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CHAPTER I
INTRODUCTION

The widespread use and application of various chemicals and synthetic
compounds has resulted in extensive release of pollutants into the environment.
The accidental or intended release of pollutants from industry and agriculture
causes serious environmental and health problems in the United States and'
throughout the rest of the world. Compounds of greatest concern include
herbicides, pesticides, plastics, solvents and degreasers (12). Of growing
concern is the release of pollutants into soils and waters including ground water
aquifers used for drinking. Various regulatory agencies, such as the
Environmental Protection Agency (EPA), have designated many of these
compounds as toxic and priority pollutants requiring their removal from the
contaminated sites (46). |

A recent survey of public ground water supplies in the United States
identified and prioritized contaminants relative to their frequency of occurrence
and adverse health effects. This studied revealed that approximately 200
different contarninants have been detected in the US public ground water
supplies. Of these, the contaminant of the greatest concern is trichloroethylene
(TCE) (52). TCE is a low molecular weight, volatile chlorinated hydrocarbon. This
compound is commonly used as a solvent and degreasing agent in the

drycleaning industry and semiconductor manufacturing. With a density greater



than water, TCE has been shown to migrate down through soils from disposal
sites where it leaches into the water stream to contaminate the ground water
aquifers (24). The degree and ubiquity of TCE contamination suggests that
existing environmental conditions are not conducive for TCE degradation.' In
fact, the anoxic and anaerobic conditions of ground water most often result in
reductive declorination of TCE and the accumulation of vinyl chloride (112).
Although TCE is readily 'removed by air stripping or sorption, these methods
merely transfer the pollutant to other media. The high cost of chemical or
catalytic oxidation make biological degradation of TCE the best alternative for
permanent and cost-effective removal of TCE from the environment.

Microorgénisms play a major role in' the degradation and mineralization of
many po]luta_nts and contaminants. The diverse habitats and metabolic
capabilities of microorganisms make them excellent candidates for assisting in
the degradatiori of pollutants. Many pollutants are degraded by bacteria, fungi
and consortia of diverse microbial populations (2). While the natural
biodegradative capabilities of microorganisms are diverse and can produce
desirable results, the process is often much too slow to satisfy growing public
health and environmental concerns. Unfortunately, many factors such as
temperature, pH, oxygenation, nutrient availability, sahmty and toxicity of the
compound itself have considerable effect on biodegradation rates. Further, many
pollutants contain novel chemical structures which are rarely or never found in
nature and are often resistant to microbial degradation. Some compounds are
degraded by native microorganisms to generate metabolites more toxiq than the
parent substrate. This can, in some cases, result in toxicity effecting entire
microbial communities (106). | |

The removal of natural or synthetic organic compounds from

contamination sites has been accomplished through a variety of treatments



including chemical, physical or biological approaches. The ability of some
microorganisms to degrade and mineralize pollutants and contaminants has
resulted in extensive research to elucidate the mechanisms involved in this
metabolism. Understanding the pathways may allow for the construction of novel
pathways with greater substrate diversity and effectiveness against compounds
previously thought to be recalcitrant. Approaches to these challenges have
resulted in modifications of various microorganisms to increase the substrate
range, degradation rates and improve survivability under environmental
stresses. For example, a starvation promoter has been coupled with TCE and
phenol degradation 'genes to limit the nutrients required and the biomass
produced in transformation of these éompounds and enhance their overall
removal (64). = Increased knowledge of metabolic pathways involved in
biodegradation of recalcitrant compounds and their regulation may enable us to
produce genetically engineered microorganisms capable of efficient degradation
of novel or more complex compounds. |

Alcaligenes eutrophus JMP134 is a soil bacterium with diverse metabolic
capabilities. = JMP134 is capable of utilizing several non-chlorinated and
chlorinated aromatic compounds such as phenol, benzoate and 2,4-
di‘chldrophenoxy acetic acid as the sole carbon source (84, 85). JMP134 is also
capable of co-metabolizing TCE through a chromosomally encoded, phenol-
induced phenol hydroxylase pathway. In contrast to reductive dechlorination,
the oxidation of TCE by phenol hydroxylase in JMP134 results in products which
are less toxic than TCE. Using Tn5 transposon mutagenesis of JMP134, AEK301
was isolated and found to be deficient in phenol metabolism and TCE
degradation. The genes responsible for phenol metabolism in JMP134 were then
cloned by complementation of AEK301, uncoupled from a regulatory gene and

subcloned into the pMMBG67EH vector. This plasmid, termed pYK3021, when
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introduced back into A. eutrophus AEK301 resulted in constitutive phenol
hydroxylase activity and TCE degradation under non-induced conditions; that is,
it does not require any aromatic inducers to degrade TCE. Preliminary studies
using this construct have shown a high capacity for TCE removal with limited
sensitivity to TCE-mediated toxicity (49). This construct has excellent potential
for use in the biological remediation of TCE-contaminated aquifers.

The purpose of this study is to chéracterize the degradation of TCE by
constitutively expressed phenol hydroxylase in A. eutrophus AEK301/ pYK3021.
Initially, the conditions for TCE degradation were optimized and the whole-cell
rates of degradation by this construct were examined. Optimization of the
conditions and establishment of a time course for TCE degradation by A.
eutrophus AEK301/pYK3021 were conducted in small réactor vials with batch
cultures. Parameters such as incubation time, feactor volume, sample volume,
temperature and carbon and energy source were investigated to determine which
conditions provide optimal TCE removal. Once established, TCE degradation
over a period of 3 hours was examined to produce a progress curve of TCE
degradation. The whole-cell kinetics of constitutive TCE degradation by
AEK301/pYK3021 was determined using whole-cells in batch cultures, and
assays at 5-minute intervals over 20 to 30 minutes were conducted at several
different concentrations of TCE to determine the rates of TCE degradation.
These rates were then be plotted as Lineweaver-Burk plots to determine the
whole-cell K, and V.. for TCE degradation by this construct under the
conditions previously established.

DNA sequence analysis of the genes involved in TCE degradation was
determined and comparisons with similar, related genes were made. From the
nucleotide sequence, the deduced amino acid sequence of each putative open

reading frarmne of the phenol degradation genes from pYK3021 was compared to



GenBank and SwissProt databases for further comparisons with homologous
peptides.

Finally, the stability and overall usefulness of AEK301/pYK3021 could be
improved through the formatidn of a stable genomic insertion of the constitutive
phenol hydroxylase genes. Using a mini-Tn5 transposon vector, the genes
responsible for constitutive TCE degradation located on pYK3021 were fused at
random with the AEK301 genorhe to génerate a strain which is able to degrade
TCE constitutively in the absence of any recombinant blasmid vectors. The
elimination of a plasmid vector in the vconstitutive degradation of TCE should

enhance the overall stability and usefulness of this strain.



CHAPTER II
LITERATURE REVIEW

Microbial degradation of trichloroethylene. Tn'chloroethylene (TCE)is a
low-molecular-weight, volatile chlorinated aliphatic hydrocarbon with a density
greater than H,0O. While aliphaﬁc hydrocarbons are widespread contaminants of
ground water -and soil, TCE is the most frequently reported contaminant at
hazardous waste cited on the National Priorities List of the US EPA (58) and it |
threatens or contaminates the potable water supply of many communities (60).

There are no reports of microbial growth on TCE as a sole carbon and
energy source, but TCE has been found to be fortuitously degraded (co-
metabolized) by organisms growing on a variety of substrates. In general,
anaerobic degradation of TCE results in the formation of undesirable metabolites,
such as dichl&oethylene and vinyl chloride. Aerobic conditions do not appear to
support the formation of such‘products (112). Co-metabolic conversion of TCE
relies on nonspecific enzymes, usually mono; and dioxygenases to oxidize TCE,
resulting in the production of an unstable epoxide intermediate that releases
chlorides by spontaneous chemical decomposition. In aqueous solution under
neutral or basic conditions, the TCE epoxide decomposes to form carbon
monoxide and formate while glyoxylic acid and dichloroacetic acid are formed
under acidic conditions (38, 66). Four major groups of TCE oxidizers have been
identified: (1) aromatic compound-degrading bacteria, (2) methanotrophic

microorganisms, (3) propane/propene/isoprene-oxidizers and (4) ammonia-



oxidizing bacteria. The enzymes implicated in the oxidation of TCE include phenol
hydroxylase, toluene mono- and dioxygenase, methane monooxygenase, propane
and propene monooxygenase and ammonia monooxygenase (Table 1). Of these,
the largest and best studied group are those induced by aromatic compounds
such as phenol, toluene, cresol, benzene and 2,4-D (Table 1). These enzymes
tend to be rather promiscuous in their catabolism and induction schemes and
often are capable of induction and subsequent degradation of numerous chloro-
and methyl-substituted substrates. For example, toluene-3-monooxygenase
(Tbu) from Burkholderia (formerly Pseudomonas) pickettii has a rather broad
substrate range that includes toluene, benzene and TCE Using a lacZ-gene
fusion system to report gene expression, activation of the tbu operon was
observed in response to a variety of hydrocarbons including benzene, toluene,
ethylbenzene, o-, m-, and p-xylene, phenol, o-, m-, and p-cresol, benzyl alcohol,
benzaldehyde and even TCE although the degree of responsiveness varied

tremendously (9).

Kinetics of bacterial TCE oxidation. Most studies on the kinetics of
aerobic TCE degradation have been conducted with methane- and toluene-
utilizing mixed and pure cultures (26, 37, 54, 62, 74, 79, 80, 113). In fact,
limited data on the kinetics of aerobic TCE degradation by phenol hydroxylases is
available. The highest observed rate of toluene dioxygenase-mediated TCE
removal from batch cultures of P. putida F1 was 1.8 nmol/min/mg total protein
at a TCE concentration of 80 uM. This rate decreased rapidly with time and
dropped to undetectable levels at concentrations greater than 300 pM TCE (113).
In the case of toluene dioxygenase of wild type P. putida, TCE was removed at a
maximum rate of 5.2 nmol/min/mg total protein (37). In wild type P. putida and

P. putida F1, TCE removal leads to the formation of toxic oxidation products



Tablel. Microbial aerobic degradation of trichloroethylene

Microorganism Enzyme Inducer(s) References
Aromatic induction
Alcaligenes eutrophus JMP134 “phenol hydroxylase phenol 48, 49
Alcaligenes eutrophus JMP134 TfdA or TfdB 2,4-dichlorophenoxyacetic acid 48, 49
Burkholderia pickettii PKO1 toluene-3-monooxygenase toluene, benzene, ethylbenzene, 30
cresols,xylenes, trichloroethylene
Pseudomonas cepacia G4 toluene 2-monooxygenase toluene, phenol, cresol 74
Pseudomonas medocina KR1 toluene-4-monoxygenase toluene, phenol, trichloroethylene 65
Pseudomonas putida BH phenol hydroxylase phenol, cresols 109, 110
Pseudomonas putida F1 toluene dioxygenase toluene, phenol 113
Pseudomonas putida KN1 phenol hydroxylase phenol 69
Pseudomonas putida NCIMB 11767 toluene dioxygenase toluene, phenol, trichloroethylene 37
Pseudomonas sp. strain JS150 toluene dioxygenase toluene 33
Pseudomonas sp. strain JS150 toluene monooxygenase NR 44
Methanotrophs '
Methylosinus trichosporium OB3b methane monooxygenase methane 79, 111
Strain 46-1 methane monoxygenase methane, methanol 58
Aliphatic induction
Alcaligenes denitrificans propene monooxygenase isoprene 22
Mycobacterium vaccae JOB5 propane monooxygenase propane 114
Xanthobacter sp strain Py2 alkene monooxygenase propene 92
Ammonia oxidizing bacteria
Nitrosomonas europaea ammonia monoxygenase ammonia 3,91

NR Not Reported



which causes oxidation toxicity and even cell death (37, 113). Following phenol
induction of toluene-2-monooxygenase, Burkholderia cepacia G4 cells degrade
TCE at concentrations of at least 300 uM. The rate of TCE removal has been
measured at 8 nmol/min/mg total protein, but Folsom et al note that TCE
transiently inhibited its own degradation at concentrations higher than 50 uM
(26). Although the methanotroph Methylosinus trichosporium OB3b appears to
have a more sustained rate of TCE degradation activity compared to P. putida F1,
neither strain is able to0 completely remove relatively.low concentrations of TCE
from reactor vials even after 6 hours of incubation (113). Similar to P. putida F1,
acute toxicity' was apparent at 70 pM TCE resulting in inactivity of M.
trichosporium OB3b cells at a raté of 0.48 mg of cells inactivated per umol of TCE

converted (79).

Microbial degradation of phenol. Phenol and its derivatives are widely
distributed environmental pollutants. Phenol and phenolic compounds are
common constituents of effluents from many industrial processes including oil
refineries, petrochemical plants, coal conversion plants and phenolic resin
industries (23). Phenolic compounds can be highly toxic to rrﬁcrodrganisms and
even in low concentration can often result in the breakdown of wastewater
treatment plants by the inhibition of microbial growth (56). Accordingly, phenols
are frequently used as antimicrobial agents. |

However, a number of microorganisms have been found to degrade
phenol, including bacteria such as Acinetobacter calcoaceticus (70), Alcaligenes
eutrophus (84), Bacillus sp. (18, 47) Burkholderia pickettii (53), Pseudormonas sp.
(28, 33, 40, 44, 71, 100, 119) and yeasts such as Candida tropicalis (73) and
Trichosporon cutaneun (72) (Table 2). In oxygenated environments, the first step

in phenol metabolism is a phenol hydroxylase-catalyzed hydrbxylation to catechol.



Table 2. Microbial degradation of phenol.

Microorganism Gene(s) Enzyme Pathway References
Single-component enzymes )
Bacillus stearothermophilus BR219 pheA phenol hydroxylase meta- cleavage 47
Burkholderia pickettii PKO1 tbuD phenol hydroxylase meta- cleavage 30
Pseudomonas sp EST1001 (pEST1226) pheA phenol-2-monooxygenase ortho- cleavage 78
Trichosporon cutaneum phyA phenol hydroxylase ortho- cleavage 45
Multi-component enzymes ’
Acinetobacter calcoaceticus NCIB 8250 mopKLMNOP phenol hydroxylase ortho- cleavage 20
Pseudomonas putida BH pheA1A2A3A4A5A6 phenol hydroxylase meta- cleavage 109, 110
Pseudomonas putida H (pPGH1) phlABCDEF phenol hydroxylase meta- cleavage 40
Pseudomonas putida KN1 NR phenol hydroxylase meta- cleavage 69
Pseudomonas putida P35X phhKLMNOP phenol hydroxylase meta- cleavage 76
Pseudomonas sp. CF600 (pVI150) dmpKLMNOP phenol hydroxylase meta- cleavage 77
Pseudomonas mendocina KR1  tmoABCDEF toluene-4-monooxygenase ortho- cleavage 116
Pseudomonas putida F1 todABCDE toluene dioxygenase meta- cleavage 105
Sequence not determined : :
Bacillus stearothermophilus FDTP-3 phenol hydroxylase phenol hydroxylase meta- cleavage 18
Candida tropicalis NR ‘NR ortho- cleavage 73
Pseudomonas cepacia G4 NR toluene-2-monooxygenase meta- cleavage 97
Pseudomonas putida MCIMB 11767 NR toluene dioxygenase meta- cleavage 37

NR Not Reported

01
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These enzymes incorporate one atom of molecular oxygen into the aromatic
phenol substrate while the second oxygen atom is reduced to H,O by an
appropriate electron donor such as NAD(P)H or FADH,. Catechol is a substrate
for ring-cleavage enzymes following modified ortho-cleavage or meta-cleavage
| pathways and these products enter into central metabolism (Figure 1). Most
phenol-degrading bacteria metabolize catechol through the meta-cleavage

pathway.

Phenol hydroxylase. Two different types of phenol hydroxylases have
been identified. Single-chain flavoproteins with phenol hydroxylase activity have
been isolated and characterized from ‘Tn'chosporon cutaneum (PhyA) (45),
Pseudomonas sp. EST1001 (PheA) (78) and Pseudomonas pickettii PKO1 (TbuD)
(53). These bright-yellow flavoproteins have molecular weights ranging from 70
to 75 kDal, appéar to exist as dimers in their functional form and contain 2 mol of
FAD per mol of enzyme. In additidn, each require NADPH as an electron donor in
the oxidation of phenol (53). Another single-chain phenol hydroxylase has been
isolated and characterized from Bacilius stearothermophilus BR219 (PheA) (47).
This 43 kDa protein appears to bind FAD and demonstrates an NADH rather than
NADPH cofactor requirement.

In contrast, numerous multicomponent enzymes with phenol hydroxylase
activity have been isolated and characterized. The first multicomponent phenol
hydroxylase to be sequenced was isolated from Pseudomonas sp. CF600 where it
is encoded on a plasmid designated pVI150. This enzyme consists of six
polypeptides ranging in size from 10 to 58 kDal and is encoded by six open
reading frames arranged in an operon on a 5.5 kb DNA fragment (77). Various
types of experimental evidence indicate that this enzyme consists of three protein

components: a hetero-dimeric ((afy),) oxXygenase component containing nonheme
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iron (encoded by dpmLNO), a monomeric FAD dependent reductase component
(encoded by dpmP), and a monomeric component associated with no cofactors
(encoded by dpmM). This arrangement is very similar to that of the well
characterized binuclear iron center-containing methane ‘monooxygenase (57);
The reductase component is an FAD flavoprotein that contains a ferredoxin-type
[Fe2-So] center. Further, in vitro studies have shown the reductase component of
this enzyme requires NADH as an electron donor in the hydroxylation of phenol
(77, 87, 103). The protein encoded by dmpM (DmpM) is an accessory protein
which interacts directly with the.reductase and oxygenase components and is
required for optimal turnover of the hydroxjilase. The first 'open reading frame of
this operon encodes for a 10.5 kDal gene product, DmpK, which is involved in an
iron-dependent assembly of active phenol hydroxylase. Powlowski et al. (87)
suggested that DmpK plays a role in post-translational incorporation of iron into
the apo-oxygenase. In addition, two more open reading frames within the same
operon exist downstream from the phenol hydroxylase structural genes. One
(dmpB) encodes catechol-2;3-dioxygenase, another (dmp@) encodes a ferredoxin-
like protein which is probably involved in reactivation of catechol-2,3-
dioxygenase, and both are required in meta-cleavage of the catechol product from
phenol hydroxylase (76, 103).‘ The later genes are not required for phenol
hydroxylase activity but are required for growth on phenol as a sole carbon
source.

Since the characterization of this multicomponent phenol hydroxylase,
four other multicomponent phenol hydroxylase nucleotide sequences have been
reported (20, 40, 76, 110). In each case, the phenol hydroxylase consists of six
proteins arranged within an operon and shows high homology to thé enzymes
encoded by pVI150 of Pseudomonas sp. CF600. In addition, downstream from

the phenol hydroxylase genes but within the same operon, exist two more open
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reading frames which are homologous to dmpB and dmp@ and are required for
meta-cleavage of catechol. Even the relative order of all eight homologues of
these operons is conserved between these strains. A notable exception to this
arrangement is Acinetobacter calcoaceticus NCIB 8250 in which catechol follows
an ortho-cleavage pathway. In this case, genes homologous to dmpB and dmpQ
are notably absent but a seventh and final open reading frame of the phenol
hydroxylase operon encoding catechol-l,z-dioxygenase (20) is present. The
sequences of these characterized multicomponent phenol hydroxylases show

little homology to the characterized single component phenol hydroxylases.

Microbial degradation of tolueme. Bacterial oxidation of toluene is
catalyzed by at least five distinctly different pathways whose products are shown
in Figure 2. Based on the currently available biochemical and sequence data of
these complexes, these enzymes can be divided into three distinct groups (Table
3). One of these enzyme groups includes toluene dioxygenases. Three toluene
dioxygenase complexés have been reported. The DNA sequence analysis of
toluene dioxygenase from Pseudomonas putida F1 (termed Tod) revealed that it is
composed of four distinct peptides whose genes are clustered together in a single
operon. Tod catalyses the incorporation of both atoms of oxygen from the same
molecule of O, into toluene to produce. (+)-cis-1(S),2(R)-dihydroxylcyclohexa3,5- .
diene. Similar to phenol hydroxylases, this enzyme _consists of three protein
components, however several differences exist. Tod is composed of (1) a
monomeric FAD-dependent flavoprotein reductase component (TodA) which
utilizes NADH as an electron donor but, in contrast to the reductase component
of phenol hydroxylase, lacks an iron or iron-sulfur cluster, (2) a monomeric
ferredoxin-like peptide (TodB) which contains a Rieske-type [Fe2-S2] cluster and

(3) a terminal oxygenase component which also contains a Rieske-type [Fe2-Sg]
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Figure 2. Pathway diversity of bacterial oxidation of toluene.
(A) toluene-2-monooxygenase from Burkholderia cepacia G4 (97),
(B) toluene-3-monooxygenase from B. pickettii PKO1 (8), (C)
toluene-4-monooxygenase from Pseudomonas mendocina KR1
(119), (D) toluene dioxygenase from P. putida F1 (113) and (E)
xylene monooxygenase from P. putida mt-2 (117). '



Table 3. Microbial degradation of toluene

Microorganism Gene(s) Enzyme Pathway References
Burkholderia cepacia G4 NR toluene-2-monooxygenase NR 97
Pseudomonas sp. strain JS150 tbmABCDEF toluene/benzene-2-monooxygenase ' ortho - and meta -cleavage 44
Burkholderia pickettii PKO1 tbuA1UBVA2C toluene-3-monooxygenase meta -cleavage 8
Pseudomonas mendocina KR1 tmoABCDEF toluene-4-monooxygenase ortho -cleavage 118, 119
Pseudomonas putida F1 todABC1C2 toluene dioxygenase ' meta -cleavage 113
Pseudomonas putida NCIMB 11767 NR toluene dioxygenase meta -cleavage 37
Pseudomonas sp. strain JS150 NR toluene dioxygenase NR . 33
Pseudomonas putida mt-2 (pWWQO) xylMA Xylene monooxygenase meta -cleavage 117

NR not reported

91
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cluster in an oyf, subunit conformation (encoded by todCl and todC2,
respectively) (43). A protein component homologous to the accessory proteins
found in phenol hydroxylases (e.g. DmpM) has not been identified in Tod. A
second group of toluene oxygenases includes xylene monooxygenase from
Pseudomonas putida mt-2 (pWWO) which catalyses the monooxidation of the
methyl substituent of toluene and xylenes rather than the aromatic ring (108).
This enzyme is a member of the iron-containing integral membrane proteins,
consists of two peptide components (XylM and XylA) and bears little resemblance
to other known toluene oxidases or phenol hydroxylases (96).

A third group of toluene oxidizing enzymes consists of toluene
monooxygenasés. As a group, these soluble enzymé,- complexes’ catalyze
hydroxylation of the toluene aromatic ring to form cresols. Three different
toluene monooXygenases have been characterized. Thesé include toluene-2-
monooxygenase (T2MO) (97), toluene-3-monooxygenase (Tbu) (30) and toluene-4-
monooxygenase (Imo) (116) which produce o-cresol, m¥cresol and p-cresol,
respectively. The first toluene monooxygenase to be sequenced was Tmo isolated
from Pseudomonas mendocina KR1 (119). This enzyme is encoded by six tightly
clustered open reading frames arranged within an operon on a 4.8 kb DNA
fragment (118,. 119). On the basis of deduced amino acid sequence
determination and database comparisons coupled with extensive biochemical
analysis, toluene-4-monooxygenase (Tmo) has been characterized as a unique
four-component oxygenase (86, 119). These components are as follows: (1)
hetero-dimeric ((afe),) hydroxylase component (encoded by tmoABE) containing
nonheme iron, (2) a monomeric effector protein (encoded by tmoD) associated
with no known cofactors or metals, (3) a ferredoxin component containing a
Rieske-type [Fez2-Se] center (encoded by tmoC), and (4) an NADH dependent

flavoprotein containing a ferredoxin [Fe2-S2] center (encoded by tmoF). A
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comparison between this novel composite structure and 'other oxygenases
reflects a combination of elements from multicomponent phenol hydroxylases,
toluene dioxygenases and soluble methane monooxygenase complex (Mmo) (57).
More recently, the nucleotide sequence of the genes encoding Tbu from
Burkholderia pickettii PKO1 has been determined (8). Again, this enzyme is
encoded by six tightly clustered genes arranged within a single operon. Database
comparisons of the deduced amino acid sequences from toluene-3-
monooxygenase (Tbu) revealed signiﬁcant homology to Tmo. In addition,
comparisons of the open reading frames from the tmo and tbu operons reveal a
conservation in the gene number and the relative gene order. Biochemical
studies of toluene-2-monooxygenase from Burkholderia (formerly Pseudomonas)
cepacia G4 haYe determined it is composed nf three components which are
similar in function to the components of Tmo with the notable absence of a fourth
ferredoxin-like component. However, in the absence of nucleotide sequence
data, the existence of such a subunit cannot be excluded. A comparison of the
deduced composition of representative phenol hydroxylases, toluene oxygenases

and soluble methane monooxygenase is provided in Figure 3.

Transériptional regulation of phenol ‘and toluene metabolism.
Examination of the promoter regions of several characterized multicomponent
phenol hydroxylase operons (dmp, mop, phe, phh, and phl) indicates
transcription from a o™ RNA polymerase-dependent promoter sharing sequence
similarity with the o™ consensus promoter sequence. In each case, transcription
of the phenol hydroxylase operon is regulated by a phenol-inducible
transcriptional activator located in divergent orientation immediately upstream
from the regulated operon. These transcriptional activators belong to the NtrC-

family of transcriptional activators (99), are constitutively expressed at low levels
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NADPH,, 0 O

phenol hydroxylase (Phy)
O (T. cutaneum) (45)

NADP* e OOH

phenol hydroxylase (Dmp)
{Pseudomonas CF600) (77)

toluene dioxygenase (Tod)
{Pseudomonas putida F1) (120))

toluene-2-monooxygenase (T2MO)
{Burkholderia cepacia G4) {37)

CH,

toluene-4-monooxygenase (Tmo)
(Pseudomonas mendocina KR1) (119)

OH

Figure 3. Deduced composition of representative hydroxylating mono- and di-
oxygenases involved in microbial metabolism of aromatic compounds. (Fd) denotes
ferredoxin-type [Feg-So] center. (R) denotes Rieske-type [Feg-So] center.
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from a separate promoter and are self modulated by the presence of phenol to
allow expression of the catabolic enzymes only when substrate is present (68, 75,
95, 101, 109). Expression of the toluene-3-monooxygenase operon
(tbuA1UBVAZ2C) is activated by a similar regulator, termed TbuR, in the presence
of toluene and other inducing compounds. In contrast, the TbuT coding region is
located downstream of the catabolic genes and within the same operon. The tbuT
gene is driven by read-through transcription from the o™ -dependent tbu
promoter located upstream from the catabolic genes. Basal levels of expression
from the tbu promoter appear to promote tbuT read-through transcription and
expression of low levels of TbuT in the absence of inducing substrate (9). When
an appropriate inducing compound (or effector) is present, transcription of the
entire tbu operon (including tbuT) is elevated as long as effector is present. A
diagram of the genetic organization of these operons and their respective
transcriptional activators is provided in Figure 4.

Transcription by o™ dependent RNA polymerase is regulated by a distinct v
class of positive activators. The transcription of these regulators is self-
modulated in response to environment'al‘- or metabolic signals. This group of
activators regulate a variety of physiological processes including nitrogen
assimilation and‘ fixation, hydrogen oxidation, alginate utilization, - dicarboxylic
acid transport, pilus formation and degradation of aromatic compounds. One
common feature of all these processes is that none are strictly essential for cell
survival. The o™ dependent regulators usually exert their regulatory effect 100
to 200 bp or more upstream from promoters they regulate most often through
binding to a conserved nucleotide sequence composed of perfect or imperfect
inverted repeats within this region. Environmental or metabolic signals (which
can be accomplished through nhosphorylation, protein:protein interactions or

direct effector interaction with the DNA bound regulator) result in modulation of
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Figure 4. Genetic organization of representative phenol and
toluene degradation genes and their respective transcription
activators. The operon designations are as follows: mop, phenol
hydroxylase (20); dmp, phenol hydroxylase (99); phl, phenol
hydroxylase (68); phh, phenol hydroxylase (75); tbu, toluene-3-
monooxygenase (9) and tmno, toluene-4-monooxygenase (119).
Homologous genes common to each operon are indicated by similar
shading and the deduced peptide functions are as follows: ( )s
oxygenase component; ( B), effector/activator peptide; (B ), oxygenase
component; ( 7 ), oxidoreductase component; ( ), transcriptional
activator.
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the regulator to an active form. The DNA bound activator protein contacts the
promoter bound inactive 6*-RNA polymerase to form a loop of the intervening
DNA. In some cases, loop formation appears to be facilitated by integration host
factor (IHF). In a still unclear mechanism, the activated régulator leads to ATP
hydrolysis which provides the energy required for activation of o™*-RNA
polymerase to forrn open transcriptional complexes. Transcription is then
initiated from a -24/-12 promoter that differs considerably from the more typical
-35/-10 type of promoters recognized by o °-RNA polymerase. This alternate
promoter is defined by conserved -24 GG motif and -12 GC or -12 GG motif in
the consensus sequence of TGGCAC-N5-TTGC upstream from the transcriptional -
start site (67, 98).

The o“-dependent regulator proteins are composed of three functional
domains. Thesé domains are involved in signal reception, o™-RNA polymerase
activation and DNA binding. Each domain is separated by linkers which vary in
length. The COOH-terminal domain is the shortest and contains a helix-turn-
helix DNA-binding motif typical of those found in other franscriptional activators
and repressors. The central activation domain is about 240 amino acids long and
is highly conserved among this class of transcription regulators. The activation
domain can be subdivided into functional regions which include motifs implicated
in ATP binding and hydrolysis. The amino-terminal signal reception domain is the
least conserved domain in the entire family of o‘“-dependent regulators.
However, homologies of aligned signal domains appear to fall into subgroups
which reflect the mechanisms by which activation is modulated (i.e.
phosphorylation, protein:protein interactions or direct effector interaction).
Those which are activated directly by the effector include those genes involved in
degradation of aromatic compounds such as multicomponent phenol hydroxylase

and toluene-3-monooxygenase. These regulators are activated directly by their
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respective aromatic substrates, some intermediates and/or structural analogues
(9, 75, 95, 101).

‘At least in the case of DmpR, direct binding of the effector molecule with
the activator protein appears to stimulate ATPase activity and subsequent
activation of transcription (102). Thus, the specificity of effector recognition by
the regulator is intimately involved in determining the range of compounds that
can activate the subsequently modulated operon. Given the promiscuous
substrate range of phenol hydroxylases and toluene monooxygenases in general,
changes in effector recognition and subsequent induction of catabolic genes
lends itself to metabolic diversity. | This has been demonstrated in the
manipulations of the pWWO-encoded benzoate metabolism pathway (1, 90).
Here, the substrate range of the pathway was expanded through selective
mutation of the effector protein (XylS) of the benzoate operon. This effector
protein (XyIR) also belongs to the NtrC-family and is homologous to DmpR of
Pseudomonas sp. CF600 (pVI150) (98).



CHAPTER I

WHOLE CELL KINETICS OF TRICHLOROETHYLENE DEGRADATION
BY PHENOL HYDROXYLASE IN AN ALCALIGENES EUTROPHUS
JMP134 DERIVATIVE

Introduction

Like many other chlorinated hydrocarbons, trichloroethylene (TCE) has
become a significant and important environmental pollutant because of its toxic
properties and widespread occurrence in ground water. TCE, a U. S.
Environmental Protection Agency priority pollutant, is the most commonly
reported volatile organic pollutant of ground water in the United States (89).
While there are no reports of bacterial growth 'on TCE as a sole carbon and
energy source, co-metabolic oxidation of TCE by nonspecific catabolic
oxygenases has been described for several types of microorganisms (21) and is
perhaps fhe best studied compound subject to aerobic co-metabolism.

The application of bacteria for the aerobic bioremediation of TCE has been
proposed and investigated for a wide variety of microorganisms. The most
critical factors in cbnsideration for such studies are the specific activity of the
cells for TCE and the possible formation of toxic intermediates. For example, in
wild type Ps. putida and Ps. putida F1, in which TCE oxidation is mediated by
toluene dioxygenase, observed inhibition of growth has been attributed to
covalent modification of cellular molecules through reactive products from TCE

degradation (37 , 114). In each case, the rate of TCE removal declines rapidly in
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batch cultures when it is supplied at initial concentrations greater than 10 yM or
80 uM, respectively. Furthermore, it has been shown that growth substrate
added to induce the catabolic genes involved in oxidation of TCE can be
competitive inhibitors of TCE conversion (25,

Most studies on the kinetics of aerobic TCE degradation have been done
with methane- and toluene-utilizing mixed and pure cultures (54, 79, 37, 113,
62, 74, 26, 80). In fact, limited data on the kinetics of aerobic ’PCE'degradation
by phenol induced monboxygenases and possible toxic effects of TCE oxidation
metabolites are available.

Alcaligenes e)utrophus JMP134 is able to degrade TCE by an inducible
chromosomally encoded phenol hydroxylase (35). We have ‘p'reviously reported
isolation of the chromosomally encoded phenol hydroxylase genes through
complementation of a mutant deficient in phen01 degradation with a JMP134
genomic cosmid library (48). ‘,Subclo'ning restriction fragments from this cosmid
resulted in a recombinant plasmid conferring phenol hydroxylase activity and
TCE degradation in the absence of phenol induction. Preliminary studies using
this construct have shown a high capacity for TCE removal in the absence of
aromatic induction with limited sensitivity to TCE-mediated toxicity (49) and
exceilent potential for use in the biological remediation of TCE contaminated
aquifers.

The purpose of the work presented here was to determine the whole-cell
kinetics of constitutive TCE degradation by suspended batch cultures of AEK301
' containing the recombinant plasmid, pYK3021. We also wished to examine the
degree of TCE degradation using a variety of non-inducing carbon sources in an

effort to optimize TCE removal.
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Materials and Methods

Bacterial strains, plasmids, media, growth conditions and chemicals.
Alcaligenes eutrophus AEK301 is an A. eutrophus JMP134 derivative deficient in
phenol metaboliém by the generation of a Tn5-induced mutation and is resistant
to rifampin and kanamycin. The recombinant plasmid pYK3021 contains an 8.6
kb Xhol-BamH]I fragment in the pMMB67EH vector and confers TCE degradation
in the absence of phenol induction and resistance to carbenicillin when placed in
AEK301 (48). Cultures of A. eutrophus AEK301 with and without pYK3021 were
maintained at 30°C on minimal salts medium (MMO) (107) supplemented with 20
mM sodium citrate of tryptone-yeast extract-glucose medium (ITNB) (81). Unless
otherwise indicated, MMO was also supplemented with benzoate (2.5 mM),
citrate (20 mM), sodium citrate (20 mM), gluconate (20 mM), lactate (20 mM),
malate (20 mM), or 0.3 % c‘asarnino» acids. Concentrated stock solutions of each
carbon source were prepared and adjusted to a pH of 7.0 with NaOH where
necessary. When required, 50 pyg/ ml of carbenicillin, 150 pg/ml of rifampin or
100 pg/ml of kanamycin were added to the growth medium. Yeast extract,
tryptone and agar were purchased from Difco. Other media additives, bovine
serum albumin and chromatography quality n-pentane were all purchased from
Sigma. Chromatdgraphyquality trichloroethylene (TCE) and 1,2-dibromoethane
(EDB) were purchased from Aldrich. Teﬂon'/ butyl septa and reactor vials were
purchased from Fisher Scientific.

Analytical methods. TCE was measured by gas chromatography analysis
with a Hewlett-Packard 5890 gas chromatograph equipped with a 25 m cross-
linked methyl silicone gum capillary colummn (Hewlett-Packard) and electron
capture detection systemn. Peak integrations were obtained with a Hewlett-
Packard 3390A integrator. The following operating conditions were used:

injector temperature, 150°C; detector temperature, 250°C; column temperature
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40°C to 100°C at 20°C/min; helium carrier gas flow 6 ml/min. Under these
conditions TCE and EDB (internal standard) in pentane extracts had retention
times of 2.2 and 2.9 minutes, respectively.

Standard TCE degradation kinetics assay. AEK301/pYK3021 was
grown in MMO containing 10 mM sodium citrate, kanamycin and carbenicillin at
30°C shaking at 180 RPM to mid-log phase at an optical density of 0.6 to 0.8 at
425 nm. Cells were harvested by centrifugation at 8000 x g for 10 minutes. Cell
pellets were then suspended in fresh MMO containing 10 mM sodium citrate to
an optical density of 1.0 at 425 nm. Thé cultures were then returned to 30°C
shaking at 180 RPM. After one hour, 2 ml samples were dispensed into 20 ml
glass vials and crimp-sealed with Teflon/butyl septa. The appropriate volume of
an 8 mM TCE stock was added by injection through the septum with a gas-tight
syringe (Hamilt_on, Reno, Nev.). The vials were inverted and returned to 30°C
shaking at 180 RPM. At the appropriate time, the reactions‘ were stopped by the
addition of 2 ml of n-pentane containing 1 ppm EDB. EDB was added as an
internal standard to correct for GC sampling imprecision. The vials were placed
at room temperature on a shaker platfoi‘m fof 15 minutes and then céntrifuged at
4000 x g for 10 minutes to aid in the separation of the organic phase. Following
centrifugation, approximately 0.5 ml was transferred with a gas-tight syringe to a
Teflon/butyl septum-sealed vial. A 1 yL. sample was then removed and analyzed
on the GC for TCE concentrations. Control samples of sterile medium gave TCE
recoveries of 95-97% under these conditions. The daté represent an average of
two or more samples. TCE stocks of 8 mM were prepared by completely filling a
20 ml glass vial containing eight 3-mm diameter glass beads (to facilitate mixing)
with sterile water. Once crimp-sealed with a Teflon/butyl septurn with no

trapped air, the appropriate volume of pure TCE was added by injection through
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the septurri whiéh was then allowed to dissolve completely overnight at room
temperature with constant mixing.

No-headspace assay. Cultures were incubated and prepared as
described above. Following the 1 hour pre-incubation, approximately 2 ml of cell
suspensions and a glass bead (3-mm diameter) were placed in a 2-ml crimp-seal
vial were sealed with Teflon/butyl septa with no trapped air. The glass bead was
added to facilitate thorough mixing of the contents. The appropriate volurne of an
8 mM TCE stock was added by injection through the septum with a gas-tight
syringe and the vials were incubated at 30°C with constant mixing. At the
appropriate time, the reactions were stoﬁped by the transfer of 0.5 ml of TCE-cell
suspensions to sealed vials containing 0.5 ml of n-pentane and 1 ppm EDB. The
vials were placed at room temperature for extraction as described above and 1 uL
of the organic phase was analyzed on the GC for TCE concentrations.

Protein determinations. Cell suspensions were solubilized by the
addition of 0.2 volumes of 5 M NaOH and heating at 85°C for 10 minutes.
Following the addition of 0.2 volumes of 4 M HCI, the total protein concentrations
were determined by the Lowry assziy (59). Bovine serum albumin which had
been treated with NaOH, heat and HCI in parallel was used as a standard in these
assays. '

Calculations and equations. The doubling time (dt) in hours of batch

cultures was determined during the logarithmic phase of growth according to :

T, -To

[log,(N4) - loga(No)]

where T, = the time at the end of logarithmic phase, T, = the time at the beginning

of logarithmic phase, N; = the optical density of the culture at 425 nm at the end
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of logarithmic phase, N, = the optical density of the culture at 425 nm at the
beginning of logarithmic phase.

The air-water partitioning behavior of TCE was expressed by using a
modified Equilibrium Partitioning In Closed Systems (EPICS) equation developed
for predicting the partitioning of volatile C1 and C, chlorinated hydrocarbons with
a dimensionless Henry’s law constant which has been adapted for studies
conducted at different temperatures f31). The total moles (M) of a volatile solute
added to a sealed reactor vial will be partitioned at equilibrium according to the

following:
M =C; [(Vi/ Ho) + Vi

where C; = concentration (pM) of TCE in the gas phase or headspace, V, = the
volume of the aqueous phase in the reactor, V, = the volume of the headspace in
the reactor and H, = dimensionless Henry's constant for TCE which was
previously determined to be 0.492 at 30°C. The K,, which is the Michaelis
constant for cellular kinetics and is analogdus to K, for enzymatic reactions, and
Vmax Were determined from the axis intercepts from a Lineweaver-Burk double-

reciprocal plot.

Results and Discussion
Effects of substrate on TCE removél by AEK301/pYK3021. While
TCE degradation by AEK301/pYK3021 occurs in the absence of phenol
induction, the apparent rate of TCE co-metabolism varies depending on the
carbon and energy source provided (48, 49). To further characterize this
observation and optimize TCE removal by AEK301/pYK3021, the degree of TCE

oxidation was examined with a variety of non-inducing carbon sources.
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AEK301/pYK3021 was grown to mid-log phase in MMO supplemented with
different substrates or enriched medium (TNB) and subjected to a standard TCE
degradation assay at an initial concentration of 40 yM TCE. After two hours the
reactions were stopped by the addition of pentane and the remaining
concentration of TCE was determined by GC analysis. While measurable
amounts of TCE were removed from all reaction mixtures within two hours, the
degree of removal varied gréatly between substrates. MMO containing citrate,
sodium citrate or gluconate provided the highest degree of TCE removal while
MMO containing malate or enriched medium (TNB) provided relatively poor TCE
removal capacity within two hours (Table 4). The doubling time for .
AEK301/pYK3021 in MMO supplemented with these different substrates or
enriched medium (TNB) was also determined (Table 5). Examination of the
doubling time showed a wide range from 1.2 hours in enriched medium to 2.6
hours in MMO sﬁpplemented with citrate. Comparison of the observed doubling
time and TCE removal capacities in the various media shows some interesting
correlations. MMO containing citrate, sodium citrate or gluconate had the
slowest doubling times (2.6, 2.5 and 2.4 hours, respectively) yet provided the
greatest TCE removal capacity of the carbon sources tested. Similarly, MMO
supplemented with malate or TNB had the fastest doubling times (1.6 and 1.2
hours, respectively) while providing relatively poor TCE removal capacities. No
significant effect on doubl_ing time was observed in the presence of 40 uyM TCE
(Table 5). These data indicate the existence of carbon catabolite repression
affecting the metabolism of TCE by phenol hydroxylase in AEK301/pYK3021.
The addition of citrate or sodium citrate to the growth medium appeared the least
repressive. Additional testing revealed no significant difference between the
addition of 10 mM or 20 mM sodiurn citrate (data not shown). Therefore, sodium

citrate at a concentration of 10 mM was selected as the carbon source in MMO



Table 4. Effect of carbon source on TCE degradation by

AEK301/pYK3021
TCE Decrease
Carbon Source Concentration Remaining (uM)® (%)
benzoate 2.5 mM 23.4 41.5
casamino acids 0.30% 12.3 69.3
citrate 20 mM 1.2 97.0
gluconate - 20mM 6.5 83.8
lactate 20mM 23.0 42.5
malate ~ 20mM 37.4 6.5
sodium citrate 20mM NDe >99.9
TNB? - 38.5 3.8

*TNB, tryptone-yeast extract glucose medium

Pfollowing two hours of incubation at 30°C and an initial concentration
of 40 uyM TCE ’

°ND, not detected
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Table 5. Doubling times of AEK301/pYK3021 in minimal medium
supplemented with various carbon sources or enriched medium

Doubling time (hours/generation)
Carbon Source Concentration Without TCE 40 uM TCE?

benzoate 2.5 mM 2.0 2.1
casamino acids 0.30% 1.8 1.8
citrate 20 mM 26 2.5
gluconate 20 mM 24 _ 2.5
lactate - 20mM 1.7 1.8
malate 20 mM : 1.6 1.7
sodium citrate 20 mM 25 24
TNB - 1.2 1.2

*TCE was added by injection to sealed cultures during early
exponential phase. '
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for all TCE degradation assays.

For bacterial genes encoding catabolic enzymes, regulation depends on the
availability of the respective carbon source. However, if one carbon source is
more rapidly metabolized than another,.function of the catabolic enzymes for the
less rapidly metabolized carbon source can be decreased by a regulator process
commonly referred to as carbon catabolite repression (CCR). CCR of the phenol
hydroxylase catabolic genes has beeri shown in Ps. putida H and is mediated by
inhibition of a phenol hydroxylase-specific transcriptional activator and
subsequent reduction in transcription of the phenol hydroxylase catabolic genes,
thus interfering with phenol induction of this catabolic enzyme (68). CCR was
observed with »the addition of glucose, succinate, lactate or acetate. Phenol
hydroxylase in Ps. putida H was least affected by the addition of pyruvate or
citrate. Pyruvate was the least repressive of all carbon sources tested and it
would be interesting to test TCE degradation by AEK301/pYK3021 in MMO with
pyruvate as the carbon and energy source. |

Time course of TCE degxidation by AEK301/pYK3021. In previous
studies of AEK301/pYK3021, TCE degradation was monitored over a period of
fnany hours or even days (48, 49). For the purpose of determining the whole-cell
kinetics of TCE degradation by AEK301/pYK3021, TCE degradaﬁon was instead
monitored for three hours at 15 minute intervals at two different initial
concentrations of TCE (16 yM and 80 uM). The negative control (AEK301 alone)
was unable to degrade detectable amounts of TCE. For each initial TCE
concentration tested, an initial lag period of approximately 40 minutes was
observed prior to the onset of TCE degradation by AEK301/pYK3021 (Figure 5).
Following the initial lag, the rate of TCE degradation by AEK301/ pYK3021 at an

initial concentration of 80 pM TCE was sustained and remained essentially
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Figure 5. Degradation of TCE by AEK301/pYK3021. (&) AEK301/pYK3021
at an initial concentration of 16 uyM TCE, (8 AEK301/pYK3021 at an initial
concentration of 80 uM TCE, (0) negative control AEK301, at an initial
concentration of 80 uM TCE. Cultures where grown in MMO supplemented
with 10 mM sodium citrate to mid-log phase, harvested by centrifugation
and suspended in fresh medium to an optical density of 1.0 at 425 nm.
After one hour at 30°C, 2 ml samples of each strain were then distributed
into vials' and sealed. Reactions were initiated by the injection of TCE
through the septum. Samples were collected in duplicate every 15 minutes
for a total of three hours. Each data point represents the average of two or
more samples and error bars are provided where visible.
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constant for a period of almost two hours until TCE was no longer detectable.
This differs significantly from TCE degradation by Ps. putida F1 or Methylosinus
trichosporium where the rate of TCE degradation is sustained only 20 to 60
minutes, respectively (113). Following an initial burst of TCE degradation, the
rates declined rapidly and even at initial concentrations of 15 yM TCE added to
induced cultures of Ps. putida F1, significant quantities of TCE remained in
reactor vials even after 6 hours of incubation (113). These studies suggest that
TCE may be toxic to Ps. putida F1 or Methylosinus trichosporium through the
formation of toxic intermediates. The sustained rates of TCE degradation by
AEK301/pYK3021 suggest that the degradation of TCE by this construct is not
affected by thé formation of toxic intermediates at the levels tested.

Whole-cell kinetics .of TCE degradation by AEK301/pYK3021. To
gain insight into the kinetics of TCE degradation by whole cells of
AEK301/pYK3021, 5-minute assays (beginning 50 minutes following the addition
of TCE to reactor vials)' were conducted at various initial concentrations of TCE.
For seven different initial TCE concentrations ranging frorh 16 yM to 1600 uM,
TCE degradation rates and total protein determinations were made. These
results, illustrated in Figure 6 and summarized in Table 6, represent the
averages of at least two different samples. The velocity or rate of degradation for
each concentration was determined (nmoles/min/mg total protein) and these
values were plotted as a function of the initial TCE concentration (Figure 7) to
generate a Michaelis-Menten plot for whole-cell kinetics. The rate of TCE
degradation by AEK301/pYK3021 was linear from 16 uyM to 800 yM TCE. The
rate observed at 1600 uyM TCE was similar to that observed at 800uM TCE
indicating saturation or inhibition of the catabolic enzymes at this point. It is
interesting to note that the rate of TCE degradation continues to increase at

concentrations that are known to inhibit other enzymatic systems (113). At 320
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Figure 6. Rate of TCE degradation by AEK301/pYK3021 at initial substrate
concentrations of (A) 16 uM, (B) 40 uM, (C) 80 uM, (D) 200 uM, (E) 400 uM,
(F) 800 uM and (G) 1600 yuM. Cultures where grown in MMO supplemented with
10 mM sodium citrate to mid-log phase, harvested by centrifugation and
suspended in fresh medium to an optical density of 1.0 at 425 nm. Following 1
hour pre-incubation, 2 ml samples were then distributed into vials and sealed. In
each case, sample collection began 50 minutes after the addition of TCE. Each
data point represents the average of two or more samples and error bars are shown.
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Table 6. Whole cell kinetics of TCE degradation by AEK301/pYK3021

Initial [TCE] TCE Consumed Total Protein (TP) Rate
M) (nmoles/min)  (mg/mi) (nmoles /min/mg TP)

16 0.144 0.253 £ 0.006 0.57

40 0.299 0.238 + 0.026 1.26

80 0.724 0.321+0.016 2.26

200 2.010 0.342 + 0.013 5.88

400 3.355 0.297 + 0.010 11.30

800 7.240 0.312 £ 0.008 23.21

1600 5.890 0.273 £ 0.004 21.58
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Figure 7. Whole cell kinetics of TCE degradation by AEK301/pYK3021. The
initial rates of TCE degradation were determined and are plotted as a function of
initial TCE concentration. , B
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uM TCE TCE degradation by Ps. putida F1 no longer occurred. In methane
induced Methylosinus trichosporium OB3b, toxicity was apparent at
concentration of 70 uyM TCE and cell suspensions were not able to degrade higher
concentrations of TCE (79). These studies suggest that TCE may be toxic to Ps.
putida F1 and/or Methylosinus trichosporium OB3b by direct disruption of
catabolic activity or by general toxicity during the degradation of TCE resulting in
the loss of activity. The linear rate of TCE degradation by AEK301/pYK3021 up
to a concentration of 800 uM TCE would suggest these eﬂ“eéts are limited during
the degradation of TCE. »

Kinetics parafneters were estimated by transforming the data (Table 6) to
produce a Lineweaver-Burk plot (Figure 8). The apparent K and V., were then
estimated to be 630 uM and 22.6 nmoles/min/mg total protein. The rate of TCE
degradation by AEK301/pYK3021 is much higher than those reported for similar
systems. | For example, the highest obsérved rate of TCE degradation by P.
putida F1 was 1.8} nmoles/min/mg total protein at 80 yM TCE and dropped
rapidly at concentrations higher than 300 uyM TCE (113). Further, the observed
rates of TCE degradation by AEK301/pYK3021 were sustained for long periods
of time compared to the initial burst followed by rapid decline of TCE removal
rates reported in P. putida F1 and wild type (37, 113).

No-headspace assay. Although TCE is highly volatile, for convenience it is
often reported as an aqueous concentration in closed systems containing both air
and water phases. This could be considered misleading when reporting kinetics
data. To determine the effects, if any, of ’DCE volatility and phase partitioning on
the before mentioned Kkinetics, a no-headspace assay was developed for
comparison. Degradation of TCE by AEK301/pYK3021 is an aerobic process
and dependent on available oxygen. In such a closed system with no headspace

to replenish the consumed dissolved oxygen, it is likely that oxygen would
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Figure 8. A double-reciprocal or Lineweaver-Burk plot of TCE degradation
kinetics data by whole-cells of AEK301/pYK3021 for determination of V,,, and

K K is the Michaelis constant for cellular kinetics and is analogous to K, for
enzymatic reactions.
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become a limiting factor in such an assay. Accordingly, the degradation of TCE in
a no-headspace assay was examined at a low concentration of TCE (initial
concentration). The rate of TCE degradation was determined to be 0.538
nmoles/min/mg total protein at an initial TCE concentration of 21.6 uM in a no-
headspace assay and compared to the rates observed at 16 uM and 80 yM TCE
(uncorrected) (Table 7). This rate is comparable to the rate observed in the
standard assay at 16 uM even though the aqueous concentrations are different.
When compared to the rates observed at 80 yM in the standard aésay where the
aqueous concentration of TCE (17.7 uM) is more similar, the rate of TCE
degradation in the no-headspace assay was significantly lower. These results
suggest that the redistribution of TCE from the gas phase into the aqueous phase
occurred faster than the rate of degradation and was not a limiting factor in the
well-mixed standard assay. Similar observations have been reported by Folsom,

et al (26).

Conclusions

In this study, the kinetics of TCE degradation by AEK301/pYK3021 whole
cells were examined in the absence of aromatic induction. TCE degradation by
this cohstruct' 1s subject to cafbon catabolite repressidn. Thé most repressive
carbon sources (malate and enriched medium) were also the most rapidly
metabolized as determined from the rate of growth. The least repressive carbon
source of those assayed, citrate or sodium citrate, was selected as the carbon
source of choice for optimal TCE degradation. TCE degradation by
AEK301/pYK3021 is preceded by a lag time of 40 minutes followed by rapid,
sustained TCE degradation. This lag was not observed in TCE degradation of
phenol induced wildtype JMP134 (49) and is likely the result of TCE-mediated
induction of the catabolic genes. The K, and V,_,, for TCE degradation by



Table 7 Comparison of the standard TCE degradation assay with a
no-headspace TCE degradation assay

Assay Method Total TCE Uncorrected Aqueous Relative Rate Rate
(nmoles/vial) [TCE](uM) [TCE]uM)* (nmoles/min) (nmoles/min/mg TP)
90 % 32 16 - 3.53 ~ 0.144 0.568
headspace : ‘
90 % 160 80 17.70 0.724 2.255
headspace h
no-headspace 40 21.6 21.60 0.112 : 0.538

2determined using a dimentionless Henry's law constant adjusted for the assay temperature and
accounting for the reactor volume and sample volume according to the equation provided in
Materials and Methods.

(474
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AEK301/pYK3021 whole cells were determined to be 630 yM and 22.6
nmoles/min/mg total protein, respectively. This construct is an ideal candidate
for in situ remediation studies based on the following attributes: (1)
AEK301/pYK3021 is able to degrade significant quantities of TCE at relatively
high and sustained rates in the absence of aromatic induction and (2) sensitivity
to TCE-mediated toxicity and metabolite toxicity is limited and high
concentrations of TCE appear to bé Well tolerated by the system. Bench-scale
studies involving continuous culture and substrate challenge to characterize the
effectiveness of this construct would provide valuable insight into the

remediation capacity of this genetically engineered microorganism.



CHAPTER IV

COMPLETE NUCLEOTIDE SEQUENCE AND ANALYSIS OF THE PHENOL
HYDROXYLASE GENE CLUSTER FROM ALCALIGENES
EUTROPHUS JMP134

Introduction

Alcaligenes eutrophus JMP134 utilizes phenol as a sole carbon and
energy sourcé. Phenol is oxidized in this bacterial strain to catechol, which is
further oxidized through meta ring cleavage to form substrates of the
tricarboxylic acid cycle (84, 85). The initial step in this pathway is catalyzed by
an inducible, chromosomally encoded phenol hydroxylase which can also co-
metabolize trichloroethylene (TCE), a common ground water pollutant.

The locus for phenol hydroxylase has been identified in a JMP134-derived
Tnb5-induced mutant (termed AEK301) that lacks both phenol hydroxylase and
catechol 2,3-dioxygenase activities by complementation with a genomic cosmid
clone (termed pYK301) (48, 49). The genes for phenol hydroxylase and catechol
2,3-dioxygenase activity were mapped, subcloned, and expressed independently
in the pMMBG67EH expression vector. One such subclone, termed pYK3021,
expressing phenol hydroxylase activity is able to degrade TCE in the absence of
aromatic induction. To further characterize the region encoding phenol
hydroxylase activity, the complete nucleotide sequence of this region has been
determined and is presented in this chapter. Analysis of the nucleotide sequence
and the putative polypepeﬁde products of the phenol hydroxylase gene clusfer

from pYK3021 is also presented.
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Materials and Methods

Bacterial strains and plasmids. The bacterial strains and plasmids used
in this study are listed in Table 8. Strains of Escherichia coli were grown with
aeration at 37°C in Luria-Bertani (LB) medium (61). Cultures of Alcaligenes
eutrophus were grown with aeration at 30°C in minimal salts medium (MMO)
(107) supplemented with 10 mM sodium citrate. Antibiotics were used at the
following concentrations: ampicillin, 100 pug/ml (E. coli) and carbenicillin, 50
ug/ml (A. eutrophus).

General DNA protocols. Preparation of competent E. coli cells and
plasmid transformation were performed as described by Inoue, et al. (41).
Plasmid DNA was isolated by rapid alkaline-sodium dodecyl sulfate extraction (5).
For highly purified plasmid DNA, extraction was followed by sedimentation on
cesium chloride-ethidium bromide density gradients. Purified plasmid DNA
dissolved in sterile TE (10 mM Tris, pH 8.0 and 1 mM EDTA, pH 8.0) was
quantified by measuring the absorbance at 260 nm. Restriction enzyme
mapping, agafose gel electrophoresis and electroelution of DNA fragments from
agarose gels were performed using standard procedures (4, 61).‘ Restriction |
endonucleases and T4 DNA ligase were purchased from Bethesda Research
Laboratories (BRL) while shrimp alkaline phosphatase was purchased from
United States Biochemical Company (USBC), and each were used according to
the directions of the suppliers. RnaseA and X-gal were purchased from Sigma.
Nested deletions were performed using the exonuclease III Erase-a-Base kit
(Promega) as directed by the manufacturer.

| Nucleotide sequence determinations. Various restriction fragments
from pYK3021 were separated by agarose gel electrophoresis, isolated by

electroelution and subcloned into the multiple-cloning site of the pBSIKS+



46

Table 8. Bacterial strains and plasmids relevant to this study.

Strain or plasmid Relevant characteristics?® Reference or source
Strains
A. eutrophus JMP134 Prototroph, Phl*, Tfd*, Hg" 17
A. eutrophus AEO106 Prototroph, Phl*, Tfd", Hg 39
derivative of JMP134

A. eutrophus AEK301 Rif", Phl", C230", Km" derivative of 48, 49

AEK106
E. coli DH5a recAl, ®80AM15m A(lacZYA-  BRL
: argF)Uu169
E. coli STBL2 recAlmerAA(merBC-hsdRMS-nmur) BRL
: A(lacAYA-proAB) '
Plasmids
pBSIIKS+ Amp’, lacZ Stratagene
pVK102 IncP, cos*, Ky, Tcr 51
pMMBG67EH Amp*, Tac expression cloning 29
vector
pYK301 Tcr, 16.8 kb Hindlll fragment of 48, 49
AEOQO106 DNA in pVK102
pYK3021 Amp’, 8.6 kb Xhol/BamH]I 48, 49

fragment from pYK301 containing
the phlIKLMNOPRX genes cloned
into pMMBG7EH

2Abbreviations: Amp, ampicillin; Hg, mercury; Km, kanamycin; Rif, rifampin; Tc,
tetracycline; Phl, phenol hydroxylase; C230, catechol 2,3-dioxygenase;
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sequencirig vector (Stratagene). Unidirectional deletion libraries of the resulting
plasmids were generated and the nﬁcleotide sequence of both strands was
determined by the dideoxy method (94) aided by an Applied Biosystems
automated sequencer. Gaps in the sequences obtained from deletion libraries
were determined by using custom-designed synthetic oligonucleotides.

Computer analysis. The sequences were entered, aligned, edited and
analyzed using the Sequencher sequence assembly/analysis software version
3.0.1 (Gene Codes Corporation) and MacDNASIS pro DNA and protein sequence
analysis system software version 3.0 (Hitachi). The nucleotide and deduced
amino acid sequences were compared with GenBank and SwissProt databases
using the BLASTX and BLASTP programs.. The nucleotide and deduced amino
acid sequences were also analyzed by the University of Wisconsin Genetics
Computer Group (GCG) software package; Motif Finder program at the University
of Kyoto, Japan; Pfam program at the Sanger Centre, UK and the TMPred
program at ISREC, Switzerland. |

Results and Discussion
Nucleotide sequence analysis. The nucleotide sequence of the 8.6 kb
| Xhol / BamHI insert in pYK3021 was determined. Examination of the nucleotide
sequence from the phenol hydroxylase-encoding region revealed eight tightly
clustered open reading frames (ORF’s) that were designated phlK, phlL, phiM,
PhIN, phlO, phlP, pth and phlX (Figure 9). The phlKLMNOPR gene cluster
appears to comprise an operon and is preceeded by two regions which show
significant homology to o“-dependent operator/promoter regions. Upstream of
pPhiK a om-dependent -24/-12 consensus promoter sequence of TGGCAc-N5 -
TTGC was identified (Figure 10, nucleotides 194 to 208) (98). Comparison of the

putative phIKLMNOFPR promoter region with the -24/-12 promoter sequences of
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Figure 8. Physical and genetic map. The plasmid pYK301, a cosmid clone expressing inducible phenol hydroxylase activty, was
previously subcloned intoc the pMMB67EH vector {48, 49) to generate the plasmid pYK3021 which, when placed in AEK301, expresses
TCE degradation in the absence of aromatic induction. DNA sequence analysis of the 8.6 kb Xhol/BamHI fragment from the plasmid
pYK3021 required for phenol hydroxylase activity in AEK301 has revealed eight open reading frames. Database searches of the
deduced amino acid sequences revealed the putative gene products indicated above. The arrows indicate the divergent transcription
of the phiX transport facilitator gene and the phenol hydroxylase operon which is composed of the phIKLMNOP phenol hydroxylase
genes and the phiR positive regulator. Examination of the nucleotide sequence upstream of the phenol hydroxylase operon has
revealed o%4-dependent promoter-like sequences (designated P). A DNA region exhibiting homology with the TbuT, XyIR and DmpR-

binding sites and an overlapping region homologous to the binding site for the integration host factor (IHF) were also identified in this
promoter region. phlX appears to be transcribed constitutively from the vector-encoded promoter.
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CTCGAGATTCTTATCAATTGATGAAACCGGTCGCCCCGCGAAGATGGCGCGGATCTCATC
i

WWFCCACAGGGMGGNCCWGGCGCACAGGNGGGGCCCCGAAAT
I RRRRE

CCGGTGGAGTACCCCGCCATCCCTCACGTTCCAAGGGTTTTGCAATGCAGCATCACTGCA

~24 -12
ccccmmcccc@m@mmec&ccccmmscmccw

RBS
TCGCAACCGGGGCAGCAARAGCAAGAAAGACATGACATTCACCAAGGAGATATCCCAT GGC
M A

GCTTTTGGAACGCGCAGCCTGCTACGACATTGCCCGCACAACGAACTGGACGCCGACGTA
L LERAAWYDTIARTTNWTU®PTY

CGTCGCCGAGTCCGACCTTTTCCCGGAGGTCATGGCAGCGGCGCAGGGCGTGCCCATGGA
VA E S DULVPFPEVMAGAUGQGVPME

AATCTGGGAAACCTATGACGAGCCCTACAAGACGTCGTATCCGGAGTACGTCCGCATTCA
I WETTYDEUPYI KT S Y P EYVRTIDOQ
Xhol
GCGCGAGAAGGACGCCGGCGCCTATTCCGTGAAGGCCGCGCTCGAGCGCAGCCGCATGTT
R E K DAGAY S VKA AALEIZRSGSI RMMTF

CGAGGACGCCGATCCCGGCTGGCTGTCGATCCTGAAGGCGCATTACGGCGCCATCGCGCT
EDADPGWIL S ILIXKAHYSGA ATIA AL

' CGGCGAATACGCGGCGATGAGCGCGGAGGCGCGCATGGCCCGCTTCGGCCGCGCGCCAGE

G E Y A AMSGS AEARMARTEFGTRAUPG

GATGCGCAACATGGCCACCTTCGGCATGCTCGACGAGAACCGTCACGGGCAATTGCAGCT
M R NMATV FGMILUDENDNIRIHGO QTLOQTL

CTACTTTCCGCACGACTACTGCCCCAAGGACCGGCAATTTGACTCGGCGCACAAGGCCTA
Y F P HD Y CPI XD ROQTFDWAUHI KA ALY

'I’CACACCAACCAATGGGGCGCGATCGCCGCCCGCAGCACC’ITCGACGACCTGTTCATGTC
H TN QWG ATIW AARSTT FDUDTLTFMS

Complete nucloetide sequence of the phenol hydroxylase gene cluster from

JMP134. Nucleotide sequence of the 8620 bp region required by AEK301 for TCE degradation
in the absence of aromatic induction. Some restriction sites are shown for comparison with
Figure 8. The coding strand is given for the first seven putative open reading frames (ORFs).
The eighth ORF is divergently encoded and the nucleotide sequence of the non-coding strand is
given. The region similar to the consensus o*-dependent promoter is boxed and labeled -24
and -12. Putative Shine-Delgarno (RBS) sequences are underlined and translation start signals
are shown in boldface type. The deduced amino acid sequences of the first seven ORFs are
displayed in single-letter code below the respective codons and above the eighth ORF. The
DNA region containing the 13 bp imperfect inverted repeats and with homology to the TbuT,
XyIR and DmpR-binding sites is indicated by arrows. The location of a putative IHF-binding
site is indicated by the horizontal hatched bar located below the respective sequence.
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XhoI
CCTCATCTCGAGCATCCAGACGGACGAGTCGCGACACGCGCAGATCGGCGGCCCGGCACT
L I 8 s I ¢ T D ESURHAOQTIGUGU?PA AL

GCAGATCCTGATCGCCAACGCCGCGCAAGGAGCAGGCGCAGCAGCTCGTGGACGTCGCCAT
Q I L T AN GURIKEZOQAUQQULVDVATI

TGCACGCGCATGGCGCCTGTTCTCCCTGCTGACTGGCACGTCGATGGACTACGCCACGCC
A RAWRTLUP FSLLTOGTS MDY ATP
Pstl

GCTGCAGCATCGCAAGGAGTCATTCAAGGAGTTCATGACGGAATGGATCGTCGGCCAGTT
L Q HRKESV F KEVFMTEWTIVGOQTF

CGAGCGCACGCTGATCGACCTCGECTCTCGACCTGCCCTGCTACTGGGACCAGATGATCAA
ERTULTIDULGILIDULUPW Y WDOMTIN

TGAGTTCGACTACCAGCACCATCCCTATCAGATGECCATCTGCTTCTCGCGGCCGACCET
E F DY QHUHAYOQMGT IWT FWRUPTUV
Xhol
CTGGTGGAACCCGECCGCCGGCATGACGCCGCACTGCCCTGACTGGCTCGAGGAAAAGTA
WWNUPAAGMTU®PDCIURUDWDLETEIKY

TCCCGGCTGGAACGACACGCTTCGGCAAGGCCTGGGACGTCATCATCGACAACCTGCTTGC
PG WNDTV FG K AWDVITIUDNDNTIUELILA

GGGCAGGAAGGAATTGACCGTCCCCGAGACCCTGCCCATCGTCTGCAACATGAGCCAGTT
G R K EL TV 9P ETILUPIVCNMMSGQTL

‘ Xhol
GCCAATCTGCGCGGTGCCCGGCAACGGCTGGAACGTCAGGGACTATCCGCTCGAGTACAA
P I C A V P GNGWDNUVIRDYPILUEYVYN

CGGCCGCACGTACCACTTCAACTCCGAGATCGACCGCTCGGTCTTCCAGCAGGACCCGGT
G R T Y HFNSETIUDU RWVF FQOQDUPUV

GCGCTACCGCGACCACCTCACCCTGGTCGACCECTTTCCTCGCCGGGCACATCCAGCCGCC
R YRDHL TULV DRV FLAGIHTIA GQU?®P?P

CGACCTGGGGGGCGCACTCCGGTACATGAACCTCGCCCCCGGCGAGATTGGCGACGACGC
DL GGALURYMNIULAPUGETITGUDT DA

ACACCAGTACGCGTGGCGTAGAGGCCTACCGCCGCCAGCGCGAACAGAACAAGGCCGCCTG

H Q Y AWV EAZYUZ RIRUGQTREU OQONIK A Astop

RBS
ACGCGGCCATCAGATGGAGGATGACA T GGCACTGTTTCCAGTGATTTCGAATTTTCAGTA
M AL F P VI SNTFOQY
PstI
CGACTTCGTGCTGCAGCTCGTCGCCGTCGATACGGAGAACTCGATGGACGAGETAGCGGC
D F VL QL VAUV DT TENDNSMDEV A A

Figure 10 - Continued
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I ¢ P HQ DIUPULAW AETGI KT FUDG RUVLM

GCCGGGCCCACCAGTGGACCTTCGATGCCAACACAGGCAAGGGCATCAACCCCGGTGGGT
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GCCGECTTGCCGAGTATGCCCTCAAGGTGGATGCGCGACGACATCCTCATCGCTGTCGAGG
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GCGTCGAACCACTGTTCGCCAACTGCTGATATTGCACAGGAATCGATCA T GAGCAAAGAC
G V E P L F A N C stop : M 8 K D

CACAACACCGCCGAGGCCTACCGAAACAACCGCGTCGGCCCCGTACTGCGCGCGAGCAGC
H NTAZEAYURWDNNU RV GP VL RAS S

ATCACCTCCCGCGTCATCGAGGCCECCCCAGGAAGACAACCCAGGGAAGGAAATCCGCGTC
I T s GV I EAAOQEU DNDNU®PUGI KT ETITRYV

GACGACAAGCTCGCATACGTGCGCATCGACACCGACGGCGAACTGATCCTGCGCCGGGCC
D P KLAZYV VR RTIUDTDGETLTITU LI RIRA

ACGCTGGAGGATGCGCTGGGCCGCCCGTTCAGGATGTCCGAGCTGGAGGTCAACCTCAGC

T L £EDALGRPUFIRMSETLEUVNILS

TCGTTCGCGGGCCGCATCGAGACTACGGACGACTACGTCCGCTTCTATTACGAAAAGACG
S FAGRTIETTUDUDYVRTFYYEIZ KT

RBS
CTGTAACCGGAGACGAGCA T GACCACGCAACCCGACGTCCTCAAGCCGCTGAAGACCTGG
L stop M TTQ PD VLI XUPULI KTW

AGCCACCTGGCCGCGCGCCGGCGCAAGCCCAGCGAGTACGAGATCGTCTCGACGAACCTG
S HL A A RRRIKUPSEVYETIUVS TNIL

CACTACACGACCGACAACCCCGACGCGCCGTTCGAGCTCGATCCGAACTTCGAGATGGCG
H Y TTUDWNUPUDA APV FETLUDUPNTFEMA

CAGTGGTTCAAGCGTCACCGCAACGCCTCGCCGCTGAAACACGCCGACTGGAACGCCTTC
Q WF KR HRDNASUPTULI KU HAUDWNATF
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CAAATGGGATCCGCCTACCTGACGCAGATGGCCCCCGCATCCACGATCTCGARCTGCGCC
Q M 6 s AYLTOQMAPA ASTTISNTCA

GCCTACCAGACCGCCGACTCGCTGCGGTGGCTGACCCACACCGCATATCGCACGCGAGAG
A Y QT ADSTLRWUILTHTA AYURTRE

CTGTCTCAGACCTTCCGCGACCTCGCCTTTGGCACCGACGAGCGCAGGTACTGGGAGCAG
L s QT F GDVGGF G TDEU RI RYWE Q

GACCCGGCCTGGCAGGGCTECGCGCAAGCTGGTCGAACACGCCCTCGTGGCATGCGACTGG
D P AW QGW®RIEKTILVEUHBALUVAWDIDW

GCAGAGTGCTTCGTCGCCTTCAGCCTGRTATTGCGGCCGGCGATGGAGGAAGCCGTCCTG
A ECPF VAPF SLVILIZRPAMETEH- AUVTEL

CGCGGECTTCGCGAGGCEECGCGCCACAACGECGACACCCTGCTCGGCCTGCTGACTGAC
R GL GEAARUHENGDTULULGULUL TD

GCGCAGCTTGCCCGACGTCCAGCGGCACCGGCACTGEGECCGCCGCGCTCGTCCGCATGGCC
A QL ADV QRUHRUEWAGATLVYVUZ RMA

CTGGAGACECCGGGCAATCGTGACGTGCTGGCCGGCTCGATTGCCCGGTGCGGCGCCGCTC
L ETP?P GNRDVILAGSTIAIRWAPL

GCGGACGATGCAATCAGTGCCTACTGCGCGGCGTTGCCCGACGCGCCGAACGCGAAGGCG
A DDA ATISAYOCA AU ATLUPUDA APNDNA- AIKAZA

CGGGCCTGCGCEGCCETECECGACTTCTGGGACAGCATCGGCCTCCCAGSTCTGTAACGE
R ACAAVRERUDTFUWDSTIGTILA A G L stop
RBS '
AGGACATGCCGGGCGATACGACTCAACAGCCACCATCGGAACCCTA T GARATACCAGATA
M K Y QI

TCGATCGAAGGCGGCGCGETETTCACCGTCGCCCCGGAGGAAGACACGCTGCTGCGCGGC
S I E GG AV F TV AAETEUDTTULTULRG

GCCCTGCGCGCCCCGCATGGCCCTGCCGCACGACTGCAGCGTGGGCGGCTGCGGCGCGTGC
A L RAGMALUPHETGCSUVGGCGALC

CGCTTCGACCTTGTGGACGGGCTCATGGAATCCCTCTGGCCTGAGGCGCCCGGCCTGTCC
R F DLVDGILMESVWUPEA AUPGTL S

GAGCGTGACCGCAAGCGTGGCAAGTACCTTGCGTGCCAGTCGCGGCCGCTAAGCGACTGC
E RDIRIEKRGE XK YL ACOQS RUPULSDOC
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ACGATACGTGTGCGCTGCGACGAATCGTATCGCCCGGCGGTCCGGGCCCATCGCCGCGCA
T I RV RCDESYQRUPA AUV RAHT RITRA
EcoRI
GCGGAACTCCTGGCACGCCGCGCGCTGACCCCTGACATGAGCGAATTCACGTTCCGGGTT
A E L L ARRALTTU®PUDMMSU EUPF TV F R YV

CCAGGCGCGACCGAGTTCCGGCCCGEGCCAGCTACGCGCTGCTCTACCCGCCCCGTGCACCG
P GATZETFRPGOQVYAILTLYU®PUPRATP

GGCGCCCGCGCCTATTCGATCCCCAACCTGCCCAACGAGGAAGGCATCTGGAAGTTCGTG
¢ A RA Y s M ANTLUPNETETGTIWIZ KT FUV

ATCCGCCGCECTGCCCGGCCGGGCTGGCAGCAACGCGCTGTTCGACCAGGTCGGAATCGEG
I R RV PGGAGSDNALT FDOGQV G I G

GACAGCGTCGTGCTCGACGGGCCCTACGGCCACGCCTACCTTCGTGAGGACAGTGCCCGC
D sV vV>LDG?P Y GHAUYTULUREUDSA AR

GACATTGTCTGCATCGCCCETCCCTCGGGCCTGGCGCCAATCCTGTCGGTCCCACGCGGA
DI VCI AGSGS S GLAPMTLSVARG

GCACTCGCCGGTAGCCCTTCCCGCCGCGTCCACTTCTTTTATGGCGCCCGGGCGCAGGLT
‘AL A G S G S RRVHFVFYGARG QA

GACCTCGGTGCCCTCGACCCCCTGGAAARACTTGCCGAAGACAAGCGGGTTACGCTGTCG
DL G¢GALUDA ATLEIZ KT LA AEDI K RVYVTULS

GTGGCACTGTCCGCACCGGAGAGCACCTGGAAGGGGCCAACGCGGTTCGTGCACGAGGAA
VAL S AUPESTWIE KT GT?PTGT F V HEE

GTCGAGCGTAACCTGACAGCTTCCCTCGGCAGCTACGACTTCTATTTTGCCGGGCCGCCA
VERWNILTH ASTU LGS SYDVFYT FA AGT?PZ?P
Kpnl
CTCATGATCGAAGCCATGCAGGCGCTCCTGATGCACAAGCACCAGGTACCGTTCGGGCAG
L M I EAMQALI LMHI KU EHEQV?PF G Q

ATCCGCTTCGACCGCTTTGTCTAGGCCGGCGACATCTGCCTTGGCACGCACAGCGCACAG
I R F D R F Vstop

CCGCGACACCGGATAGCCTGATEGCAAATGCCGCGTGCGATTACCAATCGCCATATCTGG

AAGTTGGCGATAAGCTCCTTCTACCGAGCACTACATGGCCTGCGGCGGCCGGTGGATATC

GGT'CCCCGGACTGEGACCCCGCGAGGCGCGACACCCCECCTCGCGCGTCCGCAACCGCGCCA

RBS
GTCGCGATTGAGGAAATCA T GGCGAAGAGGCATCCCGGAAAACCCAAGTCCGGCTCACCG
M A XKRHPGI KU?PIK S G S8 P

GCGCAAGGCCATCCCGGCCGGAATCAGAAGCGCGAGTCCCCCGAGGCAATCCGGGTGCCG
A Q GH P GRNOQI KRESUPEWA ATIRUVEP

GCGATCCACGACCTCGCCAAGCGCCTGCGCTTCGCGCCGCAACAGGGTCGCATCTGGTTG
A I HDLAIZXU RILU RPFAPOQOOQGT RTIWL

Figure 10 - Continued
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GACGACCAACGCATGATGCTAATGCACATCAGCTCTCTTGGCGCCTTGCGGCAAGAACTG
D DQRMMILMHETIS S STILGH ALIUZRUGQETL

ATCGAAAGCCTTGGCAAGGAAACAGCGCGCGGACTGATCACCCGTATCGGCTACCAGGCC
I E S L GG KET ARUGLTITRTIGY QA

GGCACGCGGGACGCAGCGATGGCGCGCAAGGTCCGCGCCGGCCTGAACACCTATGACGAC
G T RDAD AMARI KV VRERAGTELNTYDTD

TTCCTGGCCGGTCCACAACTGGTCTCGCTCGAGGCTATGCTGCATTGCGAACCGGTGGCG
F L AG?P QL V SLEGMVYVYHCEU?PUVA

CTGGACATCGATGTCCAGCCTGGCCACTACTTCGGCGATTTTTATCTGGTGGACAGCTCC
L DI DV QRGHY F D VF Y L VD s s

GAGGCGGAAGCCCACATCGCCGGCTATGGTATCGGCAATGAATCCGTGTGCTGGATGCTG
E A EAHBEIAGYGGIGNESUVCWMIL

ATCGGTTATGCATGCGGCTATACCAGTGCCTTCATGGGCCECTCCCATCCTGTGGAGGGAA
I GY¥YACGY TS AF MG RPTIULMWR RE

ACCGAATGCCGGGCGATCGGGCATCTGAAATGCCCCCTGCTAGGCAAGCCGGTCGAGGAA
T ECRGMGHV KCRVVYV G KUPVEE

TGGGAAGACGCCCAGGACGACCTGCGCTTCCTGAGGATCGGCGATTTCGTCAAATGGGCA
W EDOAOQDDI LRV FULRTIGDT FV KWA

CCGGTGGACGAGGCGGCCCTGCCCGCCACGAGCCEGCATCECGGCGCGECTGTCCAGCGCC
P VDEAALUZPU AT S RTIM AARTILS S A

CCGGAGAACAGCTTCGGCGTGCTCGGCATCTCCCCCGEGCTTCAACACCGTCTGCCACATG
P ENSF GVV I SAGFNTUVCHM

GICAACAAGGTGGCGCCCACCGACGCCACCGTECCTGTTCCTCGGGGAAAGCCGCTGTTGGC
VNI KVAPTUDATVILUF FULGES GV G

AAGGAAGTCTTTGCGAACAACCTGCATCGCCTGAGCAAGCGCGCCGACGGCCCTTACGTC
K EV F A NNUILHURILS KURADGU?PVYUV

GCGGTGAACTGTGCGTCCATTCCGGAACACCTGATGGAATCCGAGTTATTCGGCGTCGAG

A V N CA 5S I PEHTLMES ST ETLTFGVE

CGCGGCGGCTTTACGGGCGCCACCACATCCCGCGCCGECCGCTTCGAGCGGGCCGATGGT
R GGG F T GGATTSURWAGTRFETRA ATDG

GGCACGCTGTTTCTCGACGAGGTCGGCACACTGAGCTTCACGGCACAGGGAAAGCTGCTG
¢ T L FLDEUV GGTTU LS FTAUGQGI KTLTL

CGCGCGCTACAGCAGGGTGAGATCGAGCGTGTGGGCGATACACGCACCCGGARAGTCAAC
R AL Q Q GEI ERV GDTTURTITRIEKUVN

GTCAGGGTGGTTGCCGCCACGAACGTGAACCTGCGTGAAGCTGTCAAGGCTGGCCACTTC
VRY VA ATNVNTLREA AVI KA AGHTF

CGCGAGGATCTGTTCTTCCGGCTGAACGTCTTTCCGATCCAGGTGCCGCCGCTGCGAGAG
R EDULVF F RLDNVF FUPIOQUVPPULRE

Figure 10 - Continued
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CGCCGCGACGACATCCCGCTCATGATGAACTGGTTCCTCCAGCGCATGGCACGCAAGCAT
R RDDIUPILMMDNWYPFLOQI RMARIKIEH

GACAAGCACATCACCGGCTTCCGCGAACGCGCCCTGGACGCGATGTTCGCCTATGACTGG
DK HTITSGT F®REUZRAVDAMTP FAYTDW

CCCGGCAACGTCCGAGAGCTGGAGAACATGATCGAGCGCCCGGTCATTCTGGCCGAGGAC
P G N VRETLENMMTITEURAVTITLAETD

GGTGGCGCGCTCGACCTGTGCCACCTGTTCACCAGCGGCGAGGAAGTTGATACCACCGCT
G 6 AL DULCHTLUPFTS G EEVDTTA

TTCATGCTGAAGCGCAGCGGCAGCATCGGACGCGTCAGCGAAGCCAGCGAAGCGGAATCG
F ML KRS G S I GRV S EASEATE S

CCGCCGAGCECTGCCGAAGGGCGACCTGGTCTGGCCGAAACGGAGGTGGCCATGCTGCGT
P P S A AEGRUPGLAETEUVAMTELR

GCAGCCGTTGCCGAAGCCAACGGCAATCTGTCGCGCGCAGCCCGGGTGTTGGGAATCAGC
A AV A EADNUGDNTLSU®RAARUVILGTI s
PstI
CGTCCGACGCTGGCGTACAGGCTGCAGAAATACGGCATTACGCCTGAAGCGCAATGACGA
R P TLAYRTILGOQI KT TYOGTITT?PE A Qstop
: {stop) F R K
AATGCCCCCCEECGCGECCGCATAGCCCTGCECCAGGGGECTCGCTGCGCTAGAAGCGCT

R YALVANUILIUGQSUHRVYVTULUPVATN

TGCGGTATGCCAGAACCGCGTTGAGCTGCGAATGCCCGCACGGTGAGCGGTACCGCAGTAT
KpnI

P Q S ANGVTZXUPULVV S LAV FDTIA

TCGECTGGCTCGCGTTCCCCACGGTCTTTGGTAACACCACCGACAAGGCAAAATCGATCG

DDKGFAYTAGGSULTTTU®PTIA ATFP
CGTCGTCCTTCCCGAATGCCTAAGTCGCGCCGCCACTCAGGGTGGTCCTGGGAATGGCCG

VVALILMGNZPTIA AEUGQAYUHT FGSGR
GCACAACGGCTAGCAGCATGCCGTTCGGTATGGCTTCTTGCGCATAGTGGAACCCGCCGC

VTWASDTFRTYA AVGLGTFTVNTTDR
GCACCGTCCAGGCCGAATCGAAACCGTACGCCACGCCAAGGCCGAACACGTTGGTATCGC

Y NQ PL 8L DULNAGGRTT FTUVN 1
GGTAGTTCTGCGGTAGCGACAGGTCGAGGTTCGCGCCCCCACGCGTGAAGGTGACCTTGA

DRMYV S 8 WUPFVROQOYDASA ASTULRE
TGTCACGCATCACGCTCGACCAGAACACTCGCTGGTAGTCCGCCGAAGCCGACAGTCGCT

N FQHSIGVTV FOQA APMUGQT FUDIZ RUVR
CGTTGAACTGGTGCCTGATGCCCACCGTGAACTGCCCCGGCATCTGGAAGTCCCGCACCC

VEG s L PINGA AV TSV AATLTAQ
TGACTTCGCCGCTCAGCGGAATGTTGCCCGCGACGGTGCTGACAGCCGCAAGCGTGGCCT

G RL DGV RTI KA ANYATLGVRTTD?P
GCCCGCGAAGATCGCCCACCCGCGTTTTCGCGTTGTAGGCCAGTCCTACGCGGGTATCGG
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T I DYTULGUILI KGGTIGWA AUDA ASGGG
GCGTCATGTCGTAGGTCAGCCCCAGTTTTCCGCCCATGCCCCAGGCATCGGCCCCGCCAC

V PA SNJST FGL Y 66 G S L G PV S L L
CGACGGGCGCGCTGTTCGAGAAGCCCAGGTACCCCCCGGAAAGGCCGGCCACGGAAAGCA
KpnI
T P VL S G SV RZRIGQSALTG I QTV
GCGTGGGCACCAGCGAACCAGACACCCGCCGCTGGCTGGCAAGCCTGCCGATCTGCGTGA

DLLTOGILWNULSTMWVYVADTU LS AGTILT
CGTCGAGCAGCGTGCCGAGATTGAGCGACGTCCAGACCCCATCCAGCGAGGCGCCGAGCG

L XDTUPIRYAVAFPIIRILVYVLTULIZ RS
TCAGCTTGTCCGTCGGCCGATAGGCCACCGCARACGGAATGCGCAGCACCAGCAACCGGG

F ODL GTQUV GGNSTRSIUILTFS S G G
AGAACTGGTCCAGGCCCGTCTGCACGCCATTGGACGTGCGCGACAGGAAACTGCTGCCCC

Yy 0T 6GL G A EAVPFIGAGTILA ATINDH
CGTATTGCGTACCGAGGCCCGCCTCCGCAAAGATTCCGGCGCCTAGCGCGATGTTGTCAT

R Y VFAAEUPATFYUPGNIDNNGUHNG
GACGGTAGACGAACGCGGCCTCGGGCGCAAAGTAAGGCCCGTTGTTGTTGCCCTGGTTGC

S RATEGTATNTA AT KTIODTTVTVMD
CGGACCGGECCETCTCGCCCETTCCCGTATTGGTCECCTTGATCTCGETGCTCACCATGT

L GL HL HNGEM AMILGTU LT AUPUNA AWM
CGAGCCCAAGATGCAGGTGATTCCCCTCCGCCATCAGGCCAAGTGTTGCCGGATTCGCCA

‘M A AP GIUDTV FAAGT G GMA ARG SUVEP
TCATCGCCGCTGGCCCCGATCTCGAAGGCCGCTCCGEGTCCCGCCCATAGCGCGEGGAAACTG

G F G ELNVF VDTAGA APTGTCAAR-A
GACCAAAGCCCTCCAGGTTGARCACGTCCGTTGCTCCCGCTGGTGTTCCCGCACGCCGCAG

C L AVAVRVYNGRUVILTEI KTDNE
CGCATAGCGCCACGGCCACGCGAACGTAGTTGCCTCTCACGAGTGTCTCCTTGTCATTTT

P S L S AR P M(RBS)
CGGGGGATAGCGAAGCGCGCEGC A TCGCCGCGGAAACGGACGAGCCTCCGCATTCGCAGA

GTGATGCCTGCGGCCGGCCTGGCGTTGCAGCGCGGTCGCGTCAGTCGTATTGCAGAAGCC
GTACCAGCTCGGCAGGCCACTCCGCTAAATCTCGATATTTACAGGGAAAACCAfGAGGGT
TTTCCGTCTCGACATGACCCTCCGCATGGACCTCCAGCTCCGTGCGACGCCTCTTGTCTC
AATTTGACGATATGATCTACGCATCAGAATGTCCCGGTTTCATCAAATGATCGAATCCGG

TGTGCGCGTGGGACGCTCCTTGCATCGCCCGGTAGGATCC
BamHI

FigurelO - Continued
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P1 from Burkholderia pickettii PKO1 (8), Pu from P. putida mt-2 pWWO (1) and
Po from Pseudomonas sp. CF600 pVI150 (101) indicated that the phl promoter
has a high degree of nucleotide sequence homology to these GM;dependent
promoters (Figure 11).

Inducible expression of all known o&-dependent genes depends on and is
positively regulated by enhancer-binding transcriptional activator proteins which
typically bind to specific sequences located 100 to 200 bp upstream from the
promoters they regulate (98). Consistent with this, a 63 bp enhancer-like
palindromic region located 176 bp upstream of the putative phlKLMNOPR
promoter was identified (Figure 10, nucleotides 18 to 62). This putative operator
region contains a 13 bp imperfect inverted repeat and shares a high degree of
identity with ‘transcriptional activator binding sites of the tbu, xyl and dmp
operons (Figure 12) (9, 15, 99). Overlapping this region is a 13 bp region
homologous to the core integration host factor (IHF) consensus-binding site of
WATCAANNNNTTR (W = A/T, R = A/G) (13) (Figure 10, nucleotides 57 to 69).
IHF, a DNA bending protein, has been shown to facilitate loop formation and is
associated with several o&-dependent transcriptional activators (83). Core IHF-
binding sequences have also been found near the transcriptional activator
binding sites of the tbu, xyl and dmp operons (Figure 12) (9, 15, 99).

An eighth OREF, termed phlX, was found downstream and encoded
divergently of the phlIKLMNOPR gene cluster. Examination of the region
upstream of phlX revealed no obvious promoter or operator sequences.
Considering its proximity to the vector promoter, it is likely that phiX is

transcribed constitutively from the vector-encoded promoter.
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Figure 11.

CCTTGGCACAG
c**TGGCA* *G

c‘oT C"a"»"”c""

+1
+1

+1

putative phlK promoter
Pl promoter

Pu promoter

Po promoter

consensus

DNA sequence alignment of the phl promoter region and the promoter region of

related 054-dependent promoter of P1 from B. pickettii PKO1, Pu from P. putida mt-2 pWWO,
and Po from Pseudomonas sp. CF600 pVi150. Where determined, the transcription start site is
indicated with a +1 designation. The -12 and -24 consensus sequences are indicated above the
sequences as such. A consensus sequence of these promoter regions is given below the

sequence. Uppercase letters in the consensus sequence indicate 100% identity while lowercase
letters indicate 75% identity.
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GGCCGCGCGARGAT-GGCH ? putative PhlR-binding site
GACCLGATGCCGG~TEECC ~145 TbuT-binding site
-116 XylR-binding site
-1£3 PmpR-binding site

tearcaTTGAT AR CGeCreressservescacsaege.gAt+TgaTCAAA-aCtgaal ¢ consensus
WATCAANNNNTTR

< THF >

Figure 12. DNA sequence alignment of the putative PhIR transcription activator binding site with palindromic regions
containing the TbuT, XyIR and DmpR o54-dependent transcriptional activator binding sites upstream of P1, Pu and Po
promoter regions, respectively. The 13 bp imperfect inverted repeat is indicated by arrbws above the respective
sequence. The location of a common putative IHF-binding site is shown below the sequences. Where determined, the
position relative to the transcription start site is indicated adjacent to the respective sequence. A consensus sequence
derived from the comparison is displayed below the sequence alignment. Uppercase letters in the consensus sequence

" indicate 100% identity while lowercase letters indicate 75% identity. To maximize alignmerits, gaps were introduced and

are indicated by dashes.
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Comparison and analysis of the deduced amino acid sequences.

The deduced amino acid sequence of all eight ORF’s identified is shown in
Figure 10. Results from database searches of the deduced amino acid sequences
(summarized in Table 9) revealed significant identity and homology between the
putative polypeptide products of the phlIKLMNOP genes and several
multicomponent enzymes involved in the hydroxylation of phenol. The putative
phIR gene product shares significant homology to TbuT, DmpR and XylR ¢*-
dependent transcriptional activators. The eighth ORF, phiX, encodes a putative
polypeptide with considerable homology to several putative aromatic transport
facilitator proteins.

(1) PhIK, PhlO and PhIL. The first ORF, termed phlK encodes a putative
polypeptide 502 amino acids in length with a deduced molecular mass of 57.6
kDal and represents the largest product of the putative catabolic enzyme. It was
found that PhIK shares homology with oxygenase components of several toluene
monooxygenase and phenol hydroxylase systems, including TbuAl from toluene-
3-monooxygenase of Burkholderia pickettii PKO1(8), BmoA component from
benzene monooxygenase of Pseudomonas aeruginosa Ji104 (50), TmoA
component from toluene-4-monooxygenase of P. mendocina KR1 119), DmpN
component from phenol hydroxylase of Pseudomonas sp. CF600 (77) and MopN
component from phenol hydroxylase of Acinetobacter calcoaceticus (20). Amino
acid sequence alignment of the above proteins is shown in Figure 13. Two copies
of the amino acid sequence motif (D/E)X(~30)DEXRH have been identified in
each peptide aligned (Figure 13). This motif contains potential iron iigating
residues which are indicated and are associated with four non-contiguous a-
helices (not shown) resembling the structure of class II diiron proteins as in the

R2 component of E. coli ribonucleotide reductase (27). Consistent with the
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"Table 9. Organization of the phl open reading frames and comparison of
deduced products with homologous genes

phl Coordinates Number of kDal Similar % aa % aa Function
ORF (nt)* aa residues (deduced) gene® identity®  similarity®
{deduced)

phlK 296-1801 502 57.6 tbuAl 93 97 oxygenase component
bmoA 72 84 oxygenase component
tmoA 67 82 Timo component
dmpN 24 49 oxXygenase component
mopN 27 51 hydroxylase component
phlD 24 49 hydroxylase component
phhiN 24 49 hydroxylase component

phll.  1826-2086 87 9.6 tbuU 91 98 Tbu component
bmoB 67 88 Bmo component
tmoB 44 70 Tmo component

phiM 2094-2429 112 12.1 tbuB 91 g5 ferredoxin protein
bmoC 62 83 ferredoxin component
tmoC 47 71 Tmo component

phiN 2449-2763 106 11.9 thuv 9594 97 Thu component
bmoD1 64 81 Bmo component
tmoD 55 73 Tmo component
thmC 36 54 Tbm component
mopM 27 55 hydroxylase component
dmpM 27 51 hydroxylase component
phhM 27 51 hydroxylase component
phlcC 25 51 hydroxyiase component

phlO 2779-3777 333 37.5 tbuA2 88 95 oxygenase component

' tmoE 55 70 oxygenase component

bmoL 25 48 hydroxylase component
phhL 25 48 hydroxylase component
phlB 25 48 hydroxylase component
tbmbB 24 48 hydroxylase component
mopL 25 48 hydroxylase cdmponent

& Coordinated of open reading frames as in Figure 10.

b Genes noted in the text are as follows: tbu,toluene-3-monocoxygenase; bmo, benzene monooxygenase;
tmo, toluene-4-monooxygenase; dmp, phenol hydroxylase; tbm, toluene/benzene-2-monooxygenase; mop, phenol
hydroxylase; phh, phenol hydroxylase; phl, phenol hydroxylase; xyl, xylene monooxygenase; cumH, cumene
outer membrane protein; xyIN, toluene-specific porin; todX, toluene transport facilitator.

© Sequences were obtained from the GenBank and SwissProt databases using the BLASTP program and
comparisons were performed using the GCG software package from the University of Wisconsin.
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phl Coordinates Number of kDal Similar % aa % aa Function
ORF (nt)* aa residues (deduced) gene® identity®  similarity®
phlP  3826-4824 333 36.1 tbuC 77 86 oxidoreductase
tmoF 37 60 electron transfer component
mopP 31 55 hydroxylase component
phlF 32 54 hydroxylase component
phlR 5059-6837 593 65.1 tbuT 88 93 transcriptional activator
dmpR 46 67 transcriptional activator
mopR 44 64 transcriptional activator
tbmR 45 67 transcriptional activator
xylR 45 66 transcriptional activator
phhR 30 53 transcriptional activator
phiR 47 68 transcriptional activator
phlX 8305-6890 471 49.3 cumH 47 67 outer membrane protein
: xylN 41 64 toluene-specific porin
" todX 45 69 toluene transport facilitator
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Figure 13. The amino acid sequence alignment of PhIK and several related toluene and phenol oxygenase components.
Sequences were obtained from the GenBank or SwissProt databases using the BLASTP program while comparisons and
consensus were performed using the Pileup program of the University of Wisconsin GCG software package. Conserved amino
acids are indicated as dots. Gaps are represented by spaces. Alignment with the difron amino acid sequence motif is given and
the four shaded regions represent conserved amino acid residues believed to serve as potental iron ligand domains of class II
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identification of this motif, in vitro analysis of TmoA and DmpN has indicated that
these two proteins contain a binuclear iron center (86, 88).

The deduced amino acid sequence of phlO (833 amino acids and 37.5
kDal) showed significant identity and homology to TouAl and TmoE components
of toluene oxygenase as well as to DmpL and several other components of various
phenol hydroxylases. TbuAl, TmoE and DmpL peptides are additional
hydroxylase components of their respective systems. The smallest ORF
identified, termed phlL, encodes a putative polypeptide 87 amino acids in length
with a deduced molecular mass of 9.6 kDal which shares extensive homology
with TbhuU and TmoB toluene monooxygenase components and BmoB benzene
monooxygenase compbnent. Biochemical and genetic analysis have suggested
that the proteins similar to PhlO, PhiL. and PhlIK comprise the oxygenase
components for their respective systems. The oxygenase component of Timo
(toluene-4-monooxygenase) is a dimeric protein composed of three subunits
(TmoA, TmoB and TmoE) that contains the catalytically competent diiron centers
and putativé substrate binding site(s) (86). Based on the similarities of size,
amino acid sequence homology and the conserved iron binding domains, it is
likely that PhlO, PhlL and PhIK are subunits of the hydroxylase component of Phl.

(2) PhIM and PhIP. The phiM ORF encodes a putative polypeptide 112
amino acids in length with a deduced molecular mass of 12.1 kDal. Database
searching and amino acid sequence alignments of PhiM show significant
homology to the Rieske-type ferredoxin components TbuB, BmoC and TmoC of
toluene-3-monooxygenase (8), benzene monooxygenase (50) and toluene-4-
monooxygenase (86), respectively. Rieske-type [Fe2-S2] centers are similar in
function to other ferredoxin [Fez-S2] centers but differ with mixed cysteine and
histidine ligation. Amino acid sequence alignment of these four proteins revealed

two regions 16 amino acids apart containing conserved cysteine and histidine
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residues separated by one or two residues (Figure 14). This arréngement
suggests these residues are involved in the coordination of a Rieske-type iron-
sulfur cluster (93).

The phlP gene encodes a putative protein of 333 amino acids and a
deduced molecular mass of 36.1 kDal with significant homology to several
NAD(P)-dependent oxidoreductase proteins including TbuC (8) and TmoF (118)
components of toluene monooxygenases and MopP (20) and PhlF (40)
components of phenol hydroxylases. Based on biochemical, genetic and DNA
sequence analysis of purified protein, TmoF, an NADH-dependent
oxidoreductase protein, contains features consistent with flavin and [Fe2-S2o|
domains (86). Amino acid sequence alignment of PhIP with related
oxidoreductatase peptides shows putative FAD-isoalloxazine ring binding and
NAD(P)-ribose-binding domains conserved in each of these proteins (Figure 15).
In addition, a ferredoxin [Fe2-S2] binding motif which contains four conserved
cysteine residues believed to serves as iron-sulfur ligands has been identified.
Identification of such functional motifs is consistent with observations in other
oxygenases where an FAD-dependent ferredoxin containing flavoprotein

| reductase mediates the transfer of electrons from NADPIH to the terminal
oxygenase component (63).

The deduced composition of Tmo indicates that toluene-4-monooxygenase
is composed of four components. Based on biochemical analysis, TmoF and
TmoC are closely associated components but represent individual components of
the catabolic enzyme (86). Based on the similarities in amino acid composition
and the identification of similar functional motifs, PhIM and PhIP are likely
oxidoreductase subunits of phenol hydroxylase involved in NAD(P)H-FAD-
dependent electron transfer which, in a composition resembling that of Tmo, may

comprise individual components of the catabolic enzyme. However, it is also
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Figure 14. The amino acid sequence alignment of PhIM and related ferredoxin peptides.
Sequences were obtained from the GenBank or SwissProt databases using the BLASTP
program while comparisons and consensus were performed using the PILEUP program of
the University of Wisconsin GCG software package. Conserved amino acids are indicated
as dots. Gaps are represented by spaces. The shaded regions represent conserved

cysteine (C) and histidine (H) residues present in Rieske-type ferredoxins.
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Figure 15. The amino acid sequence alignment of PhlP with related oxidoreductase peptides. Sequences
were obtained from the GenBank or SwissProt databases using the BLASTP program while comparisons
and consensus were performed using the PILEUP program of the University of Wisconsin GCG software
package. Conserved amino acids are indicated as dots. Gaps are represented by spaces. The
boundaries of four functional domains which include (1) a putative ferredoxin 2FE-2S iron sulfur cluster
binding domain containing conserved cysteine (C) residues, (2) a possible FAD-binding domain and (3) a
possible NAD(P}-binding domain are indicated with solid lines above the respective regions (motifs were
identified using the Motif Finder program at University of Kyoto, Japan and Pfam program at the
Sanger Centre, UK).
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possible that PhIM and PhIP are more intimately associated than in Tmo and
could exist together as subunits of the redox component in a composite structure
resembling the three component phenol hydroxylase Dmp (87).

(3) PhIN. The deduced amino acid sequence of the phlIN ORF (106 amino
acids and 11.9 kDal) shares homology to TbuV and TmoD toluene
monooxygenase components; BmoD1 and TbomC benzene and toluene/benzene
monooxygenase components, respectively; and MopM, DmpM, PhhM, and PhlC
phenol hydroxylase components. While these homologous polypeptides are not
associated with ainy known cofactors or redox-active metal ions, biochemical and
genetic studies suggest TmoD and DmpM are essential components of their
respective enzymes and act as dissociable, monomeric effector or activator
proteins which bind to the oxygenase component, enabling interaction with the'
respective oxidoreductase component and subsequent catalytic activity (86, 87).
The similarities in size and composition with TmoD and DmpM suggest PhIN may
play a similar role in Phl catalytic activity.

These data provide strong indications toward understanding the
composition and polypeptide requirements for Phl enzymatic activity of this
multicomponent phenol hydroxylase. Comparisons of amino acid sequence
homolgy and deduced peptide size with the deduced composition of characterized
related mono- and di-dxygenases indicates that Phl most resemble the four
component toluene-4-monooxygenase (Tmo) (86, 118, 119). Biochemical analysis
of Phl would assist in further determining the composition of this aromatic
oxygenase. A schematic representation of the deduced compositions of Tmo,
Dmp and a hypothetical composition of Phl is provided in Figure 16. The
oxygenasé component of Phl is likely composed of three subunits, PhiK, PhiL and
PhlO, which contain a diiron binding motif and a putative catalytic site. The

proposed presence of an NAD(P)H domain, an FAD domain, and a



69

phenol hydroxylase (Dmp)
{Pseudomonas CF600) (77)

toluene-4-monooxygenase (Tmo)
{Pseudomonas mendocina KR1) (119)

phenol hydroxylase (Phl)
(Alcaligenes eutrophus JMP134)
(hypothetical, this study)

Figure 16. Comparison between the deduced composition of Dmp and Tmo
and the hypothetical composition of phenol hydroxylase (Phl) of Alcaligenes
eutropus JMP134. (Fd) denotes ferredoxin-type [Feo-So] center. (R) denotes

Rieske-type [Feq-So] center.
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ferredoxin center suggest a role for PhlP as an oxidoreductase component most
likely associated with the small ferredoxin component, PhIM. Similar to the
deduced role of TmoC, PhIM is most likely an intermediate electron carrier that
functions to assist the transfer of electrons from the oxidoreductase component
to the oxygenase component in this multicomponent phenol hydroxylase.
Perhaps closely associated with the oxygenase component is PhIN which serves
as an effector protein able to assist in complex formation and/or increase
complex stability. |

(4) PhIR. The deduced amino acid sequence of the seventh ORF (phlR)
(593 amino acids and 65.1 kDal) was compared with those in the Genbank and

SwissProt databases, and homology was found with TbuT (82), DmpR (99) and
several other om-dependent traﬁscriptional activator proteins, all members of the
NtrC family of regulatory proteins (19, 98), which activate a variety of genes all

involved in the degradation of aromatic compounds (Table 9). This finding is
| -consistent with the identification of o&-dependent transcriptional activator
binding site and a o‘“-dependent promoter upstream of the catabolic genes
(Figure 10). Analysis of the sequences upstream from the putative ribosome
binding site for the phlR gene revealed no obvious promoter sequences,
suggesting phlR is part of the phIKLNMOP operon.

Although unusual, this configuration in which the transcriptional activator
is located downstream of the catabolic genes and within the same operon that it
controls has been observed in the homologous Thu system of toluene-3-
monooxygenase from Burkholderia pickettii (9). Using lacZ-gene fusions, Byrne
and Olsen (9) demonstrated that the tbuT gene is constitutively expressed at a
low level in the absence of inducing substrate. Activation of TbuT resulted in
transcription of the catabolic genes, (tbuAlUBVA2C) and read-through

transcription of tbuT and increased synthesis of catabolic enzyme and ThuT (9).
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This arrangement differs significantly from homologous transcriptional regulators
reported from other phenol hydroxylase systems (42, 75, 95, 99) where the
regulator genes are typically éelf-regulated but are transcribed divergently from
the catabolic genes (68, 75, 95, 101, 109).

Members of the NtrC family of regulatory proteins activate 054-dependent
promoters and contain three highly conserved domains located in the central and
carboxy regions of the proteins and a fourth less conserved domain located in the
amino region. These domains include: (1) a carboxy-terminal domain containing a
conserved helix-turn-helix DNA binding motif (Domain D), (2) a central ATP-
dependent o™-interaction domain (Domain C) and (3) a léss conserved arnino-
terminal signal reception domain (Domain A). A small, flexible, domain (Domain
B) exists between the signal reception and activation domains. Amino acid
sequence alignment of PhIR and several related o“-dependent transcriptional
activators shows extensive homology which can be. localized according to these
functional domains (Figure 17).

Aromatic effector compounds interact directly with the N-terminal Domain
Aof TbuT, DmpR, XlyR and MopR and are believed to stimulate ATPase activity
in Domain C and subsequent activation of transcription (9, 95, 102).
Transcriptional activation responses of TbuT, DmpR, XylR, and PhhR have
generated an effector specificity profile for each. Each is activated by their
respective aromatic substrate, catabolic interrmediates and several structural
analogues (such as rnethyl-‘ and chloro-substitutes) (9, 75, 95, 101).
Trichloroethylene (TCE) is also able to act as an efficient effector molecule in the
activation of TbuT and toluene-3-monooxygenase (9). Further, TCE is able to
induce toluene- and TCE-oxidizing activities in B. pickettii PKO1 whole celis (55),
which correlates well with previous observations of TCE-mediated induction of

phenol hydroxylase in AEK301/pYK3021 (Figure 5). Point mutations and allelic
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Amino acid sequence alignment of PhIR and several related o54-dependent transcriptional activators. Sequences were
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represent alignment of residues known to be involved in effector binding and subsequent activation in DmpR or XylR.
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exchange of dmpR or xylR which altered amino acid composition of the Domain A
region of their respective proteins, resulted in alterations of the effector profiles
and have implicated several residues believed to interact directly with effector
molecules (Figure 17) (16, 98, 101, 102). These observations suggest that minor
changes in the amino acid sequence of this domain can result in alterations of the
growth substrate range of the organism.-

(5) PhlX. Thé deduced amino acid sequence of phlX (471 amino acids and
49.3 kDal) showed significant homology to CumH, putative outer membrane
protein closely linked to isopropylbenzene (cumene) dioxygenase of P. fluorescens
IPO1 (32); XylIN, putative toluene specific porin of P. putida TOL plasmid pWWO
(115); TodX, putative toluene transport facilitator of P. putida F1 (115); and
lesser homology to numerous other outer membrane proteins. "Amino acid
sequence alignment of PhIX and other related proteins is given in Figure 18.
Analysis of the deduced amino acid sequence of PhIX revealed five putative
transmembrane helices (determined by TMpred) each ranging from 17 to 26
amino acid residues in length which are indicated on Kyte-Doolittle
hydrophobicity plots (Figure 19). In addition, hydrophobicity plots of CumH,
XyIN and TodX are also provided with the location of predicted transmembrane
helices indicated. Considering the apparent lack of promoter sequences
upstream of phiX and its proximity to the vector promoter, it is likely that phlX is
transcribed constitutively in AEK301 from the vector-encoded promoter.

A putative outer membrane protein encoded divergently downstream from
the tbuA1UBVAZ2CT operon, termed TbhuX (not shown), and showing homology to
TodX has also been reported (11). Analysis of the sequences upstream of tbuX
revealed a weak o”'-dependent promoter, a putative activator binding site 300 to
400 bp upstream of the start codon and possible activation by the toluene-

inducible TbuT o“-dependent transcriptional activator (10, personal
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Figure 18. Amino acid sequence alignment of PhIX with similar putative aromatic transport facilitators.
Scqucncecs were obtained from the GenBank databasc using the BLASTP program while comparisons and
consensus were performed using the University of Wisconsin GCG software package.
acids are indicated as dots. Gaps are represented by spaces.
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with values greater than +0.5 are predicted to be membrane embedded. The arrows indicate the location of
predicted transmembrane helices (by TMpred).
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communication). These data suggest a role for this putative outer membrane
protein in toluene metabolism and possibly involvermnent in facilitating the
transport of toluene into the cell where this aromatic compound is able to activate
transcription of tbuX and the tbuAlUBVA2CT operon through acitvation of TbuT
(11, 10). Considering the overall similarities in gene organization, size and
homology of corresponding genes of these two highly homologous gene clusters,
it is likely that PhIX plays a role similar to that of TbuX in the metabolism of
phenol in Alcaligenes eutrophus JMP134. While facilitation in transport of
aromatic substrate is likely, involvement of PhIX and other homologous proteins
in signal transduction or some other similar process cannot be overlooked. It is
interesting to note that constitutive over-expression of trichloroethylene co-
metabolizing phenol hydroxylase catabolic genes in P. putida KN1 resulted in
relatively poor trichloroethylene degradation rates compared to phenol-induced
wild-type. These observations indicate that transport of TCE into the cell rather
than expression of the catabolic enzyme can be a rate-limiting step in TCE
degradation (69). Interestingly, while AEK301/pYK3021 most likely expresses
PhIX constitutively and is able to degrade TCE in the absence of phenol
induction, phenol hydroxylase activity in crude extracts (determined by TCE
degradation) was only observed following incubation of whole cells with TCE (data
not shown) implying the heed for a TCE-mediated induction of the catabolic genes
in this construct. This observation suggests that constitutive expression of PhlX
by this construct facilitates a rate-limiting step in TCE degradation. This rate-
limiting step is most likely TCE transport into the cell or a TCE-media_ted signal
transduction, followed by a TCE-mediated transcriptional activation of the

catabolic genes and subsequent degradation of TCE.
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Conclusions

The complete nucleotide sequence and analysis of the genes involved in
phenol hydroxylase activity and TCE oxidation in the absence of phenol induction
by a JMP134 derivative has been presented. Analysis of the region encoding the
catabolic enzyme has revealed that it is a multicomponent hydroxylase encoded
by six tightly clustered ORF’s which have been designated phIKLMNOP. The
region encoding the PhIR transcriptional activator is located immediately
downstream from the catabolic genes. The phIKLMNOFPR gene cluster appears to
comprise an operon and is proceeded by two regions which show significant
homology to o“-dependent promoters. Analysis of sequences upstream from the
om-dependent consensus promoter sequence revealed the presence of 13 bp
imperfect inverted repeats which share signiﬁcant homology to related o™-
dependent trahscn‘ptional activator binding sites. A sequence thh significant
homology to the core integration host factor (IHF)-binding seéluence was also
revealed vmthm this putative operator region.

Based on deduced amino acid sequence comparisons with the GenBank
and SwissProt databases, the first six genes of the phIKLMNOPR operon appear
to encode for a multicomponent protein involved in the hydroxylation of phenol.
This conclusion is further supported by the identification of a putative ferredoxin
[Fe2-So] iron-sulfur cluster binding domain and a putative FAD/NAD-binding
oxidoreductase domain located within PhIP, a Rieske-type iron-sulfur cluster
binding domain located within PhlM and a diiron binding motif located within
PhlK. The seventh gene, phlR, appears to encode a transcriptional activator of
the NtrC family. The locations of the functional domains of PhIR as a member of
the o“-dependent regulator family have been indicated. This conclusion is
further supported by the identification of a putative ¢ interaction domain, ATP-
binding site and ATP-hydrolysis domain within the indicated RhoN-RNA
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polymerase-activation Domain C and a putative helix-turn-helix motif within the
indicated DNA binding Domain D. An eighth gene, phlX, appears to encode for an
outer membrane protein with five hydrophobic regions (ranging from 17 to 26
residues) having a strong tendency to form transmembrane helices. Considering
the lack of promoter sequences upstream of phlX and its proximity to the vector
promoter, it is likely that phlX is transcribed constitutively from the vector-
encoded promoter. Interestingly, DNA sequences further upstream of phlX
previously reported to contain a regulatory element (48, 49) were deleted by
subcloning in the construction of pYK3021 from the cosmid pYK301 (Figure 9).
Deletion of this upstream DNA fragment resulted in TCE degradation in the
absence of phenol induction by the AEK301/pYK3021 construct. Examination of
this DNA region would be of interest to further characterize the overall regulation'
scheme of thisv interesting cluster of genes.

It is interesting that while Tbu and Phl share extensive homology, growth
substrate ranges of B. pickettii PKO1 and A. eutrophus JMP134 are different.
While B. pickettii PKO1 is able to grow on phenol or toluene as a sole source of
carbon and energy, A. eutrophus JMP134 cannot grow on toluene as a sole
source of carbon and energy. In fact, toluene degradation assays with
AEK301/pYK3021 whole cells revealed only slight toluene degradation activity
(not shown). Further, while TCE is able to induce toluene degradation activity in
B. pickettii PKO1 whole cells, TCE is unable to induce its own degradation in A.
eutrophus JMP134 wild type whole cells. These observations indicate important
differences between these two species beyond the identities of the homologous
catabolic proteins. The observed differences in growth substrate ranges of B.
pickettii PKO1 and A. eutrophus JMP134 could be due to the effector activation
specificities of the regulators of these systems. However, this explanation is not

sufficient to explain the observed differences in TCE-mediated induction of
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enzyme activity in B. pickettii PKO1 and A. eutrophus JMP134. The differences
in growth substrate ranges and TCE-mediated induction of the catabolic proteins
of B. pickettii PKO1 and A. eutrophus JMP134 are likely due to the induction
and/or specificity of the putative outer membrane profeins rather than the

substrate specificities of the catabolic enzymes.



CHAPTER V

DEVELOPMENT OF A PLASMID-FREE, GENETICALLY ENGINEERED
MICROORGANISM FOR THE DEGRADATION OF TRICHLOROETHYLENE

Introduction

Trichloroethylene (TCE) is one of the most common ground water
contaminants in the United States. TCE has long been widely used in numerous
industries as a solvent for degreasing and washing. Although no microorganism
has been identified that can use TCE as a sole carbon and energy source, TCE
has been found to be co-metabolized by organisms growing on a variety of
substrates including methane (58, 79), propene (92), toluene (71, 120) and
phenol (48, 69, 110). We have recently reported on the development of a
genetically engineered Alcaligeries eutrophus JMP134 derivative which is able to
degrade TCE in the absence of aromatic induction (48). The genes responsible
for phenol metabolism and TCE co-metabolism in JMP134 were cloned,
uncoupled from a regulatory gene and subclohed using the pMMBG67EH vector to
generate the recombinant plasmid termed pYK3021 and introduced back into a
JMP134 derivative deficient in phenol metabolism (48). Studies using this
construct have shown a high capacity for TCE removal with limited sensitivity to
TCE-mediated toxicity.

Although recombinant plasmids such as pYK3021 are readily maintained
in bacterial monocultures under the carefully controlled conditions of the

laboratory, they are frequently unstable in the absence of selective pressure or
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when the host organism is subjected to less than ideal conditions such as those
encountered outside of the laboratory. As an alternative to using a plasmid
vector, a transposon-delivery system was examined as a method to insert the
genes responsible for TCE degradation into the chromosome of AEK301 to

construct a strain with improved stability and overall usefulness.

Materials and Methods

Bacterial strains and plasmids. The bacterial strains and plasmids
relevant to this study are listed in Table 10. Strains of Escherichia coli were grown
with aeration at 37°C in Luria-Bertani (LB) medium (61). Cultures of Alcaligenes
eutrophus were grown in txyptbne-yeast extract-glucose agar (INB) (81) or in
minimal salts medium (MMO) (107) supplemented with 10 mM sodium citrate and
2.5 mM phenol where indicated. Antibiotics were used at the following
concentrations: ampicillin, 100 pg]ml (E. coli); carbenicillin, 50 pg/ml (A.
eutrophus); kanamycin, 100 ug/ml, (E. coli or A. eutrophus); and spectinomycin,
50 pg/ml (E. coli or A. eutrophus). Yeast extract, tryptone and agar were
purchased from Difco. Other media additives, bovine serum albumin, NADH and
chromatography quality n-pentane were all purchased from Sigma.
Chromatography quality trichloroethylene (ICE) and 1,2-dibromoethane (EDB)
were purchased from Aldrich. Teflon/butyl septa and reactor vials were
purchased from Fisher Scientific.

General DNA protocols. Preparation of competent E coli cells and
plasmid transformation were performed as described by Inoue, et al. (41).
Plasmid DNA was isolated by rapid alkaline-sodium dodecyl sulfate extraction (5).
For highly purified plasmid DNA, extraction was followed by sedimentation on
cesium chloride-ethidium bromide density gradients. Restriction enzyme

mapping, agarose gel electrophoresis and electroelution of DNA fragments from
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Table 10. Bacterial strains and plasmids relevant to this study.

Strain or plasmid Relevant characteristics® Reference or
source
Strains
A. eutrophus JMP134  Prototroph, Phl*, Tfd*, Hg" 17

A. eutrophus AEQ106 Pratatroph, Phl*, Tid', Hg derivative of 36
JMP134 :

A. eutrophus AEK301  Rif', Phl, C230, K derivative of 48, 49

AEK106

A. eutrophus AEP6 Rif", Phl*, C230", Km" Sp* derivative of This study
AEK301 '

E. coli S17(A\pir) recA, thi, pro, hsdRM" RP4:2- 104

Tc:Mu:Km Tn7, Apir

Plasmids

pUT mini-Tn5 (Sm/Sp} Amp* Sm* Sp’, mini-Tn encoding 14
Sm'/ Sp” with a unique Notl site for
insertion of cloned fragments on hroad-
host-range suicide plasmid

pVK102 IncP, cos*, Kn¥, Tc* 51

pMMBG7EH Amyp’, Tac expression cloning vector 29

PYK301 Tc, 16.8 kb HindlIll fragment of 48, 49

: AEQ106 DNA in pVK102
pYK3021 Amp, 8.6 kb Xhol/BamHI fragment 48, 49

from pYK301 containing the
phIKLMNOPRX genes cloned into
pMMB67EH

aAbbreviations: Amp, ampicillin; Hg, mercury; Km, kanamycin; Rif, rifampin;
Sm, streptomycin; Sp, spectinomycin; Tc, tetracycline; Phl, phenol hydroxylase;
C230, catechol 2,3-dioxygenase.
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agarose gels were performed using standard procedures (4, 61). Restriction
endonucleases, Klenow fragment, dNTP’s (all four) and T4 DNA ligase were
purchased from Bethesda Research Laboratories (BRL) while shrimp alkaline
phosphatase was purchased from United States Biochemical Company (USBC)
and each were used according to the directions of the suppliers. RnaseA was
purchased fromm Sigma. DNA-DNA hybridization was performed using the DIG
High Prime Labeling and Detection kit (Boehn'nger-MaImheim) for random primed
DIG-labeled DNA (with digoxigenin-dUTP) and COlOi' detection of hybrids with an
anti-DIG-alkaline ‘phosphatase conjugate and the colorometric substrates
NBT/BCIP.

Construction of a mini-Tn5 delivery system for the chromosomal
insertion of the phenol hydroxylase gene cluster. A mini-Tn5 transposon
delivery vector, pUT/mini-Tn5 Sm/ Sp (14), developed for generating genomic
promoter fusions and chromosomal insertion of cloned DNA was selected as a
vehicle to moblhze the phenol hydroxylase gene cluster from pYK3021 into the
chromosome of AEK301. The pUT plasmid has a host-limiting, =-protein
dependent R6K origin of replication, carries an oril' for conjugal transfer,
encodes for the transposase needed for transposition of the mini-Tn5 element
and can be maintained in Apir lysogens of E. coli K-12 such as S17(Apir) or
SM10((\pir) (39). In pUT/mini-Tn5 Sm/ Sp,' a unique Notl restriction site is
located within the 19 bp-Tn5 ends adjacent to a streptomycin-spectinomycin
resistance cassette and is suitable for the insertion of foreign DNA fragments and
subsequent mobilization of the inserted DNA and Sm/Sp antibiotic resistance.

The plasmid pYK3021 was first digested with Pvull and Hindlll, and a
10.1 kb DNA fragment containing the phenol hydroxylase gene cluster and the
vector encoded Tac promoter was isolated, bilunt-ended and ligated to Notl

digested, blunt-ended, dephosphorylated pUT/mini Tnd (Sm/Sp) (Figure 20).
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Figure 20. Construction of a mini-Tn5 delivery system for the insertion of the
genes required for phenol hydroxylase activity into the AEK301 chromosome.
A 10.1 kb blunt-ended Puull/HindIll fragment from pYK3021 was ligated to
the Notl (blunt-ended) site of the pUT/mini-Tn5 (Sm/Sp) suicide transposon-
delivery plasmid.



86

This ligation mixture was transformed into E. coli S17(lpir). As previously
observed (de Lorenzo, 1990 #203]), several unsuccessful attempts were made to
recover pUT/mini Tn5 (Sm/Sp) or a stable recombinant plasmid in E. coli
S17(lpir). Thus, transformation of E. coli S17(Apir) with ligation mixture was
immediately followed with conjugation to the final recipient (AEK301) such that
transformants of E. coli S17(Apir) with recombinant plasmid would serve as
donors in conjugation with AEKSOI.

Bacterial conjugation. Following overnight incubation, recipient cells
(AEK301) were harvested from selective medium, washed twice in fresh TNB to
remove traces of antibiotics and resuspended in an equal volume of recovery
medium (34). Following transformation of E. coli S17(Apir) by heat shock with
pUT/mini Tn5 (Sm/Sp) or recombinant plasmid ligations, the cell suspensions in
SOC (1 ml) were mixed with three volumes of washed AEK301. After brief
mixing, cells were pelleted at 3000 x g for 10 minutes, resuspended in 100 uL of
SOC and spotted onto antibiotic-free LB plates. The plates were incubated cell-
side-up at 30°C for 6 to 8 hours. Following incubation, the cells were harvested
in 1 to 3 ml of fresh LB broth and plated on enriched medium containing
kanamycin and spectinomycin to select for resulting trahsconjugants.
Transconjugants were scored for phenol hydroxylase activity, prototrophism and
unselected antibiotic markers (carbenicillin) by replica plating onto appropriate
medium. Preliminary phenol hydroxylase activity was determined in é plate
assay using MMO medium containing sodium citrate as a carbon source and
phenol. This assay relied on a color change that occurs following phenol
oxidation by JMP134-derivatives. Phenol utilizing colonies turn the surrounding
medium dark brown on solid medium containing phenol due to the formation and

autooxidation of accumulated catechol. Prototrophism was determined on MMO
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containing 10 mM sodium citrate as a sole carbon and energy source and no
additional additives.

Standard TCE degradation kinetics assay. AEK301/pYK3021 or AEPG
were grown in MMO containing 10 mM sodium citrate and the appropriate
antibiotics at 30°C shaking at 180 RPM to mid-log phase at an optical density of
0.6 t0 0.8 at 425 nm. Cells were harvested by centrifugation at 8000 x g for 10
minutes. Cell pellets were then suspended in fresh MMO containing 10 mM
sodium citrate to an optical density of 1.0 at 425 nm. The cultures were then
returned to 30‘50 shaking at 180 RPM. After one hour, 2 ml samples were
dispensed into 20 ml glass vials and crimp-sealed with Teflon/butyl septa. The
appropriate volume of an 8 mM TCE stock was added by injection through the
septum with a gas-tight syringe (Hamilton, Reno, Nev.). The vials were inverted
and returned to 30°C shaking at 180 RPM. At the appropriate time, the reactions
were stopped by the addition of 2 ml of n-pentane containing 1 ppm EDB. EDB
was added as an internal standard to correct for GC sampling imprecision. The
vials were placed at room temperature on a shaker platform for 15 minutes and
then centrifuged at 4000 x g for 10 minutes to aid in the separation of the organic
phase. Following centrifugation, approximately 0.5 ml was transferred with a
gas-tight syringe to a Teflon/butyl septumn-sealed vial. A 1 yL. sample was then
removed and analyzed on the GC for TCE concentrations. Control samples of
sterile medium gave TCE recoveries of 95-97% under these conditions. The data
represent an average of two or more samples. TCE stocks of 8 mM were
prepared by completely filling a 20 ml glass vial containing eight 3-mm diameter
‘glass beads (to facilitate mixing) with sterile water. Once crimp-sealed with a
Teflon/butyl septum with no trapped air, the appropriate volume of pure TCE
was added by injection through the septum which was then allowed to dissolve

completely overnight at room temperature with constant mixing.
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Analytical methods. TCE was measured by gas chromatography analysis
with a Hewlett-Packard 5890 gas chromatograph equipped with a 25 m cross-
linked mei:hyl silicone gum capillary column (Hewlett-Packard) and electron
capture detection system. Peak integrations were obtained with a Hewlett-
Packard 3390A integrator. The following operating conditions were used:
injector temperature, 150°C; detector temperature, 250°C; column temperature
40°C to 100°C. at 20°C/min; helium carrier gas flow 6 ml/min. Under these
conditions TCE and EDB (internal standard) in pentane extracts had retention
times of 2.2 and 2.9 minutes, respectively.

Protein determinations. Cell suspensions were solubilized by the
addition of 0.2 volumes of 5 M NaOH and heating at 85°C for 10 minutes.
Following the addition of 0.2 volumes of 4 M HCI, the total protein concentrations
were determined by the Lowry assay (59). Bovine serum albumin which had
been treated with NaOH, heat and HCI in parallel waé used as a standard in these
assays. |

Preparation of cell-free crude extract. Cultures were grown in MMO
containing 10 mM sodium citrate and appfopn'ate antibiotic selection at 30°C
- shaking at 180 RPM to mid-log phase at an optical density of 0.6 to 0.8 at 425
nm. Where indicated, cultures were induced in gas tight reactofs with the
addition of 100 uM TCE for two hours prior to cell harvest. Cells were harvested
by centrifugation at 8000 x g for 10 minutes and resuspended (1 ml per 1 gram
wet weight) in HMCS buffer (50 mM HEPES-NaOH, pH 7.0; 5 mM MgClz; 5 mM
CaCle and 1 M sucrose) (7) containing 5 pM ferrous ammonium sulfate. Cells
were disrupted by constant agitation for three minutes with two volumes of 0.1
mm glass beads using a Braun homogenizer. Cell disruption was confirmed by
microscopic examination. Cell debris and glass beads were removed from cell

extracts by centrifugation at 10K RPM, and the resulting cell-free homogenate
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was diluted with 10 volumes of HMCS containing 5 pM ferrous ammonium
sulfate.

Phenol hydroxylase activity from crude extracts. Crude extract was
transferred to reactor vials, NADH was added to a final concentration of 1 mM
and this mixture was sealed and used immediately for TCE degradation assays.
Reactions were initiated upon addition of the appropriate volume of TCE by
injection through the septum with a gas-tight syringe. The reactor vials were
incubated with agitation at room temperature for two hours and the reactions
were terminated by the addition of an equal volume of n-pentane containing 1

ppm EDB and assayed for remaining TCE by GC analysis of the organic phase.

Results and Discussion

Isolation of a plasmid-free TCE-degrading derivative of
AEK301/pYK3021. A mini-Tn5 transposon delivery vector was selected as a
vehicle to mobilize the phenol hydroxylase gene cluster from pYK3021 into the
chromosome of AEK301. The phenol hydroxylase gene cluster from pYK3021
and the vector encoded Tac promoter where ligated to pUT/mini-Tn5 Sm/Sp as
described. The vector encoded promoter was included in this consﬁ*uct to allow
Tac-mediated constitutive expression of the phlX open reading frame. Following
the construction of this mini-Tn5 delivery vector and subsequent conjugation into
AEK301 as described above, 174 Km' Sp’ transconjugants were isolated. All
transconjugants were able to grow on MMO containing sodium citrate as a sole
source of carbon and energy with no additional media additives indicating that
none were auxotrophic mutants. Based on the preliminary plate assay for phenol
hydroxylase activity as described above, 171 of these Km" Sp’ transconjugants
demonstrated phenol hydroxylase activity. Although phenol hydroxylase activity

was observed in most transconjugants, no transconjugant was able to grow on
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phenol as a sole source of carbon and energy consistent with previous
observations of AEK301/pYK3021 (48, 49). Interestingly, 88% of the
transconjugants (153 isolates out of 174} were carbenicillin resistant. This
observation suggests a relatively high degree of integration of the entire
pUT/mini-Tn5(Sm/Sp)::phl product into the recipient AEK301 genome in the
absence of a transpositional event.

The remaining 21 isolates (termed AEP1 through AEP21) which were Km"
Sp’ Cb® and Phl’" were selected for specific phenol hydroxylase activity assays
and the ability to degrade TCE in the absence of afomatic induction using a
standard TCE degradation assay with an initial TCE concentration of 80 pyM.
Following incubation with TCE at 30°C for two hours, these isolates exhibited a
range of TCE degradation activity but none were able to remove TCE to the same
degree as AEK301/pYK3021 (not shown). One isolate (AEP6), exhibiting the
highest degree of TCE removal in two hours, was selected for further analysis

Physical analysis of AEP6 by DNA-DNA hybridization. For physical
characterization of AEP6, total genbrnic DNA was isolated from AEP6, AEK301
and AEO106 and digested with Kpnl or Sstll and used in Southern hybridization
analysis using a 5.5 kb BamHI restriction fragment from the phenol hydroxylase
(phl) gene cluster in pYK3021 or pUT (without the Tn5/Sm/Sp sequences) as
probes. All three strains examined are expected to contain a similar wild type
genomic copy of the phl genes with restriction fragments of similar size reacting
with the 5.5 kb BamHI probe. AEP6 is expected to contain an additional copy of
the phl genes resulting in the appearance of additional restriction fragments
reacting with the 5.5 kb BamHl probe. Schematic representation of the
generated restriction fragments expected to react with the phenol hydrdxylase

probe is provided in Figure 21.
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Figure 21. Schematic representation of the predicted restriction

fragments generated from Kpnl or Sstll digests of chromosomal DNA
and the probe used for DNA-DNA hybridization.
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As expected, no reaction with the pUT probe was detected in any of the
strains tested indicating the absence of these sequences in AEP6 (data not
shown). As expected, four different Kpnl restriction fragments common to each
strain reacted with the 5.5 kb BamHI probe (Figure 22). Two internal Kpnl
fragments of 2.2 kb and 0.6 kb are visible in all three isolates and are expected to
remain unchanged between the wild type or Tn5-induced insertion of the phl
genes. This probe also reacted with two other Kpnl fragments of 9.4 kb and 4.3
kb which most likely répresent the phlK and phlX ends of the phenol hydroxylase
gene cluster respectively (refer to Figurés 21 and 22) and are present in each
strain. Interestingly, the only additional Kpnl fragment detected in AEP6 by
hybridization with the 5.5 kb BamHI phl probe was a 1.0 kb Kpnl fragment
which represents DNA from the phlX end of the Tn5-induced insertion of the'
phenol hydroxylase genes which, as predicted, resulted in the introduction of an
additional Kpnl site between the phiX gene and the Tac promoter.

Examination of Sstll digests following hybridization with the 5.5 kb BamH]I
phl probe revealed two detectable fragments of 9.0 kb and 4.1 kb common to all
three strains (Figure 22). Based on the fragment size and intensity of the band,
the larger 9.0 kb fragment most likely represents the phlX end of the phenol
hydroxylase gene cluster. The phlK end of this gene cluster is expected to react
weakly with the 5.5 kb BamHI phl probe due to limited overlapping sequences
and is most likely represented by the 4.1 kb Sstll fragment (Figures 21 and 22).
A third Sstll fragment of 6.7 kb reacting with the probe is also detectable in
AEPG. Based on the intensity of the reacting band, this fragment most likely
represents a second copy of the phlX end of the phenol hydroxylase gene cluster.
As in the Kpnl digests, a second copy of the phlK end of this gene cluster is not

detectable under the conditions tested.



Figure 22. Southern blot of purified pYK3021 DNA and total
genomic DNA from AEO106, AEK301 and AEP6 digested with Kpnl
or Sstll. The hybridization probe was the 5.5 kb BamHI fragment of
PYK3021 labeled with digoxigenin-dUTP.
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These hybridization data indicate that AEP6 contains a wild type copy and
an additional, partial copy of the phenol hydroxylase gene cluster. The second,
partial copy of these genes in AEP6 contains the phlX open reading frame and the
Tac promoter originally encoded from the pMMBG67EH vector. Other open
reading frames from the end of the phLKLMNOPR operon such as phlP and phlR
may also be duplicated in this strain. In addition, sequences homologous to the
pUT vector were not detected in this strain, indicating a genomic insertion of the
second partial copy of the phenol hydroxylase gene cluster. This configuration is
adequate to provide the sequences necessary for TCE degradation by AEP6 in the
absence of phenol induction. Perhaps TCE degradation by AEP6 is aided by
constitutive expression of the phlX gene from the Tac promoter sequences and a
random promoter fusion of partial phIKLMNOPR sequences introduced during the
Tn5-induced insertion of these genes into the chromosomev of AEK301 resulting
in phenol/TCE independent transcription of a second phlR transcriptional
activator gene and subsequent TCE-mediated aétivation of the wild type
PhIKLMNOPR operon. Such random promoter fusions of phlR with AEK301
genomic promoters in the generation of AEP1 through AEP21 strains could
account for the differences observed in TCE degradation capacity observed for
each isolate. A more detailed DNA-DNA hybridization analysis of this region is
required to further undefstand the extent of this Tn5-induced insertion of the
phenol hydroxylase gene cluster in AEP6.

Time course of TCE degradation by AEP6. To more closely examine the
degradation of TCE by AEP6, a study of TCE degradation progression with
samples collected every 15 minutes ov?r a 3 hour period was conducted with an
initial concentration of 80 uM TCE. These data were then plotted with data from a
similar assay generated from AEK301/pYK3021 for comparison of these two

strains (Figure 23).
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Figure 23. Progression of TCE degadation by (A)JAEPG, () AEK301/pYK3021,
and ( ©) AEK301 (negative control). TCE was added to each at an initial
concentration of 80 uM. Cultures were grown in MMO supplemented with 10 mM
sodium citrate to mid-log phase, harvested by centrifugation and suspended in
fresh medium to an optical density of 1.0 at 425 nm. After one hour at 30°C, 2
ml samples of each strain were then distributed into vials and sealed. Reactions
were initiated by the injection of TCE through the septum. Samples were
collected in duplicate every 15 minutes for a total of three hours. Each data point
represents the average of two or more samples and error bars are provided where
visible.
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Comparison of these two strains (AEK301/pYK3021 and AEP6) indicates
that while AEP6 is able to degrade TCE in the absence of phenol induction, a
significant difference in the kinetics of TCE degradation is apparent. The rate of
TCE removal by AEP6 is significantly less than that observed by
AEK301/pYK3021. | These observed differences could be attributed to
differences in a rate limiting step such as transport of substrate into the cell
and/or differences in the copy number of the catabolic genes present in the
multi-copy plasmid-bearing strain and the AEP6 isolate. To assist in determining
the basis of these observed differences, crude extract was prepared from each
isolate, and the specific phenol hydroxylase activity was examined.

Specific enzyme activity from crude extracts. Using a TCE
degradation assay, phenol hydroxylase activity was measured in crude extracts
prepared from AEK301/pYK3021, AEP6 or AEK301. Each strain was incubated-
to mid-log phase in MMO containing sodium citrate as a carbon source and crude
extracts were prepared as described above. Initially, no detectable phenol
hydroxylase activity was observed in crude extracts prepared in this manner (not
shown). However, induction with 100 uM TCE for 2 hours prior to cell disruption
resulted in detectable amounts of enzyme activity in crude extract ﬁrepared from
AEK301/ pYK3021 and AEP6 but not AEK301 supporting earliér conclusions of
TCE-mediated induction of the catabolic genes for phenol hydroxylase in
AEK301/pYK3021. |

Specific phenol hydroxylase activity from crude extracts was determined
from TCE induced AEK301/pYK3021, AEP6 or AEK301 at three different initial
concentrations of TCE (40, 80 and 220 uM). The amount of TCE removed from
reactor viéls was determined (nmoles/mg total protein) and these values were
plotted as a function of the initial TCE concentration (Figure 24). Both

AEK301/pYK3021 and AEP6 crude extracts contained measurable phenol
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Figure 24. Specific phenol hydroxylase activity from crude protein
extracts prepared from @) AEPG, (e) AEK301/pYK3021 and (@ AEK301
(negative control). Crude extracts were prepared as described. The
removal of TCE was measured in duplicate samples following two hours of
incubation at room temperature. Each data point represents the average
of two samples and error bars are provided where visible.
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hydroxylase activity at all three initial concentrations of TCE. While the amount
of TCE consumed (nmoles/mg total protein) increased with increasing amounts of
substrate, significant differences between AEK301/pYK3021 and AEP6 were
observed. At each initial concentration of substrate, crude extract prepared from
AEK301/pYK3021 cells removed about 4 to 5 tinies more TCE than crude extract
prepared from AEP6 cells, indicating a higher level of phenol hydroxylase
expression in AEKSOI/ pPYK3021. This difference is probably due to a higher
number of the phenol hydroxylase genes present in AEK301/pYK3021 on the
multi-copy pMMB67EH vector resulting in greater capacity to degrade TCE
compared to AEP6.

Stability of TCE degradation capacity. Previous observations have
indicated a decrease in phenol hydroxylase activity with the prolonged culture of
AEK301/pYK3021 in medium containing TCE (49) or phenol (not shown). To
determine the basis for this observed loss of phenol hydroxylase activity,
AEK301/pYK3021 was incubated for 48 hours in MMO broth containing the
appropriate antibiotics, sodium citrate ahd phenol. Limited growth was observed
after 24 hours of incubation (with an optical density at 425 nm 6f 0.235), and the
culture was incubated another 48 hours. Isolates from this broth culture were
tested for phenol hydroxylase activity and antibiotic resistance based on replica
plating assays. Such isolates retained carbenicillin resistance but lost phenol
hydroxylase activity, suggesting the loss of sequences required for catabolism of
phenol. This loss could be the result of recombination between the plasmid-
borne phenol hydroxylase genes and their chromosomal counterparts. To further
exarnine the resulting AEK301/pYK3021APhl isolates, plasmid DNA was isolated
from several such isolates and subjected to restriction analysis. In each case,
plasmid DNA was recovered but the restriction profile revealed the loss of the

terminal BamHI and EcoRI restriction sites (not shown) and loss of about 5 kb of
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DNA from the phlX region of pYK3021. The loss of DNA in this region effectively
explains the loss of phenol hydroxylase activity in these isolates. A
representative isolate was then selected for further analysis.

To test the stability of phenol hydroxylase activity in the plasmid free
strain AEP6, this strain was also inoculated in MMO broth containing the
appropriate antibiotics, sodium citrate and phenol. This culture grew well within
24 hours of incubation at 30°C (with an optical density at 425 nm of 1.26), and
isolates from this broth culture retained both antibiotic resistance (Sp) and
phenol hydroxylase activity based on replica plating assays. A representative
isolate was then selected for further analysis.

To determine if the capacity to degrade TCE was retained by any of these
isolates subjected to phenol challenge, an AEK301/pYK3021APhl representative
and an AEP6 isolate weré each tested for their ability to degrade TCE. With an
-initial concentration of 80 uM TCE, the concentration of TCE remaining after two
hours of incubation was 62.4 yM TCE for AEP6 and 78.6 uM TCE for
AEK301/pYK3021APhl. These data were then compared to similar TCE
degradation assays conducted on AEK301/pYK3021 and AEP6 original isolates
(Figure 25). These data indicate that phenol hydroxylase activity éxpressed by
AEP6 is stable compared to AEK301/pYK3021 following substrate challenge with
phenol.  Although the rate of TCE degradation by AEP6 is less than
AEK301/pYK3021, the increased stability and retention of phenol hydroXylase
activity following substrate challenge may prove a beneficial feature when
considering applications of this recombinant construct in bioremediation of

contaminated sites.
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Figure 25. Phenol hydroxylase activity of AEK301/pYK3021 and
AEP6 isolates before and after incubation in MMO containing
sodium citrate, phenol and appropriate antibiotics. For this assay,
each strain was incubated at 30°C with an initial concentration of
80 uM TCE and the amount of TCE remaining was determined after
two hours.
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Conclusions

In this study, we sought to improve the overall stability of phenol
hydroxylase activity and TCE degradation located on é recombinant plasmid in
AEK301/pYK3021. A transposon-delivery system was examined as a method to
insert the genes responsible for TCE degradation into the chromosome of
AEK301 to construct a strain with improved stability and overall usefulness.
This approach has resulted in a Tn5-mediated chromosomal insertion of a portion
of the phenol hydroxylase gene cluster including the phlX open reading frame
and the Tac promoter sequences from the pMMB67EH vector in AEK301. This
construct, termed AEP6, was able to degrade TCE in the absence of aromatic
induction but at a raté approximately 4 to 5 times less than that of
AEK301/pYK3021. This observed difference in TCE degradation rates is most
likely due to differences in gene copy number between these two recombinant
strains. Although the rate of TCE degradation was lessb in AEPG, the genes
responsible for this activity appéar to be more stable in AEP6 than in
AEK301/pYK3021. Consistent with earlier conclusions, TCE is able to act as an
efficient inducer of the phenol hydroxylase catabolic genes in AEK301/pYK3021
and AEP6. Constitutive expression of the phlX open reading frame from the
plasmid encoded Tac promoter appears to play an important role in this TCE-
mediated induction. AEP6 and AEK301/ pYK3021 should be tested in bench-
scale reactors where their ability to remove TCE in continuous culture could be
examined and corhpared and the overall usefulness of this new construct in the

efficient removal of TCE from contaminated waters could be determined.



CHAPTER VI
CONCLUSIONS

This study began as an effort to characterize the degradation of TCE by an
Alcaligenes eutrophus JMP134 derivative previously constructed in our
laboratory through recombinant DNA techniques to efficiently degrade TCE in the
absence of any aromatic induction (48, 49). While several TCE-degrading bacteria
have been isolated, this isolate is unique based on several merits. The data'
presented hére on the whole cell kinetics of TCE degradation by
AEK301/pYK3021 show that, compared to other TCE degrading bacteria (26,
37, 54, 113), this strain is able to co-metabolize TCE at a rapid and sustained
rate even at relatively high concentrations of TCE with a V_,, of 22.6
nmoles/min/mg of total protein observed at 800 uM of TCE with no apparent
TCE mediated toxicity. - These results are promising when considering
apj)lications to TCE bioremediation from contaminated ground water.

The second part of this study involved DNA sequence analysis of the
phenol hydroxylase gene cluster from Alcaligenes eutrophus AEK301/pYK3021.
The catabolic genes encoded on pYK3021 comprise an operon and are similar to
other well characterized multicomponent toluene and phenol monooxygenases.
The operon for the catabolic genes includes an open reading frame for its cognate
regulatory gene (PhlR) which is a member of the NtrC family of transcriptional
activators. This genetic organization allows effector molecules to activate the

synthesis not only of phenol hydroxylase but also of its respective regulatory
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gene, PhIR. A gap of about 230 bp exists between the phlP and phlR genes in
this operon and may lend itself to a yet undetermined regulatory scheme that
cannot be overlooked. A more complete transcriptional analysis of this
interesting operon is needed to assist in characteﬁzing the regulatory
mechanisms involved. These studies have shown that phenol and
trichloroethylene are able to serve as effector molecules to activate transcription
of these genes. Previous studies have indicated that degradation of TCE by
AEK301 /pYK3021 is further enhanced by prior induction with phenol, indicating
the responsiveness of PhIR to phenol is greater (49). A more complete study of
effector speciﬁcity and responsiveness would be interesting to assess the range
of compounds able to activate this operon.

It is also interesting that these genes are more similar to toluene
monoxygenases than other phenol hydroxylases even though JMP134 and
AEK301/pYK3021 are unable to grow on toluene as a sole source of carbon and
energy. The basis for this apparent contradictioh may relate to differences in the
catabolic peptides, fegulatory protein(s) and/or substrate transport. Amino acid
residues that are highly conserved among members of a gene family indicate
residues essential for function. Studies such as those involving mutational
analysis of such conserved residues or the construction of gene fusions resulting
in the synthesis of hybrid catabolic or regulatory protein products may provide
valuable insights to explain the substrate range of JMP134 whole cells. Perhaps
the basis for these differences is also related to the selective transport of
substrate into cells. Toluene degradation assays using crude extracts from
phenol or TCE induced cells or the introduction of a toluene specific transport
facilitator gene such as todX into JMP134 or AEK301/pYK3021 Would assist in
addressing this issue. It is apparent that the constitutive expression of phlX by
AEK301/pYK3021 plays a key role in permitting TCE-mediated induction of the
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phenol hydroxylase genes. This also implies that wild type phlX is not effectively
induced by TCE and perhaps induction limitations of this crucial gene have
metabolic consequences. The native phlX promoter and its regulatory elements
should be studied to further enhance our understanding of this cluster of genes.

Finally, we sought to develop a plasmid-free derivative of
AEK301/pYK3021 using a mini-Tn5-based transposon-delivery system. This
approach led to insertion of a portion of the phenol hydroxylase genes including
philX::Tac into the AEK301 chromosome. While the desired TCE degradation
activity was maintained and appears to be more stable in this construct (AEPG),
the reduction in gene copy number most likely resulted in reduced TCE
degradation rates. Long term studies of TCE degradation in continuous culture
would assist in determining whether the enhanced stability of TCE degradation
activity in AEP6 provides an overall benefit in TCE degradation when compared to
AEK301/pYK3021.
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