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On learning to drive and being taken for a ride
DT Gibson

Department of Microbiology and Center for Biocatalysis and Bioprocessing, The University of Iowa, 3-733 Bowen Science
Building, Iowa City, Iowa 52242, USA

Learning to drive ution. The situation at that time is shown in Figure 1 which
is a compilation of the results obtained by Dagley and his
associates at Leeds, and Evans and Ribbons at the Univer-I. Undergraduate and graduate studies at Leeds sity of North Wales [6]. Dagley and Stopher showed thatUniversity (1957–1964) catechol was oxidized to 2-hydroxymuconic semialdehydeIn 1955 I was a student at Sir William Turner’s Grammar which was yellow at alkaline pH and colorless in acid.School in Redcar, Yorkshire, UK. During that year I read Identification of the analogous ring fission product formedErnest Baldwin’s book, ‘Dynamic Aspects of Biochemis- from protocatechuic acid was a little more difficult until ittry.’ This was my first introduction to the fields of thermo- was realized that the ring-fission product reacted rapidlydynamics and kinetics as they relate to living cells and ledwith ammonium ions to form 2,4-lutidinic acid. The anal-to my decision to study biochemistry at the University. ogous reaction with 2-hydroxymuconic semialdehydeWith much excitement and great enthusiasm I applied foryielded picolinic acid at a much slower rate. These reac-undergraduate studies to the Department of Biochemistrytions are also shown in Figure 1.at the University of Leeds. Two weeks later I found out that Soon after I started studies on the degradation of 2-hyd-excitement and enthusiasm can be fleeting, when a letterroxymuconic semialdehyde byPseudomonassp strain L,informed me in two short lines that my application was where L stands for Leeds, Osamu Hayaishi and his col-denied. The following year I again applied for entrance toleagues in Kyoto published a complete pathway for thethe Leeds Biochemistry Department and started a journeydegradation of catechol to acetate and pyruvate by athat led me to this symposium today.
Pseudomonassp. To put it mildly, I was dejected. How-After 2 years of courses in physical, inorganic andever, Dagley encouraged me to see if I could confirmorganic chemistry, we were allowed to cross the thresholdHayaishi’s pathway inPseudomonasL. I couldn’t. Inof the Biochemistry Department. Two years later I beganHayaishi’s pathway an NAD+-dependent dehydrogenasestudies for the PhD degree in the laboratory of the lateoxidized the aldehyde group of 2-hydroxymuconic semial-Stanley Dagley. There were three reasons for choosing thisdehyde to 4-oxalocrotonate which was then decarboxylatedcareer path. First, Stanley Dagley was the kindest and mostand the resulting product hydrated to yield 2-oxo-4-hyd-understanding faculty member I had met during my 4 yearsroxyvalerate. Pseudomonassp strain L contained anat the university. Second, he was a magnificent teacher whoinducible 4-oxalocrotonate decarboxylase but all attemptscould take any subject, reduce it to its most simple compo-to show the NAD+-dependent oxidation of 2-hydroxymu-nents and show its relationship to the biological world.conic semialdehyde to 4-oxalocrotonate failed. Instead weThird, Dagley’s work on the bacterial degradation of aro-were able to show that the C-1 fragment was liberated asmatic compounds was attracting national and internationalformate. The further metabolism of 2-oxo-4-hydroxyvaler-attention and seemed to be an ideal area for a PhD project.ate by Hayaishi’s organism involved oxidation to acetopy-I began research by trying to determine the structure ofruvate followed by hydrolysis to give acetate and pyruvate.the ring-fission compound formed from 2,3-dihydroxyphen-We were unable to show these reactions inPseudomonasylpropionic acid by anAchromobactersp. Crystals of the sp strain L. However, we did find that cell extracts, pre-ring-fission compound were isolated by Peter Chapmanpared fromPseudomonassp strain U (see below) containedprior to his departure for postdoctoral studies with Dr Gun-an inducible enantiospecific aldolase which cleaves 2-oxo-salus at the University of Illinois. I was not having much 4-hydroxyvalerate to pyruvate and acetaldehyde. Thesesuccess with this first research project when Dr Dagley sug-products are converted to acetyl CoA and channeled intogested that the pathway for the degradation of 2-hydroxy-the TCA cycle [7].muconic semialdehyde might be more amenable to sol- Space does not permit me to describe the highs and lows
of this period. Perhaps, however, one story will suffice.
This, and other anecdotal references to the period covered
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Figure 1 Ring fission reactions catalyzed by catechol 2,3-dioxygenase and protocatechuate 4,5-dioxygenase. The pyridine carboxylic acids, 2,4-lutidinic
acid and picolinic acid are formed nonenzymatically in the presence of ammonium ions.

if Professor Dagley could come down for discussions on general pathway is shown in modified form in Figure 2 and
has been used to predict the pathways used by bacteria forthe metapathway. Dagley was not feeling well at the time

and he put a five pound note in my hand and sent me off the degradation of many substituted catechols [5]. How-
ever, I should also point out that Sala-Trepat and Evansto the big city. This was my first visit to London and the

first time I was in such an ostentatious place as the Marble showed that 2-hydroxymuconic semialdehyde is oxidized
to oxalocrotonate by anAzotobacterspecies and this hasArch Hotel. Professor Hayaishi was charming and we spent

the whole afternoon discussing science in the hotel lounge been observed with several other bacterial strains. Thus the
meta ring fission pathway has a split personality. Thewhere he graciously paid for the drinks. At least I thought

we were discussing science. When I returned to Leeds, hydrolytic pathway is generally used by bacteria when ring
fission leads to the formation of a ketone and the oxalocro-Dagley asked me what I had learned. It was only then that

I realized that I had done most of the talking and Professor tonate pathway is used when ring fission yields an alde-
hyde. Both pathways are shown in Figure 2.Hayaishi had been doing a lot of listening and nodding his

head in encouragement. I spent the next 12 months in angu- I left the Department of Biochemistry in 1964 with
mixed emotions. It had been my home for 5 wonderfulish fully expecting to see my dissertation published by

another laboratory. Hayaishi was kind, it never happened, years and there was a strong sense of family. A photograph
taken in 1963 (Figure 3) shows the whole department, andand I was able to thank him personally at the time of his

retirement in 1981 [18]. includes faculty, undergraduate and graduate students, tech-
nicians and secretaries. There are some distinguished indi-In 1963 Dagley spent a sabbatical leave in Dr Gunsalus’

laboratory at the University of Illinois. A polluted stream, viduals on the front row. The fourth gentleman from the
right is Bernard Kilby, who in 1947 emerged triumphantlyaptly named Boneyard Creek, flowed beneath his rented

house and from it he was able to isolate an organism which from a cold room where he had spent several hours extact-
ing and isolatingb-ketoadipate from culture filtrates ofVib-was given the designationPseudomonasstrain U (U for

Urbana). Dagley showed that cell extracts prepared fromrio 01 that had been grown with phenol. The cold room
was necessary due to the instability ofb-ketoadipate which,metacresol-grown cells ofPseudomonasstrain U rapidly

oxidized 4-methylcatechol to propionaldehyde and pyruv- like allb-ketoacids, decarboxylates very easily.Vibrio 01
was identified 36 years later by Paul Bauman in Stanier’sate. I was in the last year of my PhD studies at the time

when I received Dr Dagley’s letter from America describ- laboratory asAcinetobacter calcoaceticus. This may be one
of the first times, but by no means the last, that biochemistsing these observations. I well remember the last part of

that letter which contained a general metabolic scheme that in the field of aromatic metabolism have shown alaissé
faire attitude to bacterial taxonomy. The conventional wis-accounted for my results with catechol, John Wood’s dem-

onstration of the formation of pyruvate from protocatechu- dom throughout the years has always been, if it is Gram-
negative and swims, it must be aPseudomonasspecies.ate and Peter Chapman’s earlier studies on the formation

of succinate from 2,3-dihydroxyphenylpropionate. This Next to Kilby is a young Stanley Dagley and the man in
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Figure 2 meta-Ring cleavage pathways for the degradation of catechol and its substituted derivatives.

the white suit is Professor Frank C Happold, the first Head of analytical chemistry and how to use them to solve prob-
lems in biodegradation and biotransformation. I alsoof Biochemistry at the University of Leeds.
learned to drive in a more literal sense at Madison. Dr Sih
loaned me his Rambler station wagon and instructed hisII. Postdoctoral studies at the Universities of

Wisconsin and Illinois (1964–1967) new graduate student, George Peruzotti, to teach me how
to drive. George was a man of great courage, and also aI joined Dr Charles Sih’s laboratory in the College of Phar-

macy at the University of Wisconsin at Madison in 1964, good teacher. One week later I had a license, we borrowed
$500 from the bank and became the proud owners of awhere I was assigned the task of elucidating the reactions

used byNocardia restrictusfor the degradation of the ster- 1958 Chevrolet Biscayne.
In retrospect, I now realize that the education I receivedoid A ring. This fell into line rather nicely since the A ring

was converted to a catechol and the experimental results at Leeds and Madison was unique and prepared me for my
next position as a postdoctoral student with Dr Reino Kallioconfirmed the predicted pathway. The R substituent is

shown at the bottom of Figure 2. in the Department of Microbiology at the University of Illi-
nois at Urbana. Dr Kallio had just joined the University asIt was in the Dagley and Sih laboratories that I learned

to drive in a metaphorical sense. Dagley’s philosophy was Director of Life Sciences. He gave me two grant numbers,
told me to equip his laboratory and do research on the bac-to let his students design and carry out their own experi-

ments. I cannot remember him ever directly suggesting an terial oxidation of hydrocarbons. He did suggest that before
he retired he would like to prove that the initial reaction inexperiment or a technique. However, he always had time

to discuss the results of any aspect of my research project. the bacterial oxidation of hydrocarbons is catalyzed by an
oxygenase. It was a wonderful opportunity, and excitingDr Sih’s approach was much more direct. He wanted to be

involved in the details of each experiment and it was in his things were happening in the Microbiology Department at
Urbana. Leon Campbell was the new editor of theJournallaboratory that I learned to appreciate the latest techniques
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Figure 3 Biochemistry Department, University of Leeds, 1963. Front row, right to left: PW Trudgill, RP Hullin, DG Wild, B Kilby, S Dagley,
FC Happold.

of Bacteriology, Sol Speigelman had produced conditions hydrocarbons by mammalian microsomes (cytochrome
P450). We isolated a strain ofPseudomonas putidafromfor the replication of a fragment of DNA, Ralph Wolfe was

making great progress on the enzymology of methanogen- Boneyard Creek (the same source that producedPseudo-
monasU) that would grow with ethylbenzene, toluene andesis, and Carol Woese, was thinking about the third

kingdom. benzene. Toluene was the best growth substrate and tolu-
ene-grown cells rapidly oxidized benzene, andcis-benzeneExciting things were also happening outside of the

Microbiology Department. Two blocks up the road Dr Gun- dihydrodiol,trans-Benzene dihydrodiol, the expected meta-
bolic intermediate, was not oxidized. Subsequent radioiso-salus and his students were dissecting the camphor methyl-

ene hydroxylase system. Omura and Sato in Japan demon- tope trapping experiments confirmed that thecis-dihydro-
diol was an intermediate in benzene oxidation [15]. TheP.strated the presence of a unique cytochrome in liver

microsomes that gave a characteristic absorption maximumputida strain would not grow withp-chlorotoluene. Tolu-
ene-grown cells, however, oxidizedp-chlorotoluene, andat 450 nanometers when reduced in the presence of carbon

monoxide. And at the National Institutes of Health, studies after extracting 25 liters of culture filtrate with ethyl acet-
ate, silica gel column chromatography of the concentratedon the mechanism of action of phenylalanine hydroxylase

and the NIH shift were in full swing. Little did we know extract showed that the major product formed was the cat-
echol derivative ofp-chlorotoluene. The chromatographicthat in these three laboratories we were witnessing the birth

of the cytochrome P450 field and its relationship to drug procedure also yielded 38 mg of a compound that was
identified ascis-2,3-dihydroxy-2,3-dihydro-4-chlorotoluenemetabolism, chemical carcinogenesis, and oxygen fixation.

At that time I had an empty laboratory, grant money to [16]. This was an exciting result since it represented the
first report of the isolation of acis-dihydrodiol and the firstspend, and a mandate to demonstrate the involvement of

oxygen in hydrocarbon degradation. The choice of a project indication thatcis-dihydrodiols may play an important role
in the bacterial oxidation of aromatic hydrocarbons otherwas not difficult. In 1965 all available evidence indicated

that bacteria and mammals oxidize aromatic hydrocarbons than benzene. I also remember my aching arms after
extracting 25 liters of culture filtrate and making a mentalto dihydrodiols in which the hydroxyl groups have atrans

relative stereochemistry. Jerina and his associates showed note to investigate the possibility of isolating mutants
blocked in the enzyme following the dihydrodiol.that in the case of benzene and naphthalene,trans-dihydro-

diols are formed by enzymatic hydrolysis of arene oxides. In 1996 I set out to try and obtain cell extracts that would
oxidize benzene. The only enzyme assays available wereThe latter are the initial products formed from aromatic
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the stimulation of NADH oxidation or oxygen consumption received a classical mass spectrum of [18O]-phenol. A

heated discussion with the head of the mass spectrometryin the presence of benzene. Cell extracts prepared by all
known conventional methods were inactive and I began to laboratory centered on his conviction that the dihydrodiol

was so labile it would never give the required parent ion.realize why all of the previous work on aromatic metab-
olism had focused at the level of ring-fission enzymes After much pleading and a little bribery, we persuaded him

to lower the inlet temperature of the mass spectrometer.which were always very active in cell extracts. I observed
that crude cell extracts prepared from toluene-grown cells Ten minutes later he emerged from the dark room with a

dripping freshly developed chart of the mass spectrum andof P. putidacontained an active ethanol dehydrogenase and
I tried adding benzene dissolved in ethanol to cell extracts the parent ion was seen as m/z 116, indicating the addition

of two atoms of oxygen to the benzene nucleus [13]. Ourcontaining NAD+. However, this NADH-generating sys-
tem, first reported for benzoate and anthranilate exhilaration was somewhat muted by the realization that

we should have conducted the experiment in a 50 : 50hydroxylases [25], did not lead to benzene oxidation. In
one last attempt to prepare active cell extracts, I lyophilized atmosphere of16O2:18O2 and shown that both atoms of oxy-

gen incis-benzene dihydrodiol were derived from a singletoluene-grown cells and ground the resulting dry powder
with buffer in a mortar cooled by dry ice. The buffer froze oxygen molecule.

Strain 39/D also oxidized toluene to a neutral compoundduring grinding and the mortar was allowed to warm to
yield a viscous suspension which was centrifuged at 4°C. which was isolated and crystallized.* The crystals were

carefully placed in a desiccator and we left to celebrate atThe straw-colored supernatant solution was tested in a War-
burg respirometer for its ability to oxidize benzene. I a local hostelry. When we returned the crystals had disap-

peared and were replaced with a pale yellow oil. Removalremember preparing to add the benzene in ethanol solution
from the side arm of the Warburg flask and noticing that of the lid of the desiccator released the powerful fumes of

a phenol which was quickly identified asortho-cresol bythe cell extract solution in the main compartment was a
familiar yellow color. Some of the benzene had volatilized infrared spectrophotometry. We crystallized more of the

toluene metabolite, made a Diels–Alder derivative to stabil-during the equilibration period and was converted toa-hyd-
roxymuconic semialdehyde by the cell extract. I was ize the putative cyclohexadiene ring and obtained an NMR

spectrum. Application of the Karplus equation led us toecstatic; after almost 10 months of negative results the road
was open. By the time we were ready to leave Illinois we believe that the product wascis-1,2-dihydroxy-3-methylcy-

clohexa-3,5-diene (cis-toluene dihydrodiol) [14]. However,knew that benzene (toluene) hydroxylase consisted of at
least two proteins, required NADH, ferrous iron and a we were unable to convince our chemistry colleagues that

the Karplus equation could be used to predict the stereo-sulfhydryl reagent for optimal activity, and oxidized ben-
zene throughcis-benzene dihydrodiol to catechol [30]. chemistry of the hydroxyl groups in substituted cyclohexa-

diene diols. This led us to the laboratory of RE Davis in
the chemistry department at Austin who determined theIII. Faculty studies at the University of Texas at

Austin (1967–1988) structure of ap-bromo triazoline dione derivative of the
metabolite by X-ray crystallography [30]. This experiment
confirmed our earlier structural identification and also(a) cis-Dihydrodiols: In 1967 I began my academic

career as an assistant professor in the Department of Micro- showed that the dihydrodiol was a single enantiomer in
which the hydroxyl groups had a 1S,2R configuration. Thebiology. The beautiful laboratory that I had been shown

during my interview had disappeared and I and another significance of this result in terms of asymmetric synthesis
remained dormant for almost 20 years (see below). At thebeginning assistant professor were assigned temporary

bench space in a teaching laboratory. Although this situ- time we were sufficiently excited to know that we had dis-
covered a new reaction in the microbial degradation of aro-ation left much to be desired, it turned out to be one of

those serendipitous situations that permeate the field of matic hydrocarbons. John Rogers purifiedcis-toluene dihy-
drodiol dehydrogenase and thus firmly established thescience. I had a limited amount of glassware, a box of petri

plates and a paper by Nick Ornston on how to isolate initial reactions in the bacterial oxidation of toluene by our
strain ofP. putidaas those shown in Figure 4.mutants ofP. putida. Within 2 weeks I had a collection

of plates with brown colonies (catechol mutants), yellow It seemed logical at the time to reinvestigate the initial
reactions involved in the bacterial oxidation of naphthalene.colonies (ring-fission mutants) and more than 50 small col-

orless colonies that could no longer grow with benzene, Several papers in the literature suggested that this com-
pound was oxidized by bacteria totrans-1,2-dihydroxy-1,2-toluene or ethylbenzene. Each of these colorless mutants

was analyzed by thin-layer chromatography for the ability dihydronaphthalene which is the same metabolite formed
by mammals. I was teaching a course in microbiology forto accumulate neutral products from benzene. The 39th col-

ony tested accumulatedcis-benzene dihydrodiol when engineering students that semester and fortuitously one of
the laboratory experiments was the use of the enrichmentgrown with glucose in the presence of benzene. The strain

was designated 39/D and it is still the source of intensive culture technique to isolate bacteria that could grow with
naphthalene as the sole source of carbon and energy. Luxur-investigation today. However, in 1967 the first direct dem-

onstration of the enzymatic oxygen incorporation into a iant growth was obtained in liquid cultures. However, the
hydrocarbon occupied our attention. Toluene-induced cells
were incubated with benzene in the presence of18O2 and
the isolatedcis-benzene dihydrodiol was sent to the mass* No one ever left Dr Sih’s laboratory without expertise in the crystalliz-

ation of organic compounds.spectrometry facility for analysis. Three days later we
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Figure 4 Initial reactions in the oxidation of toluene byPseudomonas putida.

plates left much to be desired in terms of isolated colonies. metabolite formed from this substrate by mammals. We
then set our eyes on benzo[a]pyrene. At that time in theNevertheless, one pure culture was obtained and given the

designation Pseudomonassp strain NP. The Ornston 1970s, studies on the mammalian oxidation of carcinogenic
hydrocarbons were at their peak. Much of the activitymutagenesis procedure yielded many small colonies that

could grow well with glucose but not naphthalene. The focused on benzo[a]pyrene, the flagship molecule for stud-
ies on chemical carcinogenesis. It was known that the car-119th colony tested oxidized naphthalene to a dihydrodiol

which readily dehydrated to yielda-naphthol when treated cinogenic activity of this polycyclic aromatic hydrocarbon
was due to the formation of an electrophilic metabolite.with acid. The metabolite was subsequently identified as

cis-(1S,2R)-dihydroxy-1,2-dihydro-naphthalene (cis-naph- Subsequent studies showed that cytochrome P450 and
epoxide hydrolase convert benzo[a]pyrene to the (−) enanti-thalene dihydrodiol) [27]. The latter studies were conducted

in collaboration with Donald Jerina and his colleagues at omer oftrans-7,8-dihydroxy-7,8-dihydrobenzo[a]pyrene
and that further oxidation yields (+)-7b,8a-dihydroxy-the National Institutes of Health. Thakor Patel purified a

dehydrogenase from strain NP which oxidizedcis-naphtha- 9a,10a-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene [(+)-diol
epoxide-2].C. elegansoxidized benzo[a]pyrene to almostlene dihydrodiol to 1,2-dihydroxynaphthalene [39] and the

initial reactions in the bacterial oxidation of naphthalene the same spectrum of metabolites formed by mammals and
in an elegant series of experiments Carl was able to providewere thus shown to be analogous to those observed for tolu-

ene (as shown in Figure 4). firm evidence for the formation of (+)-diol epoxide-2, the
ultimate carcinogenic metabolite of benzo[a]pyrene [3]. InWe were unable to isolate bacteria that could grow with

polycyclic hydrocarbons larger than anthracene. This led us collaborative studies with Paul Szaniszlo, Carl showed that
C. elegansand other members of theMucorales familyto isolate a strain ofBeijerinckia which could grow with

biphenyl. The rationale for this approach was based on the oxidize polycylic aromatic hydrocarbons by similar reac-
tions to those used by mammals [4]. These studies andfact that biphenyl has a ‘bay region’ similar to that found

in polycyclic aromatic hydrocarbons. We thought that those on the bacterial oxidation of aromatic hydrocarbons
suggest that major differences exist between eukaryotic andenzymes induced to oxidize biphenyl might also oxidize

polycyclic hydrocarbons at the ‘bay-region.’ Martha Cone- prokaryotic organisms in terms of the initial reactions used
to oxidize these substrates (Figure 5). Eukaryotic organismsWells and Rowena Roberts isolated a mutant (strain B8/36)

of the Beijerinckia sp (now known asSphingomonas utilize a cytochrome P450 enzyme system to catalyze the
addition of one atom of molecular oxygen to the aromaticyanoikuyae) that oxidized biphenyl tocis-2,3-dihydroxy-

2,3-dihydrobiphenyl (cis-biphenyl dihydrodiol) and showed nucleus to form arene oxides as the first detectable pro-
ducts. The oxides are reactive electrophiles which canthat a dehydrogenase present in the parent organism would

oxidize the dihydrodiol to 2,3-dihydroxybiphenyl [17]. The undergo several different reactions, one of which is the
enzymatic addition of water to formtrans-dihydrodiols. Inabsolute stereochemistry ofcis-biphenyl dihydrodiol and

several other diols produced byP. putida39/D was deter- contrast, bacteria usually add both atoms of oxygen to the
aromatic ring andcis-dihydrodiols are the first detectablemined in collaboration with Herman Ziffer and Donald Jer-

ina at NIH. Our subsequent studies, several of them in col- products. The differences in oxygen activation and incor-
poration probably reflect the functions of the pathwayslaboration with Donald Jerina and his associates, showed

thatcis-dihydrodiols were the initial oxidation products for- observed. Eukaryotic organisms need to convert lipophilic
xenobiotic compounds and many natural products to water-med from substrates that ranged in size from benzene to

benzo[a]pyrene. These results clearly showed thatcis-dihy- soluble derivatives for excretion to the external environ-
ment, while bacteria need to utilize these substrates asdroxylation is an important reaction in the bacterial oxi-

dation of aromatic hydrocarbons. sources of carbon and energy for growth.
The above studies led to questions about the ability of

cyanobacteria and eukaryotic algae to oxidize aromatic(b) Fungal and algal oxidation of aromatic hydro-
carbons: Carl Cerniglia joined our laboratory after hydrocarbons. Many delightful days were spent at the Uni-

versity of Texas Marine Science Institute at Port Aransascompleting his PhD degree with JJ Perry at North Carolina
State University. Carl brought with him the filamentous where we collaborated with the late Chase Van Baalen.

Carl, Chase and Martha Narro were able to show that mar-fungusCunninghamella elegansand a basic knowledge of
aromatic metabolism. I knew much less about fungi. How- ine cyanobacteria have the ability to form hydroxylated

metabolites similar to those formed by mammals and bac-ever, we were soon able to show thatC. elegansoxidizes
naphthalene totrans-naphthalene dihydrodiol, the same teria. Chase was a unique individual with a genuine love
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Figure 5 Initial reactions in the oxidation of aromatic hydrocarbons by bacteria, fungi and mammals.

for research, fishing and poker. He excelled at the first two(d) Initial studies on the regulation of toluene dioxy-
genase: Barry Finette chose to study the geneticactivities and never once admitted that he lost at the third.

He passed away too soon and we miss him. aspects of toluene dioxygenase inP. putida, which was
designated as the parent F1 strain as the number of its
mutant derivatives began to grow. Barry developed a novel(c) Toluene and naphthalene dioxygenases: Soon

after our arrival at Texas we recommenced studies on the procedure, based on the use of redox dyes, for the identifi-
cation and isolation of mutants defective in each structuralenzyme we eventually called toluene dioxygenase. Wu-

Kuang Yeh made a major breakthrough when he showed gene in the toluene dixoygenase complex [11]. He then
went on to utilize transposon mutagenesis to determine thethat three, not two, proteins were required for enzyme

activity [53]. Subsequent studies were facilitated by the gene order in the toluene dioxygenase (tod) operon. Dick
McCombie came from Ron Olsen’s laboratory and made adevelopment of a radioactive assay by John Rogers and

purification of the oxygenase component by an affinity major contribution by cloning the genes for the first three
enzymes in the toluene catabolic pathway.chromatography procedure developed by Mani Subraman-

ian [45]. Mani joined our laboratory in 1978 after obtaining
his PhD with Professor CS Vaidyanathan at the Indian(e) Biodegradation of aromatic compounds: A

diverse range of substrates were shown to be oxidized toInstitute of Technology at Bangalore. Mani’s knowledge
and expertise in protein purification and microbial chemis-cis-dihydrodiols by bacteria. Some of the more interesting

products were those formed from dibenzo[1,4]dioxan (Garytry, coupled with his willingness to help others with prob-
lems, large and small, endeared him to everyone in the lab- Klecka) [29], dibenzothiophene (Alice Laborde) [31], acen-

aphthene and acenaphthylene (Mark Schocken) [42], andoratory. The friendships he developed at that time are still
ongoing today. During this period Alice Laborde began benz[a]anthracene (Bill Mahaffey and Carl Cerniglia) [35].

Other products included the identification of acid diols for-purifying naphthalene dioxygenase fromPseudomonassp
9816-4 and the oxygenase component was purified by Burt med by enzymes encoded by a TOL plasmid (Gregg

Whited, Larry Kwart and Dick McCombie) [52] and JimEnsley. This was a period of exciting research activity. The
purification and characterization of the components of tolu- Spain’s identification of hydroquinone as an intermediate

in the enzymatic oxidation ofp-nitrophenol by aMoraxellaene (Mani Subramanian, Martha Narro, Larry Wackett,
Ernie Liu and Cuneyt Serdar) and naphthalene (Alice sp [44]. In fact Jim’s work was sufficiently exciting to war-

rant publication word for word under the title, ‘The metab-Laborde, Burt Ensley and Billy Haigler) dioxygenases
showed that they are organized as shown in Figures 6 and olism ofp-nitrophenol by aPenicillium chrysogenum’ [26].

It has always been my belief that students trained in ana-7. Electrons are passed from NADH to a flavoprotein
(reductase) which reduces the Rieske [2Fe-2S] center in a lytical chemistry and reaction mechanisms have much to

offer students in microbial physiology and metabolism. Theferredoxin. Electrons from the latter are passed to a Rieske
[2Fe-2S] center in the terminal oxygenase component (ISP) reverse is also true. In 1978, Larry Kwart joined our group

after obtaining his PhD in organic chemistry. His gentleand then to mononuclear iron at the active site of the
enzyme. Both oxygenase components were shown to have personality enabled him to work with all members of our

laboratory. He was constantly sought out as a source ofan a2b2 subunit composition and it was believed but not
proven at the time that the Rieske [2Fe-2S] center and organic syntheses and reaction mechanisms. At the time,

Larry Wackett was probing the substrate specificity of tolu-mononuclear iron were located on thea subunit in each
enzyme. ene dioxygenase. He noted that styrene was hydroxylated
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Figure 6 Organization of the toluene dioxygenase complex fromPseudomonas putidaF1 [45–47,53].

Figure 7 Organization of the naphthalene dioxygenase complex fromPseudomonassp NCIB 9816 [8,9,22,23].

predominantly on the aromatic ring whereas indene and In 1981 I was a member of the Scientific Advisory Board
of AMGEN, a fledgling biotechnology company in Thou-indan were oxidized to 1-indenol and 1-indanol as the

major products. He and Larry Kwart determined that the sand Oaks, California. One of the products AMGEN
wanted to make was 1-naphthol which is the only productbenzylic hydroxylation products were formed in high

enantiomeric excess and that toluene dioxygenase oxidized formed whencis-naphthalene dihydrodiol is treated with
acid. The following year Burt Ensley accepted a positionindan to (−)-(1R)-indanol whereas the naphthalene dioxy-

genase formed the (+)-(1S)-enantiomer [49]. These initial at AMGEN to lead a specialty chemicals group. He and his
associates cloned the genes for naphthalene degradationstudies exposed the tip of the iceberg with respect to the

substrate specificity of the aromatic hydrocarbon dioxy- fromP. putida G7. Colonies of the recombinant strains
when grown in rich media turned blue. Sidney Brenner sug-genases and several tables in Larry Wackett’s dissertation

continue to provide a fertile ground for future studies. gested that the blue color reminded him of indigo. The fol-
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lowing week we received a sample of the blue compound the pond supplement before and after growth of the organ-

ism, were collected and sent to our laboratory for analysis.from Burt and Larry Wackett quickly identified it as indigo.
Larry had also observed indigo formation from indole dur- Bill Mahaffey, who was our GC/MS expert at the time,

took on the project and within 2 days appeared in my officeing his studies on the substrate specificity of toluene dioxy-
genase. This provided an explanation for indigo formation with the statement, ‘My God, Gibson, it’s phenol.’ Bill’s

chromatograms were exceedingly complex but the majorby naphthalene dioxygenase in the recombinant strain.
Escherichia colicontains the enzyme tryptophanase which peak in the control sample was absent from the medium

after growth of the organism. Subsequent studies at thecleaves tryptophan to indole and serine. Indole is then oxid-
ized to indigo by naphthalene dioxygenase [10]. Sub- EPA laboratories showed that phenol- and toluene-induced

cells of their isolate would also degrade TCE [37]. Thissequent studies have shown that several, but not all aro-
matic hydroxylases, oxidize indole to indigo. AMGEN work spawned numerous papers on TCE degradation, most

notably Larry Wackett’s more recent imaginative construc-subsequently divested itself from the specialty chemicals
field and the development of a ‘green chemistry’ procedure tion of a recombinant strain that utilizes cytochrome

P450CAM and toluene dioxygenase to degrade pentachloro-for the commercial production of indigo dye is currently
being developed by Genencor International Company, ethane through TCE to glyoxylate and formate [50].

In 1984 Donna Bedard invited me to give a seminar atSouth San Francisco, CA, USA.
In 1983, at the height of the diverse and exciting activi- General Electric Company’s Research Laboratories in

Schenectady, New York. It was a memorable visit whichties in the laboratory, I took my family to the Texas Gulf
Coast to see the few remaining whooping cranes in their led to a productive collaboration with Herman Finkbeiner’s

research group, a distinct, but not impossible chance ofwinter refuge. During that time I developed an unidentified
illness which kept me out of the laboratory for almost 9 breeding a winner of the Kentucky Derby, and a position

as the Principal Investigator on a cooperative agreementmonths. I returned to work expecting to find our research
program in disarray. I was wrong. between the University of Texas and GE on the degradation

of polychlorinated biphenyls. This work resulted in Mark
Schocken’s demonstration thatAlcaligenes eutrophusH850Being taken for a ride (1983–1988) catalyzedcis-hydroxylation reactions at both open 3,4-pos-
itions in 2,5,2′,5′-tetrachloro-biphenyl [36].During my absence from the laboratory, research progress

had continued unabated as evidenced by the drafts of manu-
scripts on my desk and red ink in our research financial
statements. The following 5 years were a special time whenBeing taken for a ride (1988–present)
my students, a few faculty colleagues, and my own family
helped me adjust to a new lifestyle. In 1988 I was offered a position in the Department of

Microbiology at the University of Iowa. The opportunityI did note some diversions from the pre-1983 objectives.
For example, Cuneyt Serdar cloned and expressed the para- to interact with Jack Rosazza, Irving Crawford, Alan Mar-

kovetz and an interdisciplinary group known as thethion hydrolase gene fromPseudomonas diminutaand was
in the process of cloning the genes for naphthalene dioxy- ‘Biocats’ was more than welcome. The transition was made

much easier by Gerben Zylstra, Sadhana Chauhan, Shir-Lygenase fromPseudomonassp NCIB 9816-4. Gregg Whited
had commenced studies on toluene metabolism byPseudo- Huang, Wen-Chen Suen and Fu-Min Menn, all of whom

left Texas for the frigid winters of Iowa and helped to getmonas mendocinaKR1 (KR for Ken Richardson, the stud-
ent who isolated the organism). Strain KR1 initiated the our new laboratory designed and operational. Gerben joined

our laboratory in 1986 after obtaining his PhD with Rondegradation of toluene by adding one atom of oxygen to
the aromatic nucleus to formp-cresol. Gregg’s subsequent Olsen. In a relatively short period of time he sequenced all

of the structural genes (todABC1C2DE) for the conversionstudies showed thatp-cresol was oxidized top-hydroxy-
benzoic acid and then to protocatechuic acid [51]. The latter of toluene to 2-hydroxy-6-oxo-hepta-2,4-dienoate

(Figure 8) [54]. Subsequent studies by Fu-Min Menn andcompound was further metabolized by theortho ring fission
pathway. In this sequence of reactionsp-cresol is first oxid- Gerben led to the sequence oftodF, the gene encoding 2-

hydroxy-6-oxo-hepta-2,4-dienoate hydrolase which wasized to p-hydroxybenzyl alcohol by a multicomponent
enzyme system. Water is the source of the hydroxyl group located as shown in Figure 8, the position predicted by

Barry Finette’s previous transposon studies. Gerben alsoin p-hydroxybenzyl alcohol since the reaction proceeds
through a quinone methide intermediate. This reaction constructed expression clones (E. coli JM109[pDTG601])

for toluene dioxygenase (todC1C2BA), toluene dioxygenasemechanism was first reported by Hopper in his studies on
the bacterial oxidation ofp-cresol. Gregg’s work led to a andcis-toluene dihydrodiol dehydrogenase (todC1C2BAD)

and toluene dioxygenase,cis-toluene dihydrodiol dehydro-subsequent collaboration with Lily Young and Inger Bos-
sert on the anaerobic degradation ofp-cresol [2]. genase and catechol 2,3-dioxygenase (todC1C2BADE)

[54,55]. In addition we were able to develop excellentIn 1986 I received a phone call from Michael Nelson at
the EPA research laboratories in Gulf Breeze, Florida. Mike expression clones for ferredoxinTOL (Shir-Ly Huang) [24]

and all of the naphthalene dioxygenase componentshad isolated an organism from a polluted pond that would
degrade trichloroethylene (TCE). The organism would not (nahAaAbAcAd, Wen-Chen Suen and Diana Cruden)

[43,48]. Wen also cloned thea and b subunits of the ter-grow with TCE, and only degraded TCE when filter-steril-
ized water from the pond was added to defined growth minal oxygenase, ISPNAP (NahAcandNahAd) and was able

to show for the first time that extracts prepared frommedia. Samples of the defined growth medium, including
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Figure 8 First four reactions in toluene degradation catalyzed by enzymes encoded by thetod operon [54,56].

induced strains could be combined to give naphthalene own initiative Sol developed his expertise in biotransforma-
tions and analytical chemistry to the stage where he pub-dioxygenase activity [48].

These beginning years at Iowa were enjoyable and hec- lished an elegant NMR method for determining the absolute
stereochemistry of chiral diols [41]. Kyoung Lee focusedtic. My research group, capably led by Gerben, was driving

me into uncharted waters in terms of recombinant DNA his attention on the properties of purified naphthalene
dioxygenase. The pure enzyme proved invaluable in clari-technology and it became very clear to me that the ground-

work laid by this group of students was paving the way for fying ambiguities in substrate specificity studies with
mutants and recombinant strains and also identified reac-future exciting research in enzymology and biotransforma-

tions. The Biocatalysis and Bioprocessing Center led by tions that were not detected by studies with intact cells. The
oxidation of toluene to benzyl alcohol and benzaldehyde isJack Rosazza was attracting local, state and national atten-

tion and my interaction with the faculty members in my one example [33]. Additional studies showed that naphtha-
lene dioxygenase also catalyzed stereospecific sulfoxidationown department and those from the six departments asso-

ciated with the Center were truly collegial. For the first time reactions [32]. A recent review summarizes all of the
known reactions of naphthalene dioxygenase [40] andI felt part of a genuine academic environment. This period

however, was not without its low points and the untimely shows that the enzyme can catalyze all of the known reac-
tions of mammalian cytochrome P450 with the only differ-passing of Irving Crawford, Diana Cruden and Al Marko-

vetz left a void that could never be replaced and, in fact, ence being that naphthalene dioxygenase oxidizes double
bonds tocis-dihydrodiols whereas cytochrome P450 formsmarked the end of an era in the Microbiology Department

at the University of Iowa. epoxides from the same substrates.
Other enzymes that were investigated during this periodNew students who joined the laboratory took full advan-

tage of the efforts of their predecessors. Sol Resnick fol- were biphenyl 2,3-dioxygenase and 2-nitrotoluene dioxy-
genase. John Haddock extended preliminary resultslowed up on Larry Wackett’s and Billy Haigler’s obser-

vations that toluene dioxygenase would catalyze the obtained by Louise Nadim in Texas to show that biphenyl
2,3-dioxygenase fromPseudomonassp LB400 was a three-oxidation of indan to (1R)-indanol whereas naphthalene

dioxygenase forms (1S)-indanol and also appeared to cata- component system [21]. John purified and characterized the
oxygenase and showed that it was another non-heme ironlyze the desaturation of indan to indene. It did not take

Sol long to recognize that his major interests were in the sulfur protein with a Rieske [2Fe-2S] center and mono-
nuclear iron at the active site [19]. He was able to showstereochemistry of the different products formed by aro-

matic hydrocarbon dioxygenases. In his early studies he that the purified enzyme oxidized 2,5,2′,5′-tetrachlorobi-
phenyl at the 3,4-positions [20] and thus laid to rest thewas ably assisted by John Brand, a visiting professor from

South Africa, and Dan Torok, who joined our group after idea that a different oxygenase in LB400 is responsible for
the formation of the 3,4-diol.obtaining his PhD in organic chemistry at Iowa. On his
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322 2 Bossert ID, G Whited, DT Gibson and LY Young. 1989. AnaerobicRose An showed that a similar multicomponent non-
oxidation ofp-cresol mediated by a partially purified methylhydroxyl-heme iron dioxygenase oxidized 2-nitrotoluene to 3-
ase from a denitrifying bacterium. J Bacteriol 171: 2956–2962.

methylcatechol and thus purified the first enzyme to oxidat- 3 Cerniglia CE and DT Gibson. 1980. Fungal oxidation of benzo[a]pyr-
ively remove a nitro substituent from an aromatic hydro- ene and (±)-trans-7,8-dihydroxy-7,8-dihydrobenzo[a]pyrene: evidence

for the formation of a benzo[a]pyrene 7,8-diol-9,10-epoxide. J Biolcarbon [1]. This work is currently being continued by
Chem 255: 5159–5163.Becky and Juan Parales in Iowa City and the complete

4 Cerniglia CE, RL Hebert, RH Dodge, PJ Szaniszlo and DT Gibson.nucleotide sequence of all of the 2-nitrotoluene dioxy- 1979. Some approaches to studies on the degradation of aromatic
genase components has recently been reported [38]. hydrocarbons by fungi. In: Microbial Degradation of Polutants in Mar-

ine Environments (Bourquin AL and H Pritchard, eds), pp 360–369,Studies on toluene dioxygenase were given a strong
US Environmental Protection Agency, Gulf Breeze.boost by the isolation of a monoclonal antibody to the small

5 Dagley S, PJ Chapman, DT Gibson and JM Wood. 1964. Degradationsubunit by Nancy Lynch. The antibody was used to prepare
of the benzene nucleus by bacteria. Nature 202: 775–778.

an affinity column which yielded pure ISPTOL in a single 6 Dagley S, WC Evans and DW Ribbons. 1960. New pathways in the
step [34]. This work, carried out by Nancy and Haiyan oxidative metabolism of aromatic compounds by micro-organisms.

Nature 188: 560–566.Jiang, also led to the isolation of a pure sample of theb
7 Dagley S and DT Gibson. 1964. Degradation of catechol by bacterialsubunit of ISPTOL and paved the way for ongoing studies

enzymes. J Biol Chem 239: 1284–1285.on interactions between the large and small subunits of the8 Ensley BD and DT Gibson. 1983. Naphthalene dioxygenase: purifi-
oxygenase. More recently Haiyan and Becky have used cation and properties of a terminal oxygenase component. J Bacteriol

155: 505–511.site-directed mutagenesis to tentatively identify the amino
9 Ensley BD, DT Gibson and AL Laborde. 1982. Oxidation of naphtha-acids responsible for chelating iron at the active sight of

lene by a multicomponent enzyme system fromPseudomonassp strainISPTOL [28].
NCIB 9816. J Bacteriol 149: 948–954.

My ride continues today through the efforts of Becky 10 Ensley BD, BJ Ratzkin, TD Osslund, MJ Simon, LP Wackett and DT
and Juan Parales, Kyoung Lee, Haiyan Jiang and Sol Gibson. 1983. Expression of naphthalene oxidation genes inEscher-

ichia coli results in the biosynthesis of indigo. Science 222: 167–169.Resnick. New avenues have been opened with the identifi-
11 Finette BA, V Subramanian and DT Gibson. 1984. Isolation andcation of domains responsible for the regiospecificity and

characterization ofPseudomonas putidaPpF1 mutants defective in theenantiospecificity of 2-nitrotoluene dioxygenase, the first
toluene dioxygenase enzyme system. J Bacteriol 160: 1003–1009.

demonstration of carbazole oxidation by a multicomponent12 Gibson DT. 1993. Biodegradation, biotransformation and the Belmont.
enzyme system and the crystallization of the oxygenase J Ind Microbiol 12: 1–12.

13 Gibson DT, GE Cardini, FC Maseles and RE Kallio. 1970. Incorpor-component of naphthalene dioxygenase. In addition, our
ation of oxygen-18 into benzene byPseudomonas putida. Biochemis-collaborations with Jim Spain (Florida), Derek Boyd
try 9: 1631–1635.(Belfast), S Ramaswamy and Bjo¨rn Kauppi (Sweden) and

14 Gibson DT, M Hensley, H Yoshioka and TJ Mabry. 1970. Formation
Andy Robertson (Iowa) are productive and enjoyable. of (+)-cis-2,3-dihydroxy-1-methylcyclohexa-4,6-diene from toluene by

If the foregoing pages seem a little turgid it is due to my Pseudomonas putida. Biochemistry 9: 1626–1630.
15 Gibson DT, JR Koch and RE Kallio. 1968. Oxidative degradation ofwish to acknowledge as many people as possible who have

aromatic hydrocarbons by microorganisms. I. Enzymatic formation ofplayed a role in my academic career. It is difficult to convey
catechol from benzene. Biochemistry 7: 2653–2661.the warmth and friendships developed over the past 3016 Gibson DT, JR Koch, CL Schuld and RE Kallio. 1968. Oxidative

years with students, colleagues and collaborators. Perhaps degradation of aromatic hydrocarbons by microorganisms. II. Metab-
the symposia and posters presented at this meeting say it olism of halogenated aromatic hydrocarbons. Biochemistry 7: 3795–

3802.best. The ride continues and the horizon, although much
17 Gibson DT, RL Roberts, MC Wells and VM Kobal. 1973. Oxidationbrighter, still reminds me that there are many roads yet to

of biphenyl by aBeijerinckiaspecies. Biochem Biophys Res Commun
be explored and enjoyed. 50: 211–219.

18 Gibson DT, W-K Yeh, T-N Liu and V Subramanian. 1982. Toluene
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