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; PREFACE

The microbial world consists of an incredibly diverse variety of living creatures
which thrive by their remarkable abilities to adapt to an ever-changing environment.
Part of this ability to adapt is attributable to the formation of enzymes as they are
needed, and to the presence of certain constituitive enzymes. In general, these enzymes
perform critical catabolic and anabolic functions for the organisms which produce
them. Some of these functions are highly specific, and the enzymes involved are capa-
ble of interacting only with specific classes of substrates. Other enzymes possess rela-
tively broad substrate specificities and these are commonly associated with biodegra-
dative processes. The field which we know as microbial transformations has been
largely concerned with attempting to understand and harness the enzymatic potential
of microorganisms and to elucidate pathways and mechanisms operative in microbial
transformation processes.

Biotechnological developments have occurred with staggering rapidity during the
past decade and these have included advances in the microbial transformation field.
Activity in the area of microbial transformations most probably reflects the availability
of new analytical, chemical, and biochemical tools as well as our clearer perceptions
of the nature of enzymes involved in metabolic interconversions. This is evident, for
example, in the now widely-recognized presence of the cytochrome P-450 monooxy-
genase systems in all classes of microorganisms. Our present day technologies have
enabled a more precise determination of metabolic pathways and of the mechanisms
of enzymatic transformations of even the most complicated types of organic and in-
organic substrates.

Many of the philosophies adapted to microbial transformation research were derived
from earlier work with the steroids. Perhaps the greatest burst of research activity in
the microbial transformation field began in the 1940s and extended over a period of
three decades during which steroid transformations were vigorously and successfully
developed. Processes were established on an industrial scale particularly with the ste-
roid hormones whose combined microbiological and chemical syntheses are among the
finest scientific endeavors of this century. Certainly the successes realized with the
steroids were instrumental in stimulating microbial transformation research activity
with other classes of physiologically active compounds like the alkaloids, antibiotics,
cannabinoids, and the prostaglandins.

The tools and philosophies of microbial transformations have also been extended
_ to research broadly concerned with problems of pharmacological and toxicological
“significance. Evidence for this may be seen in the extensive literature on biotransfor-
mations of environmentally important compounds like pesticides, aromatic hydrocar-
bons, and other xenobiotics. The utilization of microbial systems as tools in drug de-
velopment work has been widely described under the ‘‘microbial models for
mammalian drug metabolism’’ concept, and advances have been made in determining
how microorganisms in the intestines achieve xenobiotic transformations of possible

consequence to the host.

These volumes were assembled with the intent of bringing together contemporary
research efforts in the microbial transformation field with an additional focus én phys-
iologically active agents. Primary emphasis has been devoted to work reported during
the past 10 years, and chapters have been prepared by individuals actively engaged in
microbial transformation work. Notably absent from these volumes is a chapter deal-
ing with the steroids, a subject which has been extensively reviewed elsewhere. The
book begins with notes on the historical development of the microbial transformation
field, and a chapter dealing with fundamental methodologies is also included. It is



intended to provide a comprehensive and well-referenced look at the microbial trans-
formation field as it exists today and to illustrate some of the current and future direc-
tions possible with it. If these volumes provide the stimulation necessary to lure others
into this fascinating area of research, we will feel that it has been a success.

John P. Rosazza
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[. INTRODUCTION

New drug development is a complex process which normally occurs in several defin-
itive phases. Following the initial discovery of interesting physiological activity, further
investigations are pursued in order to: determine the scope of action of the new drug

“in higher animals and ultimately in man; systematically modify the chemical structure
of the active agent to devise a more selective drug with improved therapeutic activity;
and to prepare suitable dosage forms to insure stability and the most effective means
of drug administration to the host. ‘The underlying thrust of all these efforts is the
enhancement of desired therapeutic effects while diminishing unwanted side effects.

Very few drugs are able to stimulate single and specific responses in complex living
systems. Undesirable side effects which are commonly experienced may in some cases
be attributed to the intrinsic nature of a drug, or they may be caused by metabolites
formed by the action of single or mixed groups of enzymes as the drug passes through
actively metabolizing organs in the body. In such cases, studies relating to absorption,
distribution, excretion, and metabolic transformaticns of new drugs assume major
importance. It is through such studies that some of the underlying reasons for drug
action and/or toxicity may be gained, as well as a firm base for structure activity
relationship studies. For similar reasons, metabolism studies provide clues to the mech-
anisms of toxicity of other xenobiotics.

A. Microbial Models of Mammalian Metabolism

We first summarized our views on microbial models of mammalian metabolism 7
years ago' in a paper concerned with aromatic hydroxylations of selected substrates.
Since then, we have expanded on concepts relevant to the microbial models hypothesis
in a trilogy of reviews which were concerned with metabolic type-reactions common
to both microbial and mammalian metabolic systems;’ methodology used in the micro-
bial transformation area;® and the fundamental biochemical bases which allow for the
valid comparison of diverse metabolic systems such as mammals and microorganisms.*
In this chapter, we bring together concepts presented in our earlier work, and we intro-
duce new ideas and present additional examples of metabolic transformations which
clearly underline the applicability of microbial transformations as a means for prepar-
ing mammalian drug metabolites.

While the need for conducting metabolic studies of drugs and other xenobiotics is
clear, numerous problems hinder their rapid and satisfactory completion. These in-
clude the usual deficiencies in animal models where species variation is observed in
response to the drug. This phenomenon may often be traced to differences in pathways
and degrees of metabolic transformations. Analytical difficulties may occur especially
concerning the complete establishment of the structures of metabolites which are often
available only in miniscule (i.e., microgram) amounts. Further problems may be posed
by the inability to detect nascent/highly reactive intermediates and in the production
of sufficient amounts of metabolites for complete biological evaluation.



Solutions to some of the problems encountered in typical drug metabolism studies
have included the application of sophisticated GC/mass spectral/computer systems
and NMR methods employing Fourier transform computer processes which enable
structure elucidation work on very small amounts of some metabolites. Production of
sufficient quantities of drug metabolites or potential metabolites for complete biolog-
ical evaluation remains as a continuing and major problem, especially with complex
molecules whose syntheses may be extremely complicated. Attempts to circumvent the
problem of metabolite availability have included the use of microsomal preparations
or organ perfusion systems. However, these have obvious limitations in providing
more than milligrams of metabolites; quantities usually insufficient for comprehensive
biological/toxicological evaluation.

Smith and Rosazza' suggested that microbial systems might be defined which possess
the capability of mimicking the metabolic systems of mammals in the production of
drug metabolites. Such systems were labeled, ‘‘Microbial Models of Mammalian Me-
tabolism’’. In principle, microbial systems consisting of one or several microorganisms
would be used to mimic the metabolic transformations by mammals. Under ideal con-
ditions, microbial and mammalian xenobiotic metabolism studies would be conducted
in parallel and common microbial/mammalian metabolites would be produced by sim-
ple fermentation scale-up methods using the microbial systems. Microorganisms might
also be employed in predictive fashion where microbial drug metabolites would pre-
sumably be similar or identical to those formed by corresponding mammalian systems.
The isolated microbial metabolites might then be used to establish analytical systems
for use in the identification of mammalian metabolites.

Much recent work underlines the amazing metabolic capabilities of single fungal,
yeast, or bacterial cultures which perform useful biotransformation reactions. We first
suggested that it might be difficult to find a single microorganism which could achieve
many of the transformations achieved by a single mammalian liver.' Numerous recent
examples, however, may now be cited which display the versatilities of microbial sys-
tems. These systems have been found to hydroxylate, O- and N-dealkylate, and also
form conjugative products of xenobiotics or their metabolites.

1. Metabolic Reactions Common to Mammalian and Microbial Systems

Most drugs and other xenobiotics entering higher organisms are chemically altered
by the action of enzymes. In mammals, the process of drug metabolism has been sub-
divided into Phase I and Phase Il biotransformation reactions. Phase I transforma-
tions are those involving oxidative, reductive, and hydrolytic reactions while Phase 11
reactions include conjugation processes, also known as synthetic reactions involving
the drug or its metabolites and common biochemical intermediates found in the body.
A schematic representation of these phenomena is given in Figure 1. Such biotransfor-
mation reactions are often associated with inactivation, activation, or termination of
biological activity of drugs.

Table 1 lists typical Phase I and Phase Il biotransformation reactions. It is notewor-
thy that many of these mammalian type-reactions are found in microbial systems as
well. Summaries of such reactions have been provided by Smith and Rosazza,? Beukers
etal.,” Fonken and Johnson,® Skryabin and Golovleva,” and Kieslich.?

The use of microorganisms as metabolic tools has become even more important with
the high degrees of predictability possible with given substrates and specific organisms.
It is now possible to select microorganisms for the purpose of achieving specific meta-
bolic type reactions. This is especially true in the cases of aromatic hydroxylations, O-
and N-dealkylations, steroid hydroxylations, and ester or amide hydrolyses. Repre-
sentative examples of cultures possessing broad capabilities of achieving aromatic hy-
droxylation, O-and N-dealkylations are shown in Table 2.
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Table 1
A LISTING OF COMMON MAMMALIAN DRUG METABOLISM REACTIONS

Reaction Type Substrates

(Phase [ transformations)

Hydroxylations Aliphatic, aheyvelic and aromatics
N-dealkyvlation Sceonddry. teriary amines

(xdealkyvlanion Alkyvi-alkyiand alkyvl-arviethers

S-dealkylation Alkvi-alkyland alkyl-ary! suliides

S ontdation Sulfides, sulfoxides

N-onidanon Primary, secondary and teptiary amines, amides
Deamination Primary and secondary annnes
Dehvdrogenations Primary and secondary alcohols; aldenydes

I'rans -dihvdrodiols

(Phase I ransformations)

Olucarontdation Alcohols, phenols, enols, hvdrosylamine, carbosylic acid, primary and scee

ondary amines, thiols

Sulfate conjuyition Alcohols, phenols, enols, amines

Glyvame conjugates Carboxyhc acids

Acerylation Promary annnes, hydrazines, hydrazides, sultonanudes
N-mrethvlation Primary, secondary . tertiary amines

O-methylation Catechol. phenol

2. General Strategy for Use of Microbial Models of Mammalian Metabolism

Methods emploved in microbial transformation experiments have been described in
detail in Chapter 2 of this volume and elsewhere. * 1t 1s emphasized that considerable
control of fermentation conditions may be required 1 order to favor the formation
of single microbial metabolites of drug substrates. Fermentation parameters are com-
monly varied in scarching for optimum conditions for metabolite production since it
is well known that enzymes produced by microbial cells are highly dependent omenvi-
ronmental conditions. Much experimental latitude exists by the choice of culture, me-
dinvm, and incubation conditions.?

Cultures for transtformation studies may be obtained from rich natural environments
like sewage or soil, or from standardized culture collections.* Judicious use of the
literature will greatly facilitate the selectien of cultures tor the purposes of conducting
specific types of reactions. For example, a listing like Table 2 may be constructed by
examination of the current literature for desired reactions. The likelihood of obtaining



Table 2
REPRESENTATIVE EXAMPLES OF CULTURES
PERFORMING AROMATIC HYDROXYLATION, O-
DEMETHYLATION OR N-DEMETHYLATION REACTIONS

Aromatic Dealkylation
hydroxylation O-R N-R
Culture (Ref.) (Ref.) (Ref.)
Aspergillus alliaceus NRRL 315 23 17 —
Aspergillus flavus X-158-Ul . 17 -
Aspergillus ochraceus ATCC 1008 1,18,26 — —
Aspergillus ochraceus398-Ul = = 20
Aspergillus niger ATCC 9142 1.18,19 — -
Aspergillus niger ATCC 11394 7 — —
Botrytis aliiNRRL 2502 — 25 —
Cunninghamella bainieri ATCC 3065 = 15,16.17 -
Cunninghamella bainieri ATCC 9244 1,19,11 17 20
Cunninghamella blakesleeana ATCC 1.19 20,17 21
8688a
Cunninghamella echinularaNRRL 3655 19 15.16,17 20
Cunninghamella echinulataNRRL 1387 19 — —
Cunninghamella echinulata NRRL 1386 - 25 —
Cunninghamella elegians ATCC 9245 19 16,17,30 —
Curvularia lunataNRRL 2178 1,26 — —_
Gliocladium deliquescens 1086 1,18.26 — —
Helicostylum piriforme QM 6945 i 16
Microsporum gypseum ATCC 11395 = 16 20,24
Mucor mucedo UI-4605 e 16 20
Penicillium brevi-compactum ATCC — 25 20
10418
Penictllium chrysogenum ATCC 10002 1 — —
Penicillium duclauxiiNRRL 2020 26 16 -
Pseudomonas putida - 9 =
Pseudomonas fluorescens — 10 —
Rhizopus stolonifer NRRL 1472 1 — =
Sepedonium chrvsospermum ATCC - 16,17,22 —
13378
Streptomyces griseus Ul 1158 1 15.16.17 20
Streptomyces griseus ATCC 10137 28 28 28
Streptomyces griseus ATCC 13968 — 31 —
Streptomyces lincoinensis ATCC 25466 - - 20,32
Streptomyces platensis ATCC 13865 —~ 17 29
Streptomyces punipalus NRRL 3529 — 1S 20
Streptomyces rimosus ATCC 23955 1,18,19 16 —
Streptomyces spectabilicus ATCC 27465 - 31 —

Note: ATCC — American Type Culture Collection, Rockville, Maryland
NRRIL — Northern Regionai Research Laboratories, USDA, Laboratories,
Peoria, Illinois
Ul — University of lowa, College of Pharmacy

cultures mentioned in contemporary literature is much higher than from the older lit-
erature (i.e., 20 years ago). Most often, pure culture strains of microorganisms are
used in microbial transformation work, although mixed culture procedures have been
occasionally used. The mixed culture systems, however, may present complications in
reproducing experimental conditions.

Methods which we use have been described.'* Briefly, we have found that stainless
steel capped Delong culture flasks are simple 10 use and afford reproducibility in aer-
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ation of shaken-flask cultures. A two-stage fermentation protocol has been routinely
employed, and drug substrates are normally added to incubation media 24 hr after the
inoculation of Stage II cultures. Samples of drugs are normally added as concentrated
solutions in water miscible solvents like dimethylsulfoxide, acetone, alcohol, or dime-
thylformamide. Alternatively, solutions in methylene chloride or water in the presence
of wetting agents like Tween 80 (0.001%) have also been used.* Samples are withdrawn
from substrate containing incubation mixtures at appropriate time intervals (2 hr to
240 hr) and are assayed by GC, TLC, HPLC or other appropriate methods. All of
our screening procedures are conducted in 125 m{ Delong flasks containing 25 m{ of
culture to which 5 to 10 mg of drug may be added. Preparative scale incubations are
performed in multiple shaken flasks, or in stirred fermentors.

A screening process such as the one described above is used to identify microorga-
nisms which are capable of providing metabolites of drug substrates. Although this is
a simple thing to perform, it is the key step in successful studies on microbial transfor-
mations as a means of preparing mammalian drug metabolites. Great care must be
placed on devising sensitive and reproducible analytical techniques which will give a
true picture of the microbial transformation process. Optimization of detection sys-
tems involves determination of distribution coefficients of substrates and possible me-
tabolites in extracting solvents, development of crisp and reproducible chromato-
graphic systems capable of determining as little as 1% conversions of drugs to
metabolites, and the selection of diagnostic spray reagents which will discriminate be-
tween drug metabolites and normal microbial secondary products which may coex-
tract.

Microbial transformation experiments can be conducted in parallel with mammalian
metabolic studies; or they may be conducted separately in order to obtain metabolites
which will be considered as presumed mammalian metabolites. In either case, the great
power of using microbial systems for conducting mammalian studies lies in the ease
of scale-up to provide gram quantities of compounds for complete study.

B. The Biochemical Bases for Microorganisms as Models for Drug Metabolism Studies
1. Importance of Cytochrome P-450 Monooxygenases in Mammals

Of the three Phase I reactions in mammals, oxidative biotransformations are quan-
titatively of greatest importance. A tremendous explosion has occurred over the past
18 years regarding our understanding of the mechanisms of oxidation of all types of
compounds. In Hayaishi’s Oxygenases published in 1962,** much attention was paid
to the gross aspects of oxygen metabolism. Since that time, an understanding of basic
mechanisms of oxygen activation and of the physiological function of the oxygenases
has been noted. These are summarized in recent works.?*-%¢

Most oxidative Phase I reactions in mammals are catalyzed by cytochrome P-450-
linked monooxygenases located primarily in the liver of mammals but occurring to
some extent as well in the kidney, lung, gastrointestinal tract, spleen, and steroidogenic
organs such as the adrenal cortex, testes, ovary, and placenta.?’” Considerable effort
has gone into unravelling the electron transport chain associated with these relatively
nonspecific enzyme systems.**-3¢

Cytochrome P-450 monooxygenases bind substrate and molecular oxygen and inter-
act with reductases in » two-step sequence to activate the oxygen. Ultimately, one ox-
ygen atom is incorporated into the substrate and the second is reduced to water. This
series of events occurs in a cyclic process which is depicted in Figure 2. Formation of
a P-450-xenobiotic-O, ternary complex helps to explain the selectivity imparted by the
cytochrome monooxygenases. The interaction of NADPH-cytochrome P-450 reduc-
tase in a two-step (2-electron) sequence is also indicated in Figure 2. Furthermore, the
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possible coupling of this reductive process with an NADH-mediated electron transfer
as shown, explains the often suggested synergistic role for the latter pyridine-nucleotide
as well as cytochrome bg and bs-reductase.* ** A coupling/decoupling role for hydro-
gen peroxide has recently been proposed** *° as represented in Figure 2. Interestingly,
NADPH (and NADPH-generating systems) can be replaced by hydrogen peroxide and
a variety of organic peroxides in the oxidation of certain xenobiotics by microsomal
mixtures*' and certain purified cytochromes.** This is an intriguing observation which
has not (to our knowledge) been duplicated in microorganisms. The effects of perox-
ides may support the postulated intermediary of the P-450**-O,” complex depicted in
Figure 2.

Certa:n mechanistic similarities exist between mammalian and microbial P-450 mon-
ooxygenases and these are discussed in Section 1.B.3.

Cytochrome P-450 monooxygenases are believed to mediate aliphatic and aromatic
hydroxylations, N-, O-, S-dealkylations, and certain S-and N-oxidations in mammals.
In general they can be visualized as mediating the attack of substrate by an electron
deficient oxygen atom. In the case of aliphatic hydroxylations, this process can be
thought of as an insertion reaction, while in aromatic hydroxylations, arene oxides
primarily occur as intermediates.*’ In most cases, the hydroxyl-alkyl intermediates
formed during N-, O- and S-dealkylations are so unstable that they spontaneously
decompose to dealkylated substrate and a corresponding aldehyde.

2. Aromatic Hydroxylation in Microorganisms
Aromatic compounds are commonly converted into phenols by mammalian Phase I
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FIGURE 3. Typical monooxygenase mediated oxidation of substituted aromatic com-
pounds.

transformation reactions, and phenols are also produced as major microbial metabo-
lites. The similarities and differences between microbial and mammalian transforma-
tions of aromatic compounds have been considered in detail.':? The striking similarities
in the metabolizing systems, and the manner by which they hydroxylate aromatic sub-
strates, were instrumental in the development of the microbial models of mammalian
metabolism concept' and are reviewed in part here. Of necessity, this review of aro-
matic hydroxylations by microorganisms cannot be comprehensive, but it will serve to
illustrate the development of the microbial models idea.

In mammals, aromatic hydroxylation patterns may be predicted by the rules of elec-
trophilic substitution reactions. Electron-rich aromatic rings are readily hydroxylated,
while electron deficient systems are hydroxylated sparingly or not at all. Hydroxylation
reactions occur at positions predicted by the concepts of electrophilic substitution (i.e.,
aniline and anisole**-*¢ are hydroxylated at ortho- and para- positions, while deacti-
vated ring systems like benzoic acid and benzamide*¢ are hydroxylated in the meta-
position.) In di- and tri-substituted systems, hydroxylation is directed to positions pre-
dicted by a summation of substituent effects.*s4”

Aromatic hydroxylation can be viewed as proceeding by a number of different mech-
anisms, but most available information suggests the involvement of an oxenoid mech-
anism with arene-oxide intermediates which rearrange nonenzymatically to phenolic
metabolites.*®* This process is usually accompanied by the so-called ‘‘NIH-
Shift’?,43:44.49-51 3 mechanism involving the migration of a substituent at the site of
hydroxylation to an adjacent carbon atom as shown in Figure 3. The same enzymes
forming arene oxides from aromatic substrates appear to be capable of forming epox- -
ides from isolated and conjugated olefins.*®

In many biological systems, cytochrome P-450 monooxygenases appear to be linked
to epoxyhydrases which convert arene-oxide intermediates of compounds like na-
phthalene*®*? into their corresponding trans-dihydrodiols. In fact, the occurrence of
trans-dihydrodiol intermediates represents strong evidence for the involvement of ar-
ene-oxides derived from monooxygenase oxidation of aromatic compounds. The trans-
dihydrodiols may be converted further into catechol products by the action of soluble
hepatic dehydrogenases. Such catechol metabolites and their conjugates are important
metabolic products of aromatic substrates like chlorobenzene.
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FIGURE 4. Monooxygenase vs. dioxygenase transformations of naphthalene.

The beautiful work by Daly, Jerina, and their associates has provided a number of .
useful gauges by which to measure the possible involvement of monooxygenases in
aromatic hydroxylations by diverse metabolic systems. Lack of a primary isotope ef-
fect in enzymatic phenol formation (i.c., deuterated aromatic substrates); demonstra-
tion of the NIH-Shift; and transdihydrodiol formation are considered strong evidence
for the presence of oxenoid monooxygenase activity.*' **** These features of monoox-
vgenases have been extremely valuable in differentiating monooxygenases from diox-
ygenases in microbial systems.

In bacteria, aromatic compounds were traditionally thought to be degraded solely
by dioxygenase pathways.* 7 A substrate such as naphthalene, for example, is con-
verted through the hypothetical cyclic peroxy-intermediate into a dihydrodiol, and ul-
timately into the corresponding catechol (Figure 4). Bacterial systems frequently me-
tabolize catechols further via ring cleavage reactions to CO, and water in the
mincralization process. Jerina and co-workers** isolated and characterized one of the
dihydrodiol intermediates clearly demonstrating that the reaction was dioxygenase me-
diated. The cis-arrangement of the diol system was evident by NMR spectral analysis.
Prior to this time, a trans<dihvdrodiol intermediate had only been suggested as being
predominantly involved in the degradation of naphthalene and other aromatic com-
pounds in microorganisms. Since then, other cis<dihydrodiol intermediates invoived in
the bacterial metabolism of aromatic hydrocarbons such as biphenyl,*®
benzo[a]pyrene® and benzo[alanthracene,”' and toluene,”? and phenanthrene®® have
been characterized. Gibson and co-workers®' “* have presented the interesting sugges-
tion that quite possibly eukaryotic systems utilize monooxygenases in the metabolism
of aromatic hydrocarbons, while the primary means for aromatic hydrocarbon metab-
olism in prokaryotic systems appears to involve dioxygenases. While at this time, the
segregation of mono- vs. dioxygenase metabolic pathway utilization appears to hold,
there are certainly exceptions. For example, the prokaryotic organism, Pseudomonas
sp. (ATCC 11299a) adapted to phenylalanine affects hydroxylation of the 4-tritiated
amino acid to 3-tritiated tyrosine involving migration and retention of 95% of the
tritium label.”* The corresponding dioxygenases have yet to be reported in mammals.

Much recent work implicates arene-oxide intermediates in the metabolism of aro-
matic hydrocarbons, particularly by eukaryotic fungal species in pathways directly
analogous to those found in mammals.' * The presence of microbial cytochrome P-450
monooxygenase enzyme systems has been clearly established in numerous cases,* and
are reviewed in this chapter as well. The first clear evidence that such monooxygenases



