments will be required to resolve this question.

Formaldehyde contributes to the mutagenic activity of AMMN, as indicated by the
dramatically increased mutagenic activity relative to 0°-mG as compared to that observed
with NMUr or NNK-4-OAc in the cells expressing AGT (CHOACT) (Figure 3D). It is likely
that AMMN-derived formaldehyde DNA adducts are formed in these cells. Formaldehyde
DNA adducts have been observed in DNA reacted with AMMN as well as in liver and lung
DNA from DMN-treated rats.2”-28 This influence of formaldehyde on the mutagenic activity
of AMMN was muted in the cells lacking AGT since (P-mG is likely the major mutagenic
adduct formed from this compound. Interestingly, the mutation spectrum of AMMN is more
complicated than that observed with other methylating nitrosamines.61 In addition to GC to
AT transitions as expected for the formation of CP-mG, mutations at AT base pairs (AT to
TA and AT to CG mutations) as well as frameshift mutations were observed. The
contribution of these transversion mutations decreased as the concentration of AMMN
increased. Formaldehyde is a likely source of these transversion mutations since it induced
AT to TA, AT to CG and GC to TA mutations in CHO cells.30 These results combined with
our data suggest that formaldehyde adducts may make major contributions to the mutagenic
and carcinogenic properties of DMN, particularly when °-mG is actively repaired. Future
studies will explore the importance of formaldehyde DNA adduct formation in the genotoxic
properties of AMMN and DMN.

In conclusion, our results demonstrate that OPB and formaldehyde can contribute to the
cytotoxic effects of NNK-4-OAc and AMMN and formaldehyde contributes to the
mutagenic activity of AMMN under conditions where there has been extensive repair of C°-
mG. Future experiments will be required to determine how these aldehydes are exerting
their effects. However, these findings indicate that the aldehyde should be considered when
determining the toxicological properties of nitrosamines.
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Figure 1.

Cytotoxicity (A—-C) and Aprt mutagenic activity (D—F) in CHOPCPNA3 (AGT-) and
CHOAGT (AGTH+) cell lines following a 1 h treatment with increasing concentrations of
NMUTr (A, D), AMMN (B, E) or NNK-4-OAc (C, F). The values represent the average of 3—
4 separate experiments performed with duplicates or triplicates. The error bars represent the
standard deviation. The lines were generated by connecting the data points. Data used to
generate this figure are presented in Supplemental Data.
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Figure 2.

Levels of 7-mG detected immediately following a 1 h treatment with NMUr, AMMN or
NNK-4-OAc in CHOAGT cells. Data points are the average of three numbers. Error bars
represent standard deviation. The lines were generated by connecting the data points.
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Figure 3.

Cytotoxicity (A, B) or mutagenicity (C, D) compared to levels of 05-mG detected in

Hprt mutants/10° cells
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CHOQPCDNA3 (A C) and CHOACT cells (B, D) immediately after a 1 h treatment with NMUr,
AMMN or NNK-4-OAc. Levels of 0f-mG are averages of three replicates. Cytotoxicity and
mutagenicity data are averages from 3—4 separate experiments performed with duplicates or
triplicates. Error bars represent standard deviation. The lines were generated by connecting
the data points. *Significantly different from NNK-4-OAc, p= 4 x 1074, and NMUr, p= 4 x
1079. **Significantly different from NNK-4-OAc, p = 0.035. ***Significantly different

from NMUr and NNK-4-OAc.
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Scheme 1.
Pathways leading to DNA adduct and aldehyde formation for NNK and DMN.
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Pathway of decomposition for NMUr, AMMN and NNK-4-OAc to methandiazohydroxide
and subsequent DNA adduct formation.
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Table 1

Levels of 7-mG and OP-mG detected in calf thymus DNA following 1 h treatment with 10 yM NMUF,
AMMN or NNK-4-OAc in vitro.4

7-mG ob-mG

(pmol adduct/umol guaning)  7-mG/Of-mG

NMUr 138+ 14 21+4 72+18
AMMN 121+6 17+4 6.8+1.3
NNK-4-OAc 106 +4 17+1 6.3+0.4

aEach methylating agent (10 pM) was incubated with calf thymus DNA (2 mg/mL) in the presence of 5.5 units of esterase in 15 mM sodium
citrate, pH 7, for 1 h at RT. DNA was isolated by precipitation and adducts were measured by LC-MS/MS analysis.
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Table 2

ECsq values determined for each methylating agent in CHO cell lines.?

ECso (UM)
ECg Ratio
Compound ~ CHOP®PNAS  CHOAGT  CHOAGT/CHOPCDNAS
NMUr 0.95+0.03 80+0.2 80
AMMN 0.51+0.01 30+1 60
NNK-4-OAc  0.26+0.01 1304 50

CHO cell lines were incubated with NMUr (CHOPCDNAS: o_g |im; cHOAGT: 0-250 uM), AMMN (CHOPCDNAS: g_4 im; cHOAGT: 0-60

uM) or NNK-4-OAc (CHOPCDNA3: 0-2.5 uM; CHOAGT: g-40 pM) for 1 h. Colony forming ability was determined 6-7 days following
treatment. Data in Figure 1 was used to calculate EC5( values. The numbers are the average + S.D.
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