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 37 

The agents analyzed for their in vitro toxicity are listed in Table S1. 38 

 39 

Table S1 Description of nitrosamines and nitramines evaluated in this study 

Name Formula CASN Source Structure 

N-Nitrosodiethanolamine C4H10N2O3 1116-54-7 Sigma 

Chem. Co 
 

N-Nitrodiethanolamine C4H10N2O4 4185-47-1 CanSyn 

Chem. Co. 

 
N-Nitromono-

ethanolamine 

C2H6N2O3 unavailable Toronto 

Res. Chem.  
N-Nitrosomorpholine C4H8N2O2 59-89-2 Sigma 

Chem. Co 

 
N-Nitromorpholine C4H8N2O3 4164-32-3 Sigma 

Chem. Co 

 
N-Nitrosodimethylamine C2H6N2O 62-75-9 Chem. Ser-

vice Co 
 

N-Nitrodimethylamine C2H6N2O2 4164-28-7 CanSyn 

Chem. Co. 

 
1-Nitrosopiperazine C4H9N3O 5632-47-3 Toronto 

Res. Chem. 

 
1-Nitropiperazine C4H9N3O2 42499-41-2 CanSyn 

Chem. Co. 

 
1,4-Dinitrosopiperazine C4H8N4O2 140-79-4 Toronto 

Res. Chem. 

 
1,4-Dinitropiperazine C4H8N4O3 4164-37-8 MP Bio-

medicals 

 
 40 

 41 

 42 
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S. typhimurium Cells 43 

 We employed S. typhimurium tester strain YG7108 (hisG46, rfa; �(chl, uvrB, bio) 44 

�adaST; ogtST; Cm
r
; Amp

r
) with and without mammalian microsomal activation. Reverse muta-45 

tion is measured at hisG46 (Figure S1).
1, 2
 S. typhimurium strain YG7108 is highly sensitive to 46 

nitrosamines and other alkylating agents and was provided by Dr. T. Nohmi, National Institute of 47 

Health Sciences, Tokyo, Japan.
3
  48 

 49 

 50 

 51 

  52 

 53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 

YG7108 was stored as a frozen culture in Luria-Bonner (LB) plus 10% dimethylsulfoxide 61 

(DMSO) at −80°C. To construct a master plate, frozen log-phase S. typhimurium YG7108 cells 62 

were thawed and grown in 5 mL LB at 37°C overnight with shaking. The culture was streaked 63 

across an LB plate and incubated overnight at 37°C. The master plate was stored at 4°C. For the 64 

mutagenicity and cytotoxicity (survivorship) experiments a single colony isolate of S. typhimuri-65 

Figure S1. Reverse mutation at hisG46 in S. typhimuri-

um that leads to the growth of a visible colony on selec-

tive VB medium. The mutant colonies are referred to as 

revertants. 
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um YG7108 from the master plate was grown overnight in 100 mL LB medium with kanamycin 66 

(25 µg/mL) and chloramphenicol (10 µg/mL) at 37°C with shaking (200 rpm).
3
  The following 67 

day the culture was centrifuged for 5 min at 5000 rpm (4096 ×g) using the GSA rotor in the 68 

RC5B Superspeed Centrifuge (Sorvall). The supernatant was discarded, and the bacterial pellet 69 

was suspended in 50 mL of 100 mM potassium-phosphate buffer, pH 7.4 (PPB). The suspension 70 

was centrifuged again for 5 min at 5000 rpm, and the supernatant was discarded. The pellet was 71 

suspended in 2.5-3 mL PPB. An aliquot (50 µL) of the bacteria was added to 4.95 mL PPB and 72 

the optical density was determined spectrophotometrically (660 nm). The titer of the suspension 73 

was adjusted to 6 × 10
9
 cells/mL and the cells were kept on ice until used in the microsuspension 74 

mutagenicity assay.
4-6

 Most of the nitrosamines and nitramines require metabolic activation to 75 

exhibit mutagenicity. Metabolic activation of nitrosamines and nitramines is primarily dependent 76 

on cytochrome P-450 which converts nitrosamines into DNA alkylating agents 
7
.  For example 77 

N-nitrodibutylamine and N-nitrodiethylamine were activated by liver microsomes and hepato-78 

cytes from rats treated with phenobarbital.
8
  Nitrodimethylamine was activated with S9 micro-79 

somes into mutagenic agents.
9
  Oxidative transformation is an important route of metabolism of 80 

xenobiotics. These oxidative reactions are largely catalyzed by the monooxygenase system based 81 

on cytochrome P-450. The monooxygenase system is formed by the enzyme system of cyto-82 

chrome P-450 and NADPH cytochrome P-450 reductase. The haemoprotein cytochrome P-450 83 

functions as the terminal oxidase involved in the hydroxylation of xenobiotics such as nitrosa-84 

mines. A description of the cytochrome P-450-mediated monooxygenation of dimethylnitrosa-85 

mine (NDMA) is presented in Figure S2.  86 
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S. typhimurium Microsuspension Muta-87 

genicity Assay 88 

 This assay was conducted in sterile 89 

round bottom 96-well microplates. Each 90 

reaction mixture (well) was composed of a 91 

known nitrosamine or nitramine concen-92 

tration, 3 × 10
8
 cells, and PPB in a total 93 

volume of 100 µL.  94 

 When including a mammalian mi-95 

crosomal-mediated activation system, 35 96 

µL of an S9 mix was added for a total 97 

volume of 100 µL. S9 (post mitochondrial 98 

hepatic supernatant) from Aroclor 1254-99 

induced male rats) was purchased from 100 

Moltox. The S9 mix consisted of 50 mM 101 

PPB pH 7.4, 10 mM MgCl2, 5 mM glu-102 

cose-6-phosphate, 30 mM KCl, and 4 mM 103 

NADP plus 200 µL/mL of Aroclor 1254-induced rat hepatic microsomal suspension (S9). The 104 

final S9 concentration in the treatment well was 7%. In general there were three microplate wells 105 

for each test agent concentration plus concurrent negative (buffer only) and positive controls 106 

(with S9 activation, NDMA, 250 µM; without S9 activation, ethylmethanesulfonate, 188 µM). 107 

The wells were sealed with AlumnaSeal to prevent any crossover volatilization or evaporation, 108 

and the microplate was placed in a plastic container and incubated at 37°C with shaking at 200 109 

Figure S2. Metabolic activation of N-

nitrosodimethylamine via cytochrome P-450 

leading to the formation of a reactive methyl 

carbonium ion. This radical can alkylate DNA 

and induce mutation. 
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rpm for 60 min. After treatment, the entire contents of each well were added to 2 mL of molten 110 

histidine and biotin supplemented Vogel-Bonner (VB) top agar, mixed and poured onto selective 111 

VB plates. The plates were placed in a static 37°C incubator for 72 h. Histidine revertant colo-112 

nies were counted by hand or with a New Brunswick Biotran III automatic colony counter. An 113 

example of revertant S. typhimurium colonies expressing mutagenicity induced by N-114 

nitrodimethylamine is presented in Figure S3. The data were saved as an Excel spreadsheet. The 115 

data were analyzed from the Excel spreadsheet using the statistical and graphical functions of 116 

SigmaPlot 11 (Systat Software, Inc., San Jose, CA). 117 

  118 

 119 

 120 

 121 

 122 

 123 

 124 

 125 

 126 

 127 

 128 

 129 

 130 

 131 

0 mM 0.1 mM 0.25 mM 

1 mM 5 mM 7.5 mM 

Figure S3. Mutagenicity of N-nitrodimethylamine in S. typhimurium, 

strain YG7108, after mammalian hepatic microsomal activation show-

ing increasing numbers of histidine revertants as a function of the con-

centration of the nitramine.  
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Survivorship was measured by making serial dilutions from the treatment wells in PPB and plat-132 

ing on LB (complete media) plates. After incubation for 24 h the colonies were counted. The 133 

number of colonies from the negative control was set at 100% and the colonies from the treat-134 

ment wells were compared and expressed as a percent of the negative control.  135 

 136 

 To confirm the genotype of the YG7108 cells, 100 µL of the titered suspension was add-137 

ed to an LB plate, and spread with a flamed glass rod. Flamed tweezers were used to place a 138 

crystal violet disk onto the center of the plate, and the disk was tapped lightly in place. Due to 139 

Figure S4. Diagnostic plates for the S. typhimurium microsuspension muta-

genicity assay. A negative control is illustrated by the top plate, the left plate 

is the positive control N-nitrosodimethylamine and the right plate is the crys-

tal violet rfa
−
 plate showing a clear zone of inhibition. 
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the presence of the rfa mutation, 
1
 the large molecules of crystal violet are able to enter and kill 140 

the YG7108 cells. This was indicated by a clear zone around the crystal violet disk (Figure S4).  141 

 142 

Suspension Versus Plate Incorporation Assays 143 

 We employed a quantitative microsuspension methodology for the S. typhimurium muta-144 

genicity assay instead of the more commonly used plate incorporation assay method. An overall 145 

comparison is outlined in Table S2. In the plate incorporation method the cell titer is not deter-146 

mined; an aliquot (usually 100 µL) of an overnight culture in complete growth medium is used. 147 

For the plate incorporation assay the test agent is added to a 2-mL volume of supplemented mol-148 

ten top agar along with the cells and ± S9. The top agar is poured upon a VB minimal plate. Thus 149 

the actual exposure concentration to the cells is difficult to determine. It is impossible to calcu-150 

late a molar concentration and usually a gram unit per plate is used to express the concentration. 151 

The volume during the exposure time for the cells is impossible to quantify. Cells are exposed in 152 

approximately 2 mL of molten top agar which is then poured onto a VB selective plate that con-153 

sists of approximately 20 mL. The cells are retained in the top agar, but the test chemical diffuses 154 

throughout the approximately 22 mL volume of agar in the petri plate.  155 

 Another difficulty is that the test agent is in contact with S9 monooxygenase enzymes 156 

and co-factors first in the 2 mL overlay agar and then this volume changes when the contents are 157 

poured upon the VB plate. Finally, in the plate incorporation and preincubation methods no 158 

quantitative cytotoxicity measurement can be made. It is important that the S. typhimurium cells 159 

are not killed as the concentration of the test agent is increased throughout the concentration 160 

range. 161 

 162 
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Table S2. Comparison between the plate incorporation method and the microsuspension 

method for the S. typhimurium mutagenicity assay 

Metric Plate Incorporation Method Microsuspension Method 

Single colony isolate grown 

overnight in complete medi-

um 

Yes Yes 

Centrifugation and washing 

bacteria before treatment 

No Yes 

Determination of titer before 

treatment (same number of 

cells treated for each experi-

ment) 

No Yes. By treating a consistent 

number of cells, the results 

can be presented in revertants 

per 10
8
 cells plated. This 

provides a uniform level of 

mutagenicity response. 

Treatment times can be ad-

justed 

No Yes 

Precise control of concentra-

tion of test agents 

No — With this method the 

test compound and bacteria 

are combined in 2 mL of 

molten agar and poured im-

mediately onto a plate from 

which diffusion occurs 

throughout the plate. The 

concentration of agent can be 

expressed as the concentra-

tion in the treatment tube or 

as the concentration in the 

petri plate. 

Yes – With this method a 

known number of bacteria 

are exposed to the agent 

while shaking for defined 

time periods. After treatment 

the mixture is added to mol-

ten agar and poured onto a 

petri plate. The concentration 

of agent is expressed as the 

concentration during treat-

ment. 

Determination of cytotoxicity Not possible. A background 

lawn that is thin or sparse is 

only qualitative and not a 

quantitative measure of tox-

icity. 

Yes, an aliquot of treated 

cells may be serially diluted 

and plated onto complete 

medium, allowing for deter-

mination of toxicity. 

 163 

A qualitative visual inspection of the background lawn of cells is part of the plate incorporation 164 

and preincubation procedures, but this is not a true measurement of cytotoxicity.  165 

In the microsuspension assay that we employed for this report, S. typhimurium cells were 166 

washed, titered, and a specific number of cells were exposed to a test agent in a known volume 167 

of buffer with and without S9 for a specific time period. The concentrations of the test agent 168 

were expressed in molar units. An aliquot of the suspension was reserved after treatment, serial 169 
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dilutions were prepared and known volumes were plated onto complete (LB) medium. All living 170 

cells grow on LB medium and we can determine if we are conducting the assay at concentrations 171 

of test chemical that do not induce a cytotoxic response. Thus, the microsuspension procedure is 172 

a quantitative assay that provides control over cell titer, a precise measure of cytotoxicity and an 173 

exact determination of the concentration of test agent to which a specific number of cells are ex-174 

posed for a specific time period. This level of precision provides high quality data on the relative 175 

mutagenic capacities and allows for a quantitative comparison amongst the test chemicals. 176 

 177 

Chinese Hamster Ovary (CHO) Cell Assays 178 

 CHO cells are widely used for in vitro 179 

toxicology research. We employed CHO cell line 180 

AS52 clone 11-4-8 for the mammalian cell cyto-181 

toxicity and genotoxicity analyses of the agents 182 

generated for this project (Figure S5). This clone 183 

expresses a stable chromosome complement as 184 

well as functional p53 protein.
10

 
11

  The CHO 185 

cells were maintained in Ham’s F12 medium at 37°C in a humidified atmosphere of 5% CO2. 186 

The cells exhibit normal morphology, express cell contact inhibition and grow as a monolayer 187 

without expression of neoplastic foci (tumor cells). CHO cells were employed for the chronic 188 

cytotoxicity assay.
12, 13

  Genomic DNA damage in CHO cells was analyzed with the single cell 189 

gel electrophoresis genotoxicity assay.
14, 15

  190 

 191 

 192 

Figure S5. Photomicrograph of CHO 

AS52 cells, clone 11-4-8. 
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CHO Cell Chronic Cytotoxicity Assay 193 

 The CHO cell microplate chronic cytotoxicity assay measures the reduction in cell densi-194 

ty as a function of the concentration of the test agent over a 72 h period.
12, 13

 A 96-well flat-195 

bottomed microplate was used to evaluate a series of concentrations of specific chemical agents.  196 

One column of eight microplate wells served as the blank control consisting of 200 µL of F12 + 197 

5% fetal bovine serum (FBS) medium only. The concurrent negative control column consisted of 198 

eight wells with 3×10
3
 CHO cells plus F12 +FBS medium. The remaining wells within the ex-199 

periment contained 3×10
3
 CHO cells, F12 +FBS and a known test agent concentration in a total 200 

of 200 µL. The wells were covered with a sheet of sterile Alumna Seal™. The microplate was 201 

placed on a rocking platform at 37°C for two 5 min-periods (turning the plate 90° after the first 5 202 

min). This step is important and ensures an even distribution of cells across the bottom of the mi-203 

croplate wells. The cells were incubated for 72 h at 37°C at 5% CO2. After the treatment time, 204 

the medium from each well was aspirated, the cells fixed in methanol for 10 min and stained for 205 

10 min with a 1% crystal violet solution in 50% methanol. The microplate was washed, and 50 206 

µL of DMSO/methanol (3:1 v/v) was added to each well, and the plate incubated at room tem-207 

perature for 10 min. The microplate was analyzed at 595 nm with a BioRad microplate reader; 208 

the absorbency of each well was recorded and stored on a spreadsheet file. This assay was cali-209 

brated and there is a direct relationship between the absorbency of the crystal violet dye associat-210 

ed with the cell and the number of viable cells.
13

  The averaged absorbency of the blank wells 211 

was subtracted from the absorbency data from each microplate well. The mean blank-corrected 212 

absorbency value of the negative control was set at 100%. The absorbency for each treatment 213 

group well was converted into a percentage of the negative control. This procedure normalizes 214 

the data, maintains the variance and allows for the combination of data from multiple micro-215 
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plates. The data were used to generate a concentration-response curve for each test agent. Re-216 

gression analysis was applied to each test agent concentration-response curve, which was used to 217 

calculate the LC50 value. The LC50 is the calculated concentration of test agent that induced a cell 218 

density that was 50% of the negative control. The original absorbency data, the blank-corrected 219 

data and the conversion to the percent of the negative control values were saved on the spread-220 

sheet for each test agent analyzed. This CHO cell chronic cytotoxicity assay described above 221 

cannot be used with mammalian microsomal metabolic activation because the S9 mix interferes 222 

with the crystal violet staining method.  223 

 224 

Single Cell Gel Electrophoresis Assay (SCGE)  225 

 The microplate SCGE assay was used to assess the 226 

genotoxicity and acute cytotoxicity of the test agents to CHO 227 

cells.
13, 14

  SCGE is a sensitive assay that can quantitatively 228 

determine genomic DNA damage.
15-18

 The SCGE assay de-229 

tects genomic DNA strand breakage, DNA cross-links, alkali-230 

labile sites and incomplete excision repair sites in individual 231 

nuclei. Upon electrophoresis in an agarose microgel, undam-232 

aged nuclei have few DNA fragments and appear as spheres 233 

when stained and viewed by fluorescence microscopy (Figure 234 

S6, top panel). Nuclei containing damaged DNA (including 235 

strand breaks and incomplete repair sites) exhibit a character-236 

istic “comet tail” appearance after electrophoresis. Figure S6 237 

illustrates nuclei from negative control cells (top panel), and 238 

Figure S6. SCGE images 

of nuclei from negative 

control cells (top) and 

cells exposed to 800 µM 

2AAAF (bottom). 
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nuclei from cells damaged by 2-acetoxyacetylaminofluorene (2AAAF) (bottom panel). Using a 239 

digital camera, the amount of DNA that migrates away from the nucleus into the microgel 240 

(%Tail DNA) is a quantifiable direct measure of DNA damage.
19

  241 

 The day before treatment, CHO cells from maintenance plates were washed with Hanks 242 

Balanced Salt Solution and harvested with trypsin; a cell suspension was constructed with a titer 243 

of 4×10
5
 cells/mL. The contents of the microplate wells consisted of 100 µL of F12 medium + 244 

5% FBS and 100 µL of the titered cell suspension. The microplate was placed on a rocking plat-245 

form at 37°C for two 5 min-periods (turning the plate 90° after the first 5 min). This is very im-246 

portant and ensures an even distribution of cells across the bottom of the microplate wells. After 247 

rocking, the microplate was placed in the 5% CO2 incubator. The following day the CHO cells 248 

were treated with a series of concentrations of the test agent for 4 h with or without S9 microso-249 

mal activation. We employed a microplate methodology
14

 with an enhanced hepatic microsomal 250 

mix (S9B150) specifically designed for use with nitrosamines;
6
 this consisted of 2 mM MgCl2, 6 251 

mM KCl, 1.5 mM glucose-6-phosphate, 1.2 mM NADP, 10 mM sodium phosphate buffer, pH 252 

7.4, 2 mM CaCl2 and 3.36% (v/v) S9 fraction. A typical experimental design included a negative 253 

control (F12 medium without FBS), 9 concentrations of the test agent (in F12 without FBS) and 254 

an appropriate positive control. We employed the direct-acting alkylating agent ethylmethanesul-255 

fonate for the –S9 positive control and NDMA as the +S9 positive control. In experiments with-256 

out S9 metabolic activation the total volume in each well was 25 µL. With S9 metabolic activa-257 

tion an increase in the total volume to 100 µL was required. After treatment, the cells were 258 

washed and harvested with trypsin. A 10 µl aliquot was removed to measure acute cytotoxicity 259 

using the trypan blue vital dye exclusion assay to ensure that the cells were exposed to sub-lethal 260 

concentrations.
12, 20

 261 
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 After embedding the remaining cells in agarose microgels, the cell membranes were 262 

lysed, and the nuclei were electrophoresed. After staining with the fluorescent DNA binding dye, 263 

ethidium bromide, the microgels were analyzed with a Zeiss fluorescence microscope with an 264 

excitation filter of BP 546/10 nm and a barrier filter of 590 nm. A computerized image analysis 265 

system was used to measure a number of specific SCGE parameters of 25 randomly chosen nu-266 

clei per microgel. The intensity of the DNA that migrated away from the nucleus (%Tail DNA) 267 

was the primary metric of DNA damage that was used for the concentration-response curves.  268 

 269 

Comparison of CHO Cell Cytotoxicity and Genotoxicity Among the Nitrosamines and Ni-270 

tramines 271 

 272 

 273 

 274 

 275 

CHO Cell Cytotoxicity Index Value

0 100 200 300 400

CHO Cell Genotoxic Index Value
0 1 2 3 4 5

N-Nitrosodimethylamine

N-Nitrodimethylamine

N-Nitrosomorpholine

N-Nitromorpholine

N-Nitrosodiethanolamine

N-Nitrodiethanolamine

1-Nitrosopiperazine

1-Nitropiperazine

1,4-Dinitrosopiperazine

1,4-Dinitropiperazine

Figure S7. Comparison between the direct chronic CHO cell cytotoxi-

city (gray bars) and acute SCGE genotoxicity (black bars) of the nitros-

amine and nitramine test chemicals analyzed in this study. The cytotox-

icity index = (LC50)⁻
1
(10

3
) and the genotoxic index is the reciprocal of 

the SCGE 50% Tail DNA value ×10
4
. 
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Comparison Between CHO Cell Genotoxicity with S. typhimurium Mutagenicity 276 

 277 

 278 

 279 

 280 

 281 

 282 

 283 

  284 

CHO Cell Genotoxic Index Value

0 1 2 3 4 5

S. typhimurium Mutagenic Potency 
(revertants/µmole)

1 10 100 1000 10000

N-Nitrosodimethylamine

N-Nitrodimethylamine

N-Nitrosomorpholine

N-Nitromorpholine

N-Nitrosodiethanolamine

N-Nitrodiethanolamine

1-Nitrosopiperazine

1-Nitropiperazine

1,4-Dinitrosopiperazine

1,4-Dinitropiperazine

Figure S8. Comparison between mutagenicity in S. typhimurium 

YG7108 (gray bars) and genotoxicity in CHO cells (black bars). The 

CHO cell genotoxic index is the reciprocal of the SCGE 50% Tail 

DNA value ×10
4
. 
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 285 

 286 

 287 

 288 

 289 

 290 

  291 

Figure S9.  A comparison of the N-nitrosodimethylamine 

equivalent mutagenicity values for agents positive in S. typhi-

murium strain YG7108 +S9 metabolic activation. 
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