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1 OBJECTIVES FOR AFOSR RESEARCH PROJECT N¢ AFOSR-88-0336
The original objectives of this project were:

® To compare the plant activation of specific mono- and polycyclic aromatic amines by
cultured plant cells and fresh water algae.

e To investigate the biochemical mechanisms of plant activation by the use of specific
enzyme inhibitors.

e To analyze the rates of mutagenic product formation.

e To determine if specific inhibitors that constrain the activation of the substrates function
by competitive or noncompetitive inhibition.

e To analyze any synergistic effects on plant activation induced by increasing peroxidases
by the widely-used herbicide, atrazine.
2 STATUS OF RESEARCH EFFORTS

The results of the research for each objective is presented under the heading tha: .dentifies the
specific objective.

2.1 Comparison of the Plant Activation of Monocyclic and Polycyclic Aromatic Amines Using
Tobacco and Algae Cell Cultures

2.1.1 Plant Cell/Microbe Coincubation Assay

The assay is based on employing living plant cells in suspension culture as the activating system
and specific microbial strains as the genetic indica-
tor organism (Plewa et al., 1983). The plant and
microbial cells are coincubated together in a suit-

Coincubation

able medium with a promutagen. The activation of Reaction Tube:

the promutagen is detected by plating the microbe g Lo

on selective media; the viability of the plant and of mTase
microbial cells may be monitored as well as other

components of the assay (Plewa et al., 1988) (Fig- / \
ure 1). Long-term plant cell suspension cultures of " ,

Make appropriate

tobacco (Nicotiana tabacum), cell line TX1 were
maintained in MX medium, a modified liquid | |... .. ;ueowe| [A0eves o ssmeie || atinone St 200
culture medium of Murashige and Skoog (1962). TR el BTN D | | Amn o Rt
Salmonella typhimurium strain TA98 was the genet- e e
ic indicator organism used (Maron and Ames,
1983). A TXI1 cell culture was grown at 28°C to Figure 1 Plating schedule and the analysis of the
early stationary phase, and the cells were washed outputs from a reaction tube.

and suspended in MX™ medium. MX~ medium

lacks plant growth hormone. The fresh weight of the plant cells was adjusted to 100 mg/ml, and the
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culture was stored on ice (=30 min) until used. An overnight culture of S. typhimurium was grown
from a single colony isolate in 100 ml of Luria broth (LB) at 37°C with shaking. The bacterial
suspension was centrifuged and washed in 100 mM potassium phosphate buffer, pH 7.4. The titer
of the suspension was determined spectrophotometrically at 660 nm and adjusted to 1 x 10%
cells/ml, and the culture was placed on ice. In the coincubation assay, each reaction mixture consi-
sted of 4.5 ml of the plant cell suspension in MX™ medium, 0.5 ml of the bacterial suspension (5 x
10° cells), and a known amount of the promutagen in <25 ul dimethylsulfoxide. Concurrent negative
controls consisted of plant and bacterial cells alone, heat-killed plant cells plus bacteria and the
promutagen, and both buffer and solvent controls. These components were incubated at 28°C for
1 h with shaking at 150 rpm. After the treatment time, the reaction tubes were placed on ice.
Triplicate 0.5 ml aliquots (~5 x 10® bacteria) were removed and added to molten top agar supple-
mented with 550 pM histidine and biotin. The top agar was poured onto Vogel Bonner (VB)
minimal medium plates, incubated for 48 h at 37°C, and revertant his* colonies were scored. The
remainder of the reaction mixture was used to determine the viability of the plant and bacterial cells.
One volume of cold 250 mM sodium citrate buffer, pH 7, was added to each reaction tube which
was then placed on ice. 0.5 ml of this suspension was removed and mixed with 2 ml of MX™ medi-
um. The viability of the TX1 cells was immediately determined using the phenosafranin dye
exclusion method (Widholm, 1972). The viability of the bacterial cells was determined by adding
1 ml of the cold reaction mixture to 1 ml of cold 100 mM phosphate buffer, pH 7.4. A dilution
series using phosphate buffer was conducted so that approximately 300 to 500 cells were added to
each of three molten LB top agar tubes and poured upon LB plates (Figure 1). After incubation
at 37°C for 24 to 36 h, the bacterial colonies were counted.

2.1.2 The Effect of Toxicity on the Plant Cell/Microbe Coincubation Assay

In the plant cell/microbe coincubation assay, it is essential to monitor the viability of the plant
and microbial cells. Our hypothesis was that any agent that was toxic to the cells would cause a
reduction of TA98 revertants by killing the activating system or the genetic indicator organism. We
tested this hypothesis by preparing a series of reaction tubes in which the TX1-cell populations were
composed of a series of different ratios of live to heat-killed TX1 cells. These cells were exposed
to 500 uM m-PDA and coincubated with 5 x 10° TA98 cells in a total volume of 5 ml. After 1 h
at 28°C while shaking, 500 ul of the mixture was added to supplemented top agar and poured onto
VB minimal plates. The data indicated a direct linear relationship (r = 0.99) of the amount of TX1-
cell activation of m-PDA and the percent viable TX1 cells in the reaction tube. Thus the
coincubation assay is highly sensitive to toxicity in the cultured plant cells. Any test agent, enzyme
inhibitor, or presumptive antimutagen that reduced the viability of the plant cells will cause a
reduced yield in the number of microbial mutants per plate (Plewa, 1991).

A similar experiment was conducted to evaluate the effect of varying the number of TA98 cells
in reaction tubes that contained the normal titer of TX1 cells and 500 uM m-PDA. The number
of TA98 cells varied from 5 x 10° to 1 x 10° per reaction tube. This reduction of TA98 cells was
an attempt to mimic the effect of bacterial cell killing on the number of revertants per plate after
1 h of coincubation. The data demonstrated that only after a reduction from S x 10°to 5 x 10’
cells plated did a reduction in the resulting number of revertants per plate occur. This phenomenon
is due to the number of induced and spontaneous plate mutants per round of cell division that arise
after plating in supplemented top agar. Thus the assay is much less sensitive to agents which exert
toxic effects only on the bacteria (Plewa, 1991).




2.1.3  Activation of Aromatic Amine Promutagens by N. tabacum Cells

In our research we used the polycyclic and
monocyclic aromatic amines, 2-AF (CAS N2 153-78-
6) and m-PDA (CAS N¢ 108-45-2), respectively, as
model promutagens. 2-AF is a well characterized
mammalian promutagen. The first stage in the
mammalian activation of 2-AF is a N-hydroxylation
reaction that is principally dependent upon the
cytochrome P-450 enzyme system that functions as
the terminal monooxygenase (Lotlikar and Zaleski,
1975; Nagata et al., 1985). 2-AF is also activated
by several plant species (Plewa et al., 1988). m-
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PDA is an aniline derivative and is a promutagen
in TA98 which is activated by rodent S9 (Ames et
al., 1972; Shahin et al., 1983). m-PDA is mutagenic
in mouse L.5178Y lymphoma cells (Palmer et al.,
1977) and is a plant promutagen (Lhotka et al., 1987). Concentration-response curves for the TX1
cell activation of 2-AF (@) and m-PDA (IR) are presented in Figure 2. The negative controls (O,[])
consisted of reaction tubes that contained the promutagen in MX™ medium plus TA98 without plant
cells. 2-AF is a more potent promutagen than m-PDA. As little as 25 nmol 2-AF/reaction tube
caused a significant increase in mutant TA98 cells. Thus, the plant/cell microbe coincubation assay
is a sensitive method to screen for plant-dependent promutagens.

Figure 2 The activation of 2-AF and m-PDA by TX1
cells.

2.14  Activation of Aromatic Amine Promutagens by Selenastrum capricornutum Cells

Experiments were conducted to determine if S. capricornutum could activate 2-AF or m-PDA
into a mutagen using his* reversion in S. typhimurium strain TA98 as the genetic endpoint. A series
of reaction tubes were constructed containing either 4.5 ml of MP medium or 4.5 ml of the algal cell
suspension. Concentrations of 2-AF ranging from 0-0.5 pmol/reaction tube in no more than 50 ul
dimethylsulfoxide and concentrations of m-PDA ranging from 0-10 pmol/reaction tube in no more
than 100 pl dimethylsulfoxide were introduced. Concurrent controls contained either potassium
phosphate buffer, MP medium, algal cells with no 2-AF or m-PDA, algal cells with the highest
concentration of DMSO with no promutagen, or heat-killed algal cells with 0.5 pmol 2-AF or 10
umol m-PDA. The reaction tubes were then incubated and treated as described in §2.1.1 except the
algae and 2-AF or m-PDA were pre-incubated for 48 hr at 20°C with shaking in gold light prior to
the plant cell/microbe coincubation assay. In our experiments S. capricornutum did not activate m-
PDA at concentrations similar to those used for the TX1 studies, although 2-AF was weakly
activated. Both agents appeared to be non-toxic at the highest concentrations, based on microscopic
observation of the algal cells after exposure to the chemicals. Under the conditions tested, it was
concluded that the enzyme system(s) responsible for the activation of these chemicals in tobacco cells
is either at low concentrations or inactive in the algal cells (Smith et al., 1989).




9

2.2 The Investigation of the Biochemical Mechanisms of Plant Activation by the Usec of Specific
Enzyme Inhibitors

We studied seven inhibitors for their ability to affect the plant activation of 2-AF or m-PDA
(Table 1). We also determined if each inhibitor was a direct-acting mutagen or a plant-activated
promutagen (Plewa et al., 1988; Wagner et al., 1989; 1990). The endpoint of viability was included
in the experimental design to investigate if the inhibitor, alone or in combination with TX1 cells
and/or the promutagen, was toxic to the activating system or to the TA98 cells (Figure 1). Viability
is crucial for data interpretation; a typical inhibition curve with decreasing numbers of TA98
revertants with increasing "inhibitor" concentrations could be due to toxicity in the plant cells, toxicity
in the bacterial cells, toxicity in both cell types or a true inhibition of plant cell activation. Thus,
with viability as an endpoint, significant alteration of the reversion frequency of TA98 could be
interpreted as a true amendment of TX1 cell activation, toxicity due to the inhibitor alone, or a toxic
synergistic effect of the TX1 cells, inhibitor and promutagen (Plewa, 1991). The resolution of the
plant cell/microbe coincubation assay is sufficiently high that the effect of pM to mM concentrations
of specific inhibitors was easily detected.

“ Table 1. Inhibitors Used to Study the Mechanisms of the Plant-Activation of Aromatic Amine Promutagens. "

| " Inhibitor Action/Eflect on Plant Activation Reference l
Acetaminophen ® A co-substrate for horseradish peroxidase and prostaglan- Nelson et al., 1981; Har-
din H synthase. Also can be metabolized by cytochrome P- vison et al,, 1988; Raucy
450 isozymes. et al.,, 1989

o Concentrations above 2.5 mM or 10 mM inhibited the TX1 | Wagner et al., 1989; 1990
cell activation of m-PDA or 2-AF by TX1 cells, respectively.

7,8-Benzoflavone ® Specific cytochrome P-448 inhibitor. Inhibited 2-amino- Ullrich et al., 1973; Raz-
fluorene-N-hydroxylase. zouk et al., 1980

¢ Did not inhibit the TX1 cell activation of m-PDA, howev- Wagner et al., 1989; 1990
er, low concentrations (10-250 pM) inhibited the plant
activation of 2-AF,

(+)-Catechin ® Antimutagen and antioxidant, and may function by binding | Conn, 1981; Nagabhushan
to mutagenic metabolites and scavenging free radicals. and Bhide, 1988; Naga-
bhushan et al., 1988

® Inhibited the TX1 cell activation of m-PDA at concentra-
tions above 1 mM. In a concentration range from 25 pM-2.5 | Wagner et al., 1989; 1990
mM it enhanced the plant activation of 2-AF, but caused
inhibition at higher concentrations.

Diethyldithiocar- ® Metal chelator and reduced the concentration of cyto- Jensen et al., 1981; Hunt-
bamate chrome P-450 in mammals. Specific inhibitor of plant per- er and Neal, 1975; Plewa
oxidases. et al,, 1991
@ At concentrations above 75 yM inhibited the TX1 cell Wagner et al., 1989; 1990;

activation of m-PDA and 2-AF due to the inhibition of TX1 Plewa et al,, 1991
cell peroxidase.




Table 1. Inhibitors Used to Study the Mechanisms of the Plant-Activation of Aromatic Amine Promutagens. “

Inhibitor Action/Effect on Plant Activation Reference

Methimazole ® A high-affinity flavin containing monooxygenase substrate. Poulsen et al., 1974; Fred-
enck et al., 1982
® Inhibited the TX1 cell activation of m-PDA but enhanced

the plant activation of 2-AF Wagner et al., 1989; 1990
Metyrapone ® Specific inhibitor of cytochrome P-450 in mammals and Goujon et al., 1972; Car-
yeast. Inhibited 2-AF hydroxylase. ratore et al.,, 1986; Raz-

zouk et al., 1980

¢ Did not inhibit the TX1 cell activation of m-PDA or 2-AF.
Wagner et al., 1989; 1990

Potassium cyanide ® Inhibited horseradish peroxidase and peroxidase-type Wise et al., 1983; Dennis
monooxygenase activity. and Kennedy, 1986

¢ Inhibited the TX1 cell activation of m-PDA but was refrac- | Wagner et al., 1989; 1990
tory the activation of 2-AE

2.2.1 Experiments With Diethyldithiocarbamate

Diethyldithiocarbamate (DEDTC, 25 pM-50 PP N Fave 7o
mM) was introduced into reaction tubes with plant HE e "Q:QEGG‘ o o 0,
cells, bacterial cells and 500 uM m-PDA (Figure 13 ¢ &0 0E%e Do B0 g S
3). The inhibition of revertant TA98 colonies was § o ™ o ® 2 é
a function of increased DEDTC concentration with * Lt o ¢ o 50 g z
50% inhibition between 750 yMand 1 mM (@). At | 5§ .
a concentration of 250 yM DEDTC a significant | {2 = )\\O_-;‘_\;\D&_‘ ® 25
inhibition of the plant activation of m-PDA was 23 o — = —— o

noted. No decrease in the relative viability of the DHETHYLDTHIOCARBAMATE ()
TX1 ([JJ) or TA98 (&) cells attended the inhibition

/ X = Figure 20

curve (Figure 3). In separate studies, DEDTC was g 20 _\q 1 ] oo
titrated (50 pM-50 mM) in coincubation reaction e fji:::gce-,,_-cg&:wuxéxg’ =3
. . 3 2 1504 S~ab  bla -0 8 -
tubes with plant cells, bacterial cells and a constant 3% w22
amount of 50 pM 2-AF (Figure 3). The inhibition | 2 . i
of revertant TA98 colonies was a function of | x§ 2 g8
increased DEDTC concentration with 50% inhibi- i3 * ¢ - » 32
tion between 750 uM and 1 mM. At the lowest I - .

2 0.1 10 100 1000

concentration of DEDTC (50 pM) a significant OO ARBAATE ()
mhnbmon of 2-AF af:twatlon WZ.iS no'ted' (.) No Figure 3 The effect of diethyldithiocarbamate on the
consistent decrease in the relative viability of the x| _ceil activation of m-PDA and 2-AF.

TX1 ([OJ) or TA98 (a) cells attended the inhibition

curve. DEDTC was not mutagenic (O).

222 Experiments With Metyrapone
Metyrapone is a specific cytochrome P-450 inhibitor in mammals and a weak inhibitor of 2-AF
N-hydroxylase. Metyrapone at concentrations below 7.5 mM did not significantly inhibit the
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activation of m-PDA (Figure 4). The activation of m-PDA was diminished by approximately 50%
by 15 mM metyrapone (@). At metyrapone concentrations above 1 mM, toxicity to TX1 cells was
cxpressed ([]). The reduction of the activation of m-PDA by TX1 cclls appears to be a function
of metyrapone toxicity in the plant cells. Metyra-
pone at concentrations below 7.5 mM did not
significantly inhibit the activation of 2-AF (Figure
4). The activation of 2-AF was diminished by ap-
proximately S0% by 15 mM metyrapone (@).
However, at this concentration, toxicity was begin-
ning to be expressed in the TX1 cells ([(J). The
reduction of the activation of 2-AF appears to be
due to toxicity in the plant cells. These data
illustrate the necessity of monitoring viability when
studying the inhibition of activation or mutagenesis.
Metyrapone with no 2-AF at concentrations above
10 mM was not toxic to TA98 (a) or TX1 ((J),
and it was not mutagenic (O). These data indicate
that metyrapone and 2-AF may interact syner-
gistically to produce a toxin or that mctyrapone
may inhibit a step in the TX1 metabolism of 2-AF
that results in a phytotoxic, nonmutagenic inter- o1 "o 100

mediate. METYRAPONE (mM)
Figure 4 The effect of metyrapone on the TX1-cell

activation of m-PDA and 2-AF.
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2.23 Experiments With 7,8-Benzoflavone

The effect of 7,8-benzoflavone (BF) on the

plant activation of m-PDA was investigated (Figure I I ,AA.—.A\F_ZU,T,:: .
S). There was no decrease in the number of TA98 ; g 0 TS I 0-®do Lo |5
revertants over the entire concentration range of ég > [T N Eg
1 uM to 1.5 mM (@). BF is not an inhibitor of | ¢f "ty o ® el ae % &
m-PDA activation by TX1 cells. The capacity of 38, el
7,8-benzoflavone (BF) to inhibit the activation of I =33
2-AF was evaluated over a concentration range 53 , o o |,
from 1 uM-2 mM (Figure 5). At concentrations S eaomont
above 1 uM, BF significantly reduced the mean ‘

number of TA98 revertants per plate (@). BF was g o L i

not a direct acting mutagen and was not activated 3= wzés_ o o {00t §
by plant cells (O). The inhibition curve exhibited i§ 2ot e ..a’ 0 o A L3
aconcentration-dependent decrease with increasing A S % % z0
BF concentration. The viability of the TX1 ([]) 35" e e L [MEE
and TA98 (a) cells was not affected at concentra- i3 ' .\-ﬂ\a\% 558
tions below 750 uM. However, above this con- z ocL--—j***"“‘ . q
centration the inhibitor was toxic to both cell types. T oom 001 o 1o

An inhibition of TA98 reversion was observed e

Figure § The effect of 7,8-benzoflavone on the 1X 1-cell

without concomitant cellular toxicity from 10-250 )
activation of m-PDA and 2-AF.

puM BE  Thus BF at yM concentrations is an
effective inhibitor of 2-AF activation by TX1 cells.




2.24 Experiments With Potassium Cyanide

Potassium cyanide (KCN) is an inhibitor of
plant peroxidases. The effect of 5 pM-5 mM KCN
was studied in the activation of m-PDA (Figure 6).
A significant inhibition of mutation induction was
observed at KCN concentrations above 750 pM
(@). There was not a corresponding decrease in
viability in either cell type ((J, o). Thus KCN
inhibived m-PDA activation at nontoxic concentra-
tions. In the experiments with 2-AF, KCN was
toxic to the TXI1 cells at concentrations above
1 mM (Figure 6, []). However, a significant en-
hancement in the activation of 2-AF was observed
in some reaction tubes from 100 uM to 1 mM (@);
within this concentration range, TX1 ([J) and
TA98 (a) viability was not affected. Prior to its
toxic effects, KCN may be enhancing the plant
activation of 2-AF. However, the great variability
of the data and the broad range of cellular effects
induced by KCN preclude a more detailed analysis
with this agent.

2.25 Experiments With (+)-Catechin

(+)-Catechin was titrated against TX1 and
TA98 cells with 500 pM m-PDA (Figure 7). There
was no effect on the mean number of TA98 rever-
tants at concentrations below 2.5 mM (@). From
2.5 mM -25 mM there was a concentration-depen-
dent reduction in the number of revertants. (+)-
Catechin concentrations above 10 mM were toxic to
TX1 ([J) and TA98 (a) cells. From 1-10 mM,
(+)-catechin inhibited the plant activation of m-
PDA without any toxicity. Concentrations of (+)-
catechin from 25 uM-25 mM were titrated against
TX1 and TA98 cells with 2-AF (Figure 7). From
25 pM-2.5 mM, (+)-catechin significantly enhanced
the plant activation of 2-AF into a mutagen (O).
The positive control (2-AF only) had 219.8 TA98
revertants per plate. The highest enhancement was
induced with 750 pM (+)-catechin resulting in
408.3 TA98 revertants per plate. (+)-Catechin was
not a direct-acting or a plant-activated mutagen and
it was not toxic to the bacterial cells (a). The only
toxicity to the plant cells was observed at 25 mM
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cell activation of m-PDA and 2-AF.
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activation of m-PDA and 2-AF.

(). (+)-Catechin concentrations above 5 mM significantly inhibited the activation of 2-AF. Mono-
oxygenase enzymes that hydroxylate the ring carbons of 2-AF render the agent non-mutagenic

At
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low concentrations of (+)-catechin, C-hydroxylation might be preferentially inhibited resulting in an
enhancement in the TA98 reversion frequency. At higher concentrations of (+)-catechin, the pre-
sumed N-hydroxylation of 2-AF may be inhibited with a decrease in the mutation frequency.

2.2.6 Experinicnts With Methimazole

Methimazole is a high-affinity flavin-containing Frgure 7a
monooxygenase substrate.  Concentrations of | 3% 747
methimazole from 50 uM te 25 mM were added to
TX1 cells, TA98 cells and 500 uM m-PDA (Figure
8). Methimazole at concentrations above 2.5 mM
inhibited the plant activation of m-PDA (@). No
toxic effects to the TX1 ([J) or TA98 (A) cells
were observed. These data indicate that a flavin-
containing monooxygenase may be involved in the
plant activation of m-PDA. 50 yM to 25 mM
methimazoie was added to TX1 cells, TA98 cells
and 50 uM 2-AF (Figure 8). Methimazole did not
inhibit the plant activation of 2-AF (O). At con-
centrations above 100 pM it exhibited a significant
enhancement of the mutagenic potency of 2-AF.
This enhancement was much lower than that in-
duced with (+)-catechin. Methimazole was not o 0o 6600
directly mutagenic (O) or toxic ([J, o). These data ot o 100
suggest the same mechanism of action suggested Mz ()
for (+)-catechin with the inhibition of detoxifica-
tion enzymes resulting in more 2-AF available for
activation.
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Figure 8 The effect of methimazole on the TX1-cell
activation of m-PDA and 2-AF.

2.2.7 Experiments With Acetaminophen

Acetaminophen is a substrate and can act as a competitive inhibitor of peroxidase. Recently
Raucy et al. (1989) reported that acetaminophen was also a substrate for cytochrome P-450 mono-
oxygenase. With m-PDA as the promutagen, concentrations of acetaminophen above 2.5 mM caused
a concentration-dependent decrease in the mutation frequency (Figure 9,@). There was no decrease
in viability for either cell type ([, o). Concentrations of acetaminophen that significantly inhibited
the activation of m-PDA by TX1 cells also inhibited the activity of cellular peroxidase in the same
cells. These data suggest that tobacco cell peroxidases function as a major pathway for the plant
activation of m-PDA. There was inhibition in the plant activation of 2-AF at concentrations of
acetaminophen above 10 mM (@). Acetaminophen alone was not mutagenic (O) or toxic ([J, A).
These data suggest that tobacco cell peroxidase is also a pathway in the activation of 2-AF (Figure
9.

By using specific enzyme inhibitors with the plant cell/microbe coincubation assay we investigated
the biochemical mechanisms of plant activation. The activation of m-PDA was inhibited by pM
amounts of diethyldithiocarbamate and mM amounts of (+)-catechin, methimazole, potassium
cyanide, and acetaminophen. There was no enhancement effect as observed with (+)-catechin and
2-AF. This may be due to the different biochemical pathways involved in activation. Inhibition by
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methimazole indicates the presence of a FAD- Figure Ba
dependent monooxygenase in the activation of m-
PDA. The inhibition of the plant activation of m-
PDA by potassium cyanide and acetaminophen
indicates that peroxidases may function as a major
pathway. The activation of 2-AF by TX1 cells was
governed by an enzyme system(s) that was inhibited
by uM amounts of diethyldithiocarbamate or 7,8- o= = 2= 8%
benzoflavone and mM amounts of acetaminophen. ACETAMINOPHEN ()

(+)-Catechin (at low concentrations) or methima-
zole enhanced the activation of 2-AF while higher
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concentrations of (+)-catechin were inhibitory. | %% 08 3

One pathway of the plant activation of 2-AF is via ig 7 § S

a cytochrome P-448-dependent N-hydroxylase. | © 2 g

However, TX1 peroxidase may be the major path- | % § > § 8

way. The presence of a FAD-dependent mono- 23 » 32

oxygenase in the activation of 2-AF was not detect- 3 . <,
1.0 10.0 100.0

ed. The experiments with metyrapone and potas- ot

i ide illustrate the importance of measurin . RN ()
sium cyanide | mpo - g Figure 9 The effect of acetaminophen on the TX1-cell
not only the altered mutation induction frequency, ,ivation of m-PDA and 2-AF.
but also the viability of the activating system and
the genetic indicator organism to eliminate artifacts due to toxicity. Without viability as an endpoint,
no study on the inhibition of mutagenesis or activation can be considered complete.

2.3 Investigation of the Mechanism of Inhibition by Specific Inhibitors

We investigated the biochemical mechanisms of the suppression of plant activation by
diethyldithiocarbamate (DEDTC). DEDTC inhibited the metabolism of promutagens in both animal
systems and plant systems (Gichner and Veleminsky, 1984; Gichner et al., 1988). We discovered that
DEDTC inhibited the tobacco cell activation of 2-AF and m-PDA. By using specific enzyme
inhibitors we reported indirect evidence that tobacco cell peroxidases were involved in the activation
of these aromatic amines (Wagner et al., 1989; 1990). We determined that DEDTC suppressed the
tobacco cell activation of aromatic amines by inhibiting cellular peroxidases (Plewa et al., 1990).

2.3.1 Plant Cells and Plant Cell Homogenates

For each experiment, TX1 cells from a 7-day culture were harvested, washed, and adjusted to
100 mg fresh weight/ml in MX™ medium. These cells were treated with DEDTC (0 - 25 mM) at
28°C for 1 h with shaking (150 rpm). After treatment the cells were centrifuged, the supernatant
was decanted, and the cells were suspended in MX medium. Each cell suspension was homogenized
with a PolyTron tissue disrupter for 45 sec at 4°C, and the cell debris was removed by centrifugation
at 15,000 x g for 2 min. An aliquot of the supernatant was frozen at —80°C for later protein
analysis. The other portion was kept on ice and immediately analyzed for peroxidase activity.
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2.3.2  Assay for Protein Concentration

In order to investigate the biochemical mecha-
nisms of plant activation, a growth curve was

£ £
established for the TX1 cells. Several flasks were | £ ¢ -
inoculated with 3 g each from a 7-day culture. At | 3 2° / / 100 %
approximately 24-h intervals, fresh weight was | 2 o ° vs B
measured from three 25-m! samples by drying the | : o S
cells under vacuum and weighing the cells. These | § ' /-/ /° 50 §
cells were then titered by suspending them to a | & 5| o o0 ®_eles 3
final concentration of 100 mg/ml solution in dis- |5 ¢—°—° *+
tilled water. Protein was extracted from this | | %o 2w 7z s e i e e

solution by shearing the cells with a PolyTron TIME (hours)
homogenizer and centrifuging at 15,000 x g for 2
min to remove cellular debris. The supernatant L
was then assayed for protein content using the Bio- Figure 10 Relationship between the growth curve of
Rad protein assay. The growth curve revealed that TX1 cells and protein content.

TX1 cells remain in lag phase for 3-4 days followed

by log growth for approximately 3-4 days, reaching stationary phase around day 7. The protein
content of TX1 cells, however, did not coincide with their growth curve. Instead, the protein
increased quickly with a maximum content during log phase followed by a sharp decrease back to
base levels during stationary phase (Figure 10).

2.3.3 Protein Content in Fresh Versus Frozen Cells

When conducting lengthy studies involving cell suspension cultures, it would be convenient to
store samples for extended periods of time for later analysis. The Bio-Rad protein assay requires
that a standard protein curve be run with every assay. Being able to freeze and store samples (TX1
cells) until the end of a study would lessen the amount of time, work, and supplies used. Because
of the ease of preparation, 7-day TX1 cells were used. The fresh weight of the cells was titered to
100 mg/ml. The titered solution was divided into two samples. One sample was sheared with a
PolyTron homogenizer, centrifuged at 10,000 x g for 2 min and the resulting supernatant was
analyzed in a dose-dependent manner to determine protein content using the Bio-Rad assay. The
other sample was frozen in a —80°C freezer for a minimum of 24 h before being thawed, sheared,
centrifuged, and analyzed in the same manner. Less protein was extracted from the frozen cells than
from the fresh preparation. This was contrary to our hypothesis that freezing and thawing cells
would cause additional disruption of the cells and allow more protein to be extracted from frozen
cells than from fresh cells. The protein content from the frozen cell preparations had much greater
variance than did the fresh cell preparations. This suggests that freezing the cells prior to shearing,
centrifuging, and measuring protein content not only reduces the amount of protein extracted, but
is also an unreliable measure of the true value (Smith et al., 1989).

2.34 Protein Content in Fresh Versus Frozen Cell Homogenates

We extended our analysis of protein content in fresh and frozen TX1 cell homogenates. A 7 day
old TX1 culture was titered to 100 mg/ml fresh weight, sheared, and centrifuged as in §2.3.2. This
homogenate was divided into two samples. One sample was analyzed for protein content immediate-
ly using the Bio-Rad protein assay. The other sample was frozen in a —80°C freezer for a minimum




of 24 h before thawing and analyzing. Ten samples
of 35 ul each were analyzed for protein content
from both groups. Three independent experiments
were conducted, and in all three cases, the protein
cortent of the frozen cell homogenate did not
significantly differ from that of fresh cells (Figure
11). In two of the three experiments, a portion of
the initial titered celi suspension was removed prior
to shearing, was frozen, thawed, sheared, centri-
fuged, and analyzed for protein content. In both
cases, significantly less protein was extracted from
the frozen cells, confirming our previous study
(§2.3.3). We concluded that freezing the cell
homogenate, as opposed to the whole cells, does
not affect protein content of TX1 cell cultures
(Smith et al., 1989).

2.3.5 Determination of Peroxidase Activity
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Figure 11 Comparison of protein content in 3 different
7-day TX1 cells preparations. a, b, and ¢ represent data
collected from three independent experiments

We measured peroxidase activity of the TX1 cells by determining the oxidation of guaiacol to
tetraguaiacol by observing the change in absorbance at 470 nm (Maehly and Chance, 1954).
Peroxidase activity was analyzed in a reaction volume of 3 ml containing 50 mM potassium
phosphate buffer, pH 7.0, 100 ul of 0.3% H,0,, 1 ml of a 1% guaiacol solution, and 25 pl of the
TX1 cell homogenate. The TX1 cell homogenate was prepared as in §2.3.1. The cuvettes used as
blanks were identical except that MX™ medium was used instead of homogenate. Peroxidase activity
was measured over a 5 min time period using a model 552A Perkin-Elmer double-beam
spectrophotometer at 470 nm. Three independent replicates were conducted for each measurement

within each experiment.

2.3.6 In Vivo Inhibition of TX1 Cell Peroxidase by Diethyldithiocarbamate

DEDTC inhibited the TX1 cell activation of m-
PDA and 2-AF (Figure 3). A significant decline in
activation occurred above 75 pyM DEDTC with
50% inhibition between 1 and 1.5 mM. With both
promutagens there was no decrease in the viability
of either TX1 or TA98 cells.

Intact TX1 cells were exposed in vivo to
DEDTC concentrations from 250 uM - 25 mM for
1 h in four separate experiments. TX1 cell homo-
genates were prepared and both peroxidase activity
and protein content were measured. One experi-
ment is presented in Figure 12. TXI1 cells exposed
to DEDTC express reduced peroxidase activities
when normalized on a protein basis. The DEDTC
concentrations which caused a 50% reduction in
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Figure 12 In Vivo inhibition of TX1 cell peroxidase by
diethyldithiocarbamate.
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TX1 cell peroxidase activity (750 pM - 2.5 mM) also caused a 50% inhibition of the TX1 cell activa-

tion of m-PDA and 2-AFE.

2.3.7 In Vitro Inhibition of TX1 Cell Peroxidase and Horseradish Peroxidase by Diethyldithiocar-

bamate

The in vitro inhibition of TX1 cell peroxidase
was determined by adding DEDTC (25 - 750 pM)
directly to TX1 cell homogenates in five indepen-
dent experiments. We previously determined that
these concentrations of diethyldithiocarbamate did
not directly react with the buffer, hydrogen perox-
ide and guaiacol solutions (data not shown). A
concentration-dependent reduction in peroxidase
activity was observed throughout the entire concen-
tration range. The data from one experiment are
presented in Figure 13. To confirm that DEDTC
can inhibit peroxidase enzymes, two experiments
were conducted using pure horseradish peroxidase.
A concentration-dependent reduction in the activity
of horseradish peroxidase was observed (data not
shown).

2.3.8 Kinetics of TX1 Cell Peroxidase Inhibition

TX1 cells were titered and incubated with 750
uM or 25 mM diethyldithiocarbamate as well as
concurrent controls in which the cells were handled
identically except they were not exposed to the
inhibitor. Separate TX1 cell homogenates were
prepared under identical conditions. The peroxi-
dase activities of triplicate samples of these homo-
genates were measured varying the concentration of
substrate (H,0,). Velocity was calculated from the
change in absorbance in the linear portion of the
curve and €,,, = 26.6 mM™* cm™ for tetraguaiacol
(Chance and Maehly, 1955). The mean V., and
K,, values for the above experiments are presented
in Table 2. The data are represented in a Line-
weaver-Burk plot (Figure 14). From three indepen-
dent experiments, the K, value for the control cells
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Figure 13 In Vitro inhibition of TX1 cell peroxidase by
diethyldithiocarbamate.
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Figure 14 Lineweaver-Burk analysis of the inhibition of
TX1-ell peroxidase by diethyldithiocarbamate.

was 2.79 £ 0.50 mM. The K_, value for the cells treated with 750 uM and 25 mM DEDTC was 2.31
+ 0.27 mM and 2.65 * 0.62 mM, respectively. The mean K, value for all the groups was 2.58 +
0.23 mM. The K, values among the control and treated groups did not differ significantly while the
V. Values were different (Table 2). These data indicate that DEDTC is a non-competitive inhibitor

of TX1 cell peroxidase.
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From the above studies we concluded that DEDTC suppressed the tobacco cell activation of m-
PDA and 2-AF. DEDTC was a potent inhibitor of tobacco cell peroxidase activity under in vivo and
in vitro conditions. Kinetic experiments demonstrated that DEDTC was a non-competitive inhibitor
of TX1 cell peroxidase. One meehanism for the antimutagenic effect of DEDTC was through its
inhibition of cellular peroxidases (Plewa et al., 1990).

Table 2 V_,, and K, Values of TX1 Cell Peroxidase in Control Cells and in Cells Treated with
Diethyldithiocarbamate
Treatment Group Mean V_,, + SE! Mean K, = SE
nmol Tetraguaiacol/min/pg Protein mM

k |
m

Control TX1 cells 4.02 + 0.26 2.79 £ 0.50

TX1 cells treated with 750 pM 3.41 £ 0.26 231+ 0.27

diethyldithiocarbamate

TX1 cells treated with 25 mM 2122015 2,65 + 0.62

diethyldithiocarbamate

ISE, standard error ~f the mean.

2.4 Use of S. typhimurium Strains with Enhanced Levels of O-Acetyltranferase

Recently Watanabe et al., (1990) developed Salmonella strains that were derivatives of TA98 and
possess pYG219. pYG219 is a plasmid that eontains a copy of the gene that encodes acetyl-Co A:
N-hydroxyarylamine O-acetyltransferase (OAT). One strain — YG1024 — expresses approximately

3000 T T T T T T T /l T T
@ YG1024 +TX1 Cells L - W YG1024 +TX1 Celis *
W 2500 F O Y61024 -Tx1 Calls - $h 400} @ Tags +Tx1 Celts 1
3 2 @ TAIS +TX1 Cells X O -TX1 Negative Control
i _E; O TA98 -TX1 Cells & w
& o 2000} — . 5 *
£ 39 & 300 |- .
28 . @
b4
&< 1500 e » I z
Q 3 el I g & 200 .
z R wot ,* E . L
Z3 1ot / 1 @ / -
-3 ~ ”"r g 100 @
— ———— O B - 1
soo |® ) : s e
6 8 w s 20 _u—8
_ —o—g—®"
OLEQ s—o —4o 0 2 = a0
0 5 10 15 20 25 0 5 10 S0 100 150
2-AMINOFLUORENE (M) ey m—-PHENYLENEDIAMINE (uM)  sowca
Figure 15 Comparison of the concentration-response Figure 16 Comparison of the concentration-response
curves of TX1 cell-activated 2-AF in S. typhimurium curves of TX1 cell-activated m-PDA in S. fyphimurium

strains TA98 (insert) and YG1024. strains TA98 and YG1024.
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100x higher O-acetyltransferase activity than TA98 and is exceedingly sensitive to arylhydroxyl-
amines. These agents are activated metabolites of promutagenic nitroarenes and aromatic amines.
We compared the mutagenic response of TA98 and YG1024 to 2-AF and m-PDA with and without
TX1 cell activation in the plant cell/microbe coincubation assay. In a concentration range of 1-25
M 2-AF both TA98 (O) and YG1024 ([]J) were negative without TX1-activation (Figure 15).
However, in the reaction tubes with TX1 cells the YG1024 cells (Ill) were approximately 15X more
responsive than TA98 (@) to the plant-activated 2AF metabolite. Concentration-response curves
with 2.5-150 pM m-PDA were compared for TA98 and YG1024 with and without TX1-activated
m-PDA (Figure 16). m-PDA was not directly mutagenic to either bacterial tester strain (O),
however, with 150 uM m-PDA, the TX1-activated product elicited a 2.5 X increase in revertants/plate
in YG1024 () as compared to TA98 (@). The data demonstrate that the metabolite is a substrate
for the bacterial acetyl-Co A: N-hydroxyarylamine O-acetyltransferase (OAT) (Figures 15 and 16).
This suggests that the plant-activated mutagen has a N-hydroxyamino functional group. We propose
that acetylation followed by deacetylation of the plant-activated product causes the formation of a
highly reactive aromatic nitrenium ion which can adduct to DNA and induce genetic damage.

2.5 Isolation of the Plant-Activated 2-AF and m-PDA Products

TX1 cells were treated with S00 uM m-PDA for 3 h while shaking at 28°C and the cells removed
by centrifugation. Concurrent control cells were not treated with m-PDA. The supernatant fluid
from each group was lyophilized at —70°C to approximately 20% of the original volume. The
samples were filter sterilized and assayed for mutagenic activity using TA98 under preincubation
conditions (Maron and Ames, 1983). No mutagenic response was seen in the supernatant from
untreated cells. Additionally the supernatant from the treated cells retained its mutagenic properties
for extended periods of time.

2.5.1 Ultrafiltration

200

40} 50 ul Somple/Plate B

TC100R
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Figure 17 Isolation, partial purification by ultrafiltra- Figure 18 Isolation, partial purification by ultrafiltra-
tion, and mutagenic analysis of the TX1 cell-activated 2- tion, and mutagenic analysis of the TX1 cell-activated m-

AF product. PDA product.
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In another series of experiments we isolated supernatants from control and m-PDA-treated TX1
cells. After the cells were harvested the medium was centrifuged at 100,000 x g for 3 h at 4°C. The
resulting supernatant fluids contained molecules of <1,000 kd. These supernatant fluids were not
concentrated by lyophilization but were passed over Centricon ultrafiltration columns. Centricon
C-100 and C-30 ultrafiltration centrifugal micro-concentrators have molecular weight cut-off values
at 100,000 and 30,000 daltons, respectively. The supernatant was passed over the C-100 column at
1,000 x g for 1 h and both the retentate and filtrate were collected. The C-100 filtrate was then
passed over a C-30 column at 5,000 x g for 1 h and the retentate and filtrate were collected. The
C-100 retentate contained molecules with molecular weights from 1,000 kd - 100 kd, the C-30
retentate isolated molecules from 100 kd - 30 kd, and the C-30 filtrate contained molecules <30 kd.
These fractions from both control and treated cells were analyzed for mutagenicity with TA98 cells
(Figures 17-18). Under preincubation conditions, S0 pl samples were exposed to 5 x 10® cells for
1 h at 37°C while shaking. Into each reaction tube, 2 ml of supplemented molten top agar was
added and poured onto VB plates. After 48-72 h incubation at 37°C, the plates were scored for
TA98 his* revertants. The data indicate that only the C-100 retentate from the m-PDA-treated TX1
cells was mutagenic (TC100R); the other fractions from both the treated and control group were
negative. Thus, the mutagen is associated with the treated TX1 cells in a fraction that includes
molecules from 1,000 kd - 100 kd.

2.6 Current Working Model

We developed a model of the
TX1-cell activation of aromatic
amines based on the data presented
in this paper and from our previous
studies. The model (Figure 11) —
albeit simplistic and incomplete —
integrates our data into a mechanis-
tic framework and serves as a foun-
dation for new experimental de-
signs. The model has seven compo-
nents. They are, (1) the aromatic
amine (R-NH,) is transported into
the plant (TX1) cell, (2) TX1 intra-
cellular peroxidase oxidizes the
molecule (R-NHOH), (3) the me-
tabolite is polymerized or conjugat-
ed to a macromolecule (R-NHOH-
conjugate), (4) the amine-conjugate
is secreted into the extracellular
medium, (5) the conjugate is ab-
sorbed by the bacterial tester strain (TA98), (6) the molecule may be deconjugated and is acetylated
(R-NHO-COCH,) and deacetylated by the bacterial acetyl-Co A: N-hydroxyarylamine O-
acetyltransferase, and (7) the deacetylation results in a highly reactive nitrenium ion (R-NH™)
(Sandermann, 1988).

- TX1 Cell

Figure 19 The current model for the plant-activation of promutagenic
aromatic amines. The model has seven components.




21

3 LIST OF PUBLICATIONS GENERATED BY GRANT N2 AFOSR-88-0336 (September 15.
1988 — September 30, 1991)

3.1 Published Abstracts (Peer Reviewed)

Wagner, E.D., M.M. Verdier and M.J. Plewa. 1989. Comparison of the plant cell activation of two
promutagens using enzyme inhibitors. Environ. Molecular Mutagenesis 14:211, Suppl. 15.

Smith, S.R., M.M. Verdier, E.D. Wagner and MJ. Plewa. 1989. Protein content of tobacco cells in
relation to the plant activation of m-phenylenediamine and 2-aminofluorene. Environ. Molecular
Mutagenesis 14:188-189, Suppl. 15

Plewa, M.J. 1989. The activation of promutagens by plant cell systems. (Invited symposium lecture
to the Fifth International Conference on Environmental Mutagens). Environ. Molecular
Mutagenesis 14:154, Suppl. 15

Wagner, E.D., S.R. Smith, K. Hajek and M.J. Plewa. 1990. The mechanism of the antimutagenic
effect of diethyldithiocarbamate in the plant activation of promutagens. Environ. Molecular
Mutagenesis 15:62, Suppl. 17.

Plewa, M.J. and E.D. Wagner. 1990. The biochemical basis of the activation of promutagens by plant
cell systems. Environ. Molecular Mutagenesis 15:48, Suppl. 17.

Wagner, E.J,, S.R. Smith, F. Hoff and MJ. Plewa. 1991. The inhibitory effects of 8-methoxypsoralen
and vanadate in the plant activation of two promutagenic aromatic amines. Environ. Molecular
Mutagenesis 17:75, Supp. 19.

Seo, K.Y. and M.J. Plewa. 1991. Partial isolation of the mutagenic product of m-phenylenediamine
after activation by tobacco cells. Environ. Molecular Mutagenesis 17:67, Supp. 19.

3.2 Published Papers (Peer Reviewed)

Wagner, E.D,, J.M. Gentile, and MJ. Plewa. 1989. Effect of specific monooxygenase and oxidase
inhibitors on the activation of 2-aminofluorene by plant cells. Mutation Research 216:163-178.

Plewa, MJ. 1990. Activation of promutagens by plant cell systems. In Mendelsohn M.L. and R.J.
Albertini (Eds). Mutation and the Environment: Environmental Genotoxicity, Risk and
Modulation. Wiley-Liss, New York, 385 pp.

Plewa, M J. 1990. Basic and applied research on the activation of promutagens by plant cell systems.
Proceedings of the Fifth International Conference on Environmental Mutagens — Symposium
on Genetic Toxicology in Developing Countries.

Wagner, E.D., M.M. Verdier and MJ. Plewa. 1990. The biochemical mechanisms of the plant
activation of promutagenic aromatic amines. Environ. Molecular Mutagenesis 15:236-244.




22

Plewa, MJ., S.R. Smith and E.D. Wagner. 1990. Diethyldithiocarbamate suppresses the plant
activation of aromatic amines by inhibiting tobacco cell peroxidase. Mutation Research 247:57-
64.

Plewa, M.J. 1991. The biochemical basis of the activation of promutagens by plant cell systems. In
J.W. Gorsuch, WR. Lower, W. Wang and M.A. Lewis, Eds. Plants for Toxicity Assessment:
Second Volumn, ASTM STP 1115, Am. Soc. Testing and Materials, Philadelphia, 401 pp.

Smith, S.R., E.D. Wagner and MJ. Plewa. 1991. Antimutagenic effects of 8-methoxypsoralen and
vanadate on the plant activation of aromatic amines. In preparation.

Plewa, MJ., E.D. Wagner, S.R. Smith and K.Y. Seo. 1991. Biochemical and mutagenic characteriza-
tion of plant-activated aromatic amines. J. Environ. Tox. Chem. SETAC AFOSR Review Paper.
Submitted.

Plewa, MJ. 1991. Blocking the plant activation of promutagenic aromatic amines by peroxidase
inhibitors. Invited paper: Proceedings of the Third International Conference on Mechanisms of
Antimutagenesis and Anticarcinogenesis, Lucca, Italy. Plenem Press, New York. IN PRESS.

4 LIST OF PROFESSIONAL PERSONNEL

4.1 Professional Staff

M:s. Elizabeth D. Wagner, M.S., Associate Research Biologist, Institute for Environmental Studies,
University of Illinois at Urbana-Champaign.

Ms. Shannon Smith, M.S,, Project Assistant, Institute for Environmental Studies, University of
Illinois at Urbana-Champaign.

4.2 Graduate Students

Mr. Kwang-Young Seo, Department of Microbiology, University of Illinois at Urbana-Champaign.
(Ph.D. student).

4.3 Undergraduate Students

Ms. Mary M. Verdier, School of Life Sciences, University of Illinois at Urbana-Champaign.

Ms. Kathryn L. Hajek, School of Life Sciences, University of Illinois at Urbana-Champaign.
Ms. Lucie Dobrovolny, School of Life Sciences, University of Illinois at Urbana-Champaign.
Ms. Joan Riley, School of Life Sciences, University of Illinois at Urbana-Champaign.

Mr. David Cortez, School of Life Sciences, University of Illinois at Urbana-Champaign.




23
4.4 Degrees Awarded

Ms. Mary M. Verdier, B.S. May 1989. Senior Research Paper Title, "Inhibitors Affecting the Plant
Activation of m-Phenylenediamine.”

Ms. Kathryn L. Hajek, B.S. May 1990, Senior Thesis Title, "The Effect of Diethyldithiocarbamate
on Plant Cell Peroxidase.”

Ms. Lucie Dobrovolny, B.S. May 1991, Senior Thesis Title, “The Relationship Between Intracellular
Peroxidase Activity and Protein Content Throughout the Growth Curve of Cultured Tobacco Cells.”

Ms. Elizabeth D. Wagner, M.S. May 1989, Thesis Title, "Effects of Specific Monooxygenase and
Oxidase Inhibitors on the Activation of 2-Aminofluorene by Plant Cells,” 96 pp.

Ms. Shannon Smith, M.S. May 1990, Thesis Title, "Studies with Nicotiana tabacum and Selenastrum
capricornutum that Lead to the Biochemical Mechanisms of the Plant Activation of m-Phenylenedi-
amine and 2-Aminofluorene,” 87 pp.

5 LITERATURE CITED

Ames, B.N., E.G. Gumney, J.A. Miller and H. Bartsch. 1972. Carcinogens as frameshift mutagens: metabolites and derivatives
of 2-acetylaminofluorene and other aromatic amine carcinogens. Proc. Nat. Acad. Sci. USA 69:3128-3132.

Carratore R.D, E. Cundari, R. Vellosi, A. Galli, G. Bronzetti. 1986. Specific inhibitors of the monooxygenase system of
Saccharomyces cerevisiae modified the mutagenic effect of 4-nitroquinoline 1-oxide and the deethylation activity of the yeast.
Carcinogenesis 7:1127-1130.

Chance, B. and A.C. Maehly. 1955. Assasy of catalases and peroxidases. in S. Colowick and N. Kaplan (Eds.), Methods in
Enzymology, Vol. 2, Academic Press, New York, pp 764-775.

Conn HO (ed) 1981. "International Workshop on (+)-Cyanidano}-3 in Diseases of the Liver". The Royal Society of Medicine,
International Congress and Symposium Series, No. 7. London: Academic Press.

Dennis S, L.R. Kennedy 1986. Monooxygenases from soybean root nodules: aldrin epoxidase and cinnamic acid 4-hydroxylase.
Pestic Biochem Physiol 26:29-35.

Frederick, C.B., J.B. Mays, D.M. Ziegler, EP. Guengerich and E Kadlubar. 1982. Cytochrome P-450- and flavincontaining
monooxygenase-catalyzed formation of the carcinogen N-hydroxy-2-aminofluorene and its covalent binding to nuclear DNA.
Cancer Res. 42:2671-2677.

Gichner, T and J. Veleminsky. 1984. Inhibition of dimethylnitrosamine-induced mutagenesis in Arabidopsis thaliana by
diethyldithiocarbamate and carbon monoxide. Mutation Res. 139:29-33.

Gichner, T, J. Veleminsky and R. Rieger. 1988. Antimutagenic effects of diethyldithiocarbamate towards maleic hydrazide-
and N-nitrosodiethylamine-induced mutagenicity in the Tradescantia mutagenicity assay. Biol. Plant., 30:14-19.

Harvison PJ, R.W. Egan, PH. Gale, G.D. Christian, B.S. Hill, S.D. Nelson. 1988. Acetaminophen and analogs as cosubstrates
and inhibitors of prostaglandin H synthase. Chem-Biol Interactions 64:251-266.

Hunter A.L, R.A Neal. 1975. Inhibition of hepatic mixed-function oxidase activity in vitro and in vivo by various thiono-sulfur-
containing compounds. Biochem Pharmacol 24:2199-2205.




24

Jensen D.E PD. Lotlikar, PN. Magee. 1981. The in vitro methylation of DNA by microsomally-activated dimethylnitrosamine
and its correlation with formaldehyde production. Carcinogenesis 2:349-354.

Lhotka, M.A., M.J. Plewa and J.M. Gentile. 1987. Plant activation of m-phenylenediamine by tobacco, cotton and carrot cell
suspension cultures. Environ. Molecular Mutagenesis 10:79-88.

Lotlikar, PD. and K Zaleski. 1975. Ring- and N-hydroxylation of 2-acetamidofluorene by rat liver reconstituted cytochrome
P-450 enzyme system. Biochem. J. 150:561-564.

Maehly, A.C. and B. Chance. 1954. The assay of catalases and peroxidases. in D. Glick (Ed.), Methods of Biochemical
Analysis, Vol. I, Interscience Publ. New York. pp 357-424.

Maron, D.M. and B.N. Ames. 1983. Revised methods for the Salmonella mutagenicity test. Mutation Res. 113:173-215.

Murashige, T and F Skoog. 1962. A revised medium for rapid growth and bio-assays with tobacco cultures. Physiol. Plant
15:473.

Nagata, C., M. Kodama, T Kimura and T Nakayama. 1985. Mechanism of metabolic activation of carcinogenic aromatic
amines. GANN Monograph on Cancer Res. 30:93-110.

Nagabhushan M, A.J Amonkar, UJ. Nair, U. Santhanam, N. Ammigan, A V. D’Souza, S.V Bhide. 1988. Catechin as an
antimutagen: its mode of action. J Cancer Res Clin Oncol 114:177-182.

Nagabhushan M, S.V. Bhide. 1988. Anti-mutagenicity of catechin against environmental mutagens. Mutagenesis 3:293-296.

Nelson S.D., D.C Dahlin, E.J. Rauckman, G.M. Rosen. 1981. Peroxidase-mediated formation of reactive metabolites of
acetaminophen. Mol Pharmacol 20:195-199.

Palmer KA., A. Denunzio and S. Green. 1977. The mutagenic assay of some hair dye components, using the thymidine kinase
locus of LSi78Y mouse lymphoma cells. J. Environ. Pathol. Toxicol. 1:87-91.

Plewa, M.J. 1990. Activation of promutagens by plant cell systems. /In Mendelsohn M.L. and R.J. Albertini (Eds). Mutation
and the Environment: Environmental Genotoxicity, Risk and Modulation. Wiley-Liss, New York, 385 pp.

Plewa, M.J. 1991. The biochemical basis of the activation of promutagens by plant cell systems. In J.W. Gorsuch, WR. Lower,
W. Wang and M.A. Lewis, Eds. Plants for Toxicity Assessment: Second Volumn, ASTM STP 1115, Am. Soc. Testing and
Materials, Philadelphia, 401 pp.

Plewa, M., S.R. Smith and E.D. Wagner. 1990. Diethyldithiocarbamate suppresses the plant activation of aromatic amines
by inhibiting tobacco cell peroxidase. Mutation Research 247:57-64.

Plewa, M. J,, E. D. Wagner and J. M. Gentile. 1988. The Plant cell/microbe coincubation assay for the analysis of plant-
activated promutagens. Mutation Res. 197:207-219.

Plewa, M.J., D.L. Weaver, L.C. Blair and J.M. Gentile. 1983. Activation of 2-aminofluorene by cultured plant cells. Science
219:1427-1429

Poulsen L.L., R.M. Hyslop, D.M. Ziegler. 1974. S-oxidation of thioureylenes catalyzed by a microsomal flavoprotein mixed-
function oxidase. Biochem Pharmacol 23:3431-3440.

Raucy, J.L., JJM. Lasker, C.S. Lieber and M. Black. 1989. Acetaminophen activation by human liver cytochromes P45011E1
and P451A1. Arch. Biochem. Biophys 271:270-283.

Razzouk C., M. Mercier, M. Roberfroid. 1980. Induction, activation and inhibition of hamster and rat liver microsomal
arylamide and arylamine N-hydroxylase. Cancer Res 40:3540-3546.

Sandermann, H. Jr. 1988. Mutagenic activation of xenobiotics by plant enzymes. Mutation Res. 197:183-194.




25

Seo, K'Y. and MLJ. Plewa. 1991. Partial isolation of the mutagenic product of m-phenylenediamine after activation by tobacco
cells. Environ. Molecular Mutagenesis IN PRESS.

Shahin, M.-M., A. Bugaut and G. Kalopissis. 1983. Relationships between the chemical structure and mutagenic activity of
monocyclic aromatic amines, in F J. de Serres, (Ed.) Chemical Mutagens: Principles and Methods for Their Detection,
Vol. VIIL. Plenum Press, New York, pp. 151-181.

Smith, S.R., M-M. Verdier, E.D. Wagner and M.J. Plewa. 1989. Protein content of tobacco cells in relation to the plant
activation of m-phenylenediamine and 2-aminofiuorene. Environ. Molecular Mutagenesis 14:188-189, Suppl. 15.

Wagner, E.D., J.M. Gentile and M.J. Plewa. 1989. Effect of specific monooxygenase and oxidase inhibitors on the activation
of 2-aminofluorene by plant cells. Mutation Research 216:163-178.

Wagner, E.D., MM. Verdier and M.J. Plewa. 1990. The biochemical mechanisms of the plant activation of promutagenic
aromatic amines. Environ. Molecular Mutagenesis 15:236-244.

Watanabe et al., 1990 (OAT)

Widholm, J.M. 1972. The use of fluorescein diacetate and phenosafranin for determining viability of cultured plant cells. Stain
Technol. 47:189-194.




TP VVOSHO S G 10 L 4o N L

288 o GG
- |

AWAT SN B N - ¢ VIO HO LI VHINODYANS/HOLDVYHINOD (1IZIHOIINY §0) THIV VYN HS
LoD : I
P v aosg ey suonuaat] 1 gng, [T 1Y) pur pamoqio) uasaq sany saanpadosd yons 1T, SUOnuaAtg (e 150ty e
Lm0 aansng, Z_: s por voneagnuap doad sop sanpasosd sty Aped furuodas oy ey Kpnuaa g, TVIDI 440 HOJIVHINODIANS/HOIDVY INOD GI2IHOHLINY 10 TWVYN ¢
ey aptidoadde youg y1 i otenin? .::5:1:.\.“.\, :l...wwﬂw?,.. Sty :E:f— ] fr poanbag :.>\ IO.J(C—ZOU@Dm\xob J(I—ZOU >r -IOm...H.I&:Nm: v "in D¢
NOILVYIIIILYID - 118 ZO.._.Umm
i
auou
SN WivA &/ ON
S auvmy {S)13VH 1NDDIBNS 3lva | 3snvId
R ¥IONN O 3WHO 44 3d {S) ON LDVHINODEN (ap0o)) hy apnpiw) §S3WQQV (SIHOLIDVHINOIEBNS 4O IWVYN
Sheriviy tmu—(O 38 Ol YYOM JO NO114'HISIO LSLHOIH IN3LVd..
| .::20um3m \ . Wvo k) ) qQ d

(no1s 05, ouop., [1] BOLIVH LNOIENS/HOLIVH INOD A8 Q30HVMY S1DVH INODBNS 9
T (2smop) _ S1yf1y 1uaivg,,  Juluioiun)) S1I¥HLNOJENS - 1| NOILI3S

{opa)y dhyy apnpani) YIAOVIWI 40 SSIYQQAY o) diy i) 93IA0VTAWI 40 SSIWAAY '
YIA0TIWI JO IWVN v UIAOTAN T 10 TWUN v
AN bzu:& 10 NOILNIANI 40 31111 ~
PHIENAOD NDIIHO Y " " (1w 1504 °1307) GOLNIANI JO IWVYN " (11 150g 1507/ HOLNIANI 30 IWVYN *Red _
11111 18 1M NOILVD11ddV INIIVd V HDIHM NI STIIHLINNOD NDI3HO04 03103713 8 'HOLJVH LNODBNS/MOLIVH LNOD A8 OIAUIIWI LON (SIHOLNIANI 4O ¥ 140 1awd 1]
auou
f
- e S SUNONIRS: A,
crey S3A - ON SIA ON mw»IL
e R T IN Eapies e ON AN3JLVY
i NI YHINDD or*lz....w_ o4 .m.wh_«hm WO ON TviK3S Cray 1snyg 15og)
o AN EMZJ.mm< SNO!I Y1144y NI LVa NOILVI11ddY AN3LVd (SINOILNIANS 4O 3741} (SIHOLN3IANI 40 IWYN
MO PN TWNY L SN :
MO VWKL INGD E 171405 NOILDINI p ON 3uUNS$0II8I0 '3 ‘q A4
{ms ns °

L ONON, (1] WOLIVHINOIBNS/HOLIVEINOD AB 031HO0J3IY 30 O1 0IBINDIY .SNOIINIANI 1DIFENS..
SNOILNIANI 103r8NS - | NOI1D3S

0£6016 o1 7819 uBteduwey) ‘Iy81aM s 608
Steggs, o | "100%% 16089 28n0R 110dusaeq <o1
[4 vh s Y iy g en -]
St N YO Y P Lt 11vo Ovwmy (apn) ;.\ <.S nit) g83WO0V a :::E:: 31v0 OYVYMmY P (opery dhy oy SSIMOOY
e v - srou fisd i
SR W 9€£0-88-AS0IV o iora i 9EE0-88-USOIV T Pove i nooent
COH T Pty 3 $6Y JdA L F HIAWNN 1OIvYHINDD Y INIYD INIWNYIAOD 40 INVYN ®2 HIGWNN LOVHINOD IYOLDIVHINOD 3O INVYN T

sbe oo e N MV ﬂ { WIS WA AIM THY SHEN] S ;.'.f.\ (xneyy 1 .:::t,v...:\.ﬁ: frung . ol ::.:::-:
- B TR CLNWMEMNNONE AAIW CAINITAITAMI AN 1 UNLIW




