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Abstract: Our objective in this study was to create a computer package which, 
when challenged by the structure of an organic molecule, will be able to predict 
the mechanism of its biodegradation in presence of anaerobic bacteria. A series 
of mechanistic models based on previous studies of the anaerobic 
biodegradation of organic molecules have been encoded into targetkransform 
pairs. A total of 384 rules have been coded into a dictionary and made available 
to our META program. Endowed with this dictionary, the META program 
accurately predicts the mechanism of anaerobic degradation of molecules. 
Examples of the results obtained with the program are presented for benzoic 
acid, and polychlorinated nitrobenzenes. This program complements our 
previous derivation of equivalent mammal metabolism and aerobic 
biodegradation simulators. 

INTRODUCTION 

Biodegradation of Organic molecules in the Environment follows a number of paths. The 
most common mechanisms of degradation involve oxidations. These oxidations can take place 
as a result of the direct action of the oxygen in the air but, for organic substances, these 
oxidations are more often catalyzed by the enzymes of environmental microorganisms. 
Indeed, this “aerobic” biodegradation takes place as a result of ingestion by soil microbes. 
Ultraviolet light also contributes to the degradation process of chemicals left at the soil 
surface and hydrolysis plays some role in the process as well. 

The propensity of molecules to be degraded by aerobic microbes has been 
extensively studied and the factors affecting degradability as well as the mechanism by which 
molecules are degraded have been discussed extensively in the literature (ref. 1). Our group 
(CWRU) has recently published a comprehensive study of this process, based on a theoretical 
evaluation of the functionalities that are conducing to biodegradability (ref. 1). The study was 
performed using the M-CASE program (ref. 2 )  to identify the substructural features of a 
molecule that are linked to biodegradability, and the META (ref. 3, 4) program to translate 
these results into a mechanistic model of aerobic biodegradation. The combination of M- 
CASE and META provides a predictive tool that can be used to predict the biodegradability 
potential (ref. 5) and probable mechanism of degradation for untested molecules. 

Biodegradation under the surface or at the bottom of lakes and rivers usually cannot 
take place by aerobic biodegradation simply because the air is too rare for the aerobic 
microbes to survive. However, there are other microorganisms that survive under these 
conditions, which depend on the presence of water to breakdown molecules and provide 
nutrients (ref. 6 ) .  These “anaerobic” microbes have different digesting enzymes and their 
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biodegrading action is quite different to that observed for the aerobic processes. The process is 
particularly important because it is the only process that can break down the otherwise 
persistent Polychlorinated Hydrocarbons that plague many sites. Relatively few studies have 
been made so far of this biodegradation process and very little is known about the mechanism 
by which they occur (ref. 7-8). 

We have recently concluded a study of anaerobic biodegradability using the Multiple 
Computer Automated Structure Evaluator program, (M-CASE), to identify those substructures 
that appear to be the targets of the anaerobic degradating enzymes (ref. 9). This allowed us to 
identify a number of “attributes” that a molecule must possess in order to be a good candidate 
for anaerobic degradation. 

In this study, we have translated this information into probable mechanistic concepts 
using the fragmentary knowledge of the products found in the biodegradation study of 
molecules containing these “attributes”. These concepts were then entered into the META 
program, resulting in the creation of an expert system capable to predict the potential for a 
molecule to be biodegraded anaerobically and the mechanism and products that one expects to 
observe for that process. 

METHODOLOGIES 

The M-CASE program (sometimes referred to as CASE (ref. 6) or MULTICASE (ref. 2 ) )  
has been described in a number of previous publications (ref. 7, 8). It is an Artificial 
Intelligence program capable to uncover the molecular functionalities called “Biophores” that 
are responsible for an observed biological activity of molecules. It has already been used to 
uncover attributes of activity for a number of pharmacological endpoints such as anti- 
mycobacterium activity (ref. 9), capsaicin’s activity (ref. lo), reversal of multidrug resistance 
(ref. 11) as well as to uncover attributes of toxic activity such as carcinogenicity (ref. 12), 
mutagenicity (ref. 13), teratogenicity (ref. 14) and many others. 

The META program has also been described in the literature (ref. 4). META is an 
expert system drawing its knowledge from dictionaries of rules, created by experts on the 
bases of observations, chemical extrapolation of observations and knowledge derived from 
structure activity studies and artificial intelligence programs such as M-CASE. Prior to this 
work, two such dictionaries had been created and reported about in the literature (ref. 15, 16). 
One is a mammal metabolism dictionary, whose knowledge was drawn from a systematic 
evaluation of the known metabolizing enzymes and the products formed by the action of these 
enzymes. This study provided the impetus to create the META program which was then also 
outfitted with an aerobic metabolism dictionary based on an evaluation of the known 
mechanisms of aerobic biodegradation, supplemented by the knowledge brought about from a 
M-CASE study of the ease of biodegradation of known molecules. 

Each of these dictionaries provides a quick graphical display of potential mechanisms 
of degradation of new chemicals. Neither of them however is meant to represent a single 
mammal or bacterial species, although this can and will probably be done in the future. Rather 
they provide a comprehensive set of possibilities that may be encountered, under varying 
relative concentrations, in different species. 

RESULTS AND DISCUSSION 

In a previous study we identified a number of substructures possibly targeted by the 
microorganism and responsible for the observed anaerobic degradation of 170 chemicals (ref, 
9). The most significant of these “biophores” are the phenolic OH group, the OH or SH groups 
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of aliphatic alcohols or thiols, the methoxy group in both aromatic and aliphatic compounds, 
the nitro group and so on. 

The major anoxic pathways have been described in the literature (ref. 1, 6-8). Using 
that knowledge and our previous results, we suggest here some possible mechanistic pathways 
to explain the observed anaerobic degradation of the compounds containing any of these 
biophores. 
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Scheme 1: Central pathways leading from resorcinol and phloroglucinol to acetyl-CoA (ref. 1) 
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The OH group in phenols 
Not surprisingly, we identified the phenol group as one of the major attributes of 
biodegradable molecules. Indeed, the phenolic OH group had previously been identified as 
one of the most important targets, leading to anaerobic biodegradation (ref. 1). Molecules such 
as polyphenols, phloroglucinol and resorcinol are central intermediates in the dearomatization 
pathway, leading to acetyl-CoA adducts and subsequently to CO;?. According to the literature 
(ref. 1) and based on common chemical sense, these pathways can be described as shown in 
Scheme 1. As can be seen from this scheme, the central pathway for polyphenols can be 
subdivided into several processes: cycle reduction by some reductases, aliphatic cycle 
cleavage by hydrolases, OH oxidation by dehydrogenases and beta-oxidation by beta - 
ketothiolases. We have coded all these transformation into targeVtransform rules used by the 
META program (ref. 4) to identify metabolism transforms. Some examples of such transforms 
are shown in Table 1. 

B 

C 

Scheme 2: Possible applicatiom of aliphatic OH oxidation transform (ref. 1). A.Benzylic 
alcohol degradation. B. Degradation of the side aliphatic chain in aromatic compounds. C. 
Beta-oxidation cycle 

The OH group in aliphatic alcohols 
Anaerobic degradation initiated at the OH group of aliphatic alcohols is a major component of 
the anoxic pathway for degradation of various types of compounds (ref. 1) such as benzylic 
alcohol and other alkyl side chains in aromatic compounds. It also is a important component 
of the central anaerobic pathway for aromatic compounds (See Scheme 1). as well as a major 
component of the beta-oxidation cycle (Scheme 2). The alcohol is believed to be oxidized into 
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an aldehyde (ref. 6) and the corresponding transformation reaction was implemented in our 
dictionary as a universal transform. This is shown in Table 1 as entry nr. 6. 

The Methoxy group in aromatic and aliphatic moieties 
The methoxy-substituent was recognized (ref. 9) as significant to the inception of anaerobic 
biodegradation of molecules containing it. Indeed all compounds containing this biophore are 
found to be readily biodegraded under anaerobic conditions. The process is believed to consist 
of an initial de-methylation, which is particularly prevalent in aromatic compounds (ref. 1). 
The chemically inert methoxy group is not normally a target for bacterial transformation under 
aerobic conditions but can be de-methylated by the enzymatic machinery of such acetogenic 
bacteria as Acetobacterium (ref. 21), Clostridium (ref. 22), S.ovata (ref. 23) A.woodi (ref. 24) 
and a few others. It was demonstrated (ref. 23) that 0-demethylation proceeds via formation 
of methyl derivatives of tetrahydrofolate by a corrinoid enzyme (ref. 24) 

Ar-O-CH3 + H4folate + Ar-OH + H4folate-CHs 

Subsequent degradation will usually occur at the newly formed phenol. This peripheral 
metabolic reaction was implemented as transform 5 in Table 1. 

It is also commonly observed that even in aliphatic compounds the metoxy-group can 
sometimes be de-methylated under anaerobic conditions to yield the subsequent alcohol (ref. 
25). This reaction has therefore also been implemented as a transform in the dictionary. 

Missed transformations 
Because of the limited number of compounds in the anaerobic degradation database used for 
our prior study (ref. 9) some important transformations were probably missed. We therefore 
went to the literature to identify possible biodegradation pathways for other functionalities. In 
this way we identified additional transformations such as the activation of aromatic acids by 
coenzyme A ligases (ref. 26), carboxylation of phenolic and anilinic compounds by 
phenolkinaze and phenylphosphate hydrolase (ref. 27), reductive dehydroxylation by 
hydroxybenzoyl-CoA reductase (ref. 28), reductive deamination (ref. 29), reductive 
dehalogenation by dehalogenases (ref. 30), alpha-oxidation of carboxymethyl group (ref. 3 l),  
methyl oxidation by methylhydroxilation (ref. 32), transhydroxylation by transhydroxylase 
(ref. 33) and decarboxylation by decarboxylases (ref. 34). Transformation rules reflecting 
these literature data were also incorporated into our dictionary. The final dictionary was 
completed by a number of chemically driven low rate spontaneous reactions and contains a 
total of 336 transformation rules divided into 9 different activity classes, i.e. slow spontaneous 
reactions, oxidoreductases, synthases, decarboxylases, transferases, hydrolases, carboxylases, 
coenzyme-A lidases and cyclic anaerobic processes. Some of the resulting transforms are 
shown in Table 1. 

In its current state, the rules were designed to be as general as possible. The META 
program outfitted with the dictionary was then tested to evaluate its ability to predict the 
possible products of anaerobic degradation of a wide variety of molecules. Some of these tests 
are presented in the next section. As will be seen, the results are encouraging. 

The central benzoyl-CoA pathway of anaerobic degradation 
This mechanism is considered to be one of most important pathways of anaerobic degradation 
of aromatic compounds. The benzoyl-CoA is the most commonly observed intermediate in the 
biodegradation of aromatic compounds (ref. 1). Its reduction leads directly to acetyl-CoA, 
which is normally oxidized via the citric acid cycle, ultimately producing COz. We believe 
that an accurate description of this main degradation route is essential for our methodology to 
be credible. The results of the analyses of the biodegradation of benzoic acid is shown in 
Scheme 3. 
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As can be seen from the metabolic tree of Scheme 3, META successfully reproduced 
the main pathway going from benzoic acid 1 to CO;? 14. All products, indexed by bold number 
(like 1,2 etc) are the products of this main pathway. However, META also predicted a number 
of additional products and reactions, indexed as 4.1, 6.1 etc. All these products and reaction 
seem to be reasonable and can be considered as possible intermediates or trace products of 
side reactions. All of them are leading to various acetyl-CoA adducts. 

The anaerobic degradation of polychlorinated nitrobenzenes 
Polychlorinated aromatic compounds are widely distributed in the biosphere mainly due to 
man’s carelesness (ref. 7). These compounds are causing major concern because of their 
persistence under aerobic conditions. Their toxicity and recalcitrance are attributed to the 
presence of the halogens, and the degree of recalcitrance depends on the number and location 
of the halogen substituents. 

We have chosen as examples of the application of our program to the anaerobic 
degradation of polychlorinated nitrobenzenes, four cases which are well documented in the 
literature (ref. 35). Scheme 4 shows the results when META was used to evaluate the 
biodegradation products of pentachloronitrobenzene, 2,3,4 -tricholonitrobenzene, 3,4- 
dichloronitrobenzene and 3-chloronitrobenzene. 

As can be seen from this metabolic tree, the META results are practically the same as 
the observed ones, described in the literature (ref. 35). The reduction of the nitro group 
proceeds with 100% yield for all four starting compounds, which is in good agreement with 
the literature data (ref. 35). The removal of chlorine atoms proceeds by successive reductive 
dechlorination reaction. This has indeed been found for a number of bacteria in lake sediments 
and sewage sludge (ref. 7). The chlorine atoms, attached to the ortho-position of the aniline 
ring, are more readily removed than those in the para-position. For all initial molecules the 
last chlorinated product is meta-chloroaniline. After dechlorination of the last chlorine atom, 
aniline 8 is carboxylated by p-amino carboxylase (ref. l), leading to para-aminobenzoic acid 
9, which then biodegrades as is usual for benzoate derivatives - via activation by coenzyme A 
(from 10 to 11) leading eventually to COz, This is shown in Scheme 3. 

The META program produced some additional products of the anaerobic 
degradation, but they all appear as intermediates in the reactions leading to the indicated main 
products. 

CONCLUSION 

On the basis of the results of our previous investigation and a thorough survey of the 
literature, a dictionary of rules for anaerobic degradation of organic compounds was created. 
At this time, the dictionary contains 384 rules. Using this dictionary within the context of the 
META program, we were able to reproduce the central benzoyl-CoA pathway for the 
anaerobic degradation of aromatic compounds, and all main degradation products of a family 
of polychlorinated nitrobenzenes. Some additional products were predicted in each case, but 
all of them lie within on the main pathways of degradation and can be considered as 
intermediates or minor products. 

Based on a comparison between our results and literature data, it is clear that the 
META methodology with its new dictionary is able to predict correctly the main products of 
anaerobic degradation of at least a number of substituted aromatic compounds. After further 
compilation of the literature data, we expect to be able to create additional rules which, when 
included in the dictionary will allow the program to predict the pathways of anaerobic 
metabolism even of an even wider variety of compounds. 
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