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ABSTRACT

3-Nitrofluoranthene (3-NFA) and 2-nitrofluoranthene
(2-NFA) are environmental pollutants produced during
conbustion processes, proven to be mutagenic in bacterial
assays and potentially carcinogenic in mamalian species.

3-NFA was incubated with Sal nonella typhinuriumstrain
TA98 and its variants TA98 ND and TA98/1, 8- DNP6, deficient
in nitroreductase and transacetyl ase enzymes respectively.
Al three strains produced equal anounts of the reductive

net abol i te 3-am nof | uorant hene (3-AFA) over six hours of
i ncubation. The nitroreductase deficient strain TA98 ND

produced the metabolite at a slower initial rate of
conversion than the nitroreductase proficient TA98 and
TA98/ 1, 8-DNP6. 2-NFA incubated with TA98 and TA98 ND
produced two identifiable netabolites 2-am nofl uoranthene
(2-AFA), and N-acetyl-2-am nofl uorant hene (2- NAAFA) within
24 hours of incubation. The production of netabolites by
TA98 ND was significantly slower than that of TA98.
TA98/ 1, 8- DNP5 produced only 2-AFA at slower rates than TA98.
The metabolismof 2-NFA by the Sal nonel la strains
progressed at slower rates than that of 3-NFA.  This
reflects the difference observed in the nutagenicity of
these conpounds as measured by the Ames assay (3-NFA highly
mutagenic, 2-NFA slightly to noderately nutagenic).
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3 | NTRODUCTI O

3-NFA and 2-NFA are isomers of nitrated polycylic
aromati ¢ hydrocarbons commonly produced by conbustion
processes (Nielsen et al., 1984; Zielinska et al., 1986).
Because of w despread environnental exposure and
experimental evidence for nutagenicity and/or
carcinogenicity associated with these conpounds, 3-NFA and
2-NFA have the potential to affect human health (D Paol o et
al., 1983; Giebokk et al., 1985; Ball et al., 1986b.; Bal
unpubl i shed data).

A large part of the nutagenic response to nitroarenes
seen in the Ares assay has been attributed to bacteria
met abol ism by the nitroreductive enzymes present in the cel
system (Rosenkranz et al., 1982; Rosenkranz and Mernel stein,
1983). During the conversion of 3-NFA and 2-NFA to 3- AFA
and 2- AFA respectively, a reactive intermediate, N hydroxy-
am nof | uorant hene is produced. This reactive intermediate
can formhighly elctrophilic arylnitreniumions which can
either directly interact with cellular DNA or rearrange to a
carboniumion, also a potentially reactive electrophile
(Karpinsky et al., 1984; Howard et al., 1983b.; Patton et
al., 1986). This interaction with DNA causes the fornmation
of adducts (Dietrich, 1987) which can interfere with normal
cel lular function.

The Sal nonel | a typhinurium strains chosen for this study
are comonly used in Ares assays to screen for a variety of
possi bl e mutageni ¢ conpounds. TA98 is a nitroreductase
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conpetent strain of Sal nonella expressing both the
“classical" and "non-classical" nitroreductive enzyme
systens responsi ble for the nmetabolism of nost nitro-PAHs
(Rosenkranz et al., 1980; McCoy et al., 1981). TA98 ND, a
variant of TA98, is deficient in the "classical"
nitroreductases (Rosenkranz et al., 1982; Or et al., 1985).
TA98/ 1, 8-DNP6, al so a variant of TA98, is "classical" and
“non-cl assical" nitroreductase conpetent but |acks acetyl
CoA dependent transferase activity which bl ocks
esterification of aryl hydroxylam nes to hydroxam c esters
(McCoy et al., 1983; Or et al., 1985).

The purpose of this study was to anal yze the reductive
met abolites of 2-NFA and 3-NFA formed by three variant
strains of Sal nonella typhinurium (TA98, TA98 ND, and
TA98/ 1, 8-DNP6). A possible netabolic basis for differences
i n nutageni ¢ potency anong the variants of Sal nonella
t yphi muri um and i soners of nitrofluoranthene woul d be
I nvestigated. Enough netabolic products had to be collected

to allow for characterization of the structure of the

netabolite by analytical chem stry techniques.
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. LI TERATURE  REVI EW
A.  3-Nitrofluoranthene and 2-Nitrofluoranthene in the

Envi r onment

Nitrated polycyclic aromatic hydrocarbons (nitro-PAHs)
are conmmon conbustion products w dely dispersed throughout
the environment (N shioka et al., 1982; G bson, 1982
Schuetzle et al., 1982; Wse et al., 1985; Brorstrom Lunden
and Lindskog, 1985). 2-Ntrofluoranthene (2-NFA), a nenber
of the nitro-PAH famly, is detected in extracts of ambient
air particulate matter fromurban and rural areas (N elsen
et al., 1984; Pitts et al., 1985). 3-Ntrofluoranthene
(3-NFA), another fam |y menber, has been detected on diese
em ssion particulate matter in addition to other particulate
matter from other sources of conbustion (G bson et al.,
1982; Later et al., 1982, N shioka et al., 1982, Shuetzle et
al., 1982). 1-Nitropyrene (1-NP), a well characterized
I soner of 2-NFA and 3-NFA (Figure 1), has al so been detected
in em ssions from conbusti on sources.

Most nitro-PAHs are considered to be biologically inert,

requiring metabolismto a reactive species before exerting
biological activity. Mny nitro-PAHs have proven to be

hi ghly nutageni ¢ (Rosekranz et al., 1980; Mernelstein et
al., 1981; DiPaolo et al., 1983; King et al., 1984; Wng,
1986; Berry, 1985; Vance and Levin, 1984) and carcinogenic

(Oghaki et al., 1982; Lewtas, 1983; Hrose et al., 1984
W sl ocki et al., 1986).
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Because of widespread environnental exposure as well as
experimental evidence for mutagenicity and/or
carcinogenicity associated with these conmpounds, 2-NrA and
3-NFA have the potential to affect human health. In vivo
studi es have shown that even though inhaled diesel or other
conbustion particulates are rapidly cleared fromthe Iungs,
a significant fraction of the particulate matter remains in
the lung allowng for release and netabolism of organic
conponents fromthe particul ates under nornmal physiol ogica
conditions (Brooks et al., 1980; King et al, 1981; King et
al., 1983a.)- Furthernore, the particulate matter that is
cleared fromthe lung by the nucociliary el evator often
descends into the gastro-intestinal tract where the
associated organic matter is susceptible to further cellular
and bacterial metabolismand absorption into the body.

B. Formation of Nitro-PAHs

The accepted theory of nitro-PAH formation revol ves
around the nitration of PAHs present in combustion gases and
on particulate matter either during combustion or while
circulating in ambient air (Nielsen et al., 1984; Zielinska
et al., 1986). Many paraneters influence the formation of
nitro-PAHs including tenperature, sunlight, reactant
concentration, chemcal structure of the parent PAH, ozone
concentration, and surface characteristics of the material
on which the PAH is adsorbed (N elsen, 1983; N el sen, 1984;
Kamens et al., 1985; Zielinska et al., 1986).
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Figure 2 outlines how nitro-fluoranthenes are thought to
be produced during conmbustion and while circulating in
anmbient air (Kanmens et al., 1985; Zielinska et al., 1986).

Ni trogen oxi de species (NO', dinitrogen pentoxide [N20g],
nitric acid [HNG3]) produced during and after combustion can
readily react with fluoranthene nol ecul es, also produced
during conbustion, via free radical or ionic nechanisns.

The most reactive site for electrophilic substitution on the
fluoranthene nmolecule is believed to be the C3 position, the
site of highest electron density (Zielinska et al., 1986).

3- NFA has been shown to be the dom nant isoner forned in the
liquid and solid phases arising fromdirect nitration of the
fluoranthene nol ecul e by NO2/N2O4 or Ng ™ (Schuetzle et al.
1982; Zielinska et al., 1986). 2-NFA is believed to be the
maj or isoner fornmed in the vapor phase or anbient air when
vol atile organic fluorathene reacts wth N2Cb after free
radi cal formation on the C3 position (Pitts et al., 1985;

Zielinska et al., 1986; Zielinska et al., 1987).

C. Stucture Activity Relationship (SAR

Structural features of nitro-PAHs have been investigated
to determne which factors may affect the biologica
activity of the conpounds (MCoy et al., 1983; Rosenkranz
and Mernmel stein, 1983; Klopman and Rosenkranz, 1984; Vance
and Levin, 1984). Conpounds that are good substrates for
nitroreductase activity by bacterial strains often have high
nutagenicity since it is theorized that nitro reduction is
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necessary, but not sufficient, for mutagenicity (Vance and
Levin, 1984). Vance and Levin (1984) have determ ned that
four factors favor nitro-reduction of the conpounds by
Sal nonel | a typhimuriumand ultimtely enhance the
el ectrophilic attraction of netabolites to DNA. The
physi cal dimensions of the aromatic rings plays a role in
the determnation of the nutagenicity of a nitro-PAH
Conpounds with a length of three benzene nuclei are
general Iy highly nutagenic. The isomeric position of the
nitro group is inportant. |If the nitro group is situated
along the long axis of the nolecule, nutagenicity is
i ncreased. Wen the nitro group and ring systemof the
conmpound are coplanar, nutagenicity is increased. The
ability of the nitro-PAH to stabilize the fina
el ectrophilic ion by resonance affects the mutagenicity, an
I ncrease in resonance stabilization would be expected to
i ncrease nutagenicity. Klopman and Rosenkranz (1984) have
linked the presence of certain nolecular fragnments seen with
nitroarenes to an increase in nutagenicity.

According to the SAR requirenents set forth by Vance and
Levin, 3-NFA should be and is a highly nutagenic conpound.
It has the optinumlength of 3 aromatic rings with the nitro
group oriented along the long axis and coplanar to the rest
of the nolecule. 3-NFA also nmeets the requirenents of the
presence of nolecular fragnents and even though the

stability of the arylnitreniura ion formed fromthe
nmet abol i sm of 3-NFA i s unknown, theoretical resonance
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structures have suggested that a highly stabilized

el ectrophile is possible. At this time, prelimnary
investigation is being done concerning the nutagenicity of
2-NFA, a compound that does meet many of the requirements

necessary for nutagenicity.

D. Met abol i sm of Nitro- PAHs

Since the netabolic transformations of 3-NFA and 2- NFA
have not been thoroughly investigated, the well
characterized netabolic pathway of 1-NP is believed
representative of the netabolic pathway involved with 2-NFA
and 3-NFA biotransformation. At this tinme it is known that
1-NP is activated by both bacterial and mammalian enzymes
(Howard and Bel and, 1982; Lehninger, 1975; Andrews et al.

1986) .

D.I. Bacteri al netabolism

The principle metabolites produced from 1-NP
bi ot ransformation by Sal monel la typhimriumstrains and gut
flora are those derived fromthe reduction of the nitro
group with addition of six electrons (Howard et al., 1983a.;
Jackson et al., 1985; Andrews et al., 1986; Stanton et al.
1986). Nitro-reductases present in the bacterial cell nost
likely convert 1-NP to N hydroxy-1-am nopyrene (via
reduction froml-nitrosopyrene) which is considered the
reactive internediate responsible for the nutagenic effects
associated with 1-NP. At this tine it is difficult to
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Isolate this netabolic intermediate due to its high degree
of instability at either anbient or physiol ogical
temperatures (Westra, 1981; Martin et al., 1982; Howard et
al ., 1983b.).

Under acidic conditions, the N hydroxy-1-am nopyrene
yields arylnitreniumions which can either directly interact
with cellular nucleophiles (including DNA) or rearrange to a
carboniumion, another highly reactive electrophile capable
of nucl eophile reaction with DNA (Karpinsky et al., 1982;
Howard et al, 1983b.; Vance and Levin, 1984; Patton et al.
1986). When neutral conditions at room or physi ol ogical
tenperatures prevail, N-hydroxy-1-am nopyrene is further
reduced to 1-am nopyrene, the fully reduced metabolite of 1-
NP (Messier et al., 1981).

The 1-am nopyrene forned can undergo acetylation to form
N-acetyl - 1-am nopyrene via acetyl CoA dependent acetyl
tranferase activity (Or et al., 1985). The acetylated
am ne product can undergo further activation to form
acet oxyam no groups which are al so considered highly
reactive electrophiles (Andrews et al., 1986).

The proposed netabolic pathway of 3-NFA is outlined in
Figure 3 (adapted fromPatton et al., 1986). 3-NFAis
reduced to 3-nitrosofl uoranthene which is further reduced to
N hydr oxy- 3- am nof | uorant hene with a subsequent reduction
produci ng 3-am nof | uorant hene (3-AFA), the fully reduced
metabolite. Under acidic conditions the N hydroxy-3-

am nof | uorant hene can be converted to an arylnitreniumion.
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the reactive electrophile. The proposed meta.fc>olismof 2-NFA
Is simlar to the pathway of 3-NFA with the exception of the
nitro group being positioned on C2 rather than C3 (Figure
4). 3-AFA and 2-am nof | uorant hene (2- AFA) are susceptible
to acetylation to form Nacetyl -3-am nof | uorant hene (3-

NAAFA) and N-acetyl -2-am nof | uorant hene (2- NAAFA).

D. 2. Mammal i an Met abol i sm

D.2.a. Intestinal Gut Flora Metabolism

In many manalian systems, intestinal gut florais
considered the major site of in vivo reduction of nitro-PAHs
(Ball and King, 1985). Bacterial suspensions fromrat
i ntestines have produced 1-am nopyrene from 1-NP (Howard et
al., 1983a.)- Rats with intact gut flora have been shown to
produce a nmutagenic, reduced and acetylated urinary tract
met abolite of 1-NP, 6-hydroxy-Nacetyl-|-am nopyrene (Bal
and King, 1985), while germfree rats were unable to produce
| arge quantities of the netabolites, 8- and 6-hydroxy-N
acetyl -1-am nopyrene, indicating intestinal florais
involved in the metabolismof 1-NP (Ball et al., 1984a.).
During the same experiments it was observed that phenols
were the first metabolites to be excreted foll owed by
conj ugated metabolites sonme tine |ater, suggesting

ent erohepatic circulation may be an inportant step in the
bi oactivation of 1-NP (Ball and King, 1985) .
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D. 2. b. Reducti ve Met abol i sm

It is well known that eukaryotes have very |ow | evel s of
nitroreductase enzynmes (Karpinsky et al., 1982).
Ni troreductase activity has been reported in rat hepatic
m crosonmes (Peterson et al., 1979; Ball et al., 1984a.;
Douric et al., 1986) and snall anounts of reduction of 1-NP
to 1-am nopyrene has been attributed to liver tranformation
ingermfree rats (Ball and King, 1985). In perfused rat
liver. Bond et al. (1984) have al so observed reduction
followed by N-acetylation of 1-NP resulting in the formation
of acetyl am nopyri ne.

Reductive metabolismcan indirectly occur in manmalian
speci es by means of the xanthine oxidase systemwhich is
al so able to reduce nitro-PAHs (Howard and Bel and, 1982).
Xant hi ne oxi dase is a cytosolic enzyme normal |y used to
met abol i ze hypoxanthine (a product of purine base
deam nation) to xanthine and then uric acid which in turnis
excreted (Lehninger, 1975). Each step in the process of
hypoxant hi ne netabolisminvolves two el ectron oxidation
normal Iy requiring the cofactor flavin adenine dinucleotide
(FAD) which acts as the electron acceptor. N tro-PAHs can
be reduced by acting as a substitute for FAD, becom ng the
el ectron acceptor. The nitro-PAH enzymatic properties of
xant hi ne oxi dase have been supported by Duric et al. (1986)
who have determ ned that xanthine oxidase is able to
catal yze the binding of 3-hydroxy-Il-nitropyrene to DNA
Howard and Bel and (1983b.) have al so shown that 1-NP binds

10
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to DNA in the presence of xanthine oxidase.
D. 2. C Oxi dati ve Met abolism

Ni tro- PAHs can undergo oxidative nmetabolismresulting in
t he epoxi dation and hydroxylation of the aromatic ring. It

is believed that m xed function oxi dases found in m crosonal

preparations of both rat liver and rabbit lung tissue are

responsible (King et al., 1987; El Bayouny and Hecht, 1983;
Howard et al., 1985). Wien 1-NP is incubated with |iver

and lung mcrosones, a variety of metabolites are produced
including 1-, 3-, 6-, 8- and | O hydroxy-1-nitropyrene,
1-am nopyrene, N-acetyl-|-am nopyrene, |-nitropyrene-4,5-
or -9,10-di hydrodiol, |-nitropyrene-4,5- or -9, 10-oxide, and
4-, 5-, 6-, 8- or 9-nonohydroxy-|-nitropyrene (Ball et al.
1984; Bond and Mauderly, 1984; King et al., 1984; Duric et
al ., 1986).

1-NP, nutagenic to rabbit tracheal epithelial cells
because of its ability to form 1-NP-DNA adducts, is believed
to be metabolized by both oxidative and reductive pathways
(King et al., 1987). The reductive netabolites,
1-am nopyrene and N-acetyl-I-am nopyrene, were produced to a
| esser extent than the oxidative metabolites, |-nitro-4,5-
di hydro- 4, 5-di hydroxypyrene and several hydroxy-1-
nitropyrenes (1-, 3-, 6-, 8- and 10-). It is inportant to
note that oxidative metabolites are thought to be nore
readily reduced to DNA binding derivatives than the parent
1-NP suggesting their inportance in the role of in vivo
production of DNA adducts (Djuric et al., 1986).

11
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3- NFA has been incubated with Aroclor 1254 treated rat
liver S9 fraction to produce hydroxyl ated netabolites on at
| east 6 of the nine possible positions of the fluoranthene
ring system (Ball et al., 1985; Ball et al., 1987). The
maj or netabolites produced appeared to be 8- or 9-hydroxy-3-
nitrofl uorant hene and possibly an epoxi de whose presence was
suggest ed upon elution of a phenol, post acid hydrolysis.
3-NFA incubated with rat, nouse, guinea pig or goat
m crosomal fractions produced 1-, 6-, 7-, 8-, 9- or 10-
hydr oxy- 3-ni trof | uorant hene (Howard et al., 1988). The
maj or metabolites produced in the rat liver were 8- or 9-
hydr oxy- 3-ni trofl uorant hene while the guinea pig fraction
produced nainly 6-hydroxy-3-nitrofluoranthene. In al

m crosomal preparations, mnor concentrations of 1-hydroxy-

3-ni trofl uorant hene were observed.

The oxidative nmetabolismof 2-NFA is currently being
studied in this |aboratory (unpublished data). Mammalian
enzyne systens oxidatively netabolize 2-NFA on the benzo
ring distal to the nitro group causing the formation of
2-nitrofluoranthen-8- or -9-ol. Initial epoxidation nay
occur across the C8-C9 bond and is followed by symretric
rearrangenent to the 8- and 9- phenols. An alternative
hypot hesi s considers the formation of phenols via direct
hydroxyl ation at the distal end of the nolecule. 2-NFA

i ncubated with S9 liver fraction from Arocl or 1254 treated

rat liver has produced 4 major netabolites;

2-ni trof | uor ant hen- 8, 9-di one,
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2-ni trofl uorant hen-5, 6-di hydro-5, 6-diol, and 2-
nitrofluoranthen-8- and -9-ol (Ball in press, 1986a.)-

Zi el enska et al. (1987) have al so been able to identify 8-or
9- hydroxy-2-nitrofluoranthene in S9 incubations of 2-NFA

E. Mutagenicity of Nitro-PAHs

When screened by the Anmes assay (Ames et al., 1975), the
mut ageni city of anmbient air sanples, diesel exhaust, fly
ash, photocopier fluid and cigarette snmoke has been
attributed to the presence of direct acting nitro-PAHs
(Nielsen et al., 1984Db.; Lofroth, 1980; Lofroth 1980; Pitts,
1983; Lewtas, 1983; Ball et al., 1985; Schuetzle, 1983).
Mit agenicity is frequently reported with the Ames reverse
mutation assay test using a variety of Sal nonella
tvphimuriumtester strains including TA1538, TA98, TA98 ND
and TA98/1,8-DNP6 (Anes et al, 1975; Ball et al., 1986b.).

Most nitro-PAHs are considered direct acting nutagens
because they do not require exogenous netabolic activation
(provided by the addition of S9 liver fractions) during the
Ames assay (Ball et al., 1986b.). Current theory suggests
that nitro-PAHs nust be biologically activated by target
cells to induce nmutagenicity. They can be converted by
bacterial nitroreductases to aryl hydroxylam nes fol |l owed by
non-enzymatic conversion to aryl nitreniumions, highly
mut ageni ¢ el ectrophiles that bind directly to DNAto form
the N (deoxyguanosin-8-yl)am no- PAH adduct under acidic

conditions (Rosenkranz et al., 1982; Rosenkranz and

13


NEATPAGEINFO:id=4B7700DF-4798-43DA-AA69-0B5BCEAF2F5B


Mernmel stein, 1983; Dietrich, 1987).

Sone indirect acting nitro-PAHs do require exogenous
oxi dative activation by liver S9 preparations containing
manmal i an cytochrome P-450 metabolic enzymes (MCoy et al.
1983). N tro-PAHs can be conjugated to form hydroxam c acid
esters that can then be non-enzymatically converted to
arylnitreniumions. However, it has been noted that certain
nitro-PAHs are | ess nutagenic in the Anes assay when S9
[iver fraction is added as is the case of 3-NFA and 2- NFA
(Ball et al., 1986b.; Ball, unpublished data). Wth sone
conpounds both reductive and oxidative nmetabolismare
required for significant nutagenicity, as suggested by an
I ncrease observed in the nutagenic potency of

9- hydr oxy-3-NFA in Ames assays (Kirshner, unpublished data).

E.l. Bacterial Miutagenicity

1- NP has been shown to be noderately nutagenic in
Sal monel | a tvphi nurium strains TA98 (360 - 450
revertants/nnole) with a decrease in nutagenicity seen with
the nitroreductase deficient TA98 ND strain (Wang et al.
1975). When netabolized by rabbit lung S9 or Sal nonella
bacteria, |-NP produces a nunber of reduced and oxidi zed
met abol i tes nost of which produce reversions in the TA98
tester strain with or without the addition of 59 (King
et al., 1984; Andrews et al., 1986). It is believed that
the 1-nitrosopyrene netabolite of 1-NP is the probable
internediate in the mutagenicity of the conpound which upon
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further reduction with ascorbic acid (a reducing agent)
produces N hydroxy-1-am nopyrene, a highly reactive
el ectrophile (Howard et al., 1983a.; Heflich et al., 1985).
Acetyl ated netabolites of 1-NP have been shown not to bind
to DNA thereby decreasing its potential to induce
mutagenicity (Djuric et al., 1986).

3-NFA is considered highly mutagenic, producing 4,000 -
5,500 revertants/nnole in nitro-reductase capabl e strains of
Sal monel I a typhimurium (Giebrokk et al., 1985; Ball et al.,
1986b.). In nitro-reductase deficient strains such as TA98
ND, 3-NFA is considered slightly nutagenic (Ball et al.
1985). Goldring (1986) has shown, however, that with the
addition of zinc dust (a reducing agent) to the incubation,
mut ageni ¢ activity was doubled further supporting the need
for nitroreduction before nmutagenicity. The reductive
met abol ites of 3-NFA, 3-am nofl uoranthene (3-AFA) and
N-acetyl - 3-am nof | uorant hene (3-NAAFA), were found to be at
| east 50 times |less nutagenic than the parent 3-NFA with
3- NAAFA requiring exogenous activation to produce any
mutagenicity at all (Ball et al, 1985; Ball et al., 1986b.).
This further supports the theory that the formation of the
aryl hydroxylamne is an inportant internediate in the
nmut ageni city of 3-NFA

Until recently, not nmuch has been known about the
mutagenicity of 2-NFA.  Qur |aboratory is involved with
ongoi ng research studying the nutagenicity of this conpound.
I n unpublished results, it has been determned that the
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mutagenicity of 2-NFA is of a simlar order of nagnitude of
that of 1-NP but via a slightly altered pathway. 2-NFAis
considered a slight to noderate nmutagen, approximately 5 to
15 fold I ess nutagenic in the Anes assay than 3- NFA.

2-NFA induces reversions in the three variant strains of

Sal nonel ['a typhinurium (TA98, TA98 ND, and TA98/ 1, 8- DNP6)
with [ower activity noted in the nitroreductase deficient
strains. Partial restoration of nmutagenic activity was
observed in the nitro-reductase deficient strain TA98 ND
when exogenous activation occured via the presence of 9.
When conpared to TA98 ND, TA98/1, 8-DNP6 showed an increase
in direct mutagenic activity with an S9 dependent increase
highly noticeable with doses greater than 10 ug/pl ate.

Ring oxidation of 2-NFA is not believed to be the ngjor
activating step in Ames assays done in the presence of S9
due to the fact that 8- and 9-hydroxy-2-NFA further oxidized
by S9 showed a decrease in nutagenicity (Zielinska et al,
1987). 2-NFA has al so been found to be nutagenic towards
strain TM677Win the forward nutation assay in the presence
of S9 consistent wth studies done on other nitro-PAH

substances (Ball, 1986b.; Ball, unpublished data; WIIiams
and Lewtas, unpublished data).

E. 2. Mammualian Mutagenicity
Many nitro-PAHs exhibit mutagenic activity in several
mammal i an cel|l assays. 1-NP and |-nitrosopyrene can be

reduced to the reactive el ectrophile N hydroxy-1-am nopyrene
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which is a potentially nmutagenic conpound to Chinese hanster
ovary cells (Heflich et al., 1986). The electrophile binds
to DNA to formthe N (deoxyguanosin-8-yl)-1-am nopyrene
adduct assaociated with nutagenicity in Sal nonella
typhinuriumtester strains. |-NP and 1-nitrosopyrene also
exhibit cytotoxic and nutagenic effects in diploid human
fibroblasts (Patton et al., 1986).

3-NFA, |-NP, and 1, 8-dinitropyrene have been found to
cause a dose dependent transformation of Syrian hanster
embryo cells prior to addition of SO (Dipaolo et al., 1983;
Patton et al., 1986). 2-NFA was inactive and consi dered not
toxic in the C3HL01/2 manmal i an cel |l transformation assay

which is known for its oxidative netabolismof sone nitro-

PAHs (Ball, unpublished data).

F. Carcinogenesis

Chem cal carcinogenesis is a conplex nultistep process
I n which damage realized at the nolecular |evel can progress
to cause cancer at the cellular level. Mlignant cells
arise as the result of interactions of genotoxic chemcals
wth one or nore of the informational nolecules of the
target cell (MIler and MIler, 1977, Lutz, 1979; Farber,
1981; Henmmi nki, 1983).

In many tissues, tumor formation nost |ikely occurs in
two stages. The first stage is denoted as initiation and is

t hought to be the direct assault of the genotoxic substance

on the DNA nol ecule. The genotoxic conpound can enter the
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organismas the ultimte carcinogen (direct acting) or as a
procarci nogen requiring netabolic activation to a reactive
(el ectrophilic) species. These electrophilic species
random y and non-enzymatically attack cel lular nucl eophiles
such as RNA, DNA, proteins, lipids, and other cellular
constituents. When DNA is the target nol ecul e, coval ent
attachnent occurs formng a DNA adduct which may be

repai red, msrepaired, or remain unchanged thereby causing
DNA confornmati onal alterations.

Pronotion, the second step in tunor formation, can occur
imedi ately after DNA alteration or may require a |atency
period of an unspecified length of tine. Eventually,
adducts that have been m srepaired or unrepaired can
transforma cell which can be either recogni zed as foreign
and renmoved fromthe body or proliferate at an abnornmal rate
causi ng malignant or benign tunor formation.

Di Paolo et al. (1983) believe that due to their
ubi qui tous distribution and ability to induce morphol ogi cal
and mutational transfornation in both bacterial and
manmal i an cells, nitro-PAHs shoul d be consi dered
carcinogenic. Mlignant and benign tunors of the |ung and
l'iver were observed when eight nitro-PAHs were injected
intraperitoneally into newborn nmale and female mce
(Wslocki et al., 1986). Lewtas (1983) reviewed data that
showed di esel exhaust to be carcinogenic in short term
bi oassays done to detect oncogenic transformation, viral

enhancenent of transformation, and skin tunor initiation
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Subcut aneous injections of 1-NP given to newborn rats

may have caused the devel opnent of malignant tunmors both

| ocal and distal to the sight of injection as well as in the
mammary glands of the female rats (H rose, 1984). (Oghaki et
al. (1982) have determ ned that 3-NFA and 1-NP may increase
| ung carcinomas as well as cause malignant fibrous

histiocytomas at the site of injection. At this time, very
little data exists on the carcinogenicity of 2-NFA

However, it is believed that S9 medi ated genotoxicity
observed with this conpound may be attributed to the

formati on of an epoxide (Ball, unpublished data).

G Formati on of DNA Adducts

The mutagenicity and carcinogenicity of nitro-PAHs have
been attributed to the binding of the electrophilic
intermedi ates and nmetabolites to DNA (Dietrich, 1987, Singer
and G unberger, 1983; van Houte et al., 1987). Binding of
nitro-PAHs and DNA can cause |l ocal distortion of the DNA by
i nduci ng kinking of the helical structure of DNA thereby
I nduci ng enzymatic repair which can lead to nutations if
done incorrectly (van Houte et al., 1987). Frame shift
nut ations al so occur when the aromatic noeity of the nitro-
PAH DNA adduct is intercalated into the DNA helix
(van Houte et al., 1987).

The maj or adduct forned between nitro- or am no-PAHs and
DNA is the N-(deoxyguanosin-8-yl)-am nopol ycyclicaromatic

hydr ocarbon adduct which results fromthe coval ent binding
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of the nitrogen atomof the PAH to the C8 atom of

2+ - deoxyguanosi ne (Singer and G unberger, 1983; Henm nki,
1983; Howard et al., 1983b., Andrews et al., 1986, Dietrich,
1987). The high electron density at the C8 position of the
deoxyguanosi ne nol ecul e makes it the nost likely site for
attack by electrophilic arylnitreniumions (Singer and

G unberger, 1983; Henm nki, 1983). Several other m nor DNA
adducts have been determ ned by HPLC net hodol ogi es and
an2p-post | abel ing but none have been fully characterized
(Gal | egher et al., 1987; Dietrich, 1987).

1-NP does not interact directly with DNA to produce DNA

adduct formation but several of its netabolites have
(Mernel stein et al,, 1981; Howard and Bel and, 1982; Howard
et al., 1983b.; Dyuric et al., 1986; Edwards et al., 1986;
Heflich et al., 1986; King et al., 1987). \Wen 1-NP was
reduced with xanthi ne oxidase in the presence of
hypoxant hi ne and DNA, N-(deoxyguanosin-8-yl)-1-am nopyrene
was produced along with two other m nor DNA adducts which
could not be characterized (Howard and Bel and, 1982; Howard
et al., 1983b.). [|-nitropyrene-9,10- and -4, 5-oxi des have
al so been observed to bind directly to DNA (D uric et al.
1986). Chinese hanster ovary cells incubated with 1-NP and
1-ni trosopyrene have been shown to produce a single DNA
adduct (N-(deoxyguanosi n-8-yl)-am nopyrene) with the
1-nitrosopyrene being nore potent than the 1-NP in adduct

formation (Edwards et al., 1986; Heflich et al., 1986).

1-NP netabolites have al so been determned to bind to DNA in
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rabbit tracheal epithelial cells (King et al., 1987).
The arylnitreniumion of the 3-NFA nmetabolic pathway has
been shown to bind to DNA to formthe N (deoxyguanosi n- 8-

yl)-3-am nof | uorant hene adduct (Dietrich, 1987). It is

bel i eved that the adduct can then intercalate in the DNA
helical structure to produce frameshift nutations, held

partially responsible for the nmutagenicity of 3-NFA (Bl ake &
Peacock, 1968; Dietrich, 1987).

H.  Anal ytical Techni ques
H I . Anes Test

The Ames Sal nonel | a typhimurium assay is commonly used
to screen for nutagenicity (Anes et al., 1975; Maron et al.
1983; Lewtas, 1983). Because of the lack of repair
mechani snms in the strains of Sal nonella typhinmurium TA98
used, the reverse nutation assay responds to frameshift
mutations resulting frombase substitutions and franeshifts
caused by xenobiotic assault. The Sal nonel | a typhinmurium
strains normal |y used have distinct nitroreductase
capabilities unless otherw se stated (Rosenkranz et al.
1982). The test is usually done with and without the
addition of an S9 fraction to deternmine if oxidative
transformation is a necessary step in a conmpound's
nutagenicity. The added S9 fraction contains manmal i an
m xed function oxi dases and requires the coadm nistration of

a NADPH generating cofactor m x.
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In this study, the Sal monella typhimuriumstrains that
had been used for a variety of mutagenic screening tests of
3-NFA and 2-NFA were used to determ ne the netabolic
products fornmed by each strain. TA98 is a nitroreductase
conpetent strain of Salnonella that expresses both
"classical" and "non-classical" nitroreductase activity
(Rosenkranz et al., 1980; MCoy et al., 1981; Rosenkranz et
al., 1982). The "classical" nitroreductases are responsible
for the netabolismof nmost nitro-PAHs including nitrofurans,
ni tronapht hal enes and nitrofluorenes. The "non-cl assical"
nitroreductases may be responsible for the metabolism of

ot her nitro-PAHs including dinitropyrenes and

ni troacri di nes.

TA98 ND is a variant of TA98 and is deficient in the

"classical" nitroreductases yet still possesses "non-
classical" nitroreductases and acetyl CoA dependent acetyl
transferases (Rosenkranz et al., 1982; Or et al., 1985).
TA98/ 1, 8-DNP6 i s anot her variant of TA98 originally

devel oped for its resistance to 1,8-dinitropyrene (MCoy et
al., 1981). At first it was thought to be deficient in the
"classical" nitroreductase activity but was later found to
be deficient in acetyl CoA dependent transferase activity
bl ocking the esterification of arylhydroxylamnes to

hydroxam ¢ acid esters (MCoy et al., 1981; MCoy et al.
1983; Or et al., 1985).

22


NEATPAGEINFO:id=5B610635-82EF-49C4-91D3-5B82ABF9343C


H. 2. H gh Pressure Liquid Chromatography (HPLC)

Rever se phase chromatography is used to separate the
hi ghly polar nitro-PAHs and their netabolites. A
hydr ophobi ¢ rather than a hydrophilic colum is used for the
stationary phase of the elution process. HPLC can be used
to qualitatively anal yze and separate unidentified conpounds
t hrough the conparison of retention tinmes obtained by using
certain colums under specified operating conditions. HPLC

I's most useful when purified standards are avail able so that

retention ti nes of unknowns can be matched to t hose of
standards. |f standards are coinjected with unknowns and
coelution of both standard and unknown is observed, it is

indicative of structural simlarity.

H. 3. El ectron I npact Mass Spectronetry (EI M)

EI MS provi des val uabl e data as to the nol ecul ar wei ght
and nol ecul ar structure of an unknown conpound. In EIMS, an
el ectron beam i npi nges on a vaporized nol ecul e di splacing an
el ectron (ionizing) and inparting kinetic energy causing
fragnentation. A fragmentation pattern is created by the
i oni zed nol ecul es and fragnents as they accelerate through a
magnetic field. Directed onto a detector, this creates a
mass spectrumwhich is a chemcal fingerprint of the sanple
(Watson, 1985). EIMSrequires only a few ug of a sanple

whi ch nust be ionized and vaporized prior to mass anal ysis.
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H 4. Proton Nuclear Magnetic Resonance (-"H NWR)
-8HNWR aids in the determnation of the structure of an

unknown ol ecul e and hel ps to distinguish between isoners by
determ ning the number and chem cal environnent of the
protons of the unknown. It does this by determ ning the
resonance frequency of the protons, the frequency at which a
proton absorbs a quantum of energy causing it to change its
orientation with respect to an applied magnetic field.
Protons in different magnetic environntents will resonate at
different frequencies while protons in conparable
environments will resonate at simlar frequencies. "H NWR
requires at least 100 ug of an unknown sanple to generate

accept abl e spectrum

|.  Sunmmary

3-NFA and 2-NFA are wi de spread environnental pollutants
t hat have been determ ned to be nutagenic and possibly
carcinogenic in both manmal i an and bacterial assays.
Because of the potential human exposure to high
concentrations of these substances, investigations need to
be conducted to el ucidate nmechanisns of netabolism The
purpose of this study is to analyze the reductive
met abol ites of these conpounds forned by three variant
strains of Sal nonella typhinmurium (TA98, TA98 ND and
TA98/ 1, 8-DNP6) and to investigate a possible metabolic basis
for differences in mutagenic potency between the variants of

Sal nonel I'a typhi nurium and isomers of nitrofluoranthene.
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1. MATERI ALS AND  METHODS
A- Materials

3-nitrofl uorant hene was synt hesi zed and characteri zed by
M dwest Research Institute (Kansas Cty, MJ. Radiol abel ed
3-nitro-[-'-~C]-f luoranthene of 13.8 nCi/mble specific
activity and +99% purity was custom synt hesi zed by M dwest
Research Institute. 3- am nof | uor ant hene standard was
purchased from Al drich Chem cal Conpany (M I waukee, W).

2-ni trofl uorant hene was synt hesi zed by Dr. Loui se Bal
from 3-am nof |l uorant hene (Al drich Chem cal Conpany) as
descri bed (Kl oetzel et al., 1955). The purity of the
conmpound was verified by HPLC and thin-1ayer chromatography.
2-nitro-[-"H -fluoranthene was purchased from Chensyn Sci ence
Laboratories (Lenexa, KS). 2-am nofl uoranthene was produced
fromthe chem cal reduction of 2-nitrofluoranthene (Dr.
Louise Ball). N-acetyl-2-am nofl uoranthene was obtai ned
fromthe acetlyation of synthetic 2-am nofluoranthene and N
acetyl - 3-am nof | uor ant hene was obtai ned fromthe acetyl ation
of 3-am nofl uoranthene (Dr. Louise Ball).

HPLC grade net hanol, ethyl acetate, and acetone were
purchased from Fisher Scientific (Fairlawn, NJ).
Scintiverse E liquid scintillation cocktail was purchased
fromFisher Scientific. Baker analyzed grade di nethyl
sul f oxi de was purchased from Baker Cheni cal Conpany
(Phillipsburg, NJ). Deuterated acetone (isotropic purity
100 atom %9 was purchased from Al drich Chem cal Conpany

(M | waukee, W).
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Doubl e distilled water was fromthe central water
di stribution system at Lineberger Cancer Research Center.
Distilled, deionized, carbon-filtered distilled water from
an all glass and teflon still was used for chromatography
and obtai ned at the Lineberger Cancer Research Center.

Oxoid Nutrient Broth #2 was obtained from Oxoid Linited
(Basi ngst oke, Hants., England or Col unbia, M). Sal nonella
typhi murium strain TA98 was obtained fromDr. Bruce Anes
(University of California, Berkeley). Sal nonella
typhi murium strains TA98 ND and TA98/ 1, 8- DNP6 wer e obt ai ned
fromDr. H S. Rosenkranz (Case Western Reserve University,

Cl evel and, OH).

B. Met hods

B.l. In Vitro Metabolismof 3-NFA by Sal nonel | a typhimurium
Five 20 m cultures per strain of Salnonella typhinurium
TA98, TA98 ND, and TA98/1,8-DNP6 in nutrient broth (25g
Oxoid Nutrient Broth #2 in 1 liter double distilled water,
pH 7.5) were incubated for 16 hours at 37°Cin a dry air
shaker to reach a cell density of approximately 1.4 x 10" to
1.6 X 10" cells/m (Dr. Ball, prelimnary data).
To each 20 M culture, 8 ul of 10 MM S-nitro-cl'"(C-
fl uorant hene in DMSO was added for a final incubation
concentration of 4.0 uMw th approximately 2.5 x 10" dpm per
culture. Al five treated cultures were then incubated at
37°Cin a dry air shaker in sealed vials with mninal head

space. At 0.5, 1, 2, 3, and 6 hour intervals, one culture
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was renoved and i medi ately extracted with 20 m et hyl
acetate/acetone (2:1, v/v) three times for a total of 60 nl.
Al experinents were carried out in duplicate.

Controls were done by incubating 8 ul of 10 nmM 3-nitro-
[AMC -fluoranthene in 20 M of nutrient broth for 6 hours at

37°C (dry air shaker) prior to ethyl acetate/acetone

extracti on.

B.2. In Vitro Metabolismof 2-NFA by Sal nonel | a typhimurium

Five 20 m cultures per strain of Sal nonella typhinurium
TA98, TA98 ND, and TA98/1,8-DNP6 (grown in the same manner
as previously described) were incubated with 8 ul of 10 nM
2-nitro-[-"H-fluoranthene in DMSO for a final concentration
of 40 uM 8.0 x 10" dpmper culture (37°C, dry air shaker).
At 0.5, 1, 2, 3, and 6 hour intervals, one culture was
renoved and i medi ately extracted with ethyl
acetate/acetone. Al sanples were done in duplicate.

Two additional 24 hour incubations (37°C, dry air
shaker) were done for each strain of Salnonella typhinurium
at concentrations of 4.0 uM(8.0 x 10" dpm per culture)
2-nitro-[-"H-fluoranthene. At the end of incubation the
cultures were immedi ately extracted with ethyl
acet at e/ acet one.

Five 20 m Sal monel I a typhi murium TA98 cul tures were
incubated with 40 uM 2-nitro-[-*H-f [uoranthene for 24 hours
at 37°C (dry air shaker). They were inmediately extracted

with ethyl acetate/acetone upon renoval.
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Controls were done by incubating 8 ul of 10 iriM2-nitro-
BPAH -fluoranthene in 20 ms of nutrient broth for 24 hours
at 37°C (dry air shaker) prior to ethyl acetate/acetone

extracti on.

B.3. Extraction of 3-NFA and 2-NFA Sal nonel I a typhi murium

| ncubati ons

The whol e incubate was combined with 1 volune of ethyl
acetate/acetone 2:1, v/v (HPLC grade) in a 50 nl capped
centrifuge tube, inverted, and centrifuged at 1000 rpmfor 5
mnutes. The organic |layer was renoved and set aside. The
extraction procedure was repeated twice to give a total
organi ¢ pool of 3 x 1 volunme of the original (60 m). The
extracts were evaporated to dryness on a rotary evaporator
(Buchi Rotavapor TM Flaw |, Swtzerland) and resuspended in
10 m nethanol (HPLC grade). Sanples were then filtered
through a C's "ep Pak cartridge (MIlipore Corp., Bedford,
Ma) and evaporated to dryness under a stream of nitrogen
prior to reconstitution with 1 nl nmethanol for a final
concentration of approximately 1 uG/nl for 3-NFA and 3

uG /m 2-NFA sanpl es. \When necessary, extracts were stored
at -60° C.

NOTE; Prior to each step in the extraction process, 2 x 0.1
m of the original incubate and the resulting extraction
fractions were aliquotted into scintillation vials for

determ nati on of radioactive content and percent recovery.

28


NEATPAGEINFO:id=74B5A836-CD08-48D9-B35F-C756307CBEFF


B.4. High Pressure Liquid Chronmatography

Separation and purification of nmetabolites were done
using a Varian LC-5000 (Palo Alto, CA) equipped with a six
port Rheodyne injector using 20, 100 or 500 ul injection
| oops. Reverse phase Zorbax ODS col ums ( DuPont
| nstrunents, WIlmngton, DE) fitted with a 4.6 x 50 mm
pel l'icul ar ODS precol um were used for anal ytical
separations (4.6 x 250 mm colum) and preparative
separations (9.4 x 500 nmcolum). Normal operating
pressure for both columms was between 50 and 220 atm

HPLC effluent was nonitored at 2 54 nmusing a Perkin-
El mer LC-85B Spectrophotonetric Detector with an LC- 85
autocontrol (Norwal k, CT), a dual beamvariable wavel ength
detector with an 8 ul flow cell capable of detecting
wavel engt hs between 190 and 600 nmas well as scanning
spectra of selected chromatographi c peaks. The instrunent
was operated at sensitivities of 0.16 to 0.64 absorbance
unit maxima. For single wavel ength nonitoring, data were
output to a Spectrophysics SP4270 Integrator (Piscataway,
NJ). Stop flow scanning spectra between the wavel engt hs of
250 to 450 nm were recorded on a Perkin-Elnmer 561 recorder.

Si nce sanpl es were radiol abel ed, qualitative and

quantitative analysis was done using an | SCO Retriever |l
fraction collector (Lincoln, NE). Thirty second fractions

of HPLC effluent were collected in 20 ml scintillation vials
for determnation of »"C and -"H content by liquid

scintillation counting after the addition of 10 ni
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Sci nteverse E scintillation cocktail.

Two different HPLC gradient prograns were used to
separate the netabolites and parent conpound present after

i ncubati on.

Program|: Separation of 3-NFA and its netabolites 3-AFA

and 3- NAAFA
O to 3 m nutes: 3 0% wat er 70% net hanol

3 to 18 mnutes: 30% water 70% nethanol to 0% wat er
100% net hanol

18 to 2 3 m nutes: 0% wat er 100% net hanol

23 to 28 mnutes: 0% water 100% nethanol to 30% wat er
70% net hanol

Flow Analytical Colum: 1 m/mnute
Preparative Colum: 4 m/mnute

Program|: Separation of 2-NFA and its netabolites 2-AFA

and 2- NAAFA
O to 20 m nutes: 30% water 70% net hanol

20 to 25 mnutes: 30% water 70% nethanol to 0% wat er
100% net hanol

25 to 30 m nutes: 0% wat er 100% net hanol

30 to 35 mnutes: 0% water 100% net hanol to 30% wat er
70% net hanol

Flow. Analytical Colum: 1 m/mnute
Preparative Colum: 4 m/mnute

Chromat ogr aphi ¢ fractions were collected manual |y based
on WV absorption peaks. The fractions were dried by

evaporation under a streamof nitrogen and stored at -60° C

B.5. Liquid Scintillation Counting

Sanpl es were counted on an LKB-\Wal | ace Betarack Liquid
Scintillation Counter (Mdel 1217) equipped with a 1217-101
DPM package. 10 ml of Scintiverse E were added to the

sanpl es deposited in 20 nl standard glass scintillation

vials. Vials were counted for five mnutes on the preset
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ANe channel (for |'*C 3-NFA) and “H channel (for 3h-2-NFA) .
The 1217-101 DPM package all ows for the conversion of
counts per mnute (cpm to disintegrations per mnute (dpn.
A calibration curve for -"C was obtained by preparing eight

replicates containing 10,000 dpm -2 ~C tol uene in 10 n
Scinteverse E and then addi ng progressively greater anounts
(by multiples of 10) of nitromethane, a quenching agent.
The sanples were then counted for five mnutes and an
automatic spline function was used to generate a "best fit"
calibration curve. A calibration curve for -"H was obtai ned
in the same manner by substituting -"H toluene for "C

tol uene. Unquenched "' ~C sanples were counted with

approxi mtely 90%efficiency while unquenched -"H sanpl es

were counted with approximately 3 0% efficiency.

B.6. Mass Spectronetry

Mass spectronmetry was done using the VG 70-250 SEQ
Tandem Hybrid M5/ M5 (Vacuum Generator, A trincham Cheshire,
Engl and) operated at 70eV. The direct probe tenperature was
ranped manual |y from approxi mately 3 0°C to 3 00°C as quickly
as possible. 1 to 3 ug of each netabolite produced by each
Sal monel | a typhinurium strain was anal yzed prior to pooling
of netabolites.

Nornmal 'y, the relative intensity of ions and ion
fragments are assuned consistent within a single conpound
and are therefore often used as a diagnostic tool in M.

However, with many nitro-PAH, considerable variability in
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lon fragment intensities have been attributed to varying
sanpl e concentrations and instrunent conditions disallow ng
the use of this technique for identification purposes.

B.7. Nucl ear Magnetic Resonance (NWR)

The Varian XL400 Instrunent housed in the UNC Chem stry
Departnent was the source of all proton NWR spectra.
Simlar netabolite sanples were pooled to obtain
approxi mately 120 ug of each netabolite for NVR anal ysis.
Purified nmetabolites were dissolved in 1 nml deuterated
acetone and scanned fromO to 10 ppm Chemcal shifts were

reported in ppm downfield fromtetranethyl silane (TM)
with coupling constants (J) reported in Hz.
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IV. RESULTS

A. Separation and ldentification of 3-NFA and Its
Met abol i t es

A.l. Separation

Extracti on nmet hods enpl oyed returned 85.5% of the
14c- 3NFA i ncubated with TA98 while 87.4% and 91. 9% of the

radi ol abel ed materi al was recovered from TA98 ND and
TA98/ 1, 8- DNP6, respectively. The remai nder of the

radi oactivity was accounted for in the aqueous phase of the
extracti on.

HPLC fractionati on was acconplished by injecting 20 ul of
each of the incubation extracts onto a Zorbax ODS anal yti cal
colum using Program| (1 ml/mnute). TA98, TA98 ND and
TA98/ 1, 8- DNP6 produced two conmpounds eluting at 11.2 and 21
m nut es. These will be referred to as fraction 1 and
fraction 2 respectively. A representative chromatogram
(absorption 254 nnm is presented in Figure 5. Parall el
controls produced one peak eluting at 21 m nutes.

To ensure that fraction 1 was not conposed of two or nore
coel uting conpounds under Program| gradient conditions, 2 0
ul of the TA98 6hr i ncubati on was fracti onated under the
conditions of Programll. Only one peak eluted, at 12.2

m nutes (Figure 6).

A 2. Prinmary ldentification

The retention tine of fraction 1 was simlar to that of

t he unl abel ed 3- AFA st andar d. When 2 0 ul of the extracted
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i ncubations from TA98, TA98 ND and TA98/ 1, 8- DNP6 wer e
coinjected with unl abel ed 3-AFA standard, fraction 1 coel uted
with the standard suggesting its identity. Fraction 1
produced a U.V. spectrum (when scanned between 2 50 and 4 50
nm w th maxi num absorption at 300 nmw th an additiona
broad peak at 370 nm This resenbled the spectrumof the
3- AFA standard under simlar conditions (Figure 7).
Fraction 1 al so fluoresced yell ow under [ong wave ul traviol et
light (365 nn).

The retention time of fraction 2 was simlar to that of

t he unl abel ed 3- NFA standard. Wen extracted incubations

were coinjected with unlabel ed 3-NFA, fraction 2 coel uted
with the standard. Fraction 2 had a U. V. spectrumwth
absorption peaks at 254 and 265 nma broad peak between 370
and 390 nm The spectrumwas simlar to that of the 3-NFA

standard (Figure 8).

A 3. Quantitation

Quantitative analysis of the production of fraction 1 was
made possible through the use of ' ~C-3NFA and col | ection
foll owed by counting of 3 0 second aliquots of eluant over a
thirty mnute period. The radioactivity profiles obtained
fromthe injection 20 ul of the extracted incubations
(approxi mately 40,000 DPM were simlar and corresponded to

t he chromat ograns produced by absorption at 2 54 nm

(Figure 9).
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The curve representing TA98's production of fraction 1 (as
percent radiol abel ed metabolite) is presented in Figure 10
(Table 1). Metabolite production appears to follow first
CQder kinetics. Wthin the first half hour, 30.1% of the
parent conpound had been converted to fraction 1 followed by
48.9% 68.6% and 77.9% conversion at 1, 2, and 3 hours
respectively. By 6 hours, 97.2%of the radiol abel ed materia
was present in fraction 1.

Figure 11 (Table 2) represents the netabolic curve
produced by TA98 ND over the 6 hour incubation period. The
met abol i sm of the parent conpound appears to be slower than
that in TA98 yet still appears linear with respect to tine.
At 1 hour, only 16.6% of the original radiolabel ed conpound
had been converted to fraction 1 wth 34.9% of the
radi oactivity present in the fraction at 2 hours and 47.3%
present at 3 hours. By 6 hours, 92.9%of the origina
radi ol abel ed conpound had been converted to fraction 1

The metabolic curve produced by TA98/1,8-DNP6 is
presented in Figure 12 (Table 3) and is simlar to that of
TA98. (Once again, netabolite production appears linear with
respect to time for the first two hours of incubation
converting to first order kinetics sonme time after the that.
At 0.5 hours, 39.6%of the original radiolabeled material was
converted to fraction 1. At 1, 2 and 3 hours, 51.9% 73.7%
and 85.4% of the radioactivity eluted in fraction 1. By 6
hours, 95.6% of the radioactivity had been converted into

fraction 1.
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A 4. Secondary ldentification

Upon separation of fractions 1 and 2 using HPLC
met hodol ogi es enpl oyi ng the Zorbax QDS preparative colum and
Program| (4 m/mnute), respective fractions from all
I ncubations were pool ed for nmass spectrometry and NMR
evaluation. 159 ug of fraction 1 was available for analysis
whil e 150 ug of fraction 2 was coll ected.

A 4.a. Mass Spectronetry (M)

The mass spectrum produced by 2 ug of fraction 1 is
presented in Figure 13. The signal at Mz 217 is the mass
expected for the nolecular ion (M) of 3-am nofl uoranthene.
Mz 202 is believed to be a fragnentation product of M,
MNH Mz 189 nmay also be the fragnmentation product M CNH2.
Mz 229 and Mz 243 are contam nants (shown by exam nation of
singl e ion chromatograns), possibly hydrocarbons due to
col um breakdown or the presence of plasticizers.

The mass spectrum produced by 2 ug of fraction 2 is
presented in Figure 14. The signal at Mz 247 is consistent
with the mass for the Mt of 3-nitrofluoranthene. MO0 (Mz
231), MNO (Mz 217), MNO®2 (Mz 203) and MCN®2 (Mz 189)
are comon fragmentation peaks seen with many nitro- PAHs
(Henderson et al., 1983; Schuetzle and Jensen, 1985).

Mz 313 and Mz 385 are believed to be contam nants of
hydrocarbon chains (shown by exam nation of single ion
chromatograns). Based upon this information, as well as the
U V. spectrumand elution factors obtained on this fraction,
fraction 2 is the parent conpound, 3-nitrofluoranthene.
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A. 4. b. NVR of Fraction 1

The NMR sprectrumof fraction 1 is presented in
Figure 15. Chemcal shifts, reported in parts per mllion
(ppm downfield fromthe standard tetranethyl silane (TMS),
and coupling constants (J), reported in Hz, are sunmarized in

Tabl e 4.

8.15 ppm

Doubl et, integrated as one proton with JJ* 2 ~*.0 Hz. H1, a
pseudo- bay region proton expected to be downfield in the sane
approximate region as H6, H7 and H 10.

8. 05 ppm

Doubl et, integrated as single proton wth J5 g = 6.8 Hz.

H 6, a pseudo-bay region proton expected to be downfield with
H1, H7 and H 10 and coupled to H5.

7.95 ppm

Split doublet, integrated as one proton with Jy 3 ~A'"A AA
and Jy [*o ~ "MMH2, H7, a pseudo-bay region proton expected
to be dowmfield with H1, H6 and H 10 and coupled to H 8.

The J observed is also simlar to H 10, |located para the
proton and responsible for the fine splitting observed.

7.80 ppm

Doubl et, integrated as one proton with J4 5 =8.3 Hz. H/4,

| ocated peri to the amno group and coupled to H5. Located

downfi el d.

7.78 ppm
Split doublet, integrated as single proton with

Jg 3"0 = "7-5 H and J7 10 =0-9 Hz. H 10, a pseudo-bay region

37


NEATPAGEINFO:id=8327DAF0-ABA6-497A-B571-9454D97E0AD4


proton expected to be dowfield wth H1, H6 and H7 and
coupled to H9. The J observed is also simlar to that of
Its para proton, responsible for the fine splitting observed.
7.58 ppm

Triplet, integrated as one proton with J5 g = 6.9Hz and

J45=83H. HS5 coupled with H4 and H 6.
7.31 ppm

Split triplet, integrated as single proton with
Jy3=75H, Jg9=75Hand Jg*qg = 1.1 H. HS,
coupled with H9 and H7. Split peaks observed are due not
only to the neighboring effects of H9 and H 7 but also from

H 10 | ocated across the aromatic ring.

7.22 ppm

Split triplet, integrated as one proton with Jg 9 = 7.5 Hz,
J9 10 ~~-572and J7 9 =11 H. H9, coupled wth H8 and
H 10. Split peaks observed are due not only to the
nei ghboring effects of H8 and H 10, but also fromH7
| ocated across the aromatic ring.
6.80 ppm
Doubl et, integrated as one proton with J* 2 ~ AA AR H D
normal Iy located downfield of all other protons due to the
el ectron-w thdrawi ng capacity of the nitro group on the
parent 3-NFA, but now shifted upfield due to the reduction of
the nitro group to an am no group.

The am no protons can occur anywhere in the spectrum and
are often difficult to |locate because of exchange broadeni ng.

Am no groups can exchange with the solvent used for NMR
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anal ysis, but to a nuch | esser extent than has been observed
w t h hydroxyl groups.
The NWR spectrum Ms spectrum U. V. spectrumand el ution

factors of fraction 1 identify it as

3- am nof | uor ant hene.

B. Separation and Identification of 2-NFA and Its

Met abol i t es
B.l. Separation

Extracti on nmet hods recovered 85. 1% of the radiol abel ed
material incubated with TA98, 84.5%incubated with TA98 ND
and 92.5% i ncubated with TA98/ 1, 8- DNP6.

HPLC fractionation used the Zorbax ODS anal ytical colum
and Program |l (1 m/mnute). TA98 and TA98 ND produced
three conpounds el uting at approximately 12.2, 13.6 and 2 5.3
mnutes and referred to as fraction A, B, and C respectively.
A representative chromatogram (absorption 2 54 nnm is
presented in Figure 16. The fractionation of TA98/1, 8- DNP6
produced only fractions A and C (Figure 17). Parallel

controls produced one peak eluting at 25.3 mnutes.

B.2. Primary ldentification

The retention tine of fraction Awas simlar to that of
the 2- AFA standard. Wen 2 0 ul of the extracted incubations
of TA98, TA98 ND and TA98/1, 8-DNP6 were coinjected with
unl abel ed 2- AFA standard, fraction A coeluted with the
standard suggesting its identity as 2-AFA. Fraction A had a
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U V. spectrumw th maxima at 250 nm and an additional peak at
280 nm A broader, multi-band peak was al so observed between

330 and 380 nm The spectrumwas simlar to that of the 2-
AFA standard (Figure 18). Fraction A was al so fluorescent
producing a bl ue-green fluorescence when placed under |ong
wave ultra violet light (365 nm.

The retention tine of fraction B was simlar to that of
t he unl abel ed 2- NAAFA standard. Wen extracted TA98 and
TA98 ND sanpl es were coinjected with unlabel ed 2- NAAFA,
fraction B coeluted with the standard. A well resolved U V.
spectrumof fraction B was difficult to produce due to its
| ow concentration in the sanples. However, the crude
spectrum produced resenbl ed the spectrum obtained fromthe
standard (Figure 19). A naxi mumwas oberved at 2 54 nmwth

two | esser peaks at 273 and 294 nm A broad nulti-band peak

was | ocat ed bet ween 320 and 380 nm

The retention tine of fraction Cwas simlar to that of
t he unl abel ed 2- NFA standard. Upon coinjection with
unl abel ed 2-NFA standard, fraction C of TA98, TA98 ND and
TA98/ 1, 8- DNP6 coel uted with the standard. U. V. scanning
fraction C gave a spectrum conparable to the standard with
maxi mum absorption seen at 260 nm (Figure 20). An additional

peak was observed at 290 nmwi th a broad nulti-band peak

| ocat ed between 3 30 and 380 nm
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B.3. Quantitation

Quantitative analysis of the production of fractions A
and B fromfraction C was made possi ble through the use of
anH 2NFA.  The radioactivity profiles were obtained for 20 ul
of each of the extracted incubations (approximately 120, 000
DPM. Figure 21 represents the profile obtained for TA98 and
TA98 ND, conpared to the chronmatogram produced by absorption
at 254 nm Figure 22 conpares the radioactivity profile of
TA98/ 1, 8-DNP6 to the chromatogram produced at 254 nm

The apparent rate of metabolismof fraction C by al
three strains of Salnonella typhimriumwas greatly reduced
when conpared to that of fraction 2 (3-NFA). The netabolite
profile obtained with TA98 is presented in Figure 2 3 (Table
5) and appears to be linear with respect to time through the
first six hours of incubation converting to first order
kinetics sonme time after that. Through the first 6 hours,
41.6% of the radioactivity eluted as fraction A.  Wen
I ncubation was carried through for 24 hours, 78.7% of the
radi oactivity was eluting as fraction A.  The kinetics of the
reaction from6 to 24 hours can not be determ ned w thi ut
additional time points taken between 6 and 24 hours. The
enzyne activity responsible for the production of fraction B
fromfraction A appears to be linear with respect to tinme
with saturation of the enzyme occurring between 6 and 24
hours. By the end of the sixth hour of incubation, 10.9% of

the radioactivity eluted as fraction B. 15.9% of the
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radi oactivity eluted as fraction B 24 hours after the

initiation of incubation

The netabolic profile of TA98 ND presented in Figure 24
(Table 6) reveals that only 6.2% of the radiol abel ed nateria
was converted to fraction A (2.7% and fraction B (3.5% by
the sixth hour of incubation. After 24 hours of incubation,
80.1% of the radioactivity eluted in fraction Awith 14.6%
eluting in fraction B. Mninal production of both fractions
I's observed through the first six hours of incubation with a
sharp increase seen in the production of fraction A between 6
and 24 hours. The production of fraction B also increased
during this period. The kinetics of the enzyme activity are
difficult to determne without additional time points between
6 and 24 hours.

TA98/ 1, 8- DNP6 produced a nmetabolic profile presented in
Figure 25 (Table 7). It was able to convert 13.3%of the
radi ol abel ed naterial to fraction Awithin the first 6 hours
of incubation. After 24 hours of incubation, 91.7%of the
radi oactivity was eluting in fraction A The kinetics of the
enzyme activity of TA98/1, 8-DNP6 appear to be linear with
respect to time through the first three hours of incubation,
but additional concentrations of subtstrate and tine points
between 6 and 2 4 hours are needed to determne its exact
ki neti cs.

In order to increase the anounts of fractions A and B
the concentration of 3h-2NF incubated with TA98 was increased
10-fold. At the end of the incubation period, 22.5% (8.82
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unol es) of the radiol abel ed naterial had been converted to
fraction A and 1.7% (0.68 unoles) eluted in fraction B. The

previous 24 hour incubations of 4.0 unoles of «*H 2NF produced

3. 15 unobles of fraction A and 0.64 unples of fraction B.
These nunbers suggest the saturation of the nitroreductase

enzynes and trans-acetyl ase enzynes found in TA98 as

previ ously hypot hesi zed.

B.4. Secondary ldentification

Upon separation of fractions A, B and C by HPLC using the
Zor bax ODS preparative colum and
Program Il (4 m/mnute), respective sanple fractions from
all strains and tinme points were pooled for M5 and NVR
anal ysis. 146 ug of fraction A was collected as well as 6.5
ug of fraction B. 213 ug of fraction C was al so avail abl e
for anal ysis.
B. 4. a. Mass Spectronetry

M5 of 2 ug of fraction A gave the spectrum presented in
figure 26. The peak at Mz 217 represents the mass expected
for M+ of 2-am nofluoranthene. The fragnentation product at
Mz 200 represents MNH2. MCNH2 (Mz 189) is also a
possi bl e fragnentation product. Mz 229 and Mz 243 are
possi bl e hydrocarbon cont am nants.

Two ug of fraction B gave the nmass spectrum presented in
figure 27. The signal at Mz 259 is consistent with the mass
expected for M+ of N-acetyl-2-am nofluoranthene. Mz 217 is

a fragnmentation product of MC2H2O with Mz 2 00 representing
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M NC2HAO. M NC3H4O (M z 189) may al so be a fragnmentation
product. Contam nants of Mz 229 and Mz 243 are al so
present. This information along with the coelution factor
and U. V. spectrumdata favors the identification of fraction
B as N-acetyl -2-am nofl uorant hene. 2-NAAFA was isolated in
guantities too lowto permt definitive identification by NWR
anal ysi s.

M5 of 2 ug of fraction C gave the spectrum presented in
figure 28. The signal at Mz 247 is consistent with the nass
expected for the Mt of 2-nitrofluoranthene. Mz 231, Mz
217, Mz 201, and Mz 189 represent the fragnentation
products M0, MNO MN®2, MCN®2, respectively. These are
common fragnmentation products of nitro-PAHs. This
information as well as the U V. spectrum and the el ution
factors identifies fraction C as 2-nitrofl uoranthene.

B.4.b. NMR of Fraction A
The NMR spectrum of fraction Ais presented in
figure 29. The spectrumwas not as strong as that of 3-AFA

because of the snmall er anbunt of fraction A avail able for NWR

anal ysis. Chem cal shifts and coupling constants that were

identifiable are summari zed i n Tabl e 8.
7.93 ppm

Mul tiplet, integrated as one proton with J7 q = 7.7 Hz and
J7 10 ~ "e"4 ~z. H 7, a pseudo-bay region proton coupled with
H 8 and | ocated dowmnfield with H1, H6 and H 10. The J

observed is simlar to that of H 10, |ocated para to the

proton and contributing to the splitting observed in H 7.
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7.90 ppm

Mil tiplet, integrated as one proton with Jgiq = 7.5 H and
J-720 ~~A~ A e HIQ a psuedo-bay region proton coupled
wth H9 and |ocated dowmfield wwth H1, H6 and H7. The J
observed is simlar to that of its para proton, H?7.

7.72 ppm

Doubl et, integrated as single proton wth J5 g = 6.7 Hz.

H 6, a pseudo-bay region proton coupled to H5. Located
downfield in the same approxi mate region as H1, H7 and

H- 10.

7.59 ppm

Met a- coupl ed singlet, integrated as single proton with

J =17 H. H1, pseudo-bay region proton ortho to the amno
group and | ocated downfield wth H6, H7 and H10. The fine
splitting seen is due to its proximty to the am no group.
7.58 ppm

Doubl et, integrated as single proton with J = 6.5 Hz. H4,
coupled with H5 (J = 6.8, 6.6 Hz).

7.50 ppm
Triplet, integrated as a single proton with J = 6.8, 6.6 Hz.
H5, coupled with H4 (J = 6.5 Hz) and H6 (J = 6.7 Hz).

7.36 ppm

Super-inposed triplets, integrated as two protons wth
J =75 1.7 H. HS8and H9, coupled to H7 (J =7.7,
1.4 Hz) and H10 (J = 7.5, 1.4 Hz), respectively.
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6. 99 ppm
Met a- coupl ed singlet, integrated as a single proton with
J=1.6 Hz. H3, aproton located ortho to the am no group
and upfield fromthe remaining protons of the nolecule.

This information as well as the information gathered

fromM, U V. spectra and coelution factors, identifies

fraction A as 2-am nofl uorant hene.
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v. DI SCUSSI O

The bacterial netabolismof 1-NP, isonmeric with

ni trofl uoranthene, has been extensively characterized.

Sal nonel | a typhimuriumstrain TA98 produced two ngj or

nmet abolites of 1-NP, 1-ami nopyrene and N-acetyl-1-

am nopyrene, and six mnor netabolites (Messier et al.,
1981). Howard et al. (1983) identified 1-am nopyrene as the
maj or netabolite produced by incubating 1-NP with
suspensi ons of bacteria fromrat intestines.

Little information has been published on the bacteria
met abol i sm of 3-NFA and 2-NFA.  In this study, when 3-NFA
was incubated with Sanonella typhimuriumstrain TA9 8 and its
variants TA98 ND and TA98/ 1, 8- DNP6, one netabolic product
was obsereved, 3-AFA. Wen 2-NFA was incubated with the
sane strains of Salnmonella typhinmurium two metabolic

products were produced, 2-AFA and 2- NAAFA.

A, Separation and ldentification of 3-NFA and Its

Met abol i t es

HPLC and radi oactivity profiles of extracted medi um from
I ncubations of 3-NFA and Sal nonel |l a typhinurium strains
TA98, TA98 ND, and TA98/1,8-DNP6 indicated the production of
one netabolite which was identified as 3-AFA (Figure 5).
Al three strains of Sal monella typhimuriumwere able to
met abol i ze over 90% of the parent compound present wthin
six hours of the initiation of incubation. The production

of 3-NAAFA was anticipated but not observed in any of the
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i ncubati ons.

TA98 possesses both "classical" and "non-cl assical"
nitroreductive enzymes as well as transacetyl ase enzymnes
(Rosenkranz et al., 1980; McCoy et al., 1981; Rosenkranz et
al., 1982). The strainis able to acconplish the conversion
of 3-NFAto 3-AFA in a relatively rapid manner. The
metabolic profile of TA98 appears to approach saturation at
six hours (Figure 10, Table 1). Additional experiments with
varying concentrations of substrate are needed to determ ne
t he exact enzyme kinetics of the reaction.

The conversion of 3-NFA to 3-AFA by TA98 ND proceeds at
a slower, nore linear rate than that observed with TA98
(Figure 11, Table 2). TA98 ND is deficient in the
"classical" nitroreductases associated with rapid conversion
of many nitro-PAHs to their nmetabolic products and is
resistant to the nutagenic activity of those nitro-PAHs
(Rosenkranz et al., 1982; Or et al., 1985). The reduction
of 3-NFAto 3-AFA in this strain is therefore dependent upon
the enzyme activity of the "non-classical” nitro-reductive
enzynes. These "non-classical" nitroreductases nmay react at
a slower rate than the "classical" enzynmes or may work in
harnony with the "classical" reductases in an additive or
synergi stic manner.

TA98/ 1, 8- DNP6, possessing both "classical" and "non-
classical" reductive capacity (MCoy et al., 1981; MCoy et
al., 1983; Or et al., 1985), was able to convert 3-NFA to
3-AFA at a rate simlar to TA98 (Figure 12, Table 3). Once
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again, the profile appears to be approaching saturation.
3-AFA was identified as the principle nmetabolite by
HPLC, Ms, and proton NMR analysis. Relative retention tines
and coelution with unlabel ed 3- AFA standard suggested the
identity of the netabolite early on. Further proof was
obt ai ned upon conparison of U V. spectra of the conpound and
standard (Figure 7). M of the pool ed netabolite gave a
nol ecular ion with the weight of 217, expected for 3-AFA
(Figure 13). ldentification of fragmentation products of
MNH (Mz 202) and MCNH2 (M z 189) was al so possible.
Fragmentati on products of this type have al so been seen with
nitro-PAH (Schuetzle, 1985). NWR spectrum of the fraction
verified the presence of the nine aromatic protons expected
for 3-AFA.  Present were three triplets (H5, H8 and H9)
and six doublets (H1, H2, H3, H4, H6, H7 and H 10)
wi th coupling constants between 7 to 8 Hz, indicative of

aromatic protons (Silverstein et al., 1981).

B. Separation and ldentification of 2-NFA and Its

Met abol i tes

Sal nonel | a typhi murium strains TA98, TA98 ND and
TA98/ 1, 8- DNP6 were unabl e to netabolize 2-NFA as quickly as
3-NFA.  Six hour incubations produced insufficient
netabolite for identification. An additional tinme point of
24 hours was needed to produce the m ni mrum amount of

netabolite required for analysis.
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HPLC and radi oactivity profiles of extracted medi umfrom
i ncubati ons of 2-NFA with Sal nonella tvphimurium TA98 and
TA98 ND indi cated the production of two netabolites
identified as 2- AFA and 2- NAAFA (Figure 16). 2-NFA
i ncubated with TA98/1, 8-DNP6 produced only one netabolite,

2- AFA (Figure 17).

Approxi mately 63% of the parent conpound had been
converted into 2- AFA and 2- NAAFA by TA98 within the first
six hours of incubation (Figure 23, Table 5). However, by
24 hours, 95% of the 2-NFA had been converted into the
nmet abolites (79% 2- AFA and 16% 2- NAAFA).  The production of
2- AFA by TA98 confirns the presence of reductive pathways in
the strain. The 2-NAAFA produced by the strain was a
product of the acetylation of the 2-AFA by acetyl CoA
dependent acetyl transferases found in TA98 and TA98 ND
(Or et al., 1985). Throughout the first 6 hours of
i ncubation, enzyme activity appears linear with respect to
time for both enzyne systens with kinetics after the sixth

hour of incubation difficult to determ ne. Sat ur ati on of

the acetyl transferases observed in the presence of
excessi ve anounts of 2-AFA.

Saturation of the nitroreductase enzynme system found
wi thin TA98 was determ ned by increasing the amount of 2-NFA
i ncubated with TA98 by a factor of 10. The TA98 was only
able to convert approximtely 23% (8.82 unples) of the 2-NFA
to 2-AFA and 2% (0. 68 unol es) to 2- NAAFA. Mre 2- AFA and
2- NAAFA woul d have been produced in the excess of 2-AFA and
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2- NFA avail able for conversion if the nitroreductases and

acetyl tranferases responsible for their production had not
becone sat ur at ed.

TA98 ND produced m nimal quantities of 2-AFA and 2- NAAFA
t hrough the first six hours of incubation (less than 10% of
t he 2-NFA present had been converted). However, by 24 hours
approxi mately 95% of the parent conpound had been converted

to 2- AFA (80% and 2- NAAFA (15% . Determ nation of the
nmet abolic kinetics of the reactions requires additiona
i ncubation tines between 6 and 24 hours. Saturation of the
acetyl transferase is suggested in the presence of excessive
amounts of 2-AFA (Figure 24, Table 6). At sone point
between 6 and 24 hours, either another nitroreductase is
i nduced in the bacteria, or the culture has becone
sufficiently anaerobic that a previously silent oxygen-
sensitive reduct ase becones acti ve.

The met abolism of 2-NFA by TA98/1, 8- DNP6 produced
m ni mal amounts of 2-AFA (13%of the original material) and
no 2-NAAFA within the first 6 hours of incubation (Figure
25, Table 7). After 24 hours of incubation, approximtely
92% of the 2-NFA had been converted to 2-AFA. (Once again,
t he presence of another nitroreductase or silent
ni troreduct ase shoul d be considered. The |ack of 2-NAAFA
produced in these incubations confirns the absence of acetyl
tranferase enzymes systens in TA98/1,8-DNP6 (Orr et al.,

1985) .

51


NEATPAGEINFO:id=D84222BE-93BC-4DEE-BFAE-3A123F4289C4


2- AFA was identified as the principle netabolite of
2-NFA by HPLC, M5, and proton NVR analysis. Relative
retention tines and coelution wth unl abel ed 2- AFA suggest ed
the identity of the conpound in the early stages of

anal ysis. Conparison of the U V. spectrumof the metabolite

with that of the standard al so was consistent with the
structural assignment(Figure 18). Mass spectrum of the

net abolite indicated a nolecular ion expected for 2-AFA
(nol ecul ar weight 217). Identification of fragnmentation
products MNH2 (Mz 200) and MCNH (M z 189) was al so

possi ble. A NWR spectrum obtained on the fraction showed
two singlets (H1 and H3) and one triplet (H5) coupled to
two doublets (H4 and H6), all indicative of a naphthal ene
ring structure (Figure 19). The renainder of the protons
appeared as nultiplets with conparabl e coupling constants as
woul d be expected for H7, H8, H9 and H 10.

2- NAAFA was identified as the mnor netabolic product by
HPLC and MS analysis. \Wen conpared to the unl abel ed
standard of 2-NAAFA, the fraction in question coeluted wth
the standard and had a simlar U V. spectrum (Figure 20).
The M5 showed a nolecular ion with the weight expected for
2- NAAFA (M z 259). Fragmentation products of M C2H20 (M z

217) and M NC2HAO (M z 200) were al so observed (Figure 27).
Unfortunately, TA98 and TA98 ND did not produce enough of

the netabolite to confirmthe structural assignment of the

nmet abolite by proton NWMR anal ysis.
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C. Relevance to Mutagenicity

Most nitro-PAH are regarded as direct acting nmutagens in

the Anmes assay since they do not require exogenous
activation with S9 fractions (Rosenkranz et al., 1980;
Rosenkranz and Mernel stein, 1980). It is thought that
nitro-PAH are biologically activated by the nitroreductase
and acetyl ase enzynmes present in Sal nonella tvphinmurium
strain TA98 and its variants TA98 ND and TA98/1, 8-DNP6. The
nitroreductases present convert the nitro-PAHs to am no- PAHs
formng the aryl hydroxyl am ne as an internmediate. This
I ntermedi ate can be non-enzymatically converted to a highly
el ectrophilic arylnitreniumion which can bind directly to
DNA (Rosenkranz et al., 1982; Rosenkranz and Mernel stein,
1983; Dietrich, 1987).

1-NP has been shown to be noderately nutagenic in strain
TA98 with a decrease in nutagenicity observed in the
nitroreductase deficient strain TA98 ND (Wang et al., 1975).
It is thought that the netabolic internediate
1-nitrosopyrene is the probable nmutagenic internediate which
is further reduced to N hydroxy-|-am nopyrene which can then
forma highly reactive electrophile (Howard et al., 1983a.,
Heflich et al., 1985).

The hypot hesi zed route of nmutagenicity of nitro-PAH is
further supported by 3-NFA's behavior in the Anes assay.
The parent conpound is highly nutagenic in strain TA98 while
it is less nutagenic in strain TA98 ND ("classical"

nitroreductase deficient) and TA98/ 1, 8- DNP6 (acetyl
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transferase deficient) (Giebokk et al., 1985; Ball et al.
1985b; Ball et al., 1986; Ball, unpublished data). The
final proposed netabolic products of 3-NFA, 3-AFA and
3-NAAFA, are also significantly |less nmutagenic than the
parent conpound (Ball et al., 1985; Ball et al., 1986).

This inplies that the metabolismof 3-NFA to 3-AFA via
"classical" nitroreductase and acetyl tranferase pathways is
an inportant step in the nutagenic activation of the
conpound and further nmetabolismmay only detoxify the
conpound.

This study confirns that 3-NFA is quickly and
efficiently metabolized to 3-AFA by Sal nonel | a typhi murium
strain TA98. TA98 thus has the ability to produce
aryl hydroxyl am ne internedi ates thought responsible for
mut agenicity. The compound is also metabolized to 3- AFA by
TA98 ND but at a slower rate, and/or by a different
nitroreductive enzyne system This alternative pathway may
not produce the sane el ectrophilic intermedi ates necessary
for high levels of nutagenicity.

TA98/1,8-DNP6 is al so able to produce 3-AFA from 3- NFA
yet still has a | ower degree of nutagenicity. This suggests
that even though the "classical" nitroreductive conpounds
t hought responsible for elevated |levels of nutagenicity are
present, an additional step of transacetylation or an
alternative netabolic pathway may be required for
mutagenicity. Since TA98/1,8-DNP6 is deficient in acetyl
transferase and possibly other as yet unidentified netabolic
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pat hways, the electrophilic intermnediates needed for
mut ageni city may not be present.

Recently, other studies in this |aboratory have shown
that 2-NFA can be considered a slight to noderate nutagenic
conpound proving to be 5 to 15 fold | ess nmutagenic than
3-NFA with the netabolic products 2-AFA and 2- NAAFA
producing very little mutagenicity (Ball, unpublished data).

The mutagenicity of 2-NFA observed is attributed to the
"classical" nitroreductive capacity of the Sal monella
typhinuriumstrains. TA98 had a higher nutagenic response
than the TA98 ND strain deficient suggesting once again that
“classical" nitroreduction is an inportant pathway for
mutagenicity. TA98/1,8-DNP6 al so showed a | ower |evel of
nmut ageni city when conpared to TA98. This suggests once
again that acetyl transferases or sone other netabolic
pathway is inportant in the nutagenic response of these
conpounds.

The | ower mutagenicity of 2-NFA conpared to 3-NFA is

consistent with the slower rate of netabolismof 2-NFA in

all strains of Salnmonella typhinmurium The slower rate of
nmet abol i sm coul d be indicative of the strains' decreased
ability to netabolize this isomer of nitrofluoranthene,
W t hout netabolism nmutagenicity can not occur.

The positional isonerismof the nitro group on the
fl uorant hene nol ecul e may affect the netabolismof the

isonmers. The nitro group of 3-NFA is situated along the

long axis of the nolecule (Figure 2), a factor Vance and
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Levin (1984) consider inportant for efficient nitroreductive
met abol i sm of the conpound. The nitro group of 2-NFA is
positioned off the long axis (Figure 1) this change in
geonetry may be enough to decrease the rate of netabolism of
2-NFA by interferring with the access to the active site of

the nitroreductase thereby decreasing nutagenicity.

D. Future Wrk

Definitive confirmati on by NVR anal ysis of the 2- NAAFA
produced by TA98 and TA98 ND i ncubated with 2-NFA shoul d be
considered. Unfortunately, the Sal nonel | a tvphimurium
strains produce small quatities of the netabolite as the
acetyl tranferase enzynme responsi bl e appears to becone
staurated in the presence of even snall anounts of 2-AFA
t he precursor of 2-NAAFA.

Addi tional incubations of varying concentrations of
substrate and i ncreased tine of incubation should be
considered to determ ne the kinetics of the netabolism of

3- NFA and 2- NFA.

The nmutagenicity of the netabolites produced directly
fromthe bacterial incubations should be evaluated by the
Amres assay to determ ne whether these conpounds yield the

same results as synthetic preparations of 3-AFA 2-AFA and

2- NAAFA.
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3- NFA 2- NFA
(in conbustion) (at mospheri c)
on di esel exhaust * in anmbient air

particl es
* N205 in CCl4

HNO3 [ NO2+] in CH3COOH (22°C)
NO2/ N204 in CH2C12 * N2O5

(in gas phase)
N205 (adsorbed onto filters)

Fig. 2 Formation of2-NFA and 3-NFA
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3-Ni trosof | uor ant hene

3- NFA
+20
OH
Ni trenium lon N- Hydr oxy- 3- AFA
+ 20
3- AFA

Fig. 3 Proposed Mechanismfor Metabolismof 3-NFA
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2- NFA 2-N trosof | uor ant hene
+20
a 2G
Ni trenium I on N- Hydr oxy- 2- AFA
+ 20
2- AFA

Fig. 4 Proposed Mechanismfor Metabolismof 2-NFA
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Fig. 5 Representative HPLC Chromatogram (254 nn
of Extracted 3-NFA and Sal nonel | a

t yphi muri um I ncubations (Programl)
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Fig. 6 Representative HPLC Cliromatogramof Fraction |

Eiuted with Program || Paraneters

10 15 20

TVE (M N)
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Fig. 7 W-VIS Spectrum of Fraction 1

Fraction 1 3- AFA St andard
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Fig. 8 UW-ViS Spectrum of Fraction 2

Fraction 2 3- NFA St andar d

T 1 1 r
400 350 300 250 450 400 350 300

WAVELENGTH ( nm)
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Fig. 9 Representative Radioactivity Profile of Extracted

14C- 3NFA | ncubati ons vs. Chronmat ogram
at 254 nm (Program )

TIME (M N)
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Fig. 10

3-NFA I ncubated Wth TA98

3- AFA
TI VE ( HRS)
TABLE 1
RADI CACTI VE METABOLI TES OF
14C- 3NFA | NCUBATED W TH TA98
Ti ne (hour) % 3- AEAR b C.
2_‘3 30.1 + 4.2
> 0 48.8 + 2.8
3 0 68.6 + 5.7
6.0 77.9 + 1.4
97.2 + 2.1

%radj oactivity present as fraction 1

n =
+ standard devi ati on

o oo
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Fig 11

3-NFA | ncubated Wth TA98 ND

TI ME ( HRS)

TABLE 2

RADI OQACTI VE METABOLI TES OF
14C 3NFA | NCUBATED W TH TA9S8

me (hours)

OwNEO
oOo0ooowm

% radi oactvity present as fraction 1
n = 2

+ standard devi ati on
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TABLE 3
RADI QACTI VE METABOLI TES OF 14C 3NFA
| NCUBATED W TH TA98/ 1, 8- DNP6
Time (hour)

0.5 39.6
1.0 51.9
2.0 73. 7
3.0 85. 4
6.0 95. 6

Fig. 12

3-NFA I ncubated Wth TA98/ 13- DNP6
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Fig. 15 Proton NMR of Fraction 1
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Tabl e 4

PROTON NVMR CHARACTERI STI CS OF FRACTI ON 1 (3- AFA)

Cheni cal Shift~ Splitting J Pr ot on
(ppm Pattern (Hz)
8. 15 doubl et (8.0) H 1
8. 05 doubl et (6.8) H 6
7.95 doubl et (7.4, 0.9) H 7 or H 10
7.80 doubl et (8.3) H 4
7.78 doubl et (7.5, 0.9 H 7 or H 10
7.58 triplet (6.9, 8.3) H 5
7.31 triplet (7.5, 7.5, 1.1) H8 or H 9
7.22 triplet (7.5, 7.5, 1.0) H8 or H 9
6. 80 doubl et (7.6) H 2

a. Integral for resonance signals was 1 proton
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Fig. 16 Representative HPLC Chromatogram (254 nm
of Extracted 2-NFA and Sal nonel | a typhi nurium
TA98/ TA98 ND I ncubations (Programll)
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Fig. 17 Representative HPLC Chromatogram (254 nm

of Extracted 2-NFA and Sal nonella tvphi murium

TA98/ 1, 8- DNP6 | ncubation (Programll)
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TIME (M N)
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Fig. 18 U-VIS Spectrumof Fraction A
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Fig. 19 W-VIS Spectrum
of 2- NAAFA St andard
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Fig. 20 W-Vi S Spectrumof Fraction C
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Fig. 21 Representative Radioactivity Profile of Extracted
3H 2NFA and TA98/ TA98 ND | ncubati ons vs.

Chromat ogram at 254 nm (Program 11)

TIME (M N)
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°0

Fig. 22 Representative Radioactivity Profile of Extracted
3H 2NFA and TA98/ 1, 8- DNP6 | ncubati ons vs.

Chromat ogram at 254 nm (Programil)

TIME (M N)

79


NEATPAGEINFO:id=5181B3F7-ABF3-4303-AD4B-084C43ECF82A


0 IN3O= IES

Fig. 23

2- NFA | ncubated Wth TA98

ca

2- AFA

2- NAAFA

TI ME ( HRS)

TABLE 5

RADI OACTI VE METABOLI TES OF 3H- 2NFA
| NCUBATED W TH TA98

Ti me (hours) 2- AFAY D-C % 2-- NAAFA"
0, 51 + 0.1 1.7 + 0.1

1, 9.3 + 0.3 2.7 + 0.5

2, 15.9 + 1.1 5 8 + 1.7

3, 22.9 + 4.0 7.9 + 2.8

6, 41.6 + 1.8 10.9 + 1.9

24 78. 7 + 4.2 15. 9 + 0.9

%radzioactivity present as fraction A
AR

a
b.

c. + standard devi ati on

d. ¥ radioactivity present as fraction B

80


NEATPAGEINFO:id=FBFA0C99-BC5F-4D7C-954F-63E80705555D


&

_._/\E:_O:

>

erj -

v

10 -1

Ti me

2

PO WNPRO

(hour)

OO0 ocoow

Fig. 24
2- NFA | ncubated Wth TA98 ND

2- NAAFA

TI ME ( HRS)

TABLE 6

RADI OACTI VE METABOLI TES OF 3H- 2NFA

| NCUBATED W TH TA98 ND
% 2-AFAN-**e<ze %

Nw N
PNk oRr s
o+ + + + 4+
Nk pPpkeeo
0L 0o o~
Poprprro

80.

%radzioactivity present as fraction A
A

a

b.

c. + standard devi ation ]

d. f radioactvity present as fraction B
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Fig. 25
2-NFA I ncubated Wth TA98/ 1, 8- DNP6
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TABLE 7

RADOACTI VE METABOLI TES OF 3H 2NFA
| NCUBATED W TH TA98/ 1, 8- DNP6

a.b.c.

Ti me (hour) % 2- AFA*" % 2- NAAFA®
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N
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% radi oactivity present in fraction A
n = 2
+ standard devi ati on

% radi oacti vty present as fraction B
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TABLE 8

PROTON NVR CHARACTERI STI CS OF FRACTI ON A (2- AFA)

Chem cal Shiftsn- Splitting J Pr ot on
(ppm Pattern (Hz)
7. 93 mul ti pl et (7.7, 1.4) H- 7 or H-10
7. 90 mul ti pl et (7.4, 1.4) H- 7 or H-10
7.72 doubl et (6.7) H 6
7. 59 nmet a- coupl ed (1.7) H 1

si ngl et
7.58 doubl et (6.5) H 4
7.50 triplet (6.8, 7.9 H 5
7. 36 2 super-i nmposed (7.5, 1.7) H8 & H9
mul ti plets

6. 99 nmet a- coupl ed (1.6) H 3

Integral for resonance signal was 1 proton
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