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ABSTRACT

3- Chl or0-4- (di chl or omet hyl ) - 5- hydr oxy- 2(5H) - f ur anone,
i.e MK is recognized as a principal nutagen contributing to
(on an average) 30% of the nutagenicity of chlorinated
drinking water in the Ames assay. Conmpounds with structura
simlarities to MK were suggested as probabl e nutagens which
coul d account for the remaining 7 0%of the nutagenicity of
chliorinated water. The theoretical basis for the formation
and activity of these MX anal ogues was di scussed. Three
such candi date nutagens, red-MX, ox-MX and ox- EMX were
synthesized, and their nutagenic activities determned (in
the Ames assay, strain TA 100) to be 0.13 net revs./ng; 0.36
net revs./ng and 0.03 net revs./ng respectively. It would
appear that the al dehyde group is a critical structura
feature that governs the nutagenicity of M. The
concentration of MK in sanples of chlorinated fulvic acids,
hum ¢ and drinking water was determned. MX accounted for
36% 32%and 17%of the overall nutagenicity of these
sanpl es, respectively. SIMnode GO/ M anal yses on
derivatized and underivatized extracts of the chlorinated
waters reveal ed that red-MX and ox-MX were present in
concentrations equal to or slightly greater than the anount
of MX, while the concentration of ox-EMX was about 20-40
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times higher. Due to their weak nutagenicities however, al
three compounds were found to account for (individually)
| ess than 1%of the overall activity in each sanple.

Mit ageni city-directed HPLC fractionation was performed
on a chlorinated solution of fulvic acids, selected because
it was highly nutagenic but contained a | ow amount of MX
(72% non- MX nutagenicity), After the second |evel of
separation, all the activity had concentrated into a single
sub-fraction (31 000 net revs./liter) which was free of MX
The responsi bl e nutagens seemto be |ess polar conpounds in

conparison to MX
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I : 1 NTRODUCTI ON

Drinking water contains a conplex mxture of organic
chemcals, many of which are known to be potentially harnfu
to human health. Sone of these conpounds are introduced
into source waters by industrial, agricultural and nunici pal
effluents. Qhers however, are formed de novo by the very
disinfection process neant to nmake our drinking water
m crobiol ogically safe. In fact, enphasis on the problem of
organic mcropol lutants in drinking water has shifted
markedly to the issue of these chlorination by-products.

In the last 15 years or so, great strides have been
made in detecting these by-product conpounds in drinking
water (Rook,1974; Bellar, 1974; Synons et. al., 1975),
recogni zing their genotoxic and carcinogenic potentia
(Simmon and Tardiff, 1976; Nat. Cancer Inst., 1976;

Loper, 1978; Nestnan et. al., 1979; Lang et. al., 1980; Cheh
et. al., 1980; Kool et. al., 1985, Wlcox and WIIiamson,
1986) and understanding the nechani smof their formation
(Cheh et. al., 1980; Christman et. al., 1983; Col eman et.

al ., 1984; Holnmbomet. al., 1984; Kronberg et. al., 1985b;
Meier et. al., 1986; Maruoka, 1986). Fromthe regulatory
standpoint in the United States, there is a need to identify
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and exam ne the principal disinfection by-products in order
to pronul gate standards under Phase IV of the Revised
National Primary Drinking Water Regul ations (Cotruvo and
Vogt, 1985). Thus, nuch of the recent research has
concentrated on identifying and structurally characterizing
the mutagens present in drinking water, particularly the
non-vol ati | e organohal i des.

Al t hough nmost of the nutagenic activity of drinking
water can be attributed to organics in the non-volatile
fraction, only a single major nutagen, 3-chloro-4-'

(di chl oromet hyl ) - 5- hydr oxy- 2(5H) - furanone, i.e MX, has been
i dentified so far (Kronberg et. al., 1987; Meier et. al.,
1987b). On an average, this compound can account for about
30% of the total nutagenicity of the organic fraction. In
order to get a more conprehensive understanding of the

heal th hazards posed by the presence of nutagens in drinking
wat er, chemcal identities of conpounds responsible for the
residual two-thirds of the nutagenicity nust be deteirm ned.
This woul d al | ow syntheses of the pure compounds to be used
in long-termanimal toxicity and carcinogenicity studies as
is being done with M

The objective of this research was to elucidate the
structures and activities of conpounds which coul d possibly
be responsible for the yet uncharacterized nutagenicity
(non-MX nutagenicity) of chlorinated drinking water. This
obj ective was approached through two specific tasks:

(1) Investigation of specific candidate nutagens
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i.e the MX anal ogues: Synthesize conpounds with
(critical) structural simlarities to M,
determ ne their mutagenic potencies and
subsequently search for these conpounds in
chlorinated fulvic acids, humc water and drinking
wat er .

(I'l) Mutagenicity directed sub-fractionation
Chr omat ogr aphi ¢ separation (with respect
to nutagenicity) of a highly nmutagenic
extract where the anpbunt of MX has been
mnimzed, followed by GO M anal ysis

of the ultimte active subfraction(s).


NEATPAGEINFO:id=57257BB5-8BAE-42A9-9A43-581ACBAEAE1F


I'1: BACKGROUND.

2.1 : Chlorination By-Products in Drinking Water.

More than a decade of research has gone into
understanding the formation and occurrence of these
genot oxi ¢ conmpounds in drinking water. Sone of the

I mportant aspects are di scussed bel ow

2.1 (a) : Cccurrence in Drinking Waters.

The initial concern about the presence of chlorination
by- products was sparked by the discovery of trihal omet hanes
(THV6) and other volatile organohalides in drinking water in
The Net herlands (Rook, 1974) and in the United States
(Bellar et. al., 1974). The first of such chemcals
identified were primarily the bronp- and chloro- substituted
met hanes. The wi despread occurrence of these conpounds in
U S. drinking waters was confirmed by the National O ganics
Reconnai ssance Survey (Synons et. al., 1975). Since then,
numer ous ot her by-product conpounds have been identified and
detected in water. It is now known that a majority of these
conpounds are genot oxi ¢/ carcinogenic in nature, and that
they are formed in the chlorination process during drinking

wat er treatnent.
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Al t hough vol atile organic conpounds were the center of
attention initially, nmore recent research has shown that the
non-vol atile conpounds nay be of greater concern. About 90%
of the dissolved organic content in drinking water is
conprised of relatively non-volatile (high molecular weight,
non- pur geabl e) organi ¢ conmpounds (NAS, 1977). These
conpounds are extractable with organic solvents or can be
adsorbed onto XAD resin material. Since chlorine binds
mainly to organics in the non-volatile fraction, nost of the
mut ageni ¢ activity can be attributed to non-volatile
organohal i des. Thus, organic extracts or XAD concentrates
of chlorinated drinking water are nost often nutagenic.
Wthin this concentrate itself, one can distinguish between
neutral, relatively non-polar conpounds (which account for
only 10%of the total nutagenicity), and polar, acidic
compounds (accounting for the rest of the nutagenicity).

Al nost all the conpounds identified in water are
present at concentrations of |ess than 1 ug/liter. These
| evel s are far bel ow those which would be required to
account for the total observed nmutagenic activity, based on
known i ndivi dual mutagenic potencies. Fielding and Horth
(1986) denonstrated that 14 such compounds together coul d
account for less than 10%of the nutagenicity of the extract
itself (a mxture of 14 conpounds, at 10 tines the
concentration typical in water could only equal the
mut ageni ¢ response of a drinking water extract).
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Agai nst this background, it is easy to understand the
i nportance of chlorinated hydroxyfuranones. 3-chroro-4-
(di chl oronet hyl ) - 5- hydroxy-2(5H) - furanone i.e MX was the
first single nutagen identified in drinking water which
coul d account for a relatively large portion of the total
(extracted) nutagenicity (Kronberg et. al., 1987, Meier et.
al ., 1987b). A though present at very |low concentrations,
MX contributes to about 5-60%of the total nutagenicity of
drinking water. This is because MX is anong the nost potent
known nutagens ever tested in the Ames TA 100 strain. The
estimted activity of MX has ranged from 5600 to 13000 net
revertants/nmole in TA 100 (Padmapriya et. al., 1985; Meier
et. al., 1987a, 1987b; Kronberg et. al., 1987). in
conparison, the nost nutagenic among the THVs, i.e
chl or odi br ononet hane, induces only about 0.004 net
revertants/nmole in TA 100 (Sinmmon et. al., 1977). The
concentration of MK in drinking waters varies considerably.
Vter sanples from2 3 cities in Finland had MX | evel s
ranging from5-67 ng/liter and accounting for 15-57% of the
total mutagenicity (Kronberg, 1987); water sanples from3
cities inthe U S had 2-33 ng/liter, accounting for 15-34%
of the total nutagenicity (Meier et. al., 1987b), while
sanples froma water treatment plant in the UK had 2-10
ng/liter (Fielding and Horth, 1986). Another inpcrtant
mutagen identified is the geometric isomer of MX, E-2-
chl oro-3(dichl oronet hyl ) - 4-oxo-butenoic acid, i.e E-MX
This however is a weak nutagen (32 0 net revertants/nnole)
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relative to MX, and accounts for only a few percent of the
total nutagenicity (Kronberg et. al., 1987).

2.1 (b) : Formation During Chlorination

Various investigators have shown that it is the
interaction of aquatic organic matter with chlorine that
| eads to the formation of a mxture of hal ogenated and non-
hal ogenat ed by-products. A variety of non-volatile
al i phatic hal ogenated products can result fromthe exposure
of aquatic humic and fulvic acid fractions to chlorine
(Christman et. al., 1983). Dom nant among themare the C
hal ogenated acids (principally di- and trichloroacetic
acids), shown also to be present in chlorinated nunicipa
drinking water (Uden and MIler, 1983). The nechanisns of
by-product formation have been studied by enploying isolated
humc¢ and fulvic acids (the fulvic acid fraction is a major
part of aquatic humc substances) as well as sone ot her
nodel conpounds resenbling the conplex nmolecul es of natural
humc matter. The general finding has been that the
specific by-products formed will depend on the nol ecul ar
structure of the substrate involved, its concentration, the
carbon-to-chlorine ratio and the pH of chlorination, anong
other factors (NRC, 1987). Nevertheless , two categories of
byproducts can be recognized : volatile hydrophobic and non-
volatile hydrophilic conpounds. The nutagenicity associated
with chlorinated humc/fulvic acid solutions is however
attributable primarily to the non-volatile conpounds.
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Working with extractions at different pH values and with
solvents of different polarity, Kronberg et. al. (1985h)
denonstrated that the principal nutagens, in a chlorinated
hum ¢ acid solution, were relatively polar conpounds. In
support of this are other investigations showing that a
majority of the nutagenicity of chlorinated humc and fulvic
material resides in the strong acid fraction (Meir et. al.
1986) and that al most 65-75% of the recovered activity was
due to polar nutagenic products (Maruoka, 1986). Among the
comonl y occurring nutagens, as resulting fromhumc and
fulvic acid chlorination are chlorinated acetones, A
chlorinated propenals such as 1,3-dichloroacetone and 2-
chl oropropenal, dichloroacetonitrile, dichloro- and
trichloroacetic acids, choral, and chloropicrin. Mst of
these significant by-products have been sunmarized in a
review by Christman et. al. (1984). This review al so

di scusses the involvement of the 1,3-dihydroxybenzene or
resorcinol structures (found within the humc
macrostructure) in the formation of the chlorination by-
products. Another group of by-products of particular
interest currently are the chlorinated hydroxyfuranones,
whi ch include MX and E-MX (Hol mbomet. al., 1984).

Since organic nitrogenous conpounds can account for a
consi derable part of the total organic carbon (TOC) in
natural waters, it is also possible for nutagens to be
foirmed due to exposure of such conpounds to chlorine.
Extracts of chlorinated am no-acids have been shown to
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possess nutagenic activity, and some of the conpounds
identified in such extracts are haloacetonitriles (Trehy and
Bi eber, 1981), trichloroal dehyde (Trehy et. al., 1986) and
MX and E-MX (Horth et. al., 1987). Qher substrates
inplicated in the production of nutagenic chlorination by-
products are proteins, peptides and phenolic conpounds.

2.1 (c) : Stability of MX in Water

The stability of MX, and other possible acidi.c
mutagens, in water is discussed at [ength by Kronberg and
Christman (1988), Kronberg (1987), and Hol mhomet. al.
(1984). The pKa value of MXin aqueous sol utions has been
determned to be approximately 5.25, assumng that the
hydration/dehydration reaction between the closed and
protonated open formis much faster conpared to the proton
transfer. Thus, at pH values conmon in drinking water (pH
7.0-8.5), MK exists inits open form

MK is stable in water at |ow pH (pH 2.0), but as the pH
increases to about 7 or 8, it can partly convert to its
geonetric isomer E-MX and partly undergo hydrolytic
degradation reactions. The second reaction domnates at pH
8-9. At pH8, the half-life of M at 23 degrees Celsius is
about six days. Under neutral or alkaline conditions, E- M
does not isonerize to MX. However, if the pHis [owered to
about 2.0, E-MKis quantitatively converted to M (see Fig.

1, modified fromKronberg and Christman, 1988) . These
studies indicate that (a) the mutagens forned during
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chlorination are alkali-labile and (b) a mgjority "of the M
formed will persist throughout most of the water
distribution system Theoretically, it may be possible for
E-MX to isomerize to MK in-vivo as the drinking water passes
through highly acidic conditions in the gastrointestina
tract. However, the rate of isonerizationis too slowto

cause any substantial increase in the nutagenicity of the
consumed water (due to the nmore potent MX).

2.2 . Structure-Activity Relationships.

The hi gh mutageni ¢ potency of MX has pronpted attenpts
to study and define the structural features (particularly in
chl orof uranones) that are critical in rendering MX and
rel ated conpounds mut ageni c.

Both the type of substituent groups as well as their
position(s) seemto be inportant. Conpounds which differ
fromMX only in a substitution on the 5-position of the
furanone ring (i.e 4-position of the acyclic tautoner)

di splay nutagenic potencies almost equal to that of M
Streicher (1987) explained the potencies of three such
conpounds by suggesting their susceptibility to hydrolyse to
MX. However, a change in the 4-position substituent of the
MX furanone ring can dramatically influence the potency of
the conpound. Replacing the dichloromethyl group of MK with
a chlorine, a methyl group and a chloromethyl group reduced
the mutagenicity by four, three and one order of magnitude
respectively (Meier, Blazak and Knohl, 1987; Streicher
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1987). It has been postul ated that the dichloronethyl group
of MKis in fact, the site of nucleophilic attack," and does
not nerely serve as an el ectronegative activator

Anot her decisive factor governing the activity of MXis
the cl's arrangement of the CHO” and O substituents on the
carbon-carbon doubl e bond, which is present in both the
furanone ring as well as the acyclic fornms of MX (Ishiguro
et. al., 1988). This fact is nost evident in the
nut ageni city displayed by E-MX, which has the C substituent
trans to the dichloronethyl group. The activity of E-MXis,
at the nost, about 10%of that of MX (Kronberg et. al.
1988). Further, it is inportant for the dichloronethyl
group to be alpha to the al dehyde group in the rin'g-opened
formof MK In this position, it is conceived to enhance
the electrophilicity (and hence the mutagenicity) of the
enone systemthrough its electron wthdraw ng effect
(I'shiguro et. al., 1988). Finally, there is the obvious
contribution of the three chlorine substituents, as the
furanone structure devoid of any chlorine is essentially

non- mut ageni c.

2.3 . Cenotoxic Activity.

The current concern about chlorination by-products
stens fromthe recognition that these conmpounds coul d pose a
significant health hazard to humans. Numerous studies have

conpared the mutagenic and carcinogenic properties of
treated drinking water with the raw source water. The one
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common finding is that the chlorination process itself is
responsible for the introduction of nutagens which are

general |y not present prior to this process (Cheh et. al.
1980; Loper et. al., 1985, Nestman et. al.; 1979). The

gravity of this problemcanme to |ight when a study by the
National Cancer Institute inplicated chloroform(one of the
by-products formed) as being capable of inducing

hepat ocel | ular carcinoma in mce and renal tunors in rats.
The most extensively used tool for obtaining toxicity

information on drinking water sanples has been the Anes

Sal monel la assay. Alnost all the strains recommended by Dr.
Ames and co-workers (Anes, MCann and Yamasaki, 1975; Maron
and Ames, 1983) for routine screening (TA 1535, TA 1538, TA
98, TA 97, TA 100, TA 102) have been used. TA 98 and TA 100
seemto be the nost sensitive in their ability to detect the
presence and potency of nutagenic conpounds in drinking
water (Meier, 1988) and the highest response is al most

al ways in the absence of exogenous netabolizing enzynmes, S9.
The mutagens woul d thus appear to be direct acting frane-
shift or base-pair substitution types.

2.3 (a) : CGenotoxicity of Drinking \Water/Concentrates.
Organic extracts and XAD resin concentrates of

chlorinated fulvic acid solutions, humc water and drinking
wat er have been shown to produce a dose-related increase in
the reversion, well above the spontaneous rate, in the
standard plate-incorporation Ames assay as well as the
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modi fied fluctuation assay. Another genotoxic endpoint
shown by drinking water concentrates in a mcrobial assay is
the induction of SOS response in E. coli  (Bourbigot et. al.
1986) .

Drinking water concentrates have al so been tested in
sone of the commonly used eukaryotic assay systens,
consi dered by sone to be nore relevant to human health
effects than mcrobial assays. Lang et. al. (1980) showed
that drinking water concentrates were able to transform
BALB/ C3T3 cells inzyitro. Wien transplanted to athymc
mce, these transformed cells coul d produce tunors in-vivo
(Kurzepa et. al., 1984). This ability to transforma nouse
fibroblast cell Iine (BALB/3T3) in a dose related manner was
al so shown by Loper (1978) using a reverse-0Snmosis
concentrate which was earlier shown to be nutagenic in the
Anes assay strains TA 98 and TA 100. Robinson et. al.

(1981) working with a reverse-osnosis concentrate of
drinking water fromfive cities, were able to denonstrate
that the chemcals present were primarily initiators in the
mouse skin assay rather than pronoters or conplete
carcinogens. However, the duration of the experinent was
probably not |ong enough to detect carcinogenicity, even at
doses up to 30 ng of organic material per nouse.

For purposes of conparison, other investigators have
tested the sane drinking water concentrates in nore than one
type of assay. Athanasiou and Kyrtopoul os (1983) reported
that an XAD-2 extract of chlorinated drinking water froma
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surface source was positive in the Anes assay and was abl e
to i nduce SCE and chronbsomal aberrations in CHO cells.
Wl cox and Wl lianmson (1986) tested the same XAD 2
concentrates of drinking water using in-vitro as well as in-
vivo assays. Wile the concentrates were clastogenic in CHO
cells and cultured human | ynphocytes, they were not able to
i nduce chronmpsomal aberrations in nmouse bone-marrow cells
follow ng in-vivo-oral admnistration. The authors
suggested that perhaps the clastogens were inactivated
before they could reach the target cells in the bone-marrow
This explanation is supported by In-vitro evidence as well.
Meier and Bull (1985) reported the ability of humc
acids, chlorinated at pH conditions relevant to drinking
water chlorination, to induce SCE in a manmmalian cell |ine.
However, these sane sanples could not increase the percent
of mcronucleated cells in the nouse m cronucl eus assay.
They were negative in the nouse sperm norphol ogy assay as
well. Along termcarcinogenicity study to address the
effects of chronic exposure to chlorinated drinking water
was done in The Netherlands. After 24 nonths of receiving
organi ¢ concentrates (XAD-4/8) of drinking water (nutagenic
in the Ames Assay) up to 68 times the estimted human
exposure, the test rats displayed no increases in the

i nci dence of tunors (Kool et. al., 1985)

2.3 (b) : Genotoxicity of M
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It is well established that among the identified
chlorination by-products in water, MK is the single nost
potent nutagen, contributing significantly to the total
mutagenicity of the extract. Thus, recent work on the
mutagenicity and carcinogenicity of drinking water has
focused on such properties of the pure conpound (MX).

Meier, Blazak and Knohl (1987) investigated the mutagenic
and clastogenic properties of MK, and confirmed that its
genotoxicity in-vitro is not restricted to bacterial cells
alone. MX was found to induce a dose-related increase in
the reversion rates of Ames Salnonella strains TA 1535, TA
1538, TA 92, TA 97, TA 98, TA 100, TA 102, all in the
absence of S9. This would indicate that M(is a direct-
acting nutagen capable of effecting both base-pair
substitutions as well as frame-shift nutations. M was al so
able to induce chronosomal aberrations (chromatid deletions
and chromatid exchanges) in mammalian (CHO cells. This
work al so described the acute toxicity of MX, the acute ora
LD50 (to Swiss-Vebster mice) being reported as 128
rog/ kg/ day.

Al though MX can be considered a clastogen of
conparatively high activity, it failed to induce mecronuclei
in nmouse bone-marrow in-vivo even at the highest
admni stered dose (70%of the LD'q, sacrificed after 72
hours). Thus, the authors concluded that ".. .M fits into a
fairly large category of chemcals that are clastogenic and
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mutagenic in~vitro but are inactive for rodent bone-marrow

The genotoxic potential of MX was further confirned by
Brunborg et. al. (1988). They indicated that M coul d
induce SCE in cultured mammalian cells (V79) at very |ow
levels (2-5 uM. Hgher concentrations of MX bl ocked norma
mtosis and therefore, gene nutations could not be
registered. M was also found to induce DNA damage in rat
testicular cells.

Finally, the fate of MK in~vivo has been recently
reported by Kopfler et. al. (1988). They concluded that MX
was not active in the nouse mcronucleus assay (in which the
target cells are developing erythrocytes in the bone-marrow
probably because it is inactivated before reaching the
target cells. MXis a very reactive electrophile and can be
inactivated by reactions with nucleophiles |ike
di ethyl dithiocarbamate and gl uthathione. As for its
absorption/distribution, most of the 8 ng gavage dose was
excreted or expired. After sacrifice at 48 hours, the
carcass and internal organs of the rats contained only about
8% of the dose (mainly in the kidney and liver). The

gastrointestinal tract had nuclear anomalies followi ng ora

adm ni strati on.
Based on a literature review, it woul d appear that

al though chlorinated drinking water contains conpounds

having nutagenic and clastogenic potential, their in-vivo
effects have yet to be conclusively determ ned.
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2.4 : Analytical Techniques.

2.4 (a) : Concentration and Extraction of Organics.

Organic conpounds in drinking water are present at very
| ow concentrations (1 ug/liter or less). Loper (1981)
pointed out that at such typical concentrations, the
nutagens are not likely to be detected by the Ames assay.
Even the use of the modified mcroscale fluctuation assay
whi ch directly incorporates unconcentrated water sanples ,
has proven unsuccessful in detecting nutagens (Foster et.
al ., 1983; Mnarco et. al., 1985). Thus, to nmake conpounds
amenabl e to anal ytical and nutagenicity testing, they have
to be isolated and concentrated fromthe water sanples. Two
very inportant features of the concentration nmethod were
outlined by Kronberg (1987); (a) the method shoul d give high
recoveries of a wide range of organics since the attenpt is
to "capture" conmpounds with unknown structures and
properties, and (b) the organic solvent to be used in the
concentration procedure should be compatible with both the
i ntended bioassay and the anal ytical nethod (or be easily
exchangeabl e to another solvent since the chemcal as well
as the nutagenicity analyses are to be done on the sane

concentrate).

Some of the nethods which have been in comon use are

freeze-drying, reverse-osmosis, liquid-liquid extraction and

binding to different solid-phase adsorbents. Concentration
methods are selective in the types and amounts of conpounds
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recovered. Wlcox et. al. (1986) noted that differences in
the types and |evels of genotoxic activity are probably a
reflection of this fact rather than due to real differences
in the conposition of the water sanples. The nost widely
used concentration method seens to be adsorption of the
organi cs onto macroreticul ar XAD resins (Kronberg, 1987,
Meier, 1988). These non-ionic resins give efficient
recoveries for both non-polar conpounds (XAD-2 and" XAD-4)
and al so conpounds of intermediate polarity (XAD-7 and XAD
8). The adsorbed material is then eluted with an organic
sol vent which subsequently can be evaporated to obtain the
extract. |t appears that an eqi-weight mxture of XAD-4 and
XAD-8 resins is the most effective in terms of recovering
mitagenicity. Liquid-liquid extraction with diethyl ether
i's also considered as effective as using XAD. The pH of the
water sanple however seens to be critical in governing this
efficiency (Kronberg, 1987).

Sanple acidification prior to concentration (by XAD or
liquid-liquidextraction) results in a higher recovery of
organics and a higher nutagenic activity as well. This
preferential isolation of nutagenicity (fromchlorinated
water) at acidic pHas conpared to neutral pH suggests that
acidic organic conpounds are responsible for the activity.
The ionization of acidic conpounds is suppressed at |ow pH
conditions, making their adsorption to XAD resins stronger.
The adsorption of neutral conpounds however occurs
i ndependent of pH In liquid-liquidextractions, the
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polarity of the solvent being used is also inportant in
addition to pH Wile acidic nutagens are recovered by
pol ar solvents like diethyl ether, the neutral conpounds are
extractable with non-polar solvents |ike hexane.

These adsorption and extractability studies have
indicated the existence of two distinct classes of nutagens
in chlorinated drinking and humc waters, one with acidic
and the other with neutral properties (Wgilius et. al.,
1985; Maruoka, 1986; Kronberg, 1987, Ringhand et. al.

1987). A conparison of neutral and acidic concentrates
indicates that the acidic fraction is about 7-10 times nore
mut ageni ¢ (Kronberg et. al., 1985, Mnarca et. al., 1985;
Meier et. al., 1986 Ringhand et. al., 1987). The
identification of MX an acidic chlorinated furanone, as a
maj or contributor to the nutagenicity of drinking water has

further confirnmed this view

2.4 (b) : GO M Anal yses and Quantitation

Non-vol atile conpounds are responsible for nost of the
mutagenic activity found in chlorinated water extracts. The
earlier enphasis on the trihal onmethanes (THVs) was' partly
due to the fact that these conpounds were easily quantified
by GC procedures. However, by conparing the total amount of
organi ¢ halogen (TOX) produced in drinking water treatnent
to the levels of THW formed, Oiver (1978) and G aze et.al.
(1980) found the amounts of TOX to be larger than the TH\.
Thi s suggested the need to consider the inportance of the
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non-vol atile by-product conpounds as well. Kopfler et. al.
(1985) were able to show that most of the mutagenicity is
not associated wth conpounds which can be identified by

G MS anal yses (at least not in their underivatized state).
They were able to trap the gas streamexiting the GC system
and show that it contained |ess than 10%of the nutagenicity
in the original extract (of a chlorinated humc acid
solution). Lyophilization of this same material however
recovered about 90% of the nmutagenic activity. This
inability to recover nost of the nutagenic activity

fol lowng direct GCinjection has also been reported by
other investigators (Coleman et. al., 1984; Meier et. al.
1985; Kringstad et. al., 1983). Hence, in order to identify
the nutagens by GO/ MS anal yses, properties such as their
non-volatility, heat lability, polarity and acidic nature
must be circunvented. One principal method used to overcone
this problemhas been solvent extraction fol | owed by
derivatization and then GJMS (Norwood et. al., 1983).
Suitable derivatives can be prepared which will provide
enhanced volatility and thus convert the nutagens into gas
chromat ogr aphabl e conpounds.  Some of the derivatization
choi ces are acetylation of the hydroxyl groups and
methylation of the free acids. A large nunber of non-
volatile aliphatic hal ogenated by-products have been
|dentified by such extraction-nethylation-GCO/ NS analysis
procedures. Christman and co-workers (Christman et. al.
1983; Johnson et. al., 1982 and Norwood et. al., 1983)
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identified more than 100 different by-products (fromthe
chlorination of isolated aquatic humc and fulvic acids) by
GC/ M5 methods.  The dom nant conpounds were chl orof orm
br omodi chl or onet hane, chloral (trichloroethanal),
di chl oroacetic acid (DCA), trichloroacetic acid (TCA),
di chl orosuccinic acid and dichloromalonic acid. A further
exanple is the finding that the identification of MK in the
mutageni ¢ fractions required derivatization by nethylation
and analysis as the methyl ether (Holmbomet. al., 1984).
The use of GO/ MS anal yses to detect and quantify MX and
E-MX in water has been well described in Kronberg's work
(Kronberg et. al., 1987; Kronberg, 1987). Identification of
MX and E-MX was carried out by SIM (selected ion nmonitoring)
node GC/ M5 anal yses. The mass spectrometer was operated
alternatively in the electron inpact (El) positive or
negative ion chemcal ionization nodes. Presence of these
conpounds was confirmed by positive matching of the
retention tines of the ions and the methylated standard MX
or E-MX (in the reconstructed ion chromatograns) as well as
positive matching of the relative peak area ratios.
Quantitation of MX and E-MX was done by reference to an
internal standard, nucobromic acid (MA), which was added to
the extracts or fractions prior to methylation. It should
be recogni zed here that even after derivatization of
conpounds to increase volatility, over 80%of the organic
matter in drinking water is still not amenable to GC/MS for
structural elucidation (Fawell and Fielding, 1985).
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2.4 (c) : HPLC Separation-Bioassay (coupled) Procedure

In the preceding discussion, it was pointed out that
drinking water contains a [arge portion of organic chemcals
which are not amenable to GC-MS directly due to their
insufficient volatily and thernmal instability (Fawell and
Fielding, 1985). Hgh performance |iquid chromatography
(HPLC) is a separation technique which by operating at
anbient tenperatures with liquid nobile phases, overcones
this [imtation. Since water contains a very large amount
of organic conpounds, it becomes necessary to separate the

mut ageni ¢ conpounds from the non-nutageni ¢ conpounds. HPLC
separation of extracts of water provides fractions of

interest (fractionated in sem-preparative or analytica

col utms) which can then be examned directly, or with
derivatization by M5. HPLC has been w dely used to
fractionate drinking water organics (Crathorne et. al.

1979, 1984) and to obtain fractions of chlorinated drinking
wat er for nutagenicity testing (Horth et. al., 1985).

An effective way of elimnating those conpounds which
are not nutagenic froma conplex mxture is to fractionate
the material with respect to nutagenicity using HPLC.  This
bi oassay- directed separation can pinpoint a fraction
containing only a fewrelatively potent conpounds which,
while being present at |ow concentrations, may still be the
main contributors to the overall nutagenicity of the
mxture. Wth respect to chlorinated waters, this procedure
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general |y starts with sorption/desorption on XAD resins,
liquid-liquidextraction followed by repeated TLC and/ or
HPLC separations into smaller active subtractions. The
structural determnation of the mutagen(s) is then attenpted
with spectrometric studies of the nutagenic subtraction.
Sone of the major nutagens identified using this approach
have been 3-(2-chloroethoxy)-1, 2-dichl oropropene in a
chloroformextract of drinking water (Tabor and Loper

1980), MXin kraft chlorination liquors (Holnbomet. al.
1984), and MX and E-MX in chlorinated humc water (Kronberg
et. al., 1987). Thus, the HPLC technique provides a way to
deal with the non-volatile conpounds. Fielding and Horth
(1986) pointed out that the nutagenic fractions obtained by
their HPLC separation work did not contain the volatile

mutagens (ex. chloral, chlorodibromonethane and chlorof orm
whi ch had been identified earlier in extracts of the sane

drinking water by GC/ M5 techniques.

2.4 (d) ; Mitagenicity Analysis: The Ames Assay.

The presence of genotoxic materials in drinking water
may cause potentially adverse human health effects. Bul
et. al. (1982) suggested that appropriate bioassays be used
to screen raw and finished drinking water for genotoxic

activity. This, used in addition to chemcal analysis for
known individual nutagens and carcinogens, allows for the

complex mxture of chemcals (in water) to be characterized
W th respect to genotoxicity.
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I nformation on the genotoxicity and nutagenicity of
drinking water sanples has been obtained, to date, primarily
by the use of the Ames Sal monel | a/ mi crosome nutagenicity
assay (Kool et. al.,1983; Meier et. al., 1985 Meier, 1988).
However, evidence from manmalian and eukaryotic assays
indicates that the genotoxic activity is not restricted to
just bacterial mutagenicity alone (Meier, 1988). The Ames
assay has been used to demonstrate the nutagenicity produced
by chlorination of drinking water, humc substances
(Kronberg et. al., 1985) and pul ping process effluents
(Hol mbomet. al., 1984). The conmon choice of the Ames
assay in prelimnary screening of unknowns is a reflection
of its utility in being able to detect a range of chemcals
qui ckl'y and economcally. It may also be possible to use
the exogenous xenobiotic netabolizing enzynes system (S9),
to determne the effect of mammalian netabolic
activation/inactivation on the nutagen. Initial validation
of the Ames assay showed that it was considerably sensitive
and specific (estimited at 85-90%and 74-87%respectively)
In detecting carcinogens as being nutagens (Mcann and Anes,
1976; Sugimura et. al., 1976). Recent evidence however
indicates a substantially lower correlation. Tennant et.
al. (1987) evaluated four in-vitro short-term genotoxic
assays (including the Ames assay) for their ability to
predict carcinogenicity of a nunber of chemcals in rodents.
The Anes assay al one had a positive predictive value of 62%
whi ch was neither exceeded by any of the others, nor
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i mproved upon by a battery of the tests together. However,
it nust be noted that certain known human carcinogens, as

wel | as epigenetic carcinogens are not detected by the Ames

assay.

The Ames assay utilizes Salmonella typhinurium strains
whi ch carry a specific nutation in certain genes that code
for enzymes required in histidine production (histidine
operon). Thus, the cells are unable to growin the absence
of histidine inthe culture media. The assay essentially
measures back mutation, wherein restoration of the norma
gene function occurs. Such cells, regaining histidine-

i ndependence, are able to grow and formvisible colonies on
histidine-free media. Exposure of these constructed
Salmonel la strains to nutagenic agents induces an increase
in the frequency of back-nutation, distinctly above the
spontaneous rate. In addition to the histidine mutation,
the standard tester strains also contain other nutations

that greatly enhance their ability to detect mutagens (Maron
and Anes, 1983).

There are a nunber of different standard tester strains
of Salmonella typhinurium which respond to different types
of changes in their genetic material. The strain TA 98
detects agents causing frame-shift nutations while TA 100
and TA 102, base-pair substitutions. TA 100 detects
mut agens which effect base-pair substitution at the GC
pairs while TA 102 detects those affecting the A-T pairs.
Some nutagens are known to react preferentially at the AT
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base-pair (Levin et. al., 1982). |In addition, TA 102 can be
used to identify nutagens which operate through oxidative
damage. It is now recommended that TA 102, in addition to
TA 98 and TA 100, be used for all routine screening. This
IS especially inportant in evaluating nutagenic by-products

fromthe use of disinfectants other than chlorine (Meier
1988) .
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111: APPROACH.

Non- MX nutagenicity is a termused here to describe the
mutagenic activity of chlorinated fulvic acids, humc water
or drinking water that is not accounted for by the
i dentified mutagens. The nmost potent nutagen among the
known conmpounds, MX, accounts for (on an average) about one-
third of the total nutagenicity present in an organic
extract of chlorinated water. The remaining identified
conpounds are relatively weak mutagens, and even
col | ectively, account for barely a few percent of the
mutageni ¢ activity. Thus, the remaining two-thirds of the
activity can be considered "non-MX nutagenicity",
contributed by conpounds yet to be identified.

Some of the responsible conpounds may be simlar to M,
particularly in having the structural configurations
critical for high activity. It is conceivable that such MX
anal ogues exist in water wth M. On the other hand, the
unknown mutagens while not structurally related, may just
share some of the physico-chemcal properties of M. Hence,
it may be possible to separate and identify themusing a
scheme simlar to that which was successful in identifying

MX.
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3.1: Formation of MX and MX Anal ogues during

Chl ori nati on.

The activity of MX |ike many other potent nutagens, is
dictated by certain critical structural arrangenments.
Previous research has shown that the two nost inportant
features which bestow upon MX its extreme nutagenicity are
the dichloronethyl group at the 3-position, which has to be
al pha to the al dehyde group in the open formof MX and the
S arrangement of the CHCI2 and O groups around the
car bon- car bon doubl e bond (see section 2.2). Considering
its potency, it is conceivable that the unknown nmutagens may
be structurally simlar to M. The only conpounds possibly
fulfilling the structural requirenents mentioned above are
the MX anal ogues in which the al dehyde has been reduced to
an al cohol group (red-MX), or oxidized to a carboxyl group
(ox- MX) .

The mechani sns of nutagen formation known so far
indicate that MK is an internediate of certain oxidation
reactions in water. It is also known that MX results from
the oxidation of humc macronol ecul ar carbon, presunmably
through intermediate steps and conpounds. Therefore, it is
concei vabl e that red-MX coul d be present as an oxidized form
of the humc macromol ecul e but as a reduced precursor of M

Simlarly, M itself could be the reduced precursor of ox- M


NEATPAGEINFO:id=CE556BCB-1F9F-4660-8AF1-FAB4FE76991A


30

(oxidized MX). In water, this red-ox relationship could be

descri bed as

Macronol ecule  --A red-MX  --A WX A oox- WX

Chlorine, being a good oxidant, would thus force the
reaction to the right, formng red-M, MX and ox-MX among
perhaps other internediates. The actual humc and chlorine
concentrations woul d affect the equilibriumconditions and
at equilibrium one or more of these conpounds may be
present in very small quantities. Another aspect of this
equilibriumto consider is that when present in water, MXis
al ways acconpanied by its geonetric isoner, EEMX. It is
likely that the reduced and oxidized forms of E-MX (red-EMX
and ox-EMX respectively) are also formed as internediates.
Further, since MX and E-MX do isomerize in aqueous
sol utions, red-MX and ox-MX can al so be expected to
transforminto their respective E-isomers. The entire
relationship, taking both red-ox and isomerization into
consi deration, can be witten as

Macr onol ecul e 2L red-MX & MX <£-ox- MW

red-EMX <-E-MX -€ ox-EMX

Thus, the structures which may be present in water are

i[lustrated in Fig. 2. It nust be borne in mnd however,
that there is little information on the kinetics involved.
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and therefore, definitive reaction schemes cannot be
witten. Furthernore, we are very limted in our know edge
of the structure and influence of the precursor humc
macromol ecul es, and their role in the formation of- such by-

product comnpounds.

3.2: Mutagenicity Directed Sub-fractionation.

Dependi ng on the chlorination conditions and the TOC
content, it is possible to obtain a chlorinated fulvic acid
sanple which is high in nutagenicity but (sinultaneously)
lowin MK Afulvic acid solution, with a high TOC content,
will, upon chlorination, yield a conparatively |arge nunber
of organo-halide conpounds. |f the concentration of MXis
smal| in conparison to a relatively high overal
mitagenicity, this would indicate that the extract, contains
many conpounds (mutagens) of interest. The coupled HPLC
Bi oassay procedure can thus be used to obtain active
subtractions which are relatively free of MX as well as
other non-nutagenic organic material. Wen sufficiently
"pure", these active sub-fractions can be subjected to GJ M
anal yses for structural determnation.
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I V: EXPERI MENTAL

4.1 : Materi al s.

For the Ames assay, Salnonella typhinmurium strains TA
98, TA 100 and TA 102 were obtained fromDr. Bruce- Ames,
University of California at Berkeley. Sodium azide and 2-
nitrofluorene were purchased fromA drich (MIwaukee, W),
2-anthramne and 1,8 di hydroxyant hraqui none (Danthron) from
Sigma Chemcal Co. (St. Louis, M) and Daunonycin from Fl uka
Chemcal Corp. (Ronkokoma, NY). Oxoid Nutrient Broth #2 was
obtained from Oxoid, Ltd. (Basingstoke, Hants, England) and
Bacto agar fromDifco Laboratories (Detroit, M). Molecular
bi ol ogy grade DMSO was purchased from Fi sher Biotech.
Chem cals for the VBME solution were all obtained from
Fisher Scientific (Fairlawn, NJ). The NADP and G ucose- 6-
Phosphate were ordered from Boehringer Mannhei m (West
Germany). The 39 used was fromthe livers of Aroclor-1254-
treated male Sprague-Dawl ey rats and was purchased from
Mol t ox (Col | ege Park, MD).

HPLC grade acetonitrile and ethyl acetate were obtained
fromFisher Scientific (Fairlawn, NJ). Ethyl ether was from
Burdi ck & Jackson (Miskegon, M). The sodium hypochlorite

and pot assi um phosphate were al so purchased from Fi sher


NEATPAGEINFO:id=A3AC84D3-69C6-4C06-8271-2F543A5CDA35


34

Scientific (Pittsburgh, PA). The XAD resins were Xnberlite
(Rohm & Haas, Phil adel phia).

The MX anal ogues were synthesized by Dr. Leif Kronberg

using MX which in turn had been synthesized by the nethod of
Padmapriya, et.al. (1985).

4.2 . Chlorination and Extraction of Seunples.

Al the chlorination was done wth sodi um hypochlorite.
The concentration of the sodi umhypochlorite solution was
determned by the DPD Ferrous Titrimetric Method (Std.
Met hods, 408D) as was the residual chlorine in the
chlorinated sanples. The TOC content of the sanples was
anal ysed by the persul fate oxidation method using 01 Corp.
TOC700 TOC anal yzer. The C12/TCC ratios were on a weight to

wei ght basi s.

4.2 (a) : Humc Water Sanple.

The humc water sanmple was natural freshwater with a
high content of hum c substances (TOC =20 ng/L) col | ected
froma marshy |ake (Lake Savojaeri) in southwest Finland.
The | ake did not receive any nunicipal or industrial water

effluents. The water was chlorinated at a 1.1 G2/ TQC ratio
(on a weight to weight basis) while being buffered at

pH 7.0 £0.2 (wth potassium phosphate buffer). The reaction
was allowed to go on for 60 hours at anbient tenperature in
the dark, at the end of which the total chlorine residual
was less than 0.1 ng/L. The water was then acidified to
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pH 2.0 by adding 4N HO . The nutagens were concentrated by
passing the acidified humc water through a col um of XAD-4
and XAD-8 resins (1.1 volume mxture) at a flowrate of one
bedvol ume/mn (20 m/mn). Residual water remaining in the
colum was renoved with a gentle streamof nitrogen. The
absorbed organi cs were subsequently eluted in the reverse
direction with 3 bedvolumes of ethyl acetate. The extract
was then concentrated further by evaporation and its fina
vol une adj usted such that 1 m of ethyl acetate equalled

1 liter of original humc water. This extract of

chlorinated humc water is referred to, in parts of this
report, as HW

4.2 (b) : Fulvic Acids Seunple.

The fulvic acids were extracted froma highly col ored
natural |ake water (Lake Drunmond, VA) using the isolation
met hod of Thurman and Mal col m (1981).

They were then dissolved in distilled water to give a
working sanple with a TOC of 2.5 g/liter. A portion of this
sanpl e was subdivided into 8 aliquots , 4 of which were
adj usted to pH 7.0 using potassium phosphate buffer, while
the other 4 were adjusted to pH2.0 wth 4N HJ. At each
pH the 4 aliquots were chlorinated (wth sodium
hypochlorite solution) at C12/TQC ratios (wt./wt.) of 0.5,
1.0, 1.5, and 2.0 respectively. These were designated
sanples A, B, C Dfor pH7.0 and sanples E F, G Hfor pH
2.0, inincreasing C2/TQC ratios. The reactions were
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pH 2.0 by adding 4N HO. The nutagens were concentrated by
passing the acidified humc water through a colum of XAD-4
and XAD-8 resins (1.1 volume mxture) at a flowrate of one
bedvol ume/mn (20 m/mn). Residual water remaining in the
col um was removed with a gentle streamof nitrogen. The
absorbed organi cs were subsequently eluted in the reverse
direction with 3 bedvol umes of ethyl acetate. The extract
was then concentrated further by evaporation and its fina
vol ume adj usted such that 1 m of ethyl acetate equalled

1 liter of original humc water. This extract of

chlorinated humc water is referred to, in parts of this
report, as HW

4.2 (b) : Fulvic Acids Sanple.

The fulvic acids were extracted froma highly col ored
natural |ake water (Lake Drumond, VA) using the isolation
met hod of Thurnman and Ml col m (1981).

They were then dissolved in distilled water to give a
working sanple with a TOC of 2.5 g/liter. Aportion of this
sanpl e was subdivided into 8 aliquots , 4 of which were
adjusted to pH 7.0 using potassium phosphate buffer, while
the other 4 were adjusted to pH2.0 with 4NHCO. At each
pH the 4 aliquots were chlorinated (wth sodium
hypochlorite solution) at Q2/TQC ratios (w./wt.) of 0.5,
1.0, 1.5, and 2.0 respectively. These were designated
sanples A, B, C, Dfor pH7.0 and sanples E, F, G Hfor pH
2.0, inincreasing Q2/TCC ratios. The reactions were
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al lowed to proceed at ambient tenperatures in the dark for
60 hours. Al the samples were then acidified to pH 2.0
wth 4N HO and extracted 3 times with diethyl ether. The
extracts were conbined, evaporated to dryness, and
redissolved in ethyl acetate. The volune was adjusted such
that 1 m of ethyl acetate =1 liter of water with a TOC =
20 ing/liter. The fulvic acid sanple, chiorinated at pH 2.0
and at a CI2/TQC ratio of 2, is referred to as FA or as

Sanpl e H.

4.2 (c) : Drinking Water Sanple.

The drinking water samples were collected directly from
the distribution system(i.e., tap water) in Chapel HII,
North Carolina. The water treatment plant (OWASA) uses
surface water with a TOC of approximately 5 ng/liter and

chlorinates at approximtely 5 ny C12 per liter of raw
water. The water sanples were stored for 24 hours in a

decanter glass in order to evaporate the residual chlorine.
Subsequently, the pHof the water sanples was adjusted to
pH 2.0 with AN HO. The extracts were obtained by the
procedure described for the humc water sanple. This
extract of drinking water is referred to hereafter as DrW

4.3 . Hgh Performance Liquid chromatographic

Separ at i on.

First, aliquots of the aqueous sample H were adj usted
to pH 6.0, 5.5 5.0, 4.5 4.0, 3.5 and 2.0. Each of these
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were extracted with diethyl ether. The nutagenic activity
of each extract was determned by the Ames assay, while the
MX concentration was determned by GO M anal ysis.

The FA or sanple H extract was fractionated using
Reverse- Phase HPLC. Separation was achieved on a Varian
LC-5000 (Palo Alto, CA) equipped with a six port Rheodyne

injector. The first fractionation was done on a (g

anal ytical colum (Phase Sep. Spherisorb 5Cy, 4.5 x 250 m)
fitted wth a 4.5 x 50 nmpellicular CDS precolum. The

el uent systemfor this separation is described as Programl.
The second fractionation was achieved on a C's anal ytica

colum (Alltech, Econosphere 5C-j*g, 4.5 x 250 mm) also fitted
with a 4.5 X 50 nmpellicular ODS precolum. The successful

el uent systemis described as Program|Il. HPLC effluent was
nmonitored at 230 nmwavel ength using a Perkin-El ner LC 85B
Spect rophotometric Detector with an LC-85 autocontro
(Norwal k, CT), and recorded on a Perkin-El nmer 561 recorder.
A suitable portion of the extract (equivalent to 1000-
1500 nL of the original solution) was evaporated and
redissolved ina 1:1 mxture of acetonitrile (ACN) and the
0.1 M potassium phosphate buffer. Then, about 33 0 ul was
injected via a 500 jjI1 loop. Chromatographic fractions were
col lected manual |y based on W absorbance peaks obtai ned
during a prior trial separation. Three portions of the
extract (33 0 ul each) were injected and separated
individually so as to avoid overloading the colum. The
corresponding fractions collected fromeach chromatographic
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run were then conbined. Each fraction was subsequent|y
acidified to pH 2.0 with 4N HO and repeatedly extracted
using diethyl ether. The ether extracts were evaporated to
dryness, the residue redissolved in ethyl acetate and
refrigerated until further use.

Program| : Separation of Sanp
ngglytICFLtfgkuanO&) cetonp?!lle (ACN)
and 80% pot assi um phosphate buffer
(0.1 M pH 6.0)

Program || : Separat|on of

?t“gp%”éey‘ 'S8 eﬁ%" el on°W ¢ RLefof -
ri

and 0.1 M potassi um phos phate
buffer (pH 6.0)

0-11 mn: 100% buf fer
11-21 mn: 90% buffer 10% ACN
22-32 mn: 80% buffer 20% ACN
33-43 min: 70% buffer 30% ACN
44-54 mn: 60% buffer 40% ACN

54-64 min: 60%buffer up to 100% buffer

4.4 . Synthesis.

The MX anal ogues were synthesized, characterized
(section 4.4), and quantified in the chlorinated sanples
(section 4.5) by Dr. Leif Kronberg, Abo Akadem, Turku
Finland; visiting scholar (1988-1989), Departnent of

Environnental Sciences and Engineering, University of North
Carolina at Chapel HII.

4.4 (a) : ox-MX

(Z)-2- Chl oro-3-(dichloronet hyl)-butenedioic acid
(ox-MX) was obtained by the oxidation of M. 48 ng
(185 /xmol) of MK was treated wth 2 m of fumng nitric acid
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at 70°C for 24 hours. After cooling inice and diluting it
with 20 m of ice-cold water, the reaction mxture was
extracted 3 times with diethyl ether. The ether extracts
were combined, washed with 0.01 MHCO and subsequently
evaporated to dryness. Recrystallization from

di chl or omet hane yi el ded the pure conpound (9.1 ny,

yield = 21%. The electron-inpact mass spectrumof the
conpound is presented in Figure 3. This mass spectrum
represents the anhydride of ox-MX since ox-MX | oses a

nol ecul e of water upon heating in the M5 inlet probe (or
GC-intector). The H NVR spectrumof the conpound (obtained
at 400 Mz, XL-400, Varian Associates, Palo Alto, CA) showed

the resonance signal of the proton in the dichloronethyl
group to appear at 6 6.2.

4.4 (b) : red- MK

3-Chl oro-4-(dichloronmethyl)-2(5H)-furanone (red-MX) was
obtained by the reduction of M. 20 ng (93 jumol) of MX was
treated with al um numisopropoxide (225 /imol) in isopropano
(the Meerwein-Ponndorf reduction) for 2 hours at 70°C.  The
reaction was stopped by adding ice and 4N HC. The
acidified mxture was then heated to 50°C for a few mnutes
and then cool ed again. Subsequently, it was extracted 3
times with diethyl ether. The extracts were conbined,
washed with 0.01 N HC, and the ether evaporated to obtain
the crude product. This was further purified on 6 g of S Q
using dichl oronet hane-hexane (1:1) as eluent. The yield of
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the pure conpound was 17.3% The el ectron-inpact mass
spectrumof red-MKis shown in Figure 4. The?' "H NVR
resonance signal of the dichloronethyl group was observed at

S6.74 (IH and of the protons in the lactone ring at 8 5.16
(2H).

4.4 (c) : ox-EMX

(E)-2- Chloro-3-(dichl oromet hyl)-but enedi oi ¢ acid
(ox-EMX) was obtained fromthe oxidation of EEMX. 10 ny
(46.3 /inol) of E-MK was treated with 5 ng (56 /Ltnol) of

NaC102 in water with resorcinol as chlorine scavenger. The
reaction was allowed to proceed at pH 3.5 for 2.5 hours.

Subsequent |y, the pHof the mxture was raised to 4.5 and
the first diethyl-ether extraction was carried out. This
ether extract was discarded, the pH of the solution was

| owered to pH 2.0 and the diethyl ether extraction was
repeated. This second extract was washed with 0.01 N HC
and, upon evaporation of the ether, the crude conpound was
recrystallized fromdichloromethane. Finally, the crystals
were washed with CO7.  The yield of ox-EMK was 20% The

el ectron-inpact mass spectrumof ox-EMXis givenin

Figure 5. The “H NVR resonance signal of the dichl oronethyl

group was observed at S 5. 6.

The attenpts to synthesize (E)-2-Chloro-3-

(dichl oromethyl)-4-hydroxy-butenoic acid (red-EMX) were
unsuccessful. Reduction of E-MX by treatment with alum num
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| sopropoxi de in isopropanol and with NaBH* in a mxture of

| sopropanol and water did not yield red-EMX as indicated by
GC-MS anal yses. The second reaction neverthel ess produced a
conpound which could be an isoner of red-MX. It had an

| dentical mass spectrumplus a chlorine ion cluster at

mass/ charge ratios of 121 and 12 3.

4.5 . Derivatization and Gas- Chromat ography/ Mass
Spectronetry Anal yses.

To prepare the chlorinated humc water, fulvic acid,
and drinking water sanples for GO/ MS anal yses, their
extracts were evaporated to dryness and the residues were
methylated using 250 fiL of the respective nethylation agent
(see Table 1). In order to detect and quantify MX and E-MX
by SIMnode GO/ MS anal ysis, the extracts (ether or XAD
extracts) were nmethylated using 2% (vol ume/vol ume)" H2SO4 in
net hanol. The reaction was allowed to proceed for 1 hour at
70°C.  The reaction mxture was neutralized by the addition
of 2% aqueous NaHC03 and subsequent|y extracted tw ce using
n-hexane (2 x 250 /xL) . For the determnation of the
synt hesi zed ox-MX and ox-EMX in the sanples, the extracts

were methylated with BF3 (12% by weight) in methanol. This
reaction was allowed to go on for 12 hours at 70°C. The

reaction mxture was simlarly neutralized and extracted.
The hexane extracts, conbined for each sanple, were
concentrated under a streamof nitrogen before being

injected intothe GC Quantitative determnation of the
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conpounds was carried out by reference to an interna
standard, nucobromc acid (MBA), added to the extracts in
known anounts.

The anal ysis of red-MX was carried out in unnethylated
extracts using 2, 3-dibrono-2(5H)-furanone (red-MA) as an

internal standard. Attenpts were also made to anal yze ox- MX
in unmethyl ated extracts, again, using red-MBA as the

i nternal standard.

The GO M5 anal yses of these extracts were perforned on
a Hewl ett-Packard 5890 capillary gas chromatograph
interfaced with a VG 70 - 250 SEQ mass spectroneter. The
conditions for the analyses are given in Table 1. For
qualitative and quantitative determnation, the M5 was
operated in the selected ion nonitoring (SIM node, and the
i on peaks nonitored are listed in Table 2. The SIMdata was
recorded and conputed using the standard SIMroutine of the
VG 11-250J data system Response factors for the ions were
cal cul ated versus the respective internal standard, (Table 2)
and the identification of the conpounds in the extracts was
based on positive matching of retention times and of
relative ion peak area ratios.

For the synthesized conpounds (reaction mxtures), the
GC anal ysi s was done on a Carlo-Erba HRGC 5160 capillary gas
chromat ograph equipped with a DB-1 fused silica capillary
colum (30 mlong). Separation of ox-MX and ox- EMX was
attenpted on DB-1/30m DB-17/30m DB- 1701/ 15m SP-2340/ 30m

and DB-5/60m col unmns.
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TABLE 1.

Conpound

EMX

red- MX

OX- MX

OX- MX

ox- EMX

I nt er nal
St andar d

NMBA

red- MBA

r ed- VMBA

NVBA

Col um
Il nit
C

DB-1/30m 115

mn

3

DB-1/30m 100 3

DB-1/30m 110

DB-5/60m 160

3

3

Terrperature Program.
Hol d Rat’e Fi nal
Cmn Cmn

165

6 135

130

3 190

Ret enti on
Hol d

Derivatization Agents and GC Conditions
for SIM Mdde GO/ M5 Anal yses

NMBA

EMX 10:

r ed- MBA
r ed- MX

: 05

7:18

: 57
1 46

red- MBA 5: 42

ox- MX

4: 35

VMBA 8: 1.2

ox- EMX 10: 02

ox- MX

10: 07

Derivatization
Ti me Agent
Conpound M n.

2% H2SO4

in MeOH

BFg- MeCH


NEATPAGEINFO:id=1DDA8395-C9C0-482B-8E17-D422D5F157DB


TABLE 2. | on Peaks Used and Rel ative Ratios Found for the SIM Mde GJ M
Anal yses of MX and the MX Anal ogues in Chlorinated Water

Rel ati ve Peak Area Rati os

Response Spi ke Spi ke
Conpound Fragnenti on Mz Fact or Std FA HW DW level 1 level 2
MX OCH3 198. 9120 0. 58 0. 432 0. 62 0. 39
M 200. 9091 1.26 1. 00 1.00 1.00 1.00
202. 9061 0. 60 0.72 0. 60 0. 45
EMX M OCH 244. 9537 3. 36 1.00 1.00 1. 00 1. 00
246. 9510 0.92 0. 88 0. 94 0.94
r ed- MX M d 164. 9510 1.52 1.49 1.60 2. 15* 1.65
166. 9481 1. 00 1.00 1.00 1.00 1. 00
M CHO 170.9171 0.62 0. 56 0. 67 0. 64 0.52 .
172. 9142 0.59 0. 48 0. 58 0.58 0. 50
138 199. 9169 0. 40 /%) nm 0. 34 0.28
201. 9196 0.39 /%) nm 0.37 0.31
ox- MX M COR 169. 9093 0. 43 0. 40 0.37 0.43 0. 39 0. 46
(anhydri de) 171. 9063 0.37 0.34 0. 36 0.37 0. 36 0.43
M 178. 9303 0. 10 1.00 1.00 1.00 1.00 1. 00 1. 00
180. 9973 0.74 0.62 0. 65 0.68 0.70 0.68
i+ 213. 8991 0.19 0. 22 0. 20 0. 20 0.21 0.15
215. 8962 0.16 0.18 0. 16 0.25 0.14 0.19
ox- MX M COOCH® 200. 9277 0.76 3.79**  0.24** 1.16 0.78 0.78
(met hyl at ed) A 202. 9247 0. 65 2.79**  0.30** 0.62 0. 89 0.73
M d 224, 9722 1.18 0. 42 0. 60 1. 75*%* 1.09 0.98
226. 9692 0.58 0.19 0. 35 0. 46 0.57 0. 64
CcH3 227.9148 0.97 1.03 1.23 1.01 0.95 0.98
M OH 228. 9226 1.08 1.41 0. 96 0. 69 1.16 1.07
M CI:H?) 229.9118 0. 60 1. OO0 1. 00 1. 00 1. 00 1. 00 1. 00
230. 9197 1.01 1.57 1.13 * 0.88 0. 86
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Tabl e 2 (Conti nued)

Rel ati ve Peak Area Rati os

DWW DwW
Response Spi ke Spi ke

Con'pound Fr agn'ent i on MZ Fact or Std FA HwW DwW Level 1 Level 2
ox- EMX C(I] B 200. 9277 0. 96 1. 03 1.11 1.10

M 202. 9247 0. 50 1. 00 1. 00 1. 00 1. 00

CDI |3 224. 9722 0. 87 0. 70 0.71 0. 79

M 226. 9692 0. 39 0. 43 0. 48 0. 40
NMBA M OCH3 240. 8325
r ed- VBA M Br 160. 9239

) Interference

nnE not neasur ed

akit

) Interference from ox- EMX

) Bespanse, 1261 1=, fAeqmpgr O, ) (Gt At ) vhere
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4.6 : Mutagenicity (Ames) Assay.

The bacterial nutagenicity of red-MX, ox-MX, and ox- EMX
was tested in the constructed Sal monella typhinurium strains
TA 100, TA 98, and TA 102 according to the standard plate
i ncorporation procedure of Maron and Anes (1983). The
genotypes of these strains are as follows:

TA 100 - his 646 rfa, uvrB, pKM 101

TA 98 - his D3052, rfa, uvrB pKM 101
TA 102 - his' G428, 'rfa, pKM 101,

The strains were kept in storage at -70° C, and fromthese
master-plates were prepared and kept at 4°C.  The presence
of genetic markers as well as spontaneous reversion rates
and positive control responses were verified for each
master-plate before it was used to grow overnight-cultures
of the strain. The positive control and spontaneous
responses were also tested along with every experiment.
Experinents giving values outside the historically
acceptabl e range were rejected. The positive control
chemcal s and the anount added per plate were as fol | ows:
TA 100 (-S9)
TA 100 (+S9)

TA 98 (-S9)

1.5 /xg Sodi um Azi de
0
3.
TA 98 (+59) g-
3

5 /ig 2-anthram ne

0 My 2-nitrofluorene
5 /ig 2-anthram ne

0 jug Daunonycin

0 M

TA 102 (-59) 1/°8 di hydr oxyant i aqui none

TA 102 (+S9)
The effect of exogenous xenobiotic netabolizing enzynes

on the mutagenicity of the M anal ogues was tested using

Aroclor 1254 - induced rat |iver homogenate fraction, S9

(Mltox). The S-9 was added at 0.3 ng protein/plate.
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The synt hesi zed conpounds and the extracts were stored
in ethyl acetate which, and at the tine of testing, was
evaporated under a streamof nitrogen or helium The
residues were then redissolved in the test solvent, DVSO
Al experiments were done with a mninumof four doses using
duplicate plates per dose. Each experinent was repeated at
| east once on a separate day. A linear dose-response above
the background rate of spontaneous reversion was taken as
i ndi cative of positive nutagenicity. The nutagenic potency
was determned fromthe slope of the line fitted by linear
regression on the data points. The result was accepted only
i f the correlation factor r was equal to or nore than 0. 90.

In testing the nutagenicity of the chromatographic
fractions only TA 100 (w thout metabolic activation) was
used since TA 100 has been found to be the nost sensitive

towards extracts of chlorinated water and the nutagens MX
and E-MX. The individual contribution of MX and its

anal ogues to the overall nmutagenicity of the chlorinated
sanpl es was determned on the basis of the nutagenic potency
of the pure conpound (net revertants/ng) and its

concentration in sol ution.


NEATPAGEINFO:id=AEFCB614-AF4E-4519-B756-141BCBE1B9B4


51

V: RESULTS

5.1 : Muitagenicity of the MX Anal ogues

The synthesi zed MX anal ogues were found to be nutagenic
(Table 3). The dose-response curves of the individua
conpounds (TA 100) are shown in Figs. 6, 7 and 8. Data for
each curve is shown fromone representative experinent wth
each conpound. Al the doses tested (for every conpound) fel
within the initial linear portion of the dose-response curves.
The correlation coefficient, "r" was greater than 0.90 in al
cases, and greater than 0.97 for nost. In all the experinents,
the Spontaneous and Positive Control revertants for each strain
were within the historically acceptable range.

Revertants/ Pl ate.
TA 100 TA 98 TA 102

Spont aneous; 142 +30 38+6 309 + 30
PCS. Control: 665 + 162 382 + 108 790 + 124

For the purpose of conparison, pure MX was tested in this sane
assay system and it exhibited a nutagenic potency of 22 net
revertants/ng (in the absence of 39). The slopes of the dose-
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FIG 6 Mitagenic Response of ox-MX in TA 100 (-S9)
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FIGT7  Mitagenic Response of red-MKin TA 100 (-S9)
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FIG8 Mitagenic Response of ox-EMX in TA 100 (-S9)

280
r sO 98
- 240
0)
o
(0 200
a
\ 160
(0
[
TO 120
V.
0) 80
>,
Q@
40 -
J.
750 1500 2250 3000 3750

ng of ox-EMX piate


NEATPAGEINFO:id=ACACD3AB-42AD-4C51-8BC9-47E607BBAEA7


TABLE 3.  Mitagenic Potencies of MK and the MX Anal ogues

Test ed - S9

et g RITEE AT A 02

red- MX 2000 ng 0.13 + 0.03 0.045 + 0.01 nm nm 0.11+0.06 nm
( MW 200)
oXx- \MX 1300 ng 0.36 + 0.04 nm nm nm nm nm
(MW 232)
ox- E- MX 3000 ng 0. 03 nm nm nm nm nm
(M2 32)
MX 16.4 ng 22 + 2.1 nt nt nt nt nt
( MAE216)

Note: nm= not nugggenic (approxi mately equal to the spontaneous

reversion ra o
nt = not tested for nutagenicity
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response curves indicated that the anal ogues were not very
potent mutagens in conparison to MX or even E-MX

The hi ghest nutagenic activity was obtained in tests carried
out wth TA 100 in the absence of netabolic activation (S9).
ox- MX and ox- EMX exhibited 1.4% (0.36 net revertants/ng) and 2%
(0.03 net revertants/ng) of the mutagenicity of MX and E- MX
respectively. None of the MX anal ogues elicited any nutagenic
response in TA 98, even at the highest doses tested. The
mutagenicity of red-MX in TA 102 (0.11 net revertants/ng) was
about the same as its activity in TA 100 (0. 13 net
revertants/ng) while ox-MX and ox- EMX were found to be non-
mutagenic in TA 102 (at the highest dose of 2000 ng/plate and
3000 ng/plate respectively). Addition of S9 rendered all the
conpounds, except red-MX, non-nutagenic. |In the presence of
S9, red-MX still induced 0.045 net revertants/ng which was |ess
than half its activity wthout S9.

The nutagenic activities of all 3 conmpounds in strain TA 100

(without S9) are sunmarized below, both in terns of ng and

nnol e.

Conpound Mutagenic Activity in TA 100
red-MX 0.13 net rev./ng or 26 net rev./nnole
ox- MX 0.36 net rev./ng or 84 net rev./nnole
ox- EMX 0.03 net rev./ng or 7 net rev./nnole

MX 22 net rev./ng or 4680 net rev./nnole
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5.2 : Quantitative Determ nation of the MX Anal ogues in
t he Mut ageni c Extracts
The derivatization of ox-MX was attenpted with BF* in

net hanol, with 2% HySO" in nethanol and with di azonethane. The
latter two were unsuccessful and hence ox- MX was net hyl ated

with BFj in nmethanol. The GC anal yses done on 4 linearly
I ncreasi ng anounts of methyl ated ox- MX showed good

correspondence and linearity. Analyses of underivatized pure
ox-MX on the other hand did not give very convincing val ues,
lacking in both linearity and reproducibility, particularly at
the | ower concentrations. Thus for the purpose of quantifying
ox- MX and ox-EMX, the FA, HW and DrWextracts were derivatized
with BF3 in nethanol prior to SIMnode GO/ MS anal yses. The
mass-spectra of methylated ox- MX and ox-EMX are presented in
Figs. 9 and 10. In order to determ ne the anounts of MX and E-

MX, the extracts were instead methylated with 2% HgSO" in
met hanol. The determ nation of red-MX was carried out in

underivati zed sanpl es.

5.2 (a) : Concentration and activity in Chlorinated

Hum c WAt er
The chlorinated | ake humc water extract was determ ned to

be mutagenic in TA 100, inducing 21000 net rev./liter (21 net
rev./m). SIMnode GC M5 anal yses of the nethylated extract
indicated that all three of the MX anal ogues were present
(Table 4). ox-EMX was nost abundant, being present at a
concentration of 5081 ng/liter. The other two anal ogues, red-
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TABLE 4. Concentrations and Activities of MX and MX Anal ogues
in Extracts of Chlorinated Water

MX EMX red- MX ox-MX . ox- EMX

Mut agen. Cone. Mut agen.  Cone.  Mut agen. Cone.  Mutagen. Cone.  Mitagen. Cone. Mitagen.
Sanple net rev/inL ng/L Contr™ % ng/L Contr™ % ng/L Contr % ng/L Contr % ng/L Contr %

FA 48 675 36 1204 4 643 0.3 961 0.7 26777 1.7
HwW 21 260 32 526 4 370 0.4 306 0.5 5081 0.7
Dr. W 2.04 13 17 20 2 41 0.4 53 0.9 251 0.4

Cal culated on the basis of 5600 and 320 net revertants/nmol specific M and EMK nutagenicty, respectively
Cal cul ated on the basis of the mutagencity reported in Table 3
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MX and ox- MX, were present at concentrations just a little

hi gher than the concentration of MX, i.e 370 ng/liter and 306
ng/liter respectively. On the basis of the individual

nmut ageni ¢ potencies reported in Table 3, and their
concentration in the extract, it was possible to calculate the
contribution of each MX anal ogue to the total activity of the
extract. red-MX, ox-MX and ox- EMX accounted for 0.4% 0.5% and

0.7% respectively, of the overall 21000 net rev./liter.

5.2 (b) : Concentration and Activity in Chlorinated
Ful vi ¢ Aci ds

The fulvic acid solution , chlorinated at pH 2 and at a
Cg/TOC ratio of 2, was found to be very nutagenic in TA 100.
This extract induced 48000 net revertants/liter (48 net
rev./m). Al three MX anal ogues were present in the sanple.
SI M node GC-Ms anal ysis was used to determne their
concentrations, which are shown in Table 4. Once again, red-
MX and ox- MX were present in amounts not nmuch greater than the
anount of MX. However, the concentration of ox-EMX in this
sanpl e was significantly higher, i.e 26777 ng/liter. This
amount was hi gh enough for ox-EMX to account for 1.7% of the
total activity (i.e inducing 816 net revertants/liter), while
red- MX and ox-MX accounted for less than 1% individually. EMX
was the second nost abundant conpound identified (1204

ng/liter, accounting for 4% of the total activity).

5.2 (c) : Concentration and Activity in Chlorinated
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Dri nki ng Wat er

The Chapel Hill drinking water sanple conparatively had the
| ownest TOC. Hence the relatively | ower nmutagenic activity of
the ether extract, i.e 2040 net revertants/liter, was
reasonabl e. The amounts of MX and its anal ogues as determ ned
by SIM nobde GC-MS are shown in Table 4. The concentration of
ox- EMX (251 ng/liter) was alnost 20 tines the concentration of
MX (13 ng/liter) in this drinking water extract. However, it
only accounted for 0.4%of the total nutagenicity. Next to ox-
EMX, ox-MX was the nost abundant identified conmpound (53
ng/liter) but it still accounted for |ess than 1% of the
sanple's activity.

It can be seen that only 20.7% of the nutagenic activity of
the drinking water extract was accounted for by MX, E-MX and
the three MX anal ogues. Wthin this , MXstill remained the
maj or contributor, accounting for a |arge 17% of the total

activity (see Fig. 11).

5.3 : HPLC Fractionation of Chlorinated Fulvic Acid

5.3 (a) : Chlorination

Various chlorination conditions were attenpted in order to
obtain a chlorinated fulvic acid sanple which would be highly
nmut ageni ¢ yet (sinmultaneously) have conparatively |ow | evel s of
MX. The nutagenic activity as well as the concentrations of MX
and E-MX were higher in sanples chlorinated at pH 2 conpared to
correspondi ng sanples chlorinated at pH 7 (Table 5 and Fig.12).
At pH 2.0 (constant), the amount of MX, E-MX and the nutagenic
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FIG 11 Activities of Mitagens in Ciapel HII Drinking Water
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TABLE 5. Mut ageni ¢ Activity and MX, E- MX Concentrations

I n Agqueous Solutions of Chlorinated Fulvic Acids

PH\' C].Z/ TOC /\) Mut agenci ty Concentratjon ng/L Mut ageni city Contri bution Total %

net rev/nL MX EmMX MX*) E- MK
net rev/nmL % net rev/nL % Total %
7.0 0.5 5.1 77 171 2.0 40 0.3 6 46
7.0 1.0 10. 1 86 235 2.2 22 0.3 3 25
7.0 1.5 7.6 71 130 1.8 24 0.2 3 27
7.0 2.0 7.4 69 136 1.8 24 0.2 3 27
2.0 0.5 12.0 107 328 2.8 24 0.5 4 28
2.0 1.0 22. 0 180 703 4.7 21 1.1 5 26
2.0 1.5 33.0 261 851 6. 8 21 1.3 4 25
2.0 2.0 43. 5 377 658 10. 3 24 0.9 2 26

a) chlorination pH

b) TCOC torf1 Aaqueous Solution =2.5 ng/nL, chlorination carried out at roomtenperature,
in e ar k

c) Calculated on the basis of 5600 net rev./nnol and 320 net rev/nnol specific
nmut ageni city of MX and EMX, respectively.
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FIG 12 MX and non- MX Mutagenicity in

Sol utions of Chlorinated Ful vic Acids
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activity all increased with increasing doses of chlorine

(higher j/TOC ratio, upto 2.0). The highest absolute yield
of mutagenic activity not due to MX was found in Sanple H,

chlorinated at pH 2.0 and a dj/TCC ratio of 2.0 (Fig. 12).

The overall nutagenic activity in this sanple was 43500 net
revertants/liter, of which only 24% was due to MX, present at a
concentration of 377 ng/liter and only 2% was due to E- M,
(present at a concentration of 658 ng/liter. Thus, Sample H
contai ned sufficient amounts of non-MX nutagenicity which could
be fractionated in an attenpt to identify the principal

nmut agens besi des MX and E- MX.

5.3 (b) : Separation and Activity of Fractions

First, the polarity and acidic properties of nutagens in the
chlorinated fulvic acids (agqueous solution) was investigated.
Diethyl ether (liquid-liquid) extraction of the solution,
adjusted to seven different pH conditions, indicated an al nost
constant increase in the extracted/ extractable nmutagenicity
wi th decreasing pH values (Table 6, Fig. 13). It would seem
that the solution contains a range of nutagenic conpounds
havi ng various pKa val ues. However, Table 6 and Fig. 13 also
show an increase in the anbunt of MX that is extracted as the
pHis lowered. At pH 2.0, the extracted nmutagenic activity is
equi val ent to 59000 net revertants/liter, of which 29%is
contributed by MX, present at a concentration of 0.68 ng/liter.
This concentration is alnost 4 to 6 tines higher than the

amount of MX extracted at pH 4.5 and pH 5.0 respectively.
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FIG 13 Effect of pHon the Extractability of Mitagenic
Activity from Solutions of Chlorinated Fulvic Acids
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TABLE 6. Total Activity and MX, E-MX Concentrations
in Sanple H Extracted at Various pH Val ues

pH Mut ageni city Concentrations ng/ nmL Mut ageni city Contribution
net rev/nL MX E- MX MX

net rev/inL %

2.0 59 0. 68 1.03 17 29

3.5 53 0. 15 0. 66 4 8

4.0 45 0. 26 0. 21 7 16

4.5 35 0. 18 0. 07 5 14

5.0 36 0.11 0. 03 3 8

5.5 34 0. 09 — 2 6 0o
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Since MX has a pKa value of 5.25 (i.e at pH 5.25, there are
equal anounts of the protonated and non-protonated forns of
MX), the anpbunt of its cyclic, non-ionized isoner should not
vary significantly after about two pH units below 5.25. At pH
3.25, nmore than 99% of MX should be in the cyclic non-ionized
form Consequently, the amount of MX extractable wth diethyl
et her cannot be significantly different at pH val ues bel ow
3.25. Therefore, it is unlikely that the extractability is
based solely on its acidic properties.

The schene used in the separation of Sanple H (nutagenic
extract) is shown in Fig. 14. The first separation of the
chlorinated fulvic acid solution was acconplished on a C"
colum with RP-HPLC, using Program 1. Four fractions were
collected and these are referred to as fractions H (2-5
mns.), H2 (5-8.25 mns.), H3 (8.25-22.3 mins.), and H4 (22. 3-
30 mins.). The chromatogramfor this separation is shown in
Fig. 15. A large portion of the material (conmpounds) el uted
early in the program indicating the presence of nainly polar
conpounds. O the four fractions collected, only the first
three were nutagenic in TA 100, in the absence of S9. The
anmount of MX found in each fraction was al so determ ned (Table
7 and Fig. 16). Although fraction H2 was the nost nutagenic
(25000 net revertants/liter), it was not considered suitable
for further fractionation due to a conparatively higher
concentration of MX (205 ng/liter). Instead, fraction H3 which
had the nmost non-MX nmutagenicity (its MX concentration being

the |l owest, 120 ng/liter) was fractionated further. An MX
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FIG 15 HPLC Profile of Sanple H Separation
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TABLE 7. Total Activity and MX Concentration
In HPLC Sub-fractions of Sanple H

Fracti on Mut agenci ty MX Cone. MX  Mut ag.
net rev/mnmL ng/ L Contr. % a)

Hi 16 188 31

H2 25 205 21

H3 15 120 21

H4 nonm

H3/ F1 nonm na

H3/ F2 nonm na b)

H3/ F3 31 na

H3/ F4 nonm na

H3/F1 - F4 C 33 na

na - not anal ysed

nonm - not-rrutagenlc
a) based on a s eC|f|c VX nutagen|0|t¥ of 5600 net rev/ nnol
b) Pure MX anal ysed at sim|l chromat o hic concitions was

found fo elute | the Re nning of frac |on H3/ F2

c) Followng wo up t ract ons were re-conbined and re-tested
for mutageni city
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standard (in solution) was al so subjected to Program 1 under
the sane conditions. The pure conpound was found to elute at
6.59 mnutes, indicating that almst all the M(in the fulvic
acid solution should have collected in fraction H2. This
however was not the case. It is possible that the "spread" of
MX over a broad area of the chromatogram may have been due to
an overloadi ng of the colum (considering that the chlorinated
solution was very concentrated w.r.t TOC and TOX).

The second separation was achieved by subjecting fraction H3
to Program2 on a C'g colum. Again, four fractions were
col lected during the stepw se gradient elution (chromatogram
shown in Fig. 17) and these are referred to as Fl (27-37
mns.), F2 (37-45 mns.), F3 (45-55 mns.) and F4 (55-70
mns.). Al the nutagenicity was recovered in fraction F3
(31000 net revertants/liter in TA 100), while FI, F2 and F4
exhibited no nutagenic activity at all. This fraction (F3) is,
inall probability, free of MK as the small anount in the
parent fraction H3 would have eluted in fraction FI (when the
mobi | e phase was 2 0% ACN). The nutagenic activity seems to be
additive since the reconbined fractions (F1+F2+F3+F4) induced
33000 net revs./liter.

5.3 (¢) : Additive Effect of the Mitagenic Activity
In order to confirmthe additive effect of the nutagenic

activity, an ether extract of Sanple H (chlorinated at pH 2.0

and C12/TQC ratio of 2.0) was tested for mutagenicity, then
separated (on RP-HPLC, C* colum) into 3 fractions called Al
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TABLE 8. Additive Effect of tlie Mtagenic Activity
present in Sanple H (FA)

Sanpl e H ether extract 4 8.1 net revs./nil
(parent extract)

37.83 net revs./nl

éparent extract injected
coll ected off the colum

as a single fraction, F")

Parent extract injected &
collected as 3 separate
fractions, i.e Al, A2 & A3

| ndi vi dual nutagenicity of Al 11.05 net revs./n
| ndi vi dual nutagenicity of A2 12.85 net revs./m
| ndi vi dual nutagenicity of A3 18.53 net revs./n

Sum of i ndi vi dual )
mutagenicities, i.e Al+A2+A3 42.4 3 net"revs. /i

. . 31.86 net revs./n

N N

Z%@ﬁ%dﬂﬁjdlﬁ)&m }(react I ons
. A2 & A3 conbi ned and

the conposite tested for
mut ageni ci ty)
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FIG18 Additive Effect of the Mitagenic Activity present in Sanple H
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A2, and A3, all of which were subsequently assayed. The
results, as shown in Table 8 and Fig. 18, indicate that

al though a certain amount of nutagenic activity was |ost during
HPLC fractionation, nost of it was retained and it is additive
in nature. The individual nmutagenic activities of the three
fractions collected separately (A, A2 and A3) added up to
42.43 net revertants/nm. In conparison, the entire injected
material (i.e parent Sanple H) collected off the colum as a
single fraction induced 37.83 net revertants/m. These val ues,
given intra-assay variability and | osses during fractionation
(some nutagenicity may be retained on the colum), and during
transfer of sanples, did not differ neaningfully fromthe
activity of the parent Sample H, i.e 48.1 net revertants/m.
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VI: DI SCUSSI ON, CONCLUSI ONS AND RECOMVENDATI ONS

6.1 : Di scussion

This study was based on the assunption that some of the
non-MX nmutagenicity in chlorinated water could be due to
certain candi date nutagens, the MX anal ogues.  The
theoretical basis for the existence of red-M, ox-M and ox-
EMX can be justified by the findings of this research
However, it is merely the presence of these conpounds that's
established, and we cannot be certain that the mechanisnms of
their formation are exactly as hypothesized. The
concentration of MK in the chlorinated fulvic acids
sol ution, humc water and drinking water was such that it
accounted for 36% 32%and 17%respectively of the overal
activity displayed by these sanples. For a substantial part
of the remaining nutagenicity to be explained by the MX
anal ogues, they woul d have had to be either highly nutagenic
or weak nutagens present in very |arge anounts.

In conparison to MX (the parent conpound), red-MX, ox-
MX and ox- EMX were weak nutagens, inducing only 0.13 net
revs./ng; 0.36 net revs./ng and 0.03 net revs./ng
respectively in the Ames TA 100 strain. red-MX and ox- MX
are conpounds in which the dichloronethyl group as well as
the cis arrangement between the CHO g and C substituents
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have been retained. Their |ow nutagenicity relative to MX
indi cates that the al dehyde group is yet another critica
structural feature that determnes the potency of MX. The
oxidation of this group seems to reduce the activity of the
conpound by al nost 98% as ox- MX and ox- EMX exhi bited only

1. 4% and 2% of the nutagenicity of MX and E-MX respectively.
Reduction of the al dehyde group on the other hand, decreases
the nutagenicity to an even greater extent since red- M was
found to exhibit only 0.5%of the activity of M( |t has
been shown that a trans arrangement between the Cl and CHO,
substituents reduces the activity considerably as E-MX
exhibits only one-tenth the nutagenicity of MK Therefore,
as woul d be expected, ox-EMX exhibited the | owest
nutagenicity anong the three MX anal ogues since it |acked
both the al dehyde group and the cis arrangenent between the
CHCI2 and O substituents. Attenpts to synthesize and
detect red-EMX were unsuccessful in this study. However,
since red- EMX woul d have had the unfavoured trans
arrangement in addition to its al dehyde group reduced to an
al cohol, its activity is predicted to be [ower than that of

ox- EMX.

The low activities of the MX anal ogues no doubt
illustrate the inportance of the al dehyde group. In fact,
Streicher (1987) conpared different carbonyl groups in
al pha-chloro, alpha, beta-unsaturated systems (w.r.t.
mut ageni city) and ranked themas Al dehyde > Ketones > Esters
> Carboxylic acids. Ishiguro et. al. (1987) noted that
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replacing the al dehyde substituent with a carboxyl" group
conpletely elimnated the nutagenicity of 2-chloropropenal.
El sewhere, Ishiguro et. al. (1988) concluded that an

al dehyde attached to a rigid skeleton which al so possesses
strong el ectron withdraw ng substituents is related to high
nutageni city. There can be, however, another perspective on
the [ow nutagenicity of the MX anal ogues. A conpound's
uptake, transport and retention in-vivo is often determ ned
by its lipophilicity vs. its hydrophilicity. Conpounds with
the carboxylic acid group are nore polar due to the acid's
high hydrophilicity. The more polar a conpound is, the |ess
likely it is to be taken up by the bacterial cells" (in the
Ames assay) and the nmore likely it is to be excreted. Thus,
such a conpound will give a | ow mutagenic response in the
assay sinply because it may be inaccessible. [t can be seen
that all three MX anal ogues have the COCH group, making them
conparatively polar. Furthermore, ox-MX and ox- EMX cannot
cyclize into a closed form [Information on MX has reveal ed
that al though the COCH group nmakes the conpound polar, it
neverthel ess can convert to its cyclic, non-ionized tautoner
as the pHis lowered. Chlorinated hydroxyfuranones are
found to be more nutagenic in their cyclic fornms, presumably
because the closed formcan pass through the bacterial cel
nmenbranes with greater ease (conpared to the polar open
form. Under the Ames assay test conditions (pH 7.0), the
muitagenicity of MK is probably due mainly to the closed form
which is present in equilibriumwth the open form(the open
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formbeing less likely to be taken up). As the pHis
| owered, more of the cyclic tautomer is formed, explaining
the higher nutagenic response of MX at pH 6.0 than at pH 7.0
(Meier et. al., 1987a). Wth this in mnd, it seens
concei vabl e that the | ow nutagenic responses of ox-MX and
ox- EMX may have been due to the fact that they are polar
(hydrophilic) conpounds which cannot formcyclic tautoners,
and thus are not taken up by the bacteria [ike MX (i.e they
remain polar). To support or refute this, the bacterial
test strains could have been incubated wth these conpounds,
and conpounds in which the COOH groups had been derivatized
into their esters (decrease the polarity), and subsequently
the amounts of uptake determned. An inmmediate counter-
argunent to the above is that red-MX, which can forma
cyclic tautomer still exhibits a | ow nutagenic response.

The positive response of the MX anal ogues in strain TA
100 (without S9) suggests that |ike MX, they are direct-
acting nutagens, operating primrily through base-pair
substitution at the GCpairs. |In strain TA 98, red-MX ox-
MX and ox- EMX, even at the highest doses tested (1000 ng,
2000 ng and 3000 ng respectively) did not elicit any

mut ageni ¢ responses. |t appears that these conpounds do not
operate as frame-shift nutagens, at |east not at these
concentrations. The nutagenicity of red-MX in the novel
strain TA 102 was about the sane as its response in TA 100,
whil e ox-MX and ox- EMX were not nutagenic in TA 102. These

results are in agreenment with the fact that strain TA 100 is
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the nost sensitive towards the nutagenicity of chlorinated
water extracts or individual chlorination by-products.

It is well recognized that certain conpounds can bhe
procarci nogens whi ch can be transformed into electrophiles
(which then react with DNA) by the action of the cytochrone
P-450 enzyme systemwi thin cells and tissues. The exogenous
xenobi oti ¢ netabolizing enzynme system S9, is used in the
Ames assay to determine if such a transformation could occur
with the test compound. A concern about the activity of
red-MX was that perhaps its CH2OH group coul d be oxidized by
the P-450 enzynes to a CHO group, transformng the conpound
into the nore potent MX. The assay results however

indi cated that the nutagenicity of red-MX is not increased
in the presence of S9. It may be that in-vivo oxidation of
red-MX (upon consunption of drinking water) is unlikely. On
the other hand, it is also inportant to consider the
possibility that the structural configuration of red-M may
not have permtted the CH2CH group to fit into the active
sites of the S9 enzymes. Perhaps allow ng the conpound to
react in-vitro wth a single enzyne, alcohol dehydrogenase,
m ght have reveal ed whether or not the oxidation to MX can
take place. The S9 mx reduced or elimnated the activity
of all three conpounds. The mechani smby which S9 exerts
this effect is not entirely known. Some investigators have
suggest ed metabol i smto non-nutagenic products, non-specific
protein binding, reaction wth reduced glutathione or other
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sul fhydryl groups (in the S9) and other possible enzymatic
reactions (Ishiguro et. al., 1988).

As shown in Table 4, red-MX and ox-MX were found in the
chlorinated waters at concentrations al most equal to or
slightly greater than the amount of MX in corresponding
sanpl es. ox-EMX on the other hand, was present at
relatively large concentrations, about 2 0-4 0 tines higher
conpared to MX. Because of their weak nutagenic potencies
however, none of the three conpounds contributed to nmore
than 1%of the total activity in each sanple. The only
exception was ox-EMX in the chlorinated fulvic acids
solution, where it accounted for 1.7%of the total
nutagenicity. Even if considered collectively, the
mutageni cities of these conpounds still |eave a very major
portion of the total activity of each chlorinated "sanple
unaccounted for by any identified conpounds. This is best
ill1ustrated by considering the Chapel HII drinking water
sanple. In an ether extract of this chlorinated water (non-
volatile organic portion), MX and its anal ogues including E-
MX, accounted for only 21%of the total activity. It should
be a matter of concern that nore than three-quarters of the
mutagenicity exhibited by the drinking water sanple was due
to unidentified conmpounds.

E-MX, ox-MX, red-MX and ox- EMX have been shown to be

significantly | ess nutagenic than MX. The question
therefore arises that could the residual non-MX nutagenicity

be due to conpounds not so closely related to MX in
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structure. So far, the evidence regarding the structural
features of inportance favors this possibility. Only the
COCH group in the open formof M has not been altered in
any of the MX anal ogues studied here (including E-MX).
However, Streicher (1987) working with a different type of
MX anal ogue ( MX with the CHO group changed to a CHC|),
noted that when the COOH group in this conpound was changed
toits amde, the nutagenicity was reduced by a factor of
5000. This would nean that for a conpound to be as

mut agenic as MX (or even close), all the critical structural
features mentioned earlier, including the COOH group, nust
be present.

The extractability data (Fig. 13 and Table 6) reveal ed
that the anount of nutagenicity which can be extracted
increases as the pHof the chlorinated solution is |owered.
This woul d suggest that the solution contained numerous,
mainly acidic, nmutagenic conpounds with various pKa val ues.
On the other hand, it was noted that the decrease In pH al so
led to an increase in the amount of MX (pKa = 5.25)
recovered. Thus, the extractability of such nutagens may be
based on factors other than their acidic properties (see
section 5.3b.). One possible explanation could be that the
| ow ol ecul ar wei ght nutagens are associated with high
mol ecul ar wei ght organic material, and the extractability of
the nutagenicity is in fact dependent on the pKa of the

organic naterial.
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Anot her indicator of the properties of the unidentified
conpounds cones fromthe chromatographic characteristics of
the active subfractions. Fractionation of the nutagenic
fulvic acids solution (Sanple H by RP-HPLC achieved
substantial separation of the organic material. By the
second | evel of separation, all the activity had
concentrated in a single fraction, F3, which was virtually
free of MX since the pure conpound el utes nuch earlier (in
F2) under the same nobile phase. However, fraction F3 was
not analysed for the presence of M. Further, no GC/ M5
structural identification work can be done on the fraction
yet since it is still a relatively conplex mxture.

Attenpts to separate F3 further have been unsuccessful. It
appears that the nutagens may be slowy deconposing upon

| ong storage and thus altering their chromatographic
characteristics. Even though the fractionation of non-
volatile nutagens in drinking water is best achieved by
HPLC, |oss of nutagenicity during repeated fractionation and
the conplexity of even highly purified fractions stil

remain a problem Considering their retention tiirues, the
conpounds in the active subfractions appear to be |ess polar
than to MC  This information is still insufficient to
predict even a general category to which the nutagens m ght
bel ong to.

The break-down of the total nutagenic activity

displayed by chlorinated waters into parts accounted for hy
i ndi vidual compounds assumes that the nutagenicity is
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additive in nature. The results of the fractionation-

bi oassay procedures done on Sanple H support this assunption
(Table 8). The activities of the individually collected
subtractions add up to the nutagenicity displayed by the
unseparat ed (parent) sanple, and the conbined-fractions
sanpl e, taking into account intra-assay variability and |oss
of mutagenicity during fractionation due to some nutagens
being retained on the colum. This additive effect of

mut ageni ¢ responses (of conpounds in drinking water) have

been reported previously by Fielding and Horth (1986), who
al so indicated that there was no synergismor antagoni sm
bet ween the separated nutagenic fractions.

6.2 : Concl usi ons

Thi s research has lead to the foll ow ng conclusions:

(a). 3-Chloro-4-(dichloromethyl)-2(5H-furanone, i.e
red-MX; (Z)-2-Chloro-3-(dichloronethyl)-butenedioic acid,
|.e ox-MX; and (E)-2-Chloro-3-(dichloromethyl)-butenedioic
acid, i.e ox-EMX, are three other non-volatile conpounds
which result fromthe chlorination of humc and fulvic
mterial inwater. Al three conpounds are direct-acting
nutagens in the Anes assay strain TA 100.

(b). While being structurally very simlar to M (MX
anal ogues), these conpounds neverthel ess exhibited
significantly |ower nutagenic activities.

(c). The al dehyde substituent in MXis a structural
feature critical in determning the nutagenic potency of MX


NEATPAGEINFO:id=123D1196-EBD7-461D-9D51-64C65D90AD96


88

Al'l the MX anal ogues identified in chlorinated water so far

have been weak nutagens.

(d). ox-MX and ox-EMX are acyclic conpounds having COOH
groups in their structure, which makes themrelatively
polar. Their weak nutagenic activities as determned by the
Ames assay may just be due to the fact that these conpounds
are not taken up by the bacteria as easily as cyclic or non-

pol ar conpounds.

(e). The concentration of red-MX and ox-MX in
chlorinated water was about the sane as MX, but the
concentration of ox-EMX was about 2 0-4 0 tines higher. Due to
their weak nutagenicities and such typical concentrations
however, these conpounds (collectively) accounted for only
about 2%of the total activity exhibited by chlorinated
water. The nutagenic activities of the individual-
conponents were determned to be additive in nature.

(f). Afulvic acids solution (TOC = 2.5 g/liter)
chlorinated at pH 2.0 and a C12/TCC ratio of 2.0 exhibited a
high nutagenic activity (43500 net revertants/liter), of
whi ch 76% was "non- MX nutagenicity". HPLC fractionation of

this mterial allowed MX to be separated out, and a highly
mut ageni ¢ fraction containing unidentified nutagens (free of
MX) was obtained. Working with this fraction, it wll be
possible to identify the principal nutagens besides MX in
chl orinated water.

(g). 3-Cnloro-4-(dichloronethyl)-5-hydroxy-2(5H)-
furanone or MX still remains the only major nutagen
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identified in chlorinated drinking water. I'n the drinking
water tested during this study, MX and its anal ogues
accounted for only 2 0.7%of the total nutagenicity. The
results also indicated that the residual nutagenicity is due
to conpounds which are acidic in nature, conparatively |ess
polar than MX and probably not closely related to MX in
structure.

The use of chlorine as the primary disinfectant in
drinking water treatment in the U Swll probably continue
for some time to come. In terns of the associated health
risks, there is sufficient current evidence pointing to the
fact that the inportance of the trihal omethanes may have
been overestimated. The non-volatile by-products of humc
and fulvic acid chlorination nmay be more inportant than
previously believed. The Safe Drinking Water Committee's
Subcomm ttee on Disinfectants and Disinfectant By-Products
(NRC, 1987) has stated that

. "There is a larger risk associated with the
uni dentifiabl e by-products of water d|3|nf%ﬁflon
......... (a risk) hi enpughsto warrant additional effort

to determine its qualitative source and quantitative
magni t ude”.

It is hoped that this work has contributed to a better

understandi ng of the non-MX or residual nutagenicity of
chlorinated drinking water. Further research is stil

needed to fully characterize this residual nutagenicity. To
this end, sone areas of research are suggested bel ow

6.3 : Recomendations for Future Wrk.
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(1)e Fraction F3 presumably contains unidentified but
conparatively potent nutagens. This fraction needs to be
fractioned further prior to structural elucidation by GJ M

(2). As shown in Fig. 13, in addition to fraction H3,

H and H2 al so exhibit a considerable amount of nutagenicity
that is not due to MX. Bioassay-directed HPLC fractionation
shoul d be done on these sanples in an attenpt to identify
the principal nutagens apart from MX

(3). It should be investigated whether the |ow
mutagenic activities of ox-MK and ox-EMX are in fact due to
their high hydrophilicity, which may be preventing bacterial

upt ake of these conpounds.
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