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ABSTRACT 

The toxicity of polycyclic aromatic hydrocarbons (P AHs) is enhanced by light 

via photosensitmtion reactions (production of active oxygm) and photo-modification 

of the chemicals (e.g., oxidation) to more toxic compounds. Anthracene (ANT) 

toxicity in particular increases dramatically following photo-modification. The 

objective of this study was to identify the photooxidation products of ANT and usess 

the toxicity of selected photoproducts. It was found that P AH photooxidation 

products likely exist as complex, dynamically changing mixtures in P AH 

contaminated aquatic environments. High Performance Liquid Chromatography 

analysis of anthracene photooxidation revealed a complex anay of oxidation 

products; prevalent among these were anthraquinone (ATQ) and hydroxy­

anthraquinones (hA TQs). Thirteen compounds (ANT, ATQ, a hANT and 10 hA TQs) 

were tested for toxicity reflected by growth inhibition of the duckweed Lemna gibha 

L. G-3. Almost all the ANT photoproducts were directly toxic to L gihha. Light was 

not a requirement for toxicity of most of the ANT photoproducts. However, in about 

half the cases, the ATQ compounds were rapidly photooxidized and the resultant 

photoproducts were more toxic than the parent compounds. Photosynthetic activity 

was monitored both in vivo and in vitro by measuring chlorophyll a (Chi a) 

fluorescence. Impacts on Chi a fluorescence were found to correlate with whole 

organism toxicity for the thirteen compounds used in this study. One Chl a 

fluorescence end point (Fv/Fy, maximal PSII activity) was found to be a measure of 

acute toxicity. Fluorescence quenching (Fq'FM) was found to be a measure of chronic 

toxicity. Thus, Chi a fluorescence was validated as a bioindicator of toxicity of 

photomodified ANT. Finally, computer analysis was used to determine which shape 

features of ANT and its photoproducts best correlated with toxicity. It was fowid that 

a QSAR could be generated based on computer generated electron density shape maps 

of the molecules. IV 
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1.1 EcotosicololY alld Aquatic Eavlroaaeat 

The aquatic environment includes several types of ecosystems, such as fresh 

water streams, lakes, ponds, and rivers, as well as estuaries, coastal zones and deep 

ocean waters. They have diverse biotic and abiotic components (Rand et al., 1995). 

The biotic elements consist of combinations of microorganisms, aquatic plants and 

animals that inhabit specific ecological niches. The abiotic components include 

physical factors such as water, sediment, and suspended particulate material, all with 

a range of physico-chemical characteristics. Impacts of xenobiotics and other 

contaminants on living otganisms can be influenced by the physical and chemical 

properties of aquatic ecosystems. Because aquatic ecosystems involve complex 

interactions of physical, chemical and biological factors it would be beneficial to 

understand the relationships among components of these systems. Any environmental 

assessment will be complicated by the ability of the biotic components to adapt, the 

diversity of species present in the ecosystem, and the differences in structural and 

functional responses among the biological components (Drever, 1988; Libes, 1992; 

Rand et al., 1995). 

There is great interest regarding the occurrence of aromatic hydrocarbons in the 

environment. Among the many classes of aromatic hydrocarbons, polycyclic 

aromatic hydrocarbons (P AHs) are of particular concern. P AHs (also known as 

polynuclear aromatic hydrocarbons) include a wide range of naturally occurring and 

anthropogenic chemicals. Many P AHs are confirmed or suspected carcinogens even 

at low concentrations (Kennish, 1992; MacKay et al., 1992a). Most PAHs also 

exhibit significant direct non-carcinogenic cytotoxicity (Huang et al., 1993; Schrimer 

et al., 1999). Many aquatic organisms can metabolize and detoxify certain P AHs, but 

some of these compounds become carcinogenic, mutagenic and/or toxic when 
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metabolically activated (Hawkins et al., 1990). Carcinogenic metabolites have the 

potential for ecological and human health impacts. P AHs disperse in the water 

column, concentrate in aquatic biota, md undergo chemical transformation, 

photochemical oxidation and biodegradation (Katz et al., 1979; Shiaris, 1989; Huang 

et al., 1995; Ma11akin et al., 1999, 2000). Most PAHs in water do not occur in 

dissolved form but rather are associated with particulate matter. The substantial 

amount of P AH contamination in the aquatic environment and the potential huards 

they pose to the aquatic biosphere motivated this study on their fate, phototoxicity 

and impacts on aquatic organisms. 

Aquatic toxicology is a broad discipline, with concerns for the safety, 

conservation, and protection of aquatic environments. Researchers in this area study 

the biological, chemical and physical factors that affect chemical contaminants in the 

environment to evaluate how potentially toxic agents can act on the biosphere (Butler, 

1978; Rand et al., 1995). Co11taminaots can cause both positive and negative 

deviations from previously existing conditions, both of which are considered to be 

adverse in nature. Impacts at the organismal level include both rapid and delayed 

lethality, as well as sublethal effects on growth, development, reproduction, and tissue 

structure (Scheehan et al., 1984). Adverse effects at the suborganismal level include 

induction or inhibition of enzymes, membrane damage, and genetic mutations (Rand 

et al., 1995). Because exposure to toxic agents may occur via water, sediment, and/or 

the food chain in the aquatic environment, the quantities and concentrations of toxic 

agents in these aquatic compartments are of primary concern (Lanno et al., 1989). 

Furthennore, the sources, transport, distribution, transformation, and ultimate fate of 

toxic agents in the aquatic environment are important components of aquatic 

toxicology. 
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This chapter highlights those upects of aquatic toxicology pertinent to this 

thesis, including: the chemical and physical properties of P AHs, the sources and 

distribution of P AHs, the enW'Olllllaltal fate of P AHs, the metabolism of P AHs, the 

use of plants (particularly Le1nna gibba L. G-3) u test °'P"isrns for toxicity, the role 

of photoactive P AHs in phytotoxicity, and the use of QSAR relationships to relate 

biological responses to PAH s11'Ucture. Finally, the overall objectives of the research 

reported in this thesis are given. 

1.2 Chemical and Physical Properties of Selected PAHs 

Polycyclic aromatic hydrocarbons (P AHs) are compounds consisting of two or 

more fused benzene rings (Neff: 1979). They are normally ciystalline solids at room 

temperature, have high melting and boiling points, and have highly negative 

resonance energies. Environmental P AHs co-exist with heterocyclic molecules and 

alkyl substituted homologues. These heteroatomic and substituted compounds are 

closely related, both chemically and functionally, to P AHs. The relative stability and 

properties of P AHs are related to their ring arrangement (linear, angular or cluster) 

and their extensive conjugated x-electron orbital system (Neff, 1979; Cooke and 

Dennis, 1983; Nakhimovsky, 1989; Mackay et al., 1992a). PAHs are highly 

hydrophobic and have significant photochemical activity, both of which are key 

factors in their environmental chemistry. The physical properties of some P Alls have 

been tabulated (Montgomery and Welkom, 1990) and presented in Table 1.1. 
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Table I.I Physical properties of ANT, ATQ and some hATQs (Montgomery and Welkom, 1990). 

Henry's 
Compound Formula Solubility Melling Boiling I.aw Log Log Vapour Vapour 

Weight in Point Point Constants Kow Koc Pressure Density 
Toluene atm.m1/mol 

lg/ 216- lmmHg/ 6.15 
ANT 178.23 100ml 218°C 140°c 2.9 X IO.J 4.54 4.27 145°c kg/m1 

0.3 g/ 284- lmmHg/ 7.16 
ATQ 208.22 100ml 286°C 311°c 2.2 X 10'1 4.69 4.38 190"C kg/m1 

0.08 pJ 196- lmmHg/ 7.96 
1-hATQ 224.22 100ml I 18°C 279°C I.J X IO.J 4.72 4.65 195°c kg/m1 

0.2g/ 279- lmmHg/ 8.3 
1,2-dhATQ 240.21 100ml 283°C 430°c 1.2 X I0'1 4.78 4.40 191°c kpjm1 

0.1 g/ 198- lmmHg/ 8.3 
1,4-dhATQ 240.21 100ml 199°C 356°C 1.7 X I0'1 4.23 4.65 196°C ka/m1 

0.1 g/ lmmHg/ 8.2 
1.8-dhATQ 240.21 100ml 240.21 345°C I. IX I0'3 4.91 4.72 198"C kg/m1 

0.07 g/ lmmHg/ 8.3 
2.6-dhATQ 240.21 100ml >320°C 330°C 2.0 X I0'3 4.98 4.69 205°C kg/m3 

0.18g/ 253- lmmHg/ 8.0 
1,2,4-thATQ 226.23 100ml 256°C 420°C 1.3 X I0'4 5.18 4.53 199°C kwm·' ----· ·-------

0.09 g/ lmmHg/ 8.5 
1,2,5,8-thATQ 272.21 100ml >27S"C 360°C 2.1 X I0'4 5.22 5.42 2I0°C kl1/m3 

0.14g/ lmmHg/ 8.3 
1.2.10-thANT 226.23 100ml 279°C 348°C 1.6 X 10'' 5.16 4.67 209°C kg/m1 
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The vapour pressure of P AH decreases with increasing molecular weight (Neff: 

1979; Cook et al., 1983; Mackay et al., 1992a). All PAHs typically demonstrate low 

aqueous solubilities (e.g. 32 Jlg/1 for naphdlllme, 14 µgit for benm(a)antbracene) that 

are inversely related to molecular weight (Montgomery and Welkom, 1990). P AHs 

with a linear arrangement of aromatic rings are usually less water soluble than those 

having angular structures. This is illusttated by comparing the solubilities of 

anthracene (linear 3 ring P AH) md phenantbrcnc (angular 3 ring P AH), which arc 73 

µg/1 and 1290 JJ&'I, respectively (Montgomery and Welkom, 1990; Huang et al., 

1995). Temperature is an important factor in the solubility of PAHs.· The water 

solubility of anthraccne increases from 13 µg/l to 56 µg/1 when the temperature is 

raised from S°C to 29°C (May et al., 1978). The reduction in aqueous solubility with 

increasing molecular weight is an important consideration for bioavailability and 

toxicity of these chemicals in aquatic environment. In numerous studies, low 

bioavailability has been claimed to be the main factor limiting P AH toxicity and 

biodegradation (Stucki and Alexander, 1987; Gauger et al., 1990). Selected physical 

parameters for some P AHs are summarized in Table 1.1. 

1.3 Sources and Distribution of P AHs 

P AHs are widespread contaminants in natural water bodies (Goerlitz et al., 

1985). Production of P AHs results predominantly from the combustion and thennal 

degradation of organic matter (Suess, 1976; Cook et al., 1983; Morselli and Zappoli, 

1988). Sources of PAHs include municipal and industrial effluents, petroleum spills, 

creosote oil, combustion of fossil fuels, production of steel, and incineration (Cook 

et al., 1983; Nikolaou et al., 1984). PAHs are present in crude oils, coals and their 

derived products. The composition of different P AHs in crude oil depends on the 

source of oil, and usually does not exceed S% of total hydrocarbons. In contrast, as 
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much as IS-909/4 of creosote are P AHs (Nestler, 1974). Although P AHs are released 

to the environment &om natural sources, including forest and grass fires, volcanic 

activity, as well u seepage mm natural oil resenoirs (Bjorseth, 1983), it is generally 

accepted that anthropogenic sources are responsible for the largest portion of 

environmental P AHs (Hites et al., 1977). Significant quantities of air-home P AHs 

are associated with fine particles, although at high temperatures low molecular weight 

P AHs may exist in the vapour phase (Bjorseth, 1913). The atmospheric deposition 

of P AH-containing particles to surface of waters and soils is a significant route of 

entry for these compomds into the environment Disposal of aromatic hydrocarbons 

containing P AHs is another source of environmental contamination by P AHs. For 

instance wastes from petroleum refining Qperatioos and wood-creosoting can enter 

the environment as a consequence of improper disposal or accidental spillage (Sims 

and Overcash, 1913; Baek et al., 1991). Overall, industrial impact bas resulted in 

extensive contaminarim of swfacc soil and groundwater aquifers with P AHs (Morgan 

and Watkinson, 1989; Sims et al., 1990). 

Another source of P AHs in the environment is biological metabolism. At least 

some PAHs can be syothesu.ed by bacteria (Knorr and Schenck, 1968; Brisou, 1969), 

algae (Bomeff et al., 1968} and plants (Graef and Diehl, 1966). This phenomenon 

is not fully elucidated and is considered a minor contnl>ution to total P AH load (Neff: 

1979). The formation of a wide variety of quinones and phenols by living organisms 

has also been reported (Thompson, 1971; Harvey et al., 1985}. Production of PAHs 

by in situ chemical aromatintfon of various cyclic compounds ( e.g. terpenoids and 

pigments} also has been described (Blumer, 1965). 

The distribution of P AHs in different environmental compartments bas been 

studied extensively. P AHs have been detected in animal uid plant tissues (Blumer, 
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1976: Jones et al., 1989), sediments (Johnson and Larsen 1985; Lamparczyk et al., 

1988, McKee et al., 1990), soils (W'dd et al., 1991; Jones et al., 1992), air (Baek et 

al., 1991; Wild et al., 1992), ground and surface waters (Rcadrnan et al., 1984), wt 
consumer products and food (Bjorseth, 1983). P AHs are also present in crude oils, 

coals and their derived products. P AH compolDlds associated with oily wastes, such 

as wastes from petroleum refining operations and waste from wood-creosoting 

industries, enter the environment as a consequence of improper disposal or accidental 

spillage. More information on P AH environmental dynamics including sources, 

distribution patterns, concentration levels is provided in the following comprehensive 

review papers (Edwards, 1983; Baek et al., 1991). 

1.4 Environmental Fate of PABs 

The fate and distribution of P AHs is influenced by many factors including 

volatilization, sorption, leaching, bioaccumulation, biotransformation and 

photochemistry. The first four physical processes do not change the structure of 

P AHs, but concentrate or transfer them to another medium. Chemical transformation 

of P AHs is often slow without an activating factor such as light. 

1.4.1 Transport of PAHs in Air 

In aqueous environments, volatiliz.ation refers to the transfer of solutes across 

air-water interfaces into the atmosphere. Many organic compolDlds can be volatiz.ed. 

The loss of volatile hydrocarbons from water to the atmosphere is a well-known 

phenomenon, observed especially with oil spills (Readrnan et al., 1984). The rate of 

volatilin.tion from the aqueous environment is influenced both by the properties of 

the compound and environmental factors such as wind, water turbulence and 
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temperature (Southwortb, 1977; Thomu, 1982). Compounds with two bemene rinp 

( e.g. NAF) have a higher vapour pressure relative to P AHs with three or more rings 

(such as ANT and PYR.). For the chemicals that e,r:cbang~ across the air-water 

interface, there is a point at which wl•rilinrion and dissolution rates will be equal 

Henry's law descnl,es the ratio of gas- and liquid-phase concentrations under such 

equilibrium conditions: 

Where HA is the Henry's law constant for solute A. Values of H depend on many 

environmental parameters, including temperature, wind and current velocity. Values 

of H increase with increasing temperature in approximate proportion to the increase 

of the chemical's vapour pressure over the same temperature range. For soluble 

chemicals, H can be estimated as the ratio of the vapour pressure (P) to the water 

solubility (SJ of the chemical (i.e. H ~ PIS) (Bjorseth, 1983; Mackay, 1991). 

For PAHs, Henry's law constants decrease with increasing molecular weight. 

The rates of volatiliution of several P AHs from different aquatic ecosystems have 

been elucidated (Smith et al., 1978). In general, high molecular weight P AHs such 

as benzo(a)pyrenc and benz.o(a)anthracenc are relatively non-volatile, with half-lives 

in water exceeding 100 h, while low molecular weight P AHs such as NAF and ANT 

are more volatile. Mathematical models arc currently available to estimate the rates 

of volatilization of aromatic hydrocarbons from water. The following equation shows 

the volatiliz.ation flux: 

N=k~C 

Where N (mass/area x time) is proportional to the concentration gradient across the 
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interface, 6 C, and ~ which is related to the Henry's law constant and to liquid- md 

gas-phase mass transfer coefficients (Thomas, 1982). 

The mass transfer coefficients reflect both physical and environmental 

conditions. The former includes molecular diffusion coefficients while the latter 

describes factors such as wind and current velocity (Thomas, 1982). In many 

environmental assessments it may be sufficient to determine whether volatilization 

is an important factor. This may be done by taking field measurements of the air md 

water concentrations for the chemical of interest and comparing the ratio with 

measured or estimated values of H (Thomas 1982; Rand et al., 1995). If the field­

determined ratio is significantly smaller than H, then the aqueous phase concentration 

is higher than the equihl>rium amount and the chemical will volatili~ into the air. If 

the field-determined ratio is larger than H, the direction of net transport will be from 

the air to the water. In general it is hard to predict this ratio for P AHs, since they 

have both low water solubility and volatility. Because of high octanol:water partition 

coefficients CKow), adsorption processes are probably more important in determining 

the fate of P AHs in terrestrial and aquatic systems than volatiliz.ation. 

1.4.2 Sorption (partition coefficient, Kr) 

Considering the relatively high octanol:water partition coefficients (Kow) for 

most P AHs, sorption to sediments and particles, instead of volatilization, is generally, 

more important in detennining the fate of P AHs in aquatic environments (Bierman, 

1990; Ferraro, 1990). The term sorption refers to a variety of processes that result in 

the transfer of a chemical (A) from the solution phase to solid phase. Sorption is 

characterized by a partition coefficient (Kp) and the following equation: 
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~---> + solid ~ A-solid 

Physical adsorption, and sevaal processes involving chemical interaction stated 

below, arc facton in the binding S1mlgth of P AHs to particles. As indicated in the 

equation above, the sorption is an equilibrium process (Lyman, 1995). Sorption of 

aromatic compounds will be influenced by three processes in the aquatic 

environment: {l) the transport between the aqueous phase and particulate matter. (2) 

the electrostatic properties of suspended particles, which affect their aggregation and 

transport; and (3) the reactivity at surfaces, including dissolution, precipitation onto 

surfaces, and surface-catalyzed solute reactions. 

Sorption characteristics of P AHs can be described as an equihl>rimn between the 

aqueous phase and the nonaqueous phase. This can be quantified as a partition 

coefficient (Kp) for the particular compound (Montgomery and Welkom, 1990). 

Partition coefficients arc related to the physical properties of both the compound and 

the sorbent material. The ratio of the concentrations in the two phases is the partition 

coefficient of the system. That is, the partition coefficient, Kp, is the equilibrium 

constant for the equation S (in phase l)~ S (in phase 2) and the partition coefficients 

1s: 

Kp = [Sh/[S]1 

where [S]i and [Sh refer to the concentration of solute in phases 1 and 2 respectively. 

P AHs are readily adsorbed to a variety of particulates such as minerals and 

humic materials (Hinga et al., 1980; Mihelic and Luthy, 1991). High correlations 

between the sorption of P AHs on to suspended particles and sediments, and the 
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organic carbon contcDt of the particles have been demonstrated in aquatic systems 

(KarickhofI et al., 1979; Means et al., 1980). Thus, the concentration of freely 

dissolved PAHs in natural water columns is normally fairly low, but the total PAH 

concentration can be quite high if based on the amount bound to suspended 

particulate matter (Cook et al., 1983; Cooke and Dennis 1983). These bound PAIis 

generally have high bioavailability in aquatic environments (Rand et al., 1995). 

Moreover, the P AH concemration in sediment can be very high with concomitant 

negative effects on benthic biota (Ankley et al., 1994). 

1.4.3 Bioaccumulatioa 

All aquatic organisms have the ability to bioconcentrate contaminants (Gobas 

et al., 1991; Duxbury et al., 1997). Bioconcentration is the process by which 

chemicals enter organisms and are accwnulated or concenttated to levels higher than 

those in the surrounding environment (Connell, 1988; Rand et al., 1995). Chemicals 

with low solubility in water (e.g., PAHs) usually have high affinity for 

biomembranes, and thus can be concentrated in biological tissues to high levels. The 

bioconcentration factor (BCF) is the ratio of the concentration of a given chemical in 

a test organism under steady-state conditions relative to its concentration in the water 

(McCarty et al., 1990; McCarty et al., 1992; Mackay et al., 1992b). 

The BCF of organic chemicals is often proportional to their octanol/water 

partition coefficients (K0 .). Thus, this parameter is used as an indicator of the 

tendency of compounds to distribute between water and biological tissue across cell 

membranes. The EPA has issued a guideline that a chemical having a log K0 • > 3.S 

which is detected at environmental concentrations > 0.1 µg/1 is a concern in terms of 

bioconcentration (U.S. Code of Federal Regulations, 1991). Since intact PAHs are 
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hydrophobic with high K.., values, they will rapidly transfer from the aqueous phase 

into cell membranes until the ratio of the lipid:water concentrations is equal to the 

equilibrium constant for partitioning between lipid bilayers and aqueous media 

(Gobas, 1991; Duxbury et al., 1997). Two facton can greatly alter PAH 

bioaccumulation. First, the high molecular weight P AHs have such low aqueous 

solubility that they can have limited bioavailability. Secondly, photooxidation of 

P AHs increases their water solubility and consequently increases bioavailability and 

bioaccumulation. P AHs have a strong tendency to accumulate in biological 

membranes and have high BCFs (Duxbury et al., 1997). As well, they can be taken 

up by biota from sediment phases (Anldey et al., 1994). 

1.4.4 Bioavailability of PAIis 

Bioavailability is a critical concept in toxicology because toxic agents that are 

present in the environment but which arc not available for assimilation arc unlikely 

to be hazardous. Landrum et al (1994) and Rand et al ( 1995) have discussed working 

definitions for: 

Environmental availability is the amount of contaminating chemicals present in 

the environment or in the part that can be involved in any process. It can be modified 

by physical, chemical or biological modifying means. In generaL this term defines 

the total amount of a given chemical potentially available for any environmental 

process. 

Environmental bioavailability is the portion of a chemical that an organism 

actually accumulates when encountering a given environmental medium. This is a 

measure of an organism's uptake efficiency from the environmentally available 
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portion of a contmninant_ This concept can be viewed as a subset of environmental 

availability where 111 organism ~Y encounters some of the material in question. 

Th~ enviroDIDCDhJ bioavailability incorporates the chemical properties and 

speciation of the chanical, as well as the behaviour and physiology of the organism 

Toxicological bioavailability is the part of the exposure dose or concentration, 

which is adsorbed and/or absorbed by an organism, and presented to sites of toxic 

action. F.nvironmental bioavailability and toxicological bioavailability are similar in 

that both are estimates of an up-take efficiency. Environmental bioavailability 

addresses the total amount adsorbed by an organi~ whereas toxicological 

bioavailability considers the amount that reaches the site(s) of toxic action. 

Mathematical modeling can be used to integrate data on complex mechanisms 

such as transport and transformation processes, transfer between environmental 

media, and biological uptake into an effect profile for an environmental contaminant 

(Jorgensen, 1990; Calamari, 1993; James, 1993). Models may be used to predict the 

bioavailable concentrations of the chemical in the aquatic environment, the potential 

exposure areas, and the fate of the chemical (Samiullah 1990; Mackay, 1991). The 

use of some mathematical models in environmental toxicology is described in more 

detail below (see Section 1.9). 

P AHs generally have high log Kow's and are therefore subject to rapid 

accumulation by any given organism. However, due to their low solubility, they have 

limited availability in the water column. Conversely, there is higher availability to 

aquatic organisms via sediment and suspended particles. As one would expect, the 

BCF for PAHs is strongly log Kaw dependent (Gobas et al., 1991; Djomo et al., 1996; 

Duxbury et al., 1997). 
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1.4.5 Photochemistry of PAIis 

The more water-soluble bicyclic and tricyclic P AH are not carcinogenic, but 

recent studies indicate that light activates these and other P AHs into acutely toxic 

compounds (Oris and Giesy, 1985; Huang et al., 1993; Krylov et al., 1997; 

Mcconkey et al., 1997; Mallakin, et al., 1999). The high energy 1t-bonding orbital 

and relatively low energy x• anti-bonding-orbital of P AHs leads to the strong 

absorption of UV radiation (200-400 nm) and short wavelength visible light (400-SOO 

nm), with the concomitant transition of an electron from the 1t- to 1t•- orbital 

(Nakhimovsky, 1989). Excited state PAHs can act as photosensitizers or be 

photomodified. Both of these processes result in enhanced toxicity of P AHs. 

Photosensitu.ation by a chemical can result in formation of highly toxic singlet 

state oxygen (1~) (Foote, 1991; Krylov et al., 1997). The process begins with the 

molecule absorbing a photon, which elevates it to the excited singlet state. From the 

singlet excited state the molecule may be converted to the excited triplet state by 

intersystem crossing (Foote, 1987; Newsted and Giesy, 1987). In this state it can 

react with ground state triplet oxygen to form excited singlet state oxygen. 

In the presence of light, strong oxidants, or certain oxidases ( e.g. cytochrome P-

450), P AHs are rapidly and efficiently converted to ketones, quinones and diols 

(Cavalieri, 1990; Huang et al., 199S; Mallakin et al., 1999, 2000). Modified PAHs, 

being hydrophilic, reactive, soluble, bioavailable and clectrophilic, may bind 

covalently to cellular structures such as proteins and DNA causing long tenn damage 

(Kim and Sancar, 1993; Imlay and Fridovich, 1992). Because many modified PAHs 

are more toxic than intact P AHs, acute toxicity based on intact P AHs alone does not 

adequately reflect the potential impacts of P AHs in the environment (Huang et al., 
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199S; Mcconkey et al .• 1997; MalJ•Jrin et al .• 1999). For iustauce, ANT was 

oxidiz.ed to ATQ, hATQs, bem.oic acid, bemaldehyde and phenols in the presence 

of actinic light (Figure 1.1). Many of these compounds are toxic (Mallakin et al., 

1999, 2000). 

Studies m an outdoor model ecosystem indicated that photochemical 

transformation is an important process for several PAHs (Cook et al., 1983). Both 

direct and indirect (photosensitized) oxygenation may be important. Direct 

photooxygenation is initiated through light absorption by the P AHs. Indirect 

photooxygenation occurs via light absorption by another chemical that is present in 

addition to the aromatic compound that is oxidized. It has been generally accepted 

that singlet state oxygen is the key intermediate in photooxygenations of P AHs 

(Young and Brewer, 1976; Halliwell and Gutteridge, 1985). Most likely the 1
~ that 

is generated by the excited state P AH in tum is used to oxidize a P AH molecule. 

Kinetic data for the photooxidation of P AHs in water could be described by a pseudo 

first-order rate equation (Krylov et al., 1997). The half lives for P AHs in solar 

radiation range from IS min for ANT to 2-3 d for B[a]P and FLA (Huang et al., 

1995). Oxidation quantum yields, ;Am, were computed from the slopes of the first­

order degradation plots (Zepp and Schlotzhauer, 1979; Krylov et al., 1997). Quantum 

efficiencies can be determined at a wavelength that closely co1Tesponds to that of 

maximum sunlight absorption by the P AH. 
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Figure 1.1 Structures of anthracene and its photoproducts used in this study. These 

compounds were identified in work dcscnl>cd in Chapter 2. 
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Most of the quantnm yields were in the 0.001 and 0.01 range (Nakbimnvsky, 

1989). More detailed wavelength studies were conducted with pyrene and 

fluoranthene. Tbe disappearance quanmm efficiency of pyrcne exlul>ited a 

wavelength independence. Howeva-, ; Am for tluonntbene can drop sharply in going 

from 300 to 400 nm (Huang et al., 1993; Krylov et al., 1997). The photooxidation 

of dissolved P AHs appears to be relatively rapid under both laboratory and natural 

solar radiation, with half-lives ranging from 30 minutes to 23 days, depending upon 

the compound and the photolytic conditions. Half-lives determined from 

photooxidation in sunlight irradiation have been reported to be shorter by 

approximately 20-60°/4 (Huang et al., 1995). 

The following equation for quantum yields for photooxidation has been 

elucidated (Stevens et al., 1974): 

; A02 = (Jr {([A]+ pB)/([A] + B} 

The term (Jr is the intersystem crossing efficiency, B is a reactivity index that is 

inversely proportional to the rate constant for reaction of singlet oxygen with the 

aromatic compound, and pB is a solvent-dependent constant that approximately 

equals 8 x 10-5 mole/Lin water (Stevens, 1974). Quantum efficiencies for reaction 

of naphthalene, anthracene, pyrene and naphthacene were observed to be lower in 

organic solvent than in water, indicating that the observed reaction is dependent on 

solvent polarity_ This solvent effect suggested that the reactions in water may be 

initiated by electron transfer to oxygen (a "type f' photooxidation) which would be 

enhanced in polar solvents (Foote, 1991). However, type II photosensitiz.ation 

reactions involving •~ are probably as or more important, especially since the rates 

of photooxidation are proportional to the triplet state quantum yield (Qv) (Foote, 

1987). 
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Photochemical reactions of P AHs in the enwonment appear to represent a 

major mode of transformation of these chemicals. In the case of P AHs in the 

atmosphere, photocbanical oxidation reactions in the presence of sunlight result in 

a variety of products, including some of the phenols and quinones shown in Figure 

1.1 (Katz, 1979). ltecendy, the pattem of photooxidation of ANT, B[a]P and other 

priority P AHs has been studied (Huang et al., 1995; McConkey et al., 1997; MaHakiu 

et al., 2000). Attempts have been made to relate the electronic structure ofPAHs to 

their properties of photooxidation (Mez.ey et al., 1996). The fundamental electronic 

properties _of P AHs and possible correlations with toxicity and carcinogenecity have 

been the origin of the K- and L-region structural hypothesis. The prototype of this 

structural element is the 9,10-carbon bond in phenanthrene, called the K-region of the 

molecule. The L-region is typified by the 9,10 positions in anthracene. L-region 

photochemical reactions at the 9, 10 positions of anthracene, in the absence of oxygen, 

give Diels-Alder photoadducts at these positions (Lee et al., 1981). In the presence 

of oxygen, the L-region photoreacts to form quinones (Figure 1.1). K-region 

photoreactions in phenantbrene also result in photooxidation to form the 9,10-quinone 

(Katz et al., 1979; McConkey et al., 1997). L-regions are generally much more 

photoreactive than the K-regions because they have much lower electron density 

(Mezey et al., 1996). Thus, if PAHs are present in an environmental compartment 

exposed to solar radiation, there is the potential for photomodificatiou. Because the 

toxicity attributable to P AHs is derived from the products of photomodification, 

haz.ard assessment of P AHs in the natural environment should be based not only on 

levels of parent compound, but also on levels of the associated photoproducts. 
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1.5 Toxicity ofXeaobiotia to Plants 

Chemical contarninmts and habitat loss are major concerns facing our 

environment today (Brody et al., 1993; McVey et al., 1993). Because of the 

significant role of plants in the biosphere, it is critical to include plants when 

assessing the enviroooJcntal cbang~ (Fletcher, 1990; l-Jinman md Klaine, 1992; Brody 

et al., 1993; Barnthouse and Brown, 1994). Plants are primary producers, supporting 

almost all other life forms. They provide an active role in transferring contaminants 

to higher trophic levels (Manny and Kenaga, 1991; Mc Vey et al., 1993). Plants also 

influence habitat by providing cover, stahilizing the soil and sediment, and regulating 

the temperature and flow of water. Whole plant communities can be irreversibly 

altered when exposed to anthropogenic strcssors (Outridge and Noller, 1991). These 

changes can have significant direct and indirect effects on higher organisms, which 

may persist after the original stressor has been, attenuated (Lovett Doust et al., 1993; 

Peterson and Nyholm, 1993). Thus, plants are a relevant kingdom for toxicity 

assessment of P AHs. 

Plants are more sensitive than animals to some xenobiotics (e.g. herbicides) 

(Wang and Freemark, 1995). Also, within the plant community, plant species differ 

in their sensitivity to given contaminant classes (Fletcher et al., 1990). The most 

commonly used group of aquatic plants for phytotoxicity tests are the algae (Benenati, 

1990). Because of the ecological relevance of plants and the observed differences in 

species response to stressors, aquatic plants should be considered when making 

environmental decisions. 

Plants can be used as field biomonitors (Barnthouse and Brown,1994; Outridge 

and Noller, 1991; Lovett Doust et al., 1994; Weinstein et al., 1990). They readily 
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lend themselves to bioindicator measurements, such as photosynthetic activity. Use 

of plants as biomonitors can be divided into two categories. The fint group are 

indigenous oqaoisms, which are the plants that are already present in the field 

(Chapbekar, 1991; Lo'fflt Doust et al., 1994). Using indigenous species can provide 

valuable information regarding the distnbution of co,1taminants and how they will act 

on native environments. The second group of biomonitors consist of oa:ganisms that 

are either cultured in the laboratory or collected from a nonconta,ninated reference 

site, and used in contaminated enviromnents or the laboratory for the designated 

period of time (Chaphelw, 1991; Lovett Doust et al., 1994). The latter type of the 

system allows for the exposure time and chemical dose to be carefully controlled. 

Plants possess many characteristics, that make them good test species for 

toxicology. Plants, and particularly aquatic plants, are easy to grow and relatively 

inexpensive to maintain (Wang, 1991). They are also subject to a variety of 

contaminant exposure routes (Walsh et al., 1991). They can be grown from seed, or 

clonal colonies (Lovett Doust et al., 1994). Plants provide the necessary amount of 

tissue for assessment of chemical stress, and plants can be readily used in life-cycle 

assessment oftoxicants (Weinstein et al., 1990; Walsh et al., 1991). 

1.6 Use of Lemna gibba for Pbytotosicity Assessment 

Lemna gibba L.G-3 (common duckweed) was chosen for this research to study 

the toxicity of P AHs on higher plants. Lemna gibba is a member of the Lemnaceae, 

a group of fast-growing freshwater higher plants (Landolt and Kandeler, 1987). This 

C-3 monocot has world-wide distribution and is a key component of aquatic food 

webs (Krull, 1969; Fassett, 1972; Hillman and Culley, 1978). Several genera of the 

Lemnaceae (Lemna. Spirodela, and Wo/ftia) have been used in laboratory toxicity 
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assessment studies (Hughes et al., 1988; Wang 1990; Greenberg et al., 1992). 

I -emoaceae have a high capacity for the usimi]atfon of a wide range of organic 

chemicals and can represent an important entry point for nmncrous cootarninants into 

the biosphere (Rodgers et al., 1971; Culley et al., 1981; Tridech et al., 1911; Muir et 

al., 1985; Greenberg et al., 1992). The high bioconcentration capacity of the 

Lemnaceae suggests that they could be useful for bioremediation (Greenberg et al., 

1992; Duxbwy et al., 1997). With L. gibba, growth is readily assessed during 

toxicity tests as production of new leaves. Because the plant naturally propagates 

clonally, this represents a life-cycle test. Lemna gibba can also be used for 

photosynthetic measures of impacted plants (Huang et al., 1997a; Gensemer et al., 

2000). 

1. 7 Modes of Action and Impacts of Photoactive P AHs to Plants 

P AHs strongly absorb blue light and UV radiation, and show enhanced 

phytotoxicity in the presence of actinic radiation (Schoney et al., 1988; Huang et al., 

1993 ). Photooxidation of the compounds increases the phytotoxicity of the chemicals 

relative to intact PAHs (Huang et al., 1993, 1997a). The extent that photoactive 

compounds can be transported in the environment and affect plants is not clear. 

However, as pollutants arc transported through aquatic systems, they will be exposed 

to solar radiation. Thus, P AHs arc likely to photooxidize in aquatic environments and 

influence plants such as L. gibba. 

As discussed above, photoinduccd toxicity of P AHs to plants involves two 

photochemical processes: photomodification and photosensitiz.ation (Huang et al., 

1993; Ktylov et al., 1997). Photomodification of PAHs (generally oxidation) results 

in the formation of new photoproducts that have altered biological activity (Larsen 
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and Bare11bamn. 1988; Huang et al., 1995; MalJalcin et al., 1999). Pbotosensitization 

results in the formation of highly toxic singlet state oxygen (1
~) (Larson and 

Berenbaum, 1988; Foote, 1991). The pbotosensitiz.ation and photomodification 

processes contribute additively to toxicity of PAHs to L gibba (Krylov et al., 1997). 

Toxicity studies with L gibba haw shown that photooxidized P AHs inhibit growth 

and photosynthetic activity, and result in chlorosis (Greenberg et al., 1~2; Huang et 

al., 1993). PAHs and ox:yPAHs ICCUDlulate in plant membranes (Duxbury et al., 

1997), which is consistent with their mode of action being predominantly at 

photosynthesis (Huang et al., 1997a). 

1.8 Effect of Xenobiotics on Photosynthetic Activity 

Photosynthetic activity is responsive to many changes m environmental 

conditions, including the effect of xenobiotics. Photosynthesis can be readily 

measured by 14C~ incorporation. oxygen evolution or Chi a fluorescence induction 

(Jones et al., 1984; Hill et al., 1997). The effects of petroleum hydrocarbons (Gaur 

and Singh, 1990), metals (Turbak et al., 1986), complex mixed industrial effluents 

(Delistraty, 1986), PAHs (Huang et al., 1997a) and herbicides (Trebst and Harth, 

1974; Jones and Winchel, 1984) on photosynthetic activity have been studied using 

these techniques. Two key advantages of using photosynthesis for toxicity 

assessment are the short duration of the test (seconds to minutes), and the short 

toxicant exposure times required for effects (30 min to 48 h) (Kuivasniemi et al., 

198S; Versteeg, 1990). There is interest in the practical application of Chi a 

fluorescence as a rapid. sensitive bioindicator for the determination of different 

environmental factors on plants (Papageorgiou, 1975; Lavorel and Etienne, 1977; 

Gensemer et al., 1996). This technique permits the rapid determination of changes 

in photosynthetic activity before the appearmce of visible injury (Baker et al., 1983). 
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Many studies have clemonstrated the potential of Chi a fluorescence 

measurements as a bioassay ofxenobiotic impacts (Lower et al., 1984; Judy et al., 

1990a,b, 1991; Gensemcr et al., 1996; Huang et al., 1997a). Dlmnimtion of a dark 

adapted leaf by light of a proper wavelength gives a cbancteristic Chi a fluorescence 

emission kinetic, known as the Kautsky effect (Figure 1.2) (Kautsky and Hirsch, 

1934). Chi a fluorescence induction kinetics give several parameters as follows (Van 

Kooten and Sncl, 1990): 

1. F O is the initial fluorescence level that is reached immediately after illumination. 

This value characterizes a dark-adapted leaf when most PSil reaction centers arc 

open and the primary acceptor of PSil, quinone A (ClA), is fully oxidized. 

2. FM is the maximal fluorescence measured when the plastoquinone (PQ) pool 

becomes fully reduced and thus ~ is reduced. 

3. Fv, variable fluorescence, is the difference between Fo and Fm. 

4. Fv/FM is related to the efficiency with which electrons are passed through PSil 

It is proportional to maximal PSll activity. It commonly has a value close to 0.7 

to 0.8 and drops when PSll is inhibited or damaged. 

S. t1,2 is half of the length of time required for the fluorescence level to rise from F0 

to FM. It is a measure of the size and accessibility of the electron acceptor pool 

(PQ pool). It drops when PSll is blocked before the PQ poo~ such as at Qs. 

6. Fs1 is the first intermediate quenching phase (first shoulder). This fluorescence 

drop is due to electron transport downstream from PSil. 

7. F Q, the fluorescence quenching capacity of the system, is the difference between 

FM and Fs1-

8. F</FM measures the utilintion of PQH2 by cytochrome-b6/fand/or PSI; it 

decreases when electron transport after the PQ pool is blocked. 

9. FT is the terminal steady state Chl a fluorescence. 
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Figure 1.2 A typical Chi a fluorescence induction (or Kautsky) curve recorded from 

a dark-adapted plant. a, fast kinetics; b, slow kinetics; A, area above the curve; F0, 

minimal initial fluorescence; L inflection or intermediate level; D, dip or plateau; P, 

peak level; FM, maximal fluorescence at peak; Fv, variable fluorescence; t112, half rise 

time from Fa to FM, M, secondary maximum; DCMU, (3-(3,4-dichlorophenyl)-l,1-

dimethylurea) fluorescence scan with DCMU (at S µM). The first Fluorescence 

quenching phase (Fs1), and the difference between FM and F51 (FQ). The second and 

third fluorescence quenching (F52 and F53) arc also shown. 
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10. The area abo~ die eurve between F0 and Fw is proportional to the pool size of the 

electron acceptors on the reducing side of PS Il. 

Any changes in electron transport may be reflected by changes in the Chi a 

fluorescence pattern, and provides information into how well the photosynthetic 

apparatus is functioning, Inhibitors or stress conditions usually change one or more 

Chl a fluorescence parameters. If electron transport on the oxidizing site of PSil is 

blocked, the level of fluorescence will decrease. If the electron transport chain is 

inhibited at the reducing site of PSil, steady fluorescence yield will increase and 

quenching will be inhibited (Hill et al., 1997). Overall, the site of inhibition within 

the electron transport chain can be predicted (Krause and Weis 1984; Miles, 1990). 

Electron transport in chloroplasts proceeds from H2O through PSII to the 

plastoquinone (PQ) pool, and then through PSI to nicotinamide adenine dinucleotide 

phosphate (NADP1 (Hall et al., 1987; Greenberg, 1991). When electron transport 

downstream from PSil is inhibited, electron transport from PSII to PSI will also be 

blocked because the PQ pool will be reduced and remain in that state. This will lower 

t112 and FQ/'FM, and will ultimately result in permanent oxidative damage to PSil as a 

consequence of excitation pressure of chlorophyll without the possibility of 

transferring the energy into the electron transport chain (Gray et al., 1996; Huang et 

al., 1997a). 

The chemical 3-(3,~chloropbenyl}-l,l-dimethylurea (OCMU) blocks electron 

transport at the Q8 site and the area above the fluorescence curve is strongly 

decreased because no re-oxidation of<lA can occur (Anderson et al., 1987). A study 

with photomodified anthraccne revealed that the mechanism of toxicity action starts 

with inhibition of PSI or the cytochrome-b6/f complex, followed by photooxidative 

damage to PSII. The effects of modified ANT were discovered by Chi a fluorescence 
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studies (Huang et al., 1997a). Thus. Cld a fluorescence was able to detect the impact 

of a mixture of photomodifiecl ANT products and indicate a possible mechanism of 

action for the chemicals (Huang et al., 1997a). In this thesis, Chi a fluorescence is 

used to eYamine the impacts of specific ANT photomodification products. 

1.9 Structure-Activity Relationships 

The application of quantitative structure activity relationship (QSAR) to 

environmental toxicology .has been reviewed extensively (Kaiser, 1984; Hermens, 

1987; Turner et al., 1988; Nendza, 1991). QSARs were initially used in the design 

and development of new drugs and pesticides (Martin et al., 1990; Tute, 1990; 

Kubinyi, 1993). QSARs are based on the premise that the structure of a chemical will 

influence the type and potency of its biological action. Resultant biological effects 

are the result of interaction between the chemical and one or more receptors within 

a living system. QSARs relate chemical structure and interaction of a receptor to 

well-defined biological endpoints (Lipnick et al., 1993). They define the limits of 

variation in structure of a chemical moiety that are consistent with the production of 

a specific biological effect, and indicate the ways in which alterations in structure 

influence toxic potency (Purcell et al., 1973; Albert, 1985). 

QSAR models can be used for the estimation of rates of hydrolysis, photolysis, 

volatilization, soil sorption, and biodegradation, as well as determination of water 

solubility, octanol-water partition coefficients, acid dissociation constants, 

bioaccumulation and bioconcentration (Mackay and Paterson, 1990; Shimp et al., 

1990; Sabljic, 1990; Dearden and Nicholson, 1991; Chessels et al., 1992; Krylov et 

al., 1997). Partition coefficients are often related to the toxicity of simple 

hydrophobic compounds, since they predict how well the compounds will be taken 
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up by a biological oqanisms (tissue burdens), a prerequisite for toxicity. As such, 

partition coefficicnu me aa impomnt descriptor in modelling mW'OIIIDClltal fate and 

transport processes. They can be related to water solubility, soil-sediment sorption 

and bioaccumulation (Tanford, 1980; Valvani and Yalkowsky, 1980; Taylor, 1990). 

One coefficient, log Ka.. is often well correlated with toxicity, especially in the 

absence of modifying facton (such as light) (Leo et al., 1975). 

The development of modem QSAR methods for environmental toxicology was 

initiated by Hansch et al (1989), who regressed the logarithm of the octanol-water 

partition coefficient (log Kc,. or log P) against enzyme inhibition as well as cellular, 

and whole-animal toxicity data (Hansch and Leo, 1979; Leo et al., 1991). The 

general fonn of the Hansch equation describes the influence of substitucnts (sttucture­

related parameters for modeling hydrophobic, electronic, and steric properties that 

influence log Kow) on the biological activity of a parent molecule. 

A large number of QSAR models have been used to predict the effects of 

chemicals on aquatic organisms based on bioaccumulation. The narcotic organic 

chemicals (e.g. alcohols, ketones, ethers, chlorinated alkanes, and aromatics) are the 

largest group to which QSARs have been applied to different test species and end 

points (Lipnick, 1995). The QSAR equations applied to toxicity data have the general 

fonn, 

Log 1/C = a log K + b 

Where K is the sole chemical descriptor related to hydrophobicity of the molecule. 

The constants a and b are empirically derived constants and C is the molar 

concentration of a chemical that is toxic. The following generalintion can be made 

from the above QSAR equation. The constants b is a measure of test species or effect 
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sensitivity, and dacnbes differences in species sensitivity to chemicals (Call et al., 

1985; Hermens et al., 1919). Above a certain K. toxicity often decreases because 

very hydrophobic molecules are not bioawilable. Indus case results can be modeled 

using parabolic or bilinear fflOdels (Kubinyi and Kebrbahn 1978; Veith et al., 1983; 

Lipnick et al., 1987a,b). 

In developing a QSAR model, it is essential to consider the impacts of the 

environmental companments in which the contaminant of interest resides. This will 

define which physicochanical properties are likely to be most influential in toxicity. 

Because solar radiation is ubiquitous in the environment and can enhance the toxicity 

of P AHs, solar radiation is a factor that should be used in QSAR modeling of P AH 

toxicity (Larson and Berenbamn, 1988; Krylov et al., 1997; Huang et al., 1997b). A 

detailed model relating structural features of P AHs to their phototoxic strength has 

been prtviously demonstrated (Mezey et al., 1998). This latter QSAR approach was 

applied to P AH toxicology using the electron densities of the molecules, which 

describe the reactivity of the molecules. Detailed electron shape density maps can be 

built by computer techniques and they provide an accurate description of the shape 

of the electron cloud (Mezey, 1995). In this thesis, based on this methodology, three­

dimensional electron densities and shape analysis were applied to the toxicity of 

ANT, ATQ and eleven hATQ molecules to L gibba (Chapter 5). 

1.10 Objectives of the Current Study 

Toxicity of oxyP AHs is a potentially important environmental phenomenon 

(Huang et al., 1997a; McConkcy et al., 1997; Mallakin et al., 1999). It seems almost 

certain that oxyP AHs will be present in P AH contaminated environments where 

slllllight is present P AHs are oxidized so rapidly in sunlight, that oxyP AHs could be 
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more abundant than intact P AHs at certain sites (Huang et al., 1995). ANT in 

particular is very rapidly oxidmd to a variety of products (Huang et al., 19971, 

MalJakin et al., 1999, 2000). The ~banism of toxicity bas been investigated for 

mixtures of oxyP AHs, and QSAR models explaining and predicting phototoxicity in 

intact P AHs have been generated (Huang et al., 19971,b; Krylov et al., 1997). QSAR 

modeling of the phototoxicity process of P AHs has shown that pbotooxidation of 

P AHs is a key factor in describing their pbototoxicity. Although, on a relative scale, 

oxyP AHs are more polar than intact P AHs, tbey are still hydrophobic and accumulate 

in biological membranes (Duxbury et al., 1997). It is tbus significant that a mixture 

of ANT photoproducts inhibit photosynthetic electron transport ( at cytochromc-b6/f) 

in chloroplast thylakoid membranes. However, prior to tbis study specific products 

of ANT photomodification had not been systematically examined for toxicity. 

Because ANT is an abWldant P AH, one of the most rapidly photooxid.iz.ed P AHs 

and numerous photoproducts are generated (Huang et al., 1997a; Mallakin et al., 

1999, 2000), it is highly likely that modified ANT will exist in aquatic environments. 

Thus, ANT and its photooxidiz.ed derivatives were chosen for this study. The specific 

objective of this thesis was to identify the ANT photooxidation products and probe 

their toxicity using growth and photosynthetic endpoints with L. gibba. In the initial 

part of tbis research tbe pbotoproducts of ANT were identified and the toxicity of the 

individual products was determined. The first goal was to study the pathway of ANT 

photooxidation (Chapter 2). The second goal was to test the toxicity of the identified 

ANT photooxidation products at the whole organism level (Chapter 3). The third 

objective was to probe the mechanism of photoioduced toxicity of specific 

photooxidation products of ANT (Chapter 4). The final objective was to develop 

computer modeling techniques to explain and predict tbe toxicity of oxyP AHs, 

allowing preliminary predictions of the toxicity of untested compounds (Chapter S). 
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l.1 Introduction 

Polycyclic aromatic hydrocarbons (P Alls) are one of the most prevalent groups 

of aquatic environmental contmJinants (Neff: 1979; Cook et al., 1983). Without an 

external stimulus. P AHs are emcmely stable compounds (Neff: 1979; Krylov. et al., 

1997), making them a persistent enwoomental problem (Basu and Saxena, 1978). 

Due to their extensive 1t4bital systems. P AHs absorb sunlight in the visible ( 400-700 

run) and the ultraviolet regions (290-400 nm) of the solar spectrum (Nikolaou et al., 

1984; Huang et al., 1993). Photooxidation of PAHs is a potentially important 

pathway for P AH modification in the environment (Katz et al., 1979; Huang et al., 

1993). Upon absorbing sunlight, a PAH can be rapidly transformed to a variety of 

compounds, most of which are oxidation products. Compounding the problem, the 

photooxidation products of P AHs are in many cases as or more toxic than. the parent 

compounds (Krylov et al., 1997; McConkey et al., 1997; Mallakin et al., 1999). 

Clearly, it is important that the modification pathways of P AHs are well understood. 

This will indicate which by-products are likely to accumulate in the environment 

allowing for more realistic analysis of the environmental implications of P AH loads. 

In this study, anthracene (ANT) was chosen for a detailed investigation of a 

PAH photomodification pathway. Upon exposure to natural or simulated solar 

radiation, ANT undergoes rapid photooxidation with high quantum efficiency (Katz 

et al., 1979; Krylov et al., 1997). This is because it absorbs strongly in the UV-B 

(290-320 run) and UV-A (320-400 nm) spectral regions found in sunlight, and its 

central ring has low 1t-orbital stability, making it susceptible to attack by ~ (Mezey 

et al., 1998). Further, the ANT photomodification pathway results in many toxic 

products (Huang et al., 1997a; Mallakin et al., 1999). Indeed, we recently fowid that 

several specific photoproducts of ANT (anthraquinonc and hydroxyanthraquinones) 
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to be as toxic as ANT (MaDwn et al., 1999). In this study, we characterized the 

photooxidation products of ANT to derive a complete environmentally relevant 

photomodification pathway based on kinetic data for ANT photooxidation and 

product formation. It was found that ANT is modified to 9,10-antbraquinone (ATQ) 

likely via an endoperoxide intermediate. ATQ is then hydroxylated forming 

hydroxyATQs (hATQs), and ATQ, along with some of the hATQs, are subject to ring 

fission to form a complex mixture of various phenols, benz.aldchydes and benzoic 

acids. This work represents the most complete analysis of a P AH photomodification 

pathway to date. 

2.2 Material and Methods 

2.2.1 Chemicals 

The structures of anthracene and the identified photoproducts along with their 

abbreviations are given in Figure 2.1. ANT was purchased in high purity (Sigma 

Chemical Co., St. Louis, MO) and used as received. The other compounds were 

purchased (Aldrich, Milwaukee, WI; or Sigma Chemical Co., St. Louis, MO) or 

synthesized as previously described (Mallakin et al., 1999). Solvents employed were 

HPLC-grade acetonitrile (Aldrich, Milwaukee, WI) and reagent-grade dimethyl 

sulphoxide (BDH Inc., Toronto, Ontario). Water was purified by reverse osmosis 

(RO) (Barnstead, Dubuque, 10). Reagent-grade phosphoric acid was used to adjust 

pH. 
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Figure 2.1 Products formed from pbotomodification of ANT in SSR. Compounds arc 

numbered according to the peaks in Figure 2.2. Abbreviations, where appropriate, arc 

given. 
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2.l.l PbotooDdatioll of ANT 

Photoox-idaaion '>f ANT was carried out in aqueous solution under siJ,lullfrd solar 

radiation (SSR). ANT was dissolved in DMSO to S mg mL-1
, and 10 flL of this 

solution was transferred to 10 mL of RO water to give a final concentration of SJ&g 

mL-1
. This results in• arnilsified solution of ANT. Nonetheless, we have found dUlt 

the kinetics of photooxidation are rapid and not multi-phasic under these conditions 

(Huang et al., 1993; Krylov et al., 1997), indicating all of the ANT is fully available 

for photoreaction. DMSO was used as a delivery solvent because it has been shown 

to not affect ANT toxicity or ANT photomodification (Huang et al., 1993; MalJakin 

et al., 1999). 1be 10 mL aqueous solution containing ANT was exposed to 100 JUDOI 

m·2 s·1 of SSR for 10 h. Samples were taken for analysis every hour. The SSR source 

is described elsewhere (Huang et al., 1993). The spectral output of the SSR source 

following passage through a polystyrene petri dish top (polystyrene petri dish tops 

absorb UV-C exposure) had a PAR: UV-A: UV-B ntio of 100: 10: 1, based on the 

number of photons ( Mallakin et al., 1999). 

2.2.3 Analysis of ANT Photooxidation Products by HPLC 

A high performance liquid chromatograph (HPLC) with diode may detector 

(Shimadzu, Columbia, MD, USA) was used to examine the purity of intact ANT and 

detect the products ofphotooxidation (McConkey et al., 1997; Ma11akin et al., 1999). 

Samples of 400 t1l of the aqueous photooxidized solutions were loaded onto a HPLC 

column using an auto injector (Shimadzu. Inc., Columbia, MD). The columns used 

were a Supelco LC-18 column (25 cm x 4.6 mm ID, 5-Jllll particle size; Supelco, 

Mississauga, ON), a Phenomenex Envirosep-PP colwnn (125 x 3.20mm ID, 120-Jllll 

particle size; Phenomenex, Tomnce, CA), or a Supelcosil LC-P AH column (25.0cm 
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x 4.6mm, S JUD particle siz.e; Supelco, Mississauga, ON). All gave similar separation 

profiles. The method for elmion of ANT and the pbotoproducts from the column wu 

an acetooitrile-water g,adic:ot isocntic at 1% acetmitri1e for 2 min, increased linearly 

to 9()0/o acctonitrile over 32 min, and isocratic at 9()0/o acetonitrile for 20 min 

(McConkey et al., 1997; Mallakin l!t al., 1999). The pH of the water was adjusted 

with phosphoric acid to pH = 2.8. The flow rate wu 1 ml/min. A diode array 

detection system allowed simultaneous identification and quantification of the ANT 

photoproducts. Data from the system were collected and evaluated using Shirnadzu 

EZ-chrome software. Identification of photoproducts was achieved via comparison 

to the retention times and absorbance spectra of authentic material. Identification was 

considered positive only when both parameters matched. 

2.3 Results 

2.3.1 Photomodification of ANT and Identification of the Photooxidation Products 

ANT in aqueous solution was exposed to SSR for various lengths of time. The 

HPLC analysis of the product profile is shown for four time points (Figure 2.2). In 

SS~ ANT was consumed with a concomitant appearance of photoproducts. Initially 

ATQ and hA TQs were formed. After longer time exposures to SSR various benzoic 

acids, benzaldehydes and phenols derivatives dominated the product spectrwn. After 

9 h of light exposure, more than 20 distinct compounds had formed and little ANT 

remained (Figure 2.2). The parent compound and 22 photomodified products were 

identified by comparison to authentic material (Figures 2.1 and 2.2). 
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Figure 2.2 High-performance liquid chromatography (HPLC) analysis of ANT 

photooxidation. Photooxidation was carried out in RO water under 100 µmol m·2 s·1 

of SSR Samples were taken for analysis at 0, 2, 4, 7 and 9 h. A 400-µl aliquot of 

each sample was analyzed by HPLC equipped with a diode array detector. The 

chromatographs show the relative absorbance at 220 run. Identities of peaks 

(numbered in Figure 2.1) are based on comparison of retention times and spectra of 

authentic samples. 
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2.3.l Kinetics of ANT Plaotoosidadon 

The photooxidation of ANT under SSR was investigated in more detail to assess 

the kinetics of photooxidation (Figure 2.3). The photochemical reaction was curied 

out under 100 Jllll()l m·2 s1 of SSR in distilled water and monitored by HPLC as above. 

The kinetics of consumption of ANT was fitted to an exponential decay curve (Figure 

2.3) according to the following equation: 

Where 

[ANT]t = [ANTJo ~ 

[ ANT]t = ANT concentration at time t 

[ANT]o = ANT concentration at time 0 

kp = pseudo first-order rate constant 

(1) 

The curve fit for exponential loss of ANT gave a kp of 0.314 h.1 (r2=0. 96 and p<0.05). 

The first detectable product, ATQ, appeared after a 2 h lag time (Figure 2.3). 

During this period approximately 500/o of the ANT was consumed. This indicates 

there was an undetected intermediate in the ANT to ATQ photooxidation reaction. 

The ATQ concentration reached a maximum level after about 6h in SSR, at which 

point it started to be depleted As ATQ was depleted hA TQs, benzoic acids, 

benz.aldehydes and phenols started to form. Some of the hATQs (e.g. 2,6-dhATQ) 

were formed after the single ring aromatics started to appear ( e.g. phthalic acid) 

(Figure 2.3). This indicates that ATQ can be cleaved directly to single ring 

compounds. As well, some of the hATQs are photolabile (Table 2.1), and are 

therefore also sources of single ring aromatics. Interestingly, other hA TQs arc 

photostable (e.g. 2-hATQ) and some of these were found to be toxic (Mallakin et al., 
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Fipre 2.3 Kinetics of ANT photooxidation due to exposure to 100 µmol m-2 s-1 of 

SSR HPLC analysis was as in Figure 2.2. The amount of intact ANT remaining and 

production of ATQ, 2,6-dhA TQ, phthalic acid, Salicylic acid and benzoic acid were 

quantified by HPLC and plotted against time. Loss of ANT was adequately described 

by an exponential decay function (r'=0.96; p<0.05). [ANT] at to was: 28.05 fUDOI. 

The relative molar amount of the photoproducts is based on the data in Table 2.1. 
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Table 2.1 Rq,resematives ANT photooxidllion products 4'J1Dtificd by cahl>ration to 
cxtemal standard mcdlod (F.STD). Photomoclification was pcrformccl under SSR. for 
9 houn. Molar yields ratio and standvd. error of triplicate samples ue presented. 

Compound Yielct t112, h in SSR. 

ANT 0.006 ± 0.008 2 
ATQ 0.146 ± 0.018 1.8 
1-hATQ 0.018 ± 0.002 EP 
2-hATQ 0.062 ± 0.003 EP 
1,2-dhATQ 0.027 ± 0.002 3.0 
1,4-dhATQ 0.077 ± 0.006 6.0 
1,5-dhATQ 0.010 ± 0.001 EP 
1,8-dhATQ 0.080 ± 0.018 EP 
2,6-dhATQ 0.105 ± 0.015 EP 
Phthalic acid 0.148 ± 0.006 EP 
Salicylic acid 0.140 ± 0.025 EP 
Benzoic acid 0.090 ± 0.020 EP 

a) µmoles of compound at (t = 9h) in SSR 
b) EP = End Products 
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1999). Thus, these products are specifically expected to accumulate in the 

environment and would represent a potcmial hmrd. Indeed, in recent work some 

ANT photoproducts were detected It significant levels Ul p AH COl'tarninated sedirnems 

(Greenberg et al., unpublished observations). 

2.3.3 Pathway of ANT Pbotomodification 

Based on the kinetics for photomodification of ANT and product formation, a 

photomodification pathway can be proposed (Figure 2:4). ANT is converted to ATQ 

via an intennediatc, most likely the 9,10-endoperoxide of ANT. This molecule would 

subsequently be oxidized to ATQ with the concomitant generation of hydrogen 

peroxide (Figure 2.4). ATQ is then hydroxylated or its central ring is cleaved. We 

assume ATQ can form one-ring aromatics directly as they form with a time frame 

similar to or faster than hATQ formation (see Figures 2.2 and 2.3). Three of the 

hATQs (l,2-dhATQ, 1,4-dhATQ and 1,2,4-thATQ) also are subject to ring fission 

forming benzoic acids, benz.aldehydes and phenols. The single ring aromatics and 

some of the hATQs products are photochemically stable and can therefore be classified 

as end-products. 
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OB 

Figure 2.4 Proposed pathway of anthracene photooxidation in simulated solar 

radiation. The generalized mechanism is based on the identified products and kinetics 

of their appearance. The brackets indicate unidentified intermediates. (a): Photostable 

hATQs. (b): Photolabile hATQs. (c): One ring aromatic end products. 
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2.4 Discusaion 

In this study, we have shown that ANT was oxidiz.ed to ATQ, hATQs, bemoic 

acid, bemaldehyde and phenols in the presence of SSR. Photooxidation of P AHs and 

product formation have been clescribcd in previous studies (Katz et al., 1979; Ren et 

al., 1994; McCookey et al., 1997; Mallakin et al., 1999). This study is consistent with 

previous work which demonstrated that P AHs can be photomodified via oxidation 

reactions (Katz et al., 1979; Ren et al., 1994; McConkey et al., 1997; Huang et al., 

1997). However, this research greatly expanded on the nmnber of identified products 

and presents a full photooxidation pathway for the first time. Many of the 

photoproducts identified are intermediates and subject to further photooxidation. The 

action of light on P AHs can also result in the formation of active oxygen species 

including hydrogen peroxide, singlet oxygen, superoxide ion and organo-peroxy 

radicals (Larson and Berenbaum, 1988). In particular, based on the proposed 

photomodification pathway of ANT, hydrogen peroxide is a likely by-product. 

Interestingly, hydrogen peroxide has been shown to be at higher levels in aquatic 

environments exposed to sunlight (Scully et al., 1995), and our work shows one way 

in which it can be formed. 

In solution, there are two possible routes of photomodification of P AHs; type Il 

and type I photosensitiution reactions (Foote, 1979). In type Il photosensitiz.ation, 

after absorption of a photon, ground-state ANT goes to the excited triplet-state (3 ANT) 

via intersystem crossing from the excited singlet-state 1 ANT. The experimental 

solution was open to the air, so the main quencher of 3 ANT would be ground triplet­

state oxygen 3(h. This is because the concentration of 3 ANT would be low in the 

aqueous medium relative to the 3~ concentration (0.25 mM) (Robinson et al., 1970; 

Krylov et al., 1997). This means the rate of reaction of 3 ANT with 30 2 should be 
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diffusion limited widl an•~ iDtaval of less dum 10~ s betwcc:n collisions (Kiylov 

et al., 1997). Because .-.C ANT excited triplet state is relati~ly long lived (10~ to 10·3 

s), the majority of the excited 3 ANT should be quenched by oxygen, generating 

singlet-state oxygen•~ (Lakowics, 1983). These singlet•~ molecules could then 

react with ANT forming the ~peroxide. In type I photosensitization reactions, as 

in type II reactions, after absorbance of a photon, ANT goes to 3 ANT via intersystem 

crossing from the excited singlet state. The 3 ANT does not react with 3~, but instead 

with another P AH or solvent molecule to generate a P AH free radical or solvent free 

radical. These P AH radicals would also be reactive with ~, forming oxidation 

products. Assuming the 9, 10-endoperoxide of ANT is the initial oxidation reaction, 

a type Il photosensitiz.ation mechanism is more likely. 

Our studies show that the initial •~ attack is exclusively at the 9, 10 position in 

the central ring of ANT. The electron density of this ANT central ring is very low 

(Mezey et al., 1998), explaining why the initial reaction is so specific to this position. 

This lo.w electron density of the central ANT ring is also a key factor in the very rapid 

rate of photooxidation. 

The initial ANT concentration used in this study (S µg/ml) is well above its 

solubility limit. This was necessary so we would have sufficient material for analysis. 

Interestingly, the ANT did not precipitate, but rather formed an emulsion. Further, the 

kinetics of photooxidation were pseudo first-order, mono-phasic and rapid. From this 

we conclude that P AHs do not have to be fully solublized to be subject to 

photomodification. This has environmental implications, as P AHs in aquatic 

environments arc often bound to suspended particulate matter. Our data suggest that 

under these conditions photomodification can occur. 
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3.1 Iatroductioa 

The aquatic environment is a site of high photochemical activity, particularly in 

shallow waters. Irradiation of chromophores in the presence of oxygen can result in 

the production of biologically damaging active oxygen species (Larson and 

Barenbaum, 1988; Foote, 1991). If the chromophore is within an organism, the 

resultant active oxygen can cause biological damage (Halliwell and Gutteridge, 1985; 

Larson and Barenbaum, 1988). Other light-absorbing molecules are subject to 

photomodification (photooxidation and photolysis), with the photolytic products 

having different biological activities than the parent compounds (Larson and 

Barenbaum, 1988). Polycyclic aromatic hydrocarbons (PAHs) are one of the best 

examples of a group ofphotoactivc environmental contaminants (Cook et al., 1983; 

Newsted and Giesy, 1987; Hall and Oris, 1991; Huang et al., 1993, 1997b; Mekenyan 

et al., 1994; Arfsten et al., 1996; Krylov et al., 1997). By virtue of their large, highly 

conjugated 1t-orbital systems, P AHs strongly absorb in the UV spectral region of 

natural sunlight Upon absorbing a photon, P AHs reach excited triplet states with high 

quantum yields. This can lead to the photosensitized production of biologically 

damaging singlet state oxygen (10 2) (Newsted and Giesy, 1987; Hall and Oris, 1991; 

Huang et al., 1993; Mekenyan et al., 1994; Arfsten et al., 1996; Krylov et al., 1997; 

Huang et al., 1997a). Absorbance of a photon by a PAH can lead to rapid 

photomodification (generally by oxidation) to new chemical species (Katz et al., 1979; 

Huang et al., 1993, 1995, 1997a; Krylov et al., 1997; McConkey et al., 1997). In 

many instances, it was found that photomodified P AHs are more toxic than the parent 

P AHs (Huang et al., 1995, 1997b; Krylov et al., 1997; McConkey et al., 1997), most 

likely due to a combination of increased solubility, bioavailability and reactivity 

(Duxbury et al., 1997; McConkcy et al., 1997; Huang et al., 1997a,b ). 
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Photomodification of any given P AH leads to a wide variety of products (Katz 

et al., 1979; Neff: 1979; Duxbury et al., 1997; Huang et al., 1997a; McConkey et al., 

1997). Since the mixtures of photoproducts are often more toxic than the intact 

starting material (Huang et al., 1995, 1997b; Krylov et al., 1997; McConkey et al., 

1997), it is important to determine which photoproducts in the mixture are making the 

most significant contributions to toxicity. It was recently demonstrated that 

phenanthrenequinone, the major photoproduct of pbenandlrcne, is more toxic to 

Lernna gibba and Photobacterium phosphoram than phc:nandlrene (McConkey et al., 

1997). It was further demonstrated in that study that the µicreascd toxicity of 

phenanthrene following its photomodi.fication was explained almost entirely by the 

presence of phenan1brcnequinone. Phcnanthrcne represents a fairly simple example, 

since phenantbrenequinone is its only abundant photomodification product (McConkey 

et al., 1997). Commonly, PAH photomodification results in complex mixtures of 

products (Katz et al., 1979; Duxbury et al., 1997; Huang et al., 1997a) with potentially 

variable levels of biological activity. The work reported here attempts to explore a 

more complex case than phenanthrene. 

Anthracene (ANT) consistently has been found to be one of the most toxic P AHs 

following photomoditication (Huang et al., 1993, 1995; 1997a,b). ANT 

photomodification results in the formation of a complex mixture of more than 20 

products, including anthraquinoncs (ATQs), hydroxyanthraquinones (hA TQs ), benz.oic 

acids and phenols (Katz et al., 1979; Huang et al., 1997a; Chapter 2). It is not known 

which of these photoproducts are contributing to the high toxicity of photomodified 

ANT. To begin to assess the toxicity of specific ANT photooxidation products we 

compared the toxicity of ATQ and 11 different hA TQs to ANT. The compounds 

chosen were either found in the mixture of compounds derived from ANT 

photooxidation or are structurally related to one or more of those compounds. 
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Toxicity was measured as 8fOWdi inbibitim using 1he duckweed Lanna gibba. Lemna 

gibba was chosm fOI' this study because it bas been used extensively for photoinduced 

toxicity of P Alls. Moreover, it is an accepted ctanda,d test of toxicity and an 

environmentally relewnt plant species (American Society for Testing and Materials, 

1991). Growth inhibition was dctcnninecl under photosynthetically active radiation 

(PAR) and sinmlatecl solar radiation (SSR) to assess whether toxicity was 

photoinduced in a manner similar to that of ANT. ATQ and about half the hA TQs 

tested were found to have toxic activities similar to or greater than that of ANT. 

3.2 Materials and Methods 

3.2.l Chemicals, Chemical Analysis, and Photomodification of Chemicals 

The 13 chemicals used in this study were (abbreviations used throughout the text 

follow the name, common names are also provided): anthracene (ANT), anthraquinone 

(ATQ), 1-hydroxyATQ (1-hATQ), 2-hydroxyATQ (2-hATQ), 1,2-dibydroxyATQ 

(1,2-dhATQ; alizarin), 1,3-dihydroxyATQ (1,3-dhATQ), 1,4-dibydroxyATQ (1,4-

dhA TQ; quinaarin), 1,5-dihydroxy ATQ ( 1,5-dhA TQ; anthrarufin), 1,8-

dihydroxy ATQ ( 1,8-dhA TQ), 2,6-dillydroxy ATQ (2,6-dhA TQ; anthraflavic acid), 

1,2,4-trihydroxyATQ (1,2,4-thATQ; purpurin), 1,2,5,8-tetrahydroxyATQ (1,2,5,8-

thATQ; quioalinui.n), 1,2,10-trihydroxyANT (1,2,10-thANT; anthrarobin). The 

structure of these chemicals and their absorption spectra are given in Figure 3 .1. 

Chemicals were purchased in high purity (Sigma Chemical Co., St. Louis, MO and 

Aldrich, Milwaukee, WI), except for 1-hATQ, 2-hATQ and 1,3-dhATQ, which were 

synthesized by established procedures in our laboratory (Wang and Snieckus, 1990). 

High performance liquid chromatography (HPLC, Shimadzu, Inc., Columbia, MD) 

was used to confirm the purity of all compounds (Huang et al., 1997a,b; Mcconkey 
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Figure 3.1 Chemical structures and absorbance spectra of anthraquinone and the 

oxygenated anthracenc derivatives used in this study. The chemicals at 2 µg mr1 in 

chloroform were scanned with a UVNIS spectrophotometer. Abbreviations of 

chemical names are as given in materials and methods. An absorbancc spectrum of 

anthracenc can be found in Foote (1991 ). 
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et al., 1997). Either a Supelco LC-18 column (25cm x 4.6cm ID, 5-µm particles, 

Supclco, Mississauga, ON) or a Pbenomencx Enviroscp-PP column (12.S x 3.20 mm 

ID, 120-µm particles, Phcnomenex, Tonance, CA) were used. Samples of 400µ1 (2 

mg m1·1 in DMSO) were applied to the column with an autoinjector, and separation 

was carried out with a water (pH 3, adjusted with phosphoric acid) and acetonitrile 

gradient. HPLC grade solvents were used (VWR/Canlab, Toronto, ON). The 

acetonitrile-water gradient was: isocratic at 1 % acetonitrile for 2 min, increased 

linearly to 9()0/4 acetonitrile over 32 min, and isocratic at 9()0/4 acetonitrile for 20 min. 

The flow rate used was generally 1 ml/min, although O.S ml/min was used when 

greater peak resolution was required. The compounds were detected with a diode 

array detector (Shimadzu, Inc.) linked to a computer running Shimadzu EZ-Chrome 

software. 

To examine the photomodification reactions of ANT, ATQ and the hATQs, the 

chemicals were delivered in DMSO by 1000-fold dilution to 10 ml of L gibba growth 

medium to a final concentration of S µ.g m1·1 and exposed to SSR (Huang et al., 1993; 

1997a). At various time points, 400 µl of the aqueous photochemical reaction mixture 

was removed for HPLC analysis. The kinetics of photomodification and product 

profiles for ANT, ATQ and the hATQs were determined by HPLC using the method 

described above. Photomodification products were identified by comparison to 

authentic materials based on coincident HPLC retention time and matching diode array 

absorbance spectra using the library function of the HPLC software (Shimadzu, Inc). 

3.2.2 Light Conditions, Plant Growth, and Toxicity Assessment 

Prior to toxicity testing, Lemna gibba L. G-3 were transferred from sucrose­

containing growth medium to sucrose-free growth medium and cultured aseptically for 
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2 weeks in a controlled environment chamber under 60 µmol m·2 sec·• of continuous 

PAR (cool-white fluorescent, 400 nm to 700 nm) generated with cool-white 

fluorescent lamps (American Society fOI' Testing and Materials, 1995; Huang et al., 

1993, 1995). The irndiaaion sources for plant growth during chemical tmmnents wae 

either PAR or SSR (100 pmol m·2 s1
). The spectral output of the SSR source 

following passage through a polystyrene petri dish top (polystyrene petri dish tops 

absorb UV-C exposure) covering the plants had a PAR: UV-A: UV-B ratio of 100: 10: 

1, based on the number of photons. Construction of the SSR source is descnl>cd in 

detail elsewhere (Huang et al., 1993; American Society for Testing and Materials, 

1995). The spectral outputs (Figure 3.2) and integrated fluence rates of the light 

sources were measured with a calibrated spcctroradiameter (Huang et al., 1995; 

American Society for Testing and Materials, 1995). The spectral output of the SSR 

source has a UV to PAR ratio parallel to that of sunlight from mid spring to mid fall 

in latitudes corresponding to southern Canada and the northern United States 

(Henderson, 1977; American Society for Testing and Materials, 1995). 

Plants were placed on 10 ml of fresh half-strength Hutner's medium in a 5-cm 

diameter polystyrene petri dish (Figure 3 .3). Chemicals were delivered to the growth 

medium by 1000-fold dilution of DMSO stock solutions to final concentrations 

ranging from 0.0 l to 10 µg mr1 in a logarithmic dilution series. A DMSO (0.1 % v/v) 

solvent control sample was performed for each experiment. This concentration of 

DMSO has no impact on L. gibba growth or P AH toxicity tests, and it does not effect 

net uptake of intact or modified P AHs by L gibba (Greenberg et al., 1992; Huang et 

al., 1993; Duxbury et al., 1997). A 10 µg m1·1 upper limit for the exposure 

concentration range allowed full dose responses to be observed for each chemical; 10 

µg mr1 is an environmentally relevant concentration for the hA TQs, which are much 

more water soluble than ANT. The accuracy of chemical delivery and P AH 
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Figure 3.l The spectral outputs of the simulated solar radiation (SSR) and the 

photosynthetically active radiation (PAR) sources. Light sources and Spectro­

radiometric measurements are descn"bed in materials and methods. All data are given 

in relative units based on photon fluence rates. 
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Figure 3.3 Experimental design to det.ermine the toxicity of chemicals to aquatic plant 

(Lemna gibba). Toxicity tests started with two plant colonies per treatment replicate 

(8 leaves); growth was monitored over an 8-day period by counting leaves. 



54 

concentrations in the media were detmnined by HPLC analysis as above. The media­

chemical mixture was replenished by static renewal every 48 h to keep the chemical 

concentration and nutrient levels somewhat constant. Toxicity of chemicals was 

assessed based on growth inhibition (American Society for Testing and Materials, 

1991; Greenberg et al., 1992; Huang et al., 1993). Toxicity tests started with two 

plant colonies per trealmmt replicate (8 leaves); growth was monitored over an I-day 

period by cov.nting leaws and converting the data to instantaneous growth rates. Leaf 

coW1ts are a highly reliable and representative method of assessing P AH toxicity to L. 

gibba (Greenberg et al., 1992; Huang et al., 1997a). The control plants doubled about 

eveiy 48h IDlder bodl of the light conditions used in this study. Toxicity data were fit 

to the sigmoidal function: 

100 
/=-------

l+exp B(x- µ) 

Where / is percent of growth inhibition, x is the logarithm of the chemical 

concentration, µ is the logarithm of the EC,o, and B is chemical-dependent slope 

parameter (McConkey et al., 1997). Standard errors were calculated for all EC50s 

using the data from three independent experiments. All toxicity tests were performed 

in triplicate with a minimum of three independent replicates per test (n = 3). 

For toxicity tests ofphotomodified PAHs, intact ANT, ATQ and the hATQs were 

delivered in DMSO to growth medium to final concentration ranging from 0.01 to 10 

µg mr1
. They were incubated in SSR for 7 days; after about 4 days the mixture 

stabilized as a composite of benzoic acids, thus a 7-d exposure assured 

photomodification to a mixture that would not change during a toxicity test. In the 

case of the non-photomodifiable hATQs, there were no changes to the chemical over 



55 

this 7-d period. The control plants were also exposed to medium containing 0.1 % 

DMSO that was prcincubatecl for 7 clays under SSR. Toxicity data were fit to a 

sigmoidal function and standard enon were calculated as above. 

3.3 Results 

3.3.1 Photomodification of ANT and Identification of Products by HPLC 

When ANT is exposed to light, it is rapidly photooxidized to complex mixtures 

of products that are more toxic than the parent compound (Huang et al., 1993, 1995, 

1997a). Most of the photoproducts have not been identified. To identify these 

photooxidation products, ANT was photomodified under SSR for 9h and HPLC 

analysis was performed (Figme 3.4). A large nwnbcr of products were observed; more 

than 25 peaks could be resolved by HPLC. A similar product profile was observed 

when ANT was exposed to UVB only (data not provided). When anthracene was left 

in the dark for the same length of time, no oxidation of ANT was observed and the 

compound was quantitatively recovered ( data not provided). Thus, the observed peaks 

were attributable to photomodification of the parent compound. The identified 

photoproducts were ATQ, 1-hATQ, 2-hATQ, 1,2-dhATQ, 1,4-dhATQ, 1,5-dhATQ, 

1,8-dhATQ, 2,6-dhATQ, phthalic acid, salicylic acid, and benzoic acid. Unidentified 

peaks in Figure 3 .3 with retention times of 20 to 30 min were also assumed to be 

hA TQs, but these compounds were not successfully identified. 
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Figure 3.4 HPLC analysis of antbracene photomodification. Anthracene was 

delivered in DMSO to the growth medium to a final concentration of S µg mr1 and 

exposed to SSR for 9h. Compounds identified are: Anthracene (peak 12), 

anthraquinone (peak 7), 1-hATQ (peak 8), 2-hATQ (peak 6), 1,2-dhATQ (peak S), 1,4-

dhATQ (peak 10), l,S-dhATQ (peak 11), 1,8-dhATQ (peak 9), 2,6 dhATQ (peak 4), 

phthalic acid (peak 1), salicylic acid (peak 2) and benzoic acid (peak 3). Based on 

retention times and searches of the diode array absorbance spectra hl>ruy, other peaks 

with retention times between 13 and 18 min were tentatively identified as hydrox:ylated 

derivatives of benzoic acid, and other peaks between 20 and 30 min were probably 

hydrox:ylated ATQs. 
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3.3.l Pbotomodificatioa of ATQ and Bydrosylated ATQs 

Because ATQ and hATQs were prevalent products of ANT photooxidation, we 

chose this class of compounds for assessment of toxicological impacts on L gibba. 

Eight of the compounds selected for testing (Figure 3 .1) were positively idmtified as 

ANT photoproducts (Figure 3.4), and the others are structurally related to those 

identified. The latter were chosen for two reasons: to give a larger sampling of 

compounds for future QSAR modelling. and because under varied environmental 

conditions other photoproducts could form. Other photooxidation products such as the 

benzoic acids, are being tested in the scope of another study. First, the rates of 

photomodification of these compolDlds (ATQ and the eleven selected hydroxyATQs) 

were measured in SSR (100 µmol m·2 s·1). The HPLC traces for the photooxidation 

reactions of two typical hydroxyATQs (1,2-dhATQ and 1,8-dhATQ) are shown 

(Figure 3.5). l,~TQ was found to be stable in SSR, while 1,2-dhATQ was rapidly 

photooxidized to various benzoic acids (Figure 3 .S). These benzoic acid derivatives 

are similar to those formed from photooxidation of ANT (c.f. Figures 3.4 and 3.S). No 

photooxidation was observed for 1-hA TQ, 2-hA TQ, l,S-dhA TQ, 1,8-dhA TQ, 2,6-

dhATQ, or 1,2,S,8-thATQ. The compounds found to be subject to photooxidation, in 

addition to ANT and 1,2-dhATQ, were ATQ, 1,3-dhATQ, 1,4-dhATQ, 1,2,4-thATQ, 

1,2, 10-thANT. They had half-lives in SSR ranging from 1.8 to 7.3 h (Table 3.1). 

3.3.3 Toxicity of ANT, ATQ and the bATQs to L gibba 

Photoinduced toxicity to Lgibba was determined for ANT, ATQ and the eleven 

hATQs (Table 3.1 and Figure 3.6). The products chosen for testing were either 

identified in the mixture of photoproducts derived from ANT or highly related to those 

products. Other photooxidation products, such as the benzoic acids, are being tested 
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Figure 3.5 HPLC analysis of intact and photomodified hA TQs. HPLC 1races of 1,2-

dhATQ and 1,8-dhATQ exposed to darkness or SSR for 7 days. The peaks with 

retention times of 10 to 20 minutes were identified as phthalic acid, salicylic acid and 

benzoic acid products as in Figure 3.4. 
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Figure 3.6 Photoinduced toxicity of ANT, ATQ and hATQs applied to L. gibba in 

intact and photomodified (PM) fonn. Growth was monitored by counting leaves and 

toxicity is presented as percent inhibition of growth relative to the control plants. 

Toxicity tests were performed in PAR and SSR. All chemicals were at 2 µg m1·1 based 

on amount of the parent compound. 
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in the scope of anod,a- study. The compounds were applied to L gibba in intact form 

at several concentnlions, and growth was measured in SSR and PAR. ANT and 11 

of the oxygenated ANTs were found to be toxic. The most toxic of the modified 

ANTs was 2-hATQ (EC,o=O.OSµg mr1 in SSR, Table 3.1). Several of the modified 

ANTs had toxicities at a level ~imil• to ANT (an EC,o within a factor of 3). The rest 

were substantially less toxic than ANT. The only compound found not to show toxic 

activity in SSR or PAR was 2,6-dhATQ. 

In most cases, the compounds tested were more toxic in SSR than PAR (Table 

3 .1 and Figure 3 .S). For example, with the chemicals at 2 mg r 1
, and comparing plant 

performance in PAR and SSR respectively, growth inhibition was 78% and 9'1°/o for 

ATQ, 8% and 42% for 1,2-dhATQ, and 5% and 1'1°/o for l,S-dhATQ. Moreover, in 

most cases the EC,o5 for growth inhibition were significantly lower in SSR relative to 

PAR (Table 3. l ). The only chemicals that did not show any increase in toxicity in 

SSR compared to PAR were l,S-dhATQ and 1,2,10-thATQ. Interestingly, 2,6-dhATQ 

which had no impact under SSR, actually promoted leaf production in PAR (Figure 

3.5). Because all the chemicals absorb UV radiation more strongly than P~ and 

SSR contains UV radiation, this implies that the ANT derivatives with elevated 

toxicity in SSR are phototoxic. 

3.3.4 Toxicity or Photomodified ANT Derivatives to Plants 

Because ANT toxicity increases upon photomoditication (Huang et al., 1993, 

1995; Krylov et al., 1997), it was important to test if the toxicity of the oxygenated 

ANTs also increased after pretreatment in SSR. For each chemical that was found to 

be photomodified (ANT, ATQ, 1,2-dhATQ, 1,4-dhATQ, 1,2,4-thATQ, 1,2,10-

thANT), the photomodified chemicals were more toxic than the non-pretreated 
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chemicals (Table 3.1 and Figme 3.5). Since mixtures ofbenzoic acid derivatives are 

generated upon pbotomodificatim of~ chemicals, it implies that such mixtures are 

somewhat toxic. The hATQs that were not subject to photomoclification were also 

tested for toxicity following prelffetmmt in SSR (1-bA TQ, 2-bA TQ, l.3~TQ, 1,5-

dhATQ, 1,8-dhATQ, 2,6-dhATQ, 1,2,5,8-thATQ). In general, these compounds did 

not exhibit a significant increase in toxicity following pretreatment in SSR. Two 

exceptions were 2-hATQ and 1,8-dhATQ: they were not photomodified in SSR but 

increased in toxicity when applied to the plant after pretreatment in SSR. Higher 

toxicity of these two compounds following exposure of SSR may be due photo­

generation of stable active oxygen species such as hydrogen peroxide. 

3.4 Discussion 

Based on this study and previous work (Huang et al., 1993, 1995; 1997a; Krylov 

et al., 1997; McConkey et al., 1997), it is clear that a significant part of the 

photoinduced toxicity of P AHs can be attributed to the photomodification products. 

Application of different light conditions shows that the toxicity of the photoproducts 

of ANT can also be photoinduced. This is in contrast to the major photoproduct of 

phenanthrene, phenantbrenequinonc, which is more toxic than phenanthrenc, although 

its toxicity is not greatly photoinduced (McConkey et al., 1997). Certain ANT 

photoproducts are themselves subject to photooxidation, with a concomitant increase 

in toxicity. Conversely, some of the photoproducts of ANT (2-hATQ), while not 

readily photooxidizcd are nonetheless phototoxic, indicating photosensitiz.ation 

activity. 

Upon exposure to UV light, ANT is rapidly photooxidizcd to a mixture of 

photoproducts that arc more toxic than the parent compound (Huang et al., 1993, 1997 
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a,b ). The first primary product ATQ, is subject to further modification resulting in the 

production of several hATQs and bcmoic acids (Figure 3.3). Of the ATQ and hATQs 

tested, ATQ, 1,2-dhATQ, 1,3-dhATQ, 1,4-dhATQ, 1,2,4-thATQ and 1,2,10-thANT, 

are subject to photomodification, while the other hA TQs are light stable. HPLC 

analysis of the photomodification products revealed that similar mixtures of benzoic 

acids are generated when ATQ and hA TQs are photomodified It is unclear at this 

time why certain hA TQs are photostable. 

Because the ANT photooxidation products arc more water soluble than ANT, 

their concentrations in the water column could be higher, resulting in increased 

bioavailability. Furthermore, these oxygenated ANTs are still sufficiently lipophilic 

to partition into biological membranes (Duxbury et al., 1997). This combination of 

good bioavailability and high bioconcentration potential suggests that photomodified 

ANTs present a real risk when they are present in the environment. The extent of this 

risk is currently unknown, however, because ANT photoproducts have never been 

included in environmental surveillance programs. 

The EC50s for the ANT photoproducts ranged from 0.05 to >10 µg mr1 (Table 

3.1). 2,6-dhATQ was the least toxic, with no observable effect in SSR and actually 

accelerating growth in PAR. In contrast, 2-hA TQ was the most toxic (EC50= O.OS µg 

mr1 in SSR and EC50= 0.2 µg m1·1 in PAR). Interestingly, since both 2,6-dhA TQ and 

2-hA TQ are photostable compounds, they would not be sources of toxic 

photoproducts. This explains 2,6-dhATQ's lack of toxic activity. 2-hATQ, however, 

is toxic in PAR (where it has almost no absorbance) and has enhanc:ed toxicity in SSR 

(where it absorbs UV strongly). This suggests that it can have negative interactions 

via direct biological receptors, and via photosensitization generating singlet oxygen. 

Interestingly, when 2-hA TQ was pretreated in SSR before toxicity testing, its toxicity 
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increased modestly. It is possible that in the plant growth medium 2-hATQ can 

photochemically generate active oxygen leading to kinetically stable toxic oxygen 

species such as hydrogen peroxide (Halliwell and Gutteridge, 1985; Foote, 1991). 

When the plants are subsequently addetl toxicity would be due to the combined effects 

of 2-hA TQ and hydrogen peroxide. 

It is suggested that the combination of high toxicity and photostability shown by 

2-hA TQ may have significant environmental ramifications. First, 2-hA TQ is a 

prevalent photoproduct, which forms at detectable concentrations when ANT is 

exposed to SSR (Figure 3.3). Therefore, it is likely to be generated in environmental 

samples wherever ANT and sunlight coexist Second, it is both stable and toxic, and 

its toxicity does not require further photoactivation. As such, it will be persistent and 

would present a risk in any environmental compartment to which it partitions. Thus, 

it is believed that comprehensive P AH loading assessments should include 2-hA TQ 

as an indicator of the presence of hu.ardous P AH photooxidation products. 

The photooxidation of all the photomodifiable hA TQs resulted in dominant 

production of phthalic acid, salicylic acid, benzoic acid and several other phenol and 

benzoic acid derivatives. The half-lives of these chemicals ranged from 1.8 h to 7.3 

h (Table 3.1), rates that are rapid enough for the photoproducts to contribute to toxicity 

in an 8-day toxicity test with 2 day static renewal. As well, the half lives are short 

enough to be environmentally relevant. Thus, many of hA TQs may be altered 

chemically in the environment, and the products are apparently hazardous. Since the 

benzoic acid mixtures showed moderate to high toxicity, it implies that complex 

mixtures of these one ring aromatics can have high toxic activity (ECsos of 1.5 to 9 mg 

L-1 for mixtures derived from the hATQs, and 0.2 mg L-1 for those derived from ANT 

and ATQ). Interestingly, the benzoic acids individually are generally less toxic than 
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in the mixtuRs found in our study (Pierce et al., 1980; Hobson et al., 1984). Probably 

ANT and ATQ are more toxic after photomodification than the hATQs, because they 

can form 2-hATQ upon photomodification, while 2-hATQ can not be derived from the 

other hA TQs. Furthermore, P AHs photomodified in the environment will certainly 

exist as complex mixtures. This indicates that the toxicity of relevant mixtures should 

be examined in detail. 

For ATQ md the hATQs that are subject to photomodification, toxicity increased 

following photomodification. The impacts of these chemicals in SSR will be7 to some 

degree7 dependent on the rate of photomodification md the composition of the mixture 

of photoproducts. Nonetheless, many of the chemicals had significant toxic impact in 

PAR where photomodification is much slower. This implies that the chemicals have 

a direct negative physiological impact on the plants just as 2-hA TQ does. Indeed it 

was found that photomodified ANT directly inhibits photosynthesis (Huang et al. 7 

1997a), and more recent work has indicated that some of the compounds under 

investigation here are direct inhibitors of photosynthetic electron transport (Mallakin., 

Bab~ Marder and Greenberg, unpublished observations). Thus, the mechanism of 

toxicity of these compounds is likely to be multifaceted, with perhaps different 

mechanisms dominating depending on the specific environmental conditions and the 

extent of photomodification. 

In addition to the ANT photoproducts revealing direct toxic activity in P ~ their 

toxicity could also have a photoinduced component in PAR (Morgan et al.7 1977; 

Newsted and Giesy, 1987; Larson and Barenbaum, 1988; Huang et al., 1997b; Krylov 

et al., 1997). Most of the compounds absorb in the long wavelength UV and short 

wavelength visible regions (370-450 nm) (Figure 3.1), and these spectral regions are 

in the PAR source (Figure 3.2). However, the absorbance by the chemicals in these 
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regions is lower than in shorter wavelength UV, so the frequency of photochemical 

events will be lower in PAR than SSR. Moreover, many of the ATQs have an excited 

state transition ~onespnncling to absorbance peaks at about 400 nm. This would be the 

first excited state, S1 (see Figure 3.1). There is another transition corresponding to 

peaks at about 300 nm. This is a higher excited state, ~- Thus, the chemical would 

reach a higher excited state in SSR relative to PAR, consistent with the greater toxicity 

observed in SSR. 

The differences in toxicity of the oxygenated ANTs will be. dependent on the 

hydroxy substitution pattern. For instance, the molecules with rotational symmetry 

(2,6-dhATQ and 1,5-dhATQ) were less toxic than the compounds with mirror 

symmetry (1,4-dhATQ and 1,8-dhATQ) or no symmetry (e.g. 2-hATQ and 1,3-

dhA TQ). Clearly, it would be a valuable exercise to build a detailed model relating 

the structural features of oxygenated ANTs to their toxic strength. This would not 

only provide a better explanation of why various hA TQs are haz.ardous, but might also 

allow predication of toxicity of other P AH photooxidation products. A powerful 

method for describing the detailed structures of organics is computational modeling 

of the molecules. Mezey ( 1995) has demonstrated that detailed electron shape density 

maps can be built by computer techniques and that these provide an accurate 

mathematical description of the shape of the electron cloud (the reactive part of 

organic molecules). Computer analysis is then used to determine which shape features 

correlate with a given property of a group of molecules. Indeed, in the case of 16 

intact P AHs, detailed electron density shape maps were constructed to accurately 

describe the photoinduced toxicity of these PAHs (Mezey et al., 1996). Shape analysis 

is now being performed for oxygenated ANTs. 

This study, taken with previous work on phenanthrene /phenanthrenequinone 
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toxicity (McConkey et al., 1997), clearly demonstrates that photnrnodified P AHs are 

hazardous. Specific photoproducts can now be identified which are more toxic than 

the parent P AHs. Moreover, the relative stabilities of 2-hA TQ (Table 3 .1) and 

phenantbrenequinonc (McConkey et al., 1997) indicate that these compounds will be 

generated and penist wherever P AHs and sunlight are present. It is suggested that 

environmental load studies on P AHs should now include oxygenated P AHs. 

3.5 Conclusions 

Anthracene photooxidation revealed a complex array of oxidation products. 

Several of these compounds were identified. Prevalent among the ANT 

photooxidation products were ATQ and hA TQs. Eleven of these compounds were 

tested for toxicity using growth inhibition of the duckweed Lemna gibba L. G-3. All 

but one of the compounds tested were found to be toxic. When UV radiation was 

present in the light source toxicity was generally enhanced, indicating the ANT 

photoproducts are phototoxic. The chemicals were also irradiated under SSR prior to 

toxicity testing. In about half the cases, the ATQ compounds were rapidly 

photooxidized and the resultant photoproducts were more toxic than the parent 

compounds. Interestingly, 2-hATQ, which was not subject to photooxidation, was the 

most toxic of the compounds tested. As a light stable compound it presents the risk 

of a persistent environmental hazard. 
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4.1 Introduction 

Polycyclic aromatic hydrocarbons (P AHs) become more reactive and huardous 

following photomodification (Huang et al., 1997a; McConkey et al., 1997; Mallakio 

et al., 1999). Due to photomodification, P AHs are structurally altered to a variety of 

compounds, mainly oxygenation products, and these products are often more toxic 

than the parent compounds (Huang et al., 199S; McCookey et al., 1997; Mallakin et 

al., 1999). ANT is a rapiclly photooxidizcd P AH whose photomodification pathway 

has been determined. The products formed are ATQ, hydroxyATQs and benzoic acid 

derivatives (Chapter two; Mallakin et al., 2000). These products are toxic to plants 

(Chapter three; Mallakin et al., 1999), and mixtures of ANT photoproducts have been 

shown to inhibit photosynthesis (Huang et al., 1997a). The objective of this chapter 

is to examine the impacts of specific ANT photoproducts on the photosynthetic 

apparatus. Both in vivo and in vitro studies showed that electron transport downstream 

from PSII was affected with the primary site of action probably being the cytochrome­

b6/f complex. 

A common mechanism of toxic action is inhibition of biological pathways such 

as photosynthesis and mitochondrial electron transport. Plant productivity depends on 

the conversion of light energy into stable chemical energy (Greenberg, 1991; Krause 

and Weis, 1991). If the photosynthetic apparatus is inhibited by environmental 

contaminants, changes in plant cell physiology, growth and biomass yield are 

inevitable. As well, it has been shown that inhibition of photosynthesis is a reliable 

assay of the potential toxicity of xenobiotic contaminants (Draber and Trebs~ 1986; 

Lichtenthaler and Rinderle, 1987; Huang et al., 1997a). Chemical stressors may 

interrupt electron transport activity in PSil, cytochrome-b6/f or PSI. They may also 

alter the structure of chloroplasts, lower chlorophyll concentrations or inhibit the 
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Calvin cycle (Krause and We~ 1991; Hill et al., 1993, 1997; Huang et al., 1997a). 

Duxbury et al (1997) showed that intact and modified P AHs accumulate in thylakoid 

membranes of plants. ID addition, recent work has shown that photosynthetic elcc1ron 

transport is inhibited by mixtures of oxyP AHs at lower concentrations than either 

growth or C~ fixation (Huang et al., 1995, 1997a). However, little is known about 

which specific P AH photoproducts inhibit photosynthesis and if this correlates with 

their toxicity. 

To increase our knowledge of the adverse effects of environmental hazards on 

biological pathways, it is beneficial to understand the mechanisms of toxic action. In 

this chapter the mechanisms by which P AHs and oxyP AHs influenced aquatic plants 

was examined to determine if inhibition of photosynthesis correlates with inhibition 

of growth. The inluoition of photosynthesis at PSil can be observed by monitoring the 

induction kinetics of endogenous chlorophyll a (Chi a) fluorescence (Bolhar­

Nordeokampf and Oquist, 1993). There is interest in the practical application of Chi 

a fluorescence as a rapid and sensitive bioindicator of plant stress in response to 

different physical and chemical factors (Balcer et al., 1983; Schreiber 1986; Huang et 

al., 1997a). An advantage of this technique is that it permits in vivo non-destructive 

determination of changes in the photosynthetic apparatus much earlier than the 

appearance of visible injury. Portable fluorometers with microcomputers capable of 

measuring several parameters of Chi a fluorescence are available (Schreiber et al., 

1975; Orgen and Baker, 1985; Schreiber, 1986). These features make this technique 

readily applicable both as a laboratory test and an environmental bioassay under field 

conditions (Oquist and Wass 1988, Greaves et al., 1992). Thus, the use of Chi a 

fluorescence as a bioindicator has great potential. In this chapter, Chi a fluorescence 

was applied to the ANT photoproducts to determine if inhibition of photosynthesis by 

these compounds could be correlated to the whole organism toxicity determined in 
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Chapter three. 

4.l Materials and Methods 

4.2.1 Plant Growth Couditions 

Prior to chemical exposure, L. gibba L.G-3 was cultured aseptically on half­

strength Hubler's medium (L gibba growth medium) under 60 µmol m·2 s·1 of 

continuous cool-white fluorescent light as described earlier (Huang et al., 1993; 

Mallakin et al., 1999). Chemicals were applied to the plants for 6 h, after which Chi 

a fluorescence was measured. Chemicals were dissolved in DMSO and delivered to 

the plants via the growth medium as descnl>ed in Chapter three. The irradiation source 

for the plants during chemical treatment was simulated solar radiation (SSR) as 

described previously (Huang et al., 1993; American Society for Testing and Materials, 

1995; Mallakin eta/., 1999, 2000). SSRhas a PAR: UV-A: UV-B ratio of 100:10:1, 

and a total fluence rate of 100 µmol m·2 s·1
. Fluence rates and spectral output of the 

light sources were measured with a photodiode array spectroradiometer calibrated with 

a 1-kW quartz halogen lamp (Oriel, Stratford, CT, USA). 

4.2.2 Chemicals and Chemical Exposure of Plants to P ABs 

The chemicals used in this study were abbreviated as outlined in Figures 1.1 and 

2.1. For chemical exposure, plants were placed on 10 mL of fresh, half-strength 

Hutner's medium in S-cm diameter petri dishes (Huang et al., 1993; Mallakin et al., 

1999). ANT, ATQ and hATQs were dissolved in dimethylsulfoxide (DMSO) and 

delivered to the medium by 1000-fold dilution of DMSO stock solutions to final 

concentrations ranging from O to 10 µg/ml. ANT and its derivatives have low 

solubility in water (Pearlman et al., 1984), so delivery with DMSO was required to 
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achieve concentrations necessary for full concentration-response curves. Chemical 

purity and the accuncy of chemical delivay were assayed by high-performance liqwd 

chromatography (HPLC) as discussed previously (Huang et al., 1993; Mcconkey et 

al., 1997; Mallakio ~t al, 1999, 2000). Prior to measurement of Chi a fluorescence, 

plants were incubated with chemicals in SSR for 6 h. 

For application of photnrnodified ANT and ATQ to L gibba, the intact chemicals 

were delivered to the growth medium to a final concentration of 10 µglml. The growth 

medium containing chemicals was covered with polye~ylene film and incubated in 

UV-B (20 µmol m·2 s·1
, comparable to the total UV-Bin full sunlight) for 7 d. The 

extent of the photomodification reaction was monitored by HPLC analysis as 

described previously (Mallakin et al., 1999, 2000). HPLC conditions were the same 

as those used in Chapter 2. 

4.2.3 Chlorophyll II Fluorescence Induction 

After treatment of plants with a given chemical for 6 h, they were dark adapted 

for 30 min. A whole leaf was removed from the plants, placed on a probe and put in 

a spectrofluorometer with millisecond time resolution (Photon Technology 

International Inc., S. Brunswick, N.J.). A dark adaptation period of 20-30 min is 

usually enough to reverse all nonphotochemical fluorescence quenching provided that 

photoinhibition of photosynthesis is not involved (Powles, 1984). Chi a fluorescence 

induction was measured by excitation at 435 nm (70 µmol m·2 s·1
) and detection of 

fluorescence at 685 run. A typical fluorescence induction curve shown in Figure 4.1. 

The time constant was 1 ms and Chi a fluorescence was measured temporally for 10 

sec to detect PSII activity, and 60 sec to detennine electron transport downstream from 

PSII. After illumination of a dark-adapted plant lea( there is an immediate rise in 
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fluorescence to , minimal level {Fo). Because this state lasts for only picoseconds to 

nanoseconds, an electromagnetic shutter (Uniblitz, model D 12Z shutter driver) in 

conjunction with a compqter software package (Photon Technology Jntanational Inc., 

S. Brunswick, N.J.) was used to achieve a good approximation of F0. After Fo is 

reached, fluorescence gradually rises to a maximum level of fluorescence (FM)- This 

takes about 1 sec when photosynthesis is not inhibited. It takes much less time if 

electron transport is inhibited. Previous work has shown that 70 JUDOI m·2 s·1 of 435 

nm light is sufficient to reach FM in L gibba (Huang et al., 1997a). 

Variable fluorescence (Fv) is the difference between FM and F 0. To measure PSII 

activity, Fv/FM and t112 (the halftime for the rise from Fo to FM) were used. The ratio 

of Fv/FM for L gibba has a typical range of 0. 7-0. 75. After FM is reached, 

fluorescence slowly drops to a transient plateau (F51). This quenching, FQ=(FM-Fs1) 

can be used as a measure of electron transport down stream from PSII (Malkin et al., 

1994). FdfM is usually about 0.25 in a healthy plant and drops if photosynthesis has 

been impaired. The theoretical basis of the above parameters is given in Chapter one 

(Section 1.8). 
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Figure 4.1 A characteristic chlorophyll a fluorescence induction curve of a control 

L .gibba leaf. A plant leaf that had been dark adapted for 30 min was illmninated with 

light at a wavelength of 43S ~ inducing an increase in fluorescence intensity from 

the initial level F0 to the maximum level Fy. Light intensity was 70 J.llllOl m·2 s·1
, and 

the temperature was 25°C. F0 was resolved with the aid of the computer software for 

the fluorometer. FQ and Fs1 are as defined in the text. 
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4.l.4 Pulse Amplitude Modulated (PAM) Fluorescence Measurements 

A PAM fluorometer was also used to assess ANT and oxyANT impacts. A 

typical Chl a fluorescence trace using a PAM tluorometa is shown in Figure 4.2. This 

method is described in detail elsewhere (Schreiber et al., 1986). Dark-adapted L 

gibba plants were placed under the PAM light guide and the modulated measuring 

light was switched on to record F0• The addition of a brief (0.8 sec) saturating non­

modulated light pulse (2000 pmol m·2 s1 of PAR) to the modulated beam causes 

fluorescence to rise to FM (Figure 4.2) and Fv (FM-Fo) can be calculated. An actinic 

light (non-modulated; 150 pmol m·2 s"1
) is then applied which causes a brief rise in 

fluorescence followed by drop over about 3 min to a steady state level of fluorescence, 

FT. Saturating pulses applied with the actinic light on gives FM' which is a measure of 

the fraction of reaction centers that are open during steady state photosynthesis. 

Saturating light pulses were applied during this period with a frequency of 60 second 

to measure photochemical quenching (qp) and non-photochemical quenching ((IN). The 

parameters obtained were: Fv/FM, maximal PSil photochemical efficiency; Yield [(FM'­

FT)IFM1, a measure of steady state electron ttansport or energy storage; photochemical 

quenching, qP = [(FM'-F TY(FM'-Fo)], a measure of quenching for photochemical 

purposes relative to total light energy absorbed by PSil; and non-photochemical 

quenching, qN = (1-(FM'-Fo)/(FM-Fo)], fluorescence quenching by non-photochemical 

mechanisms. 
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Figure 4.2 A typical PAM ftuoromctcr trace for a dark adapted control leaf. The 

modulated light is applied ( :_: ) to give F0. A single saturating pulse ( .[J. ) is applied 

to give FM and Fv. Application of the actinic light (f ) and saturating pulses (at 1 

min intervals) allows FT and FM' to be determined after approximately 10 minutes. 

F v!FM, qP, qN and yield arc then derived as described in the text. 
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4.2.5 Isolation of Dylakoid membrane. for Measurement of PSI and PSII 

Thylakoid membranes were isolated and treated according to the procedures of 

Nakatani and Barber (1977) and Babu et al (1992), with some modifications. Lemna 

gibba leafs (S g fresh weight) were washed with deioniz.ed water and homogenized in 

a cold mortar and pestle using 5 ml of buffer A (SO mM Hepes-NaOH pH: 7.S, 0.3 M 

sucrose, 20 mM NaCl, and S mM MgC12). The homogenate was filtered through one 

layer ofMiracloths (Fisher Scientific, Mississauga, ON, Canada) and centrifuged at 

3,000 g for S min. The supernatant was discarded, and the pellet containing 

chloroplasts was resuspended in S mL of buffer B (20 mM Hepes-NaOH pH 7.S, S 

mM MgCI2, 150 mM NaCl) and left on ice for 1-2 min. The homogenate was filtered 

again and centrifuged at 3,000 g for S min. The pellet was resuspended in buffer A 

and kept at 4°C in the dark until use. The amount of thylakoid membranes was 

quantified by measuring Chi concentration (Lichtenthaler, 1987). The membranes 

were diluted with buffer C (20 mM Hepes-NaOH pH: 7.5, 10 mM NaCl, S mM 

MgCb). Thylakoids equivalent to a final Chi concentration of 10 µg/mL were used 

in all the chemical treatments. Oxygen evolution and consumption was measured with 

an oxygen electrode. 

Different concentrations of ANT and selected photoproducts were added to the 

thylakoid membranes (Chi= 10 µglmL). They were added by 1000-fold dilution from 

DMSO stock solution. The solutions were incubated in darkness for 20 min at 4 °C 

and electron transport was measured at room temperature. Electron transport was 

measured with oxygen electrode (Hansatech Instruments LTD., Kings Lynn, England) 

at 25°C under a saturating light intensity of2000 µmol m-2 s-1
. PSil mediated oxygen 

evolution activity was measured with O.S mM parabenzoquinone (pBQ) as an electron 

acceptor and H20 as the electron donor in a 1 mL reaction buffer of 25 mM Hepes-
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NaOH (pH 7.5) (Figure 4.3). 10 pl of a treated thylakoid mrmbrw sample was added 

to the reaction tube and the raction was initiated by turning m the actinic light (2000 

µmol m·2 s1
). 

The PSI assay mixture contained 25 mM Hcpcs-NaOH buffer (pH 7.5), 2 mM 

sodium azide, 0.01 mM 3-(3, 4-dichlorophcnyl)-1,1-dimcthyl urea (DCMU), 1 mM 

methyl viologen (MV) and 0.1 mM reduced 2, 6-dichlorophcnol indophcnol (DCPIP). 

10 µI of a treated thylakoid membrane sample was added to the reaction mixture. The 

DCPIP was reduced by the addition of 10 J,Ll ·of S mM sodium ascorbate adjusted to pH 

1.S. The reaction was initiated by turning on the actinic light, and electron transport 

was measured as ~ consumption. For the PSI assay it was necessary to eliminate 

competing PSil activity. To achieve this, DCMU, a PSil inhibitor was used. DCPIP 

(0.1 mM) with ascorbate (5 mM) were the electron donor couple, allowing 

measurement of PSI activity via ascorbate -> DCPIP ->PSI-> MV -> 02 (Figure 

4.3). 

4.2.6 Statistical Analysis 

Log-linear regressions were fit to concentration-response data over the linear 

portion of the curves. Accordingly, the Fv/FM values for hATQs were normalized to 

their mean (normalized value = data point % mean of the data set) and related to 

chemical concentration using linear regression analysis (SYSTAT 8.0 for Windows; 

Systat Inc., Evanston, IL, USA). The factors used were treatment (intact and 

photomodified hA TQs) and log of concentration, depending on the experiment. 
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Figure 4.3 Schematic representation of photosynthesis in plants. Both photosystems 

use the energy of absorbed light to move electrons through thylakoid membranes. 

Non-cyclic electron transport from water to two electron-acceptors is shown (PBQ and 

MV). PBQ was used to measure PSII and MV was used to measure PSL The electron 

donor 2,6-Dichlorophcnol- indophcnol {DCPIP) was used as a source of electrons for 

PSI. 



4.3 Results 

4.3.1 Effects of Intact and Photomodifiecl ANT and ATQ on Chi" Fluorescence 

Induction in L gibba 

To study the effects of intact and photomodified ANT on photosynthesis, a 

concentration range for in vivo inhibition of photosynthesis in L. gibba was 

established. Chi a fluorescence induction was measured following treatment of the 

plants with the chemicals for 6 h ·in SSR (Figure 4.4). For both intact and 

photo modified ANT, F v/F M was dimini§hed in a concentration dependent manner 

(Figure 4.4). A comparison of the response to intact and photomodified ANT revealed 

that the slopes of the log-linear regressions were not significantly different from each 

other (p = 0.21). Similarly the ECS0s for loss ofFvlFM were reasonably close to each 

other (ECSOs =1.8 ± (0.16) mglL and 1.0 ± (0.14) mg/L) for intact and photomodified 

ANT, respectively (Figure 4.4). This could imply that ANT (half-life in SSR of2 h) 

is being converted to the photoproducts and then the photoproducts act on 

photosynthesis. Conversely, ANT and PM ANT could simply have similar potencies. 

The effects of specific photoproducts of ANT on photosynthesis were tested. As 

a first step, the ANT primary photoproduct ATQ was examined for inhibition of 

photosynthesis. For intact and photomodi.fied ATQ, diminishment of F v!F M was 

dependent on chemical concentration. The concentration responses for both intact and 

photomodi.fied ATQ were quite similar. Both sets of data fit a log-linear regression 

(r2 = 0.9S4 and I= 0.986 for intact and photomodified ATQ, respectively) and the two 

data sets were not significantly different from each other (p = 0.23). The ECS0s for 

diminishment ofFv/FM were 1.6 ± (0.21) mg/Land 0.8 ± (0.19) mg/L respectively, 

which were also reasonably close to each other and comparable to the ECS0's for 
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Figure 4.4 MaximaJ photosystcm II efficiency (Fv/FM) for Lemna gibba treated with 

intact ANT and ATQ. L gibba plants were treated with various concentrations of 

intact ANT, ATQ, and their ~e photomodificd (PM) products. After incubation 

for 6 h, the plants were placed in darkness for 30 min and Chi a fluorescence induction 

was measured for determination offv/Fy. Concentration was plotted on a log scale. 

Each data point represents an average from three independent experiments. A maximal 

Fv/FM of 0.7 and a minimal Fv/Fy of 0.2 were used for calculating 500/4 loss of 

activity. 
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growth inhibition (Chapter three). As was the case with ANT, one possible 

explanation for the similar effects of intact or photomodified ATQ on Fv/Fw (Figure 

4.4) is that ATQ is being further photomodificd (tL2 = 1.8 h in 100 tunol m·2 s1 of 

SSR) (Mallakio et al., 1999) during the course of the experiment and subsequently 

inhibiting the photosynthesis in a manner similar to cxtcmally photomodified ATQ. 

The ECSOs for loss of Fv/FM for intact ANT and ATQ were not significantly 

different from each other (ECSOs = 1.8 ± (0.16) mg/L and 1.6 ± (0.21) mwL for intact 

ANT and ATQ) (Table 4.1). This is consistent with the fact that the main 

photoproduct of ANT is ATQ. The concentration responses for intact ANT and ATQ 

were also similar; they both fit log-linear regressions (~ = 0.931 and 0.954 for intact 

ANT and ATQ) and the two data sets were not significantly different from each other 

(p = 0.25). 

The above shows that ANT and ATQ, whether applied in intact or photomodified 

form, can result in inhibition of PSII. However, this can come about via a direct effect 

on PSIL or via inhibition of downstream electron transport followed by damage to PSII 

when electron transport backs up. Indeed, Huang et al (1997a) showed that electron 

transport downstream from PSII is inhibited by a mixture of photomoditied ANT 

products. To assess if there was damage downstream from PSIL F<tf M was measured. 

For plants treated in SSR with ANT or ATQ, F</f'M was diminished (Figure 4.5). For 

plants treated with intact ANT and ATQ the ECS0 values for F<tf M were 0.09 ± 0.02 

mg/Land 0.02S ± 0.01 mgll in SSR, much lower than the EC50s for Fv/FM (Table 

4.1). 
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Figure 4.5 In vivo measurements for FQl'FM in Lemna gibba treated with ANT and 

ATQ. Intact and photomodified (PM) ANT and ATQ were used. L gibba plants were 

treated with various concentrations of the indicated chemicals. After incubation for 

6 ~ the plants were placed in darkness for 30 min and chlorophyll a fluorescence 

induction was measured for determination of FctfM• Chemical concentration was 

plotted on a log scale. Each data point represents an average from three independent 

experiments. 
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Table 4.1 ECso values for Fv/FM, Fe/FM and t,12. 

-
ECsos ECsos ECso1 

Chemicals Examined I (Fv/FM) (F</FM) (t112) 
'mL mL mL 

ANT 1.8 ± 0.16 0.09 ± 0.02 1.2 ± 0.01 
AT 1.6 ± 0.21 0.03 ± 0.01 0.9 ± 0.2S 
1-hAT 3.4 ± 0.14 0.06 ± 0.04 2.1 ± 0.04 
2-hAT 0.4 ± 0.38 0.02 ± 0.02 0.8 ± 0.32 
1,2-dhAT 1.7 ± 0.46 0.6 ± 0.19 0.9 ± 0.14 
I 3-dhAT 3.5 ± 0.20 0.15 ± 0.03 2.1 ± 0.02 
1,4-dhAT 20.0± 0.91 20.0 ± 0.01 3.4 ± 0.05 
1,5-dhAT 13.0± 0.64 13.0 ± 0.20 3.2 ± 0.23 
1,8-dhAT 16.0± 0.28 8.0 ± 0.01 0.12 
2 6-dhAT 15.0± 0.12 7.0 ± 0.21 0.05 
1,2,4-thA TQ 0.02 0.55 ± 0.31 0.10 
1,2,5,8-thA T 10.0± 0.25 1.00 ± 0.43 2.2 ± 0.38 
1,2,!Q-thANT 5.0 ± (0.08) 1.00 ± (0.09) 2.5 ± (0.41 
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For ANT, the diminisbment ofFcJF,. increased upon photomodification, but for 

ATQ the difference was not significant (Figure 4.5). The ECSOs for diminisbmcnt of 

F c/f M for intact ANT and PM ANT were significantly different from each other 

(ECS0s =0.1 ± (0.14) mg/L and0.03 ±(0.0l)mglLforintactANT and PM ANT;p 

= 0.0S) (Figure 4.5). Conversely the concentration responses for Fctf,. both intact and 

photomodified ATQ were quite similar, Both sets of data fit a log-linear regression 

(r2 = 0.99 and r2 = 0.99 for intact and photomodified ATQ, respectively) and the two 

data sets were not significantly different from each other (p = 0.22). As well, the 

concentration responses for Joss of F df M for intact ANT and ATQ were significantly 

different (ECSO = 0.9 mg/L and ECS0 = 0.02 mg/L, respectively; p = 0.02) (Figure 

4.5). 

4.3.2 Effects of ANT Photoproducts on Chi " Fluorescence Induction in L gibba 

Having found that ANT and ATQ inhibit photosynthesis and that the more 

sensitive measure was F<tf M, it was of interest to determine if other oxy ANTs behaved 

in the same way. Because the above responses to the intact and photomodified 

chemicals were similar for the most part, only the intact chemicals were applied. Dose 

responses for Fv/Fy for 1,2-dhATQ, 1,4-dhATQ, 2,6-dhATQ and 2-hATQ are shown 

in Figure 4.6. 2-hATQ, caused diminishment ofFv/FM at very low concentrations. 

1,2-dhATQ also diminished Fv/FM, but less so than 2-hATQ. 2,6-dhATQ and 1,4-

dhATQ had little or no effect on Fv/FM fluorescence (Figure 4.6). Interestingly, at the 

whole organism level 2-hA TQ was highly toxic, 1,2-dhA TQ had intermediate toxicity, 

and 2,6-dhATQ was not toxic (see Table 3.1). The only deviation was 1,4-dhATQ, 

which was toxic but did not inhibit the photosynthesis (Figure 4.6 and Table 3.1). 

The effects of 1,2-dhATQ, 1,4-dhATQ, 2,6-dhATQ and 2-hATQ on Chi a 
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tluorcsccncc quenching (FctfM) were also examined (Figure 4.7). As was the case for 

ANT and ATQ, F(/F M was a more sensitive measure of effect than FvlFM- In fact, 2,&­

dbA TQ significantly inlul>ited photosynthesis by this indicator of effect. The dose 

response curve for 2-hATQ gave a very low ECSO of0.015 l'S'ml (Table 4.1). Once 

again, 1,4-dhATQ almost had no effect on photosynthesis as measured by F(/FM 

(Figure 4.7), even though it bas moderate whole organism toxicity. For 2-hATQ 1,2-

dbATQ and 2,6-dhATQ, FctfM was predictive of their relative toxic strengths (c.f. 

Table 3.1 and Table 4.1). Because F(/FM was more sensitive than Fv/FM. it may be 

assumed that the initial .effects of 1,2-dhATQ, 2,6-dhATQ and 2-hATQ are 

downstream from PSII, either at cytochrome-b6/f or PSI. 

To further study the effects of oxy ANTs on photosynthesis in vivo, the ECS0s 

for Fv/FM and FcfFM for seven additional compounds were determined (Table 4.1). 

The ECSOs for diminidunent of Fctf M for all 13 chemicals were lower than those for 

Fv/FM. This clearly shows that FQ"FM was a more sensitive indicator than Fv/FM for 

ANT and its photoproducts. 

For plants treated with ANT, ATQ and hATQs the ECS0's for diminishment of 

t112 were determined (Table 4.1). As was the case for Fv/FM, the ECSOs for loss oft112 

for intact ANT and ATQ were similar to each other (ECSOs = 1.2 µg/ml and 0.9 µg/ml, 

respectively) {Table 4.1). Treatment of plants with 2-hATQ resulted in decrease of 

EC50s for t112 (ECSO = 0.8 ± 0.32 µg/ml). This indicates that the electron acceptor pool 

and the photochemical reactions of PSil were inhibited by this chemical. The ECS0s 

for loss oft112 in many cases were between Fv/FM and FQ"FM values. This may suggest 

that t112 may be used as an intermediate indicator of effect. 
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Figure 4.6 Maximal photosystem ll efficiency (Fv/FM) for Lemna gibba treated with 

intact 1,241ATQ, 1,4-dhATQ, 2,6-dhATQ and 2-hATQ. L gibba plants were treated 

with various concentrations of these compounds. After incubation for 6 h, the plants 

were placed in darkness for 30 min and chlorophyll a fluorescence induction was 

measw-ed for determination ofFv/FM. Concentration was plotted on a log scale. Each 

data point represents an average from three independent experiments. A maximal 

Fv/FM of 0.7 and a minimal Fv/FM of 0.2 were used for calculating 500/4 loss of 

activity. 



II 

OJ , ( ,~ 1,2-dhATQ 1,4-dbATQ 
I I 
I - ----------

0.2 • 
• 

I 

0.1 
j 
I 

~ 
O.OL// 

r2=0.98 IL r-2=0."6 

~ 0.0 0.01 0.1 0.0 0.01 0.1 I 

0 OJ ,--I,' 
2,6-dhA TQ r r: ~ 

: 2-hATQ ! 

0 ,, . - ' I 

~ 
I 

0.1 • 
\ 
\ 

i \ 
r2=0..a6 j \ 

r2=0.99 \ I 

"-----I 

0.0 _. -, • L__,. ,, 

0.0 0.01 0.1 0.0 O.OI 0.1 l 

Concentration, mg/L 

Figure 4. 7 In vivo measurements for FQIFM in Lemna gibba treated with 1,2-db.ATQ, 

1,4-dhATQ, 2,6-dhATQ and 2-hATQ. L. gibba plants were treated with various 

concentrations of the indicated chemicals. After incubation for 6 h, the plants were 

placed in darkness for 30 min and chlorophyll a fluorescence induction was measured 

for determination ofFct'FM• Concentration was plotted on a log scale. Each data point 

represents an average from three independent experiments. 
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4.3.3 Correlation Between ECSO. for Inhibition of Growth and Photosynthetic 

Activity 

Correlations between inhibition of growth and photosynthetic activity were 

examined. Because it was shown that ANT derivatives inhibited downstream from 

PSII electron transport in vivo, it may be assumed that a conclation between toxicity 

and photosynthetic activity will be found. There were good conclations between the 

EC50s for inhibition of growth (Chapter Three, Table 3.1) and the ECSOs for both 

Fv/FM and FQl'FM (Figure 4.8). Nonetheless correlations for FQl'FM (proportional to 

cytochrome-b6/f and/or PSI activity) and FvlFM (proportional to PSII activity) vs the 

ECSOs for growth inhibition were different. The quality of the log linear regressions 

(r2 = 0.67 and 0. 78 for FQl'FM and Fv/FMt respectively) showed Fv/FM to correlate 

better with whole organism toxicity. However, Fq'FM was a more sensitive measure 

of toxicity (the ECSOs for F-ifM were lower than the ECSOs for growth). 

Interestingly, when the non-toxic chemicals were removed from the regression for 

F <if M and growth (ECSOs > S µg/ml for both measured), the correlation was improved 

(r2 = 0. 75). Thus, FQl'FM seems to be both a sensitive and predictive bioindicator of 

ANT and PM ANT toxicity. 



+ 
90 

~ 
T T • ~• l -r- 10 ........ 

> • r- .l l. 
I,,. E 
~ ..._ -=.a, • '1-2 =-= 1 II', u 

r2 = 0.78 ~ 

' • -
~ 

' • 10 • . - -
r- • .._ 
0~ 

r.. E 
1 ... ........ .= ~ .. =-

~ = II', 
0.1 u 2 •• 2 

~ r =0.67 L r =0.75 

0.1 1 10 

EC5os for Inhibition 
of Growth, JJ,g/mL 

Figure 4.8 ECSOs for in vivo diminisbmcnt of Fv/FM and F<if M by chemicals plotted 

vs the EC50s for growth. Fluorescence induction was measured for determination of 

Fv/FM and FQ"FM and expessed as ECSO values. ECSOs for growth inlul>ition are from 

Table 3.1. ECSOs for Fv/FM and FQ"FM are from Table 4.1. All data were plotted on 

log scales. Each data point n:presents an average from three independent experiments. 

Log-log regressions were performed with SYSTAT. All regressions were significant 

(p<0.05). The coaelation for FcifM vs growth inhibition was improved, when the non­

toxic chemicals were removed from the regression(~= 0.75). 
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4.3.4 Fluorescence kinetics measured with PAM fluorometer 

Photosynthesis was also measured with a PAM fluorometer (see Figure 4.2). 

This was done to better define the site of inJnbition. Full PAM traces were made and 

the quantitative measures derived &om the traces were photochemical quenching (qP), 

non-photochemical quenching ( qN), and Yield (Figure 4.2). Photochemical quenching 

is the fraction of absorbed energy used to reduce the PQ pool, non-photochemical 

quenching is the amount of energy dissipated due to the pH gradient, photoinhibition, 

and other processes. Yield is a measure of steady state energy storage by 

photosynthesis (Van Kooten and Snel, 1990). 

After incubation of L. gibba with ANT and hA TQs, Chi a fluorescence was 

measured with PAM fluorometer. Full scans at three concentrations are shown for 2-

hA TQ and 2,6-dhA TQ, to compare a low impact compound to a high impact 

compound, respectively (Figures 4.9 and Figure 4.10). For 2-hATQ (Figure 4.9), as 

the concentration was increased, FT gradually rises while FM' drops only slightly. 

Relative to the control, this is reflected as large drops in qP and Yield, while qN does 

not change a great deal. This implies that the plastoquinone pool is remaining reduced 

during steady-state photosynthesis (i.e. loss of photochemistry), but PSII is relatively 

undamaged (i.e. no photoinhibition). This is in accord with the above finding that 

Fe/FM is diminished at lower concentrations than Fv/FM. As would be predicted from 

the above photosynthesis data, 2,6-dhA TQ had little effect on Chi a fluorescence as 

measured with the PAM fluorometer. The only effect was that FM' was slightly 

depressed. 

The PAM fluorescence kinetics data for plants treated with 1 Jig/ml ANT, 1,2-

dhATQ, 1,8-dhATQ and ATQ were measured (Figure 4.11). For ANT (Figure 4.11) 
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Figure 4.9 PAM Chi a fluorescence scans of L. gihba plants exposed to different 

concentrations of 2-hATQ. Fo, FM, FM' and FT are as described in material and 

methods. qP, qN and yield were calculated after each saturating pulse. 
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Figure 4.10 PAM Chi a fluorescence scans of L. gibba plants exposed to different 

concentrations of 2,6-dhATQ. Fo, FM, FM' and FT arc as described in material and 

methods. qP, qN and yield were calculated after each saturating pulse. 
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Figure 4.11 Chi a fluorescence scans of L. gibba treated with ANT, ATQ, 1,2-

dhATQ and 1,8-dhATQ obtained with a PAM fluorometer. Plants were exposed to 

the chemicals under 100 µmol m·2 s·1 SSR perior measurement In all cases, chemical 

concentration was 1 J&g/ml. Fluorescence measurements were performed after 30 min 

dark adaptation as in Figure 4.9. 

1 

0 

1 

0 



9S 

FT rose, while Fy' was almost unchanged. This is concomitant with diminished qP and 

Yield, while qN did not change a great deal PAM analysis for ATQ shows lower FT 

value while Fy' also drops somewhat. This may indicate that ATQ can act as acceptor 

of electrons from PSI (similar to the action of methyl viologen). For ATQ there is a 

slight drop in qP and Yield, while qN rises. In the case of 1,2-dhA TQ changes in all 

three photosynthetic parameters were observed This is due to a drop in FM' and a rise 

in FT. Both photosynthetic yield and qP were significantly diminished, indicating 

diminished energy storage and closed PSII reai:tion centres. Analysis for 1,8-dbATQ 

showed a higher FT value, while FM' fell slightly similar to the observations of 2-

dhATQ. The results for ANT, 2-hATQ, 1,2-dhATQ and 1,8-dhATQ indicate that the 

most common effects for ANT and its photoproducts is inhibition of photosynthesis 

downstream from PSII. 

4.3.5 Effects of Photomodified ANTs on PSI and PSII activity in vitro 

To complete this investigation on photosynthesis as a site of action for ANT 

derivatives, photosynthetic electron transport was probed with an oxygen electrode. 

Thylakoid membranes were isolated from leaf tissue as described in materials and 

methods and treated in vitro with ANT, ATQ, 2-hATQ and 1,2-dhATQ at 

concentrations ranging from 0.25 to 20 mg/L. Measurements of~ evolution indicated 

that PSII activity (H20 -> PBQ) declined with increasing chemical concentration. 

ANT was the most effective chemical and 1,2-dhATQ was the least effective in 

inhibiting °' production. However, in all cases the concentrations required for 

inhibition were very high. This loss of oxygen evolution at elevated concentrations 

may be due to non-specific damage to the thylakoid membrane structure. This is 

consistent with the fluorescence data, where PSII was not impaired at low 

concentration. 
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PSI mediated electron lnDSpOlt activity was measured as ~ uptake followina 

electron transport from DCPIP to MV. MV passes the electrons to °'1, resulting in 

oxygen consumption. Treatment of thylakoid with the chemicals caused up to a 30-/4 

inhibition of PSI (Figure 4.12). Once again~ high concenttations of the claemicals 

were required. Thus, the in vitro studies show neither PSil nor PSI were inhibited by 

low concentration of the cbeoricals. Because the fluorescence data indicates inlubition 

downstream from PSil for most ANT photoproducts, this would put the site of 

inhibition general at the cytochrome-b6/f complex. 
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Figure 4.12 PSll and PSI activities ofthylakoids examined after exposure to different 

chemicals. The values are the means of three independent experiments ± SE. For 

abbreviations see abbreviations and acronyms. PSll measured as amount of oxygen 

evolution as PSI is measured as amount of oxygen consumption. 
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4.4 Discussion 

Thylakoid membranes are sensitive to environmental stress and organic 

pollutants. PSll and cytochrome-b6/f appear to be particuwiy sensitive to a number 

of factors, including chemical co11taminants. As well, other sites in the chloroplasts 

( e.g. the Calvin cycle) can be inhibited. Because all of these forms of stress affect the 

function of PSII, directly or indirecdy, Chi a fluorescence can be used as a tool not 

only to reveal stress response mechanisms, but also to quantify stress responses Wlder 

laboratory and field conditions. Activity of PSll (Chi a fluorescence) was therefore 

a very useful measme of contaminant effect in this Chapter. Use of Chi a fluorescence 

and an oxygen electrode showed that intact and photomodified forms of ANT, ATQ 

and hA TQs inhibited photosynthesis in vivo and in vitro. 

Intact and photomodified ANT, as well as ATQ and some hATQs inhibit or 

affect electron 1ransport downstream from PSII. The order of decreasing impact on 

photosynthesis in L. gibba were: 2-hA TQ > ATQ > 1,2-dhA TQ > ANT > 1-hA TQ > 

1,3-dhATQ > 1,2,10-thANT > 1,2,4-thATQ > 1,2,5,8-thATQ > 1,5-dhATQ > 2,6-

dhATQ > 1,8-dhATQ > 1,4-dhATQ. The variation in sites of impact and direct or 

indirect effects on photosynthesis, were observed as changes in relative Chi a 

fluorescence. The low toxicity of 2,6-dhA TQ was consistent with its low level of 

photosynthesis inhibition. 2-hA TQ as well as 1,8-dhA TQ significantly increased FT 

and modestly reduced the FM' signals. This response is associated with blocking of 

electron transport downstream from PSII, resulting in reduction of the PQ pool. 

Because these chemicals block the reoxidation of PQH2, the absorbed energy cannot 

be used in photochemistry, and it must be non-photochemically dissipated, resulting 

in increased FT signal. The FM' signal decreases could be related to lower 

photochemical quenching values. Interestingly in case of ATQ, the FT signal was 
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lower than in control plants. This may suggest that ATQ is acting as an electron 

acceptor (similar to MV) (Figure 4.11 ). Thus, there are two apparent sites of impact. 

This may explain why mimm:s of ANT photoproducts, which contain both ATQ and 

hA TQs, are so toxic. 

Overall, the results of the effects on photosynthesis revealed that downstream 

electron transport from PSll is more sensitive to chanical inlubition. 2-hA TQ was the 

most toxic compound identified, and this was supported by the greatest decrease in 

photochemical quenching and yield {Table 3. l; Figure 4.9 - 4.11 ). Photosynthetic· 

activity showed more than SOO/o reduction in the effective quantum yield upon 

exposure to 2.0 µg/ml of 2-hATQ for 6 h (Figure 4.9). This is consistent with 2-hATQ 

causing a lower PSll activity (Fv/FM) (Figure 4.4 and Table 4.1). However, this is 

preceded by diminished F<ifM, meaning that PSil is likely damaged after electron 

transport backs up. The diminished electron transport was also reflected in the decline 

in maximum quantum yield as the concentration increases from 0.5 µg/ml to 2.0 µg/ml 

of 2-hATQ. 1,2-dhATQ also showed this inhibitory effects downstream from PSil 

even though it is not the most toxic of the chemicals tested. 

2,6-dhATQ, at a concentration of 2.0 µg/ml, did not significantly depress 

photosynthesis. The impact of 2,6-dhATQ on PSil needs further investigation, 

however as it appears to enhance electron transport as indicated by elevated quantum 

yield. To further understand the effect of2,6-dhATQ, longer-term exposures may be 

required. Nonetheless, 2,6-dhATQ also does not cause whole organism toxicity. So 

it should not be surprising that it does not inhibit photosynthesis. 

As mentioned above ATQ seems to accept electrons from PSI in a manner 

similar to MV. The diminishment of F<if M may be due to melding of the first two 
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quenching phases because of very rapid electron transport. In contrast, for most of the 

chemicals interpretation of the diminishment of FQ"Fw is that the cytochrome-b6/f 

complex is inhibited first, then electron transport backs up. This leads to excitation 

pressure on PSII which damages this photosystcm. 

Because the impacts of the chemicals on plants in Chi a fluorescence and 

electron transport were measured after a short time, high concentrations of the 

chemicals were used both in in vivo and in vitro experiments. For the in vivo studies 

of Chl a fluorescence, in some cases the intact and photomodified chemicals were used 

at concentrations above the maximum solubility of these chemicals. Nonetheless, 

these high concentrations are comparable to P AH concentrations in contaminated 

aquatic environmental samples (Neff: 1979; Edwards, 1983; Eadie, 1984). In addition, 

photomodified hA TQs are much more soluble than are intact chemicals (Huang et al., 

1995; Mallakin et al., 1999) and at environmentally relevant levels, the photomodified 

products had strong impacts on bioenergetic pathways (Huang et al., 1997a). For 

example, the Chl a fluorescence quenching data (Fc/fM) showed that inhibition of 

cytochrome-b6/f by photomodified ANT, ATQ and 2-hA TQ could be detected at low 

concentrations (i.e. ~ 0.05 µg/ml). 

For the in vitro studies of electron transport, the concentrations used (1-20 µg/ml) 

were higher than those used in vivo for few reasons: Thylakoid membranes do not 

bioconcentrate contaminant~ as do living plants, very short incubations were used in 

the in vitro assays-of electron ttansport, and the in vitro exposure of membranes to the 

chemical were performed at low temperature ( 4°C). Even at high concentrations there 

was not a great deal of inhibition. This may be explained by non-specific damage to 

membranes. 



101 

Photomodified ANT, ATQ and hATQs inhibited photosynthetic activity in SSR. 

A route for inhibition of PSil in the light is that inhibition of cytocbrome-b6/f occurs 

first and this leads to pbotoxidati"Ye damage to PSll. Electron transport in chloroplasts 

proceeds from Hz() 1brough PSll to the plastoquinone (PQ) pool, and then through PSI 

to NADP+ (Hall and Rao, 1987; Greenberg, 1991). When cytochrome-b6/f is 

inhibited, electron tnmspowt from PSll to PSI will also be blocked because the PQ pool 

will become reduced and remain in that state. The result of a reduced electron 

acceptor pool will be no electron transport through PSII, and inhibition of PSll will 

develop due to excitation pressure on PSII complexes (Gray et al., 1994; Virgin et .al., 

1993; Aro et al., 1994). This will ultimately result in permanent oxidative damage to 

PSII as a consequence of excitation of Chi without the possibility of transferring the 

energy into the electron transport chain. Thus, if cytochrome-b6/f is a primary site of 

inhibition, the electron transport chain backs up such that PSil is also damaged. 

The hypothesis that inhibition of PSil occurred following direct inhibition of 

cytochrome-b6/f was reported previously for ANT and mixtures of photomodified 

products (Oetbneier et al., 1988; Huang et al., 1997a). The initial fluorescence 

quenching (FQ), is diminished by ANT, ATQ and many hATQs in SSR (Figures 4.5 

and 4. 7). Because the compounds did not inhibit~ evolution from PSII, the site of 

inhibition by the hA TQs may be inferred to intersystem electron transport, at the 

cytochrome-b6/f complex. Based on Chi a fluorescence and electron transport, we 

conclude that ANT and hATQs (except ATQ which can act as electron acceptor) 

inhibit electron transport at the cytochrome-b6/f complex and this causes accumulation 

ofPQH2. 

It has been reported that some quinones directly inhibit PSil (Oetnneier et al., 

1988, 1999). Early in the photomodification process of ANT, the photoproducts are 
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primarily quinones (Chapter 2) (Mallakio et al., 2000), which may exert their impact 

largely on PSil. As photomodification proceeds and benzoic acids and 

hydroxyquinones form, cytochrome-b6/f may become the primary site of action. 

Nonetheless, the dTects of the hATQ and ATQ all seem to be downstream from PSil. 

Interestingly, defence mechanisms are designed to ameliorate damage to PSll (Huang 

et al., 1997b). Therefore, this kind of damage to thylakoids may be hard to protect 

against 

Toxicological and inhibitory responses of ANT, ATQ and hATQs have been 

described in this chapter. Some caused complete inhibition of photosynthesis, while 

others showed a limited impact This may suggest that the chemicals in combination 

can have synergistic effects; this will need further research. The results of these tests 

provide an indication of the maximum impact for a given dosage; however, additional 

experiments are required to permit us to understand the response of pulses of 

chemicals in flowing water. The discovery of FcifM as a sensitive measure of 

inhibition of plant function is important for bioindicator development and cytochrome­

b6/f activity studies. The mechanistic ramifications of this effect could be plant's 

inability to maintain and/or establish the thylakoid pH gradients, or inhibition of 

cytochrome-b6/f activity. Furthermore, Chi a fluorescence were correlated with 

growth inhibition, showing that Fv/FM and FcifM have potential as reliable, validated 

bioindicators of acute and chronic toxicity of photomodified P AHs. The results 

presented here also demonstrate the feasibility of using PAM fluorometery to measure 

photosynthesis in L. gibba. 
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5.1 Introduction 

Polycyclic aromatic hydrocarbons (P AHs ), a group of toxic and mutagcnic 

contaminants, are both ubiquitous and highly hydrophobic (Neff: 1979; Eadie, 1984). 

Photoinduced processes inwlwig these chemicals are environmentally relevant, and 

are observed as increased toxicity of P AHs in the presence of simulated solar 

radiation (Mallakin et al., 1999, Huang et al., 1997a). P AHs strongly absorb solar 

ultraviolet (UV) radiation, resulting in photomodification usually via oxidation 

reactions (Mallakin et al., 2000). Recent work has shown that photomodification of 

ANT results in complex mixtures of photoproducts that are more toxic to L. gibba 

than the parent compounds (Mallakin et al., 1999; Chapter three). It was further 

demonstrated that photomodified P AHs are biologically damaging to the 

photosynthetic apparatus (Chapter four). Of course, the different ANT photoproducts 

have distinctly different toxicities. Consequently, the structures of molecules should 

contain information concerning their toxicological risks. In this chapter, molecular 

shape analysis was used to compare the electron densities of the molecules to their 

toxicities. 

Our understanding of environmental toxicology can benefit from molecular 

shape analysis (Dean, 1987; Mezey, 1986, 1987, 1995; Walker and Mezey, 1995). 

Molecular shape and numerical evaluation of molecular similarity can be used in 

quantitative structure activity relationships (QSARs) (Johnson and Maggiora, 1990; 

Mezey et al., 1996; Mezey, 1998). The nuclear distribution and electron density 

cloud of a molecule should be able to describe its biological and chemical reactivity. 

However, because the electron densities of organic molecules also describe their 

nuclear distribution, in most instances they alone can describe the reactivity of a 

molecule. The electron density clouds of organic compounds represent fuzzy 
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molecular bodies that provide a mode for analysing the shapes of molecules (Meuy, 

1992; Mez.ey, 1993; Walker and Mezey, 1995; Mcz.ey and Walker, 1997). If two 

molecules react differently, these differences should be reflected in their electron 

density clouds. Theoretically, for reactions of organic molecules in biologically 

relev1111t settings, no other quaoturn considerations of the molecule are required 

(Mezey, 1993; Carbo, 1995). 

Initially, molecular shape studies made use of available software packages for 

molecular modelling, and applied them to computer generated QSAR modelling for 

toxicology. Early on, partial fused spheres Van der Waals surfaces were used in 

QSAR studies (Richards, 1977; Connolly, 1985; Gibson and Scheraga, 1987). 

However, they only represent a simple description of molecular shape. This can be 

explained as follows. First, fused-sphere Van der Waals surfaces provide a finite 

molecular boundary, but the actual charge cloud gradually fades into the vacuum 

SWTounding the molecule (Mezey and Walker, 1997). Second, the electron densities 

of most atoms in molecules are not spherical. For instance it is not possible to 

describe 1t-electron density by spheres centered on the nuclei of atoms (Mezey, 1993; 

Me7.ey, 1988, Gibson and Scheraga, 1987; Me7.ey and Walker, 1997). Aromatic rings 

cannot be represented completely by fused spheres because the electron density is 

neither spherical nor cylindrical in any aromatic 1t-bond. In an aromatic molecule, x­

bonds are more reactive than a-bonds and have important chemical characteristics 

which are poorly described by the Van der Waals surface approach. 

Accurate electron shape density representations of molecules were developed 

to better describe the toxicity of different molecules (Mezey, 1993; Mezey et al., 

1998). This methodology allowed the incorporation of 1t-orbitals into the electron 

cloud surfaces. This is a key element in understanding the correlations between toxic 
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properties and/or biochemical reactivities of molecules, and specific shape features 

of their electron density clouds. In particular, many envirnomental cmta,ninants are 

aromatic ( e.g. P AHs and PCBs ). Cmrent techniques using a computational 

microscope medtod of quantum chemical and ab initio molecular descriptions, based 

oo fuzzy density fragments, allow ooe to generate high-resolution electron density 

maps of P AHs (Meuy et al., 1996). Previous studies have used these computer 

generated molecules to develop a QSAR model describing the photoinduced toxicity 

of intact P AHs (Meuy et al., 1998). It was shown that the computer programs are 

capable of recognizing md eval11ating similarities within a selected molecular family 

(e.g. PAHs), and correlating local and global shape features with primary 

toxicological data. This led to the finding that global shape and single-ring shape 

could be associated with the photosensitiz.ation and photomodi.fication activities of 

intact P AHs, respectively. 

To extend the above QSAR work, a suite of anthraceoe photoproducts (ATQ and 

hA TQs) were selected for development of a shape fragment database for QSAR 

modeling. In chapter three, the toxicity of different ANT photoproducts under actinic 

radiation was evaluated. In chapter four, it was shown that toxicity was due in large 

part to inhibition of photosynthesis. In this chapter, a complete description of the 

electron shape-density cloud of each molecule is generated at both high and low 

electron density ranges. Computer modelling is then used to relate the shape density 

clouds for each molecule to the toxicological data from Chapter three. Further, it is 

important to determine if the same shape model that describes toxicity at the whole 

organism level will predict toxicity at the level of photosynthesis. 
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5.2 MethodoloaY 

ANT, ATQ and eleven hATQ molecules were examined. Data on their relative 

experimental toxicity to L gibba (Mallakin et al., 1999; Chapter three), and the 

relevant numerical results of the photosynthetic analysis (Chapter four) arc listed in 

Table 5.1. The toxicity data used for modeling were growth inhibition at 0.5 pg/ml 

and 2 µg/ml. As well, the EC50s for growth inhibition were used for toxicity 

modeling. This gave three measures of whole organism toxicity to use in modeling. 

For photosynthesis., diminisbmentofF</FM andFv/FM were used. Thc·data used were 

diminishment of FQ"FM and Fv/FM at 0.5 µglml and 2 µg/ml, and the EC50s for 

diminishment ofFQ"FM and Fv/FM. The concentration ofa test chemicals in water is 

expressed as µg/ml, or units of test chemicals per 106 units of untreated dilution 

water. Because of the long-standing use of mass-based units for reporting doses or 

exposure concentration in previous reports (Mallakin 1999, 2000), this unit used in 

current study. Rather than reporting in units of mg/L or µglml, toxicity data obtained 

with specific chemicals or chemical mixtures may be reported in molar units such as 

mmol/L or µmol/mL. The use of molar concentrations is very important from a 

toxicological point of view, as t~xic effects are usually a function of the number of 

molecules present at the target sites, not the mass of those molecules. 

This study was a collaboration with Paul Mezey, ZbigneoufZimpel, and Duane 

Walker at the University of Saskatchewan. I generated the molecular shape data 

bases in Dr. Mezey's laboratory using their protocols and computer code (Mezey et 

al., 1996, 1998). The nuclear geometrics of ANT, ATQ and hATQs were optimized 

using the Gaussian 92 program package running on an Alpha DEC 3000 Unix 

computer (Frisch et al., 1990). The minimum ground-state energy of each molecule 

was calculated using the closed-shell Hartrec-Fock approximation. The electron 
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densities for each molecule studied were computed using high-resolution shape 

tl-agment databases (Mezey, 1998). The molecular shapes were generated using the 

:ihape-group method, in which the molecular shapes were constructed using the 

contour surfaces of calculated quantum mechanical descriptions of the molecules 

(Mezey et al., 1998). A numerical comparison of molecular shape codes used for 

similarity analysis: the similarities of the shapes of three-dimensional molecular 

bodies were quantified and measured by comparing their numerical shape codes 

(Mezey, 1990 a,b ). The family of one-dimensional Betti numbers is ordered into a 

matrix, called the (a, b )-map ( electron density shape maps). The standard methods of 

comparing matrices was applied to these ( a, b )-maps in order to obtain a numerical 

measure for molecular similarity (Mezey, 1996). The comparison involves no visual 

inspection and is carried out automatically by the computer. The direct comparison 

of electron densities using point-by-point comparisons of electron densities for a set 

of grid points and the average relative difference between the corresponding density 

values were implied. These similarity measures can be evaluated for any given range 

of electron density thresholds as well as for the whole range of the electron density. 

The algorithmic shape-similarity evaluation by the computer is fully reproducible 

(Mezey, 1996). 
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Table 5.1 Toxicity data used for modeling. Toxicity is inhibition of growth of L 

gibba by ANT and its photoproclucts, and presented as normalized inhibition of 

growth relative to the control plants. Chemicals tested were at concentrations of O.S 

and 2 µglml based on amount of the parent compolDlds. ECSOs were calculated from 

full dose response curves and are given in pg/ml. Fv/FM and FQl'FMvalues were for 

diminishment of these parameters relative to the control. Data for 2 pg/ml and O.S 

µg/ml inhibition is relative impairment of fluorescence [FvlFM control- FvlFM treated] 

I F v!FM controi and [F<tf M control • FQl'FM treated] / FQ"FM control). ECSO values 

for dimini§bment ofFv/FM and FQ"FM were obtained from full ~ose response curves 

(Chapter four). 

Name of Growtla Growtla Growtll (Fv/FM) (FQl'FM) 
PAH Inbibitio■ Iabibitioa Inhibition 

Molecule o.s 2 ECSO. ECSOs Inhibition ECSOs Inhibition 
pg/ml pg/ml pg/ml o.s 2 pg/ml o.s 2 

w1ml u'ml 
ANT 0.4S 0.96 0.8 1.8 0.48 0.46 0.09 0.74 0.92 
ATQ 0.43 0.97 0.S 1.6 0.0S 0.49 0.03 0.76 1.00 
1-hATQ 0.34 0.50 2.4 3.4 0.11 0.09 0.06 0.75 1.00 
2-hATQ 1.00 0.99 0.0S 0.4 0.62 0.51 0.02 0.81 1.00 
1,2-dhATQ 0.22 0.40 2.8 1.7 0.S4 0.46 0.6 0.65 0.68 
1,3-dhATQ 0.26 0.4S 2.S 3.5 0.21 0.18 0.15 0.05 0.8 
1,4-dhATQ 0.07 0.22 6.5 20.0 0.20 0.17 20.0 0.08 0.04 
1,5-dhATQ 0.0S 0.16 15 13.0 0.2S 0.22 13.0 0.09 0.2 
1,8-dhATQ 0.22 0.41 2.5 16.0 0.32 0.26 8.0 0.37 0.4 
2,6-dhATQ 0.02 0.08 12 15.0 0.04 0.06 7.0 0.27 0.36 
1,2,4-thATO 0.07 0.2S 6 7.0 0.09 0.13 0.55 0.42 0.6 
1,2,5,8-thATQ 0.11 0.17 9.5 10.0 0.12 0.21 1.00 0.45 0.52 
1,2, 10-thANT 0.0S 0.20 10 5.0 0.14 0.36 1.00 0.49 0.56 
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To determine the molecular shapes, the intanuclear distances of ANT, ATQ and 

eleven hATQs were optimiz.ed using the 6-3 lG•• atomic orbital basis set The 

electron density for each molecule and each molecular fragment was deposited to a 

dstaba-;e obtained ftom the parent molecules and descn'bcd in previous papers (Me7.ey 

et al., 1996, 1998). The input for the GAUSSIAN calculations was obtained from 

•. PDB (Photoshop Deluxe BOIDldary) files generated using Hyperchem• software on 

an IBM PC computer. Using the shape-group method, (a,b }maps were computed for 

each molecule (Mezey et al., 1993). Such (a,b)-maps are universal, discrete 

representations of the molecular shapes, molecular fragments and whole molecules. 

The data can be analyzed at different electron densities. In this study, the densities 

used were 0.1 to 0.001 atomic units (a.u.), where one a.u. corresponds to electron 

charge per cubic bohr. These data were analyzed in search of correlations between 

shape and toxicity of chemicals, as well as correlations to inlu"bition of photosynthetic 

activity. The goal was to find a correlation between the (a,b)-maps of ANT and the 

ANT photoproducts and the experimental toxicities. Based on the knowledge of the 

photo induced toxicity of P AHs, one-ring and whole-molecule similarities were 

generated from the (a,b)-maps (Mezey et al., 1998). This was shown previously to 

be a predictor of toxicity for intact P AHs. 

The quality of the above computational analyses was determined from the 

quantum mechanical computations that resulted in the electron densities. The (a,b)­

maps were tested for accuracy using the A vse software package on a UNIX 

computer. This was done at the ab initio level using a set of atomic orbital basis 

functions (expansion functions) (Mezey, 1993). The quality of the shape analyses 

and shape code computations were also determined by the computed electron 

densities, which were used to generate graphical displays of the molecules (Mezey, 

1993). 



111 

5.3 Statistical and Correlation Analysis 

The linear regressions were fit to test for rela1ionship between molecular shape 

and toxicity using die MGLH module of SYSTAT (Version 8.0 for W'mdows, Systat, 

Evanston, ll.., USA). The quality of fit oftbe regressions (1') and the significance of 

the regressions (p) were detennined with SYSTAT. The shape data were also fit to 

hyperbolic functions based on the toxicity data yielding theoretical toxicities, Y..,, 

= Co/l-C1X1. Where X1 is the one-ring or whole molecule similarities, and Co and 

C 1 are the regression coefficients. These hyperbolic fits were then plotted against 

empirical toxicity and tested for correlations. 

5.4 Results and Discussion 

5.4.1 Generation of Shape Data Bases for ANT and its Photoproducts 

The local charge cloud of the carbonyl and hydroxy regions of ANT derivatives, 

obviously have quite different structures, so they should have different reactivities 

and toxicities (Mallakin et al., 1999). This will be reflected in their (a,b)-maps. If 

the shapes were identical, then the reactivities of the two molecules would also be 

identical. This principle has motivated the introduction of the quantitative shape­

activity relations (QShAR), which has been applied previously for several polycyclic 

aromatic hydrocarbons (PAHs) (Mezey, 1992; Mezey et al., 1995; Mezey et al., 

1995; Mezey et al., 1998). Because the electron density clouds are responsible for 

the toxic action of the molecules, by comparing shape features of toxic molecules 

with their known activities, one should be able to derive regression equation that can 

be used to enirnate the activities of chemicals based on the analysis of their molecular 

shapes (Mezey and Walker, 1997; Mezey et al., 1998). The shape group method 
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provides an automated computational tool for rapidly generating shape maps of 

molecules (Mezey, 1993; Mez.ey, 1995). The ANT derivatives provide a good test 

system to fmther develop this methodology. 

Important for the description of 3D electron densities of molecules are 

molecular isodensity contours (MIDCOs). The nuclear arrangement of a molecule 

is the dominant factor that determines the molecular electron distribution. For any 

formal nuclear configuration of a molecule we may assume a 3D coordinate system. 

For a given nuclear arrangement, the shape group distribution as a function of two 

paramete~ a and b, defines an (a,b)-map for each shape group type. These arc then 

assembled into full shape maps for a given molecule. 

To begin the process of generating a shape map, precise structures of ANT, 

ATQ and the eleven hA TQs were constructed with the GAUSSIAN 90 program 

package (Frisch et al., 1990). Using the GAUSSIAN 90 (Frisch et al., 1990) and 

GSHAPE 90, the 6-3 tG•• Gaussian basis set was generated for each molecule 

(Walker et al., 1991 ). MIDCO maps were then calculated for each molecule. These 

representations were used below to generate the (a,b )-maps of the molecules that were 

used to derive the QSARs. If the MIDCOs are of high quality, then the (a,b)-maps 

will also be good. To test the MIDCOs, visual representations of the molecules were 

generated. These are shown at high electron density (0.1 a.u) for 12 of the 13 

compounds used in this study (Figure 5.1). The quality of the generated electron 

density was revealed in the quality of the structures that were generated. In the 

MIDCOs, the hydroxy and oxygen groups of the compounds are clearly 

distinguishable especially at the higher electron densities (Figure S. l). The lowest 

density MIDCO (0.001 a.u.) shows a feature of low density surfaces, in which the 

fine density structures are lost (Figure S .2). 
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ATQ ANT 

1,l~hATQ 2,6-dhATQ 

1,5-dhATQ 2-hATQ 

1,3-dhATQ 1-hATQ 

1,l,4-dhA TQ 1,2,10-thANT 

1,8-dhATQ 1,2,5,8-thA TQ 

Figure 5.1 The 0.1 au electron density contours of ANT, ATQ and hATQs. 

Densities were calculated from MIDCOs of each molecule. The contours shown here 

are representations of these data. 
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a) 

b) 000 

c) 

Figure 5.2 Electron densities of ATQ and 1,2-dhA TQ are shown at different density 

thresholds. Those shown are a) 0.1 au, b) 0.01 au and c) 0.001 au. MIDCOs, were 

used to generate these graphic representations of the molecules. 
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One can observe the planarity of the molecules (Figure S.2, 5.3), showing the 

quality of the computer gencntcd sttuctures. This is dcmons1rated for ATQ, and 1,2-

dhATQ at electron densities of0.01 and 0.001 LU. (Figure S.2). Note, the hydroxy 

groups adjacent to the carbonyls accmately have the hydrogen towards the oxygen so 

hydrogen bonding can occur. As well, adjacent hydroxys were found to point away 

from each other due to steric hindrances. These features were all found based on the 

MIDCOs. 

The above contour surfaces may be regarded as the surface that interacts with 

other molecules. The molecular isodensity contour surfaces (MIOCOs) were used 

to generate from (a,b)-maps of the molecules (Mezey, 1993). To generate the (a,b)­

maps from the above data, a set of Betti numbers were calculated These arc integers 

that provide a precise numerical characterization of the MIDCO surfaces (Mezey, 

1993). The Betti numbers of the shape groups are the topological invariants that serve 

as the basis of a numerical, non-visual shape characterization. A list of the one­

dimensional Betti numbers for the finite number of shape groups of the molecule 

generates a numerical shape code (Mezey, 1993). A numerical comparison of 

molecular shape codes can be used for similarity analysis: the similarity of the shapes 

of three-dimensional molecular bodies can be quantified and used to compare 

different molecules (Mezey, 1990; Mez.cy,1993). The one-dimensional Betti numbers 

for different groups on the molecules are ordered into an n-dimensional array called 

the ( a, b )-map. The standard methods of comparing matrices can be applied to these 

(a,b)-maps in order to obtain a numerical measure for molecular similarity. This 

comparison is carried out automatically by the computer. This computation of Betti 

numbers describes the shape of the entire molecule. These arrays are used to obtain 

a numerical measure_ for molecular similarity between molecules (Mezey, 1993) 

(Appendix l). 
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Fipre 5.3 The 0.01 au electron density contour of ATQ, 1,8-dhATQ and 2,6-

dhA TQ molecule showing planarity of the molecules. 
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A computational method based on additive fuzzy molecular fragments (AFDF) 

allows a check of the quality of the particular (a,b)-maps. The computational and the 

ab initio quality of the computed electron densities pro'1ide confidence in the results 

for each of the molecules produced. Using the nuclear coordinates, a whole range of 

possible conformations of ab initio quality can be made. In this way the electron 

density of virtually any conformation can be computed. The AFDF methodologies 

then determine if the correct conformations of a molecule were generated from the 

shape code of the fuzzy, three-dimensional structures of the molecules. The use of 

fuzzy fragments (i.e. electron density clouds without boundaries), eliminates the large 

'mismatch' erron typical of fragments with boundaries (Mezey, 1993). The (a,b)­

maps were an accurate description of the shape of the electron density clouds based 

on ah initio calculation ( data not shown). Th~ these maps could be used to calculate 

similarity indices. These indices were generated for whole molecules and one-ring 

molecules (Table 5.2 and Appendix 1). 

The (a,b)-maps of ANT, ATQ and 11 hATQs and their fragments were 

computed to compare their molecular shapes with empirical toxicity data. The 

quantum chemical accuracy was demonstrated by the ab initio quality of the 

computed electron densities (Walker and Mezey, 1993). The accuracy of the 

application of the shape method was limited to the 6-3 lG** basis set since the density 

fragment database has been constructed at this ab initio level (Walker and Mezey, 

1993). A similarity comparison of the shapes of a series of ANT derivatives should 

provide information to permit one to understand the complex nature and relative 

haz.ards of these aromatic compounds. A nwnerical comparison of molecular shape 

codes was used for shape comparison and similarity analysis (Mezey, 1990; 1993). 

The similarity of the shapes of three-dimensional molecular bodies was quantified and 

measured by comparing their numerical shape codes (Table 5.2). To consider the 
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similarity comparison of the shapes of the molecules, the electron distribulions were 

superimposed. The tbmdanl methods of comparing matrices was applied to these 

(a,b)-maps to obtain a llDIIJcrical mcasme for molecular similarity (Mu.ey, 1993). 

This comparison does not involve a visual inspection. Rather an algoriduni~ shape­

similarity evaluation was carried out by computer. This is repeated for all possible 

pairs of fragments in the molecules (Table 5.2 and Appendix 1). 
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Table 5.2 Results of the numerical shape-analysis and similarities of (a,b )-maps. 

Whole molecule and fragment similarity for ANT, ATQ and bATQs were analysed. 

The (a,b )-maps of the whole molecules and their middle rings were compared to the 

( a,b )-map of 2-hATQ. The degree of similarity with 2-hA TQ as a reference structure 

is shown for each molecule. 

Whole Fralfflent 
Compounds Molecule Similarity 

Similarity *ED 3-1 
*EDl-1 

ANT 0.63 0.30 
ATQ 0.64 0.81 
1-hATQ 0.81 0.73 
2-hATQ 1.00 1.00 
1,2-dhATO 0.66 0.71 
1,3-dhATO 0.74 0.75 
1,4-dhATQ 0.66 0.71 
1,5-dhATQ 0.66 0.69 
1,8-dhATQ 0.71 0.71 
2,6-dhATQ 0.69 0.63 
1,2,4-thA TO 0.65 0.72 
1,2,5,8-thATQ 0.51 0.66 
1,2, 10-thANT 0.62 0.47 

*ED 3-1 (Electron Density 10·1-10·1) represents the electron density distribution 

calculated using ab initio Hartree-Fock method at the range of 0.001 to 0.1 au. 
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The whole molecule and the middle ring fragment of 2-hATQ, the most toxic 

molecule among the selected chemicals, wu compared to the most similar ftagmcnts 

of other compounds. Thus, the (a,b)-maps of 2-hATQ and its fragments were 

compared to (a,b }maps of other molecules and their fragments. The whole molecule 

and central ring similarities are presented in Table 5.2. 

When the whole molecule similarity wu examined, the range of similarity was 

as low as 0.57 for 1,2,5,8-tbATQ relative to 2-hATQ {l.0}. Interestingly, ANT (0.63) 

and 1,2,10-thANT (0.62) were more similar to 2-hATQ than 1,2,S,8-thATQ, even 

though they did not have a central quinone ring. As well, at the whole molecule level, 

1,2-dbATQ (0.66) was less similar to 2-hATQ than either 1,3-dhATQ (0. 74) and 1,8-

dhATQ (0.71), even though neither of the latter molecules had a hydroxy at the 

second position. Three of the five dhA TQs had identical whole similarities to 2-

hA TQ (Table 5.2). However, they were not identical when compared directly to each 

other (Appendix l}. 

The fragment similarities based on the central quinone ring were spread over a 

larger range; from 0.30 for ANT to l.0 for 2-hATQ. As would be expected, the two 

nonquinone molecules (ANT and 1,2, 10-thANT) had the least similarity with the 

reference molecule (2-hA TQ}. The most similar molecule to 2-hA TQ by this measure 

was ATQ, not one of the hA TQs. Once again three of the five dhA TQs had identical 

similarities relative to 2-hA TQ, but these were not the same three molecules that had 

identical similarities to 2-hATQ at the whole molecule level (Table 5.2). 

The similarities of ( a,b )-maps were now ready to be correlated with 

experimental toxicities. Correlations were performed in two steps. First the 

correlations of the ( a,b )-maps for the central ring were examined, with respect to the 
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middle ring of 2-hATQ molecule as reference. Second, the similarities of the (a,b)­

maps of the whole molecules were analysed and compared with 2-hATQ molecule 

{Table S.2). The similarity measures were then correlated with toxic activities, 

forming the basis of QSAR models. 

5.4.2 Correlation Between Shape Analysis and Toxicity Data 

The similarities of the (a,b }-maps of single fragments, with respect to the middle 

ring of 2-hA TQ as a reference, . were first examined. 2-hA TQ was used as the 

reference point because it is the most toxic of the chemicals tested. The fragment 

similarities were compared to the toxicity data from chapter three. Growth inhibition 

for all 13 chemicals in this study was plotted against the fragment similarities (Figure 

5.4). A veiy weak correlation between the middle ring similarities and toxicity data 

was observed. However, one can see that ANT and 1,2,10-thANT may be outliers. 

Thus, these two compounds were excluded in an attempt to obtain a better linear fit 

for the rest of hA TQs examined. The elimination of ANT and 1,2, 10-thANT was 

motivated by their structural differences (they are the only non-quinone molecules) 

and they had the lowest similarity to 2-hATQ for the single fragment data {Table 5.2). 

In addition they both can be photomodified rapidly to quinones (Chapter Two). So 

most of their toxic activity is probably due to the generated quinones. Thus, these 

two compounds are mechanistically outlier. Use of Spearman's non-parametric 

analysis showed that 2-hATQ is the real statistical outlier for both regressions (Figure 

5.4 A and B). When ANT and 1,2,10-thANT excluded from the graph the regression 

was improved dramatically (rl = 0.92), and now molecular shape can be accurately 

fit to empirical toxicity (Figure S.4). 
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Figure 5.4 A) Correlation between growth inhibition (0.5 µg/mL) and fragment 

similarity with all 13 chemicals including ANT and 1,2, 10-thANT. B) Correlation 

between growth inhibition (0.5 µg/mL) and fragment ~imilarity without ANT md 

1,2,10-thANT. The electron density range used was 10-3 to 10-1 au. 
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With the above conditions, a more ddailed comparison of shape similarities and 

toxicity data was performed. Both whole molecule and fragment ~imilarities were 

used The chemical concentrations and the shapes of electronic charge clouds have 

a fundarnffltal role in the initial chemical reactions responsible for their toxicity and 

correlation analysis. Interestingly, the best correlation between shape ~imilarity and 

toxicity was for growth inhibition of the chemicals at 0.5 Jl&'rnl, compared to 2 pg/ml 

and ECSOs (Figure 5.5). Nonetheless, the results show that there is a difference in the 

correlations with toxicity between the whole molecule and fragment similarities. 

Higher correlations between fragment similarity and empirical toxicity were 

observed than between whole molecule similarity and toxicity. Indeed, there are 

better correlations between fragment similarities than whole molecule similarities for 

the 2 µg/ml and ECSO data as well (Figure S.5). However, it is important to realize 

that the whole molecule similarities were for all 13 chemicals, while single fragment 

similarities had 2 chemicals removed as discussed above. Indeed, looking at the 

whole molecule similarity correlation to growth inhibition at 0.S µg/ml, there are no 

obvious chemicals that are outliers. 

The results from this part of the correlation analysis showed that data sets for 

growth inhibition at O.S and 2 µg/rnl showed good correlations to the shape similarity. 

However there were poor correlations between the ECSO values and the shape data 

(r2 = 0.42 and 0.19, Figure S.S). Note, that the slope is negative. As the shape 

similarities of fragments and/or whole molecules increase, the ECSOs decrease 

(Figure S.S). Because the chemicals most similar to 2-hATQ also have lower ECSOs 

(higher toxicity and growth inhibition). The stronger correlation of toxicity with the 

shape features of the middle ring of these molecules may due to the fact that ANT and 

1,2, 10-thANT are not in the correlations. 
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Figure S.S Experimental toxicity vs. whole molecule similarity and fragment 

similarity with a density range of 10·3 to 10·1 described for ATQ and h-ATQs. 
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Thus, the low electron density of quinone ring in bATQs and middle ring of ATQ as 

a potential feature, may explain why toxicity is not being compared to molecules 

without this feature. 

Among the three correlations of whole molecule similarity and empirical 

toxicity, the results &om 0.S J&glm.l growth inlul>ition again showed higher regression 

coefficient than 2 J&g/ml and EC50s (Figure S .5). The r2 for the regressions suggest 

that use of growth inhibition 0.5 Jlg/ml is an important measw-e of toxicity and is 

amenable to QSAR analysis. Growth inhibition at 2 J&g,'ml had a weak correlation 

with whole molecule similarity, however there is one outlier (ANT) presented in the 

graph which degrades the correlation (Figure S.S). The ECS0' s did not correlate well 

with whole molecular similarity (r2 = 0.19). In this case one can see that the data falls 

onto a vertical line where the similarities reach at lower value (Figure S.S). If the data 

could be spread out via a hyperbolic function the QSAR model might improve ( see 

section 5.4.3). 

The identified shape features, local and global shape characteristics, can predict 

toxicity. With intact P AHs this was attributed to the photosensitiz.ation and 

photomodification activities of the molecules (Me7.ey et al., 1998). In that model the 

local and global shapes had to be combined to get a good correlation. In this work, 

local (fragment) and global shape ( whole molecule) could be independently correlated 

to toxicity. This reflects the fact that the ANT photoproducts do not require 

photoactivation to be toxic (Chapter three). 

Figures S.S imply that whole molecule and fragment similarities by themselves 

in general arc weakly correlated with experimental toxicities, although the patterns 

shown indicate the presence of underlying relations for further modeling. To 
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determine if this relation could be better revealed, a hyperbolic fit of the shape data 

to the toxicity data was perfonnecl. 

S.4.3 Hyperbolic Fit of Molecular Shape and Toxicity Data 

The rationale for this approach is to best fit the molecular shape data to the 

empirical toxicity. A hyperbolic function spreads out one set of data with respect to 

another and optimises the slope between two sets of data (Mezey et al., 1998). Thus, 

the hyperbolic function ( equation 1) was fit to each empirical toxicity data set to solve 

the constant Co and C1. 

(1) 

Where X1 represents either one-ring or whole molecule similarities, and Co and C1 are 

constants for intercept and slope to fit the shape and toxicity data {Table S.3). The 

optimum values of the coefficients Co, and C 1 are generated by fitting either the 

fragment or whole molecule similarities against the experimental toxicities. They 

were calculated for the whole molecule and the fragment shape similarities based on 

growth inhibition at 0.5 and 2 1,1g/ml as weU as the ECSOs {Table S.3). The 

correlations of Y 1MOr for ANT and the 12 photoproducts vs the empirical toxicity data 

were quite strong. The correlations in all cases include all 13 chemicals. The six 

graphs show how the hyperbolic fit of the shape data to toxicity gives excellent 

correlations (Figure 5.6). Interestingly, the whole molecule correlations arc now as 

good as those for the fragment similarities (Figw-es 5.6). Correlations between whole 

molecule and fragment similarities with empirical toxicity are highly significant (p < 

0.OOS in all cases). In this inclusive model with use of hyperbolic equation, the 

adjusted r2 is high for all the six graphical models. This is especially striking for the 
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l'able 5.J The numerical shape analysis and thcoritical toxicity (hy1>crbolic dependencies). Theoretical toxicity derived 

using equation Y ,1w0 , = Co/ l-C1X1 from the similarities of (a,b)-maps sha1>e code of the whole PAH molecules and one-ring 

fragments to the (a,b)-maps of the 2-hATQ molecule and its middle one-ring fragment, respectively. 

Hypm,ollc llyperbollr llyperhnlit Hyperbolic: Hyperholk Hyperbnllc 
C0111peu1d1 Dfpr1tdfMIH ·~·•It• O.pe11de11dt1 Dtpendtndn Dtpendtndt1 Dtpendf11tlt1 

G.I. (0.!1,af/1111) G.I. (0.!I pa(ml) G.I. (Z,0 pafml) G.I. (Z.0 pa(ml) G.l.([C~•) G.l.([C~) 
Whole Molttule Fraamtnl W.M.S. (J-1) ,.s. (J-1) W.M.S. (J-1) r.s. (J-1) 

Sl11lll1rlly Slmll1rlty 
W.M.S. U-1) r.G. fJ-1) 

ANT 0.21 0.13 0.6048 0.288 0.504 0.24 
ATO 0,27 0.34 0.6208 0.7857 0.32 0.405 
1-hATQ 0,27 0,24 0,405 0.365 1.944 1.752 
2-hATO 0.99 0,99 0.99 0.99 0,05 0.05 
1,2-dhATQ 0.14 0,15 0.2"4 0.284 l.84R l.91R 
1,3-dhATO 0.19 0,19 O,JJJ 0.JJ75 1.115 1.175 
1,4-dhATO 0.05 0.05 0.1452 0.1562 4.29 4.615 
1.5-dhATO 0.oJ 0.03 0,1056 0.II04 9.9 10.35 
1,1-dhATQ 0,15 0,15 0.2911 0.2911 1.775 1.775 
26-dhATQ 0.ol 0,01 0.0552 0.0504 8.28 7.56 
12 4-thATO 0.05 0.03 0,1625 0,18 J.9 4.32 
1.2.5.1-thATO 0.06 0.()7 0.0969 0,1122 5.415 6.27 
1.2.10-thANT 0.oJ 0.02 0,1725 0.94 6.2 4.7 
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Figure 5.6 The hyperbolic type dependence shows a strong and almost linear 

relation between similarities of whole molecule and one ring with experimental 

toxicity. Hyperbolic dependencies for whole molecule and one-ring similarity 

described for ANT, ATQ and h-ATQs with density range of 10·3 to 10·1. 
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EC50s, which had es~tially no cmrclation to toxicity in Figure S.S. 

The results obtained demonsttate that in this QSAR study before use of 

hyperbolic fit, the correlations of fragment similarities and toxicity data (growth 

inhibitions at 0.5, 2 J,Lg/ml and ECSOs) were better than the whole molecule (Figure 

5.5). After use of hyperbolic fit, equally good correlations of the toxicity data to the 

whole molecule and fragment shape features were observed. The di.ff'erenccs between 

fragment and whole molecule similarities may relate to the ways in which these 

moieties interact with biological receptors. This may lie in the possible differences 

in the structures of the chemicals which are consistent with the production of specific 

biological effects. The QSAR model studied here is similar to models known as 

linear free energy relationships or LFERs (Leffer and Gnmwald, 1969). For both the 

fragment and whole molecule similarities analyses, linear regression resulted in 

models that reflect changes in free energy. This is based on the assumption that the 

structure of a molecule (i.e., its geometric and electronic properties) dictates its ability 

to interact with plants and ultimately inhibition of growth. 

It is significant that both the whole molecule and fragment similarities correlate 

with toxicity. The low electronic density in the middle ring is a diagnostic element 

that may provide a measure of the rapid rate of photooxidation of the molecules. As 

well, this is the most reactive region of the molecules. Thus, since these molecules 

appear to be toxic without further activation, it is logical that the central ring is an 

important determinant in toxicity. Conversely, the whole molecule similarity of ANT 

and its photoproducts may represent their general ability to bind to biological 

receptors. This is consistent with the ability of these chemical to bind specific 

proteins in the photosynthetic apparatus and inhibit electron transport (Chapter four). 

Thus, it is logical that both local and global shape features can independently be 
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incorporated into QSARs of toxicity for modified ANT. 

The electton density (ED) distribution were calculated for ANT, ATQ and 

hA TQs using the staudar4 ab initio Hartree-Fock method at 6-31 G•• basis set and 

three different density ranges of (10·2 
- 10·1, 10·3 

- 10·1, 10·3 
- 10-2). Appendix 1 

shows a calculated matrix of the gimilarities of ( a,b )-maps for whole molecules and 

fragments with different density ranges. The ranges and levels of similarity arc 

slightly different for 10·3 to 10·1, 10·2 to 10·1 and 10·3 to 10·2 au (Appendix 1). Thus 

each density range should correlate with toxicity. In the above work the density range 

of 10-3 
- 10·1 au was used, as this density range cover the largest density range of the 

molecules (Table S. l). However, it was important to determine if the other density 

ranges would conelate with toxicity. Thus, the single fragment similarity were 

plotted against growth inhibition with O.S µg/ml (Figure S. 7). Indeed the density 

range of 10·1-10·1 au gave the best correlation to toxicity (Figure S.7). Thus, for ANT 

and oxy ANTs it is important to have low and high electron density regions in the 

QSARs. 
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S.4.4 Correlatioa Aaalysis of Photosynthetic Activity and Molecular Sha pea 

Because both the one ring and whole molecule similarities of ANT, ATQ and 

the hA TQs showed a good correlation with the empirical whole organism toxicity 

data, it was of interest to compare the molecular shape data bases to a physiological 

end point Further, it was important to determine if the hyperbolic fits for whole 

organism toxicity would coaclate to another endpoint (such as photosynthesis 

activity) without adjustment of the data. Therefore the hyperbolic fits of shape data 

in Table S.3 were plotted against data for inhibition of photosynthesis by the 

chemicals. Inhibition of photosynthetic activity in vivo with L. gibba was assessed 

by Chi a fluorescence induction (Chapter 4). Fv/FM and F<ifM were used as an 

indicators of photosynthetic activity vs molecular shape similarity. They were shown 

in chapter 4 to correlate with whole organism toxicity. The correlation analysis 

between molecular shape similarity and photosynthetic activity are shown in figures 

5.8, 5.9 and 5.10. 

The ECS0 values for F v!F M and F Q1'F M were plotted against hyperbolic 

dependencies of one-ring and whole molecule similarity to detemrine their correlation 

and predictive capacity. The photosynthetic activity data from chapter 4 {Tables 4.1 

and 5. l) were plotted against hyperbolic dependencies acquired for ECS0 values from 

growth inhibition in this study {Table S.3). A weak correlation between molecular 

similarity and inlubition of photosynthetic activity was obtained when the FQl'FM was 

used in the regression (Figure 5.8 (A-B); r2 = 0.613, 0.602, p < 0.01). Hence, this 

model has some predictive capacity for inhibition of photosynthesis by ANT, A TQ 

and the hATQs. A better relationship was apparent when Fv/FM was used (Figure S.8; 

r2 = 0.737, 0.741). A theoretical basis exists for the dependence of photosynthetic 

activity and molecular similarity. 
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Figure S.8 Correlations of(a,b)-maps for one-ring and whole molecule similarities 

vs Fv/FM and Fcif'M- Hyperbolic fit of the similarities for the ECSOs for inhibition of 

growth were used on the X axis. The relevant photosynthesis data is plotted on the 

Y axis. A) Correlation ofFctfy with hyperbolic dependencies of whole molecular 

similarity. B) Correlation analysis of Fcif'M with hyperbolic dependencies of one-ring 

similarity. C) Correlation ofFv/FM hyperbolic dependencies ofvs whole molecular 

similarity. D) Fv/FM vs hyperbolic dependencies of one-ring similarity. 
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Figure 5.9 Computed correlation of similarities of ( a, b )-maps of one-ring and whole 

molecule vs Fv/FM and Fe/FM measured at 2 µg/ml chemical concentrations. A) 

Correlation of F<lf M with hyperbolic dependencies of whole molecular similarity. 

B) Correlation analysis ofFQ/'FM with hyperbolic dependencies of one-ring similarity. 

C) Correlation ofFv/FM hyperbolic dependencies ofvs whole molecular similarity. 

D) F v/F M ,rs hyperbolic dependencies of one-ring similarity. 
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This is because Fv/F M was found to be a better indicator of acute toxicity than Fc/Fw 

and EC50s is also a measure of acute toxicity. Nonetheless, it is important that the 

two data sets for F<fFw ·anc1 Fv/Fw have reasonably strong correlation coefficients 

(Figure 5.8), as both Fe/FM and Fv/FM were found to be excellent bioindicators of 

effects. 

The results of analysis with the chemicals at 2 J&w'ml revealed again that Fv/FM 

had higher correlations to the shape data than F<fFM (Figure 5.9), even though the 

. FQ"FM is more sensitive indicator of photosynthetic activity. The correlation ofF<t'f'M 

with hyperbolic dependencies for whole molecule and fragment similarity at 2 J&g/ml 

is not statistically significant and provide a low level of regression coefficient (r2 = 
0.29 and 0.25). However, it is interesting that there are three outliers in these 

correlations that when removed from the data sets result in increased r2 values ( 1,2-

dhATQ, 1,5-dhATQ and 1,2,4-thATQ) (Figure 5.9). It is unclear why these do not 

fit well in the regression. Again Fv/Fy, which was found to have better fits than 

FQ"FM for ECS0 data, had better correlations for the 2 µg/ml than FQ"FM (Figures 5.8 

and S.9). 

The analysis relationship between photosynthetic activities at 0.5 Jig/ml and 

chemical shape revealed reasonably strong correlations (Figure S.10). Interestingly, 

the FQ/FM correlations are now slightly better than those for FV /FM. This is 

consistent with FcfFM which bring a better measme of chronic toxicity (Chapter four). 

Thus, at lower concentration of chemicals one would expect to have a better fit to the 

shape data. 

The results of previous studies (Huang et al., 1997; Krylov et al., 1997; Mezey 

et al., 1998) and the work related here show that molecular similarities of hA TQs 
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Figure 5.10 Computed correlation of similarities of (a,b)-maps of one-ring and 

whole molecule vs F v/FM and FQ"FM measured at 0.S Jig/ml chemical concentrations. 

A) Correlation ofFQ"FM with hyperbolic dependencies of whole molecular similarity. 

B) Correlation analysis ofFctfM with hyperbolic dependencies of one-ring similarity. 

C) Correlation offv/FM hyperbolic dependencies ofvs whole molecular similarity. 

D) F v/F M vs hyperbolic dependencies of one-ring similarity. 



137 

correlate with indicators of photosynthetic activity (Fv/F Mand F ciFM) (Figure 5. 7). 

The global and local shape features conelated equally well with the photosynthesis 

data. This is again consistent with direct action of these chemicals on the 

photosynthetic apparatus (see Chapter four). Importantly, this part of the research 

showed that a QSAR model based on whole organism toxicity correlated well with 

inlul>ition at the putative site of action of these chemicals. This lends further credcncc 

to the supposition that the primary site of these compounds in plants is the 

photosynthetic apparatus. 

The interaction of hazardous chemicals with biological organisms is very 

complicated. Thus, an attempt at modeling relationships between chemical structures 

and photosynthetic activity without considering internal and environmental factors 

will fail to explain the impacts. Understanding the reaction mechanisms is a 

fundamental feature in predicting toxicity of contaminants and impairment of 

photosynthesis. These correlations provide the results for elucidating which 

interactions between a given chemical and the biological activity (inhibition of 

photosynthesis) have the greatest impact on the haz.ards of the contaminants in the 

environment If these correlations between the shape of chemicals and the biological 

activity are fully understood, toxicity of contaminants in the environment can be 

predicted based on the chemical and biological properties of these reactions. 
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Appendix 1 

Similarities of (a,b )-maps for whole molecules md fragments with different electron 

density range. 

SIMlLARJTIES OF AB-MAPS FOR "A .. FRAGMENTS: RANGE 10-2 
- 10· 1 

I) 2) 3) 4) 5) 6) 7) 8) 9) 10) I I l 12) 13) 

l)ANT 1.00 0.25 0.23 0.26 0.22 0.22 0.23 0.23 0.26 0.29 0.26 0.24 0.36 

2),\TQ 0.25 1.00 0.60 0.73 U.56 U.62 0.56 0.52 0.66 0.67 0. 74 0.48 U.32 

JJ I hATQ 0.23 0.60 1.00 0.59 0.72 0.68 0.69 0.66 0.62 0.61 0.64 0.64 0.33 

4) 2 hATQ 0.26 0.73 0.59 1.00 0.60 0.66 0.59 0.55 0.61 0.57 0.61 0.51 0.32 

5/ 1.2 dhATQ 0.22 0.56 0.72 0.60 1.00 0.67 0.67 0.66 0.52 0.54 0.62 0.63 0.33 

6) 1.3 <lhATQ 0.22 0.62 0.68 0.66 0.67 1.00 0.54 0.48 0.62 0.68 0.61 0.50 0.36 

7) 1.-4 <lhATQ 0.23 0.56 0.69 0.59 0.67 0.54 1.00 0.74 0.48 0.49 0.53 o.n 0.32 

8J 1.5 <lhATQ 0.23 0.52 0.66 0.55 0.66 0.48 0.74 I.OU 0.47 0.48 0.49 0.80 0.33 

9) 1.8 dhATQ 0.26 0.66 0.62 0.61 0.52 0.62 0.48 0.47 I.OU 0.71 0.67 0.47 0.36 

I 0) 2,6 <lhATQ 0.29 0.67 0.61 0.57 0.54 0.68 0.49 0.48 0.71 1.00 0.63 0.49 0.35 

I IJ 1.2.4 thATQ 0.26 0.74 0.64 0.61 0.62 0.61 0.53 0.49 0.67 0.63 1.00 0.50 0.32 

12) l.2,l5.8 thATQ 0.24 0.48 0.64 0.51 0.63 0.50 0.73 0.80 0.47 0.49 0.50 1.00 0.30 

13) 1.2.10 thANT 0.36 0.32 0.33 0.32 0.33 0.36 0.32 0.33 0.36 0.35 0.32 0.30 1.00 

SIMILARITIES OF AB-MAPS FOR WHOLE MOLECULES: RANGE l0·2 
- 10-1 

I) 2) 3) 4) 5) 6) 7) 8) 9) IO) I I l 12) 13) 

l)ANT 1.00 0.66 0.65 0.58 0.61 0.62 U.63 0.58 0.68 0.62 11.<,J U.54 o.5o 

2JATQ 0.66 1.00 0.69 0.64 0.62 0.64 0.62 0.59 0.69 0.69 0.58 0.54 0.50 

3) I hATQ 0.65 0.69 1.00 0.85 0.66 0.73 0.71 0.68 0.75 0.73 U.69 0.60 0.65 

4) 2 hATQ 0.58 0.64 0.85 1.00 0.65 0.77 0.62 0.60 0.74 0.74 0.65 0.59 0.63 

5) 1.2<lhATQ 0.61 0.62 0.66 0.65 I.OU 0.81 0.72 0.76 0.79 0.79 0.79 0.66 0.61 

6J 1.J<lhATQ 0.62 0.64 0.73 0.77 0.81 1.00 0.75 0.74 0.87 U.85 0.73 0.65 0.59 

7J 1.4 <lhATQ 0.63 0.62 0.71 0.62 0.72 0.75 1.00 0.87 0.76 0.75 0.74 0.74 0.60 

8) 1.5 <lhATQ 0.58 0.59 0.68 0.60 0.76 0.74 0.87 1.00 U.76 0.78 0.73 0.77 0.62 

9) 1.8 <lhATQ 0.68 0.69 0.75 0.74 0.79 0.87 0.76 0.76 1.00 0.85 0.72 0.61 0.56 

10) 2..6 dhATQ 0.62 0.69 0.73 U. 74 0.79 0.85 0.75 0.78 0.85 1.00 0.72 0.(,7 0.58 

11) 1.2.4 thATQ 0.63 0.58 0.69 U.65 U.79 0.73 0.74 U.73 0.72 0.72 1.00 0.73 0.62 

12) 1.2.45.8 th A TQ 0.54 0.54 0.60 0.59 0.66 0.65 0.74 0.77 0.61 0.67 0.73 1.00 0.59 

13) 1.2.10 thANT 0.50 0.50 0.65 0.63 0.61 0.59 0.60 0.62 0.56 0.58 0.62 0.59 1.00 
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SIMILARITIES OF AB-MAPS FOR "A" FRAGMENTS: RANGE 10·1 
- 10-1 

I) 2) 3) 4) 5) 6) 7) 8) 9) IO) II} 12) 13) 

I) ANT 1.00 0.29 0.28 0.30 0.28 0.27 0.28 0.28 0.29 0.29 0.30 0.29 0.37 

2)ATQ 0.29 1.00 0.75 0.81 0.71 0.72 0.70 0.69 0.74 0.70 0.80 0.64 0.47 

3) I hATQ 0.28 0.75 1.00 0.73 0.80 0.76 0.77 0.76 0.72 0.65 0.76 0.72 0.50 

4) 2 hATO 0.30 0.81 0.73 I.OU 0.71 0.75 0.71 0.69 0.71 0.63 0.72 0.66 0.47 

5) 1.2 dhATQ 0.28 0.71 0.80 0.71 1.00 0.75 0.77 0.76 0.67 0.62 0.76 0.72 0.49 

6) 1.3 dhATQ 0.27 0.72 0.76 0.75 0.75 1.00 0.66 0.64 0.73 0.72 0.72 0.63 0.51 

7) 1.4 dhATQ 0.28 0.70 0.77 0.71 0.77 0.66 1.00 0.82 0.63 0.57 0.71 0.80 0.48 

8) 1.5 dhATQ 0.28 0.69 0.76 0.69 0.76 0.64 0.82 1.00 0.63 0.56 0.68 0.82 0.48 

9) 1,8 dhATQ 0.29 0.74 0.72 0.71 0.67 0.73 0.63 0.63 1.00 0.72 0.75 0.61 0.51 

I 0) 2.6 dhA TO 0.29 0.70 0.65 0.63 0.62 0.72 0.57 0.56 0.72 1.00 0.66 0.57 0.51 

11) 1,2.4 thATQ 0.30 0.80 0.76 0.72 0.76 0.72 0.71 0.68 0.75 0.66 I.OU 0.66 0.48 

12) 1.2.45.8 th A TO 0.29 0.64 o.n 0.66 0.72 0.63 0.80 0.82 0.61 0.57 0.66 1.00 0.47 

13) 1.2,10 thANT 0.37 0.47 0.50 0.47 0.49 0.51 0.48 0.48 0.51 0.51 0.48 0.47 1.00 

SIMILARITIES OF AB-MAPS FOR WHOLE MOLECULES: RANGE I0-
1 

- 10' 

I) 2) 3) 4) 5) 6) 7) 8) 9) 10) 11) 12) 13) 

l)ANT 1.00 0.63 0.62 0.63 0.63 0.64 0.68 0.61 0.67 0.63 0.64 0.55 0.55 

2),\TQ 0.63 1.00 0.68 0.64 0.60 0.62 0.59 0.60 0.66 0.63 0.57 0.55 0.51 

3) I hATQ 0.62 0.68 1.00 0.81 0.69 0.72 0.67 0.68 0.73 0.69 0.66 0.58 0.62 

4) 2 hATQ 0.63 0.64 0.81 1.00 0.66 0.74 0.66 0.66 0.71 0.69 0.65 0.57 0.62 

5) l.2dhATQ 0.63 0.60 0.69 0.66 1.00 0.79 0.76 0.76 0.78 U.76 0.73 0.61 0.61 

6) l,J dhATQ 0.64 0.62 0.72 0.74 0.79 1.00 0.76 0.74 U.81 0.81 0.73 0.62 0.61 

71 l,4dhATQ 0.68 0.59 0.67 0.66 0.76 0.76 1.00 0.80 0.75 0.74 0.73 U.67 U.61 

81 1,5 dhATQ 0.61 0.60 0.68 0.66 0.76 0.74 0.80 1.00 0.76 0.77 0.70 0.67 0.58 

9} 1.8 dhATQ 0.67 0.66 0.73 0.71 0.78 0.81 0.75 0.76 1.00 0.78 0.69 0.58 0.57 

10) 2.6 dhATQ 0.63 0.63 0.69 0.69 0.76 0.81 0.74 0.77 0.78 1.00 (J.71 0.63 0.59 

11) 1,2,4 thATQ 0.64 0.57 0.66 0.65 0.73 0.73 0.73 0.70 0.69 0.71 1.00 0.68 0.65 

12} 1.2.45,8 thATQ 0.55 0.55 0.58 0.57 0.61 0.62 0.67 0.67 0.58 0.63 0.68 1.00 0.63 

13) 1.2.10 thANT 0.55 0.51 0.62 0.62 0.61 0.61 0.61 0.58 0.57 0.59 0.65 0.63 1.00 
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SIMILARITIES OF AB-MAPS FOR .. A .. FRAGMENTS: RANGE IO' - 102 

I) 2) 3) 4) 5) 6) 7) 8) 9) 10) II) 12) 13) 

l)ANT l.00 0.32 0.31 0.33 0.33 0.31 0.34 0.34 0.32 0.30 0.34 0.34 0.39 

2)ATQ 0.32 1.00 0.91 0.91 0.86 0.84 0.86 0.87 0.83 0.73 0.86 U.81 0.62 

J) I hATQ 0.31 0.91 1.00 0.88 0.89 0.86 0.86 0.87 0.82 0.71 0.90 0.82 0.65 

4) 2 hATO 0.33 0.91 0.88 1.00 0.84 0.84 0.85 0.85 0.82 0.69 0.84 0.83 0.64 

5) 1.2 dhATQ 0.33 0.86 0.89 0.84 I.OU 0.85 0.87 0.87 0.81 0.70 0.92 0.81 0.6-l 

6) 1.3 dhATQ 0.31 0.84 0.86 0.84 0.85 I.OU 0.79 0.79 0.85 0.77 0.83 0.77 0.67 

7) l.4dhATQ 0.34 0.86 0.86 0.85 0.87 0.79 1.00 0.91 0.78 0.66 0.89 0.87 0.64 

8) 1.5 dhATQ 0.34 0.87 0.87 0.85 0.87 0.79 0.91 1.00 0.79 0.65 0.87 0.87 0.63 

9) 1.8 dhATQ 0.32 0.83 0.82 0.82 0.81 0.85 0.78 0.79 1.00 0.74 0.8_2 0.77 0.68 

10) 2.6 dhATQ 0.30 0.73 0.71 0.69 0.70 0.77 0.66 0.65 0.74 1.00 0.69 0.65 0.67 

II) l.2.4thATQ 0.34 0.86 0.90 0.84 0.92 0.83 0.89 0.87 0.82 0.69 1.00 0.82 0.64 

l 2J 1.2.45.8 thA TQ 0.34 0.81 0.82 0.83 0.81 0.77 0.87 0.87 0.77 0.65 0.82 1.00 0.64 

13) 1.2. 10 thANT 0.39 0.62 0.65 0.64 0.64 0.67 0.64 0.63 0.68 0.67 0.64 0.64 1.00 

SIMILARITIES OF AB-MAPS FOR WHOLE MOLECULES: RANGE t0·' - t0·2 

I) 2) 3) 4) 5) 6) 7) 8) 9) 10) I I ) 12) 13) 

I) ,\NT 1.00 0.61 0.63 0.67 0.(,(, 0.67 0.77 IJ.65 0.67 0.65 0.67 0.57 0.60 

2) ATQ 0.61 1.00 0.67 0.65 0.60 U.59 0.60 0.63 0.64 0.58 0.58 U.57 0.52 

3) I hATQ 0.63 0.67 1.00 0.77 0.72 0.71 0.66 0.71 IJ. 74 0.67 ll.66 0.59 0.61 

4) 2 hAT() 0.67 0.65 0.77 1.00 0.71 0.76 0.72 0.74 0.72 0.67 0.68 0.59 ll.64 

5) 1.2dhATQ 0.66 0.60 0.72 0.71 1.00 0.78 0.81 0.78 0.79 0.76 0.68 0.57 0.62 

6) I.J dhATQ 0.67 0.59 0.71 0.76 0.78 1.00 0.78 0.77 U.77 0.77 0.75 0.60 U.65 

7) 1.4 dhATQ 0.77 0.60 0.66 0.72 0.81 0.78 1.00 0.75 0.76 0.76 0.73 0.61 U.63 

8) 1.5 dhATQ 0.65 0.63 0.71 0.74 0.78 0.77 0.75 1.00 0.78 0.80 0.69 0.60 0.54 

9) 1.8 dhATQ 0.67 0.64 0.74 0.72 0.79 0.77 0.76 0.78 1.00 0.72 0.68 0.57 0.59 

10) 2.6 dhATQ 0.65 0.58 0.67 U.67 U.76 U.77 0.76 U.80 U.72 1.00 U.72 0.62 U.61 

11) 1.2.4 thATQ 0.67 0.58 0.66 0.68 U.68 0.75 0.73 0.69 0.68 0.72 I.OU 0.64 0.69 

12) 1.2.45.8 thATQ 0.57 0.57 0.59 0.59 0.57 0.60 0.61 0.60 0.57 0.62 0.64 I.OU 0.65 

13) 1.2.10 thANT 0.60 0.52 0.61 0.64 0.62 0.65 0.63 0.54 U.59 0.61 0.69 0.65 I.OU 
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