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A library of EcoRI fragments encompassing the entire TOL

region of the Pseudomonas putida TOL plasmid pDK1 was

constructed in the Escherichia coli cloning vector pBR325

(pBK188, pBK289, pBK589, pBK689, pBK889, pBK989 and pBK990).

In addition, a single 15.5 kb HindIII fragment encoding the

complete meta-cleavage pathway was cloned into the E. coli

vector pBR322 (pBK489). A 4.2 kb HindIII/KpnI restriction

endonuclease fragment derived from pBK489, encoding the xylXY

genes and a portion of the xyiZ gene, was inserted into the

E. coli plasmid pUC19 to produce the recombinant plasmid

pBK789. An additional 0.9 kb KpnI fragment from pBK188

(encoding the remainder of xylZ) was subsequently cloned into

pBK789 to produce pBK190, encoding the entire

toluate-1,2-dioxygenase complex (xylXYZ). The expression of

the xylXYZ genes of pBK190 under the pUC19 lac promoter was

indicated by the ability of E. coli strains carrying pBK190

to convert benzoate and related aromatic acids to their

corresponding diol derivatives. Benzoate, m-toluate,



p-toluate and 3,4-dimethylbenzoate were each readily

converted to their corresponding diols as verified by

spectrophotometric analysis, thin layer chromatography and in

vitro complementation assays (using cell-free extracts from

E. coli strains expressing 1,2-dihydroxycyclohexa-3,5-diene

carboxylate dehydrogenase and catechol-2,3-dioxygenase).

Conversion efficiencies were greater than 95% for benzoate,

m-toluate and p-toluate. The conversion efficiency of

3,4-dimethylbenzoate to diol was estimated to be about 50%.

E. coli strains carrying the pBK190 plasmid were subsequently

utilized for the production of the various diol substrates

necessary to characterize the protein products of the xylLT

region.
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CHAPTER I

INTRODUCTION

Bacterial strains belonging to the genus Pseudomonas are

widespread throughout the natural environment (soil, water

and aquatic sediments). Pseudomonas species have the ability

to degrade a broad spectrum of both naturally occurring and

xenobiotic compounds. Examples include alkanes, mono and

polycyclic hydrocarbons, aliphatics, alicyclics,

heterocyclics, phenolics and a variety of other aromatic

compounds (Farrell & Chakrabarty, 1979; Ribbons & Eaton,

1982). Although a significant amount of the metabolic

diversity of the pseudomonads is encoded by chromosomal

catabolic operons, much of this ability has been linked to a

particular type of extrachromosomal DNA called "degradative"

or "catabolic" plasmids. The first degradative plasmid was

discovered in Pseudomonas putida in 1972 by Gunsalus. It was

named SAL and encoded the genes for salicylate degradation

(Rheinwald et al., 1973). Since this initial observation,

many other catabolic plasmids have been described. Table 1

lists some examples of plasmid-encoded catabolic pathways.

In general, most of the degradative plasmids are large (50

kbp to more than 100 kbp) and transmissible by conjugation.

1
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Table 1. Selected examples of degradative plasmids (adapted

from Hass, 1983).

Growth substrate

host

Toluene, m-xylene

p-Xylene

Xylene, toluene

Naphthalene

Naphthalene

Salicylate

p-Cresol

Camphor

n-Octane

Phenylacetate

3-Chlorobenzoate

4-Chlorobiphenyl

hrinlipa met aolic
product (a)

Pyruvate+acetaldehyde

Pyruvate+propionaldehyde
(meta-cleavage) b

Same as above
(meta-cleavage) b

Salicylate > pyruvate
+ acetaldehyde
(meta-cleavage) b

Salicylate > succinate
+acetyl-CoA
(ortho-cleavage) b

Pyruvate+acetaldehyde
(meta-cleavage) b

p-Hydroxybenzoate>succinate
+ acetyl-CoA
(ortho-cleavage)b

Isobutyrate

Alkane aldehyde

Not Known

Succinate + acetyl-CoA
(ortho-cleavage) b

4-Chlorobenzoate

Original
laiStrain

TOL P.putida

TOL:pWWOa P.putida

XYL-K P.Pxy

NAH7c PAputida

pWW60-1c P.putida

SAL, pMWDJ P.putida

pND50 P.putida

CAM P.putida

OCT P.putida

pWW17 P.putida

pB13, pA25 Pseudomonas
sp.B13

pKF1 Acinetobacter
sp. P6

Parathion p-Nitrophenol PCS1 P.diminuta
+ diethylthiophosphate

aThe most extensively studied TOL plasmid,
bCleavage mechanism of catechol intermediate.
cNAH7 and pWW60-1 are examples of naphthalene degradative plasmids.

" oli I1 , .
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As a general rule, the enzymes that are encoded by

chromosomal catabolic operons are more substrate specific,

and therefore have a narrower substrate range than their

plasmid-encoded counterparts. It is not uncommon for the

degradation of a metabolite to occur partially via a

plasmid-encoded pathway and partially via a chromosomal

pathway. For example, the conversion of octane to

octanealdehyde is encoded by OCT plasmid genes, but the

remainder of the oxidation reactions are carried out by

enzymes encoded by the Pseudomonas putida chromosome

(Fennewald et al., 1979). In addition, several compounds

such as benzoate, naphthalene and nicotine can be degraded

either by chromosomally or by plasmid-encoded pathways. Many

of these degradative plasmids are related to one another and

have common characteristics. For example, NAH (for

naphthalene degradation), TOL (for toluene degradation) and

SAL (for salicylate degradation) each have both upper and

lower pathway operons. An intermediate of the corresponding

pathways is the same (catechol) and the arrangement of the

genes within the operons for isofunctional enzymes is also

very similar. Furthermore, SAL, NAH and TOL are in the same

plasmid incompatibility group, namely IncP-9 (Hass, 1983).

Restriction endonuclease mapping, as well as hybridization

studies, have also demonstrated a close relationship between
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these plasmids (Heinaru et al., 1978).

The TOL group of catabolic plasmids, responsible for

degradation of toluene and related aromatic compounds, is the

most extensively studied and more is known about the genetics

and biochemistry of this pathway than any other

plasmid-encoded metabolic pathway. Due to the high level of

homology and relatedness between the genes of TOL plasmids

and other degradative plasmids, this group of plasmids can be

used as a valuable model system for further study of other

catabolic plasmids. However, more study is required to

determine specific pathway functions and thus to expand our

knowledge of this particular group of plasmids.

A description of TOL plasmids in general and the

biochemistry, as well as regulation, of the TOL

plasmid-encoded catabolic pathways, is presented below.

TOL Degradative Plasmids

The plasmid pWWO from Pseudomonas putida (arvilla) mt-2

(ATCC 23973) (Williams & Murray, 1974) was the first TOL

plasmid discovered and, because it has been extensively

characterized, it is often referred to as the archetype TOL

plasmid. It is 78 MDa (117 kbp) in size, is

self-transmissible and was isolated from a typical

representative of Pseudomonas putida (Nakazawa & Yokota,

1973). This plasmid confers the ability to utilize toluene,
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meta- and para-xylene, pseudocumene (1,2,4-trimetylbenzene),

3-ethyltoluene and their corresponding alcohols, aldehydes

and acids as sole carbon sources. In addition, certain

halogenated derivatives of these aromatics, such as ortho-,

meta- and para-flouorobenzoates, may also be assimilated by

the plasmid-encoded pathway (Williams & Murray, 1974; Kunz &

Chapman, 1981a).

The TOL plasmid pWWO, as well as other TOL plasmids, is

not cured when appropriate bacterial strains are grown in the

presence of some plasmid-curing compounds such as mitomycin-C

(Williams & Murray, 1974). However, the plasmids can be

cured upon growth on benzoate minimal media. The plasmid is

lost because the cured cells grow faster than cells with

plasmids (Worsey & Williams, 1977) and eventually compete out

the plasmid bearing strains. Partial or limited growth on

benzoate minimal media can also cause the spontaneous

deletion of TOL genes and thus the loss of the host phenotype

(Kunz & Chapman, 1981b).

All of the catabolic, as well as the regulatory genes of

the TOL plasmid pWWO are located within a 39 kb region which

has direct repeats of a 1.4 kb sequence at either end (Bayley

et al., 1977; Downing & Broda, 1979; Meulien et al., 1981;

Williams & Murray, 1974). The 39 kb region is carried on a

56 kb segment of DNA that has the ability to transpose to

other plasmids or to the chromosomal DNA (Jeenes & Williams,
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1982; Cane & Williams, 1982; Cane & Williams, 1986).

The genes encoding the enzymes of the TOL degradative

pathway are always grouped into two different operons

(Nakazawa et al., 1980; Franklin et al., 1981; Inouye et al.,

1981). The "upper" pathway operon includes xylCMABN

(Harayama et al., 1989). These genes encode the enzymes

responsible for the conversion of the aromatic hydrocarbons

to carboxylic acids. The lower pathway operon,

xylXYZLTEGFJQKIH (Harayama & Rekik, 1990), is responsible for

the conversion of carboxylic acids to central metabolites.

The upper and lower pathway operons of pWWO are separated by

a 12 kb DNA segment of unknown function. Genetic maps of the

TOL regions of pWWO and the related TOL plasmid pDKI are

shown in Figure 1.

Table 2 lists the TOL plasmid-encoded genes and

corresponding enzymes that are involved in the degradation of

toluene and related compounds. Figure 2 shows the plasmid as

well as the chromosomal-encoded pathways.

The first enzyme of the pathway, xylene oxidase (XO,

encoded by xylMA) converts toluene to benzyl alcohol. Xylene

oxidase is a monooxygenase and a multicomponent enzyme

encoded by xylM and xylA. Benzyl alcohol is then converted

to benzaldehyde by the action of the second enzyme, benzene

alcohol dehydrogenase (BADH, encoded by xylB). Benzaldehyde

dehydrogenase (BZDH, encoded by xylC) next transforms
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Figure 2. Chromosomal and plasmid-encoded pathways for the
degradation of toluene, benzoate and related compounds. This
Figure was adapted from Harayama et al, 1987.
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Table 2. Genes and enzymes of the TOL plasmid-encoded

meta-cleavage pathway for toluene degradation,

Gene EnZyme

xylMA Xylene oxygenase subunits(toluate

hydroxylase)

xylB Benzyl alcohol dehydrogenase

xylC Benzaldehyde dehydrogenase

xylD (XYZ) Toluate oxidase

xylT Unknown

xylL Dihydrodihydroxybenioate dehydrogenase

xylE Cate chol-2, 3-dioxygenase

xylG Hydroxymuconic semialdehyde dehydrogenase

xylF Hydroxymuconic semialdehyde hydrolase

xyJH 4 -Oxalocrotonate tautomerase

xylI 4 -Oxalocrotonate decarboxylase

xylJ 2-Oxopent-4-enoate hydratase

xylQ Unknown

xylK 4-Hydroxy-2-oxovalerate aldolase
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benzaldehyde to benzoate. Benzoate is then converted to

dihydroxybenzoate by toluate-1,2-dioxygenase. This enzyme is

encoded by the xylX, xylY and xylZ genes. The

dihydroxybenzoate is converted to catechol by diol

dehydrogenase (xylL product). Catechol is then cleaved by

catechol-2, 3 -dioxygenase (xylE product) to 2 -hydroxymuconic

semialdehde, a bright yellow compound which can be readily

measured spectrophotometrically. The ring fission product

can enter either the hydrolytic branch or the oxalocrotonate

branch, depending upon the substitution of the original

catechol ring. Both branches produce 2 -oxopent-4-enoates.

The primary route (oxalocrotonate) is energetically more

favorable because it produces NADH. Hydroxymuconic

semialdehyde dehydrogenase (encoded by xylG, HSMD) converts
2-hydroxymuconic semialdehyde to its enol form,
4 -oxalocrotonate. This is in equilibirum with the keto form
of the compound, a conversion catalyzed by the TOL enzyme
4 -oxalocrotonate tautomerase (xylH product). This is

converted to 2 -oxopent-4-enoate by 4 -oxalocrotonate

decarboxylase (encoded by xylI). The xylJ gene product,
2 -oxopent-4-enoate hydratase converts 2 -oxopent-4-enoate to
4-hydroxy-2-oxovalerate. Finally, the XyJlK product,

4-hydroxy-2-oxovalerate aldolase, converts

4-hydroxy-2-oxovalerate to pyruvate and acetaldehyde.

The hydrolytic branch directly converts 2 -hydroxymuconic
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semialdehyde to 2-oxopent-4-enoate by the action of

2 -hydroxymuconic semialdehyde hydrolase (xylF product), with

the release of acetate as a byproduct. The

2-oxopent-4--enoate is further metabolized by a hydratase

(2 -oxopent-4-enoate hydratase, xylJ product) and

4 -hydroxyl-2-oxovalerate aldolase (xylK product), resulting

in the production of pyruvic acid and acetaldehyde.

Substituted compounds yield pyruvate and another aldehyde or

acid.

The availability of two different branches (hydrolytic and

oxalocrotonate) at this point in the pathway allows the

meta-cleavage pathway to assimilate a broad spectrum of

compounds. The enzyme hydroxymuconic semialdehyde

dehdrogenase shows the highest affinity for the ring cleavage

products of benzoate, toluene, ortho-toluate and

Para-toluate. However, it has very low affinity for the ring

cleavage product of meta-toluate. Presumably, the

oxalocrotonate pathway is preferred because of NADH

production (Harayama et al., 1987), while the hydrolytic

branch is utilized for substrates unable to pass through the

oxalocrotonate branch.

Ortho-Cleavage Pathway

The ortho-cleavage pathway is encoded by the bacterial

chromosome of Pseudomonas putida mt-2, as well as many other
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P. putida strains (Figure 2, Table 3) . It is responsible for

the catabolism of benzoate and related compounds. These are

initially converted to catechol derivatives, which are then

subjected to ortho-cleavage and conversion to the TCA cycle

intermediates acetyl CoA and succinate (Keil et al., 1985).

The enzymes catalyzing the earlier steps of the pathway are

similar to those that are utilized in the early steps of the

plasmid-encoded meta-cleavage pathway. It begins with benzyl

aldehyde dehydrogenase (xylC), which converts benzaldehyde to
benzoate. The benzoic acid is then converted to catechol by

the benzoate oxidase complex. The benzoate oxidase complex

is more substrate specific (restricted) than the

plasmid-encoded toluate-1, 2 -dioxygenase complex. Benzoate is

almost always cleaved via the meta-cleavage pathway unless a

functional plasmid meta pathway is not available. The

catechol is cleaved by catechol-1,2-dioxygenase to give the

dicarboxylic acid cis, cis-muconate. Cis, cis-muconic acid is

converted to muconolactone via cis,cis-muconate lactonising

enzyme and beta-ketoadipate to the citric acid cycle

intermediates succinyl CoA and acetyl CoA (Keil et al., 1985)

Substrates for the ortho--cleavage pathway include

benzene, chlorobenzoate and the cis,cis-muconic acid product

of catechol-1, 2-dioxygenase.
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Table 3. Initial genes and enzymes of the

chromosomally-encoded ortho-cleavage pathway for benzoate

degradation,

-Gene Enzyme,

benBC Benzoate oxidase

benD Diol dehydrogenase

catA Catechol-1, 2 -dioxygenase

catB Muconate lactonizing enzyme i
catC Muconolactone isomerase

catD Hydrolase I
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Regulation of The TOL Operons

As was mentioned previously, the TOL genes are contained

in two operons or modules. These encode the "upper" and

"lower" pathways and are separated from each other by 12 kb

in pWWO. The order of the genes for the upper pathway is

promoter-xylCMABN. The order of the genes for the lower

pathway is promoter-xylXYZLTEGFJQKIH. (Harayama & Rekik,

1990; HarayaMa et al., 1989). The operons are under positive

control by two different trans-acting proteins, XylR and XylS

(Figure 3). The regulatory genes of pWWO are located

downstream of the lower pathway (Timmis et al., 1985). XylR

is a 68 kDa protein (Inouye et al., 1985; Spooner et al.,

1986), while XylS is a 36.5 kDa protein (Spooner et al.,

1986; Mermod et al., 1987; Inouye et al., 1986). The XylR

is a positive regulator which acts on the upper pathway

operon at the level of transcriptional initiation (Harayama

et al., 1989; Reineke et al., 1982). Upper pathway

expression occurs as a result of the binding of XylR to Pu,

which occurs in the presence of specific inducers such as

toluene, xylenes or methylbenzyl alcohols. Expression also

requires the sigma factor NtrA (Harayama & Rekik, 1990). It

is of further interest to note that XylR additionally acts as

an autogenous regulator of its own expression (xylR).

Overproduction of XylR results in an inhibition of xylR

expression (Inouye et al., 1985; Inouye et al., 1988; Inouye

OWAYAW ,-h
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Figure 3. Proposed regulation scheme for the expression of
the TOL upper and lower operons. The transacting XyIR and
XylS proteins are shown as squares and solid circles,
respectively. Pm is the lower or meta operon promoter; 2u is

the upper operon promoter, Ps is the promoter for xylS and Pr
is the xylR promoter. This Figure was adapted from
Hugouvieux-Cotte-Pattat et al., 1990 ; Ramos et al, 1987
and Harayama et al., 1989.



19

et al., 1987; Inouye et al., 1986; Ramos et al., 1986). The

expression of the lower pathway is also positively regulated,

in this case by XylS (the product of xylS). XylS is produced

when specific substrates for the lower operon, such as

benzoate or toluates, are available (Ramos et al., 1987;

Harayama et al.,1989) . The meta (or lower) operon is also

indirectly induced by the upper pathway substrates as a

result of the interaction of XylR with the xylS gene. This

interaction turns on expression of the xylS gene. The XylS

then activates the meta operon (Ramos et al., 1987; Inouye et

al., 1987; Spooner et al., 1987). As reported by Harayama

(Harayama et al.,1989), the lower pathway can also be induced

by benzoate alone, without either TOL regulatory protein,

suggesting that an unidentified chromosomal regulator may

also be involved (Harayama & Rekik, 1990).

The fact that most catabolic operons, including the TOL

operons, are under positive regulation is very useful to the

organisms which possess them. The enzymes are only produced

if the specific substrates are available. This prevents the

unnecessary expression of the operons in general. The XylR

and XylS proteins also specifically select the type of

compounds to be broken down by the pathway and add another

check or control point to the system as a whole.

The chromosomally-encoded ortho-cleavage pathway is

induced only by the cis,cis-muconic acids. These are
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products of the first enzyme of the pathway,

catechol-1,2-dioxygenase. As a general rule, this pathway is

not induced by meta-cleavage pathway substrates. The

ortho-cleavage pathway is not expressed to a great extent in

cells carrying a TOL plasmid, even though both pathways are

induced independently (Rochkind-Dubinsky et al., 1987).

Normally, substrates that would produce cis,cis-muconic acid

are channelled into the meta-cleavage pathway via catechol-

2,3-dioxygenase. Thus, no inducer is produced for the

ortho-cleavage pathway (Worsey et al., 1978).

It was subsequently discovered that other TOL plasmids

could be isolated from soil by selective enrichment on

aromatic compounds (Worsey et al., 1978). The plasmids and

their encoded biochemical pathways were very similar, but

some differences between them will be further discussed in

the following sections.

Comparative Studies of TOL Plasmids

Following the discovery of the first TOL plasmid (pWWO) in

1974, it was learned that TOL plasmids were ubiquitous, and

other TOL plasmids were isolated independently by the use of

selective enrichment media (Worsey et al., 1978). Although

the biochemical pathways are very similar, among the various

groups of TOL plasmids, the plasmids themselves can be quite

different with respect to transmissibility, restriction
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endonuclease maps, molecular weight, orientation of the two

operons relative to one other and even the number of operons

present. Some of the differences and similarities among

these plasmids are presented below.

pWWO is a 117 kb (78 MDa), self-transmissible (conjugable)

plasmid. It contains one set of genes each for the upper and

lower pathways, and has the ability to transpose the TOL

segment of its DNA into other parts of other plasmids or

onto the bacterial chromosome (Shaw & Williams, 1988). For

example, strain WR211 was formed when a 56 kb segment of the

117 kb TOL pWWO plasmid became integrated into the host

chromosome. WR211 exhibits the TOL phenotype even though it

is missing a 39 kb DNA segment of the TOL region (Jeenes &

Williams, 1982b) . Also, the bacterial strain MW100 of

Pseudomonas putida contains a 56 kb segment of TOL plasmid

DNA located chromosomally. This segment has the ability to

move from the chromosome onto the Incpl plasmid R18-18, where

it can be inserted at a number of different sites (Sinclair

et al., 1986) . A 56 kb segment of pWWO can also produce a

cointegrate with RP1 (57 kb), a broad host range resistance

plasmid, to form the 114 kb pTN1 plasmid (Nakazawa et al.,

1985).

The ability of TOL plasmids to transpose into and out of

the host chromosome may also be an important factor in the

evolution of these plasmids and their bacterial hosts. Such
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activity can result in the creation of new pathways and

extend the range of substrates that are degraded by these

plasmids.

pDK1 (pPC1) from P. putida HS1 is a non-transmissible, 125

kb (82.5 MDa) plasmid which, like pWWO, carries one set of

upper and lower operons and has the ability to grow on

toluene, meta- and para-xylene, 1, 2 ,4 -trimethylbenzene and

3-ethyltoluene (Kunz & Chapman, 1981b). Like pWWO, this

plasmid appears to have the ability to transpose its TOL

segment and this has been transferred to the broad host range

resistance plasmid RP1 (in vivo) to form pDKR1 (Shaw &

Williams, 1988). The cointegrate as a whole shows both

transmissibility and resistance to the antibiotics

carbenicillin, tetracycline and kanamycin due to the presence

of the RP1 replicon (Figure 4) (Keil et al., 1987; Shaw &

Williams, 1988) . This RP1: :pDK1 cointegrate carrying a 40 kb

TOL segment, has been used for the studies of TOL plasmids in

this dissertation. An unusual feature of the pDK1 plasmid is

the production of spontaneously deleted mutants after limited

growth on benzoate minimal media (Kunz & Chapman, 1981b).

Most other TOL plasmids are cured compeletely by the same

media and catabolize benzoate by the ortho-cleavage pathway.

However, many of the bacteria carrying partially deleted pDK1

variants catabolize substrates by using a combination of

chromosomally as well as plasmid-encoded enzymes (Kunz &
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Figure 4. Restriction endonuclease cleavage map of
RP1/RP4/RK2. This Figure was adapted from Thomas and Smith,
1987.
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Chapman, 1981b) .

Another characteristic common to many TOL plasmids is

the presence of either two homologous or two non-homologous

catechol-2,3-dioxygenases. For example, P. putida MT53,

which carries the 105 kb non-transmissible pWW53 plasmid, has

one upper pathway and two homologous lower

pathways (xylXYZLTEGFJQKIH) 1 and (xylXYZLTEGFJQKI H) 2 . The

upper operon is located between the two lower operons (Keil

et al., 1987). pWW53, like pDK1, can form cointegrates with

RP1 DNA. The RPI::pWW53 cointegrate possesses 36 kb of pWW53

with only one meta operon. The pWW53 plasmid is also able to

produce spontaneous deletion mutants upon growth on benzoate.

pWW15, a 250 kb TOL plasmid from P. putida MT15, contains two

non-homologous unrelated xylE genes (Keil et al., 1985).

This plasmid can similarly undergo spontaneous deletions of

90-100 kb and forms cointegrates with RP4. Thus, the

presence of two C230 genes on the samp plasmid appears to be

a common feature of many TOL plasmids (Chatfield & Williams,

1986) . The advantage of plasmids having two C230 genes is

not clear. However, this might have occured in evolution

through transposition events or through recombination between

related plasmids (Chatfield & Williams, 1986).

A comparison of TOL plasmids reveals a certain degree of

homology within the coding regions of the operons. In

general, upper pathways appear to be more conserved than
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lower pathways. The relative gene order and direction of

transcription within operons for the similar enzymes are

identical in TOL plasmids (as well as for the lower operons

of the SAL and NAH plasmids). This may be the result of

inheriting catabolic genes as a block by a recombinational or

transpositional event. However, the regions outside the

operon are less conserved and show many more sequence

differences than the coding regions.

The XyIXYZ Genes and Toluate-1, 2-Dioxygenase

Degradation of toluene and related aromatic compounds by

microorganisms takes place via three different mechanisms.

In P. putida strains mt-2, H31 and Pseudomonas Pxy (Finette

et al., 1984, Rochkind-Dubinsky et al., 1987), the methyl

groups are oxidized first (Figure 5). The methyl group is

converted to a carboxylic acid. These are then converted to

cis-carboxylic diols by the product of xylXYZ and to catechol

by carboxylic acid diol dehydrogenase, the product of xylL.

In contrast, other P. putida and Pseudomonas spp. strains, as

well as Achronobacter sp. (Rochkind-Dubinsky et al., 1987,

Finette,et al., 1984), first oxidize the aromatic nucleus to

produce 1, 2-dihydrobenzene-a (s) 1,2 (R-) -dihydroxy-3-methyl

cyclohexa-3, 5-diene (cis-toluene dihydrodiol). Then an

NAD-dependent dehydrogenase converts the dihydrodiol to
3 -methylcatechol. In addition, the thid pathway is described
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Figure 5. Pathways utilized by different strains of

Pseudomonas for the degradation of toluene. This Figure was

adapted from Finette et al., 1984.
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in Pseudomronas mendocina by Gibson (Finette, et al., 1984)

for the degradation of toluene and related aromatic

compounds. In this pathway the aromatic ring is singly

hydroxylated first to form p-cresol, the enzyme responsible

for this conversion is not a dioxygenase, and its oxygen

comes from water rather than dioxygen. The methyl group of

the p-cresol is then oxidized in the same manner as in the

TOL pathway. The final product of this pathway is
3 ,4 -dihydroxybenzoate which is the substrate for

ort ho-cleavage pathway.

The enzymes that are responsible for the first two types

of conversion to diols are dioxygenases (e.g.

toluate-1,2.-dioxygenase). Dioxygenases are enzymes that

insert two atoms of oxygen into the substrate. Dioxygenases

in general play many important roles in biological systems.

One of the most important functions of dioxygenases is in the
cleavage of aromatic rings. Kobayashi discovered the first
dioxygenase enzyme, responsible for formation of catechol

from anthranilic acid (Kobayshi et al., 1964). Since that

discovery many other dioxygenase enzymes have been discovered

and studied.

The aromatic ring dioxygenases have several common

features. They are all multicomponent enzymes consisting of
four subunits: 1) a flavin containing NADH oxidase, 2)

ferredoxin and 3)-4) a terminal oxidase which is composed of
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two different subunits (Kobayashi et al., 1978).

Benzene-1,2-dioxygenase is being presented as a model for

toluate-1, 2--dioxygenase in P. putida and HS1 (Figure 6).

The toluate-1,2-dioxygenase from P. putida mt-2 is

composed of three different subunits of 57, 20 and 39 kDa,

respectively (Harayama & Rekik, 1990). The xylX and xylY

products are part of the oxygenase reaction system and xylZ

is an NADH-cytochrome C reductase. According to Haramya and

Keil (Haramya & Keil, 1989), the toluate-1,2-dioxygenase is

very similar to the chromosomally-encoded benzoate-1,2-

dioxygenase with respect to structure, function and

molecular weight. However, benzoate-1, 2-dioxygenase has a

very limited or narrow substrate specificity when compared to

toluate-1,2-dioxygenase, which has a broad substrate

specficity.

In general benzoate-1,2-dioxygenase, which catalyzes the

conversion of benzoate to 2 -hydro-1,2-dihydroxy benzoic acid,

consists of two components. These are the NADH-cytochrome

C-reductase, which is composed of one FAD and one iron-sulfur

cluster with a molecular weight of 38 kDa (Axcell & Geary,

1975; Yeh et al., 1977), and the terminal dioxygenase

component, which is an iron-sulfur protein made of two

nonidentical subunits (alpha and beta) with molecular weights

of 50 kDa and 20 kDa, respectively (Yeh et al., 1977) .



O -n-nm

Benzene

OH

[ (.4
OH

Cate hol

NADH + H

H

Hypothetical
Dioxetane

,*H
NAD t

OH

%H
C/S- ,2-d!hydro-
1,2-dthydroxbenzene

31



32

Figure 6. Mechanism of action of the benzene-1,2-dioxygenase
complex. This Figure was adapted from Rochkind-Dubinsky et
at., 1978.
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In the strains where toluene and related compounds are

attacked by the incorporation of oxygen molecules into the

aromatic nucleus, the initial product is

(+) -cis-1 (S) , 2 (R) -dihydroxy-3-methylcyclohexa-3, 5-diene.

The enzyme toluene-1,2-dioxygenase can be broken into three

protein components and all three are needed for the enzyme to

be functional (Yeh et al., 1977; Subramanian et al., 1979;

Gibson et al., 1982). Two electrons from NADH are

transferred to a flavoprotein called ferredoxin TOL

reductase. The reduced flavoprotein transfers an electron to

a 2Fe-S protein designated ferredoxin TOL which in turn

reduces the terminal oxygenase component. The terminal

oxygenase is an iron-sulfur protein and requires exogenous

iron for enzymatic activity (Subramanian et al., 1979;

Subramanian et al., 1981).

Similar oxidative enzymes are found in other bacteria

such as the pyrazon-degrading bacteria and

naphthalene-degrading bacteria (Sauber et al., 1977; Axcell &

Geary, 1975; and Ensely et al., 1982).

Toluene-1,2-dioxygenase (the product of xylXYZ), in

addition to being very useful in biotechnology for the

creation of new catabolic pathways or the expansion of

existing pathways (see below), is also important in industry

for production of polyphenylene fibers, films and indigo (one

of the oldest dyes known to man) (Ballard et al., 1983;
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Gibson et al., 1983) .

Degradative Genes in Genetic Engineering

The detoxification and mineralization of recalcitrant

compounds found in industrial waste by soil microorganisms,

specifically by the genus Pseudomonas, has drawn a

substantial amount of attention ever since such catabolic

pathways were discovered. Factors that limit microbial

attack on a compound might be one or more of the following:

(1) the compound may not be able to enter the interior of the

cells, (2) the organism may only carry a portion of the

pathway necessary to completely degrade the compound, (3)

enzymatic action on the compound may produce a toxic

intermediate that prevents the growth of organism or (4)

organisms which possess the enzymatic pathway necessary for

the degradation of the compound may require another compound

to induce it (Dangly, 1974).

A complete understanding of the enzymes and genes involved

in degradative pathways is very important in order to be able

to manipulate or alter their activities. (it is often

necessary to overcome the difficulties that are encountered

by microorganisms in the breakdown of toxic and nontoxic

compounds in general) . Manipulation of the catabolic

activities in vivo or in vitro may be accomplished in any of

the following: (1) an increase in the expression of catabolic
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activity through transcription of a gene or entire pathway;

(2) a broadening or narrowing of the

range of substrates that are catabolized by the pathway; (3)

a change in the induction or repression of the pathway via an

alteration in a regulatory gene; (4) an extension of the

pathway so that new compounds can enter the pathway; (5) an

alteration of the end product through the elimination of one

or more genes; or (6) the construction of new pathways by

combining appropriate sections of different pathways

(Lehrbach et al., 1984). Selective enrichment media are

often used to isolate organisms with the desired

phenotypes/genotypes (Wigmore & Ribbons, 1980; 1981). This

usually requires a long time over many cell generations,

especially if two or more genetic changes are required. For

example, Pseudomonas sp. B13, which synthesizes three

modified catabolic enzymes (pyrocatechase, cycloisomerase and

hydrolase) involved in the breakdown of 3-cholorobenzoate,

was isolated only after prolonged growth of the parent strain

in benzoate and 3-chlorobenzoate minimal media, with a

gradual replacement of benzoate by 3-chlorobenzoate (Dorn et

al., 1974).. The requirement for such long selection

procedures to obtain strains with new biodegradative

abilities can often be avoided by using other methods such as

conjugation (in vivo) or even the more preferred method of

gene cloning (in vitro) (see below).
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The expansion of a pre-existing pathway for the catabolism

of 3-chlorobenzoate in Pseudomonas sp. B13 to also degrade

4-chloro-benzoate and 3, 5-dichlorobenzoate was accomplished

by the introduction of the entire TOL plasmid pWWO into B13

by conjugation (Reineke et al., 1979; and 1980). However,

this new strain was initialy unable to utilize

4-chlorobenzoate due to the formation of toxic dead-end ring

cleavage products. The TOL-encoded meta-cleavage pathway was

then inactivated through mutation (Reineke et al., 1982) and

other genetic manipulations carried out to allow

3 ,5-dichlorobenzoate to be utilized as a growth substrate

(Reineke & Knackmuss 1979; and 1980). It was subseqently

found that the introduction of the entire TOL pathway was not

necessary. In fact, it required more genetic manipulations

to inactivate the unwanted genes than it did to clone the key

enzymes involved (namely toluate-1, 2 -dioxygenase, toluene

dioxygenase dehydrogenase and the regulatory gene xylS) into

a broad host range vector. This could then be introduced

into the bacterial strain B13 (WRi) to complete the desired

pathway (Lehrbach & Timmis, 1983b) . The fact that only a

small segment of DNA containing the xylXYZ, xylL and the xylS

genes was introduced into strain B13 in order to expand the

pathway in vitro, rather than the 117 kb TOL plasmid in vivo,

demonstrated that the expansion of catabolic pathways could

be accomplished by the introduction of selected genes rather
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than the whole pathways, once the key factors had been

identified and analayzed.

Genetic engineering techniques can also be used to allow

the catabolism of new compounds through the assembly of

appropriate sections of different pathways. This is best

illustrated by pWWO-EB62, which is capable of catabolizing

p-ethyltoluate. The enzymes encoded by the TOL plasmid of

P. putida are not capable of degrading p-ethyltoluene.

However, the plasmid pWWO-EB62 after modification of its

catabolic pathway through recruitment of mutant genes, was

able to degrade p-ethyltoluene. This plasmid codes for C230

gene which is resistant to inactivation by p-ethylcatechol,

in contrast to its wild-type enzyme. The xylS is a mutant

regulatory gene that, in contrast to the wild-type xylS, gene

activates the meta-cleavage pathway even in the presence of

very low concentrations of p-ethyltoluene. The last mutation

is in the genes encoding toluene oxidase (TO). Collectively

these mutant genes enable pWWO-EB62 to mineralize

p-ethyltoluene, in addition to the normal substrates of the
TOL pathway (Ramos et al., 1987; Ramos et al., 1986;

Furukaura et al., 1985; Reineke et al., 1982; Rubio et al.,
1986). The three independent mutations introduced into the
TOL plasmid make it unlikely that a plasmid similar to

pWWO-EB62 could be isolated from nature.

As was mentioned before, in order to use the very valuable
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techniques of genetic engineering to manipulate catabolic

genes (pathways), a complete understanding of the pathway at

the biochemical as well as genetic level is

required. TOL plasmids encode one of the best understood

examples of aromatic degradative pathways. However, many

more detailed studies need to be carried out on this model

pathway and its individual genes, the enzymes encoded and

their interrelationships.

The effort of this research was directed toward cloning

and characterizing the genes from the meta-cleavage pathway

of pDKR1 which make up the xylXYZ region and its product,

toluate-1,2-dioxygenase. This is the very first enzyme of

the meta-cleavage pathway. It acts as a check point for all

the compounds that enter the pathway. The enzyme has a broad

substrate specificity and is one of the most important

components of the pathway with regard to the expansion of

substrate specificity and the building of a new catabolic

pathways. The products of the reaction catalyzed by this

enzyme are also quite valuable in industry for making such

compounds as indigo and polymers which are used in film and

fiber making., The results of this study are presented below.
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MATERIALS AND METHODS

Bacterial Strains

Strain PaW630 (tryptophan auxotroph and streptomycin

resistant) of Pseudomonas putida contains the plasmid pDKR1

(97.6 Kb, 66 MDa). The plasmid pDKR1 is an in vivo construct

produced by conjugating strains carrying RP4 and pDK1::TOL.

The pDKR1 plasmid has the RP4 replicon with a 40 kb segment

of pDK1, encoding the TOL functions, inserted (Figure 7)

The P. putida strain, PaW630, carrying pDKR1, capable of the

biodegradation of toluene and a number of its derivatives

(Shaw and Williams, 1988), was obtained from Dr. D. A. Kunz,

Department of Biology, University of North Texas. In

addition to resistance to streptomycin (1 mg/ml), which is

chromosomally encoded, PaW630 is resistant to kanamycin (100

gg/ml), tetracycline (50 gg/ml), and ampicillin (1 mg/ml) due

to the presence of pDKR1.

Escherichia coli DH5 (supE44 hsdRl7 recAl endAI gyrA96

thi-1 relAl) (Sambrook et al., 1989) was used as a recipient

for transformation experiments in conjunction with the ColEl

plasmid pBR325 (Bolivar, 1987; Figure 8)

Escherichia coli JM101 (SupE thi A(lac-proAB) F' [traD36

39
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Figure 7. Restriction endonuclease cleavage map of RPI::TOL

(pDKRI).
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Figure 8. Restriction endonuclease cleavage map of pBR325.

This Figure was adapted from the Bethesda Research

Laboratories catalog and reference guide, 1988.
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proAB+ laCIq lacZAM15]) (Sambrook et al., 1989) was used for

vector transformation experiments utilizing plasmids pUC19

(Figure 9) and pKT230 (Figure 10) (Sambrook et al., 1989).

Escherichia coli HB101 with the genotype supE44

hsdS20(rB~ mB~) recA13 ara-14 proA2lacYl galKk2 rpsL20 xyl-5

mt-I (Sambrook et al., 1989), was used in conjunction with

pBR322 (Figure 11) which had pDKR1 inserts.

Media and Culture Conditions

The Pseudomonas strain PaW630 was maintained on minimal

media at 40C for short-term storage (up to a month) . The

minimal media was made of two separate solutions, "PN" and

"R-salts". The lOx PN solution was made by adding 91 g of

KH2PO4 , 16.8 g of NaOH and 12 g of (NH4 )2 SO4 to 900 ml of

H20. The pH was adjusted to 7.0 and the volume was increased

to 1000 ml with distilled water. The 200x R-salts was made

from two solutions which were prepared separately. First,

400 ml of 10% MgSQ4 .7H20 was made. This was added to the

second solution of 100 ml 1% FeSO4 -7H2 0. Two ml of

concentrated HCl was added to this solution. The 200x

R-Salts was then dispensed into 10 ml aliquots, autoclaved

and stored at room temperature. The 10x PN solution was

stored at room temperature without autoclaving. Liquid

minimal media was prepared by making a lx PN solution (one
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Figure 9. Restriction endonuclease cleavage map of pUC19.
This Figure was adapted from the New England Biolabs catalog
and reference guide, 1991.
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Figure 10. Restriction endonuclease cleavage map of pKT230.
This Figure was adapted from the New England Biolabs catalog
and reference guide, 1991,
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Figure 11. Restriction endonuclease cleavage map of pBR322.

This Figure was adapted from the New England Biolabs catalog

and reference guide, 1991.
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part PN to nine part of distilled water). The lx PN solution

was autoclaved and 1/200 volume of R-Salts was added.

Meta-toluate was used as the growth carbon source and was

added to a final concentration of 5 mM. Tryptophan was

filter sterilized and added to a final concentration of 50

gg/ml after the sterilized media had cooled to 55C.

The same media with 2% agar was used for plating and

maintaining the bacteria. The carbon sources for the plates

were provided either by putting a small cotton plugged test

tube which contained toluene (nonaqueous liquid) in the petri

dish lid or by the addition of a filter-sterilized solution

of meta-toluate to a final concentration of 5 mM. The

temperature for growth was 30C for Pseudomonas strains.

The same minimal media was utilized for experiments

where TOL enzymes were expressed in E. coli strains carrying

recombinant pUC19 plasmids. However, in this case 50 mM

glycerol was used as the carbon source. For experiments

designed to accumulate diols, benzoic acid, m-toluate,

p-toluate or 3,4 dimethylbenzoic acid were added to the media

at the desired concentration (commonly 5 mM). IPTG, when

present, was added to a final concentration of 100 mM.

E.coli cultures were maintained on Luria-Bertani (LB)

broth and/or agar at 37'C in the presence of appropriate

antibiotics if appropriate (e.g. ampicillin, 50 gg/ml).

Enriched medium LB broth contained 1% Bacto TryptoneTM, 0.5%
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yeast extract, 1% NaCI and was adjusted to pH 7.5 before

sterilization.

Long Term Storage of Cultures

The strains were stored by ultra cold storage at -700 C.

In order to prevent bursting of the cells during freezing,

glycerol was added to 40% (V/V) to the culture medium. The

bacteria were removed from selective plates and grown in LB

broth overnight in 5 ml culture tubes. Five hundred micro

liters of sterile 80% glycerol was added to the culture

freezing vials. Then, 500 kl of the overnight culture was

added to the glycerol. The contents of the vials were mixed

and the vials were transferred to -70 0 C freezer for long term

storage.

Airtight tubes containing LB agar were also used for

medium term storage at room temperature. The tubes were

inoculated with the specific bacteria as a deep stab. Stab

cultures remain viable for several years.

For routine use in the laboratory, a slant culture was

maintained. LB agar was placed in small screw-cap tubes,

sterilized and then allowed to harden as the tubes set at a

angle. The bacteria were transferred directly to the surface

of the slant culture, allowed to grow overnight and stored in

a refrigerator (40C) . These cultures were generally useful

for up to two months.
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Plasmid Isolation from Pseudomonas Strains by

CsC1/Ethidium Bromide Density Gradient Centrifugation

Plasmids were isolated from a one liter culture

according to the procedure of Johnston and Gunsalus, 1977. A

50 ml flask containing minimal medium was inoculated from a

single colony of P. putida PaW630 taken from an appropriate

minimal medium plate. The carbon source for growth was

provided in the form of 5 mM m-toulate. The starter culture

was allowed to grow for 12 hours at 300C in a NewbrunswickTM

G25 shaker/incubator set at 250 rpm. A 2800 ml FernbachTh

flask containing 1 liter of minimal medium (5 mM m-toulate)

was inoculated with 15 ml of the overnight culture and

incubated for 12 hours at 30*C with vigorous shaking

(approximately 350 rpm). The cultures were chilled to 40 C

before harvesting and the cells were collected by

centrifugation at 8000 x g for 10 minutes in a Sorvall"m GSA

rotor. The cell pellet from the one liter culture was

resuspended in 100 ml Tris-sucrose (50 mM Tris-HCl, 25%

sucrose, pH 8). The cell suspension was lysed by adding 100

mg of freshly made lysozyme dissolved in 20 ml of 0.25 M tris

(pH 8.0) and incubating on ice for 20 minutes. Twenty ml of

0.25 M EDTA (pH 8.0) was added at room temperature to the

lysed cells and this was carefully mixed by inversion. After

5 minutes, a mixture of 50 ml 5 M NaCl and 40 ml sarcosyl-DOC

(50 g sarcosyl 97, 10 g deoxycholic acid in 200 ml total

volume, pH 8.0) was added to the sample. The cell suspension
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was then incubated for two hours on ice at 40 C. After this

incubation, the cell suspension was centrifuged in a

Sorvall'" Ti647.5 rotor for 40 minutes at 62,000 x g in Oak

Ridge-style polycarbonate tubes. The supernatant was

decanted into a graduate cylinder and one quarter volume of

50% polyethylene glycol 8000 added and mixed by inversion.

This mixture was incubated overnight on ice at 40C. The

following day the PEG suspension was centrifuged in a

Sorvall"m GSA rotor for 10 minutes at 12000 x g. The

supernatant was discarded and the pellet resuspended in 20 ml

TES (50 mM tris-HCI, 50 mM NaCl, 5 mM EDTA, pH 8.0). Solid

cesium chloride was then added (1.06 mg/ml) and dissolved.

This solution was then transferred to 4 UltracrimpTm

centrifuge tubes (10.5 ml). 250 Ll of 20 mg/ml ethidium

bromide was added to each tube under reduced light and the

total contents mixed by inversion. The CsCI mixture was

centrifuged at 110,000 x g for 40 hours in a Sorvall"m Ti1270

rotor. The lower band was removed with a 19G gauge

hypodermic needle and a 3 cc disposable syringe (Figure 12).

The ethidium bromide was removed by four extractions with a

H2 0-saturated butanol solution. The removal of CsCl and

concentration of the DNA was accomplished by either ethanol

precipitation or by use of a Centriconm concentrator. The

plasmid yield was measured using a Beckman"m DU-40

spectrophotometer. The DNA has an absorption maximum at 260

nm with 1 optical density unit equal to 50 pg of double
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Figure 12. Ultracentrifuage tube containing supercoiled

plasmid and linearized chromosomal DNA in CsCl/EtBr following

centrifugation.
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stranded DNA per ml. Additional information regarding

plasmid recovery and purity was obtained by electrophoretic

analysis on a 0.7% agarose gel.

Ethanol Precipitation

Ethanol precipitation of DNA samples was commonly

carried out for either of two purposes: 1) concentrating

dilute DNA samples or 2) removal of salts from DNA samples.

Plasmid preparations after removal from CsCI gradients are in

fact ethanol precipitated for both reasons. Since the

samples contain very high concentrations of cesium chloride,

they were diluted with 2 volumes of distilled water before

the addition of 9 volumes of ethanol. This was mixed

thoroughly and chilled at -80'C for 15 minutes. The samples

were then centrifuged for 15 minutes at 12000 x g in 30 ml

siliconized Corexl tubes. The supernatant was discarded and

the pellet dissolved in 5 ml of 300 mM sodium acetate. Three

volumes of non-denatured 100% ethanol was added and the

sample was thoroughly mixed. The mixture was centrifuged at

12,000 x g at 40C for 10 minutes. The supernatant was

removed with a bent, pulled 9 inch PasteurTh pipette.

Residual salt was removed by adding 1 ml of 70% ethanol,

inverting the tube several times and collecting the DNA

pellet by centrifugation at 8000 x g for 10 minutes. The

supernatant was again removed with a pulled Pasteur"'

pipette. In order to dry the pellet quickly, 1 ml of 100%
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ethanol was gently added to the pellet and the sample

centrifuged at 12000 x g for 3 minutes. The supernatant was

removed and the tube was placed in a 37C incubator for 5

minutes. The final pellet was resuspended in 300 $l of TE

buffer. All solutions were kept cold at all the times

because DNA is soluble in ethanol at elevated temperatures

(and low recovery efficiencies can occur if the tubes warm up

during centrifugation). It should be noted that DNA samples

do not efficiently precipitate from solutions of low ionic

strength. Therefore, any sample with a low salt

concentration was adjusted to 0.3 M sodium Acetate or 0.5 M

ammonium acetate prior to the addition of ethanol.

CentricontM Microconcentrator

CentriconTm concentrators were used for concentrating DNA

samples, especially when the DNA was present at a

particularly low concentrations (e.g. pDKRI plasmid

preparations from Pseudomonas strains). The assembled

CentriconT apparatus is made of a sample reservoir, 0-ring,

membrane, filtrate cup, and retentate cup (Figure 13) . The

sample reservoir was filled with 1.5 ml of CsCl-DNA solution

(aqueous solution after butanol extraction). This was then

centrifuged at 5000 x g in a SorvallTm SA-600 rotor for 45

minutes. This process was repeated multiple times for

samples that were larger than 2 ml. The sample remaining in

the sample reservoir after the centrifugation was diluted
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with 1 ml of TE buffer and recentrifuged to further eliminate

residual salt. This was repeated twice. The filtrate cup

was removed and the retentate cup placed over the top. The

CentriconT was then inverted and centrifuged for 5 minutes

at 1000 x g. This transferred the DNA sample to the

retentate cup. The concentrated DNA (approximately 300 pl)

was transferred from the retentate cup to a microfuge tube.

The absorbance of an appropriately diluted sample was

measured to determine yield and approximately 1 gg of DNA was

loaded onto a horizontal agarose gel for purity analysis.

Plasmids were also routinely screened for the number and

location of specific restriction endonuclease cutting sites

for the confirmation of size/identity.

Restriction Endonuclease Digestions

All reagents used in the analysis were autoclaved prior

to use. Restriction digestions were carried out according to

the manufacturer's instructions. In order to digest DNA, the

quantity of DNA to be digested was determined and the

corresponding amount of enzyme required was calculated. It

was usually assumed that 2 units of enzyme were required to

reliably digest 1 pg of plasmid DNA (6 units/jg was used for

digestion of chromosomal DNA's or cloning vectors where

complete digestion was absolutely necessary) . The use of

excess enzyme ensures complete digestion. It was important

to determine the total volume of the digestion reaction and
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Figure 13. Assembled CentriconTm utilized for concentrating

and desalting DNA samples.
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to limit the contribution of glycerol from the restriction

enzyme storage buffer to no more than 5% (W/V).

Concentrations of greater than 5% can result in non-specific

cutting by the enzymes. Since the restriction endonucleases

are usually supplied in 50% (W/V) glycerol, a 1:10 dilution

of enzyme in the final reaction mixture sufficiently dilutes

the glycerol to avoid cutting artifacts. The reactions were

usually allowed to continue for two to three hours at the

manufacturer's recommended temperature. The lOx buffers for

enzyme reactions were prepared according to the

manufacturer's specifications and stored in 1.5 ml

microcentrifuge tubes at -20'C. A universal buffer called

Carlo'sTm buffer, which gives good activity for many (but not

all) restriction endonucleases, was also occasionally used.

This buffer was particularly useful when carrying out

digestions with several enzymes simultaneously, where the

individual enzymes require different buffers as specified by

the manufacturer.

10x Carlo'sTm restriction enzyme buffer contained:

330 mM Tris acetate (pH 7.9)

660 mM Potassium acetate (pH 7.9)

100 mM Magnesium acetate

30 mM Spermidine

1 mg/ml Bovine Serum Albumin

In a separate tube (10x DTT)

2 5 mM DTT
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Following completion of the incubations, either 5x loading

buffer was added to samples that were to be subjected to

electrophoresis or the samples were stored "as is" at -200 C

for later use. DNA samples that were to be used in ligation

experiments were extracted with phenol to eliminate any

remaining restriction endonuclease activity before ethanol

precipitation. Complete digestion of the DNA was verified by

electrophoretic analysis of small portions of the samples on

acrylamide or agarose gels.

Phenol Extraction of Nucleic Acids

DNA can be purified from protein contamination (either

enzymes or crude cellular preparations) by using an organic

solvent such as phenol and/or phenol-chloroform. The

extraction leads to the denaturation of proteins, which form

an interphase between the aqueous and organic layers.

However, DNA and RNA are not denatured by the organic solvent

and remain in the aqueous layer. Phenol extraction of DNA

samples was carried out as follows: an equal volume of

TE-saturated (10 mM tris-HCl, 1 mM EDTA, pH 8.0) phenol

containing 0.1% 8-hydroxyquinoline was added to the DNA

sample and the tube was vortexed thoroughly (8-hydroxy

quinoline is a yellow compound which serves two purposes.

First, it prevents oxidation of the phenol itself. Second,

it makes identification of the phenol vs aqueous layers a

much simpler task. The thoroughly mixed sample was then
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centrifuged at 12000 x g for 5 minutes. The sample appeared

as two layers, a yellow-colored phenol was generally the

lower layer. A clear aqueous layer is commonly on top. The

upper layer was transferred to a new microfuge tube with a

siliconized bent pulled 9 inch PasteurTM pipette. In order

to make sure that all proteins were denatured, a second

extraction with a 50:50 (V/V) phenol/chloroform mixture was

performed (chloroform in this case is prepared as

chloroform/isoamyl alcohol at a volume to volume ratio of

24:1).

Phenol/ chloroform was removed from the sample by

extraction with diethyl ether. As for the phenol extraction,

an equal volume of diethyl ether was added and the sample was

vortexed. The sample was then centrifuged at 12,000 x g for

5 minutes. The ether layer (upper layer) was removed and an

additional equal volume of diethyl ether added. The sample

was again vortexed, centrifuged and the ether layer

discarded. Any remaining traces of ether were removed by

placing the open tube containing the sample under a fume hood

at room temperature for 15 minutes. The DNA was finally

recovered by ethanol precipitation. Precipitation with

ethanol also removed traces of phenol, chloroform or ether

which might inhibit restriction enzymes and other enzymes

used in molecular cloning.



65

Quantification of Nucleic Acids

Quantitative determination of nucleic acids content of

samples can be accomplished by any of several methods.

Nucleic acids absorb UV light at 260 nm and bind the

fluorescent dye ethidium bromide (EtBr). These physical

characteristics form basis for two of the common methods to

determine DNA concentrations in samples. Ultraviolet light

absorption can also be used to estimate the purity of DNA

samples. For example, the presence of protein or phenol will

cause the normal absorption maxima at 256-260 nm to shift in

the direction of 270-280 nm. Ethidium bromide binding is

useful when only small amounts of DNA are present and the DNA

is contaminated with other material which also absorbs in the

ultraviolet wavelengths. For this method a small aliquot of

the sample is subjected to gel electrophoresis with various

known amounts of DNA loaded onto adjacent wells. Comparison

of the unknown DNA band of interest to known lanes provides

an estimate of the original DNA concentration.

Most commonly, however, the ultraviolet

spectrophotometer is the method of choice for determining

nucleic acid concentrations (if sufficient quantities of

relatively pure DNA are available). A pure solution of

double-stranded DNA at a concentration of 50 pg/ml has an

optical density of 1.0 at 260 nm. Concentrated DNA samples

were diluted either 1:10 or 1:100 with TE buffer prior to the

determination of optical density (OD) readings. Following
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the estimation of DNA concentration by OD260nm, samples were

routinely subjected to horizontal agarose gel electrophoretic

analysis to verify concentration, purity and quality of DNA

(e.g., damage to plasmids by the action of nucleases). The

gels were stained with 0.5 gg/ml of EtBr, and the

concentration and purity of DNA was estimated. In addition,

the DNA samples were digested with restriction endonucleases

and the banding pattern compared published or previously

observed results (if known). Only after all the above

procedures were completed was the DNA concentration of each

sample finally estimated.

Agarose Gel Electrophoresis

Agarose gel electrophoresis was used for purification,

identification and separation of DNA fragments. When agarose

is melted and then cooled in aqueous solution, it forms a gel

stabilized by hydrogen bond formation. The DNA fragments

move through an agarose gel under influence of an electric

field. Negatively charged DNA moves toward the anode. The

rate of movement is related to the size of the particular DNA

molecule in question and the concentration of agarose in the

gel (the latter determines the pore size and can be varied

according to the size range of the DNA molecules to be

analyzed).

The desired amount of agarose (e.g. 1 g per 100 ml of

solution for a 1% gel) was added to the 100 ml of 1x TBE
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buffer (5x concentrated buffer contains 54 g tris, 27.5 g

boric acid and 20 ml 0.5 M EDTA, pH 8.0 per liter of

solution). The flask containing the 1% agarose solution was

weighed, placed in the microwave oven and brought to a boil

for approximately 2.5 minutes. The flask was removed,

reweighed and the necessary amount of distilled water added

to restore the solution to its original weight. As the

agarose solution cooled at room temperature, the ends of the

a gel casting tray of the proper size were sealed with

masking tape. The tray was then filled with the agarose

solution and a well-forming comb was inserted. The solution

was allowed to gel at room temperature (approximately 30

minutes), the comb was carefully removed and the gel tray was

then placed in an electrophoretic apparatus. The lx TBE

buffer was added to the chamber until it covered the gel.

The samples to be analyzed were mixed with the required

amount of 5x loading buffer (25% glycerol, 0.5% SDS, 0.1%

bromophenol blue, 0.1% xylene cyanol and 50 mM EDTA) and

loaded onto the gel using a micropipettor (or Hamilton

syringe). The leads were then connected to a power supply

and the gel was electrophoresed at constant voltage for the

desired time at the appropriate voltage. The gel was stained

in an ethidium bromide solution of 0.5 pg/ml for 25 minutes,

followed by destaining in deionized water for 10 minutes. It

was then observed with long wave ultraviolet irradiation and

photographed if needed.
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Gel Photography

Gel photography serves several purposes. It is the best

way of keeping a permanent record of the DNA band pattern.

The mobility of DNA fragments through the gel in comparison

to the selected standard DNA markers allows the relative

sizes of unknown DNA fragments to be estimated. Also, a DNA

band which is not visible to the naked eye, can frequently be

seen on the picture, especially when a long exposure time is

used.

The gel to be photographed was transferred onto the

protective cover of a Fotodynem transilluminator mounted

beneath a Polaroid camera (Polaroid MP-4 Land Camera System,

Polaroid comp.) and visualized once again under UV light.

The image of the gel was focused on the film using the

visible flood lights and a ruler placed next to the gel. A

red lens filter (Kodak 22A WrattenTh filter) was placed over

the camera lens. An F-stop setting of 4.5 allowed the

greatest amount of light to enter the camera and facilitated

focusing. An exposure setting of B (manual timing) is

selected and a piece of a film (Polaroid type 55

positive/negative) is inserted into the camera body. The

transilluminator is turned on and the film exposed for 1-2

minutes. The processed photograph was coated with the

fixer/hardener and the negative was placed in a solution of

18% sodium bisulfite for 10 minutes. The negative was then
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rinsed thoroughly with deionized water and allowed to dry.

The information for identification of the gel was recorded on

the back of the photograph and along the edge of the

negative.

Preparation of Linearized Plasmid Vectors for Cloning

The vector DNA was linearized by appropriate restriction

endonuclease (one cutting site per vector molecule) and the

terminal 5' phosphate groups were removed. This

dephosphorylation prevents recircularization of the vector in

the absence of inserted DNA fragments. The enzyme bacterial

alkaline phosphatase (BAP) was used to remove the 5'

phosphates. One microliter of BAP (200 units) was added to

5-10 gg of the restriction endonuclease digested vector DNA

(which was generally in 20-30 pl total volume). The total

volume was then increased to 100 Jl with TE buffer. The

mixture was incubated at a 65*C in water bath for 4.5 hours.

The sample was collected to the bottom of the microfuge tube

by centrifugation at 10,000 rpm every 30-45 minutes. The

alkaline phosphatase and restriction endonucleases present in

the reaction mixture were inactivated and removed by two

extractions with phenol as described previously. Ethanol

precipitation was utilized to recover the DNA, which was then

dissolved in 20 gl of TE buffer.
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Ligation of DNA

The 5-10 jg of the DNA to be cloned was digested with

the same restriction endonuclease as the vector (or one with

compatible termini), phenol extracted, ethanol precipitated

and dissolved in 10 gl of sterile TE buffer. A ratio of

three moles of vector per one mole of insert was used. The

total DNA was limited to 0.5 to 1.0 pg. The two DNA's were

combined in a total of 20 jl with 4 jl of 5x ligation buffer

(250 mM tris-HCl, pH 7.6, 25% W/V PEG-8000, 50 mM MgCl2 , 5 mM

ATP, and 5 mM DTT; generally made fresh) and 1 jl of T4 DNA

ligase (10 units) . This was incubated at room temperature

for 5 hours. At the end of the 5 hour period, 20 pl of TE

buffer was added to the ligation mix and then 10 pl of this

mixture was added directly to competent cells as described

below.

Preparation and Transformation of Competent Cells

In general, there are three basic steps in the

introduction of plasmid DNA into bacterial cells: (1)

preparation of competent cells, (2) transformation of the

competent cells and (3) selection of transformants. Most

transformation procedures use high levels of calcium chloride

to induce alterations in the bacterial cell wall which

facilitate the entry of plasmid DNA into the Escherichia coli

cells. Most Escherichia coli strains can yield a

transformation efficiency of between 105 and 108
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transformants per microgram of plasmid DNA. Factors that

affect the efficiency are 1) use of cells that are in

logarithmic phase of growth, 2) maintaining cells at a

temperature of 40 C during competent cell preparation and 3)

long exposure to ice-cold calcium chloride. During the

exposure of competent cells to DNA, a heat shock is commonly

used to further improve transformation efficiency by causing

a destabilization of the lipid bilayer in the cell membrane.

This is followed by a brief period of recovery which enables

the cells to begin expressing selectable markers encoded by

the transforming DNA (e.g. antibiotic resistance) . The cells

are plated onto a selective medium to eliminate all cells

which have not taken up intact plasmids and further screened

to determine which cells carry recombinant plasmids.

The method of Kushner (Kushner, 1978) was used in this

study for the preparation and transformation of competent

Escherichia coli cells. Escherichia coli strains (DH5, JM101

or HB101) were streaked onto a fresh Luria-Bertani plate one

day prior to the experiment. The next day a single colony

was inoculated into 10 ml of sterilized Luria-Bertani broth

(pH 7.5) and the cells were grown to the density of 5 x 107

cells/ml (OD of 0.45 at 550 nm). A two milliliter sample of

the cells (1 x 108 cells) was collected in a sterile 15 ml

CorexI tube by centrifuging for 10 minutes at 9300 x g (40C)

in an SA600 rotor. The supernatant was poured off

immediately. The pellet was then gently resuspended in 1 ml
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of ice-cold solution A (10 mM Mops, pH 7.0, 10 mM RbCl2 ) by

slowly running the solution up and down over the pellet with

a sterile 9 inch PasteurTm pipette. This suspension was

centrifuged for 10 minutes at 9300 x g (4 0 C) in an SA600

rotor and the supernatant was poured off. The pellet was

resuspended in 1 ml ice-cold solution B (100 mM Mops, pH 6.5,

50 mM CaC 2 , 10 mM RbCI2 ) and the cells incubated on ice for

30 minutes. The cells were treated very gently from this

point because they are very susceptible to damage. The cells

were centrifuged at 9300 x g for 10 minutes in an SA600

rotor, the supernatant poured off and tubes inverted on

KimwipesTm for 30 seconds. The pellet was resuspended in 200

ml of ice-cold solution B and 3 pl of DMSO

(dimethylsulfoxide). Next, 0.2 jg of plasmid DNA (or

ligation mix) was added. The DNA was as concentrated as

possible so that less than 10 gl total volume was added. The

cells were incubated on ice for 30 minutes and then heat

shocked by placing them in a 43.50 C water bath for 30

seconds. The volume in the tube was adjusted to 5 ml with Z

Broth (1.6 g nutrient broth, 1.0 g peptone and 0.2 g glucose

in 100 ml H20, pH 7.5). The cells were incubated at 370 C for

one hour without shaking. One hundred to three hundred

microliter samples of the cell suspension were spread on

selective media plates (e.g. LB agar containing the

appropriate antibiotic) . These plates were placed upright in
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a 37'C incubator until dry (approximately 30 minutes) and

then turned upside down and incubated overnight.

Selection of Transformants Carrying Recombinant

Plasmids

The colonies that were resistant to the proper

antibiotic on selective plates were picked using sterile

toothpicks and streaked onto two new antibiotic-containing

plates. One plate contained the original selective

antibiotic and the other an antibiotic chosen such that the

insertion of DNA into the cloning site would have inactivated

the gene conferring resistance to that antibiotic. The

plates were incubated overnight. Colonies were selected

which again grew in the presence of the original selective

antibiotic but which had lost resistance to the marker at the

cloning site. An example using chloramphenicol and

tetracycline resistance markers is shown in Figure 14. These

colonies were transferred to a master plate with appropriate

antibiotic(s), incubated overnight and saved for further

analysis.

Rapid Plasmid Isolation by the Alkaline Lysis Method

The alkaline lysis mini-prep is a quick method for

isolating small amounts of plasmid DNA (approximately 1 gg

per ml of culture processed) from a transformed host. This

protocol can be used for the isolation of recombinant
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Figure 14. Selection of transformants carrying an insert in

the chloroamphenicol resistance gene. Colonies were patched

onto identical locations on a chloramphenicol and a

tetracycline containing LB plate. Those which grew on the

tetracycline plate but failed to grow on the chloramphenicol

plate were retained as likely recombinant plasmid bearing

strains.
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plasmids up to 15 kb in size. This method is relatively

quick and requires only a few hours to complete. The alkaline

lysis method of Birnboim and Doly (1979) was used. Five

milliliters of LB broth containing appropriate antibiotic(s)

was inoculated from a master plate and incubated overnight on

a rotary shaker (250 rpm) at 370 C. Three milliliters of the

culture was centrifuged at 12,000 x g for 5 minutes. The

supernatant was removed with a pulled Pasteur pipette and the

cell pellet resuspended in 100 gl of ice-cold 50 mM glucose,

10 mM EDTA, 25 mM tris-HCl, pH 8.0 and 7.5 mg per ml lysozyme

using a sterile toothpick. The lysozyme was added to the

solution immediately prior to use. The tubes were incubated

at room temperature for five minutes. Next, 200 pl of a

freshly prepared solution of 0.2 N NaOH and 1% SDS was added.

The contents of the tubes were mixed by inversion and

incubated on ice for 5 minutes. One hundred fifty

microliters of ice-cold potassium acetate (60 ml of 5 M

potassium acetate, 11.5 ml of glacial acetic acid and 28.5 ml

distilled water, pH 4.8) was then added and the tubes were

mixed by inversion several time. These were stored on ice

for 5 minutes and centrifuged at 10,000 rpm for five minutes.

The supernatant was transferred to a new microfuge tube and

450 gl of phenol/chloroform was added. The solution was

mixed thoroughly by vortexing and allowed to stand for 2

minutes at room temperature. This was followed by

centrifugation at 12,000 x g for five minutes. The
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supernatants were transferred to fresh tubes and three

volumes of 100% ethanol added (room temperature) . These were

vortexed and then centrifuged at 12,000 x g for 15 minutes at

40C. The supernatants were discarded and one ml of 70%

ethanol added. The tubes were vortexed and centrifuged at

12,000 x g for 5 minutes. The supernatants were again

removed and the pellets dried by placing the tube in the

incubator (37'C) for 15 minutes. The pellets were dissolved

in 50 pl of TE buffer (pH 8.0) containing 25 pg/ml of

heat-treated pancreatic RNase by vortexing. The plasmid

prepared by this method was used for restriction digestions

and gel electrophoresis.

Identification of the Selected Clones

The clones were identified by comparison of restriction

endonuclease fragmentation patterns of the clones to the

published restriction map of the RP1::TOL cointegrate, pDKR1,

and to the restriction map of the appropriate vector (pBR325,

pKT230, pBR322or pUC19). The orientation in which fragments

were inserted into the cloning sites was in most cases

determined in the same manner. Standard size markers for

electrophoretic analyses were lambda phage chromosome's

digested with HindIII and pBR322 digested with enzymes such

as HinfI. For determination of the orientation of insertion,

restriction enzymes were chosen which cut the vector and

cloned DNA segments in an unsymmetrical fashion. The xylXYZ
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gene of RP4::TOL (pDKR1) in pUC19 was further characterized

by expression of its toluate-1,2-dioxygenase activity

(described in detailed elsewhere).

Large Scale Isolation of Recombinant Plasmids

After identification of desired clones by restriction

endonuclease analyses of DNA from mini-preparations, large

scale isolation and purification of plasmid DNA was carried

out in order to obtain milligram amounts of the plasmid.

The maxi-prep consists of three basic steps:

(1) growing the bacteria and amplifying the plasmid, (2)

harvesting and lysing the bacteria and (3) purifying the

plasmid from the bacterial chromosome and cellular debris.

The method adapted from Tanaka and Weisblum (1975) is

effective for the isolation of small size plasmids (4-12 kb).

Fifty milliliters of LB broth containing the required

antibiotic (e.g. ampicillin, 50 gg/ml) was inoculated with a

single colony of bacteria. The next day, six 2800 ml

FernbachTm flasks containing 1 liter of LB broth each were

inoculated with 8 ml of the overnight culture. The OD5 5 0 was

monitored over time and a growth curve determined. After the

culture reached an OD of 0.6-0.8 units (log phase), 2 ml of

90 mg/ml chloramphenicol dissolved in 100% ethanol was added

to each culture. Chloramphenicol selectively inhibits

chromosomal DNA replication and will result in amplification

of plasmid (increases the plasmid copy number per cell).
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Following overnight incubation with vigorous shaking (300

rpm), the bacteria were collected in a Sorvall' GSA rotor at

6,000 x g for 10 minutes. The bacterial pellets were washed

by resuspending in 20 ml of 0.15 M NaCl per liter culture and

centrifuging in an SA600 rotor for 10 minutes at 5200 x g.

The pellets were resuspended in 10 ml of 25% sucrose, 50 mM

tris-HCI, pH 8.0 (buffered osmotic stabilizer). The pellets

were resuspended by pipetting and vortexing. The remainder

of the procedure was done in cold room on ice to achieve a

maximum plasmid yield. Two ml of freshly made 5 mg/ml

lysozyme (in 0.25 M tris) was added to each tube, mixed well

by repeated inversion and incubated on ice for 5 minutes.

Next, 4 ml 0.25 M EDTA (pH 8.0) was added and the tubes were

mixed by inversion. After 5 more minutes, 5 ml of 5 M NaCl

was added and the solution was again mixed by inversion. At

this time 2 ml 10% SDS was added and the solution was quickly

and thoroughly mixed by inversion again. The tubes were left

on ice in a cold room for 2 hours. Next, a clearing spin at

39,000 x g (16,400 rpm) for 60 minutes in an SA600 rotor was

performed. The supernatants from this step were poured into

a graduated cylinder and one volume of isopropanol added.

The mixture was poured into a flask and placed at -200C

overnight or in a dry ice/ethanol bath for 30 minutes. The

flasks were removed from the freezer and the contents were

allowed to melt. The samples were transferred to bottles

centrifuged in a GSA rotor for 20 minutes at 10,500 x g
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(8,000 rpm) for 10 minutes. The pellets were resuspended in

4 ml per liter culture of 10 mM tris, 1 mM EDTA, pH 8.0 (TE

buffer) by placing them on ice in the cold room for 60

minutes with a magnetic stirrer. The tubes were then

centrifuged at 14,000 x g (10,000 rpm) for 10 minutes in an

SA600 rotor. To the supernatant, 5.3 g CsCl per 5 ml TE

buffer and 250 gl ethidium bromide (20 mg/ml) was added. The

preparation was subjected to ultracentrifugation for 40 hours

at 89,000 x g (36,000 rpm) in a Sorvall Ti270 rotor.

Following centrifugation the plasmid was extracted from the

tube (see Figure 12) using a 19G needle and a disposable 3 cc

syringe. The plasmid DNA was purified and concentrated as

described above.

Isolation of Specific Cloned DNA Fragments

Following the large scale preparation of the desired

recombinant plasmid, it is often desirable to remove all or a

specific portion of the cloned fragment from the vector

before engaging in further study (e.g. screening for

restriction sites). Large quantities of restriction

endonuclease digests (100-750 gg of DNA) can be

electrophoresed and pure DNA fragments can be isolated from

the agarose gel as described below.
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Preparative Restriction Endonuclease Digestions

Two hundred micrograms of the chosen clone was digested

with 300 units of the appropriate restriction

endonuclease(s). Thirty microliters of 10x reaction buffer

and distilled water up to a total of 300 Ll (including the

restriction endonuclease preparation) were added to the DNA

sample. The contents were mixed carefully and the contents

of the tube collected to the bottom using a microcentrifuge

(12,000 x g for 15 seconds). This tube was then incubated at

370C (or at the manufacturer's recommended temperature for

the enzyme in question) for three hours. The complete

digestion of the DNA sample was verified by analyzing a small

amount of the sample on a 1% agarose gel. Routinely, 1 pl

(0.075 jg DNA) was loaded on a minigel containing a marker

lane of lambda DNA digested with HindIII and electrophoresed

at 80 V for one and half hours. The gel was stained in 0.5

gg/ml ethidium bromide, destained briefly in distilled water

and observed with long wave length UV light. The sample was

ethanol precipitated (this removes excess salts coming from

reaction buffers which would interfere with DNA migration

into the gel). The sample was dissolved in 150 Ll 1x agarose

loading buffer and was stored at -20'C overnight.
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Assembly of Gel Cassette for Vertical Agarose Gel

Electrophoresis

Two glass plates, one 20 cm x 20 cm and the other 20 cm

x 22 cm, were thoroughly cleaned with a glass cleaning

solution. Any cleaning solution residue was removed by a

distilled water rinse. The glass plates were siliconized

with 1% dichlorodimethylsilane dissolved in heptane. The

plates were dried in an oven and each was allowed to cool on

four rubber stopper supports. Two DerlinTm spacers 20 cm x 1

cm x 1.5 mm were cleaned and a thin coating of vacuum grease

was applied onto the full length of one half of each side of

the spacers. The spacers were laid on the side of the plate

with the grease side to the outside. The ends of the spacers

was pushed to the bottom of the plate. In the meantime, a

18.5 x 1.0 x 5 mm piece of cellulose sponge was soaked in 1x

TBE buffer. The sponge was compressed and allowed to

re-expand while submerged in the buffer until there were no

air bubbles trapped within it. The sponge was placed at the

bottom of the longer plate between and butting up to the two

spacers. The 20 x 20 cm plate was placed over the larger

plate. The plates were aligned along the bottom and sides

and were then clamped together using medium gel clips

(Figures 15 and 16). The excess buffer between the plates

(squeezed out of the sponge) was poured out. The assembled

cassette was placed into the lower chamber of a gel stand.

Two 1 cm x 2 cm x 6 mm neoprene sponge spacers were
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Figure 15. Vertical agarose cassette assembly, side view.
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Figure 16.

view.

Assembled vertical agarose gel cassette, front
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lubricated at one end with vacuum grease and were placed on

the top of the Derlina spacers. The cassette was then

attached to the gel stand with two large clamps. A 1.5 mm

thick slot forming comb with an approximate overall width of

18 cm and slots 2.5 cm deep was inserted into the prepared

cassette. The width of the teeth was 3-4 cm (the width of

the teeth should be adjusted according to the amount of the

DNA that is being loaded. The bottom chamber was filled with

1x agarose buffer (TBE) up to the top of the sponge prior to

pouring the agarose gel solution into the cassette. The

correct concentration of the agarose in the area of the

sponge depends on the lower chamber buffer level at this

point, since excess buffer can enter the cassette and dilute

the agarose concentration. Ten ml of agarose was poured down

the side of the cassette with a 20 ml pipette in order to

seal the bottom. The buffer level in the lower chamber was

then increased to just below the agarose level in the

cassette. After the bottom layer was sealed the remainder of

the agarose was added to the cassette. The agarose gel

solidified completely after 30-60 minutes. At this time the

comb was removed, taking care not break off the "teeth"

separating the wells. The buffer chambers were then filled

with the agarose gel running buffer (TBE). Care was taken

that the level of the buffer in the upper chamber was as high

as the level of the spillway in the back of the chamber in

order to allow efficient circulation of buffer between the
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Figure 17. Electrophresis stand and buffer pump assembly for

vertical agarose gel electrophoresis.
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upper and lower chambers. The buffer circulation pump was

then connected to the gel stand (see Figure 17) such that the

TBE running buffer was pumped from the lower to the upper

chamber. The wells were cleaned free of any agarose debris

using a 9 PasteurTm pipette and the DNA sample(s) loaded onto

the gel using 50 Jl Hamilton'h syringe. The leads were

connected to the gel stand and the gel run at 80 volts for

5-6 hours (depending upon the DNA fragment size). The

circulation pump was not started until after the sample had

completely entered the gel (about 20 minutes). Premature

initiation of circulation can result in samples being flushed

out of the wells. After the DNA was electrophoresed for

proper amount of time, the gel was stopped and the location

of the DNA bands determined using the UV shadowing technique

as described below.

Detection of DNA in Agarose Gels by Use of the UV

Shadowing Technique

Ultraviolet light "shadowing" was used for the

visualization of DNA fragments in an unstained agarose gel

(when large amounts or "preparative levels" of DNA are

present). After the completion of electrophoresis, the gel

cassette was removed from the buffer chamber. The gel clips

and spacers were removed from the cassette and the top glass

plate carefully pulled off using a spatula. The gel was

transferred onto a piece of UV fluorescent thin layer
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Figure 18. Principle of UV shadowing for the visualization
of DNA bands in agarose gels,
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chromatography paper covered with Saran WrapTm . The DNA

fragments were seen as dark bands (see Figure 18) after

illumination from above with long wave length ultraviolet

light. The DNA bands were carefully cut out with a razor

blade as fast as possible to avoid excessive UV radiation.

Electroelution of DNA Fragments from Agarose Gels

Electroelution is one method utilized to recover the DNA

fragments from agarose gels (see Figure 19). Ten millimeter

diameter dialysis tubing was cut into six inch lengths. The

tubes were then boiled in a solution of 2% sodium bicarbonate

and 1 mM EDTA for 10 minutes. The dialysis tubes were then

cooled, rinsed thoroughly with distilled water and boiled in

distilled water for ten minutes (the dialysis tubes were

always handled with gloves to avoid DNase contamination).

Afterwards, the tubes were cooled and stored in a 1% sodium

azide solution at 40 C. The DNA bands that were visualized by

UV shadowing were carefully excised with razor blade. Using

a long, thin spatula, the pieces of agarose were inserted

into dialysis bags (the slices must be no more than one-half

to two-thirds of the width of the bag, thicker slices are cut

in half). The bags were sealed at one end with a dialysis

tubing clip and 500 gl of 0.25x TBE buffer added. All air

bubbles/pockets were removed and a second dialysis tubing

clip placed at the other end of the bag. The tubes were then

placed into a horizontal electrophoresis chamber containing
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Figure 19. Electroelution of DNA fragments from agarose

gels.
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sufficient 0.25x TBE buffer to just cover the dialysis

tubing. The gel was pushed near the cathode side of the bags

so that DNA migrated from the gel into the buffer in the

dialysis bag. Fragments were electroeluted for 4 hours at 80

V. After 4 hours the current was reversed for 30 seconds,

in order to remove any DNA from the dialysis bag wall. The

power supply was then turned off and the bags removed from

the buffer chamber. The gel slices were gently moved up and

down within the bag in order to further dislodge any adhering

DNA containing buffer from the side of the bag. The bags

were opened and the contents carefully removed by a 9 inch

siliconized PasteurTm pipette. Care was taken not to

transfer any agarose debris with the DNA-containing solution.

DNA solution was placed into a 1.5 ml microfuge tube for

purification. The interior of the dialysis bag was rinsed

once with 100 l of buffer to recover additional DNA. After

transferring the rinse to the microfuge tube, the tube was

centrifuged at 12,000 x g for 10 minutes. The supernatant

was then transferred to a new tube using a bent, pulled

Pasteurs pipette (to remove any insoluble agarose debris.

The sample was extracted with an equal volume of phenol

twice, vortexing the sample thoroughly on each occasion.

Following each vortexing, the sample was incubated at room

temperature for 2 minutes and centrifuged for 2 minutes at

12,000 x g. The upper (aqueous) layer was transferred to a

new microfuge tube each time and the final supernatant was
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also extracted with an equal volume of diethyl ether. The

samples with ether were also vortexed well and centrifuged at

12,000 x g for 2 minutes in order to separate the aqueous and

ether phases. The supernatant was transferred to yet another

microfuge tube, which was placed on a Speed VacTm vacuum

concentrator. The samples were left on the concentrator

until the volume of the DNA sample was reduced to 200-300 pl.

The DNA was ethanol precipitated (as described earlier) and

pellet was dissolved in 25-100 gl of TE buffer (the volume

depended upon the amount of DNA present). The purity and

concentration of the DNA fragments was verified by

electrophoretic analysis of approximately 1.0 gg of the

samples on 1% agarose minigels.

Screening DNA Fragments for Restriction Sites

This procedure was employed to identify restriction

enzymes which cleave the DNA molecule of interest into an

appropriate number of smaller fragments. Approximately two

microliters of purified, electroeluted DNA (0.5- 1 gg) was

digested with the chosen restriction enzymes. The necessary

volume of DNA solution was generally determined empirically

by loading a small sample of the electroeluted DNA on to an

agarose minigel and determinining the staining intensity of

the band. These restriction endonuclease digestions were

usually carried out in a total volume of 10 gl (e.g. 2 gl

DNA, 1 gl 10x reaction buffer, 6 l distilled water, and 1 gl
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of restriction endonuclease preparation). Restriction

endonuclease digestions of the plasmid pBR322 (HaeIII, HpaII

or HinfI) or lambda DNA cut with HindIII were simultaneously

prepared for use as molecular size range markers for the DNA

samples. The reactions were incubated at the appropriate

temperature for two hours. When the incubation was

completed, 2.5 tl of 5x polyacrylamide gel loading buffer

(0.25% bromophenol blue, 0.25% xylene cyanol, 0.5% SDS and

25% glycerol) or 5x agarose gel loading buffer (depending

upon the anticipated size of the resultant DNA fragments) was

added. The samples were then placed in a 650C water bath for

five minutes, vortexed and briefly centrifuged. Agarose gel

electrophoresis of DNA samples has been previously described

above. Analysis of digestion products by polyacrylamide

electrophoretic analysis was carried out as follows. Using a

50 gl Hamilton"' syringe, the samples were loaded onto a 6%

nondenaturing polyacrylamide gel with 8 mm wide wells

(described in more detail below). The samples were

electrophoresed at 350 V until the bromophenol blue had

migrated approximately 80% of the length of the gel. Again,

this distance may need to be adjusted, depending upon the

size of the DNA fragments created by the restriction

endonucleases utilized. Following the completion of

electrophoresis, the gel cassette was disassembled and the

gel stained with ethidium bromide. Bands were then

visualized under the long wave ultraviolet illumination of a
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Fotodyne Tm transilluminator. Gels were generally

photographically recorded as described previously.

Non-denaturing Polyacrylamide Gel Electrophoresis

Polyacrylamide gels are used for the separation of DNA

fragments that are less than 1000 bp in size. A 20 cm x 20

cm x 1.5 mm gel cassette was assembled in the same manner as

the agarose cassette described previously. However, a sponge

is not utilized at the bottom of the cassette for this type

of gel (Figure 20). The spacers and glass plates were

aligned with each other in the bottom to prevent the leakage

of polyacrylamide solution from the cassette after it is

clamped into the gel pouring unit. The prepared cassette was

placed into a gel pouring stand and a 6% polyacrylamide gel

solution was poured into the cassette (the acrylamide

solution consists of 12 ml 40:1 acrylamide/bis-acrylamide, 8

ml nondenaturing polyacrylamide gel electrophoresis buffer

(500 mM tris, 10 mM EDTA, adjusted to pH 8.3 with solid

boric acid) 60 ml distilled water, and 0.1 g ammonium

persulfate. This solution was degassed in vacuo for three

minutes. It is important to get rid of the oxygen from the

gel solution because it inhibits the gel polymerization

reaction. Twenty microliters of

N,N,N' ,N'-tetramethylethylene diamine (TEMED) was placed into

a 250 ml beaker and the gel solution was added. The solution

was mixed thoroughly while care was taken to avoid the
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Figure 20. Front view of assembled cassette for vertical
acrylamide gel electrophoresis.
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excessive reintroduction of oxygen into the solution. The

acrylamide solution was poured into the assembled cassette

quickly and an appropriate size of comb was inserted. It

generally required about an hour for the gel to polymerize

compeletly (although most gels were poured on the previous

day and allowed to stand overnight) . The cassette was

clamped into an an electrophoresis stand and 1x

polyacrylamide running buffer (polyacrylamide TBE buffer) was

added to both chambers. The air bubbles were removed from

the wells and from under the gel with a Pasteur pipette. The

gel was pre-electrophoresed at 250 volts for one hour in

order to reduce gel conductivity (lowers the running

temperature for a given voltage) and improve band resolution.

When the pre-electrophoresis was complete, the wells were

flushed once again using a PasteurTm pipette. At this time

the gel was ready to be loaded with samples. Electrophoresis

was generally carried out at 250 V for several hours. Gels

were stained and photographed as described above.

Determination of Bacterial Growth Curves

Growth curves covering lag, log, stationary and death

phases characterize the growth of an organism. The rate of a

culture's growth varies depending on the nutrient level,

aeration and particular strain of the bacteria. Vigorous

shaking is important to maintain the proper amount of oxygen

in the culture medium. Bacteria growing in minimal media
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must expend a large amount of time and energy to produce

metabolites that are not available to them from the medium.

In contrast, the same bacteria generally grow much faster in

complex media where the majority of necessary metabolites are

provided to them directly from the growth medium. Since the

growth is variable for each strain depending on the type of

the media, growth curves for each media or culture must be

established individually. Growth of the cultures can be

measured by monitoring the level of light scattering by the

culture using a visible range spectrophotometer. The number

of photons scattered is proportional to the mass of the cells

in the sample. It is important to note that cell size also

varies from one growth medium to the next, and it decreases

as the medium becomes poorer (Becker et al., 1990) . Growth

curves were established for Escherichia coli strain JM101,

JM101 carrying pBK190 (xylXYZ in pUC19) and pBK789 (xylXY in

pUC19) in both minimal as well as complex media and in the

presence and absence of the TOL substrates such as benzoate,

m-toluate, p-toluate, and 3, 4-dimethylbenzoate. Five hundred

ml cultures of both minimal media and complex media were

inoculated from a proper 5 ml overnight culture. Sample

aliquots were taken at a regular intervals and the optical

density (or absorbance) of the samples measured directly at

550 nm using a BeckmanTM DU-40 spectrophotometer. Growth

curves were generally plotted on semilog paper with optical

density on the vertical axis.
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Thin Layer Chromatographic Analysis of TOL

Metabolites Produced by Genetically-Engineered E.

coli Strains

Two ml samples were taken from control JM101 cultures a

and cultures of JM101 carrying pBK190 or pBK789. These

cultures were grown on minimal media in the presence of 5 mM

benzoate. Cell-free supernatants were created by

centrifuging the samples twice at 10,000 x g for 10 minutes

(transferring to a new tube each time). The samples were

extracted three times with diethyl ether and dried over

anhydrous MgSO4 overnight. Diethyl ether was removed by a

gentle air flow at 25*C. The dried samples were dissolved in

500 gl of acetone and loaded onto a thin layer Silica gel

plate (EastmanTM chromatography sheet Type 130 R, silica gel

with fluorescent indicator) along with markers compounds such

as benzoic acid, catechol, silicylate acid and phenol.

Following development of the plate, the samples were stained

and located using a short wave UV light. The loaded silica

plate was placed in a chromatography tank containing the

chloroform/acetone (80:20) chromatography solvent. Plate was

removed after the solvent reached top of the plate. Gibb's

ReagentTM (2, 6-dibromoquinone-4-chloroimide 2% in methanol),

followed by 5% NaHCO3 solution, was used to stain the plate.
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The location of stained compounds were noted visually,

circled with a pencil and the RF for values each calculated.

Experimental and control RF values were compared as shown in

the Results section of this dissertation.

Spectrophotometric Detection of Dihydrodiols in

Culture Media from Gentically-Engineered E. coli

Strains

The producion of the dihydrodiols by

gentically-engineered E. coli strains was measured

spectrophotometrically by scanning the absorbance of

supernatant samples from minimal media cultures containing 5

mM benzoic acid, 3,4-dimethylbenzoic acid, m-toluic acid or

p-toluic acid. Three ml samples were obtained at regular

intervals and centrifuged at 6,000 x g for 10 minutes. The

supernatants were diluted (1:100) and the absorbance scanned

from 220 nm to 320 nm. This was repeated every 3 to 6 hours

for up to 72 hours.

Coversion of Dihydrodiols Produced by Recombinant E.

coli Strains to Hydroxymuconic Semialdehydes by TOL

Pathway Reconstruction In Vitro

The presence of toluate-1,2-dioxygenase activity (in

recombinant S. coli strains) towards the four TOL substrates

was verified (as was the identity of the resultant products)

cell-free extracts of other genetically-engineered E. coli
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strains expressing the xylLTE genes to reconstruct the

initial 3 reactions of the meta-fission pathway. An

overnight culture of a clone encoding xylLTE (pBK991) was

inoculated into 500 ml of minimal media. After shaking at

30*C for 24 hrs, the culture was centrifuged at 12,000 x g

for 10 minutes and the cell pellet dissolved in 5 ml of Sp50

buffer (0.03 M Na2 HPO4 -7H20, 0.02 M KH2PO4 , pH 7.0). The

cell suspension was sonicated for 10 minutes using a Branson

Sonifierm Cell Disruptor. The broken cell suspension was

centrifuged at 10,000 x g for 20 minutes and the supernatant

used for the complementation study. The diol dehydrogenase

(xylL) would produce catechols from dihydrodiols which in

turn would be broken down by the catechol-2,3-dioxygenase

(xylE) to form hydroxymuconic semialdehyde fission products.

These final products would act as useful reporters, since

they have characteristic bright yellow color which could only

be produced if the original pBK190 supernatants contained

dihydrodiols. One hundred microliters of xylXYZ supernatants

(obtained at different intervals throughout the 72 hour

culture period) were added to 10 fl of pBK991 cell-free

extracts. Ten pil of 100 mM NAD+ was also added (a necessary

cofactor for the diol dehydrogenase) and the mixture

incubated at 370 C for 10 minutes. Eight hundred and eighty

microliters of 100 mM tris, pH 8.0 was then added and the

absorbance measured at 375 nm. Samples were then diluted as

necessary and the absorbance scanned over a range of 200 to
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500 nm.

Lysozyme Treatment of pBK190 Cultures on Dihydrodiol

Production

In order to facilitate the entry of the substrates into

E. coli cells which lack the necessary transport enzymes,

lysozyme was added to a final concentration of 8 mg/ml to 48

hour minimal media cultures containing 5 mM benzoate. These

were then incubated at 370C with shaking for up to 6 hours.

During this time 2 ml samples were removed every half hour

and the cell-free supernatants were scanned for evidence of

diol production.

Use of Isosensitivem Agar Plates to Detect Catechol

Production by Recombinant E. coil Strains

E. coli HB101 strains carrying the plasmid pBK890

(xylXYZLT in pKT230) were streaked onto an IsosensitestTM

agar plate containing 5 mM m-toluate as a substrate along

with the plasmidless HB101 and JM101 carrying pBK789 as

negative control strains. The plate was incubated at 370C

for 24 hours. At that time the agar color would change to

brown if catechols were produced by the strain.



CHAPTER III

RESULTS

Large Scale Isolation of pDKR1

Large scale plasmid isolation of pDKR1 was performed

according to the method of (Johnston & Gunsalus, 1977).

Typically the cultures were grown in 4 to 6 liter quantities

of minimal media and the yields were 0.3-0.5 mg of the

plasmid per liter culture. The isolated pDKR1 was desalted

by either using a Centricon microconcentrator or by ethanol

precipitation (see Materials and Methods).

Large Scale Isolation of pBR325

Large scale plasmid isolation of pBR325 was also

performed according to the method of Tanaka and Weisblum

(Tanaka & Weisblum, 1975) as described earlier. Typically

the cultures were grown in 2 to 4 liter quantities of

Luria-Bertani broth and the yields were 0.9-2.0 mg of plasmid

per liter culture. The isolated plasmid was desalted by

ethanol precipitation (see Materials and Methods).

108
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Construction of a EcoRI library of the TOL region of

pDKRI

EcoRI cuts pDKR1 into 10 fragments, with the eight

smallest fragments (0.6 to 9.5 kb) encompassing virtually all

of the TOL region (see Figure 21). Therefore, a sample of

the TOL plasmid pDKR1 was digested with EcoRI (the purified

DNA was subjected to EcoRI digest and usually 30 gl (10 Jg)

of DNA was digested at a time. Complete digestion was

verified by running 1% of the digest on a 0.7% agarose gel,

producing ten DNA fragments with approximate sizes of 23 kb,

20.5 kb, 9.5 kb, 8.6 kb, 6.3 kb, 5.8 kb, 5.1 kb, 3.2 kb, 2.3

kb, and 0.6 kb as reported by Shaw and Williams (Shaw &

Williams, 1986). These DNA fragments were ligated into EcoRI

digested, bacterial alkaline phosphatase (BAP) treated vector

pBR325 using T4 DNA ligase. pBR325 is a 5996 kb plasmid (see

Figure 8) which encodes resistance to tetracycline,

ampicillin and chloramphenicol. The single recognition site

for EcoRI is located within the chloramphenicol resistance

gene (chloroamphenicol acetyl transferase or CAT). The

prepared ligation mixture was used to transform competent

Escherichia coli DH5 cells which were plated onto LB agar

plates containing ampicillin. The average number of

transformants was between 200-400 per plate (100-300 gl of

transformation mix spread per plate). The transformants were

transferred to a master plate containing either tetracycline

or ampicillin. Each transformant was patched simultaneously
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Figure 21. Restriction endonuclease cleavage map of the TOL

region of pDKR1.
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on ampicillin and chloramphenicol grid plates (see Figure

14). The colonies which grew on ampicillin plates, but

failed to grow on chloramphenicol plates, were selected as

the ones with TOL DNA fragments inserted into the CAT gene.

The frequency of recombinant plasmids was generally between

75% to 98%. Rapid plasmid isolations were performed on each

of the selected clones in order to obtain sufficient DNA of

acceptable purity to allow further characterization of the

cloned DNA fragments. The anticipated sizes of recombinant

plasmids containing the desired TOL region inserts were as

follows; 14.6 kb, 12.3 kb, 11.8 kb, 11.09 kb, 9.2 kb, 8.3 kb

and 6.6 kb (size includes pBR325 plus the seven smallest

fragments listed above) . The rapid plasmid isolates were

analyzed by 0.7% agarose gel electrophoretic analysis (data

not shown) . Samples were again analyzed after digestion with

EcoRI. Lambda DNA digested with HindIII, as well as pDKR1

DNA digested with EcoRI, were used as reference fragment size

markers. An initial identification of clones was made based

upon this visual comparison of their DNA with the

Lambda/HindIII and pDKR1/EcoRI reference fragments. The

selected clones were further characterized by digestion with

SinaI, HindIII, BamHI, XhoI and double digestions including

XhoI/EcoRI and SmaIl/EcoRI. These samples were also subjected

to 0.7% agarose gel electrophoresis. Figures 22 through 28

and Tables 4 through 10 provide the construction strategies

as well as the expected (published) and observed DNA fragment



113

sizes obtained from the electrophoretic analysis of

restriction endonuclease digestions of recombinant plasmids

carrying pDKR1 EcoRI fragments C-I, respectively.

Large Scale Isolation of pBR322

Large scale plasmid isolation of pBR322 was also perform

according to the method of Tanaka and Weisblum (Tanaka &

Weisblum, 1975) as described earlier. Typically the cultures

were grown in 2 to 4 liter quantities of Luria-Bertani broth

and the yields were 0.9-2.0 mg of plasmid per liter culture.

The isolated plasmid was desalted by ethanol precipitation

(see Materials and Methods).

Construction of a Recombinant pBR322 Clone Encoding

the lower operon of TOL pDKR1

The TOL plasmid pDKR1 was digested with HlndIII. The

digested fragments were ligated into the HindIII site of the

4.36 kb plasmid vector pBR322 (see Materials and Methods).

Competent preparations of Escherichia coli HB101 were

transformed with the ligation mixture. Recombinant clones

were able to grow in the presence of ampicillin, but failed

to grow on tetracycline-containing media because of the

disruption of the resistance gene by the cloned DNA

fragments. Plasmids were isolated by the rapid alkaline

lysis method. The isolates, along with DNA size markers

(namely Lambda/HindIII and pDKR1/HindIII), were subjected to



RP1 I pDKRI TOL- E
100 kbp REGION

Io D

EcoRI Dige-.sti(
n-Nmi

JLigation

EcoRi

N

AA

EcoRl YI

114

EcoRl

fo.p
,firol00.0

Ir 10110
410 0

pBR2 P)CZ

le oo6.0 kbp Iroo If
4P

or
If

or If of
fo
00.

It ol

df
If ol

Dn



115

Figure 22. Diagrammatic representation of the strategy utilized

to construct the recombinant plasmid pBK289. Purified pDKR1 was

digested with EcoRI and these fragments were ligated into the

EcoRI site of the E. cola cloning vector pBR325, inactivating

the chloramphenicol resistance gene (CAT). pBK289 was

identified as a 14.4 kb plasmid encoding ampicillin resistance

and tetracycline resistance from pBR325 as well as the TOL

xylCMABN region
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Table 4. Comparison of expected and observed DNA fragment

sizes generated by restriction endonuclease digestion of a

recombinant pBR325 clone carrying the EcoRI fragment C of

pDKR1 ligated into the vector's EcoRI site. This fragment

encodes the xyICMABN region. Expected and observed

restriction endonuclease-generated DNA fragment sizes are

given for the five enzyme digestions utilized to identify the

fragment C clone.

Restriction
Endonuclease

Bam.HI

XhoI

EcoRI

Sm aI

HindIII

Expected Fragment
Sizes (kb)

6.8, 4.4, 3.2

8.2, 3.6, 2.0

8.5, 6.2.

No Site

6.3, 6.0, 1.4, 0.8

Observed
Fragment

Sizes (kb)

6.6, 4.3, 3.1

8.1, 3.6, 2.1

8.4, 6.0

No Site

6.2, 6.0, 1.2, 0.9

-. 0 w

-wom I P-M -00401_
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Table 5. Comparison of expected and observed DNA fragment

sizes generated by restriction endonuclease digestion of a

recombinant pBR325 clone carrying the EcoRI fragment D of

pDKR1 ligated into the vector's EcoRI site. This fragment

encodes the xylR and xylS region. Expected and observed

restriction endonuclease-generated DNA fragment sizes are

given for the five enzyme digestions utilized to identify the

fragment D clone.

Restriction
Endonuclease

Expected Fragment
Sizes (kb)

Observed
Fragment

Sizes (kb)

BarHIl/EcoRI

HindIll/ZcoRI

SmaI/EcoRI

EcoRI

Xhol

5.0, 4.8, 1.9

8.5, 3.6

9.4, 2.3

6.0, 5.6

7.5, 3.1, 1.2, 0.3

5.0, 4.7, 2.1

8.5, 3.4

9.3, 2.4

6.0, 5.7

7.6, 3.0, 1.1, 0.3

woo NMI .
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Figure 23. Diagrammatic representation of the strategy utilized

to construct the recombinant plasmid pBK990. Purified pDKR1 was

digested with EcoRI and these fragments were ligated into the

EcoRX site of the E. coli cloning vector pBR325, inactivating

the chloramphenicol resistance gene (CAT). pBK990 was

identified as a 11.7 kb plasmid encoding ampicillin resistance

and tetracycline resistance from pBR325 as well as the TOL xylRS

region.
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Figure 24. Diagrammatic representation of the strategy utilized

to construct the recombinant plasmid pBK589. Purified pDKR1 was

digested with EcoRI and these fragments were ligated into the

EcoRI site of the E. coli cloning vector pBR325, inactivating

the chloramphenicol resistance gene (CAT). pBK589 was

identified as a 12.2 kb plasmid encoding resistance to

ampicillin and tetracycline from pBR325 and the lower operon

promoter (PM) plus the region between the lower operon and the

xylRS region of the TOL plasmid pDKR1.
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Table 6. Comparison of expected and observed DNA fragment

sizes generated by restriction endonuclease digestion of a

recombinant pBR325 clone carrying the EcoRI fragment E of

pDKR1 ligated into the vector's EcoRI site, This fragment

encodes the lower operon promoter (Pm) and the region between

the lower operon and the xylRS region. Expected and observed

restriction endonuclease-generated DNA fragment sizes are

given for the five enzyme digestions utilized to identify the

fragment E clone.

Restriction
Endonuclease

BamHI

HindIII

SmaI

EcCRI

Xhoi

Expected Fragment
Sizes (kb)

6.5, 3.9, 1.4

7.1, 5.3, 3.9

10.3, 1.8

6.2, 6.0

7.5,o 2.8, 1.3, 0.8?

Observed
Fragment
Sizes (kb)

6.7, 3.9, 1.6

7.3, 5.1, 3.9

10.5, 1.7

6.2, 6.0

8.1, 2.7, 1.5, 0.6

W, M -, WN VAN*- 4 . i

ap " P, 
Wa - A'

14'
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Figure 25. Diagrammatic representation- of the strategy utilized

to construct the recombinant plasmid pBK188. Purified pBK489

was digested with EcoRI and these fragments were ligated into

the EcoRI site of the E. coli cloning vector pBR325,

inactivating the chloramphenicol resistance gene (CAT). pBK188

was identified as a 11.4 kb plasmid encoding ampicillin

resistance and tetracycline resistance from pBR325 as well as

the TOL xylLTE and a portion of xyiZ regions.
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Table 7. Comparison of expected and observed DNA fragment

sizes of a recombinant pBR325 clone carrying the EcoRI

fragment F of pDKR1 ligated into the vector's EcoRI site.

This fragment encodes a portion of xylD and xylLE region.

Expected and observed restriction endonuclease-generated DNA

fragment sizes are given for the six enzyme digestions

utilized to identify the fragment F clone.

Restriction
Endonuclease (s)

BamHI

HindIII

SmaI

EcoRI

XhoI.

EcoRI/XhoI

Expected Fragment
Sizes (kb)

11.2

11.2

11.2

6.0, 5.1

7.2, 2.2, 1.5

0.2

6.0, 2.2, 1.5
0.8, 0.7, 0.2

Observed
Fragment

Sizes (kb)

11.0

11.0

11.0

6.0, 5.0

7.0, 2.3, 2.1

(*)

5.7, 2.4, 1.7
0.9, 0.5, (*)

v electrcphoretic analysis for fragments of less than

.4 k was carried out.
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Figure 26. Diagrammatic representation of the strategy utilized

to construct the recombinant plasmid pBK689. Purified pDKR1 was

digested with EcoRI and these fragments were ligated into the

EcoRI site of the E. coli cloning vector pBR325, inactivating

the chloramphenicol resistance gene (CAT). pBK689 was

identified as a 9.2 kb plasmid encoding ,ampicillin resistance

and tetracycline resistance from pBR325 as well as the TOL

xylQKI region,
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Table 8. Comparison of expected and observed DNA fragment

sizes of a recombinant pBR325 clone carrying the EcoRI

fragment G of pDKR1 ligated into the vector's EcoRI site.

This fragment encodes a portion of XyIQK region. Expected

and observed restriction endonuclease-generated DNA fragment

sizes are given for the five enzyme digestions utilized to

identify the fragment G clone.

Restriction
Endonuclease (s)

BamHI

HindIII

SmaI

EcoRI

EcoRi /XhoI

Expected Fragment
Sizes {kb)

9.2

9.2

6.6,2.4, 0.3

6.0, 3.2

6.0, 2.4, 0.9, 0.6

Observed
Fragment
Sizes (kb)

9.0

9.0

6.8, 2.4, 0.3

6.0, 3.2

6.0, 2.4, 0.9, 0.6
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Figure 27. Diagrammatic representation of the strategy utilized

to construct the recombinant plasmid pBK889. Purified pDKR1 was

digested with EcoRI and these fragments were ligated into the

EcoRI site of the E. coli cloning vector pBR325, inactivating

the chloramphenicol resistance gene (CAT). pBK889 was

identified as a 8.3 kb plasmid encoding ampicillin resistance

and tetracycline resistance from pBR325 -as well as the TOL xyiGF

region..
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Table 9. Comparison of expected and observed DNA fragment

sizes of a recombinant pBR325 clone carrying the EcoRI

fragment H of pDKR1 ligated into the vector's EcoRI site.

This fragment encodes a portion of xylFG region. Expected

and observed restriction endonuclease-generated DNA fragment

sizes are given for the six enzyme digestions utilized to

identify the fragment H clone.

Restriction
Endonuclease (s)

BamHI

HindIII

Smai

EcoRI

XhoI

EcoRI/SmaI

Expected Fragment
Sizes (kb)

8.3

8.3

'7.0, 1.3, 0.4

6.0, 2.3

No Site

6.0, 1.4, 0.9, 0.03

Observed
Fragment

Sizes (kb)

8.0

8.0

6.8, 1.3, 0.4

6.0, 2.3

No Site

6.0, 1.4, 0.9, 0.03
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Figure 28. Diagrammatic representation of the strategy utilized

to construct the recombinant plasmid pBK989. Purified pDKR1 was

digested with EcoRI and these fragments were ligated into the

EcoRI site of the E. coli cloning vector pBR325, inactivating

the chloramphenicol resistance gene. pBK989 was identified.as a

6.6 kb plasmid encoding ampicillin resistance and tetracycline

resistance from pBR325 as well as a portion of the TOL

toluate-1,2-dioxygenase region.
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Table 10. Comparison of expected and observed DNA fragment

sizes of a recombinant pBR325 clone carrying the EcoRI

fragment I of pDKR1 ligated into the vector's EcoRI site,

This fragment encodes a portion of xylD region (primarily a

piece of the xylY gene). Expected and observed restriction

endonuclease-generated DNA fragment sizes are given for the

four enzyme digestions utilized to identify the EcoRI

fragment I clone.

Restriction
Endonuclease

Ba mnT-I

HindIII

SmaI

EcoRI

Expected Fragment
Sizes (kb)

6.6

6.6

No Site

6.0, 0.6

Observed
Fragment
Sizes (kb)

7.0

7.0

No Site

6.0, 0.6

--. mp -
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0.7% agarose gel electrophoresis. The size of the HindII A

fragment carrying the entire lower operon is approximately

15.5 kb (Williams and Shaw, 1988). Therefore, the desired

clone would have an approximate size of 19.8 kb. Recombinant

plasmids in this size range were selected and digested with

HindIII and/or other enzymes such as EcoRI, PstI , SmaI, XhoI

and KpnI (see Figure 29, and Table 11). Once again the

digested fragments along with the size markers were analyzed

by 0.7% agarose gel electrophoresis. A recombinant plasmid

carrying the lower operon on a 15.5 kb HindIII fragment was

identified and assigned the designation pBK489.

Large Scale Isolation of Recombinant plasmids

Large scale preparations of the plasmid pBK489 were

purified via ultracentrifugation through a cesium

chloride/ethidium bromide density gradient according to the

method of Tanaka and Weisblum (Tanaka and Weisblum, 1975).

Cultures were usually prepared in 4 liter quantities. A

typical yield of the plasmid was between 1.0 and 3.0 mg per

liter of culture.

Construction of a Recombinant pUC19 Clone Encoding

the Toluate Oxidase Region of the TOL Plasmid pDKR1

A subclone of the pBK489 HindIII fragments, carrying the

genes for toluate-1,2-dioxygenase was constructed in the

Escherichia coli plasmid vector pUC19. pBK489 was digested
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Figure 29. Diagrammatic representation of the strategy utilized

to construct the recombinant plasmid pBK489. An in vivo

construct of the P. putida TOL plasmid pDK1 and the broad host

range plasmid RP4, pDKR1, was digested with HindIII. These

fragments were ligated into the HindIII site of the E. coli

cloning vector pBR322. This produced a recombinant pBR322 which

carried a functional ampicillin resistance marker and the entire

lower TOL operon of pDK1. The tetracycline resistance gene of

pBR322 was eliminated by insertional inactivation.
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Table 11. Comparison of expected and observed DNA fragment

sizes of the recombinant pBR322 clone pBK489, carrying the

largest HindIII (A) fragment from the pDK1 lower operon.

This fragment encodes the entire meta operon, Expected and

observed restriction endonuclease-generated DNA fragment

sizes are given for the six enzyme digestions utilized to

identify this clone.

Restriction
Endonuclease (s)

EcoRI

HindIII

Ps t I

Sma I

XhoI

Expected Fragment
Sizes (kb)

8.0, 5.6, 3.8, 2.2,
0.8

15.5, 4.3

5.2, 4.4, 3.3, 2.8,
1.4, 1.0, 0.6, 0.4

7.8, 5.0, 3.0, 1.9,
1.7, 1.5, 0.5

6.1, 5.3, 2.9, 2.5,
2.1, 1.4

Observed
Fragment

Sizes (kb)

7.4, 5.5, 3.7, 2.2,
0.8

15.5, 4.3

5.2, 4.6, 3.1, 2.7,
1.4, 1.0, 0.6, 0.4

7.9, 5.0, 3.0, 2.0,
1.7, 1.5, 0.5

6.1, 5.4, 2.8,2.6,
2.1, 1.4

19.0, 0.8.Kpn I 19.0, 0.8
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with HindIII and KpnI restriction endonucleases. The

resulting fragments were ligated into pUC19 (which was also

cut with HindIII and KpnI and treated with bacterial alkaline

phosphatase). The ligation mixture was used to transform

competent Escherichia coli JM101 cells which then were plated

onto Luria broth agar containing ampicillin, containing 50 Rl

of 2% X-gal and 10 gl of 100 mM IPTG. The colonies then were

screened for the presence of inserts into the cloning site by

using a grid plate containing LB/ampicillin (50 jg), onto

which had been spread 50 gl of 2%

5-bromo-4-chloro-indolyl-B-D-galactoside (X-gal) and 10 gl of

100 mM isopropylthiogalactopyranoside (IPTG). There were two

types of colonies of ampicillin resistant E.coli cells. Blue

colonies carried nonrecombinant plasmids, white colonies

carried plasmids with DNA inserted into the multiple cloning

site, inactivating the lacZ complementation. The frequency

of recombinant plasmids was approximately 98%. Rapid plasmid

isolations were performed on 150 colonies. DNA samples from

the selected colonies were subjected to agarose

electrophoresis. Clones approximately 6.8 kb in size were

further characterized by electrophoretic analysis following

double digestions with EcoRI/HindIII, BamHI/KpnI, and

EcoRI/KpnI. Final analysis of digestions with EcoRI, SalI,

XhoI, KpnI and PstI allowed the correct xylXY clone to be

identified (see Figure 30 and Table 12). The direction of

the selected clone with respect to the vector plasmid pUC19
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Figure 30. Diagrammatic representation of the strategy utilized

to construct the recombinant plasmid pBKl 7 89. pBK489 was

digested with HindIII-KpnI. The resulting fragments were

ligated into the multiple cloning site of the E. coli cloning

vector pUC19. This produced a recombinant pUC19 carrying the

TOL lower operon promoter and the xylXYZ* region (a portion of

the xyiZ gene is missing). These TOL genes are oriented such

that they are expressible under the control of the pUC19 lac

operator/promoter region.
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Table 12. Comparison of expected and observed DNA fragment

sizes of the recombinant pUC19 clone pBK789, carrying the

HindIII-KpnI fragment from the pDK1 lower operon. This

fragment encodes the xyiXY gene. Expected and observed

restriction endonuclease-generated DNA fragment sizes are

given for ten enzyme digestions utilized to identify this

clone.

Restriction

Endonuclease (s)

Expected Fragment

Sizes (kb)

Observed

Fragment

Sizes (kb)

EcoRI

PstI

SalI

KpnI

XhoI

EcoRI/Hindll I

EcoRI/KpnI

BamHI/KpnI

BglIl/XbalI

BglI/PstI

4.9, 1.4, 0.6

4.8, 1.3, 0.4

No Site

6.9

4.2, 2.7

2.2, 1.5, 0.6

2.1, 1.5, 0.6

6.9

1.8, 1.6, 1.5, 1.4,
0.8
2.2, 1.6, 1.4, 1.4,
0.4

4.8, 1.4, 0.6

4.9, 1.4, 0.6

No Site

6.9

4.0, 2.7

2.2, 1.5, 0.6

2.2, 1.5, 0.6

6.9

2.0, 1.6, 1.5, 1.4,
0.8
2.0, 1.8, 1.4, 1.4,
0.4

---- NWNNg -Ni N!" . - -,. - -,- . 1. . . - - M IN 0 - i i i -1 1 -W 0 1w

IMashillbidinsMbiminidinil101 11 &#111 d. r: it - . -. - - . .
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operator/promoter was confirmed by digesting the clone with

BaglI/PstI and BagI/XbaI double digests (Table 12). This

clone was designated pBK789.

A high speed supernatant obtained from a pBK789 culture

growing in the presence of benzoate was analyzed by silica

gel on thin layer chromatography (see below). However, no

ultraviolet-absorbing spot corresponding to diol was detected

on the chromatography plate.

Also, a cell suspension obtained from an overnight E.

coli culture containing pBK789 was obtained by centrifugation

(10 minutes at 4000 rpm) and the cells resuspended in 40 ml

of 50 mM Na-K buffer (pH 7) to obtain cells at 40 mg/ml.

Small aliquots (25 gl) were injected into the oxygen

electrode along with appropriate aliquots (10-25 gl) of

substrate (5 mM benzoate or m-toluate). No diol activity was

observed.

In addition, a high speed supernatant obtained from a

pBK789 culture in the presence of benzoate (from above) was

diluted (1/100) and analyzed spectrophotometricly. Again no

activity was observed.

Construction of a recombinant xylXYZLT

The HlndIII A fragment of pDKR1 in pBR322 (pBK489) was

digested with SmaI and ligated to a SmaI digested,

BAP-treated vector pKT230. The ligation mixture was used to

transform competent Escherichia coli JM101, which were then
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plated onto Luria broth agar containing streptomycin. Cells

containing the recombinant plasmids with an insert grew in

the presence of streptomycin, but failed to grow in the

presence of kanamycin (the SmaI site is within the Kanamycin

resistance gene, see Figure 10). Rapid plasmid isolations

were performed on selected colonies, and these were screened

to determine the sizes of the cloned DNA segments. The

desired clone had an approximate size of 16.5 kb and was

identified from a 0.7% agarose gel containing lambda DNA

digested with HindIII as reference size markers. The

selected clone was further verified by streaking onto the

Isosensitesta agar containing 5 mM m-toluate. After

incubation overnight, the plate turned brown in areas of

bacterial growth due to the accumulation of 3-methylcatechol

(the product of xylL) (Figure 32). The clone, subsequently

named pBK890, was also screened with enzymes such as SmaI,

SalI, PstI, EcoRI, XhoI and SalI/SmaI (see Tabel 13 and

Figure 31).

Construction of Clone pBK190 containing xy.XYZ

No detectable toluate-1,2- dioxygenase activity was

obtained from pBK789 strains. Concurrent DNA sequence

analysis data further indicated that the genetic map of the

xylZLT region was perhaps incorrect, placing the KpnI site

within the xylZ gene. It was therefore concluded that the

pBK789 plasmid carrying a HindIII/KpnI fragment, had bisected
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Figure 31. Diagrammatic representation of the strategy utilized

to construct the recombinant plasmid pBK890 . pDKRl was digested

with SmaI. The resulting fragments were ligated into the SmaI

site within the kanamycin resistance marker of the broad host

range cloning vector pKT230. This produced a recombinant pKT230

carrying the TOL xylPMXYZLT region.



147

Table 13. Comparison of expected and observed DNA fragment

sizes of the recombinant pKT230 clone pBK890, carrying the

Small fragment from the pDKl lower operon. This fragment

encodes the xylXYZTL genes. Expected and observed

restriction endonuclease-generated DNA fragment sizes are

given for six enzyme digestions utilized to identify this

clone.

Restriction
Endonuclease (s)

SmaI

SailI

PstI

EcoRI

Xhot

SalI/SmaI

Expected Fragment
Sizes (kb)

11.9, 4.6

12.9, 2.4, 0.6, 0.4

8.0, 4.2, 4.0, 0.4

9.1, 4.7, 2.0, 1.3

12, 2.8, 1.6

11.9, 2.4, 1.2, 0.6,
0.4

Observed
Fragment

Sizes (kb)

11.9, 4.6

12.9, 2.1, 0.6, 0.4

8.0, 3.8, 4.0, 0.4

9.0, 4.0, 1.8, 1.5

11.5, 3.0, 1.5

11.9, 2.4, 1.0, 0.6,
0.4

p innse umsome esm ilianimos$smisissisimosiempalouisismusipangassumis imensisselmessopillamilmemmeggsim missiman... = maalisemisasi..mma smilemmmaillin - -* - -- -- .
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Figure 32. Isosensitest agar plates streaked with control E.

coli JM101 and JM101 carrying pBK890.
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xylZ. With this information, the construction of clone

pBK190, containing an additional 900 bp KpnI fragment, was

initiated. This clone, with the HindIII/KpnI/KpnI region

included, would encode all three subunits (XylXYZ) of the

toluate oxidase complex.

A large scale plasmid preparation of pBK188 (the xylZLTE

region cloned into the EcoRI site of pBR325) from 2 liters

culture was carried out according to the method of Tanaka and

Weisblum (Tanaka & Weisblum, 1975). The plasmid was purified

by a second ultracentifugation through a cesium

chloride-ethidium bromide density gradient and gave a final

yield of 4.0 mg of DNA. A similar scale preparation of

pBK789 (xylXYZ*) was produced from 2 liter cultures, also

using the method of Tanaka and Weisblum. In order to isolate

the fragment containing the missing portion of the xylZ gene

from pBK188 in the most pure form possible for construction

of new clone, 1.0 mg of pBK188 was digested with KpnI. This

digestion yielded two fragments of 10 kb and 0.9 kb,

respectively. The KpnI-digested DNA was loaded onto a

preparative 0.7% 20 x 20 cm vertical agarose gel and

electrophoresed at 80V until the xylene cyanol had migrated

approximately 15 cm. The smaller fragment was located by UV

shadowing, cut out, electroeluted, cleaned up by phenol

extraction and concentrated by ethanol precipitation. At the

same time, pBK789 (containing xylXYZ*) was cut with KpnI to

linearize the clone at the down stream end of the inserted
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Figure 33. Diagrammatic representation of the strategy utilized

to construct the recombinant plasmid pBK190. pBK789 was

digested with KpnI. The linearized plasmid was then ligated

with a 0.9 kb KpnI fragment derived from pBK188 (clone carrying

xylZLTE in pBR325). The pBK190 was identified as a 7.7 kb

plasmid encoding the TOL xylXYZ region. A functional

toluate-1,2-dioxygenase is expressible under either TOL Pm or

lac operator/promoter region of the pUC19 vector.
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Table 14. Comparison of expected and observed DNA fragment

sizes of the recombinant pUC19 clone pBK190, carrying the

HindIII-KpnI fragment from the pDK1 lower operon. This

fragment encodes the xyLXYZ gene. Expected and observed

restriction endonuclease-generated DNA fragment sizes are

given for four enzyme digestions utilized to identify this

clone.

Restriction
Endonuclease (s)

KpnI

SalI

Xhol

KpnI/HindIII

Expected Fragment
Sizes (kb)

6.6, 1.1

5.3, 2.5

3.5, 2.7, 1.5, 0.2

3.9, 2.7, IA.

Observed
Fragment

Sizes (kb)

6.6, 1.

5.1, 2.7

3.6, 2.7, 1.5, 0.2

4.1, 2.7, 1.1

-oil 11-1 0 -4

-- --------
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DNA fragment. The purified 0.9 kilobase fragment was then

ligated into the digested, BAP-treated plasmid pBK789. The

ligation mixture was used to transform competent Escherichia

coli JM101 cells. The white colonies on X-Gal plates were

selected and mapped partially by restriction endonuclease

digestion. The number of cutting sites and resultant

fragment sizes were determined for KpnI, XhoI, SalI and

KpnI/HindIII. A comparison of expected and obtained DNA

fragment sizes verified the proper clone construction. The

correct orientation of the clone with respect to the vector

operator/promoter was necessary for enzyme expression and was

also verified by these digestions (see Table 14 and Figure

33).

Growth Curves and Expression of the Toluate oxidase

pBK190, a recombinant pUC19 clone carrying xylXYZ was

cultured in minimal and complex media in the presence of

benzoate, m-toluate, p-toluate and 3,4-dimethylbenzoate.

Glycerol was utilized as the carbon source in minimal media

and isopropylthiogalactopyranoside (IPTG) was included as an

inducer of the pUC19 lac promoter. Benzoate, m-toluate,

p-toluate and 3,4-dimethylbenzoate at concentrations of 0, 1

mM, 2.5 mM, 5 mM, 10 mM and 20 mM were tested for their

effects on the growth of an E. coli JM101 strain (strain

without the plasmid), an E. coli JM101 strain carrying
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plasmid pBK190, and an E. coli JM101 strain carrying plasmid

pBK789 to determine relative toxicity levels for each

substrate. Glycerol was included in cultures at

concentrations of 30 mM, 50 mM and 100 mM in order to

determine the optimal concentration for bacterial growth.

Growth curves were recorded for all three strains in minimal

media as well as in complex media (LB). These results showed

that there was an inverse relationship between the rate of

bacterial growth and the concentration of the

toluate-1,2-dioxygenase substrates. Growth rates were

reduced as the concentration of the aromatic compounds

increased with nearly complete inhibition being achieved by

20 mM. Therefore, 5 mM was chosen as the working

concentration for the production of diols in this study. The

concentration of glycerol, from 30 to 100 mM, had little

effect on culture growth rate. Therefore, 50 mM glycerol was

used through out the study as the carbon source (see Figures

34 through 49). The last culture parameter that was analyzed

was the effect of additing the lac inducer IPTG to the

medium. IPTG had no effect on the culture growth rate (see

Figure 55).

Dihydrodiol Accumulation

The E. coli strain carrying pBK190 was cultured in both

minimal media and complex media in presence and absence of

IPTG (100 mM) using benzoate, m-toluate, p-toluate and
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Figure 34. Effect of benzoate on the growth of an E. coli JM101

strain in complex medium. The cells were incubated at 370C. with

shaking at 250 rpm in Luria-Bertani medium containing 100 mM

IPTG and the indicated concentrations of benzoate (see Materials

and Methods for further details). Samples were removed at 1

hour intervals over a period of 10 hours and the absorbance at

550 nm determined using a Beckman Du-40 spectrophotometer.
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Figure 35. Effect of m-toluate on the growth of an E. coli

JM101 strain in complex medium. The cells were incubated at

370C with shaking at 250 rpm in Luria-Bertani medium containing

100 mM IPTG and the indicated concentrations of m-toluate (see

Materials and Methods for further details). Samples were

removed at 1 hour intervals over a period of 10 hours and the

absorbance at 550 nm determined using a Beckman Du-40

spectrophotometer.
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Figure 36. Effect of p-toluate on the growth of an E. coli

JM101 strain in complex medium. The cellswere incubated at

370C with shaking at 250 rpm in Luria-Bertani medium containing

100 mM IPTG and the indicated concentrations of p-toluate (see

Materials and Methods for further details). Samples were

removed at 1 hour intervals over a period of 10 hours and the

absorbance at 550 nm determined using a Beckman Du-40

spectrophotometer.
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Figure 37. Effect of 3,4-dimethyl benzoate on the growth of an

E. coli JM101 strain in complex medium. The cells were

incubated at 37*C with shaking at 250 rpm in Luria-Bertani

medium containing 100 mM IPTG and the indicated amounts of

3,4-dimethyl benzoate (see Materials and Methods for further

details). Samples were removed at 1 hour intervals over a

period of 10 hours and the absorbance at 550 nm determined

using a Beckman Du-40 spectrophotometer.



164

No 1tM + 2.5 mM 0 5.0mM
Benzoate

10t mM 20 mM

1.5

0
D 1

0

n 0.5

m

0

0 3 6 9 12 15 18 21 24 27 30 33 36 39 42
HOURS



165

Figure 38. Effect of benzoate on the growth of an E. coli JM101

strain in minimal medium. The cells were incubated at 370C with

shaking at 250 rpm in E. coli minimal medium containing 100 mM

IPTG and the indicated amounts of benzoate (see Materials and

Methods for further details). Samples were removed at 3 hour

intervals over a period of 48 hours and the absorbance at 550 nm

determined using a Beckman Du-40 spectrophotometer.
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Figure 39. Effect of m-toluate on the growth of an E. coli

JM101 strain in minimal medium. The cells were incubated at

370C with shaking at 250 rpm in E. coli minimal medium

containing 100 mM IPTG and the indicated amounts of m-toluate

(see Materials and Methods for further details). Samples were

removed at 3 hour intervals over a period of 48 hours and the

absorbance at 550 nm determined using a Beckman Du-40

spectrophotometer.
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Figure 40. Effect of p-toluate on the growth of an E. coli

JM101 strain in minimal medium. The cells were incubated at

370C with shaking at 250 rpm in E. coli minimal medium

containing 100 mM IPTG and the indicated amounts of p-toluate

(see Materials and Methods for further details). Samples were

removed at 3 hour intervals over a period of 48 hours and the

absorbance at 550 nm determined using a Beckman Du-40

spectrophotometer.
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Figure 41. Effect of 3,4-dimethyl benzoate on the growth of an

E. coli JM101 strain in minimal medium. The cells were

incubated at 37*C with shaking at 250 rpm in E. coli minimal

medium containing 100 mM IPTG and the indicated amounts of

3,4-dimethyl benzoate (see Materials and Methods for further

details). Samples were removed at 3 hour intervals over a

period of 48 hours and the absorbance at 550 nm determined

using a Beckman Du-40 spectrophotometer.
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Figure 42. Effect of benzoate on the growth of an E. coll JM101

strain carrying pBK190 in complex medium. The cells were

incubated at 370 C with shaking at 250 rpm in Luria-Bertani

medium containing 100 mM IPTG and the indicated amounts of

benzoate (see Materials and Methods for further details).

Samples were removed at 3 hour intervals over a period of 48

hours and the absorbance at 550 nm determined using a Beckman

Du-40 spectrophotometer.
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Figure 43. Effect of m-toluate on the growth of an . coli

JM101 strain carrying pBK190 in complex medium. The cells were

incubated at 37*C with shaking at 250 rpm in Luria-Bertani

medium containing 100 mM IPTG and the indicated amounts of

m-toluate (see Materials and Methods for further details).

Samples were removed at 3 hour intervals over a period of 48

hours and the absorbance at 550 nm determined using a Beckman

Du-40 spectrophotometer.
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Figure 44. Effect of p-toluate on the growth of an E. coli

JM101 strain carrying pBK190 in complex medium. The cells were

incubated at 37*C with shaking at 250 rpm in Luria-Bertani

medium containing 100 mM IPTG and the indicated amounts of

p-toluate (see Materials and Methods for further details).

Samples were removed at 3 hour intervals over a period of 48

hours and the absorbance at 550 nm determined using a Beckman

Du-40 spectrophotometer.
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Figure 45. Effect of 3,4-dimethyl benzoate on the growth of an

E. coli JM101 strain carrying pBK190 in complex medium. The

cells were incubated at 37*C with shaking at 250 rpm in

Luria-Bertani medium containing 100 mM IPTG and indicated

amounts of 3,4-dimethyl benzoate (see Materials and Methods for

further details). Samples were removed at 3 hour intervals over

a period of 48 hours and the absorbance at 550 nm determined

using a Beckman Du-40 spectrophotometer.
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Figure 46. Effect of benzoate on the growth of an E. coli JM101

strain carrying pBK190 in minimal medium. The cells were

incubated at 370 C with shaking at 250 rpm in E. coli minimal

medium containing 100 mM IPTG and the indicated amounts of

benzoate (see Materials and Methods for further details).

Samples were removed at 3 hour intervals over a period of 48

hours and the absorbance at 550 nm determined using a Beckman

Du-40 spectrophotometer.
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Figure 47. Effect of m-toluate on the growth of an E. coli

JM101 strain carrying pBK190 in minimal medium. The cells were

incubated at 37'C with shaking at 250 rpm in E. coli minimal

medium containing 100 mM IPTG and the indicated amounts of

m-toluate (see Materials and Methods for further details).

Samples were removed at 3 hour intervals over a period of 48

hours and the absorbance at 550 nm determined using a Beckman

Du-40 spectrophotometer.
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Figure 48. Effect of p-toluate on the growth of an E. coli

JM101 strain carrying pBK190 in minimal medium. The cells were

incubated at 37 0C with shaking at 250 rpm in E. coli minimal

medium containing 100 mM IPTG and the indicated amounts of

p-toluate (see Materials and Methods for further details).

Samples were removed at 3 hour intervals over a period of 48

hours and the absorbance at 550 nm determined using a Beckman

Du-40 spectrophotometer.
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Figure 49. Effect of 3,4-dimethyl benzoate on the growth of an

E. coli JM101 strain carrying pBK190 in minimal medium. The

cells were incubated at 370 C with shaking at 250 rpm in E. coli

minimal medium containing 100 mM IPTG and the indicated amounts

of 3,4-dimethyl benzoate (see Materials and Methods for further

details). Samples were removed at 3 hour intervals over a

period of 48 hours and the absorbance at 550 nm determined using

a Beckman Du-40 spectrophotometer.
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Figure 50. Production of dihydrodiol from benzoate by an E.

coll JM101 strain carrying pBK190 and grown in complex medium,

The cells were incubated at 370 C with shaking at 250 rpm in the

presence of 5 mM benzoate and IPTG. Samples were removed at 1

hour intervals over a period of 12 hours, diluted appropriately

and the absorbance spectra taken from 220 to 320 nm using a

Beckman Du-40 spectrophotometer.



190

0.50

0.40

AmELNT 0.30'(mu

<0.20

0.1 0

0.0011 MN -
220 240 260 280 300 32:0

WA VELENGTH (nm)



191

Figure 51. Production of dihydrodiol from benzoate by a control

E. coli JM101 strain grown in complex medium. The cells were

incubated at 370C with shaking at 250 rpm in the presence of 5

mM benzoate and presence of IPTG. Samples were removed at 1

hour intervals over a period of 12 hours, diluted appropriately

and the absorbance spectra taken at 220 to 320 nm using a

Beckman Du-40 spectrophotometer.
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Figure 52. ProduCtion of dihydrodiol from benzoate, m-toluate,

p-toluate and 3.4-dimetyl benzoate by an E. coli JM101 strain

and grown in E. col minimal medium. The cells were incubated

at 370C with shaking at 250 rpm in the presence of 5 mM of each

substrate separately in the presence of IPTG. Samples were

removed at 3 hour intervals over a period of 48 hours, diluted

appropriately in minimal medium and absorbance spectra taken

from 220 to 320 nm using a Beckman Du-40 spectrophotometer.
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Figure 53. Production of dihydrodiol from benzoate, m-toluate,

*p-toluate and 3,4-dimetyl benzoate by an E. coli JM101 strain

carrying pBK789 and grown in E. coli minimal medium. The cells

were incubated at 37*C with shaking at 250 rpm in the presence

of 5 mM of each substrate separately in the presence of IPTG.

Samples were removed at 3 hour intervals over a period of 48

hours, diluted appropriately in minimal medium and absorbance

spectra taken from 220 to 320 nm using a Beckman Du-40

spectrophotometer.
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Figure 54. Production of dihydrodiol from benzoate by an E.

coli JM101 strain carrying pBK190 and grown in E. coli minimal

medium. The cells were incubated at 370 C with shaking at 250

rpm in the presence of 5 mM benzoate and presence of 50 mM IPTG.

Samples were removed at 3 hour intervals over a period of 48

hours, diluted appropriately in minimal medium and absorbance

spectra taken from 220 to 320 nm using a Beckman Du-40

spectrophotometer.
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Figure 54. Production of dihydrodiol from benzoate by an E.

coli JM101 strain carrying pBK190 and grown in E. coli minimal

medium. The cells were incubated at 37*C with shaking at 250

rpm in the presence of 5 mM benzoate and presence of 100 mM

IPTG. Samples were removed at 3 hour intervals over a period of

48 hours, diluted appropriately in minimal medium and absorbance

spectra taken from 220 to 320 nm using a Beckman Du-40

spectrophotometer.
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Figure 55. Production of dihydrodiol from benzoate by an E.

coli JM101 strain carrying pBK190 and grown in E. coli minimal

medium. The cells were incuabated at 37*C with shaking at 250

rpm in the presence of 5 mM benzoate andin the absence of IPTG.

Samples were removed at 3 hour intervals over a period of 48

hours, diluted appropriately in minimal medium and absorbance

spectra taken from 220 to 320 nm using a Beckman Du-40

spectrophotometer.
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Figure 56. Production of dihydrodiol from benzoate by an E.

coli JM101 strain carrying pBK190 and grown in E. coli minimal

medium. The cells were incuabated at 37CC with shaking at 250

rpm in the presence of 5 mM benzoate, 100 mM IPTG and 100 mM

lysozyme. Samples were removed at 3 hour intervals over a

period of 48 hours, diluted appropriately in minimal medium and

absorbance spectra taken from 220 to 320 nm using a Beckman

Du-40 spectrophotometer.
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Figure 57. Production of dihydrodiol from m-toluate by an E.

coli JM101 strain carrying pBK190 and grown in E. coli minimal

medium. The cells were incuabated at 37*C with shaking at 250

rpm in the presence of 5 mM m-toluate and 100 mM IPTG. Samples

were removed at 3 hour intervals over a period of 48 hours,

diluted appropriately in minimal medium and absorbance spectra

taken from 220 to 320 nm using a Beckman Du-40

spectrophotometer.
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Figure 58. Production of dihydrodiol from p-toluate by an E.

coli JMIOI strain carrying pBK190 and grown in E. coli minimal

medium. The cells were incuabated at 37*C with shaking at 250

rpm in the presence of 5 mM p-toluate and 100 mM IPTG. Samples

were removed at 3 hour intervals over a period of 48 hours,

diluted appropriately in minimal medium and absorbance spectra

taken from 220 to 320 nm using a Beckman Du-40

spectrophotometer.
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Figure 59. Production of dihydrodiol from 3,4-dimethyl benzoate

by an E. coli JMIOI strain carrying pBK190 and grown in E. coli

minimal medium. The cells were incuabated at 37*C with shaking

at 250 rpm in the presence of 5 mM 3,4-dimethyl benzoate and 100

mM IPTG. Samples were removed at 3 hour intervals over a period

of 48 hours, diluted appropriately in minimal medium and

absorbance spectra taken from 220 to 320 nm using a Beckman

Du-40 spectrophotometer.
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Figure 60. Stability of dihydrodiols produced from benzoate by

an E. coli JMIOI strain carrying pBK190 and grown in E. coli

minimal media during storage at 40C for 3 months. These cells

were incuabated at 370 C with shaking at 250 rpm in the presence

of 5 mM benzoate and 100 mM IPTG. Samples were removed at 3

hour intervals over a period of 48 hours, diluted appropriately

in minimal medium and absorbance spectra taken from 220 to 320

nm using a Beckman Du-40 spectrophotometer. This spectral

analysis was then repeated following 3 months of storage of the

dihydrodiols at 4*C. See Figure 54 for a comparison of these

spectra to the original fresh samples.
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of an E. coli JM101 strain carrying pBKl90. The conversion

efficiency for 5 mM benzoate, the only dihydroxy diol with a

known extinction coefficient (33,500 M- 1 ) was from 1.86% at

the early stage of growth to 98.9% at late log phase.

Complementation Studies

In order to measure the non-benzoate diol products of

xylXYZ quantitively, the products of xylXYZ (dihydroxydiols)

were used as substrates for cell-free extracts of an E. coli

strain carrying the xylLTE region. Dihydrodiol

dehydrogenase, product of xylLT, acts upon dihydrodiols,

producing the corresponding catechols. These in turn are

converted to their corresponding ring fission products

(hydroxymuconic semialdhydes) by the xylE product,

catechol-2,3-dioxygenase. The ring fission products produce

bright yellow colors which can be measured

spectrophotometrically and for which the extinction values

are known. The conversion rate of TO substrates to diols

could thus be measured more accurately by this coupled assay.

Results from this coupled assay are shown in Figures 61-64

and are tabulated in Table 15. The ring fission product from

catechol has an extinction coefficient of 33,000 M~ 1 at 375

nm. Using this value and the coupled enzyme reaction a

conversion efficiency of 2.1% at the early stages to near

100% at late log was calculated. The ring fission product of

3-methylcatechol has an extinction coefficient of 13,400 M-C
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at 388 nm and the conversion efficiency was estimated to

increase from 2.25% to near 100% during the growth period of

the culture. The ring fission product of 4-methylcatechol

has an extinction coefficient of 28,100 M<1 at 382 nm, giving

a near 100% conversion by late log phase. The least

efficient conversion was obtained with 3, 4-dimethylbenzoate.

The published extinction coefficient of 13,200 M~1 at 320 nm

gave a final estimated conversion of only 49.2% (Table 15).

Thin Layer Chromatography (TLC)

The dihydrodiol, which was produced after the growth in

benzoate minimal media, was subjected to thin layer

chromatography. Three milliliters of the culture supernatant

containing the diol was extracted with diethyl ether three

times in a separatory funnel (diol moves into the diethyl

ether layer). The diol-containing diethyl ether layer was

dried overnight by adding anhydrous magnesium sulfate

(removes residual water). The ether phase from the flask was

transferred to a test tube and was dried with a stream of

compressed air. The dried material in the test tube was

loaded onto the chromatography plates. Markers such as

benzoate, salicylate, phenol and catechol were dissolved in

acetone and applied to the plate. Extracts from control

supernatants of JM101 without plasmids and carrying pBK789

were also chromatographed. The silica plates containing

markers and the culture supernatant samples were placed in
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Figure 61. Conversion of benzoate diol produced by an E. coli

JM101 strain carrying pBK190 to hydroxymuconic semialdehyde by

cell-free extracts of pBK991 an E. coli JM1O1 strain carrying

xylLTE grown in E. coli minimal medium in the presence of 5 mM

benzoate and 100 mM IPTG. Ten microliters of dihydroxydiol-

containing supernatants was incubated with 10 mM NAD+ and 10 gl

of the xylLTE cell-free extract for 10 minutes at 370 C without

shaking. The samples were diluted appropriately and absorbance

spectra taken from 200 to 500 nm using a Beckman Du-40

spectrophotometer. This was repeated for samples of diol

collected at different points of the growth curve as noted on

the Figure. The samples in this Figure were taken from the

culture shown in the Figure 54 of this dissertation.
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Figure 62. Conversion of m-toluate diol produced by an E. coli

JM101 strain carrying pBK190 to its ring fission product by

cell-free extracts of pBK991 an E. coli JM101 strain carrying

xylLTE grown in E. coli minimal medium in the presence of 5 mM

benzoate and 100 mM IPTG, Ten microliters of

dihydroxydiol-containing supernatant was incubated with 10 mM

NAD+ and 10 gl of the xylLTE cell-free extract for 10 minutes at

37*C without shaking. The samples were diluted appropriately

and absorbance spectra taken from 200 to 500 nm using a Beckman

Du-40 spectrophotometer. This was repeated for samples of diol

collected at different points of the growth curve as noted on

the Figure. The samples in this Figure were taken from the

culture shown in the Figure 55 of this dissertation.
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Figure 63. Conversion of p-toluate diol produced by an E. coli

JM101 strain carrying pBK190 to its ring fission product by

cell-free extracts of pBK991 an E. coli JM101 strain carrying

xylLTE grown in E. coli minimal medium in the presence of 5 mM

benzoate and 100 mM IPTG. Ten microliters of

dihydroxydiol-containing supernatant was incubated with 10 mM

NAD+ and 10 gl of the xylLTE cell-free extract for 10 minutes at

370C without shaking. The samples were diluted appropriately

and absorbance spectra taken from 200 to 500 nm using a Beckman

Du-40 spectrophotometer. This was repeated for samples of diol

collected at different points of the growth curve as noted on

the Figure. The samples in this Figure were taken from the

culture shown in the Figure 56 of this dissertation.
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Figure 64. Conversion of 3,4-dimethyl benzoate diol produced by

an E. coli JM101 strain carrying pBK190 to its ring fission

product by cell-free extracts of pBK991 an E. coli JM101 strain

carrying xylLTE grown in E. coli minimal medium in the presence

of 5 mM benzoate and 100 mM IPTG. Ten microliters of

dihydroxydiol-containing supernatant was incubated with 10 mM

NAD+ and 10 pl of the cell-free extract xylLTE for 10 minutes at

37*C without shaking. The samples were diluted appropriately

and absorbance spectra taken from 200 to 500 nm using a Beckman

Du-40 spectrophotometer. This was repeated for samples of diol

collected at different points of the growth curve as noted on

the Figure. The samples in this Figure were taken from the

culture shown in the Figure 57 of this dissertation.
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Table 15. Comparison of the hydroxymuconic semialdhyde(s)

that are produced in the complementation study at the early

stage of growth as well as the late stage of growth in an

E. coli JM101 strain carrying pBK190 aganist different

substrates. This is an indirect way of measuring dihydroxy-

diol production aganist specific substrates in the culture,

Substrate Absorbance Extinction Conversion
maximum coefficient of efficiency

hydroxymuconic
semialdhyde

Catechol 375 nm 33,000 M 99%

-13-methylcatechol 388 nm 13,400 M 99%

-14-methylcatechol 382 nm 28,100 M 99%

3, 4-dimethyl- 320 nm 13,200 M 50%

benzoate

*Ring fission product values were adapted from Whited et al.,1986.
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the chromatography chamber, which contained 20% acetone and

80% chloroform. The samples had been applied above the level

of solvent. The chromatography was stopped when the solvent

front reached the top of the plate. At that time the plate

was removed, observed with ultraviolet light and stained with

Gibb's reagent (2,6-dibromoquinone-4-chloroimide in 2%

methanol). The distances traveled by the samples were

measured (Rf = distance traveled by the sample divided by the

distance traveled by the solvent). The Rf values for the

sample and the controls were as follows: catechol, 4.3 mm/6.7

mm = 0.64; benzoate, 4.5 mm/6.7 mm = 0.67; phenol, 5.3 mm

/6.7 mm = 0.8; salicylate, 2.8 mm/6.7 mm =0.42; JM101

supernatant, 0 mm /6.7 mm = 0; pBK789 supernatant, 0 mm /6.7

mm = 0; and pBK190 supernatant, 6.1 mm /6.7 mm = 0.9 .



CHAPTER IV

DISCUSSION

The lower operon encoded by the Pseudomonas putida TOL

plasmid pDK1 provides the essential enzymes which transform

benzoate, toluate and a number of their derivatives to Kreb's

cycle intermediates. This includes the genes for the

meta-cleavage pathway. The pDK1 plasmid is approximately 125

kb in size, with the region encoding the TOL functions being

approximately 40 kb in length. Given these dimensions, it

was necessary to construct subclone libraries of the TOL

region in order to begin to study and manipulate the

individual genes of the toluene degradation pathway. An

EcoRI library encompassing both the upper and lower operons,

as well as the TOL regulatory genes (xylRS) located between

the lower and upper operons (Jeanes et al., 1982a), was

constructed in the Escherichia coli cloning vector pBR325.

The construction of this gene library was the first step

required to carry out the long term goal of our laboratory,

a detailed characterization of the individual genes and gene

products of the TOL-encoded pathway for the degradation of

toluene and related aromatics.

At the same time, a 19.5 kb clone encoding the entire

223
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meta-cleavage pathway (xylXYZLTEGFJQKIH) and its

operator-promoter region was constructed in the E. coli

vector pBR322. This provided a mechanism for studying,

manipulating and characterizing the genes of the entire lower

(meta-cleavage) pathway as a group. This clone, designated

pBK489, has also served as a source of DNA fragments

overlapping the EcoRI junctions of the previously constructed

TOL library (necessary for assembly of DNA sequences). The

cloned HindIII fragment has additionally proven to be useful

in our laboratory for related investigations involving other

bacterial systems, such as Acinetobacter.

The primary emphasis of my portion of the TOL study has

focused on the first three genes of the lower operon, xylXYZ,

and the characterization of the encoded enzyme activity,

toluate-1,2-dioxygenase. Due to the locations of restriction

endonuclease cleavage sites within the genes of the

meta-pathway (Shaw & Williams, 1988), subcloning the entire

xylXYZ region without including any downstream genes (e.g.

the xylLT region) proved to be a difficult task. The

available genetic maps originally suggested that a

HindIII-KpnI fragment should encode the complete xylXYZ

sequence. However, a pUC19 clone with this fragment inserted

into the multiple cloning site (pBK789) failed to express any

toluate-1,2-dioxygenase (TO) activity. Concurrent DNA

sequence analysis of this region by our laboratory revealed

this KpnI site to be located within the xylZ gene. Several
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different approaches to creat the TO clone were then

attempted before the required clone was finally created in

pUC19. This clone was constructed by inserting a 0.9 kb KpnI

fragment, into the KpnI site of pBK789 (in the correct

orientation). The small KpnI fragment provided the

C-terminal region of XylZ, missing in the original pBK789.

The final toluate-1,2-dioxygenase clone, pBK190, carrying the

genes for all three of the enzyme's subunits (xylXYZ), was

identified by the overall size of the TOL-derived fragment,

its characteristic restriction endonuclease cleavage map

(Shaw & Williams, 1988) and most importantly, by its encoded

enzyme activity.

The TOL segment from pBK190 was recovered from the

recombinant plasmid by a HindIII/KpnI double digest. This

produced three fragments of 3.9 kb, 2.7 kb and 0.9 kb,

respectively (the 2.7 kb fragment corresponds to the vector

plasmid pUC19). The xylXYZ region was shown to be inserted

in the correct orientation to utilize the vector's lac

promoter by further restriction endonuclease mapping. This

clone does not encode any TOL regulatory genes (xylR or

xylS), although it does carry approximately 1.5 kb of

unidentified TOL sequence upstream of the operator-promoter

region.

As noted previously, toluate-l,2-dioxygenase is a

multi-component enzyme complex consisting of three subunits

(xylXYZ) (Harayama et al., 1990). An indication that all
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three subunits are essential for enzyme activity was obtained

from studies of a clone that carried only two subunits of the

enzyme. pBK789, a clone containing xylX and xylY, was

constructed in pUC19 such that the two genes were expressed

under the control of the vector's lac promoter. The

cell-free supernatant from an E. coli HB101 culture carrying

pBK789 and grown on minimal media containing 5 mM benzoate

(substrate) and 100 mM IPTG was analyzed

spectrophotometrically for the presence of dihydroxydiol

using a Beckman Du-40. No evidence of TO activity was

observed. The cell-free supernatant was also analyzed by

thin layer chromatography using Silica gel 60 f2 5 4 with UV

illumination. Again, no evidence of benzoate conversion to

diol was observed. This strain also failed to exhibit

increased oxygen consumption when benzoate was added to an

oxygen electrode cell. It was concluded that xylX and xylY

are not sufficient to encode a functional enzyme and that

xylZ is also required.

Enzyme production and activity was characterized with

E. coli strains carrying the pBK190 clone containing all

three enzyme subunits. The first series of experiments was

carried out to determine the toxicity level of

toluate-1,2-dioxygenase substrates with regard to inhibition

of the growth of E. coli culture. This was carried out using

E. coli minimal media, as well as Luria broth, with different

concentrations of the various toluate-1,2-dioxygenase
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substrates (For example; 0 mM, 1 mM, 2.5 mM, 5 mM, 10 mM and

20 mM benzoate). JM101 control and pBK190-carrying strains

were each tested.

As expected, the growth curves indicated that as the

concentration of benzoate increased there was a reduction in

growth of the culture and that a benzoate concentration of

20 mM retarded the growth dramatically [This is not

surprising since benzoate is a known inhibitor of microbial

growth]. Therefore, 5 mM was chosen as the concentration of

toluate-1,2-dioxygenase substrates to be utilized throughout

the study. There were no apparent differences between the

growth rate of cultures when the glycerol carbon source

concentration was varied (20 mM, 50 mM and 100 mM). Fifty mM

glycerol was therefore used throughout the study.

Isopropylthiogalactopyranoside (IPTG) at the final

concentration of 100 mM was added to all cultures, even

though the earlier studies had shown no apparent effect on

the growth rate and or enzyme induction in cultures

containing IPTG versus cultures without IPTG (see Results).

The IPTG was included to insure maximum expression for the

lac promoter. However, the high copy number of pUC plasmids

is known to titrate out the available lac repressor (a few

copies/cell), giving a high level of expression in cultures

grown on minimal medium even in the absence of inducers.

The pBK190 bearing strains were cultured in minimal

media, as well as Luria broth media and the expression of

KNOW
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toluate-1,2-dioxygenase activity detected

spectrophotometrically (by measuring diol production) using a

Beckman Du-40 at a regular intervals. The data (see results)

indicated that very little enzyme was induced in Luria broth

cultures (specifically at 2.5 mM and 5.0 mM substrate

concentrations). Minimal media was essential for the

production of the dihydroxydiol. Again this is not

surprising since the xylXYZ genes are being expressed under

the lac promoter/operator which is subject to catabolic

repression (requires the CAP protein plus cAMP and is thus

inhibited by rich media). The greatest accumulation of diol

was observed during the late exponential or stationary phase.

There was a lag phase of diol production of 3 to 4 hours and

the lag phase was somewhat dependent upon the level of

substrate that was being utilized at the time. The lag phase

may again reflect an effect of catabolic repression (the

overnight cultures were grown on rich media) and possible

explanation of the substrate concentration effect is unclear

(although the inhibitory effect on growth may again effect

catabolic repression).

In order to facilitate the entry of the substrate into

the E. coli cells, the cell wall was partially digested by

lysozyme. Again no difference was observed in the production

of the dihydrodiol between the lysozyme-treated cells and

non-treated cells. It is therefore assumed that the cell

wall by itself is not a significant permeability barrier and
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other factors such as the absence of specific transport

proteins in the plasma membrane might be involved.

The fact that toluate-1,2-dioxygenase has a broad

substrate specificity (Kunz & Chapman, 1981) was also

confirmed by our findings. Dihydrodiols were produced from

four different substrates: benzoate, m-toluate, p-toluate and

3,4-dimethylbenzoate (Figures 54-57). Cell-free supernatants

from growing cultures of an E.coli strain carrying pBK190

were collected at regular intervals and dihydrodiol

production was measured spectrophotometrically (Beckman

Du-40), by complementation studies and by thin layer

chromatography. The culture supernatants were scanned over a

wavelength range of 220 to 320 nm. The conversion efficiency

for 5 mM benzoate (the only dihydrodiol with a known

extinction coefficient of 33,500 M~ 1 at 265 nm) was estimated

to be 98.9% as the culture reached the later growth phases.

In addition, there was also a direct correlation between the

growth phase and the amount of diol produced for m-toluate,

p-toluate and 3,4-dimethylbenzoate. At the early stages of

growth there was a rather small amount of diol accumulated,

but at the later stages there were substantial increases in

the amount of dihydrodiol produced (the extinction

coefficient is not known for the above substrates as of this

writing, so that the conversion rate could not be measured

directly for these dihydrodiols). However, the specific diol

produced from the above substrates was estimated by
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subsequent conversion to ring fission products by a xylLTE

carrying strain, see below and Results).

In addition, the product of xylXYZ gene was used as a

substrate for complementation to the xylLT and xylE genes (a

clone carrying all three genes was used). Dihydrodiol

dehydrogenase, the product of xylL, acts upon dihydrodiol

xylXYZ products) and produces catechol, which are then broken

down by the xylE product (catechol-2,3-dioxygenase) to their

corresponding fission products (hydroxymuconic

semialdehydes). These final products produce an intense

yellow color, which can be used as a reporter function.

Therefore, the activity of the xylXYZ gene product could be

monitored both visually and spectrophotometrically.

Hydroxymuconic semialdhydes produced from complementation

assays also increased as the bacteria in the diol culture

entered the later stages of growth. Spectrophotometric

measurements of the resultant ring fission products gave

estimated conversion rates for catechol (with the extinction

coefficient of 33,000 M~1 , at 375 nm) of approximately 99%;

for 3-methylcatechol (with the extinction coefficient of

13,400 M- 1 , at 388 nm) of approximately 99%; for

4-methylcatechol (with the extinction coefficient of 28,100

M-1 , at 382 nm) of approximately 99% and for

3,4-dimethylbenzoate (with the extinction coefficient of

13,200 M- 1 , at 320 nm) of approximately 49.2% (Figure 65).

Our results also correlate well with the previous finding by
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Figure 65. Production of different diols. This Figure was

adapted from Whited et al, . 1986.
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Kunz and Chapman, (1981) that, in general, almost the same

amount of enzyme activity was produced toward each of the

different substrates, suggesting that one enzyme, namely

toluate-1,2-dioxygenase (xylXYZ), is responsible for

production of each of the different diols. The difference

between the observed conversion rates among different

substrates might be due to the differential toxicity of the

compounds toward E. coli cells (the dimethylbenzoate and

perhaps its TO produced appeared to be the most toxic).

The supernatant from a 36 hour E. coli strain carrying

pBK190 in minimal media culture containing 5 mM benzoate was

analyzed by thin layer chromatography along with supernatants

from control strains JM101 and pBK789 (previously discussed).

These plates were developed with an acetone-chloroform

solvent. There was a strong ultraviolet absorbing spot on

the plate before the run. The Rf value was 0.9 for the

dihydrodiol and it was very different from the Rf values for

the control compounds that were analyzed along with the diol

(see Results).

The presence of xylXYZ and the production of

diols/catechols was also confirmed in clone pBK890, which

carries both xylXYZ and xyiLT in the broad host range plasmid

pKT230. This clone was created by inserting a 4.6 Kb SmaI

fragment from pDKR1 into the SmaI site in the streptomycin

resistance gene of pKT230. The production of the catechol

was visually observed by streaking the pBK890 carrying clone,
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along with control strain JM101 on Isosensitest agar plates

which also contained 5 mM m-toluate as a substrate. Dark

brown colonies were produced due to the formation of

3-methylcatechol on the plates (see Results).

The enzyme toluate-1,2-dioxygenase is involved in the

initial reaction of the lower meta-pathway. It modifies the

aromatic ring by inserting both atoms of molecular oxygen

into the aromatic ring, which is then processed by other

enzymes of the TOL meta-cleavage operon (Finette et al.,

1984). The toluate-1,2- dioxygenase acts as a bottleneck for

the entry of compounds into the pathway. However, it has a

relatively broad substrate range and for this reason is

potentially useful in the production of new bacterial strains

capable of degrading a broad range of compounds

(Rochkind-Dubinsky, et al., 1987).

Little is known about the mechanism of dihydroxylation in

Pseudomonas putida despite intensive study that has been done

to this time. This is primarily due to the complexity of the

enzymes as well as the difficulty that has been encountered

in the isolating different components of the enzyme

(Yamaguchi et al., 1982).

The TO activity expressed in this study is the first

known to be expressed in E. coli under the complete control

of the bacterial host without the presence of regulatory gene

xylS. pBK190 bearing E. coli strains were placed in a high

expressible vector (pUC19), and the diol production activity
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was found to be very high (99%). In addition, the enzyme

retains its broad range substrate specificity in E. coli,

which is an essential factor in the construction of

engineered novel pathways. Moreover, the identification of

the next gene of the pathway xylL (unpublished results)

responsible for the production of

1,2-dihydroxycyclohexa-3,5-diene carboxylate dehydrogenase,

was not possible without the expression of xylXYZ on the

production of the necessary diol substrates. In contrast to

findings it seems that dihydrodiol is relatively stable,

remaining after several months of storage at both -40 C and

-20*C (see Results). In addition, the production of diols in

general is commercially valuable, especially for the

production of such products as indigo and polyphenylene fiber

and films (Gibson et al., 1983).

It is hoped that this study will aide in further

understanding of toluate-1,2-dioxygenase function in general,

to help in construction of genetically engineered strains and

also to make diols more readily available for commercial use.

In recent years, large quantities of synthetic organic

chemicals have been released into the environment. Even

though many of these compounds are degraded by microorganisms

particulary of the genus Pseudomonas, others are not degraded

completely or they are degraded very slowly. The

microorganisms have the ability to adapt to the new

environment, but this is a very slow process and complete
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dissimilation might require the cooperation of several

different microorganisms. Therefore, some toxic chemicals

might stay in the environment for an extended period of time

(Ramos et al., 1987).

Genetic engineering of new metabolic pathways is the

alternating route that can be taken to rapidly remove the

toxic chemicals from the environment. The pathways can be

constructed first by the restructuring of an existing

pathway. The best example for this type of pathway

manipulation is the introduction by Lehrbach in 1984 of

xylXYZL into a bacterial strain B13 (WR1), so that the

bacteria could extend its range of chlorinated aromatic

compounds utilization (4-chlorobenzoate and

3,5-dicholorobenzoate in addition to 3-cholorobenzoate). The

second type of genetically engineered strain uitilizes the

appropriate parts of different pathways to construct a

completely new pathway. The work of Ramos in 1986 for the

production of a strain that is able to utilize 4-ethyl

benzoate is the best example of a newly evolved pathway.

The new pathway was constructed through the recognition of

blockpoints and through the use of several different

mutations to overcome these blocks and to produce the proper

pathway.

In order to most efficiently carry out genetic

engineering utilizing the catabolic genes of TOL plasmids, a

complete understanding of the enzymes and genes involved is
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critical. It is also important to determine the substrate

range as well as the ability to draw structural analogies

between the desired and the natural substrates of the

pathways. The ability to use appropriate enzymes with

relaxed specificities for new substrates is additionally very

important. Toluate-1,2-dioxygenase is a very important

enzyme of the TOL plasmid catabolic pathway, because of two

reasons, first being the first enzyme of the lower or

meta-cleavage pathway, and second because it has a relaxed

substrate specificity. Knowledge about this fraction of the

TOL catabolic pathway as well as its products should

therefore be very helpful in both creating new pathways, as

well as restructuring previously existing ones.
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