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Sphingomonas wittichii RW1 is one of three strains known to degrade dibenzo-p-
dioxin (DXN) and dibenzofuran (DBF). Due to the toxic, carcinogenic, and endocrine
disruption characteristics of these compounds molecular and biochemical studies of the
enzymes involved in the DXN and DBF degradative pathways has been of great interest.
Dibenzofuran 4,4a-dioxygenase (DBFDO) is the first enzyme involved in the DXN and
DBF degradation pathways. This enzyme is a heterodimer of two polypeptides DxnA1
(45KDa) and DxnA2 (23KDa) which functions to add two atoms of molecular oxygen at
two adjacent carbon atoms where one of the carbons is a bridge atom between the two
benzene rings. This enzyme is thus often called an angular dioxygenase. Based on
studies with the purified enzyme DBFDO is known to be capable of hydroxylating other
aromatic compounds, however, the exact product made and the location where the
dioxygenation occurs on these aromatics are unknown. For that purpose, we cloned the

four genes necessary for DBFDO into E. coli in the pET30a expression vector. This
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included the genes for the two oxygenase subunits dxnAd [ and dxnA2, the reductase
redA2, and the ferredoxin fdx3. Results based on the HPLC, GC-MS, and NMR analysis
showed that E. coli BL21 strains harboring this clone when induced had the ability to
perform three types of oxygenations: angular dioxygenation towards DBF, DXN, 2-
hydroxyDBF, xanthene, and xanthone; cis-dihydroxylation towards biphenyl,
phenanthrene, anthracene, and xanthone; and monooxygenation to the benzylic
methylenic group in fluorene as well as monooxygenation and dioxygenation to the sulfur
heteroatom in dibenzothiophene. On the other hand, no oxygenation was seen for
diphenylmethane, diphenyl ether, carbazole, chrysene, naphthalene, pyrene, anthrone,
salicylate, and toluene.

Our next goal was to engineer a DXN and DBF degrading strain which was
achieved through cloning the S. wittichii RW1 dxnA I-dxnA2-redA2-fdx3 genes into the
biphenyl degrading organism S. yanoikuyae B1 in place of the bphA If-bphA2f genes thus
placing the RW1 oxygenase under control of the B1 biphenyl pathway promoter. This
allowed us to examine if the enzymatic activity of DBFDO towards biphenyl is sufficient
to allow growth on biphenyl as the sole carbon source. More importantly, the engineered
S. yanoikuyae B1 (B1DR, DR for dioxygenase replacement) will now have the ability to
perform angular dioxygenation towards DXN and DBF which will allow us to identify if
S. yanoikuyae B1 contains genes that metabolize these aromatics. Our results showed that
B1DR had the ability to grow on biphenyl and DXN but not DBF indicating the presence
of downstream DXN degrading enzymes in this organism and showing that the enzymes
do not function on DBF. Gene knockout and gene insertion experiments showed that the

biphenyl extradiol dioxygenase, BphC, and the HOPDA hydrolase, BphD, from S.
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yanoikuyae B1 are the enzymes that showed activity on DXN metabolites, as deleting
bphC abolished the ability of BIDR to metabolize DXN but not biphenyl. However,
deletion of bphD abolished growth of BIDR on both DXN and biphenyl. On the other
hand complementing BIDRAbphC with the specific DXN extradiol dioxygenase,
SWIT3046, from RW1 retained growth on DXN, while complementing BIDRAbphD
with RW1 hydrolase, dxnB, retained growth on both DXN and biphenyl to similar growth
rates as of BIDR. These results show that bphC and bphD from S. yanoikuyae B1 carry
similar activity to specific DXN metabolizing genes from S. wittichii RW1 and shows
that more than one extradiol dioxygenase is involved in biphenyl degradation in S.
yanoikuyae B1 but only BphC functions on DXN metabolites. This work also shows that
S. yanoikuyae B1 uses a single hydrolase, BphD, for biphenyl degradation which also has
activity towards DXN. DBF was metabolized by B1DR only after inserting both an
extradiol dioxygenase (dbfB or SWIT3046) and a hydrolase (dxnB) from S. wittichii
RWI1, indicating the lack of DBF degrading genes in S. yanoikuyae B1.

Even though S. wittichii RW1 is unable to use biphenyl as a sole carbon source, the
present work showed that it contains an angular dioxygenase that can attack biphenyl at a
lateral position producing cis-2,3-dihydro-2,3-dihydroxybiphenyl. Also, a previous study
showed that its 2,2’,3-trihydroxybiphenyl dioxygenase involved in the DBF pathway,
dbfB, showed activity towards 2,3-dihydroxybiphenyl. Finally, its hydrolase, dxnB, is
able to hydrolyze HOPDA generated from biphenyl degradation. All these facts
collectively led us to hypothesize that the only missing gene for S. witichii RW1 to grow
on biphenyl would be the cis-dihydrodiol dehydrogenase. To prove our hypothesis, the

gene for cis-dihydrodiol dehydrogenase, bphB, from the biphenyl degrader Sphingobium
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vanaikuyae B1 was placed downstream of the fdx3 gene under the control of the
constitutive promoter of the dxn locus in S. wittichii RW 1. Interestingly, this engineered
strain grew on biphenyl revealing a hidden pathway for biphenyl degradation in RW1.
Using a series of knockout mutant strains we showed the involvement of two different
ring-cleavage dioxygenases and two different hydrolases in the biphenyl degradation
pathway. This work demonstrates that the enzymes in the upper pathway for DBF and
DXN degradation have a wide substrate range with activity towards other aromatic

hydrocarbons.
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Chapter 1: Introduction

Chemical and physical properties of polycyclic aromatic hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) are a class of organic compounds that
consist of 2-7 benzene rings. They are found as colorless, white/pale yellow solids that
are highly lipophilic and as a result have very low solubility in water. These compounds
have high melting and boiling points and low vapor pressure (1, 2). PAHs are classified
according to their molecular weight into two categories: low molecular weight
compounds, consisting of 2-4 benzene rings, and high molecular weight compounds
possessing more than 4 rings (1). As more rings are added to the PAH, their aqueous
solubility and vapor pressure decreases while their melting and boiling points increases.
PAHs are also distinct by some physical characteristics such as light sensitivity, heat
resistance, conductivity, and corrosion resistance. Most PAHs are fluorescent and each
PAH has its unique UV spectrum which can be used for their identification (3). Due to
the chemical and physical properties of PAHs, they are highly persistent and mobile in
the environment allowing them to distribute in the ecosystems. Accordingly, they are
considered one of the first environmental pollutants that have been identified for their

toxicity and carcinogenicity (4).

Sources of polycyclic aromatic hydrocarbons

The major source for PAHs formation in the environment is the incomplete
combustion of organic matter. This can be either from natural sources such as forest fires,
volcanoes, high-temperature pyrolysis of organic matter, and direct biosynthesis from

microorganisms and plants. PAHs can also be generated from anthropogenic sources such



as domestic burning of wood, coal, and peat in fireplaces; burning of municipal wastes
and tobacco; incomplete combustion of fuel emitted from different transportation
vehicles (automobiles, ships, trains, and airplanes); industrial wastes from aluminum
production, coke production, creosote and wood preservation, asphalt formation, tire and
petrochemical industries; and oil spills (2-4). Once PAHs are formed they can be
mobilized in the environment depending on different factors. High molecular weight
PAHs absorb more efficiently to soil particles hence transfer less distances, while
gaseous PAHs travel longer. Organic matter also tends to effect PAHs concentration in
soil, as soils enriched with organic matter contain higher concentrations of PAHs than
mineral soil (5). Even though PAHs are toxic to many organisms, they are still produced
and used commercially for pesticide production, plastic industry, and in the manufacture
of dyes. Examples of commercially produced PAHs are pyrene, fluoranthene,
phenanthrene, anthracene, fluorene, and naphthalene (4). Due to the presence of PAHs in
our ecosystem, studies have estimated that a person intakes around 3 mg of carcinogenic
PAHs per day which corresponds to a low risk of cancer. However, intake may increase
among workers in aluminum and coke factories or among smokers. In such cases the risk

of lung, skin, and bladder cancer has been found to be more prevalent (6, 7).

Health effects of polycyclic aromatic hydrocarbons

Humans and mammals are exposed to mixtures of PAHs through inhalation,
ingestion, and skin contact. As a result, it has been difficult to assess the effects of each
PAH individually especially in humans (6). However, some PAHs such as

benzo[a]pyrene, benzo[a]fluoranthene, chrysene, and indeno [1,2,3-c, d] pyrene have



been experimentally proven to have carcinogenic, mutagenic, and genotoxic effects on
animals (8).

For a PAH to show its toxicity it has to be absorbed through body membrane
barriers and enter the bloodstream where it can be distributed by the lymph to different
locations in the body, mainly the liver and kidneys. Due to the lipophilic nature of PAHs,
they tend to accumulate in lipid-rich tissues of the body. PAHs at this step are called
procarcinogens because they do not show toxicity until they are metabolized through
different enzymatic pathways in the body, most of these enzymatic processes occur in the
liver. Metabolism of PAHs occur through three major pathways: the CYP1A1/1B1 and
epoxide hydrolase pathway, CYP peroxidase pathway, and aldo-keto reductase pathway.
As a result, electrophilic metabolites such as epoxides, radical cations, or reactive and
redox-active quinones are produced that can cause direct damage to DNA, protein, or
lipid (6, 9).

The relationship between environmental pollution and human health has always
generated hot topics for research of biologists. PAHs have taken a large portion from
these researches due to their association with several cases of skin, lung, and bladder
cancer (8). Smokers and people who work in places where air is polluted with PAHs have
been associated with DNA adducts and P53 mutations that led to lung cancer which is
probably due to the presence of 100 ng or more of PAHs for each group of tobacco (8, 9).
Studies have shown that PAHs can travel through the placenta and reach the fetus causing
more severe toxicological effects on the fetus compared to adults (10). These effects are
specific to the central nervous system and were found to cause brain tumor, behavior

deficits, and disorders in the differentiation of the brain (11).



Dioxins

Polychlorinated dibenzofurans (PCDF), polychlorinated dibenzo-p-dioxins
(PCDD) and polychlorinated biphenyls (PCBs) are toxic polycyclic aromatic
hydrocarbons (PAHs) known as dioxins (12). These compounds are insoluble in water,
semi-volatile to nonvolatile, and chemically and metabolically stable. Even though their
concentrations in different environmental samples are low, their stability and lipophilicity
enables them to accumulate in human and animal lipids to reach up to 9 and 14 pg/g for
tetrachloro-dibenzo-p-dioxin and heptachloro-dibenzo-p-dioxin, respectively (13, 14).
Dioxins are released to the environment naturally through forest fires or by human
activities through the incineration of municipal and hospital wastes; combustion of wood
and diesel vehicles; and as by products from pesticide, herbicide, and paper
manufacturing. Chlorinated dioxins can also be formed naturally by the reaction of
peroxidases on chlorophenols leading to the formation of some toxic chlorinated dioxins
such as 2,3,7,8-tetrachlorodioxin which is the most toxic and persistent form of dioxin
with an approximate half-life of 1-10 years in soil and sediments (15). These sources
collectively, are responsible for air, water, and soil pollution leading to incorporation of
dioxins in the food chain (13, 16). One of the best studies that showed the effect of
dioxins on humans was carried out in Italy on a group of people accidentally exposed to
2,3,7,8-TCDD from a plant near Seveso. This study found an increase in cases of
hepatobiliary cancer, hematologic neoplasm, multiple myeloma, myeloid leukemia, and
soft tissue tumors especially in people who lived in this area for more than 5 years. An
increase in diabetes was also observed among women besides chronic circulatory and

respiratory disorders. Their results led them to support the evaluation of dioxin as a



carcinogen (17, 18). Once dioxins are introduced into the environment, they can be
remediated chemically, physically, or biologically. Due to the high cost of the first two
methods, scientists have focused on finding bacteria capable of using these toxic
compounds as a sole source for carbon and energy, thereby avoiding their toxic danger

(19).

Microorganisms that degrade dibenzo-p-dioxin

Since dioxins are generated from forest fires, one would hypothesize that bacteria
have been exposed to such compounds for thousands or millions of years and that we
would have many bacteria capable of degrading them. Unfortunately, dioxin degradation
is only limited to three strains, Rhodococcus opacus SAO101 (20), Pseudomonas veronii
PHO3 (21), and Sphingomonas wittichii RW1 (22). No further research has been
conducted on both Rhodococcus opacus SAO101 and Pseudomonas veronii PHO3 since
their isolation in 2001 and 2004, respectively. All knowledge regarding the genetics,
physiology, and biochemistry of the dioxin degradation pathway is obtained from work

done with Sphingomonas wittichii RW1 (23-25).

Sphingomonas wittichii RW1

S. wittichii RW1 was first isolated from a water sample from the River Elbe
(Germany) by R. Wittich in 1992 for its ability to completely metabolize DXN and DBF
as the sole source of carbon and energy for growth (22). Later, this strain was found to be
capable of transforming several chlorinated congeners of DXN and DBF including 2-
chlorodibenzo-p-dioxin, 2,7-dichlorodibenzo-p-dioxin, and 1,2,3,4-tetrachlorodibenzo-p-

dioxin (26, 27). Cells of S. wittichii RW1 are gram negative rods (0.4-0.6 x 0.9—1.5 um),



non-spore forming, and motile with a single polar or subpolar flagellum. Colonies of this
strain are 1 mm in diameter, smooth, and show a faint yellow color after three days of
incubation at 30°C on Bacto-heart infusion agar (28). Sphingomonas is classified within
the a-proteobacteria under the a-4 subclass along with Rhizomonas, Zymomonas, and
Blastomonas. Phylogenetic analysis of the 16S rRNA sequence sub-divides
Sphingomonas into 4 distinct clusters, S. wittichii RW1 is placed in the second cluster
with the species S. yanoikuyae, S. herbicidovorans, S. chlorophenolica, and S. xenophaga
(29). Members of this cluster are known for their ability to degrade a wide variety of

mono and polycyclic aromatic hydrocarbons (30-33).

Aerobic degradation of dibenzo-p-dioxin and dibenzofuran by S. wittichii RW1
DXN and DBF have been used as model compounds for the isolation of bacterial
degraders and to study pathways of their degradation. Since then, many bacteria capable
of metabolizing DBF as a sole carbon source have been isolated including Sphingomonas
sp. HH69, Terrabacter sp. strain YK3, Pseudomonas sp. strain CA10, and Serratia
marcescens (34). Even though these isolates were able to use DBF as a sole carbon
source, they were unable to completely metabolize DXN. The isolation of S. wittichii
RW1 in 1992 revealed for the first time a DBF degrader that can completely metabolize
dibenzo-p-dioxin and from that time, the actual era for dioxin degradation research began
(22). The full genome sequence of S. wittichii RW1 shows that it consists of a 5.3 Mbp
chromosome in addition to two megaplasmids designated pSWITO1 (310 kb) and
pSWITO2 (222 kb), all the genes required for DBF and DXN degradation are thought to

be located on pSWITO02, but scattered in different loci (25, 35). The proposed pathway



for DXN and DBF degradation is illustrated in Figure 1 and details regarding the genetics

and biochemistry of each enzymatic step are discussed below.

Initial angular dioxygenation

In the first step of the DXN and DBF degradation pathway both compounds are
activated by the addition of two atoms of molecular oxygen in the angular position at
carbon 4 and 4a to produce an unstable phenolic hemiacetal that spontaneously
rearomatizes to the more stable intermediate 2,2’,3-trihydroxydiphenylether (2,2°,3-
THD-ether) and 2,2’,3-trihydroxybiphenyl (2,2°,3-THB) for DXN and DBF, respectively
(22). This step is catalyzed by a three component enzyme system that was purified by
Bunz and Cook in 1993 and found to consist of the dibenzofuran 4,4a-dioxygenase
(DBFDO), a reductase, and a ferredoxin. Electrons from NADH are carried by the
reductase, a monomeric flavoprotein, to the ferredoxin that eventually transports them to
DBFDO (36). Two reductases designated RedA1 and RedA2 were isolated from S.
wittichii RW1 and found to carry electrons from NADH to a ferredoxin and when
expressed with DBFDO were capable of producing 2,2°,3-THD-ether and 2,2°,3-THB
from DXN and DBF, respectively (25, 37). The genome sequence of S. wittichii RW1
shows that both reductases are not linked with the angular dioxygenase itself, rather
redA?2 is located on pSWITO02, 20 kb away from the dxn locus and in the opposite
orientation, while redA1 is located on the chromosome (35). The reductase transfers its
electrons to the second component of the dioxygenase system, a ferredoxin. Two
ferredoxins were identified in S. wittichii RW1 and were named Fdx1 (SWIT5088) and
Fdx3 (SWIT4893). Both ferredoxins were able to donate electrons to DBFDO. fdx3 is

located on the pSWIT02 megaplasmid in the dxn operon along with the genes for the two



subunits of the DBFDO, while fdx! is found in a different loci on pSWITO02 (35). Amino
acid analysis of the N-terminal end of these ferredoxins showed more similarities to
putidaredoxin type ferredoxins. These ferredoxins contain [2Fe-2S] clusters coordinated
by four cysteine residues arranged in the pattern Cys-Xaas-Cys-Xaaz-Cys-Xaan-Cys and
are different from the Rieske type ferredoxins that contain a [2Fe-2S] cluster coordinated
by two cysteines and two histidines (38, 39). Due to the unusual electron transport system
represented by the flavoprotein reductase (lacks iron-sulfur cofactor) and the
putidaredoxin type ferredoxin (not Rieske type), the angular dioxygenase system in S.
wittichii RW1 is classified as a class-IIA ring-hydroxylating oxygenase according to the
Batie et al. classification of oxygenases (36). Electrons from the ferredoxin are
transferred to the third component of the system, the oxygenase, a heterotetrameric
protein composed of 2a (45Kd) and 2P (23Kd) subunits designated DxnA1 and DxnA2,
respectively. Even though the DNA sequence of the N-terminus of the o subunit is
distinct from all other known dioxygenases, its overall sequence shows 40% similarities
to dioxygenases from class IIB and class III. In addition, consensus sequences for the
Rieske-type [2Fe-2S] cluster binding site and the residues Glu200, Asp205, His208, and
His213 surrounding the Fe(II) prosthetic group were identified in this subunit with
respect to some minor differences surrounding the Fe(II) prosthetic group (25, 36). The
locus containing DBFDO was identified by screening a genomic library of S. wittichii
RW1 with a probe generated by degenerate primers for the N-terminal region of DBFDO
and the C-terminal region from the hydrolase. Sequencing of the positive clones showed
that DBFDO is linked to two other genes, a HOPDA hydrolase (dxnB) and a TonB-

dependent transporter (dxnC), but not to its electron transport system and that the meta



cleavage dioxygenase for the DBF pathway was located on a separate operon upstream of
the dxn locus and in the opposite orientation (25). Later, the second ferredoxin, Fdx3,
involved in DBF oxygenation was found to be the last gene of the dxn locus (39).
Attempts to express a functional dioxygenase system in E. coli have failed when using
the genes for the dioxygenase subunits (dxnA and dxnA2) alone, which indicate that the
class-IIB electron transfer system from E. coli is incapable of transferring electrons to
this dioxygenase. However, when the electron transfer system from RW1 was expressed
with the dioxygenase, DBF and DXN were oxygenated via angular attack to

trihydroxybiphenyl and trihydroxydiphenyl ether, respectively (25).

Meta cleavage (extradiol) dioxygenase

In the second step of DBF and DXN degradation pathway, THB and THD-ether
formed are meta cleaved by DbfB, a meta cleavage dioxygenase. Even though it was not
possible to identify the structure of the meta cleaved product formed from DBF and DXN
by NMR or GC-MS, meta cleavage was more likely accepted over ortho cleavage due to
multiple reasons. First, S. wittichii RW1 lacked the ability to utilize or oxidize, 2-(2-
hydroxyphenoxy)-muconate, the ortho ring cleavage product from DXN. Second, this
pathway was inhibited by the meta cleavage inhibitor, 3-chlorocatechol (22). As
mentioned above, the gene encoding DbfB is not linked to the initial dioxygenase but
rather located 4.5 kb upstream of the dxn locus and in the opposite orientation. This gene
was isolated from a cosmid library of S. wittichii RW1 that had the ability to meta cleave
the biphenyl intermediate, 2,3-dihydroxybiphenyl (2,3-DHB), to a yellow colored
intermediate. Sequence of this fragment showed the presence of a 32 kDa polypeptide

that was designated DbfB. Unlike many other meta cleavage dioxygenases which have an
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oligomeric quaternary structure, DbfB was a monomeric protein that lost most of its
activity when purified aerobically (40). There is a conflict about whether DBF and DXN
are degraded using the same extradiol dioxygenase based on the kinetics of the DbfB
enzyme with different substrates. DbfB had a very low Km value for 2,3-DHB and 2,2’,3-
THB compared to the Km values for catechol, 3-methylcatechol, and 4-methylcatechol
(1000-fold lower). However, the activity of this enzyme for 2,2’,3-THD-ether was
undetectable using standard procedures which made the likelihood of having a second
extradiol dioxygenase involved in DXN degradation more acceptable, especially because
the genome of S. wittichii RW1 possesses 34 different extradiol dioxygenases (24, 40,
41). In order to solve such issues, two separate studies were conducted in S. wittichii
RWI1 based on observing the proteomic changes when growing on DBF and DXN
compared to acetate (41, 42). Results of these studies showed the possibility of the
involvement of a second extradiol dioxygenase located on the chromosome designated
SWIT3046. This enzyme has 31% sequence identity with DbfB and was shown to be
more expressed on DXN and chlorinated DXN (2.51X and 3.04X, respectively) than
DBF (0.8X) and acetate. In addition, SWIT3046 was the only extradiol dioxygenase out
of the 34 others present in S. wittichii RW1 that was upregulated on chlorinated and non-
chlorinated dioxin. Due to the redundancy of proteins in this bacterium, more research
should be conducted to characterize this enzyme and proof its role in DXN and DBF

pathway (41).
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Hydrolysis of meta cleavage products

The third step of the DBF and DXN degradation pathway involves the hydrolysis
of the meta cleavage product catalyzed by a hydrolase. Two isofunctional hydrolases
designated DxnB1 and DxnB2 were isolated and purified from S. wittichii RW1 and were
found to be capable of converting 2-hydroxy-6-0x0-6-(2-hydroxyphenyl)hexa-2,4-
dienoate (8-OH HOPDA) to salicylate as well as converting the biphenyl intermediate 2-
hydroxy-6-oxo0-6-phenylhexa-2,4-dienoate (HOPDA) to benzoate. Comparison of N-
terminal amino acid sequence showed 50% similarity between both enzymes and
according to native and denature gel electrophoresis both proteins were found to be
monomeric having a molecular weight of 31 and 29 kDa for DxnB1 and DxnB2,
respectively (43). Genes involved in the upper pathway for DBF and DXN degradation
are constitutively expressed in S. wittichii RW1. This fact was based on the production of
salicylate and catechol from acetate growing cells at a level almost similar to those when
grown on selected aromatics (22). As seen with the redundancy of extradiol
dioxygenases, at least 40 hydrolases were detected in the genome of S. wittichii RW1
(41). dxnB1 is located on the pSWIT02 megaplasmid adjacent to the genes for the
DBFDO subunits, dxnA41 and dxnA2, and followed by dxnC, a TonB-dependent
transporter. The location was determined from sequencing a 5.5 kb EcoRI fragment
encoding four polypeptides that were all transcribed from one operon. The amino acid
sequence of DxnB1 shows similarities with previously characterized 2-hydroxymuconic
semialdehyde hydrolases from Pseudomonas putida F1 and Burkholderia sp. strain
LB400 and contained the consensus amino acids Serios, Asp226, and Hiszss found in the

active sites of such enzymes (25).
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The second meta-cleavage HOPDA hydrolase, DxnB2, was isolated and
genetically characterized from S. wittichii RW1 using degenerate primers designed based
on the N-terminal and C-terminal ends of the purified DxnB. DxnB2 was found to belong
to a separate class of MCP hydrolases that was evolutionary divergent from previously
characterized BphDs but contained other hydrolases involved in DBF degradation
including DxnB from S. wittichii RW1 and CarCy3 from Janthinobacterium sp. strain J3
involved in carbazole and DBF degradation. This hydrolase was capable of transforming
8-OH HOPDA six times faster than HOPDA which makes it more specific for the
degradation of DBF. Moreover, DxnB2 was found to be capable of transforming 3-CI
HOPDA and 4-OH HOPDA with a 10-fold higher specificity compared to BphDrg4oo and
BphDps. Another distinguished feature of DxnB2 is its ability to transform multiple
chlorinated substitutes of HOPDA such as 8-Cl HOPDA and 9-C1 HOPDA making it a
useful candidate for environmental cleanup of PCBs (44). Even though both hydrolases
characterized in S. wittichii RW1 were not examined for their ability to hydrolyze meta
cleavage products of DXN, these enzymes are assigned as hydrolases in both the DBF
and DXN proposed pathways. Nevertheless, a third HOPDA hydrolase SWIT0910 was
detected in S. wittichii RW1 by shotgun proteomics that had 29% and 24% sequence
identity to DxnB1 and DxnB2, respectively. The highest detection for this hydrolase was
on 2-chloro-DXN (1.80X) compared to DBF and acetate (1.11X for both). Similarity in
sequence identity between these three hydrolases with differentiation in expression levels
to different substrates led researchers to hypothesize that these enzymes have similar

substrate ranges but different specificities to different chlorinated aromatics. Such
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redundancy in hydrolases might explain why S. wittichii RW1 can transform different

chlorinated dioxin congeners (41).

Lower pathways for DBF and DXN degradation

For S. wittichii RW1 to make living on the skeleton backbone of DBF and DXN,
salicylate and catechol are produced, respectively, from the upper pathway of these
aromatics as well as the aliphatic tails from HOPDA cleavage. These single ring
aromatics are degraded through multiple enzymatic steps in separate pathways to yield
TCA cycle intermediates that eventually fuel the TCA cycle to generate carbon and
energy to be used for synthesizing building blocks required for life (22, 45).

Catechol is considered a common intermediate from the degradation pathways of
several aromatic hydrocarbons including benzoate, phenol, benzene, and salicylate.
Degradation of catechol occurs through two pathways: the ortho cleavage pathway
catalyzed by catechol 1,2-dioxygenase and the meta cleavage pathway catalyzed by
catechol 2,3-dioxygenase (46). In S. wittichii RW1, catechol degradation is thought to
proceed through meta cleavage (45) which was inferred from the ability of 2,2’,3-
trihydroxybiphenyl dioxygenase, DbfB, to meta cleave catechol in addition to its own
specific substrate (40, 45). However, ortho cleavage activity of catechol 1,2-dioxygenase
was also detected from S. wittichii RW1 growing cultures on DXN, DBF, and acetate,
indicating constitutive expression of this pathway (22). A recent transcriptomic study on
S. wittichii RW1 showed that the ortho cleavage pathway for catechol was differentially
induced when this bacterium was grown on DXN. Data analysis from the same study
helped in identifying the responsible genes involved in each step according to their

expression levels on DXN. Multiple enzymatic steps convert catechol to succinyl CoA,
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an intermediate from the TCA cycle, as shown in Figure 2. Genetic characterization of
these genes is required to confirm their role in catechol metabolism (24).

Salicylate is a monocyclic aromatic hydrocarbon generated as an intermediate
from the naphthalene and DBF degradation pathways (22, 47). Degradation of salicylate
has been well studied in gram negative bacteria and depending on the type of enzymes
present, salicylate can be degraded through two distinct routes. The first route is
catalyzed by salicylate hydroxylase that converts salicylate to catechol, while the second
is catalyzed by salicylate-5-monooxygenase that converts salicylate to gentisate (48). A
full pathway for the degradation of 4-hydroxysalicylate has been characterized in S.
wittichii RW 1. This pathway was located downstream of the dxn region on pSWIT02 and
was found to include a 4-hydroxysalicylate hydroxylase designated dxnD. Heterologous
expression of this gene in E. coli produced a 72 kDa polypeptide that only had activity
against 4-hydroxysalicylate and not to phenol, 2-hydroxybiphenyl, 2,2’-
dihydroxybiphenyl, 2,3-dihydroxybiphenyl, 4-hydroxybenzoate, and salicylate (45). Even
though the exact pathway for salicylate degradation in S. wittichii RW1 has not been
confirmed so far, multiple genes annotated as salicylate oxygenases were upregulated in
S. wittichii RW1 when grow on salicylate or DBF (41). These up regulated genes
included the multicomponent oxygenase SWIT3056 that is annotated as a salicylate
hydroxylase and is responsible for the conversion of salicylate to catechol. A second
multicomponent plasmid-located gene designated SWIT5101 and SWIT5102 (gentisate
1,2 dioxygenase) was upregulated on salicylate and DBF as well. However, both of these
genes did not respond immediately when exposed to DBF for short exposure periods (30

minutes). On the other hand, the same study detected a different set of putative
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dioxygenases that responded to such exposure. One dioxygenase of interest was
SWIT3086, a putative gentisate 1,2-dioxygenase, which infers that salicylate might take
the gentisate pathway for its degradation. For that reason, whether salicylate degradation

in S. wittichii RW1 goes through catechol, gentisate, or both is still unknown (23).

‘ Dibenzo-p-dioxin ‘
/ 2-Hydroxymuconate Catechol
Salicylate l l

l Dibenzofuran

l Y-Oxalocrotonate cis-cis-Muconate
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Figure 2. Lower pathway for DBF and DXN degradation in S. wittichii RW1.
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Aerobic degradation of biphenyl

The biphenyl degradation pathway has been extensively studied in both gram
positive and gram negative bacteria as an analog for studying the degradation of
polychlorinated biphenyls (PCBs) (49, 50). The upper pathway for biphenyl degradation
(Figure 3) consists of four steps which convert biphenyl to benzoate and 2-hydroxypenta
2,4-dienoate (51). The first step of the pathway is catalyzed by biphenyl dioxygenase, a
heterohexamer composed of two subunits (BphA1 and BphA2) arranged as a3f33,
responsible for activating an oxygen molecule and adding it to the biphenyl structure at
carbon 2 and 3 to yield cis-2,3-dihydro-2,3-dihydroxybiphenyl. As seen with DBFDO,
biphenyl dioxygenase is a three component enzyme system that requires a ferredoxin
(BphA3) and a reductase (BphA4) to carry electrons from NADH to reduce the enzyme
(52). Substrate specificity is carried out by the BphA1 subunit which contains a Rieske
type center [2Fe-2S] involved in electron transport (53). Biphenyl dioxygenases have
been shown to have a range in their capabilities in oxygenating different aromatics
including DBF and DXN, but no biphenyl degrading organisms were able to use these
compounds as the sole source for carbon and energy (54, 55). Unlike how DBFDO
catalyzes angular dioxygenation of DBF and DXN, biphenyl dioxygenase performs
lateral dioxygenation towards DBF and DXN producing dead end products which prevent
biphenyl degraders from fully metabolizing these compounds (56). In addition, biphenyl
dioxygenases were found capable of oxygenating different congeners of PCBs at
different capabilities depending on amino acid sequence differences between these

dioxygenases (57).
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The second step in biphenyl degradation pathway is catalyzed by biphenyl cis-
dihydrodiol dehydrogenase (BphB) that catalyzes the oxidation of cis-2,3-dihydro-2,3-
dihydroxybiphenyl to 2,3-dihydroxybiphenyl (58). These dehydrogenases were reported
to be involved in the oxidation of different cis-dihydrodiols other than cis-biphenyl
dihydrodiol such as dihydrodiols of naphthalene, phenanthrene, DBF, and DXN. Mutants
of bphB (B8/36) in Sphingobium yanoikuyae B1 were extremely important in studying
the substrate range of biphenyl dioxygenase in this strain (31).

In the following step, 2,3-dihydroxybiphenyl is subjected to meta cleavage by 2,3-
dihydroxybiphenyl 1,2-dioxygenase (BphC). This enzyme uses non-heme iron to cleave
the aromatic ring adjacent to the hydroxyl substituents to produce HOPDA. Multiple
dihydroxybiphenyl 1,2-dioxygenases have been characterized and were found to be
capable of cleaving some PCB intermediates at orders of specificities in some cases
higher than that for 2,3-dihydroxybiphenyl, while failing to cleave others. For instance,
BphC from the PCB degrader Burkholderia sp. strain LB400 is inhibited by 2,6-dichloro-
2,3-dihydroxybiphenyl as well as by the meta cleavage inhibitor 3-chlorocatechol (59).

In the final step of the upper pathway for biphenyl degradation the C-C bond in
HOPDA is hydrolyzed via HOPDA hydrolase to benzoate and 2-hydroxypenta-2,4-
dienoate. This step is carried out by an a/B-fold serine hydrolase designated BphD and is
considered a key determinant in the biphenyl pathway (60). Similarly to extradiol
dioxygenases, HOPDA hydrolases possess a range in specificity towards chlorinated
substrates showing preference in the order non > ortho > meta > para substituted
congeners (61). Hydrolases are more efficient at hydrolyzing HOPDA chlorinated on the

phenyl moiety compared to HOPDA chlorinated on the dienoate moiety (62).
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Chapter 2: Substrate Specificity of Sphingomonas wittichii RW1

Dibenzofuran 4,4a-Dioxygenase

Introduction

Sphingomonas wittichii RW1 was the first strain isolated for its unique ability to
use both dibenzo-p-dioxin (DXN) and dibenzofuran (DBF) as sole sources of carbon and
energy for growth (22). The ability to grow on DBF but not DXN is more widespread
and is found in both gram negative and gram positive organisms. Many of these
organisms can cometabolize DXN during or after growth on DBF. The genetics
underlining the ability of S. wittichii RW1 to metabolize both DXN and DBF have been
extensively studied including a completed genome sequence (35), cloning of many of the
pathway genes (25), and transcriptomic (23, 24) and proteomic studies (41).

The first enzymatic step in DXN and DBF degradation is catalyzed by an angular
dioxygenase, dibenzofuran 4,4a-dioxygenase (DBFDO), a three component enzyme
system that catalyzes the conversion of DBF and DXN to unstable hemiacetals that
rearomatize to 2,2',3-trihydroxybiphenyl and 2,2',3-trihydroxydiphenyl ether,
respectively. The three components of DBFDO have been purified and characterized
(36) with the discovery that while there is a single common terminal oxygenase
component for DXN and DBF oxidation there are two interchangeable reductases (36)
and two interchangeable ferredoxins (38, 39) in the electron chain. The genes encoding
the terminal oxygenase component, dxnA1A2; both of the ferredoxins, fdx/ and fdx3; and
one of the reductases, redA2, are located in three different places on the large

megaplasmid pSWIT02 while the gene encoding the second reductase, redA 1, is located
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on the chromosome. "Scattering" of genes encoding a single catabolic pathway is quite
common among the Sphingomonads (25, 63, 64).

Many bacterial multicomponent aromatic dioxygenases have broad substrate
ranges and can oxidize many related (and unrelated) hydrocarbons that are not substrates
for the cognate metabolic pathway (65). One example among the angular dioxygenases
is the carbazole 1,9a dioxygenase of Pseudomonas sp. strain CA10 (CARDO) that has
angular dioxygenase activity towards carbazole (CAR), DBF, DXN, xanthene and
phenoxanthiin and lateral dioxygenase activity towards naphthalene, bipheny],
fluoranthene, anthracene, and phenanthrene. CARDO also catalyzed the
monooxygenation of the benzylic methylenic group in fluorene and the sulfur heteroatom
in dibenzothiophene (66). The angular dioxygenase from Sphingomonas sp. strain LB126
was found to contribute at least twice in the degradation of fluorene, once by the initial
monooxygenation of the benzylic methylenic group to form 9-hydroxyfluorene and
secondly by the angular attack of 9-fluorenone, the dehydrated product of 9-
hydroxyfluorene, to produce 1-hydro-1,1a-dihydroxy-9-fluorenone. This enzyme was
also found to perform angular dioxygenation towards DBF and DXN besides cis
dihydroxylation to other polycyclic aromatic hydrocarbons (67).

Even though S. wittichii RW1 has been extensively studied, the ability of its
angular dioxygenase to attack different aromatic compounds is still ambiguous. In an
earlier study, the ability of purified DBFDO to oxygenate different aromatic compounds
was predicted from oxygen consumption followed by HPLC to confirm that a product
was made (36). In some cases oxygen consumption by the enzyme did not result in a

product and in many cases the identity of the reaction product was not determined (36).
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Due to the importance of S. wittichii RW1 as a model organism for dioxin degradation
and to gain more knowledge about substrate recognition by RW1 DBFDO, we initiated
the current work to identify the exact chemical structures of the oxygenated products

generated by DBFDO from several polycyclic and heterocyclic aromatic hydrocarbons.

Materials and Methods

Bacterial strains, plasmids, and culture conditions

Escherichia coli DH5a [F@80lacZAM15 A(lacZY A-argF) U169 recAl endAl
hsdR17 (rx , mk") phoA supE44 thi-1 gyrA96 relAl X'] was obtained from Invitrogen
(Waltham, Massachusetts) and used as the recipient in transformation experiments. E.
coli BL21(DE3) was used for gene expression analysis. PCR amplicons were cloned into
the pGEM-T easy vector (Promega, Madison, WI) while the pET-30a expression vector
(Novagen, Darmstadt, Germany) was used to direct the expression of the dioxygenase
system under the control of the strong bacteriophage T7 promoter. Luria-Bertani (LB)
broth and agar were used as a complete medium for E. coli growth. Kanamycin was
added at 50 pg/ml and ampicillin was added at 100 pg/ml when needed. S. wittichii RW1

was incubated at 30°C while 37°C was used for E. coli.

DNA manipulations and molecular techniques

Genomic DNA was extracted from pure colonies of S. wittichii RW1 using the
Ultraclean microbial DNA isolation kit and following the recommendations of the
manufacturer (MoBio, Carlsbad, CA). Plasmid DNA was purified from E. coli cells using
Nucleospin plasmid purification kit (Macherey-Nagel, Germany) and following the

protocol supplied. Restriction enzyme digestion, ligation, transformation, and gel
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electrophoresis were performed using standard methods (68). The Phusion high fidelity
PCR kit (New England Biolabs) was used to amplify all DNA fragments used in this
study and the Geneclean III kit (MP Biomedicals, Ohio, USA) was used to purify DNA
fragments from PCR solutions or agarose gels. All PCR product clones were verified by

sequencing (Genewiz, New Jersey, USA).

Construction of the DBFDO expression clone

Genomic DNA from RW1 was used as a template to amplify the dxnA 142, fdx3,
and redA2 genes. Since the four genes are not contiguous in the genome, multiple PCR
steps were involved to construct the expression clone. The genes (dxnA1A2) for the two
terminal oxygenase subunits were PCR amplified as a single fragment (1.87 kb) using the
primers dxnA1-F (5’-GGGTCTAGAGGATGCAGGAGAGGTTGCATGG-3’) and
dxnA2-R (5’- CCCGCGGCCGTTACAGGAAGGTTGAGATGCC-3’) introducing Xbal
and Nofl sites, respectively. The gene for the ferredoxin component (fdx3) was PCR
amplified (0.35 kb) using the primers fdx3-F (5°-
GGGGCGGCCGCCGGATGGGAGATAATAGTGATGC-3) and fdx3-R (5°-
CCCGGGCCCTCAATCAAGATTGTTGGACACC-3’) introducing Notl and Apal sites,
respectively. The gene for the reductase component (red42) was PCR amplified (1.28 kb)
using the RedA2-F (5°-
GGGGGGCCCGAGAAGGAAAGTAGGATGAGATCAGCGG-3’) and RedA2-R (5°-
CCCAGATCTTAGACCGGGATCAGATCCTTAAGC-3’). In this case the rare start
codon, GTG, of red42 was replaced with an ATG and restriction sites for Apal and Bglll
were introduced. The three fragments were cloned separately into the pPGEM-T Easy

vector and sequenced to verify that no changes were introduced by PCR. Each clone was
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digested by the restriction enzymes whose cutting sites were included in the PCR
primers, the appropriate fragment excised from an agarose gel, and the three fragments
were cloned together into the Xbal and BglIl sites of pET-30A to produce

pET DBFDOS.

Biotransformation of aromatic compounds and HPLC analysis

BL21(DE3) cells harboring pET_DBFDOS growing on LB plates supplemented
with 50 ug/ml kanamycin were subcultured into 50 ml LB broth and incubated for 16
hours. This culture was used to inoculate (at 2% by volume) 100 ml of LB broth, which
was incubated at 37°C with shaking (180 rpm) until the ODeoo reached 0.5. At that point,
IPTG (isopropyl-B-D-thiogalactopyranoside) was added at a final concentration of 1 mM
and the culture was incubated for another 2 hours. Cells were pelleted and washed twice
with half the volume of phosphate buffer (50 mM sodium-potassium phosphate buffer,
pH 6.8). Cells were resuspended in phosphate buffer plus 20 mM glucose and 3 mM of
the aromatic compound tested and incubated at 30°C for 24 hours. BL21(DE3) with the
cloning vector pET-30a was processed in a similar fashion as a negative control.

Samples from the supernatant of both BL21(pET_DBFDOS) and BL21(pET-30a)
were filtered and analyzed with a Beckman (CA, USA) liquid chromatography system. A
reverse phase Cis column (4.6mm by 25mm) and a gradient of 0-100% methanol in water
under acidic conditions (0.1% acetic acid) and a flow rate of 1 ml/min was used to
analyze the oxygenated intermediates. Detection of any peaks was monitored at both 254

nm and 280 nm wavelength.
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Analysis by GC-MS

The aqueous phase from samples that showed positive results on the HPLC were
extracted by ethyl acetate as described elsewhere (67). One milliliter of each extracted
sample was mixed with 50 pl of Sylon BFT reagent (BSTFA+TMCS, 99:1) and
incubated for 1 hour at 80°C for derivatization. GC-MS analysis was conducted using a
Varian 3400 GC directly interfaced to a Thermo-Finnigan TSQ-7000 triple stage
quadrupole mass spectrometer equipped with an Xcalibur data system. The GC capillary
column was a 30 meter x 0.32 mm [.D. Guardian-ZB-5MS (Phenomonex) (5% phenyl,
poly-dimethylphenylsiloxane) with a 0.25 pm film thickness. Injection volume was 1 pl,
while the injection temperature was 300°C (splitless mode with a 100:1 split activated 0.5
min post-injection to serve as a septum purge). The GC column temperature was
programmed for 50°C (hold 3 min) to 320°C at a rate of 10°C/min with a 10 min hold at
the upper limit. The upper limit was occasionally extended to 340°C for samples
containing high boiling migrants. The GC-MS transfer line temperature was 320°C (or
340°C). The TSQ-7000 mass spectrometer was operated in EI mode (70 eV) scanning
masses 35-750 m/z once each second. For data management, total ion current (TIC)
chromatograms were integrated with the system software and the peak list and area

integration values were pasted into spreadsheet-based templates.

Analysis by NMR
Silica gel column chromatography was carried out as follows: The sample was
loaded onto a column of silica gel (17 mm [inside diameter] by 20 cm) and eluted with

hexanes/EtOAc/HCOOH (69/30/1 or 29/70/1, v/v/v). After analytical TLC, the eluates
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containing the products were combined and used for NMR analysis. TLC analysis was
performed with hexanes/EtOAc/HCOOH 69:30:1 or 29/70/1, v/v/v.

"H NMR spectra were measured on a Varian VNMRS-400 MHz or a Varian VNMRS-
500 MHz instrument at 25°C using residual protonated solvent as internal standard
(CHCI3 7.26 ppm). Resonance assignments were performed using 'H-'H gCOSY and 'H-
"H NOESY spectra. NMR spectra were analyzed using Mnova software (Mestrelab

Research, S.L., Escondido, CA).

Results

Overview. A functional RW1 DBFDO was produced by the pET-DBFDOS.
Three types of oxygenations were detected: angular dioxygenation towards DBF, DXN,
2-hydroxy-DBF, xanthene, and xanthone; cis-dihydroxylation towards biphenyl,
phenanthrene, anthracene, xanthone; and monooxygenation of the benzylic methylenic
group in fluorene as well as monooxygenation and dioxygenation to the sulfur
heteroatom in dibenzothiophene. All products were initially detected by the presence of a
major HPLC peak(s) from induced cultures of BL21(pET-DBFDOS) and were absent in
the BL21(pET-30a) controls. Molecular weights and structures of the intermediates
formed were then confirmed by GC-MS (Table 1) and NMR analysis (Table 2). No
oxygenated products were detected for carbazole, anthrone, pyrene, chrysene,
naphthalene, diphenylmethane, diphenylether, salicylate, and toluene. Structures of the
substrates and products are shown in Figure 4. Details for GC-MS and NMR results for
each substrate are summarized below and the full data is in the Appendix.

Dibenzofuran: A single peak was seen from the oxygenation of DBF. The TMS

derivative for this intermediate had a molecular ion peak at m/z 418 suggesting angular
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dioxygenation of DBF. '"H NMR, COSY, and NOESY spectra identified the structure as
2,2’ 3-trihydroxybiphenyl.

Dibenzo-p-dioxin: Based on the GC-MS analysis, DXN was shown to be
converted to a single product. The TMS derivative for this product indicated a molecular
ion peak at m/z 434 suggesting the presence of three hydroxyl groups due to angular
dioxygenation of DXN. '"H NMR, gCOSY, and NOESY analysis identified the
intermediate formed from dioxin oxygenation to be 2,2°,3-trihydroxydiphenylether.

2-Hydroxydibenzofuran: GC-MS analysis for 2-hydroxy-DBF identified a TMS
derivative with a molecular ion peak at m/z 506 suggesting angular dioxygenation for this
compound. The structure detected by 'H NMR and gCOSY was 2,2°,3,5-
tetrahydroxybiphenyl showing the position of the oxygenation to be on the benzene ring
that initially contained the hydroxyl group and not the other, unsubstituted, ring.

Xanthene: The GC-MS results from xanthene revealed the presence of a single
molecular ion peak at m/z 432. This suggests angular dioxygenation of xanthene on the
carbon atoms adjacent to the oxygen and not to the methylenic carbon atom. Our
prediction for this angular dioxygenation was proven by 'H NMR and gCOSY
identifying the product as 2,2’,3-trihydroxybiphenylmethane.

Xanthone: The oxygenation of xanthone yielded two different products that were
clearly detected by HPLC. Results from GC-MS identified two different molecular ion
peaks, one at m/z 374 that corresponds to a cis-hydroxylated product of xanthone, while
the second had a molecular ion peak at m/z 446 which suggested an angular attack of
xanthone leading to 2,2’,3-trihydroxybenzophenone. Both intermediates were identified

by '"H NMR, gCOSY, and NOESY analysis which indicates the ability of DBFDO to
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perform both angular and lateral dioxygenation towards xanthone producing 2,2°,3-
triydroxybenzophenone and cis-3,4-dihydroxy-3,4-dihydroxanthone, respectively.

Biphenyl: The GC-MS analysis for biphenyl showed a single molecular ion peak
at m/z 332. The intermediate that matches this molecular weight could be a cis-
hydroxylated product of biphenyl. 'H NMR, gCOSY, and NOESY spectra revealed the
structure to be cis-2,3-dihydro-2,3-dihydroxybiphenyl, indicating the ability of the
DBFDO angular dioxygenase to perform lateral oxygenation of biphenyl.

Phenanthrene: A single peak from the oxygenation of phenanthrene was
identified from the analysis of the GC-MS results. The TMS derivative for this
intermediate had a molecular ion peak at m/z 356 suggesting a lateral dioxygenation of
phenanthrene and the formation of a cis-dihydrodiol product. Unlike all other known
gram negative polycyclic dioxygenases, 'H NMR, gCOSY, and NOESY spectra
identified that the angular dioxygenase from RW1 performs lateral dioxygenation of
phenanthrene at carbon atom number 9 and 10 and not carbon atoms 3 and 4. The only
known dioxygenase that perform this type of dioxygenation is the angular dioxygenase of
the gram positive bacteria Mycobacterium sp. strain PYR (69).

Anthracene: Dioxygenation of anthracene produced a single product with a TMS
derivative at m/z 356. The structure of the oxygenated product was detected by '"H NMR
and showed that DBFDO attacked anthracene at carbon atom 1 and 2 producing cis-1,2-
dihydroxy-1,2-dihydroanthracene.

Dibenzothiophene: Based on our HPLC results, we expected to have two
different products from the oxygenation of dibenzothiophene. GC-MS analysis revealed

the products to be dibenzothiophene sulfone (m/z 216) and dibenzothiophene sulfoxide
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(m/z 200). NMR analysis using '"H NMR and gCOSY, confirmed the structure of both
products and identified the ability of DBFDO to perform either two successive
monooxygenation attacks or both a monooxygenation and a dioxygenation attack of the
sulfur atom in dibenzothiophene.

Fluorene: GC-MS results suggested that DBFDO performs monooxygenation to
fluorene as the TMS derivative for the detected intermediate had a molecular ion peak at
m/z 254 while no peaks for other oxygenated products were detected. "H NMR and
gCOSY confirmed the final structure for this product to be 9-hydroxyfluorene which
indicates that DBFDO performs monooxygenation of the benzylic methylenic group in

fluorene.

Discussion

The results obtained from this study definitively identifies that S. wittichii RW1
DBFDOS catalyzes the angular dioxygenation of DBF and DXN producing the ring-
opened compounds 2,2',3-trihydroxybiphenyl and 2,2',3-trihydroxydiphenylether
respectively. This is contrary to certain lateral dioxygenases which attack on the side of
the moiety producing cis-1,2-dihydroxy-1,2-dihydrodibenzo-p-dioxin (56). In the
extensive substrate range study presented here many interesting substrate oxidations were
observed. In addition to the angular dioxygenation of xanthene, xanthone, and 2-
hydroxy-DBF oxidation to a cis-dihydrodiol was observed for biphenyl, phenanthrene,
anthracene, and xanthone and single oxidations were observed for fluorene and
dibenzothiophene. The DBFDOS enzyme was not able to oxidize carbazole, anthrone,
pyrene, chrysene, naphthalene, diphenylmethane, diphenylether, salicylate, or toluene

This substrate range emphasizes the importance of the compound structure, including the
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oxygen atom, in orienting the aromatic compound in the active site of DBFDOS.
Different accommodations of the compound in the active site lead to different types of
oxygenation as seen with the structurally related compounds DBF, dibenzothiophene,
fluorene, and carbazole. No oxidation was seen with carbazole while dibenzothiophene
and fluorene were oxidized on the sulfur or methylenic moieties respectively. The
importance of the bridging oxygen atom is even more apparent when comparing the
ability of the enzyme to oxidize DXN, xanthene, xanthone, and anthrone. DXN has two
bridging oxygen atoms between the two aromatic rings while xanthene replaces one of
these oxygens with a carbon atom. Both substrates are efficiently oxidized in an angular
fashion. Xanthone substitutes a ketone for the bridging carbon atom in xanthone and
now two oxidation products are observed: one at the angular position and one at the
lateral position. Finally, anthrone, which differs from xanthone by not having any

bridging oxygen atoms, is not oxidized at all.

The angular dioxygenase activity of DBFDOS resembles the activity of the
angular dioxygenase of the fluorene degrading Sphingomonas sp. strain LB126 except for
its activity towards fluorene, naphthalene, and carbazole. On the other hand, DBFDOS
shows similar angular attacks for DBF, DXN, and xanthene to the carbazole degrading
angular dioxygenase CARDO from Pseudomonas sp. strain CA10 except for carbazole
angular dioxygenation (66). Xanthone was attacked by RW1 DBFDOS at both the
angular and lateral positions while xanthone is known to be a growth substrate for

Arthrobacter sp. strain GFB100 through lateral oxidation (70).

In addition to angular dioxygenation, DBFDO performed cis dihydroxylation to

biphenyl, anthracene, xanthone, and phenanthrene while it failed to oxidize naphthalene,
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diphenylmethane, diphenylether, chrysene, and pyrene. It is interesting to note that the
Pseudomonas sp. strain CA10 and Sphingomonas sp. strain LB126 angular dioxygenases
can perform lateral attacks on both biphenyl and naphthalene while RW1 DBFDO
oxidized biphenyl but not naphthalene. These results suggest that the RW1 DBFDO
active site is different from the two other angular dioxygenases. Phenanthrene was
oxidized by DBFDO to produce the unusual product 9,10-dihydroxy-9,10-
dihydrophenanthrene and not 3,4-dihydroxy-3,4-dihydrophenanthrene. This unusual type
of oxygenation was reported previously in three gram positive strains, Streptomyces
flavovirens, Mycobacetrium sp. strain PYR-1, and Nocardia otitidiscaviarum strain TSH1

(69,71, 72).

Bunz and Cook (36) purified RW1 DBFDOS and examined its substrate range by
measuring rates by oxygen consumption and then used simple HPLC to detect if a
product were made. Their data matches ours for the substrates DXN, DBF, xanthene,
dibenzothiophene, biphenyl, carbazole, anthrone, and naphthalene. Our results differ in
that Bunz and Cook did not detect a product from xanthone or fluorene while we did (but
they did detect DBFDOS oxygen uptke with these substrates). Interestingly, Bunz and
Cook measured significant enzyme activity as measured by oxygen consumption against
anthrone but neither we nor they observed a product of the reaction. Uncoupling of
oxygen consumption from substrate oxidation is a well-known phenomenon in aromatic
oxygenases and illustrates the importance of observing an enzymatic product in addition

to measuring dioxygenase enzyme activity.

The ability of DBFDO to oxygenate different substrates that RW1 itself cannot

grow on and its ability to perform multiple types of oxygenations, identifies the broad
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substrate range of this enzyme and raises a question regarding the ability of its ring
cleavage dioxygenases and hydrolases to perform similar reactions to multiple aromatics
besides DBF and DXN metabolites. Our results also suggest that the aromatics tested
interact with the active site of DBFDOS having the heteroatom facing the active site, no
oxygenation occurred at the opposite position. In addition, the presence of oxygen as a
heteroatom led to angular dioxygenation and when substituted with sulfur or a benzylic
methylenic group led to monooxygenation, but when nitrogen was present all types of

oxygenations was abolished.
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Table 1. Physical properties of intermediates formed by DBFDO.

No products were detected from the substrates carbazole, anthrone, pyrene, chrysene,

naphthalene, diphenylmethane, diphenylether, salicylate, and toluene.

GC-MS MS Principle ions
Substrate TLC Retention and relative abundance Predicted structure
Time (min) (% base peak)
: . 434(100), 331(80), 2,2,3-
Dibenzo-p-dioxin 027 205 73(28),419(13) trihydroxydiphenyl ether
: 315(100), 418(93), 2,2°,3-
Dibenzofuran - 0.21 195 5376 412(10) trihydroxybiphenyl
2-Hydroxy- 0.10 213 506(100), 403(18), 2,2°,3,5-
dibenzofuran ' ' 491(10), 147(4) tetrahydroxybiphenyl
432(100), 329(36), 2,2’ 3-trihydroxy-
Xanthene 0.24 214 47327).179(8) diphenylmethane
193(100), 73(14), 2,2,3-
Xanthone 0.16 217 446(8), 239(7), 151(5) trihydroxybenzophenone
026 0o  374(100),269(63), cis-3,4-dihydroxy-3,4-
' ' 345(31), 257(22) dihydroxanthone
216(100), 187(43), . .
Dibenzothiophene 0.12  20.6  168(32), 139(32), dibenzothiophene
160(24), sulfone
184(100), 171(73), . .
030 207  200(55), 139(46), ngg’;ﬁ?“’pheﬂe
152(13)
Fluorene 0.43 17.3 ;‘ggg } (7)?)’1 %3?2)7 %, 9-hydroxyfluorene
147(100), 251(93), . .
Phenanthrene 0.12 197  165(47), 266(44), cis-9,10-dihydroxy-9,10-

356(42)

dihydrophenathrene
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191(100), 253(94),

cis-1,2-dihydroxy-1,2-

Anthracene 0.49 21.1 356(34), 266(25), .
147(26) dihydroanthracene
. 332(100), 243(13), cis-2,3-dihydroxy-2,3-
Biphenyl 0.48 17.5 dihydrobipheny!

211(11), 147(7)
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Table 2. NMR analysis of intermediates formed by DBFDO.
Determined at 500 MHz 'H Larmor frequency in CDCl3 at 25°C. Chemical shift
multiplicities are abbreviated as: s, singlet; d. doublet; t, triplet; m, multiplet; dd, doublet

of doublets; td, triplet of doublets; ddd, doublet of doublet of doublets.

Substrate "H Chemical Shifts () Identification

7.06 (H-6’, dd, J=8.1, 1.6 Hz, 1H), 7.05—

7.03 (H-5°, m, 1H), 6.88 (H-3, dd, J=

7.6, 1.0 Hz, 1H), 6.84 (H-4’,ddd, J=9.8, 2,2°,3-

6.8, 3.8 Hz, 1H), 6.77-6.72 (H-4,6, m, trihydroxydiphenyl ether
2H), 6.48-6.42 (H-5, m, 1H), 5.60 (OH, s,

3H).

Dibenzo-p-dioxin

7.33 (H-6°, dd, J=7.5, 1.7 Hz, 1H), 7.33—
7.30 (H-4’, m, 1H), 7.07 (H-5", td, J =
7.5, 1.1 Hz, 1H), 7.02 (H-3, dd, J = 8.5,

Dibenzofuran 1.1 Hz, 1H), 6.98 (H-4, dd, J=28.0,2.3 tzfii};il-roxybiphenyl
Hz, 1H), 6.97-6.93 (H-5, m, 1H), 6.85
(H-6,dd,J=7.1,2.3 Hz, 1H). 5.82 (OH,
s, 3H).
7.34-7.30 (H-4’, m, 1H), 7.31 (H-6’,d, J
=6.9 Hz, 1H), 7.09-7.05 (H-5’, m, 1H),
2-Hydroxy- 7.01-6.99 (H-3’, m, 1H), 6.54 (H-6,d,J= 2,2°,3,5-
dibenzofuran 2.9 Hz, 1H), 6.32 (H-4,d, J=2.9 Hz, tetrahydroxybiphenyl

1H), 5.73 (OH, s, 1H), 5.61 (OH, s, 1H),
5.46 (OH, s, 1H), 4.47 (OH, s, 1H).

7.28 (H-6’,d,J=7.6 Hz, 1H), 7.11 (H-4’,
t,J=7.6 Hz, 1H), 6.91 (H-5’,t,J="7.4
Hz, 1H), 6.82 (H-5, dd, J=6.5, 3.2 Hz,

Xanthene 1H), 6.80 (H-3’, d, J= 7.5 Hz, 1H), 6.75
(H-6,d,J=6.2 Hz, 1H), 6.74 (H-4,d, J =
3.2 Hz, 1H), 3.92 (CHz, s, 2H), 1.58 (OH,
s, 3H).

2,2’ 3-trihydroxy-
diphenylmethane
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Xanthone

8.21 (H-6, d, J= 8.0 Hz, 1H), 7.69 (H-4",
t,J=7.8 Hz, 1H), 7.46 (H-3",d, J=8.4
Hz, 1H), 7.43 (H-5, t, J = 7.6 Hz, 1H),
6.61 (H-5, dd, J=10.0, 3.5 Hz, 1H), 6.39
(H-6, d, J=10.0 Hz, 1H), 5.19 (OH, d, J
= 6.0 Hz, 1H), 4.57 (OH, s, 1H), 4.55—
4.50 (H-4, m, 1H), 3.19 (OH, s, 1H).

7.90 (H-8, d, J= 7.9 Hz, 1H), 7.59 (H-6,
t,J=7.0 Hz, 1H), 7.13 (H-7,t,J=7.5
Hz, 1H), 7.09 (H-5, d, /= 8.5 Hz, 1H),
6.00 (H-1, d, J= 6.1 Hz, 1H), 5.96 (H-2,
ddd, J=9.3, 6.2, 2.9 Hz, 1H), 5.67 (H-3,
d,J=9.6 Hz, 1H), 5.14 (H-4, d, J=2.3
Hz, 1H), 3.86 (OH, s, 1H), 3.62 (OH, s,
1H).

2,2°,3-
trihydroxybenzophenone

cis-3,4-dihydroxy-3,4-
dihydroxanthone

Dibenzothiophene

8.00 (H-1,8, d, J= 7.7 Hz, 2H), 7.82 (H-
4,5,d,J=17.7 Hz, 2H), 7.61 (H-3,6, td, J
=7.6,0.9 Hz, 2H), 7.51 (H-2,7, td, J =
7.6,0.9 Hz, 2H).

7.84 (H-1,8, d, J= 7.6 Hz, 2H), 7.81 (H-
4,5,d,J=17.8 Hz, 2H), 7.65 (H-3,6, td, J
= 7.6, 1.2 Hz, 2H), 7.54 (H-2,7, td, J =
7.6, 1.0 Hz, 2H).

dibenzothiopene sulfone

dibenzothiopene
sulfoxide

Fluorene

7.66 (H-4,5, d, J= 7.7 Hz, 2H), 7.65 (H-
1,8, d, J=7.4 Hz, 2H), 7.39 (H-2,7, t,J =
7.4 Hz, 2H), 7.33 (H-3,6, t, J= 7.7 Hz,
2H), 5.60 (H-9, d, J=9.7 Hz, 1H), 1.81
(OH, d, J=10.3 Hz, 1H).

9-hydroxyfluorene

Phenanthrene

7.79 (H-4,5, d, J= 7.7 Hz, 2H), 7.61 (H-
1,8,d,J=7.3 Hz, 2H), 7.43 (H-2,7,t,J =
7.3 Hz, 2H), 7.37 (H-3,6, t, J= 7.3 Hz,
2H), 4.83 (H-9,10, d, J = 7.6 Hz, 2H),
2.19 (OH, s, 2H).

cis-9,10-dihydroxy-9,10-
dihydrophenanthrene




37

Anthracene

7.95 (H-10, s, 1H), 7.83-7.70 (H-6,7, m,
2H), 7.53 H-9, (s, 1H), 7.47-7.38 (H-5,8,
m, 2H), 6.69 (H-4, d, J = 9.7 Hz, 1H),
6.11 (H-3, dd, J= 9.6, 4.4 Hz, 1H), 4.83
(H-1,dd, J = 8.3, 4.7 Hz, 1H), 4.42 (H-2,
dt, J=8.5, 4.4 Hz, 1H), 2.42 (OH, d, J =
8.8 Hz, 1H), 1.90 (OH, d, J = 8.9 Hz,
1H).

cis-1,2-dihydroxy-1,2-
dihydroanthracene

Biphenyl

7.55 (H-2°,7°,d, J=8.0 Hz, 2H), 7.37 (H-
3°.6°,t,J=7.7 Hz, 2H), 7.29 (H-5", 1, J =
7.3 Hz, 1H), 6.36 (H-6,d, J=5.6 Hz,
1H), 6.14-6.06 (H-5, m, 1H), 5.89 (H-4,
d,J=9.6 Hz, 1H), 4.61 (H-3, s, 1H), 4.50
(H-2,s, 1H), 2.62 (OH, s, 1H), 1.92 (OH,
s, 1H).

cis-2,3-dihydro-2,3-
dihydroxybiphenyl
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Chapter 3: Characterization of a silent pathway for

biphenyl degradation in Sphingomonas wittichii RW1

Introduction

Dioxin and dioxin like compounds are persistent organic pollutants that are
known for their ability to bioaccumulate in fat tissue and lead to serious health affects
including disruption of hormone function, neurological and behavioral effects, skin
lesion, and in some cases cancer (73). Our environment has been a depository site for
such persistent pollutants where they have entered either by natural sources such as forest
fires or by anthropogenic sources such as oil spills, incomplete combustion of fossil fuels,
and many other industrial activities (74). Fortunately, many microorganisms have been
isolated for their ability to degrade such pollutants and therefore assist in reducing the
toxic effects of these pollutants as well as replenish the carbon cycle (75). However,
accumulation of such persistent pollutants in nature is due to multiple reasons such as the
insufficient natural metabolic activity of microorganisms, the lack of a fully evolved
pathway, or slow degradation rates (76, 77). Recently, recombinant DNA technology has
been applied to facilitate the evolution of incomplete pathways and to improve the
degradation pathways for other xenobiotic compounds (78, 79).

Extensive genetic and biochemical studies have been conducted on Sphingomonas
wittichii RW1 due to its unique ability to mineralize dibenzo-p-dioxin (DXN) and
dibenzofuran (DBF) (23-25). The DXN/DBF catabolic pathway initiates through an
angular dioxygenase and subsequent enzymatic steps are highly reminiscent of the
biphenyl pathway. Interestingly, despite this catabolic pathway similarity, RW1 is unable

to use biphenyl as a sole carbon source. A recent study by us showed that the DBF/DXN
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angular dioxygenase can attack biphenyl at the lateral position producing cis-2,3-
dihydroxy-2,3-dihydrobiphenyl (Chapter 1 of this thesis). Kinetic studies on DbfB, a
2,2’ 3-trihydroxybiphenyl dioxygenase from S. wittichii RW1, showed that this enzyme
has similar ring cleavage activity towards both 2,3-dihydroxybiphenyl (a biphenyl
pathway intermediate) and 2,2’,3-trihydroxybiphenyl (a DBF pathway intermediate) (40).
Two hydrolases, DxnB1 and DxnB2, have been purified from RW1 (43, 44, 80) for the
hydrolysis of 2-hydroxy-6-ox0-6-(2-hydroxyphenyl)-hexa-2,4-dienoate (§-OH-HOPDA).
Both of these purified hydrolases are able to convert 8-OH-HOPDA to salicylate (DBF
pathway) and 2-hydroxy-6-oxo0-6-phenylhexa-2,4-dienoic acid (HOPDA) to benzoate
(biphenyl pathway). Once salicylate or benzoate is formed they can be metabolized by
RWI1 to TCA cycle metabolites that provide carbon and energy for growth (22, 24). The
initial angular dioxygenase, ring cleavage enzyme, and hydrolase are all expressed
constitutively by RW1 (22). Interestingly, mutants of S. wittichii RW1 capable of
growing on biphenyl were isolated at a rate of 10~ after 4 weeks of incubation on
biphenyl containing medium (22). While the rate of growth of these RW1 mutants on
biphenyl was not reported this fact combined with the information on the other initial
enzymes in the pathway suggests that while RW1 does not normally grow on bipheny] it
does have the capability to grow on biphenyl.

All these facts collectively led us to hypothesize that biphenyl could potentially be
metabolized through the DXN/DBF catabolic pathway. The only missing enzyme that
would prevent S. wittichii RW1 from growing on biphenyl is the biphenyl cis-dihydrodiol
dehydrogenase. Engineering a S. wittichii RW1 for the capability to degrade biphenyl

will not only help in studying the evolution of biodegradation pathways but will also
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create a strain carrying PCB degradation capabilities in addition to the DXN/DBF

degradation capability.

Materials and Methods

Bacterial strains, plasmids, and growth conditions

S. wittichii RW1 is the wild type strain capable of growth on DXN and DBF but
not biphenyl (22). Sphingobium yanoikuyae B1 is the wild type strain capable of growing
on biphenyl but not DXN and DBF and was the source for the bphB gene encoding
biphenyl cis-dihydrodiol dehydrogenase (81). Escherichia coli DH5a. [F ¢80lacZAM15
A(lacZY A-argF) U169 recAl endAl hsdR17 (rc , mk") phoA supE44 thi-1 gyrA96
relAl \'] was obtained from Invitrogen (Waltham, Massachusetts) and used as a recipient
in transformation experiments. S. wittichii RW1 ring cleavage mutant strains
(RW1AdbfB1, RWIASWIT3046, and RWI1AdbfBASWIT3046) and hydrolase mutant
strains (RW1AdxnB1, RW1AdxnB2, RW1A0910, RW1AdxnB1AdxnB2,
RWI1AdxnB1ASWIT0910, and RW1AdxnB2ASWIT0910) were kindly donated by
Mutter and Zylstra (82). PCR amplicons were cloned into the pGEM-T easy vector
(Promega, Madison, WI) via TA cloning and their sequences verified prior to further use.
The low copy number vector pRK415 (83) was used to introduce bphB into the different
knockout strains of S. wittichii RW1 and was also used to insert bphB into the genome of
S. wittichii RW1 by recombination (64, 84). E. coli HB101 carrying the helper plasmid
pRK2013 (85) was used as a helper strain in all triparental mating experiments to
mobilize pRK415 constructs into S. wittichii RW 1. Mineral salts basal (MSB) medium

(86) was used as minimal media to test growth of wild type and engineered strains on
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aromatic compounds. DXN, DBF, and biphenyl were added as crystals to the plate lid to
test growth on solid media. For growth in liquid medium DXN, DBF, and biphenyl were
dissolved in acetone, added to an empty sterile 250 mL Erlenmeyer flask, the acetone
allowed to evaporate for 4 hours at room temperature, 50 mL of sterile MSB broth was
added, and the flask sonicated for 10 minutes in a Branson 1800 water bath sonicator.
The amount of each aromatic compound added was calculated to be 3 mM after the
addition of the MSB broth. Growth curves were constructed by subculturing into the
appropriate test media at an initial OD of 0.05 as measured at 600 nm. Because crystals
of the substrate were present in the medium, all optical density readings were taken after
first allowing the crystals to settle in an extracted sample of the culture. All growth
curves were performed in triplicate flasks. MSB plates containing tetracycline (15
png/ml) and supplemented with 20 mM phenylalanine were used to select for S. wittichii
RWI1 transconjugants. Luria-Bertani (LB) broth and agar were used as a complete
medium for E. coli growth. Ampicillin (100 pg/ml), kanamycin (50 pg/ml), gentamycin
(10 pg/ml), and tetracycline (15 pg/mL) were added when needed. S. yanoikuyae B1 and

S. wittichii RW1 were incubated at 30°C while all E. coli strains were incubated at 37°C.

Molecular techniques

Genomic DNA was extracted from pure colonies of S. wittichii RW1 and S.
vanoikuyae B1 using the Ultraclean microbial DNA isolation kit and following the
recommendations of the manufacturer (MoBio, Carlsbad, CA). Plasmid DNA was
isolated from E. coli DH5a cells harboring constructs using the Nucleospin plasmid
purification kit (Macherey-Nagel, Germany) and following the protocol supplied.

Restriction enzyme digestion, ligation, transformation and gel electrophoresis were
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performed using standard methods (68). The Phusion high fidelity PCR kit (New England
Biolabs) was used to amplify all DNA fragments used in this study and the Geneclean III
kit (MP Biomedicals, Ohio, USA) was used to purify DNA fragments from PCR
solutions or agarose gels. Sequencing was done through the Genewiz sequencing
company (South Plainfield, New Jersey, USA). Sequence analysis was aided by the

DNAStar Lasergene package (DNASTAR, Madison, WI).

Introducing bphB to the genome of S. wittichii RW1

The bphB gene encoding the cis-biphenyl dihydrodiol dehydrogenase was isolated
from genomic DNA of S. yanoikuyae B1 using the primers bphB-F:
GGCTGCAGggcttgaagaggagagtggc and bphB-R: GGGAGCTCtcaggegteggggegcttge
and cloned into the PstI and Sacl sites of pRK415. The resulting construct, designated
pRK bphB, was delivered to the S. wittichii RW1 wild type and mutant strains via
triparental mating as described elsewhere (64).

In order to construct a stable engineered RW1 strain containing bphB the gene
was inserted downstream of fdx3 under the control of the constitutive promotor of the dxn
locus (this operon encodes for the angular dioxygenase large and small subunits, one of
the hydrolases, and one of the ferredoxins). For genome insertion a plasmid containing
bphB flanked by upstream and downstream sequences of fdx3 was constructed. A 1.2 kb
region containing fdx3 and its upstream sequence was amplified from the genomic DNA
of S. wittichii RW1 using the primers Upfdx3-F: GGTCTAGAcgatgtcagcactggtttca and
Upfdx3-R: GGCTCGAGtcaatcaagattgttggaca that introduced Xbal and Xhol sites,
respectively. Genomic DNA from S. yanoikuyae B1 was used as a template to amplify

the bphB gene using the primers bphB-F2: GGCTCGAGggcttgaagaggagagtgge and
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bphB-R2: GGGGTACCtcaggcgteggggcgcttge which introduced X#ol and Kpnl sites,
respectively. A 1.2kb region downstream of fdx3 was amplified from genomic DNA of S.
wittichii RW1 using the primers Dnfdx3-F: GGGGTACCacttaacgatcctccaaagt and
Dnfdx3-R: GGGAGCTCcctcgactgeggtgttgtaa, introducing Kpnl and Sacl restriction sites,
respectively. All three PCR generated fragments were initially cloned into the pGEM-T
easy vector and their sequences confirmed. The pGEM-T vectors containing the three
fragments above were digested with the appropriate restriction enzymes and the desired
fragments were gel purified and cloned into the Xbal and Sacl sites of pRK415 resulting
in the plasmid pRK_UpBphBDn. An ampicillin resistance cassette was PCR amplified
from pGEM-T Easy with the primers GGGGTACCggtctgacagttaccaatge and
CCGGTACCcacaccgcatcaggtggcac, digested with Kpnl, and introduced into the Kpnl
site of pPRK_UpBphBDn to form pRK bphBins. Orientation (same direction as the
knockout gene) of the ampicillin cassette was confirmed via PCR as well as digestion
with appropriate restriction enzymes. The final construct, pRK bphBins, was delivered to
S. wittichii RW1 via triparental mating and an insertional mutant carrying the double
crossover recombination that is resistant to ampicillin and sensitive to tetracycline was
isolated as described previously (64). The insertion mutant strain, designated RW1bphB,
was confirmed via PCR using the primers Upfdx3 F and Dnfdx3 R compared to the wild

type RW1 strain.

Growth Curves.
For RW1 and the various RW1-derived strains cultures were grown on LB broth to
stationary phase and then transferred twice on MSB with phenylalanine. Mid log phase

MSB phenylalanine grown cells were subcultured into the desired aromatic compound
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growth medium at a final OD 600 of 0.05. Amberlite XAD7HP resin (Sigma-Aldrich, St.
Louis, MO) was added at 2 mg/ml for growth curves of strains for the ring cleavage
analysis and Amberlite IRA-400 chloride resin (Sigma-Aldrich, St. Louis, MO) was
added at 2 mg/ml for growth curves of strains for the hydrolase analysis. No resin was

added for the growth curves of RW1 and RW1bphB.

Results

Effects of bphB on growth of S. wittichii RW1 on biphenyl

The S. wittichii RW1 wild type strain lacks the ability to grow on MSB containing
biphenyl. We detected mutants of RW1 capable of growth on MSB agar with biphenyl
after 4 to 5 weeks of incubation, confirming previously published observations by
Wittich et al. (22). Subculture of these mutants showed very poor growth on biphenyl
containing MSB plates (over four weeks to form colonies).

We hypothesized that all RW1 needed for growth on biphenyl is a functional
biphenyl cis-dihydrodiol dehydrogenase (Figure 3). To test this hypothesis, we cloned
the S. yanoikuyae B1 bphB gene into pRK415 downstream of the /ac promoter. RW1
transconjugants containing pRK bphB gained the ability to grow on biphenyl on both
solid and liquid media. Since pRK415 is inherently unstable we permanently inserted the
B1 bphB gene into the genome of S. wittichii RW1 downstream of the constitutively
expressed dxnA1A2BCfdx3 operon encoding some of the DXN/DBF pathway enzymes.
The engineered strain RW1bphB grows on biphenyl with a doubling time of 3.2 hours

revealing a hidden pathway for biphenyl degradation in S. wittichii RW1 (Figure 5). The
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addition of bphB did not affect the ability of S. wittichii RW1 to grow on DXN and DBF

(data not shown).

Identifying the genes involved in biphenyl degradation in S. wittichii RW1

The ability of RW1bphB to grow on biphenyl as the sole carbon source informs
us that its genome possesses all the other enzymes required for the catabolic pathway.
We (Chapter 2) and others (36) previously showed that the constitutively expressed
DXN/DBF dioxygenase converts biphenyl to cis-biphenyl dihydrodiol so this enzyme is
responsible for the first step in biphenyl degradation by RW1. Multiple ring cleavage
enzymes and hydrolases are encoded by the RW1 genome (35) so the question remains as
to which exact enzyme(s) are responsible for these two steps in the biphenyl catabolic
pathway in RW1. Due to the large number of extradiol dioxygenases found in RW1 we
first started with testing dbfB1 and SWIT3046 that were previously found to function in
the DBF and DXN pathways (82). For that purpose, pRK bphB was introduced into
RWI1, RW1AdbfB, RWIASWIT3046, and RW1AdbfBASWIT3046 and transconjugants
were tested for their ability to grow on biphenyl. The data (Figure 6) shows that the
deletion of either dbfB1 or SWIT3046 alone did not prevent growth on biphenyl and that
the highest effect was seen when both of these genes were deleted. These data show that
either one of the two identified RW1 ring cleavage enzymes can function to utilize 2,3-
dihydroxybiphenyl as a substrate to allow RW1 to grow on biphenyl. This latter fact is
important in that while previous studies have measured 2,3-dihydroxybiphenyl ring
cleavage activity in whole cells of RW1 (22) or with a purified enzyme (40) this is the
first example showing that either of the two ring cleavage enzymes DbfB or SWI1Y3046

is physiologically capable of allowing RW1 to grow on bipheny]l.
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Three different hydrolases have been identified to function in the RW1 DXN
and/or DBF catabolic pathways (82). In order to identify the exact hydrolase(s) involved
in biphenyl degradation in RW1bphB, we introduced pRK bphB in RW1AdxnBI1,
RWI1AdxnB2, RWIASWIT0910, RW1AdxnB1AdxnB2, RW1AdxnB1ASWIT0910, and
RWI1AdxnB2ASWIT0910. The use of these six different RW1 single and double
hydrolase knockout strains enabled us to test the involvement of the three different
hydrolases (DxnB1, DxnB2, and SWIT0910) in biphenyl degradation. The data (Figure
7) show that the three single knockout strains with pRK bphB grow at the same rate and
extent as the wild type RW1 strain with pRK_bphB on biphenyl. However, the double
knockouts tell a different story. Two of the double knockouts with pRK_bphB grew the
same as the wild type RW1(pRK bphB) on biphenyl. However,
RWI1AdxnB1AdxnB2(pRK bphB) was not able to grow on biphenyl. In combination,
these data show that of the three hydrolases previously shown to be involved in RW1
DXN and/or DBF degradation only two function as HOPDA hydrolases to allow RW1 to
grow on biphenyl. Their activity is substitutive and not additive, only one of the two
enzymes is required. While one of these two hydrolase enzymes has been purified and
studied in detail (44, 87, 88) this is the first example showing that one of two different

hydrolases enzymes is physiologically capable of allowing RW1 to grow on biphenyl.

Discussion
Herein we report that the dioxin mineralizing bacterium S. wittichii RW1 contains
all of the genes necessary to form a full pathway for biphenyl degradation except a
biphenyl cis-dihydrodiol dehydrogenase. We engineered S. wittichii RW1 to grow on

biphenyl by inserting bphB, a biphenyl cis-dihydrodiol dehydrogenase from S.
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vanoikuyae B1. The B1 BphB dehydrogenase is responsible for dehydrogenation of the
cis-dihydrodiols generated from the oxidation of biphenyl and many polycyclic aromatic
hydrocarbons (31, 55). Stably inserting bphB in the RW1 genome under the control of
the constitutive promotor of the dxn locus enabled RW1bphB to grow on biphenyl with
the relatively high doubling time of 3.2 hours. The doubling time of RW1bphB on 3 mM
biphenyl exceeded the doubling time for the wild type RW1 growing on 3 mM of either
DBF (5 hour doubling time) or DXN (8 hour doubling time). Such an efficient doubling
time reflects the efficiency of the enzymes in S. wittichii RW1 in metabolizing biphenyl
and shows a proper metabolite flow in the pathway. Growth of S. yanoikuyae B1 on
biphenyl is accompanied with the appearance of a bright yellow color due to HOPDA
accumulation due to the different kinetic characteristics of the enzymes in the pathway or
perhaps due to different regulation levels of the genes of the catabolic pathway. Unlike
growth of S. yanoikuyae B1 on biphenyl, RW1bphB does not turn yellow while growing
on biphenyl perhaps reflecting a more equal distribution of enzyme activity in the
catabolic pathway. As expected, RW1bphB was not able to grow on naphthalene or
phenanthrene and this is due to the lack of the ability of the RW1 angular dioxygenase to
oxidize naphthalene and the fact that it oxidizes phenanthrene at the 9,10 position rather
than the 3,4 position (Chapter 2).

No lag phase was noticed for growth of RW1bphB on biphenyl and growth was
leveled off after 12 hours of incubation which is relatively fast compared with other
biphenyl degraders. For instance, Pseudomonas stutzeri required 60 hours to level off
when growing on 1 g/L biphenyl with particle size of 0.1-0.63 mm (equivalent to 6 mM)

(89). Burkholderia xenovorans required around 25 hours to reach stationary phase when
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grown on 20 mM biphenyl added as crystals (90). A different study on Sphingobium
fuliginis HC3 showed that this strain required 24 hours to completely metabolize
biphenyl when used at a concentration of 500 mg/L (3mM) (91). Due to the fact that the
growth rate of biphenyl degraders varies according to the concentration of biphenyl and
crystal size (89), we were unable to provide accurate comparison for growth of

RW 1bphB to other biphenyl degraders, but according to logical comparisons we
considered this strain as one of the fastest biphenyl degraders.

Engineering bacteria to degrade toxic aromatic compounds are faced with
multiple challenges such as: (i) availability of a transport system, (ii) toxicity of the
compound or its metabolites, (iii) regulation of required genes, and (iv) physiological
resistance to stress due to exposure to new toxic metabolites (76, 78). Introducing the
bphB gene allowed S. wittichii RW1 to completely metabolize biphenyl which indicates
the ability of this strain to overcome all such challenges. The constitutive expression of
most of the genes involved in DXN and DBF degradation, the similarities in the
backbone structure of biphenyl, DXN, and DBF, and the similarities of the DXN, DBF,
and biphenyl metabolites are all factors that led to a successful engineered strain.
Another example of successful engineering S. wittichii RW1 is the introduction of a set of
genes encoding the formation of a superchannel responsible for alginate incorporation
from Sphingomonas sp. Al. The superchannel led to a significant increase in the growth
rate of S. wittichii RW1 on DBF and DXN due to more efficient diffusion of the large
hydrocarbons from the culture medium to the interior of the cell (79).

S. wittichii RW1 encodes many different oxygenases, ring cleavage enzymes, and

hydrolases in its genome (35). There have been very few studies on the physiological
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role of these enzymes in the degradation of aromatic compounds by RW1. Our data
show the involvement of two different ring-cleavage dioxygenases and two different
hydrolases in RW1 biphenyl degradation. Previous studies by our laboratory showed that
dbfB is involved only in DBF degradation while SWIT3046 is involved in both DBF and
DXN degradation (82). Our work (Figure 6) showed that both enzymes participate
equally in biphenyl degradation. A very slight amount of growth on biphenyl was seen
even after both genes were deleted. This may be due to a low level of activity of another
meta-cleavage dioxygenase in RW1. This agrees with what was noticed from the
catechol 2,3-dioxygenase in S. yanoikuyae B1 which had maximal activity towards
catechol but only 4.9% of that activity was detected against 2,3-dihydroxybiphenyl (84).
Our recent work on S. yanoikuyae B1 showed that replacing its biphenyl dioxygenase
genes with the angular dioxygenase system from S. wittichii RW1 led to growth of the
resulting strain on DXN but not DBF and that the engineered strain uses the enzymes for
the biphenyl pathway to metabolize DXN (Chapter 4). Such results enhance the
hypothesis that genes for DXN metabolism evolved from genes for biphenyl degradation.
The importance of RW1bphB is not limited to extending the degradation ability of
aromatic compounds but creates a biphenyl pathway in a strain that contains enzymes
carrying the ability to transform different chlorinated dioxin congeners. Resting cells of
S. wittichii RW1 grown on DBF were shown to be able to transform 2,7-dichlorodibenzo-
p-dioxin, 1,2,3,4-tetrachlorodibenzo-p-dioxin, 1,2,3-trichlorodibenzo-p-dioxin, and
1,2,3,4,7,8-hexachlorodibenzo-p-dioxin (92, 93). Kinetic studies on purified 2,2°,3-
trihydroxybiphenyl dioxygenase, DbfB, from S. wittichii RW1 showed low activity of

this enzyme to meta cleave 3,4-dihydroxybiphenyl besides 2,3-dihydroxybiphenyl and
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2,2’ ,3-trihydroxybiphenyl (40). Such ability is important in polychlorinated biphenyl
degradation and was shown to be critical for the degradation of many PCB congeners by
Pseudomonas sp. strain LB400 especially when such congeners carry chlorines on or
near carbon 2 or 3 of the biphenyl backbone (57). More importantly, S. wittichii RW1
possesses a HOPDA hydrolase, DxnB2, which belongs to a phylogenetically divergent
class of hydrolases capable of transforming 8-OH-HOPDA six times faster than HOPDA
which makes it more specific for the degradation of DBF. DxnB2 was also found to be
capable of cleaving 3-CI-HOPDA and 4-OH-HOPDA with a 10-fold higher specificity
compared to BphD from Burkholderia sp. strain LB400 and BphD from Rhodococcus
globerulus P6 (44). The presence of multiple enzymes in S. wittichii RW1 carrying the
ability to degrade different chlorinated dioxin congeners suggests the importance of our
engineered strain in PCB degradation and creates a better candidate to be used for
bioremediating sites contaminated with a mixture of chlorinated DXN, DBF, and
biphenyl. Our work demonstrates that the enzymes in the upper pathway for DBF and
DXN degradation have a wide substrate range with activity towards other aromatic

hydrocarbons.
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Figure 5. Growth of RW1 and RW1bphB on biphenyl.
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Chapter 4: Genes for biphenyl degradation in Sphingobium yanoikuyae B1

function on dibenzo-p-dioxin but not dibenzofuran

Introduction

Sphingobium yanoikuyae B1 is well known for its ability to utilize a wide variety
of polycyclic aromatic hydrocarbons (PAHs) including biphenyl, naphthalene,
anthracene, and phenanthrene as sole sources for carbon and energy. In addition, this
strain can completely metabolize monocyclic hydrocarbons such as toluene, m-, and p-
xylene as well as transform a wide variety of PAHs to their corresponding cis-
dihydrodiols (31, 64). Analysis of the B1 genome referred this extraordinary degradation
ability to the presence of 35 putative ring-oxidizing and ring-cleaving dioxygenases (94).
The majority of the genes responsible for monocyclic and polycyclic aromatic
hydrocarbon degradation are located in multiple operons on a 39 kb segment of the S.
yanoikuyae B1 chromosome (64, 95). The genes encoding the alpha and beta subunits of
the oxygenase component of the initial biphenyl (and PAH) dioxygenase are located
elsewhere in the chromosome (96). The biphenyl dioxygenase system in S. yanoikuyae
B1 is a three component enzyme system composed of a two subunit dioxygenase
(BphA1f and BphA2f) arranged as a heterotrimer (a33) , a 43.2 kDa reductase (BphA4);
and a ferredoxin (BphA3) (54). Heterologous expression of all three components of the
biphenyl dioxygenase system in E. coli showed the ability of this enzyme to oxygenate
biphenyl and naphthalene and covert indole to indigo while no catalytic activity was
observed when the oxygenase was expressed alone without its electron supply system

(96).
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S. yanoikuyae B1 grows on the three ring compounds anthracene and phenazine
(97) but not on the oxygen containing three ring compounds dibenzo-p-dioxin (DXN) and
dibenzofuran (DBF). Biotransformation studies using the B1 mutant strain B8/36
blocked in the dihydrodiol dehydrogenase step showed that dibenzo-p-dioxin (DXN) and
dibenzofuran (DBF) are transformed by the initial dioxygenase to cis-1 2-dihydroxy-1,2-
dihydrodibenzo-p-dioxin and 2,3-dihydroxy-2,3-dihydrodibenzofuran, respectively (56,
98). In addition, 1,2-dihydroxydibenzo-p-dioxin accumulated in resting cells of S.
yanoikuyae B1 previously grown on succinate and biphenyl demonstrating that the
compound is not ring cleaved by either of the two biphenyl pathway meta ring cleavage
enzymes (56). Interestingly, 1,2-dihydroxydibenzo-p-dioxin acts as a mixed type
inhibitor against both 2,3-dihydroxybiphenyl dioxygenase and 2,3-catechol dioxygenase
(56). When strain B1 grows on phenazine the compound is initially oxidized by biphenyl
oxygenase to 1,2-dihydroxy-1,2-dihydrophenzime (phenazine cis-dihydrodiol) which
then spontaneously dehydrates to 1,2-dihydroxyphenazine (97). Interestingly the 2,3-
dihydroxybiphenyl ring cleavage dioxygenase encoded by bphC in B1 does not cleave
1,2-dihydroxyphenazine (97) just as it does not cleave the analogous dihydroxylated
intermediates formed from DXN and DBF (56).

Growth on DXN and DBF as the sole sources of carbon and energy by
Sphingomonas wittichii RW1 requires an angular dioxygenase which possibly explains
why S. yanoikuyae B1, which encodes a lateral DXN and DBF dioxygenase, does not. S.
wittichii RW1 is the only known DXN degrader that has been genetically characterized
(25, 37-39, 45). The dibenzofuran-4,4a-dioxygenase (DBFDO) in this strain is a three

component enzyme system that catalyzes angular dioxygenation of several aromatics
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including DXN and DBF, cis-dihydroxylation of several aromatics including biphenyl,
and monooxygenation of the sulfur heteroatom in dibenzothiophene and the benzylic
methylenic group in fluorene (Chapter 2). Following angular dioxygenation of DXN and
DBEF, the products 2,2’,3-trihydroxydiphenylether and 2,2’ 3-trihydroxybiphenyl
(respectively) undergo ring cleavage and a hydrolytic enzymatic step to produce catechol
or salicylate, respectively.

Comparison of all the many ring cleavage and hydrolytic enzymes from S.
yvanoikuyae B1 and S. wittichii RW1 shows very little amino acid sequence identity even
though the two strains metabolize the similar intermediates 2,3-dihydroxybiphenyl,

2,2' 3-trihydroxybiphenyl, and 2,2',3-trihydroxydiphenylether. Our previous work
showed that the RW1 angular dioxygenase can oxidize biphenyl in a lateral fashion to
cis-2,3-dihydroxy-2,3-dihydrobiphenyl (Chapter 2). We hypothesize that replacing the
B1 lateral oxidizing biphenyl dioxygenase with the RW1 angular oxidizing dioxygenase
will still allow growth of B1 on biphenyl. The engineered strain will then enable us to
test the ability of B1 to metabolize DXN and DBF since the dead end laterally oxidized

intermediate will no longer be formed.

Materials and Methods

Bacterial strains, plasmids, and growth conditions

S. yanoikuyae B1 is the wild type strain capable of growth on biphenyl but not
DXN and DBF (81). S. wittichii RW1 is the wild type strain capable of growing on DXN
and DBF but not biphenyl (22). Escherichia coli DH5a [F980lacZAM15 A(lacZY A-

argF) U169 recAl endAl hsdR17 (1 , mk') phoA supE44 thi-1 gyrA96 relAl X'] was
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obtained from Invitrogen (Waltham, Massachusetts) and used as a recipient in
transformation experiments. PCR amplicons were cloned into the pGEM-T easy vector
(Promega, Madison, WI) while pRK415 (83) was used as an unstable low copy number
vector to prepare all the constructs used to insert or knockout genes in S. yanoikuyae B1.
E. coli HB101 carrying the helper plasmid pRK2013 was used as a helper strain in all
triparental mating experiments to mobilize pRK415 constructs into S. yanoikuyae B1
(85). Mineral salts basal (MSB) was used as minimal media to test growth of wild type
and engineered strains on aromatic compounds (86). Aromatics were added as crystals to
the plate lid while 3 mM of each aromatics was added as crystals to liquid cultures in
growth curve experiments. MSB plates containing tetracycline (15 pg/ml) and
supplemented with 20 mM phenylalanine were used to select for S. yanoikuyae B1
transconjugants. Luria-Bertani (LB) broth and agar were used as a complete medium for
E. coli growth. Kanamycin (50 ug/ml), gentamycin (10 pg/ml), and tetracycline (15
pg/ml) were added when needed. S. yanoikuyae B1 and S. wittichii RW1 were incubated

at 30°C while 37°C was used for E. coli.

DNA manipulations and molecular techniques

Genomic DNA was extracted from pure colonies of S. wittichii RW1 and S.
vanoikuyae B1 using the Ultraclean microbial DNA isolation kit and following the
recommendations of the manufacturer (MoBio, Carlsbad, CA). Plasmid DNA was
isolated from E. coli DH5a cells harboring constructs for gene insertion/deletion using
Nucleospin plasmid purification kit (Macherey-Nagel, Germany) and following the
protocol supplied. Restriction enzyme digestion, ligation, transformation and gel

electrophoresis were performed using standard methods (68). Phusion high fidelity PCR
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kit (New England Biolabs) was used to amplify all DNA fragments used in this study and
Geneclean III kit (MP Biomedicals, Ohio, USA) was used to purify DNA fragments from
PCR solutions or agarose gels. Sequencing was done through Genewiz sequencing
company (North Plainfield, New Jersey, USA). Sequence analysis was performed using

the DNAStar Lasergene program (DNASTAR, Madison, WI).

Dioxygenase replacement and construction of insertional mutants

The biphenyl dioxygenase (bphA 1fA2f) genes of S. yanoikuyae B1 were replaced by the
angular dioxygenase system (dxnd A2, fxd3, redA2) from S. wittichii RW1 by taking
advantage of homologous recombination and an unstable delivery vehicle as previously
used by us in B1 (64). This was accomplished as follows: approximately 1 kb upstream
of bphA 1fA2f was amplified from S. yanoikuyae B1 using the primers UpbphA-F:
GGAAGCTTACCATGTGATAGGTTTCAAGTCTC and UpbphA-R:
CCTCTAGAGGCTCTCTCCGGTTTTCACGAACT that were designed to introduce
Hindlll and Xbal sites, respectively. The PCR product was cloned via TA cloning into
the pPGEM-T easy vector and sequenced (pGEM_UpbphA). Primers to amplify the
kanamycin3 cassette (99) and the downstream sequence of bphA1fA2f (DnbphA) were
designed to allow ligation of both fragments via overlap extension PCR (100). The
kanamycin3 cassette was amplified from p34S-Km3 (99) using the primers km3-F:
GGTCTAGAAGATCTCAAAGCCACGTTGTGTCTCAAAAT and km3-R:
ATCGCGCGTTAAGCTCTTAGAAAAACTCAT which introduced both Xbal and Bg/I1
restriction sites at the 5° end while its 3’ end contained homologous sequences from the
5’ end of DnbphA. The bphA1fA2f downstream region was amplified from B1 genomic

DNA using the forward primer DnbphA-F:
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TCTAAGAGCTTAACGCGCGATTGCCAAAA that introduced homologous sequences
to the 3’end of Km3 cassette and the reverse primer DnbphA-R:
CCGGTACCCGTACCGCCGCCGGTCATCGCGAC that introduces a Kpnl restriction
site to the 3’ end of the PCR product. PCR products from both fragments were mixed
(0.5 ng/uL of each PCR product) in a single PCR reaction without primers for 15 cycles.
Then the primers km3-F and DnbphA-R were added and PCR was continued for 30
cycles. The PCR product from overlap extension PCR was ran on 0.8% agarose gel and
the band corresponding to the correct size of the Km3 resistant gene and the downstream
sequence of bphA1fA2f (Km-DnbphA) was excised, purified, cloned via TA cloning, and
sequenced. Both fragments, Upbphd and Km-DnbphA, were digested from their
corresponding vectors with appropriate enzymes and cloned into the HindIII-Kpnl sites
of pRK415 (pRKUpKmDnbphA). Finally, the Xbal-Bgl/ll fragment carrying the genes for
the angular dioxygenase system of S. wittichii RW1 (dxnAldxnA2, fdx3, and red42), was
digested from pET-DBFDOS (Chapter 2) and cloned into the Xbal-Bg/II sites of

pRK UpKmDnbphA to form the dioxygenase replacement clone (pRK_DR). The final
clone pRK DR was delivered to S. yanoikuyae B1 via triparental mating using pRK2013
as the helper plasmid. Transconjugants were selected for tetracycline resistance on MSB
plates supplemented with 20 mM succinate. A single colony was transferred to 5 mL LB
broth without antibiotics and subcultures were screened for colonies resistant to
kanamycin and sensitive to tetracycline as described elsewhere (64). PCR using the
primers BIDR-F: GGGCAGACGACAACCGCAGTTC and B1DR-R:

CCCCATGCATATTCTCCCGGGT was conducted on colonies of S. yanoikuyae B1 that
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possessed the dioxygenase replacement (B1DR) to confirm that a homologous
substitution recombination event occurred.

B1DR was used as recipients for the insertion of two different ring cleavage
dioxygenases from S. wittichii RW1, dbfB and SWIT3046. Genomic DNA of S. wittichii
RWI1 was used as a template to amplify dbfB using the primers dbfB1-F:
GGAGATCTAAGGAGAGTTATCGTCATGT and dbfBI-R:
GGTCTAGACTCAATGCGCCGGCAACTGCA that introduces Bg/Il and Xbal sites,
respectively. Genomic DNA from S. yanoikuyae B1 was used as a template to amplify
the downstream sequence with the primers DndxnA-F:
GGTCTAGACGCGCGATTGCCAAAAACCC and DndxnA-R:
GGAAGCTTACCGCCGCCGGTCATCGCGA that introduces Xbal and HindlII sites,
respectively. Both PCR fragments were cloned into pGEM-T and verified by sequencing.
The two PCR fragments were then cloned along with the KpnlI-Bg/II fragment from pET-
DBFDOS to the Kpnl-HindlIll sites of pRK415. An Xbal digested gentamycin cassette
was introduced into the Xbal site of this construct leading to the formation of
pRK DRBI. This construct was delivered to the BIDR strain as described above. PCR
was used to confirm insertional mutants (BIDRB1) that were gentamycin resistant and
both kanamycin and tetracycline sensitive. To insert SWIT3046 downstream of the
angular dioxygenase genes in BIDR, pRK DRBI was digested with Xbal and Bg/II to
remove dbfB and the gentamycin cassette. Genomic DNA from S. wittichii RW1 was
used to amplify SWIT3046 using the primers dbfB2-F:
GGAGATCTATCCATGGTGACGATCCTGA and dbfB2-R:

GGTCTAGATCAATGCGCGTGCGCGTGTC that introduces Xbal and Bg/II sites,
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respectively. The amplified product was then cloned along with the Xbal digested
gentamycin cassette to the Xbal-Bg/Il sites of pPRK_DRBI1. This construct was delivered
to the B1DR strain and insertional mutants of SWIT3046 (B1DRB2) were identified as
described above. All fragments amplified were first cloned into pPGEM-T and sequenced.
To insert dxnB downstream of dbfB in BIDRBI, the following steps were conducted:
dxnB was amplified from the genomic DNA of S. wittichii RW1 using the primers dxnB-
F: GGTCTAGAGTGAGGATAGAAATGACCCA and dxnB-R:
CGTGGCTTTGGCATGCTAGAATTTCCGAGC which were designed to connect this
fragment to the kanamycin resistance cassette amplified by the primers km3OLE-F:
TCTAGCATGCCAAAGCCACGTTGTGTCTCA and km3OLE-R:
CCGAGCTCTTAGAAAAACTCATCGA via overlap extension PCR. Primers used for
the amplification of the overlap extension product generated Xbal and Sacl sites. The
downstream sequence of dbfB was amplified from genomic DNA of BIDRBI1 using the
primers DndbfB-F: GGGAGCTCACGCGCGATTGCCAAAAACC and DndbfB-R:
GGCTGCAGCCGTTCCCCATTCGCCAGGAG that introduce restriction sites for Sacl
and Pstl, respectively. Both fragments were cloned along with the EcoRI-Xbal fragment
from pRK_DRBI to the EcoRI- Ps/ sites of pRK415, generating pRK_DRBI1BI1. This
construct was delivered to the BIDRBI strain and insertional mutants (BIDRB1B1) were
detected by PCR for colonies that were kanamycin resistant and both gentamycin and
tetracycline sensitive. To insert dxnB downstream SWIT3046, pRK DRB1B1 was
digested with Xbal and Bg/ll removing dbfB. The PCR fragment of SWIT3046 amplified
with the primers dbfB2-F and dbfB2-R was cloned into the Xbal-Bg/II sites generated

from pRK_DRBIBI after removal of dbfB1. The final construct, pPRK_DRB2B1, was
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delivered to BIDRB2 and insertional mutations (B1DRB2B1) were identified via PCR

for colonies resistant to kanamycin and sensitive to both gentamycin and tetracycline.

Gene knockout of B1 bphC and bphD

The 2,3-dihydroxybiphenyl dioxygenase, bphC, was deleted from S. yanoikuyae
B1, BIDR, BIDRBI1, BIDRB2, BIDRB1BI1, and BIDRB2BI to identify its role in the
degradation of biphenyl, DXN, and DBF. A construct in pRK415 was designed for that
purpose as following: bphC and its upstream region was amplified from B1 genomic
DNA using the primers UpbphC-F: GGAAGCTTCGAGTGATGATGACGGGCGT and
UpbphC-R: GGTCTAGACGATTCCTTCCGATCCGGTC that introduces HindlIIl and
Xbal sites, respectively. A second PCR fragment containing part of bphC with its
downstream region was amplified by the primers DnbphC-F:
GGTCTAGAGGCATTGCATCCTGCGTCAG and DnbphC-R:
GGGGTACCGAATCCATGTTTCGCTCGAA that introduces Xbal and Kpnl sites,
respectively. Both fragments were cloned into the HindIII-Kpnl sites of pRK415. An
Xbal digested kanamycin and gentamycin cassette were cloned separately to the Xbal site
of this construct. Depending on the antibiotic resistance, an appropriate construct was
introduced to each strain of S. yanoikuyae B1 via triparental mating. Knockouts were
confirmed via PCR as mentioned earlier. The role of bphD, the HOPDA hydrolase for
the biphenyl degradation pathway in S. yanoikuyae B1, was deleted in a similar manner
in S. yanoikuyae B1, BIDR, BIDRBI1BI1, and BIDRB2B1 to determine its role in the
biphenyl, DXN, and DBF degradation pathways. For that purpose, a pPRK415 construct
was designed to disrupt the function of bphD in the four strains mentioned above. A 2kb

fragment containing bphD and its flanking region was amplified from S. yanoikuyae B1
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using the primers bphD-F: AAGCTTATCGCTCCAGGCTCGCCC and bphD-R:
GGATCCCCGCAGGACGTCGAACAC that introduces Hindlll and BamHI restriction
sites, respectively. This fragment was cloned into the HindIlI-BamHI sites of pRK415. A
Pstl digested gentamycin cassette was cloned into the Ps#I site of this clone which
cleaves inside the bphD gene. The final clone was transferred to S. yanoikuyae B1,
B1DR, BIDRBI1BI1, and BIDRB2BI1 via triparental mating. Knockouts were verified by

PCR and examined for their ability to grow on biphenyl, DXN, and DBF.

Growth Curves.

For B1 and the various B1-derived strains were grown on LB broth to late log phase
and then subcultured directly into the desired aromatic compound growth medium at a
final OD 600 of 0.05. Amberlite XAD7HP resin (Sigma-Aldrich, St. Louis, MO) was
added at 2 mg/ml for growth curves of strains for the ring cleavage analysis and
Amberlite IRA-400 chloride resin (Sigma-Aldrich, St. Louis, MO) was added at 2 mg/ml

for growth curves of strains for the hydrolase analysis.

Results

Replacement of S. yanoikuyae B1 biphenyl dioxygenase with S. wittichii RW1
DXN/DBF dioxygenase

S. yanoikuyae B1 grows on biphenyl and many other PAHs as the sole source of
carbon and energy through lateral dioxygenation of these aromatics by its biphenyl
dioxygenase. Unfortunately, B1 also oxidizes DXN and DBF at the lateral position to
eventually generate dihydroxylated dead end products. In order to test whether the S.

yvanoikuyae B1 biphenyl pathway can metabolize the bicyclic biphenyl-like intermediates
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of the angular degradation pathway for DXN and DBF metabolism, the B1 biphenyl
dioxygenase bphA 1fA2f genes were replaced with the genes dxnAd 1A2fdx3redA2 coding
for the RW1 angular dioxygenase system as explained in Materials and Methods. The
gene replacement strain BIDR containing the DXN/DBF dioxygenase grew at the same
rate and extent as the wild type B1 strain (Figure 8). No accumulation of any
intermediates was observed from growth of BIDR on biphenyl, unlike B1 that turns
yellow during growth on biphenyl due to accumulation of the yellow HOPDA
intermediate. Interestingly, the B1DR strain is also able to grow on DXN as the sole
source of carbon and energy (Figure 9). The B1DR strain did not grow on DBF and
resting cells accumulated a brown intermediate identified as 2,2”,3-trihydroxybiphenyl.
As expected, the BIDR strain lost the ability to metabolize naphthalene and

phenanthrene.

Addition of two different RW1 ring cleavage dioxygenases

In order to determine if a different ring cleavage dioxygenase will allow B1DR to
grow on DBF and to examine the effect of a different enzyme on biphenyl and DXN
degradation in B1DR, two different ring cleavage dioxygenases were selected from S.
wittichii RW1 and added to the genome of BIDR. The 2,2°,3-trihydroxybiphenyl
dioxygenase, DbfB, and the recently identified 2, 2’,3-trihydroxydiphenylether
dioxygenase, SWIT3046, were inserted one at a time downstream of the DXN/DBF
dioxygenase genes in BIDR leading to the construction of two new strains designated
B1DRBI1 and BIDRB2, respectively. The data show that addition of either enzyme did
not improve the degradation capability of BIDR on biphenyl (Figure 10) or DXN (Figure

11). BIDRBI and B1DRB?2 still were not able to grow on DBF, nevertheless, resting
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cells of these cultures accumulated a yellow intermediate, signifying that DBF is cleaved
to some extent. The inability of BIDR and the ability of BIDRB1 and BIDRB2 to
convert 2,2’ 3-trihydroxybiphenyl to the ring cleavage product shows that both RW1 ring
cleavage enzymes are functioning to some extent in the engineered strains and that S.
yvanoikuyae B1 lacks both a ring cleavage dioxygenase and a hydrolase that functions on

DBF metabolites.

Effect of adding a RW1 hydrolase

To determine whether S. yanoikuyae B1 lacks a specific hydrolase for the DBF
ring cleavage product, the RW1 DxnB1 hydrolase was inserted downstream of dbfB and
SWIT3046 in strains BIDRB1 and BIDRB2, respectively. This led to the generation of
the strains BIDRB1B1 and BIDRB2B1 that were tested for their ability to grow on DBF
as well as determine the effect of this hydrolase to enhance the degradation capability of
these strains on biphenyl and DXN. The data showed the ability of both strains,
B1DRBIBI1 and BIDRB2BI1 to grow on DBF at a rate and extent similar to that seen for
growth on biphenyl (Figure 12). The addition of dxnB to the strains BIDRB1 and
B1DRB2 did not enhance their ability to grow on biphenyl and DXN (data not shown).
Collectively, our data demonstrate that S. yanoikuyae B1 does not naturally have the
ability to grow on dibenzofuran but can grow when genes encoding the first three

catabolic steps are added.

Role of B1 bphC and bphD in dibenzo-p-dioxin degradation
The data mentioned above indicates the importance of ring cleavage dioxygenases

and hydrolases already present in S. yanoikuyae B1 in the degradation of DXN. Due to
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the lack of known dioxin degrading pure cultures it is important to identify the exact
genes involved in this engineered pathway. For that purpose, the 2, 3-dihydroxybiphenyl
1,2-dioxygenase (bphC) was deleted from S. yanoikuyae B1, BIDR, BIDRBI1, BIDRB2,
B1DRBI1BI1, and BIDRB2BI1. These knockout strains were then tested for growth on
biphenyl, DXN, and DBF. The data show that all bpphC knockout strains retained the
ability to grow on biphenyl at the same rate and extent as the wild type strain indicating
that other meta ring cleavage enzymes in the genome of B1 can take the place of BphC
(Figure 13). On the other hand, deletion of bphC abolished growth of BIDR on DXN
(Figure 14) indicating the importance of this enzyme in DXN degradation and that no
other B1 ring cleavage dioxygenase can substitute unlike what was seen for biphenyl
degradation. Deletion of bphC from BIDRB2 and BIDRB2B1 did not affect growth of
these strains on DXN while the deletion abolished growth of BIDRB1 and BIDRBIBI1
on DXN. This shows the ability of SWIT3046 but not dbfB to replace bphC in DXN
degradation (Figure 14). Deletion of bphC had no effect on growth of BIDRB1B1 and
B1DRB2BI1 on DBF (Figure 15) confirming that both DbfB and SWIT3046 function as
ring cleavage enzymes in the DBF catabolic pathway.

To determine the B1 hydrolase involved in DXN degradation in the B1
engineered strains, the biphenyl pathway HOPDA hydrolase bphD was deleted from B1,
B1DR, BIDRBI1BI1, and BIDRB2B1. The knockout mutants were tested for their ability
to grow on biphenyl, DXN, and DBF. Deletion of bphD from B1 abolished growth of the
wild type strain on biphenyl showing that bphD is absolutely required for B1 to grow on
biphenyl and that no other hydrolases in the B1 genome can take its place (Figure 16).

Deletion of bphD from B1DR also abolished growth of this strain on DXN identifying
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bphD as playing a role in DXN degradation by B1 (Figure 17). Deletion of bphD from
engineered strains carrying the RW1 dxnB hydrolase, BIDRB1B1 and BIDRB2B1, had
no effect on the ability of these two strains to grow on biphenyl (Figure 16), DXN
(Figure 17), and DBF (Figure 18) indicating that dxnB functions on metabolites from all

three pathways.

Discussion

Enhancing the degradation ability of microorganisms through genetic
manipulations has been conducted in many biphenyl degrading bacteria to improve
degradation ability of chlorinated dioxin congeners or to modify regiospecificity of initial
dioxygenases. Such genetic manipulations include DNA shuffling for the large subunit of
biphenyl dioxygenases (101), changing of amino acids in the active sites (102), or
modifying the regulation system of degradation genes by replacing an inducible promoter
with a constitutive promoter (103). In this study the biphenyl dioxygenase in S.
yvanoikuyae B1 was replaced with the angular dioxygenase system from S. wittichii RW1
via double reciprocal homologous recombination to engineer a dioxin degrading
microorganism and to identify genes functional on dioxin metabolites. Our data show
addition of the RW1 angular dioxygenase to B1 (strain BIDR) created a strain that
retained its ability to grow on biphenyl and gained the ability to grow on dibenzo-p-
dioxin. The ability of this strain to degrade biphenyl was expected due to the ability of
DBFDO to perform cis-dihydroxylation of biphenyl leading to the formation of cis-2, 3-
dihydro-2,3-dihydroxybiphenyl which is the same intermediate in the normal B1
biphenyl pathway (Figure 3)(104). Similar growth rates for S. yanoikuyae B1 and BIDR

were seen on 3 mM biphenyl crystals which demonstrates the ability of the RW1 DBFDO



69

substituted for the B1 biphenyl dioxygenase to oxidize biphenyl at a rate allowing
physiological growth on biphenyl similar to the wild type. Liquid cultures of B1 growing
on 3 mM biphenyl turn the media yellow a few hours after inoculation. This is most
likely due to the high catalytic rate of the B1 biphenyl dioxygenase, dihydrodiol
dehydrogenase, and ring cleavage dioxygenase leading to the accumulation of the ring
cleavage product and indicating that the hydrolase step is a bottle neck in biphenyl
degradation. Unlike what was seen in the wild type strain B1, the engineered strain BIDR
showed similar growth on biphenyl without accumulation of the ring cleavage product.
We hypothesize that DBFDO has less activity toward biphenyl than the normal B1
biphenyl dioxygenase of S. yanoikuyae B1 but still supplies enough activity for optimum
growth on biphenyl.

Interestingly, replacement of the B1 biphenyl dioxygenase with the RW1 angular
dioxygenase created a strain (B1DR) capable of growth on DXN. This indicates that B1
contains the enzymes for both the upper pathway for dioxin metabolism to the common
aromatic pathway intermediate catechol. It is interesting to note here that wild type B1
metabolizes DXN to the unproductive product 1,2-dihydroxydibenzo-p-dioxin which has
an inhibitory effect on the ring cleavage dioxygenases XylE and BphC in the strain (56).
Replacing the B1 biphenyl dioxygenase with the angular dioxygenase DBFDO allows B1
to retain the ability to grow on biphenyl while now oxidizing DXN to 2,2°,3-
trihydroxydiphenylether. This latter compound is efficiently metabolized by the B1
biphenyl pathway enzymes to allow growth on DXN.

The B1DR strain does not grow on DBF but the strain metabolizes DBF to a

brown colored product identified as 2,2°,3-trihydroxybiphenyl. This fact indicates that the
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2,3-dihydroxybiphenyl 1,2-dioxygenase BphC is incapable of accepting 2,2°,3-
trihydroxybiphenyl as a substrate, indicating the inhibitory effect of the extra hydroxyl
group in the uncleaved ring. The BIDRB1 and BIDRB?2 strains are incapable of growth
on DBF but both strains accumulate a yellow intermediate that is likely the ring cleavage
metabolite from DBF degradation. These results indicate that the two RW1 meta
cleavage dioxygenases added are expressed in both strains and are capable of converting
2,2’ 3-trihydroxybiphenyl to its ring cleaved intermediate. These results agree with the
kinetic activity results for DbfB1 (40) and with the fact that both DbfB and SWIT3046
function in RW1 DBF degradation (82). Eltis and Bolin (105) suggested that the ability
of the RW1 DbfB ring cleavage oxygenase to accommodate the extra hydroxyl group in
the trihydroxy substrate may be due to the enzyme's unique structure compared with all
other known ring cleavage enzymes.

The BIDRBI1 and B1DRB2 strains are incapable of growth on DBF and both
strains accumulate a yellow intermediate that is the ring cleavage metabolite from DBF
degradation. When dxnB was inserted downstream of dbfB and SWIT3046 in BIDRB1
and BIDRB2 the resulting strains BIDRB1B1 and BIDRB2BI, respectively, were able
to grow on DBF. This demonstrates that while the only enzyme needed for B1 growth on
DXN is the initial ring oxidizing dioxygenase, B1 growth on DBF requires enzymes
catalyzing the three steps for the conversion of DBF to salicylate. These results agree
with the hypothesis that suggests that the enzymes involved in DXN degradation are
different from those involved in DBF degradation (24) and additionally suggests that the
dioxin degradation genes evolved from the biphenyl degradation genes. In fact, random

priming recombinational mutagenesis of the P. pseudoalcaligenes KF707 biphenyl
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dioxygenase evolved an enzyme with new capabilities in aromatic oxygenation, most
notably gaining the ability to perform angular dioxygenation of DBF and DXN (52).

In vivo knockout of bphC from B1 showed that this meta cleavage dioxygenase
involved in biphenyl and PAH degradation is the only B1 meta cleavage enzyme
involved in DXN metabolism. Deletion of bphC from B1DR accumulated 2,2°,3-
trihydroxydiphenylether and blocked growth of this strain on DXN while it grew
normally on biphenyl. This identifies the role of a second meta cleavage dioxygenase for
2,3-dihydroxybiphenyl that has no activity towards 2,2’,3-trihydroxydiphenylether.
Studies with S. yanoikuyae B1 identified two meta cleavage dioxygenases involved in
biphenyl and m-xylene degradation. Genes for these enzymes are located in separate
operons and transcribed in opposite directions. Analysis of both enzymes showed that
bphC was more specific for 2,3-dihydroxybiphenyl while xy/E was more specific for
catechol (84). Due to the activity of XylE against 2,3-dihydroxybiphenyl this enzyme is
most likely taking the place of BphC for biphenyl degradation in the bphC knockout and
that this meta cleavage dioxygenase has no activity toward 2,2’,3-
trihydroxydiphenylether.

B1DRBI1AbphC lost the ability to grow on DXN while BIDRB2AbphC retained
the ability to grow on DXN with a similar growth rate as the BIDR strain. These data
show the ability of SWIT3046 but not dbfB to complement the role of bphC in those
strains and agrees with recent work from our laboratory (82). These results also explain
the failure of purified DbfB to efficiently cleave 2,2’ 3-trihydroxydiphenylether (40).
Similar growth rates for BIDRB2AhphC and B1DR indirectly show that the activity of

BphC is equal to the activity of its counterpart SWIT3046 from S. wittichii RW1.
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Data obtained from deletion of bphD from S. yanoikuyae B1 suggests that BphD
is the only enzyme responsible for meta cleavage product hydrolysis in the biphenyl
degradation pathway. Complementation of B1AbphD with bphD restored growth of the
knockout mutant on biphenyl indicating no polar effect on downstream genes. Lack of
growth of BIDRAbphD on DXN indicates the role of this enzyme in the hydrolysis of the
meta cleavage product from 2,2°,3-trihydroxydiphenyl ether from the DXN pathway. The
ability of BphD to cleave 2-hydroxy-6-oxo0-6-phenyl-hexa 2,4-dienoate (HOPDA) and
not 8-OH-HOPDA shows the inhibitory effect of the 2’ hydroxyl group to this enzyme.
These results collectively suggest the relatedness of DXN pathway enzymes to biphenyl
pathway enzymes and shows that enzymes that function on DXN metabolites do not

necessarily have to function on DBF metabolites.
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Figure 9. Growth of B1 and B1DR on dibenzo-p-dioxin.
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Figure 10. Effect of adding dbfB (B1) and SWIT3046 (B2) on growth of BIDR on
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Figure 11. Effect of adding dbfB (B1) and SWIT3046 (B2) on growth of BIDR on

dibenzo-p-dioxin
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Figure 13. Effect of bphC deletion on growth of S. yanoikuyae B1 and its engineered

strains on biphenyl.
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Figure 14. Effect of bphC deletion on growth of S. yanoikuyae B1 and its engineered

strains on dibenzo-p-dioxin.
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Figure 15. Effect of bphC deletion on growth of S. yanoikuyae B1 and its engineered

strains on dibenzofuran.



81

1.0-

o

o

(o]

a)

o)
-~ B1AbphD
- B1DRAbphD

0.05 - B1DRB1B1AbphD

-~ B1DRB2B1AbphD

0 25 50 75 100 125 150 175
Time (hr)

Figure 16. Effect of bphD deletion on growth of S. yanoikuyae B1 and its engineered

strain on biphenyl.
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Figure 17. Effect of bphD deletion on growth of S. yanoikuyae B1 and its engineered

strain on dibenzo-p-dioxin.
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Figure 18. Effect of bphD deletion on growth of S. yanoikuyae B1 and its engineered

strain on dibenzofuran.



Appendices

Appendix A: High Performance Liquid Chromatography Data
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Figure (A.1): HPLC analysis of supernatant from induced cultures of (A) BL21/pET-
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DBFDOS (B) BL21/pET-30a (control) incubated with DBF for 4 hours. Chromatograms

were recorded at a wavelength of 280nm.
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Figure (A.2): HPLC analysis of supernatant from induced cultures of (A) BL21/pET-
DBFDOS (B) BL21/pET-30a (control) incubated with DD for 6 hours. Chromatograms

were recorded at a wavelength of 280nm.
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Figure (A.3): HPLC analysis of supernatant from induced cultures of (A) BL21/pET-
DBFDOS (B) BL21/pET-30a (control) incubated with 2-hydroxyDBF for 2 hours.

Chromatograms were recorded at a wavelength of 280nm.
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Figure (A.4): HPLC analysis of supernatant from induced cultures of (A) BL21/pET-
DBFDOS (B) BL21/pET-30a (control) incubated with xanthene for 20 hours.

Chromatograms were recorded at a wavelength of 280nm.
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Figure (A.5): HPLC analysis of supernatant from induced cultures of (A) BL21/pET-
DBFDOS (B) BL21/pET-30a (control) incubated with xanthone for 20 hours.

Chromatograms were recorded at a wavelength of 280nm.
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Figure (A.6): HPLC analysis of supernatant from induced cultures of (A) BL21/pET-
DBFDOS (B) BL21/pET-30a (control) incubated with biphenyl for 20 hours.

Chromatograms were recorded at a wavelength of 280nm.
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Figure (A.7): HPLC analysis of supernatant from induced cultures of (A) BL21/pET-
DBFDOS (B) BL21/pET-30a (control) incubated with phenanthrene for 20 hours.

Chromatograms were recorded at a wavelength of 280nm.
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Figure (A.8): HPLC analysis of supernatant from induced cultures of (A) BL21/pET-
DBFDOS (B) BL21/pET-30a (control) incubated with anthracene for 20 hours.

Chromatograms were recorded at a wavelength of 280nm.
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Figure (A.9): HPLC analysis of supernatant from induced cultures of (A) BL21/pET-

DBFDOS (B) BL21/pET-30a (control) incubated with dibenzothiopene for 20 hours.

Chromatograms were recorded at a wavelength of 280nm.
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Figure (A.10): HPLC analysis of supernatant from induced cultures of (A) BL21/pET-
DBFDOS (B) BL21/pET-30a (control) incubated with fluorene for 20 hours.

Chromatograms were recorded at a wavelength of 280nm.
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Appendix B: Gas Chromatography - Mass Spectrometry Data
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Fig (B.1): GC-MS of 2,2’ 3-trihydroxybiphenyl. The x axis represents the retention time

and the y axis is the relative abundance.
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Fig (B.2): GC-MS of 2,2’ 3-trihydroxydiphenylether. The x axis represents the retention

time and the y axis is the relative abundance.
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Fig (B.3): GC-MS of 2,2°,3,5-tetrahydroxybiphenyl. The x axis represents the retention

time and the y axis is the relative abundance.
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Fig (B.4): GC-MS of 2,2’ 3-trihydroxydiphenylmethane. The x axis represents the

retention time and the y axis is the relative abundance.
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Fig (B.5): GC-MS of cis-3,4-dihydro-3,4-dihydroxyxanthone. The x axis represents the

retention time and the y axis is the relative abundance.
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Fig (B.6): GC-MS of 2,2’ 3-trihydroxybenzophenone. The x axis represents the retention

time and the y axis is the relative abundance.
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Fig (B.7): GC-MS of cis-2,3-dihydro-2,3-dihydroxybiphenyl. The x axis represents the

retention time and the y axis is the relative abundance.
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Fig (B.8): GC-MS of cis-9,10-dihydro-9,10-dihydroxyphenanthrene. The x axis

represents the retention time and the y axis is the relative abundance.
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Fig (B.9): GC-MS of cis-1,2-dihydro-1,2-dihydroxy-anthracene. The x axis represents the

retention time and the y axis is the relative abundance.
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Fig (B.10): GC-MS of dibenzothiopene sulfoxide. The x axis represents the retention

time and the y axis is the relative abundance.



99

S
10 A\ 21
¢}
T MW=216
% 18
] 13
' . 2
- 10 8
' i l J e
5
0 - 3 \.J L ,lll ~.I| Ll ""Ir "JJH |Iu?| L LI . ||I|| bl |I| |I | . I /ﬁ. _ 1 r
0 2 4 6 8 10 12 14 20 22

Fig (B.11): GC-MS of dibenzothiopene sulfone. The x axis represents the retention time

and the y axis is the relative abundance.
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Fig (B.12): GC-MS of 9-hydroxyfluorene. The x axis represents the retention time and

the y axis is the relative abundance.
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Appendix C: Nuclear Magnetic Resonance Data
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Figure (C.1): 'TH NMR spectrum for 2,2’,3-trihydroxybiphenyl. (A) whole 'H spectrum

(B) expanded aromatic region of the spectrum
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Figure (C.3): 'H NMR spectrum for 2,2°,3-trihydroxydiphenylether. (A) whole 'H

spectrum (B) gradient enhanced COSY spectrum
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