
Q~ I
(

ft&~, ~7I

STRUCTURAL ANALYSIS OF THE GENES ENCODING THE OXALOCROTONATE

BRANCH OF THE Pseudomonas putida TOL PLASMID pDKI

meta-CLEAVAGE PATHWAY AND THE EXPRESSION OF THE

xylG GENE PRODUCT IN Escherichia coli

THESIS

Presented to the Graduate Council of the

University of North Texas in Partial

Fulfillment of the Requirements

For the Degree of

MASTER OF SCIENCE

BY

Xuebin Luo, B.S.

Denton, Texas

December, 1992



Luo, Xuebin, Structural Analysis of the Genes Encodincg the

Oxalocrotonate Branch of the Pseudomonas putida TOL Plasmid

pDKl meta-cleavage Pathway and the Expression of the xylG

Gene Product in Escherichia coli. Master of Science

(Biology), December, 1992, 148 pp, 2 tables, 28 figures,

bibliography, 80 titles.

Three overlapping DNA fragments from the lower operon of

Pseudomonas putida TOL plasmid pDK1, covering the xylIH genes

and downstream flanking region, were cloned into pUC19. They

include a 2.8 kbp XhoI fragment, a 2.7 kbp PstI fragment and

a 2.0 kbp EcoRI-HindIII fragment. They were subjected to DNA

sequence analysis. The xylI (4-oxalocrotonate decarboxylase)

and xylH (4-oxalocrotonate tautomerase) genes were found to

possess coding regions of 792 and 189 nucleotides,

respectively. A possible transcriptional terminator

resembling E. coli rho-independent terminators was identified

downstream of the translational stop of xylH. An additional

stem and loop structure was found in the intergenic region

between xylI and xylH. The individual ORF's of the

oxalocrotonate branch (xylG, xylI and xyiH) have been cloned

into pUC18/19. The expression of the xylG gene in E. coli

was successfully assayed spectrophotometrically.
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INTRODUCT ION

Bacterial strains of the genus Pseudomonas are well

known for their high metabolic diversity. They can degrade a

broad spectrum of hydrocarbon compounds and use them as their

sole carbon and energy source. These compounds include

alkanes, mono and polycyclic hydrocarbons, aliphatics,

alicyclics, heterocyclics, phenolics and a variety of other

aromatic compounds (Farrell and Chakrabarty 1979). The genes

responsible for the metabolic diversity of the pseudomonads

are found in both chromosomal and extrachromosomal DNA

elements (Williams and Worsey 1978) . The protein products of

the catabolic operon catalyze a series of reactions to

degrade those compounds into simple molecules which then

enter central metabolic pathways. The enzymes encoded by

both the bacterial chromosome and plasmids are often similar

in function and structure and frequently form similar

pathways, but the substrate specificities are generally quite

different. Usually the enzymes encoded by the bacterial

chromosome have a narrower substrate specificity compared to

their plasmid-encoded counterparts (Reineke and Knackmuss

1978). In some instances, the degradation of a metabolite

occurs partially via a plasmid-encoded pathway and partially

via a chromosomal-encoded pathway. For example, the
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partially via a plasmid-encoded pathway and partially via a

chromosomal-encoded pathway. For example, the OCT plasmid

genes are responsible for the conversion of octane to

octanealdehyde, but the enzymes encoded by the P. putida

chromosome catalyze the further oxidation reactions

(Fennewald et al. 1979). The first degradative plasmid was

discovered in P. putida in 1972. It encodes the genes for

salicylate degradation and was named SAL. Since this initial

observation, many other catabolic plasmids have been

discovered and subjected to extensive studies. They have

commonly been named after the compounds they degrade. For

example, CAM (for camphor degradation, Rheinwald et al.

1973), NAH (for naphthalene degradation, Dunn and Gunsalus

1973), TOL (for toluene and xylene degradation, Worsey and

Williams 1975), SAL (for salicylate degradation, Chakrabarty

1972) and OCT (for octane degradation, Chakrabarty et al.

1973) plasmids have been isolated and characterized to

various degrees. In general, most of the degradative

plasmids are large (50 kbp to more than 200 kbp) and

self-transmissible by conjugation. In addition, some of the

non-transmissible plasmids, such as XYL, can be transferred

by the use of fertility factors (Mylroie et al. 1977). Many

of these- degradative plasmids are related to one another and

have common characteristics. Among them, TOL, NAH and SAL

plasmids have appreciable homology with one another.

Restriction endonuclease mapping and hybridization studies
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have revealed a close relationship between the DNA sequences

of these plasmids (Heinaru et al. 1978). TOL, NAH and SAL

all have both upper and lower pathway operons. The

degradative pathways encoded by these plasmids share a common

intermediate (catechol) and the order of the genes in the

operons for isofunctional enzymes is also very similar. The

available nucleotide sequence data also shows that there is a

high degree of homology for these isofunctional genes. For

example, xylE from pWWO is 80% homology with that of the

isofunctional gene nahH from plasmid NAH7 (Harayama et al.

1987b, Benjamin et al. 1991). Furthermore, SAL, NAH and TOL

are all in the IncP-9 plasmid incompatibility group (Hass,

1983). So they are believed to have evolved from a common

ancestral gene.

The TOL plasmids, a group of catabolic plasmids

responsible for degradation of toluene and related aromatic

compounds, are the most extensively studied catabolic

plasmids. More genetic and biochemical information has been

gathered on the toluene degradative pathway than any other

plasmid-encoded metabolic pathway. Thus 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 details of pathway functions

and regulation.

A brief description of the biochemical pathways encoded

by TOL plasmid and their regulation is presented below.
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TOL plasmids

The plasmid pWWO from P. putida (arvilla) mt-2 (ATCC

23973) (Williams and Murray 1974) was the fifth catabolic

plasmid to be reported. It is often referred to as the

archetype TOL plasmid, because it was the first TOL plasmid

discovered and it has been extensively characterized. It is

78 MDa (117 kbp) in size, is self-transmissible and was

isolated from a typical representative of Pseudomonas putida

(Nakazawa and Yokota 1973). This plasmid confers the ability

to utilize toluene, meta- and para-xylene, pseudocumene

(1,2,4-trimetylbenzene), 3-ethyltoluene and their

corresponding alcohols, aldehydes and acids as sole carbon

sources. Cells carrying pWWO can grow on one of 20 different

aromatic compounds. In addition, certain halogenated

derivatives of these aromatics, such as ortho-, meta- and

para-flouorobenzoates, may also be assimilated by the TOL

plasmid-encoded pathway (Williams and Murray 1974; Kunz and

Chapman 1981a). Some other TOL plasmids were later isolated,

e.g. XYL (Friello et al. 1976), pDK1 (Kunz and Chapman

1981b), pWW53 (Keil et al. 1985), pGB (Bestetti and Galli

1987), etc. Strains carrying these plasmids can grow on

TOL-specific substrates, but the plasmids are somewhat

different from the archetype TOL plasmid pWWO in size,

restriction map, incompatibility and transmissibility.

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

not cured when appropriate strains are grown in the presence
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of plasmid-curing compounds such as mitomycin-C (Williams and

Murray 1974). However, the plasmids can be cured upon growth

of bacteria on benzoate minimal media. Benzoate is degraded

by the chromosomal-encoded ortho- pathway. Thus plasmid-free

strains have a growth advantage compared to plasmid-bearing

strains (Worsey and 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 tol+ host

phenotype (Kunz and Chapman 1981b).

Gene organization of pWWO

All of the catabolic and the regulatory genes of pWWO are

located within a 39 kb region which has direct repeats of a

1.4 kb sequence at each end (Bayley et al., 1977; Downing and

Broda 1979; Meulien et al. 1981; Williams and Murray 1974).

The 39 kb region is carried on a 56 kb segment of DNA which

has the ability to transpose to other plasmids or to the

chromosome (Jeenes and Williams 1982; Cane and Williams 1982;

Cane and Williams 1986).

The genes encoding the enzymes of the TOL degradative

pathway are organized into two operons (Nakazawa et al. 1980;

Franklin et al. 1981; Inouye et al. 1981) . The "upper"

operon includes five genes, xylCMABN (Harayama et al. 1989).

They encode the enzymes for the upper pathway, the conversion

of the aromatic hydrocarbons to carboxylic acids. The lower
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operon is responsible for the conversion of carboxylic acids

to central metabolites. It encompasses more than 10 kbp of

DNA and contains 13 genes, xylXYZLTEGFJQKIH (Harayama and

Rekik 1990). But the functions of two of these genes, xylT

and xylQ, are not known yet. The upper and lower pathway

operons of pWWO are separated by a 12 kbp DNA segment of

unknown function. The regulatory genes (xylR and xylS) and

their promoters are located downstream of the meta-cleavage

operon. Genetic maps of the TOL regions of pWWO and the

related TOL plasmid pDK1 are shown in Fig. 1.

Comparison of pWWO and pDK1

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

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

types of TOL plasmids, the plasmids themselves can be quite

different with respect to transmissibility, restriction

endonuclease maps, molecular weight, orientation of the two

operons relative to one other and even the number of -operons

present. The following is a comparasion of pWWO and pDK1.

pWWO is a 117 kb (78 MDa), self-transmissible
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Fig. 1. Gene organization of the TOL regions of pWWO and

pDK1. Both plasmids appear to have identical sets of genes

and operons, but the relative positions and orientations of

the operons are different for each plasmid.
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(conjugable) plasmid. It contains one operon each for the

upper and lower pathways, and has the ability to transpose

the TOL DNA segment into other plasmids or onto the 
bacterial

chromosome (Shaw and Williams 1988). For example, a 56 kbp

segment of the 117 kbp TOL pWWO plasmid integrates 
onto the

host chromosome and form strain WR211. It exhibits the TOL

phenotype even though the 39 kbp TOL region DNA is not

present in the plasmid (Jeenes and Williams 1982b). A 56 kbp

segment of pWWO can also produce a cointegrate with RP1 (57

kbp), a broad host range resistance plasmid, to form the 114

kbp pTN1 plasmid (Nakazawa et al. 1985).

The transposition ability of TOL plasmids may have an

important effect on the evolution of these plasmids and 
their

bacterial hosts. Such activity may result in the creation of

new pathways and extension of the range of substrates to be

degraded by these plasmids.

The TOL plasmid pDK1 was isolated from P. putida HS1

(also called PpC1). HS1 was isolated from soil in Minnesota,

USA (Kunz and Chapman 1981b). pDK1 is a non-conjugative, 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 and Chapman 1981b). However, the

relative locations of the two operons and the regulatory

genes are different from that of pWWO. In pWWO, the

regulatory genes are immediately downstream of the
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meta-cleavage operon, while in pDK1, they are located between

the upper and lower operons. However, their enzymic

functions and gene organization within operons are very

similar. Further, the nucleotide sequence data of pDK1 from

this lab reveals a very high level of nucleotide sequence

homology to pWWO (Benjamin et al. 1991; Chang 1992; Hares et

al 1992; Williamson 1992; Baker 1992). 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 a cointegrate

plasmid pDKR1 (Shaw and Williams 1988). The cointegrate

shows both transmissibility and resistance to the antibiotics

carbenicillin, tetracycline and kanamycin because of the

presence of the RP1 replicon (Fig. 4, Keil et al. 1987; Shaw

and Williams 1988). This RP1::pDK1 cointegrate, which

carries the whole pDK1 40 kbp TOL segment, has been used for

the studies of TOL plasmids in this thesis. An unusual

feature of the pDK1 plasmid is the formation of spontaneously

deleted mutants after limited growth on benzoate minimal

media (Kunz and Chapman 1981b). Most other TOL plasmids are

cured compeletely by the same media and benzoate catabolized

by the ortho-cleavage pathway. However, the bacteria strains

carrying partially deleted pDK1 plasmids catabolize

substrates by using a combination of chrosomal and

plasmid-encoded enzymes (Kunz and Chapman 1981b). A

comparison of the restriction maps of different TOL plasmids
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also reveals a certain degree of homology in the coding

regions of the operons (Williams et al. 1988b). In general,

the upper pathway is more conserved than lower pathways. The

relative gene order and the direction of transcription for

the isofunctional 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 acquiring catabolic genes as

modules by recombinational or transpositional events

(Assinder and Williams 1990).

The degradative pathways

The metabolic pathways for the conversion of aromatic

hydrocarbons to TCA cycle intermediates were elucidated by

1970 (Dagley 1971; Canovas et al. 1967 and Gibson 1968) . The

first enzyme of the pathway, xylene oxidase (XO, encoded by

xylA and xylM) converts toluene to benzyl alcohol. 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 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 a diol dehydrogenase (1, 2-dihydrocyclo-hexa-3, 5,

dienecarboxylate dehydrogenase, DHCDH, xylL product).

Catechol can then enter meta- or ortho-cleavage pathways
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depending upon substitution conditions. When entering the

meta-cleavage pathway, which is encoded by the TOL plasmid,

catechol is cleaved by catechol-2,3-dioxygenase (C230, xylE

product) to 2-hydroxymuconic semialdehde, a bright yellow

compound which can be visually monitored and readily measured

spectrophotometrically. The meta-cleavage pathway was first

characterized by Dagley (Dagley et al. 1964). The ring

fission product can enter either the hydrolytic branch or the

oxalocrotonate branch, depending upon the substitution of the

original catechol ring. The primary route (oxalocrotonate

branch) is energetically more favorable because it produces

NADH. Hydroxymuconic semialdehyde dehydrogenase (HMSD,

encoded by xylG) converts 2-hydroxymuconic semialdehyde to

4-oxalocrotonate. This enol form is converted to its keto

form by the action of 4-oxalocrotonate tautomerase (40T, xylH

product). This is then converted to 2-oxopent-4-enoate by

4-oxalocrotonate decarboxylase (encoded by xylI). In the

hydrolytic branch, 2-hydroxymuconic semialdehyde is directly

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

semialdehyde hydrolase (HMSH, xylF product) with the release

of acetate as a byproduct. Both branches reconverge at this

point and the xylJ gene product, 2-oxopent-4-enoate hydratase

(OEH) converts 2-oxopent-4-enoate to 4-hydroxy-2-oxovalerate.
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Finally, the xylK product, 4-hydroxy-2-oxovalerate aldolase

(HOA), converts 4-hydroxy-2-oxovalerate to pyruvate and

acetaldehyde, substituted compounds yield pyruvate and

another aldehyde or acid. These products can subsequently

enter central metabolic pathways.

Table 1 lists the TOL plasmid-encoded genes and

corresponding enzymes that are involved in the degradation of

toluene and related compounds. Fig. 2 shows the plasmid as

well as the chromosomal-encoded pathways.

The oxalocrotonate branch

This branch has been the focus of this study. After the

meta-cleavage reaction catalyzed by catechol 2,3-dioxgenase

(C230, xylE product), the ring fission product,

hydroxymuconic semialdehyde (HMSA), can be converted to

2-hydroxypent-2,4-dienoate by either the hydrolytic branch or

the oxalocrotonate branch, depending upon the substitutive

conditions of the substrates. It was proposed that the two

branches have different substrate specificities, so they

complement rather than duplicate each other (Murray et al.

1972; Sala-Trepat et al. 1972). The unsubstituted and

para-substituted derivatives, e.g. catechol and

4-methycatechol, are dissimilated by the oxalocrotanate

branch, while the meta-substituted derivatives, e.g.

3-methylcatechol, are converted by the hydrolytic branch

(Fig. 3). The ring fission product of 3-methylcatechol is a
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Table 1 . Genes and enzymes of the TOL plasmid-encoded pathways

for toluene degradation.

Gene Enzyme

xylMA Xylene oxygenase subunits (toluate

hydroxylase)

xylB Benzyl alcohol dehydrogenase

xylC Benzaldehyde dehydrogenas

xylN Function unknown

xylD (XYZ) Toluate oxidase

xylT Function unknown

xylL 1, 2-Dihydroxy-3, 5-cyclohexadiene

-1-carboxylate dehydrogenase

xylE Catechol-2, 3-dioxygenase

xylG Hydroxymuconic semialdehyde dehydrogenase

xylF Hydroxymuconic semialdehyde hydrolase

xylH 4-Oxalocrotonate tautomerase

xylI 4-Oxalocrotonate decarboxylase

xylJ 2-Oxopent-4-enoate hydratase

xylQ Function unknown

xylK 4-Hydroxy-2-oxovalerate aldolase

xylR Regulation

xylS Regulation
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Fig. 2. Chromosomal and plasmid-encoded pathways for the

degradation of toluene, benzoate and related compounds

(adapted from Harayama et al. 1987). Gene and enzyme names

are given to the side of each step. The names of some

genes and enzymes have been changed, e.g. the

toluate-1,2-dioxygenase gene was designated as xylD,

however, it is called xylXYZ. Also, 4-oxalocrotonate

tautomerase is called 4-oxalocrotonate isomerase.
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Fig. 3 The oxalocrotonate and the hydrolytic branches of

the TOL-encoded pathway. The unsubstituted and

para-substituted catechols are channeled into the

oxalocrotonate branch, while the meta-substituted compounds

go to the hydrolytic branch.
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methyl ketone and can not serve as a substrate 
for the first

enzyme of the oxalocrotonate branch, HMSD, which is an

aldehyde dehydrogenase and has higher affinities to

oxidizable aldehyde groups. On the other hand, the HMSH of

the hydrolytic pathway has a low affinity for the ring

fission products of catechol and 4-methylcatechol, but

catalyzes the reaction of the ring-fission product of

3-methylcatechol at a much higher rate (Duggleby and Williams

1986; Sala-Trepat et al. 1972; Harayama et al. 1987). This

allows the compounds in these two categories to be

preferentially utilized by each of the two branches.

Therefore, the availability of two different branches at this

point of the pathway allows the meta-cleavage pathway to

assimilate a broader spectrum of compounds. Presumably the

oxalocrotonate pathway is preferred because of the NADH

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

branch is used for substrates which are unable to pass

through the oxalocrotonate branch.

The xylG protein is about 52 kDa in size (Harayama and

Rekik 1990) and the gene coding for xylG has been sequenced

(from pWWO, Horn et al. 1991 and from pDK1, Williamson 1992).

It is a NAD+-dependent dehydrogenase (Sala-Trepat et al.

1972) catalyzing the first step in the oxalocrotonate branch.

The second enzyme in this branch is encoded by xylH. It is

an oligomer composed of extremely small subunits (Harayama et

al. 1989; Harayama et al. 1990). The next enzyme is encoded
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by xylI and is a decarboxylase with a molecular 
weight of 29

kDa. The xylI protein is physically associated with the xylJ

protein, which is a hydratase catalyzing the next 
step of the

pathway. The product of the decarboxylase is

2-hydroxypent-2,4-dienoate, which is the substrate for the

hydratase also. However, it is not chemically stable and

will spontaneously transform to its keto form,

2-oxopent-4-enoate, which is not a substrate of the

hydratase. Therefore the 2-hydroxypent-2,4-dienoate needs to

be transformed by the hydratase before it converts to the

keto form. The physical association of the decarboxylase and

the hydratase may help with the efficient conversion of the

unstable intermediate.

Ortho-cleavage pathway

The ortho-cleavage pathway (Ornston and Stainer 1964) is

encoded by the chromosome of P. putida mt-2, as well as many

other P. putida strains. It is responsible for the

catabolism of benzoate and related compounds. They are first

converted to catechol derivatives, which are then subjected

to ortho-cleavage and converted to the TCA cycle

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

The enzymes catalyzing the initial steps of the pathway are

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

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

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

the benzoate oxidase complex. The benzoate oxidase complex

is more substrate specific than the plasmid-encoded

toluate-1,2-dioxygenase complex. Benzoate is almost always

cleaved via the meta-cleavage pathway unless a functional

plasmid meta-cleavage 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 by 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.

Regulation of The TOL Operons

The TOL genes are grouped into two operons or modules.

They 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, and that of

the genes for the lower pathway is promoter-xylXYZLTEGFJQKIH.

(Harayama and Rekik 1990; Harayama et al. 1989). The operons

are positively controlled by two different trans-acting

proteins, which are encoded by two regulatory genes, xylR and

xylS (Fig. 4). Each regulatory gene has its own promoter and

in pWWO, they are located downstream of the lower pathway
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Fig. 4. Proposed mechanism for the regulation of TOL gene

expression. Pmr Pu, Ps and Pr are the promoters of the

lower operon, upper operon, xylS and xylR, respectively.

The xylR and xylS regulatory proteins are shown as squares

and solid circles, respectively. This figure was adapted

from Ramos et al. 1987 and Harayama et al. 1989.
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(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 protein positively activates the

transcriptional initiation of the upper operon (Harayama et

al. 1989; Reineke et al. 1982). This is accomplished by the

binding of XylR to the promoter of the upper operon (Pu),

which occurs only in the presence of specific inducers such

as toluene, xylenes or methylbenzyl alcohols. Expression

also requires the sigma factor NtrA (Harayama and Rekik

1990). It is also interesting to note that the expression of

xylR is self-regulated. Overproduction of XylR results in an

inhibition of xylR expression (Inouye et al. 1985; Inouye et

al. 1988; Inouye et al. 1987; Inouye et al. 1986; Ramos et

al. 1986). The expression of the lower pathway is also

positively regulated, in this case directly by XylS. XylS is

produced when specific substrates for the lower operon, such

as benzoate or toluate, 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 protein with the xylS gene

promoter. This interaction turns on expression of the xylS

gene. XylS protein then activates the meta-cleavage 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
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of the TOL regulatory proteins. It is suggested that perhaps

an unknown factor encoded by the chromosome is also involved

in the regulation (Harayama and Rekik 1990).

The chromosomally-encoded ortho-cleavage pathway is

induced only by cis,cis-muconic acid. It is the product of

the first enzyme of the pathway, catechol-1,2-dioxygenase.

Generally, this pathway is not induced by meta-cleavage

pathway substrates. The genes for the ortho-cleavage pathway

are not expressed to a great extent if the cells carry TOL

plasmids, even though both pathways are induced independently

(Rochkind-Dubinsky et al. 1987). Because normally,

substrates that 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).

Objectives of this study

In order to eventually use and manipulate degradative

genes (pathways) for such purposes as bioremediation, a

complete understanding of the pathway at the biochemical as

well as genetic level is required. Also the study of

different degradative plasmids at the molecular level may

reveal the evolutionary processes which have lead to the

development in bacteria. Since the aromatic degradative

pathways encoded by the TOL plasmids are the best understood

example, it is a valuable model system to study other
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systems. But, of course, more detailed studies of TOL

systems still need to be carried out.

The effort of this research was directed toward cloning

and sequencing the genes from the meta-cleavage operon of the

TOL plasmid pDK1 which make up the oxlocrotonate branch

(xylGIH region) and expressing their products,

2-hydroxylmuconic semialdehyde dehydrogenase (HMSD, xylG),

4-oxolocrotonate decarboxylase (OD, xylI) and 4-oxolocrotonate

tautomerase(OT, xylH) in E. coli. The results of this study

are presented below.



MATERIALS AND METHODS

Bacterial strains and plasmids

All subclones produced for this study were derived from

the pDKR1 plasmid. The pDKR1 plasmid contains both the

upper and lower TOL operons and the xylRS regulatory genes.

The pDKR1 was maintained in the P. putida strain PaW630

(Shaw and Williams 1988). The 97.8 kb pDKR1 plasmid is an

in vivo construct generated by the conjugation of strains

carrying the broad host range RP1 (RP4) plasmid and pDK1,

the TOL plasmid found in P. putida HS1 by Kunz and Chapman

(Kunz and Chapman 1981). The Paw630 strain carrying pDKR1

was obtained from Dr. D. A. Kunz, Department of Biological

Sciences, University of North Texas.

E. coli DH5c (supE44, hsdRl7, recAl, endAI, gyrA96,

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

recipient for transformation experiments in conjunction

with the ColEl plasmid pUC18/19.

E. coli DH5cXF'(F',supE44, hsdRI7, recAl, endAl, gyrA96,

thi-1 and relAl) (Protocols and Application Guide, Promega

Corp. 1991) was used as a host for cloning experiments

involving recombinant phage M13 vectors.

27



28

Media and culture conditions

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

broth and/or agar at 370 C in the presence of appropriate

antibiotics, if applicable. For example, all E. coli

strains carrying pUC18/19 and their derivatives were grown

in the presence of 50 gg/ml ampicillin. Enriched medium LB

broth contains 1% Bacto Tryptone, 0.5% yeast extract, 1%

NaCl and was adjusted to pH 7.5 before sterilization.

Solid media were prepared by the addition of 1.5% w/v

Bacto-agar (Difco, 1989) to liquid media prior to

sterilization. Yeast Tryptone (YT) medium was also used to

culture E. coli. YT contains 0.8% of Bacto Peptone, 0.5%

of yeast extract and 0.5% of NaCl. Solid media were also

prepared by adding 1.5% of Bacto-agar. YT soft agar

contains 1% Bacto Peptone, 0.8% of NaCl and 0.6%

Bacto-agar.

Long term storage of cultures

The bacterial strains were stored by ultra-cold storage

at -700C. 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 5 ml LB broth (containing appropriate

antibiotic if necessary) overnight. Five hundred

microliters of sterile 80% glycerol was added to a 1.5 ml
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microfuge tube. Then, 500 Ll of the overnight culture was

added to the glycerol. The contents of the vials were

mixed and the vials were transferred to a -70C freezer for

long term storage.

For short term storage of strains, an LB agar slant or

plate with proper antibiotic was streaked with cells and

stored at 4'C.

Ethanol precipitation of DNA

Ethanol precipitation of DNA samples was commonly used

to concentrate dilute DNA samples or remove salts from DNA

samples. Usually two to three volumes of 100% ethanol was

added. All solutions were kept cold at all the times

because DNA is soluble in 70% ethanol at elevated

temperatures and low recovery efficiencies may occur if the

tubes warm up during centrifugation. DNA samples do not

efficiently precipitate from solutions of low ionic

strength. Therefore, a sample with a low salt

concentration was adjusted to 0.3 M sodium acetate (NaAc)

prior to the addition of ethanol. This was done by adding

one tenth volume of 3 M NaAc to the solution to be

precipitated prior to adding ethanol. The samples were

then centrifuged at 40C immediately after thoroughly mixing

the solution and ethanol. Alternately, the solutions were

kept at -70'C for 15 minutes before centrifugation if the
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quantity of the DNA was low (less than 1 pg). The pellet

was then washed with cold 70% ethanol in order to remove

residual salts. The final pellet was dried in Speed-Vac

vacuum concentrator. The DNA was finally redissolved in

appropriate amount of TE buffer or water.

Restriction endonuclease digestions

All reagents utilized in the analysis were autoclaved

prior to use. Restriction endonuclease digestions of DNA

samples were carried out according to the manufacturer's

instructions. In order to digest DNA completely, 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 g of plasmid DNA in one hour. Excess

enzyme was used to digest vector DNA in order to ensure

complete digestion (up to 10 units/gg DNA). It was

important to determine the total volume of the digestion

reaction and to limit the concentration of glycerol from

the restriction enzyme storage buffer to no more than 5%

(v/v) of the total reaction volume. Concentrations of

greater than 5% can result in non-specific cutting by the

enzymes ("star activity"). Since the restriction

endonucleases are usually supplied in 50% (w/v) glycerol, a

1:10 dilution of enzyme in the final reaction mixture



31

sufficiently dilutes the glycerol to avoid this problem.. A

typical digestion included 2.0 gl of 10x appropriate

reaction buffer, 1.0 Jl (10-20 units) of restriction

nuclease and 1.0-10.0 Jl of DNA solution (1-5 pg). Sterile

distilled water was also added to bring the total volume up

to 20 jl. The reactions were usually allowed to continue

for two to three hours at the manufacturer's recommended

temperature. The 1OX buffers for enzyme reactions were

obtained directly from the manufacturer or prepared

according to the manufacturer's specifications and stored

in 1.5 ml microcentrifuge tubes at -20*C.

After completion of the incubations, either 5X loading

buffer was added to samples that were to be subjected to

electrophoresis or the samples were stored at -20*C for

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

experiments were extracted with phenol to eliminate

remaining restriction endonuclease activity before ethanol

precipitation. Complete digestion of the DNA was verified

by electrophoresis analysis of small portions of the

samples using polyacrylamide or agarose gels.

Phenol extraction of nucleic acids

DNA can be separated from proteins (either enzymes or

crude cellular preparations) by using an organic solvent

such as phenol and/or phenol-chloroform. The extraction
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leads to the denaturation of proteins, which are extracted

into the 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 in

the following manner. 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-hydroxyquinoline is a yellow

compound which prevents the oxidation of the phenol. It

also makes the phenol layer yellow so that the phenol and

aqueous layers can be easily distinguished. The thoroughly

mixed sample was then centrifuged at 10000 x g for 2

minutes. The sample appeared as two layers with the

yellow-colored phenol generally being the lower layer. A

clear aqueous layer is commonly on top. The upper

(aqueous) layer was transferred to a new microfuge tube

using a siliconized bent pulled Pasteur pipette or a

mechanic pipettor. In order to make sure that all proteins

were removed, a second extraction with a 50:50 (v/v)

phenol/chloroform mixture was performed (chloroform was

prepared as chloroform/isoamyl alcohol at a volume to

volume ratio of 24:1).

Residual phenol/chloroform was removed from the final

aqueous layer by extraction with diethyl ether. An equal

volume of diethyl ether was added and the sample was
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vortexed. The sample was then centrifuged at 10000 x g for

1 minute. The ether layer (upper layer) was removed. Any

remaining traces of ether were removed by placing the open

tube containing the sample in a fume hood at room

temperature for 15 minutes. The DNA was finally recovered

by ethanol precipitation. Precipitation with ethanol also

removed any traces of phenol, chloroform or ether which

might inhibit restriction enzymes or other enzymes used in

molecular cloning.

Quantification of nucleic acids

Quantitative determination of the nucleic acid content

of samples can be accomplished by either of the two methods

based on 1) the property that nucleic acids absorb UV light

at 260 nm or 2) they bind the fluorescent dye ethidium

bromide (EtBr). Ultraviolet light absorption can also be

used to estimate the purity of DNA samples. For example,

proteins or phenol have absorption maxima at 270-280 nm.

Thus, the purity of the DNA can be estimated by calculating

the ratio of A26 0 /A2 8 0 . Ethidium bromide binding is

particularly useful when only small amounts of DNA are

present or the DNA is contaminated with other material

which also absorbs light in the ultraviolet spectrum. For

this method a small aliquot of the sample is subjected to

gel electrophoresis with various known amounts of DNA
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loaded into adjacent wells. Comparison of the unknown DNA

band of interest to known lanes provides an estimate of the

original DNA concentration.

However, the ultraviolet spectrophotometry is the most

commonly used method to determine nucleic acid

concentrations when sufficient quantities of relatively

pure DNA are available. A pure solution of double-stranded

DNA at a concentration of 50 g/ml has an absorbance of 1.0

at 260 nm in a 1 cm cuvette. Concentrated DNA samples were

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

determination of absorbance. A Beckman DU-40

spectrophotometer was used to scan the DNA sample at

wavelengths from 220 nm to 320 nm. An absorbance peak at

260 nm was observed if the DNA sample was pure. Following

the estimation of DNA concentration by A2 6 0 nm, samples

were routinely electrophretically analyzed on a horizontal

agarose gel to verify concentration, purity and quality of

DNA (e.g. degradation of DNA by nuclease contamination).

The gels were stained with 0.5 gg/ml of Ethidium Bromide

(EtBr), and the concentration and purity of DNA was

estimated following illumination at 310 nm. In addition,

the DNA samples were digested with restriction

endonucleases and the banding pattern compared with

published or previously observed results (if known) for

purposes of clone characterization or identification.



35

Agarose gel electrophoresis

Agarose gel electrophoresis was used for

identification, purification and separation of DNA

fragments. When agarose is melted and then cooled in

aqueous solution, it forms a gel stabilized by hydrogen

bond formation. DNA fragments will migrate 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 and the concentration of agarose in the gel (the

latter determines the pore size and can be adjusted

according to the size range of the DNA molecules to be

seperated).

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

solution for a 1% gel) was added to 100 ml of IX TBE buffer

(5X concentrated buffer contains 54 g tris, 27.5 g boric

acid and 20 ml 0.5 M pH8.0 EDTA 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 minutes until no visible agarose particles

remained. The flask was removed, reweighed and the

necessary amount of distilled water was added to restore

the solution to its original weight. When the agarose

solution cooled to approximately 60'C, it was poured into a

gel casting tray of the proper size with ends sealed with
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masking tape. A well-forming comb was then inserted. The

solution was allowed to gel at room temperature

(approximately 30 minutes) and the comb was carefully

removed. The gel tray was then placed in an

electrophoretic apparatus. The iX TBE buffer was next

added to the chamber until it covered the gel. The samples

to be analyzed were mixed with the appropiate 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. The leads were then

connected to a power supply and the gel was electrophoresed

at the appropriate and constant voltage for the desired

time. The gel was stained in an ethidium bromide solution

of 0.5 gg/ml for 25 minutes, followed by destaining in

demonized water for 10 minutes. It was then observed under

long wave ultraviolet illumination (310 nm) and

photographed if needed.

Gel photography

Gel photography is the best way for keeping a permanent

record of the DNA band pattern. Also, a DNA band which is

not visible to the naked eye can often be seen on the

picture, especially when an extented exposure time is used.

The gel to be photographed was transferred onto the

protective cover of a Fotodyne transilluminator mounted
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beneath a Polaroid camera (Polaroid MP-4 Land Camera

System, Polaroid Corp.) and visualized once again under UV

light (310 nm). The image of the gel was focused on the

film using the visible flood lights with a UV fluorescent

ruler placed next to the gel. A red lens filter (Kodak 22A

Wratten 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

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 film was carefully

removed and allowed to develop for 1 minute. 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 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(s). Depending on target DNA to be

cloned, single or double digestions (for forced orientation

cloning) were used. The terminal 5' phosphate groups were
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then removed by the enzyme bacterial alkaline phosphatase

(BAP). The dephosphorylation prevents recircularization of

the vector in the absence of inserted DNA fragments. One

microliter of BAP (200 units) was added to 5-10 pg of the

restriction endonuclease digested vector DNA (which was

generally in 20-30 sl total volume). The total volume was

then increased to 100 pl with TE buffer. The mixture was

incubated at a 650C water bath for 4.5 hours. The sample

was collected to the bottom of the microfuge tube by brief

centrifugation at 10000 x g every 30-45 minutes. The

alkaline phosphatase and restriction endonucleases in the

reaction mixture were then inactivated and removed by two

extractions with phenol as described previously. DNA was

recovered by ethanol precipitation and then dissolved in 20

p1 of TE buffer.

Ligation of DNA

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

the same restriction endonuclease(s) as the vector (or one

with compatible termini), phenol extracted, ethanol

precipitated and dissolved in 10 pl of sterile TE buffer.

A ratio of three moles of vector per mole of insert was

routinely used. The total DNA was limited to 0.5 to 1.0

pg. The two DNA's were combined in a total of 20 pl with 4

p1 of 5x ligation buffer (250 mM tris-HCI, pH 7.6, 25% w/v
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PEG 8000, 50 mM MgCl2 , 5 mM ATP, and 5 mM DTT) and 1 pl of

T4 DNA ligase (10 units). This was incubated at room

temperature (23-26'C) for 5 hours. At the end of the 5

hour period, 20 Jl of TE buffer was added to the ligation

mix and then 10 jl of this mixture was added directly to

competent cells as described below.

Preparation of competent cells and transformation

Transformation procedures commonly use calcium chloride

solutions to induce alterations in the bacterial cell wall

which facilitate the entry of plasmid DNA into the E. coli

cells. Most E. coli strains can yield transformation

efficiencies of from 105 to 108 transformants per microgram

of plasmid DNA. In order to obtain a high efficiency of

transformation, it is important to use cells that are in

the logarithmic phase of growth, to maintain cells at a

temperature of 40C during competent cell preparation and to

expose the cells to ice-cold calcium chloride for an

extented period of time before transformation. During the

exposure of competent cells to DNA, a heat shock is

commonly used to further improve transformation efficiency.

This presumably causes a destabilization of the lipid

bilayer of the cell membrane. This heat shock was followed

by a recovery period which enables the cells to begin

expressing selectable markers encoded by the transforming
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DNA (e.g. antibiotic resistance). The cells were plated

onto a selective medium (e.g. containing antibiotics) to

eliminate cells which had not taken up a plasmid.

Transformed cells were then further screened to determine

which cells carry recombinant plasmids.

E. coli strains (DH5a) were streaked onto a fresh

Luria-Bertani plate one day prior to the experiment. A

single colony from a fresh LB or YT plate was inoculated

into 5 ml of sterilized YT media. After an overnight

growth period, 0.5 ml of the culture was then transfered to

50 ml YT medium in a 250 ml Erlenmeyer flask. The flask

was placed in a shaker at 37*C and 250 rpm. After one hour

of incubation, a 1 ml aliquot was removed and its

absorbance was determined at a wavelength of 550 nm using a

Beckman DU-40 spectrophtometer. This procedure was

repeated every 30 minutes until the A5 50 reached between

0.45 and 0.55. The flask was then placed in an ice-water

bath for 10 to 20 minutes. The 50 ml culture was poured

into two sterile 30 ml Corex glass centrifuge tubes and

then centrifutged at 800 x g at 4C for 15 minutes. The

supernatant was discarded and the pellet was carefully

suspended in 12.5 ml of ice-cold 50 mM calcium chloride

(CaCl2 ) solution. Then the calcium chloride-suspended

cells were kept on ice for 30-40 minutes. The cells were
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centrifuged again at 800 x g at 40C for 15 minutes. The

pellet was carefully resuspended in 1 ml of CaCl2 solution

and placed on ice until ready for use. About 10 ng to 1 gg

of ligation mix in a total volume of 10-25 Jl was added to

a sterile glass tube. Then 100 1l of competent cells was

added to the tubes containing DNA. The tubes were placed

on ice for 30 minutes. Next, the tubes were transferred to

a 42'C waterbath for 2 minutes in order to heat shock the

cells. One milliliter of YT medium was added to each tube

and incubated for 1 hour at 37*C. At this time, 10 pl of

100 mM IPTG and 50 p1 of 2% X-gal were added to a

YT/ampicillin plate. This was accomplished by using a

sterile glass "hockey stick" to spread this solution evenly

over the plate. After 1 hour had elapsed, about 100 g1 of

the transformed cells was poured onto the plate and spread

evenly as before. The plates were then placed in an

incubator at 37'C overnight.

Selection of transformants carrying recombinant plasmids

The pUC cloning system was developed by Messing (Vieira

and Messing 1982). The pUC plasmids are derived from the

pBR322 replicon and include its origin of replication and

the ampicillin resistance gene. A multiple cloning site

and a portion of the lacZ gene, which serves as a marker

for screening recombinant plasmids, were also engineered
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into this system. Fig. 5 is the physical map of pUC18.

Functional f-galactosidase is a tetramer which can convert

the colorless substrate X-gal

(5-bromo-4-chloro-3-indolyl-p-D-galactoside) to an

insoluble blue product, thus allowing visual detection of

f-galactosidase activity. Deletion mutations in the

5'-region of the j-galactosidase gene (lacZ) produce

polypeptides that cannot form the tetramer and have no

enzyme activity. However, if these subunits associate with

a short polypeptide corresponding to the deleted N-terminal

portion of the enzyme (a-peptide)., -galactosidase activity

is restored. This is referred to as a-complementation

(Messing et al.1977). This idea was used to construct the

pUC and M13 cloning systems ( which will be discussed

later). The lac operon was also mutated in the

complementary E. coli host genome so that the

P-galactosidase polypeptides synthesized by the recipient

cells are not functional unless the a-peptides present.

The a-peptide encoding P-galactosidase gene was inserted

into the pUC vectors. A multiple cloning site (MCS) was

also inserted into the region of the lacZ gene. This

fragment was inserted such that it does not interfere with
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Fig. 5 Physical map of the E. coli plasmid pUC19 and the

multiple cloning site (MCS) sequence. This figure was

adapted from the New England Biolabs catalog, 1992.
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the a-complementation (i.e. the proper reading frame is

maintained). However, insertion of most DNA fragments into

any of these restriction endonuclease cleavage sites of the

MCS will result in the loss of a-complementation.

Therefore, on a plate with IPTG and X-gal, cells carrying

recombinant plasmids produce colorless or "white" colonies,

while the nonrecombinant ones are blue.

White clonies were picked from plates using sterile

toothpicks and streaked onto a new plate containing

antibiotic (50 pg/ml ampicilin), IPTG (10 ll of 100 mM stock

per plate) and X-gal (50 Ll of 2% stock per plate). The

plates were incubated overnight again at 37'C. Those

without blue color were patched onto a master plate.

Rapid analytical scale plasmid DNA isolation by the

alkaline lysis method

The alkaline lysis mini-prep is a quick method (only

several hours are required) for isolating small amounts of

plasmid DNA, usually approximately 1-2 gg DNA can be

obtained per 1 ml of culture processed. This protocol can

be used for the isolation of recombinant plasmids up to 15

kbp in size. The alkaline lysis method of Birnboim and

Doly (1979) as described below was routinely used. Five

milliliters of LB broth containing appropriate

antibiotic(s) was inoculated from a master plate and



46

incubated overnight on a rotary shaker (250 rpm) at 37*C.

One point five milliliters of the culture was centrifuged

at 10000 x g for 2 minutes. The supernatant was removed

with a pulled Pasteur pipette and the cell pellet

resuspended in 100 gl of ice-cold solution A (50 mM

glucose, 10 mM EDTA, 25 mM Tris-HCl, pH 8.0 and 7.5 mg per

ml lysozyme) by votex mixing. The lysozyme was added to

the solution immediately prior to use. The tubes were then

incubated at room temperature for five minutes. Next, 200

gl 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 times. These were

stored on ice for 5 minutes and centrifuged at 10000 x g

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 10000 x g for two minutes.

The supernatants were transferred to fresh tubes and 400 gl

of diethyl ether was added. The solutions were mixed by

vortexing and then separated by centrifugation at 10000 x g
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for 30 seconds. The upper layer of ether was removed by a

pulled Pasteur pipette, and the tubes were left with the

lids open under a hood for a few minutes to allow any

remaining ether to evaporate. Next, two volumes of 100%

ethanol was added (-20'C). The tubes were vortexed and

then centrifuged at 10000 x g for 15 minutes at 40 C. The

supernatants were discarded and 1 ml of 70% ethanol added

to remove residual salts. The tubes were inverted several

times and centrifuged at 10000 x g for 5 minutes. The

supernatants were again removed and the pellets dried by

placing the tube in the Speed-Vac for five minutes. The

pellets were dissolved in 30 Jl of TE buffer (pH 8.0)

containing 25 Jg/ml of heat-treated pancreatic RNase. The

plasmid DNA prepared by this method was used for

restriction digestions and gel electrophoresis.

Identification of the desired clones

The products of subcloning experiments were identified

by comparison of restriction endonuclease fragment patterns

of the clones to the published restriction map of the

RP1::TOL cointegrate, pDKR1, and to the restriction map of

the appropriate vectors (pUC18/19). The orientations of

inserted fragments within the cloning sites were also

determined in the same manner. Standard DNA size markers

for electrophoretic analyses were lambda phage DNA digested
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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 asymmetrical fashion. The clones

could be further verified by performing double-stranded

sequencing, if the sequence of the inserted DNA fragment

was known.

Large scale isolation of recombinant plasmids

After identification of desired clones by restriction

endonuclease analysis of DNA from mini-preparations, large

scale isolation and purification of plasmid DNA was carried

out in order to obtain milligram amounts of the plasmids.

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 g/ml) was inoculated with

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

Fernbachm flasks containing 1 liter of LB broth each were

inoculated with 20-30 ml of the overnight culture. The

A5 5 0 was monitored over time. After the culture reached an

OD of 0.8-1.0 (log phase), 2 ml of 90 mg/ml chloramphenicol

dissolved in 100% ethanol was added to each flask.

Chloramphenicol selectively inhibits chromosomal DNA

replication, but has no effect on plasmid replication, thus
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will result in the amplification of plasmid (increases the

plasmid copy number per cell). Following overnight

incubation with vigorous shaking (300 rpm), the bacteria

were collected in a Sorval GS3 rotor at 6000 x g for 10

minutes. The bacterial pellets were washed by resuspending

in 20 ml of 0.15 M NaCl per liter culture (all subsequent

volumes are per liter of original culture) and centrifuging

in an SA600 rotor for 10 minutes at 5000 x g. The pellets

were resuspended in 10 ml of 25% sucrose, 50 mM Tris-HCl,

pH 8.0 (buffered osmotic stabilizer). The pellets were

resuspended by repeated pipetting and vortexing. The

remainder of the procedure was carried out in a cold room

on ice to achieve a maximum plasmid yield. All solutions

(except SDS) were kept on ice before use. Two milliliters

of freshly made 5 mg/ml lysozyme (in 0.25 M tris, pH8.0)

was added to each tube (containing cells from 1 liter

culture), mixed well by repeated inversion and then the

suspension incubated on ice for 5 minutes. Next, 4 ml of

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 then left on ice in a cold room for 2 hours. Next,

the mixtures were centrifuged at 39000 x g for 60 minutes
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in an SA600 rotor. The supernatants were poured into a

graduated cylinder and one volume of isopropanol added.

The mixture was poured into a flask and placed at -70*C

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

the contents were completely frozen. The flasks were

removed from the freezer and the contents were allowed to

melt in a tray of tap water. The samples were transferred

to centrifuge tubes and centrifuged in a GSA rotor for 20

minutes at 9000 x g for 10 minutes. The pellets were

resuspended in 4 ml per liter culture of TE buffer (10 mM

Tris-HCI, 1 mM EDTA, pH 8.0) by placing them in the cold

room for one to two hours on a magnetic stirrer until no

large pieces remained. The tubes were then centrifuged at

14000 x g for 10 minutes in an SA600 rotor. To the

supernatant, 5.3 g CsCl per 5 ml TE buffer and 250 pl

ethidium bromide (EtBr, 20 mg/ml) was added. After adding

EtBr, all work was carried out in subdued light to avoid

damaging the DNA. The preparation was subjected to

ultracentrifugation for 40 hours at 119000 x g in a Sorvall

Ti1270 rotor. Following centrifugation, the plasmid band

was visualized using a long wave hand-held UV light (310

nm). The supercoiled plasmid band was extracted from the

tube (Fig. 6) using a 19 G needle and a disposable 3 ml

syringe. The plasmid solution containing EtBr was

extracted with water-saturated butanol. An equal volume of
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Fig. 6 Til270 ultracentrifuge tube contains plasmid

preparation in CsCI after centrifuging for 48 hour at

117000 x g. The upper band is the chromosomal DNA from the

bacterial cells. The lower band contains supercoiled

plasmid DNA. The RNA is at the bottom of the tube.
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butanol was added to the plasmid solution and mixed by

vigorously inverting the tube for several times. The two

layers were allowed to separate and the butanol layer (now

was red with EtBr in it) was removed by a Pasteur pipette.

This process was repeated several times until the red color

of the aqueous layer totally disappeared. The DNA was

recovered by ethanol precipitation. Since the plasmid

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 by vortexing and chilled at -800 C for

15 minutes. The samples were then centrifuged for 15

minutes at 10000 x g in 30 ml siliconized Corex tubes in an

SA600 rotor. The supernatant was discarded and the pellet

dissolved in 1 ml of 300 mM sodium acetate. Three volumes

of 100% ethanol was added and the sample was thoroughly

mixed. The mixture was then centrifuged at 10000 x g at

40C for 10 minutes using a microcentrifuge. The

supernatant was removed with a bent pulled Pasteur 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 10000 x g for 10 minutes. The

supernatant was again removed with a pulled out Pasteur

pipette. In order to dry the pellet quickly, 1 ml of 100%

ethanol was gently added to the pellet and the sample
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centrifuged at 10000 x g for 3 minutes. The supernatant

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

5 minutes. Finally, the plasmid was dissolved in 1lml of

TE and the yield was measured as described earlier.

Isolation of the cloned DNA fragments

Following 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, or subcloning for DNA sequencing).

Large quantities of restriction endonuclease digests

(100-750 jg of DNA) can be subjected to preparative

electrophoresis and pure DNA fragments can be isolated from

the agarose gel as described below.

Preparative scale restriction endonuclease digestions

Two hundred micrograms of the chosen clone was digested

with 300 units of the appropriate restriction

endonuclease(s). Thirty microliters of 1OX reaction buffer

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

restriction endonuclease preparation) were added to the DNA

sample. The contents of the tube were mixed carefully and

collected to the bottom using a microcentrifuge (10000 x g

for 15 seconds). This tube was then incubated at 37*C (or
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at the manufacturer's recommended temperature) for three

hours. The complete digestion of the DNA sample was

verified by analysising a small amount of the sample on a

1% agarose gel. Routinely, 1 .l (2/3 gg DNA) was loaded on

to a minigel containing a marker lane of lambda DNA

digested with HindIII and electrophoresed at 80 V for one

and a half hours. If the digestion was completed, the

entire sample was ethanol precipitated (this removes excess

salts from reaction buffer which would interfere with DNA

migration into the gel). The sample was dissolved in 150

gI 1X agarose loading buffer and was stored at -200 C until

ready for use.

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. 95% ethanol was also applied to remove residual

vacuum grease. Any traces of cleaning solution residue was

removed by a final distilled water rinse. The glass plates

were siliconized with a solution of 1%

dichlorodimethylsilane dissolved in heptane. The plates

were allowed to dry for several minutes. Two Delrin

spacers (20 cm x 1 cm x 1.5 mm) were cleaned and a thin
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coating of vacuum grease was applied to the full length of

one half of each side of the spacers. The spacers were

laid on the sides of the plate with the greased edge to the

outside. The ends of the spacers were pushed to the bottom

of the plate. In the meantime, a 18.5 x 1.0 x 0.5 cm 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 laid at the bottom of

the longer plate between the two spacers. The 20 x 20 cm

plate was then placed over the larger plate. The plates

were aligned along the bottom and sides and then clamped

together using medium clips (Fig. 7). The excess buffer

between the plates (squeezed out of the sponge) was poured

out. The assembled cassette was then placed into the lower

chamber of a gel stand. Two 1 cm x 2 cm x 6 mm neoprene

sponge spacers were lubricated at one end with vacuum

grease and 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 well-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 being loaded).
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Fig. 7 Front view of the assembled vertical agarose gel

cassette.
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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 upon the

lower chamber buffer level at this point, since excess

buffer can enter the cassette and dilute the agarose

concentration. Ten milliliters 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 had geled, the remainder

of the agarose solution was added to the cassette. The

agarose gel solidified completely after 30-60 minutes. At

this time the comb was removed, taking care not to break

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 upper and lower chambers. The buffer

circulation pump was then connected to the gel stand so

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 Pasteur pipette and the DNA samples

were loaded onto the gel using a 50 gl Hamilton syringe.
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The leads were connected to the gel stand and the gel run

at 80 V 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 the UV Shadowing

Technique

When large amounts of DNA were present, ultraviolet

light "shadowing" was used for the visualization of DNA

fragments in unstained agarose gels. 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 pried

off using a spatula. The gel was transfered to a thin

layer chromatography glass plate. Under a short wave (260

nm) ultraviolet lamp, the DNA fragments were seen as dark

bands (Fig. 8). The desired DNA bands were carefully cut

out with a razor blade as quickly as possible in order to

avoid excessive UV radiation damage to DNA.
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Fig. 8 Illustration of the UV shadowing technique for

visualization of the DNA bands in agarose gels. The UV

light causes the plate to fluoresce, but the DNA bands

prevent this fluoresce by absorbing the light and resulting

in a darkened area.
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Electroelution of DNA fragments from agarose gels

Electroelution is one method utilized to recover DNA

fragments from agarose gels (Fig. 9). Ten millimeter

diameter dialysis tubing was cut into 15 cm 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

nuclease contamination). Afterwards, the tubes were cooled

and stored in a 1% sodium azide solution at 4*C. The

agarose slices containing the DNA bands were inserted into

dialysis bags using a long, thin spatula (the slices must

be no more than one-half to two-thirds of the width of the

bag, wider slices were cut in half lengthwise). The bags

were sealed at one end with a dialysis tubing clip and 500

gl of 0.25X TBE buffer added. All air bubbles 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 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
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Fig. 9 Electroelution of DNA fragments from agarose gels.
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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 Pasteur 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 jl of buffer to recover additional

DNA. After transferring the rinse to the microfuge tube,

the tube was centrifuged at 10000 x g for 10 minutes. The

supernatant was then transferred to a new tube using a

bent, pulled Pasteur 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 as discribed earlier. The final supernatant

was also extracted with an equal volume of diethyl ether.

Any precipitate that formed was removed by centrifugation.

Afterwards, the sample was placed in a Speed-Vac vacuum

concentrator to reduce the volume to about 200-300 pl. The

DNA was ethanol precipitated 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
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fragments were verified by electrophoretic analysis of

approximately 1 jl of the samples on 1% agarose minigels.

Screening DNA fragments for restriction endonuclease

cleavage sites

The following procedure was employed to identify

restriction enzymes which cleave the DNA molecule of

interest into fragments of 300 to 500 base pairs. These

smaller pieces were then cloned into M13 for DNA sequencing

using Sanger's method. Approximately two microliters of

purified, electroeluted DNA (0.5-1 gg) was digested with

the chosen restriction enzyme(s). These restriction

endonuclease digestions were usually carried out in a total

volume of 10 gi (e.g. 2 Jl DNA, 1 1 loX reaction buffer, 6

Ll distilled water, and 1 l of restriction endonuclease).

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

markers for the DNA samples. The reactions were incubated

at the appropriate temperature for two hours. When the

incubation was completed, 2.5 gl 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
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placed in a 650C water bath for five minutes, vortexed and

briefly centrifuged. Agarose gel electrophoresis of DNA

samples has been previously described. Analysis of

digestion products by polyacrylamide electrophoretic

analysis was carried out as follows. Using a 50 pl

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 Fotodyne transilluminator. Gels were

generally photographically recorded as described

previously.

Non-denaturing polyacrylamide gel electrophoresis

Polyacrylamide gels were used for the separation of DNA

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

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

as the agarose cassette described previously. However, a
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sponge is not utilized at the bottom of the cassette for

this type of gel (Fig. 10). 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-HCl,

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 eliminate 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 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 completely (although most gels were

poured on the previous day and allowed to stand overnight).

The cassette was clamped into an electrophoresis stand and
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Fig. 10 Front view of the assembled cassette for vertical

polyacrylamide gel electrophoresis.
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1X polyacrylamide running buffer was added to both

chambers. 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 Pasteur pipette. At this time the gel

was ready for loading samples. Electrophoresis was

generally carried out at 250 V for several hours. Gels

were stained and photographed as described earlier.

Suitable enzymes were selected to make M13 clones.

Sanger dideoxy DNA sequencing

The Sanger method (Sanger et al. 1977) uses DNA

polymerase to synthesize the complementary strand from the

DNA template. The synthesis is terminated randomly by the

incorporation of a dideoxynucleotide (ddNTP), which is a

synthetic analog of a nucleotide (dNTP) with no 3' hydroxyl

group. By performing four reactions, each containing a

single dideoxynucleotide (ddATP, ddCTP, ddGTP, ddTTP), four

sets of DNA fragments were generated, and each fragment

within a certain set is terminated with the specific

dideoxynucleotide, so the last nucleotide of every fragment

within one set is the same ddNTP. Then a set of fragments
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with different lengths is fractionated according to size on

a polyacrylamide gel. The sequence of the DNA can be

determined by reading from the bottom of the gel (shortest

fragment) to the top of the gel (longest fragment).

Routinely, four reactions of the same DNA are run adjacent

to each other so that the whole sequence can be

interpreted. This protocol requires a single-stranded DNA

template, a primer, an enzyme for DNA synthesis,

deoxyribonucleotides and dideoxyribonucleotides.

The single-stranded template is generated by either

using the M13mp cloning and sequencing system (Messing et

al. 1977) or simply by denaturing a duplex DNA molecule.

M13 is a male-specific filamentous phage of E. coli. The

phage particle, containing a single-stranded DNA, attaches

to the F pilus for infection. After infection, the M13 (+)

strand (only the (+) strand is encapsulated in particles)

serves as a template for the synthesis of the (-) strand.

The double-stranded form is referred to as the replication

form (RF). The RF is amplified to about 200 copies per

cell. Then the (-) strand is no longer synthesized but

serves as template for further (+) strand synthesis. So

the (+) strands continue to accumulate. These (+) strands

are packaged by the coat proteins to form phage particles.

The particles are extruded out of the cell by a non-lytic

mechanism. The single-stranded DNA from these particles



74

can be used as templates for dideoxy sequencing. The M13mp

vector/host system was developed by modification of the

wild-type M13 phage and an E. coli host. A multiple

cloning site and a part of lacZ (encoding the a-peptide)

were genetically engineered into M13 in a fashion similar

to that in the pUC system described earlier. The host for

M13 was also engineered like the DH5a for pUC. In order to

maitain the F episome, which is required for M13 infection,

the strain was further modified in a way that the genes

responsible for proline synthesis were deleted from the

chromosome and inserted into the F episome. Thus the

maintenance of the host strain on minimal media forces the

retention of the F episome. An oligonucleotide which is

complementary to the region 5' to the MCS, can always be

used as a primer for dideoxy sequencing, and is thus called

the universal primer (Anderson et al. 1980, Heidecker et

al. 1980). Therefore, the primer utilized is independent

of the DNA to be sequenced or the site into which the DNA

is inserted. In summary, in this vector/host system, the

retention of the F episome is ensured, recombinants can be

selected easily by monitoring the f-galactosidase activity

and a single universal primer can be used. Fig. 11 shows

the physical map of M13mp18.
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Fig. 11 Physical map of the E. coli phage M13mp18 and its

MCS sequence. This figure was adapted from the New England

Biolabs catalog, 1992.
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Cloning into M13 vectors

The purified insert was digested with enzyme(s)

selected as discribed earlier. The M13mp18 or 19 vectors

were also digested with the same or compatible enzymes.

The digestions and ligations were performed as discribed

earlier. The preparation of competent DH5aF' cells was

similar to that for making competent DH5a cells. However,

the transformation procedures were somewhat different.

Three hundred microliters of the competent DH5aF' cells

were added to a sterile glass culture tube. Next,

approximately 0.5 to 1.0 gg DNA of the ligation mixture was

added and mixed by gently swirling a few times. The

cell-DNA mixture was placed on ice for 30 minutes. Then

the tube was put in a 42'C water bath for 2 minutes. The

heat-shocked cells were added to a previously prepared tube

containing 3 ml of YT soft agar (melted in microwave and

stored at 42'C), 50 Jl of 2% X-Gal, 10 gl of 100 mM IPTG

and 200 jl of lawn cells (log phase DH5aF' cells as host

for M13 phage propagation). The entire contents were

poured immediately onto a YT plate (stored at 37'C until

use) and quickly spread evenly by tilting the plate

carefully. The top agar solidified in 15 minutes and the

plates were placed at 37'C overnight. Plaques could be

seen after about 8 hours of incubation and the clorless

plaques were picked to make single-stranded templates.
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Preparation of M13 single-stranded template

This protocol is adapted from Schreirer et al. 1979. A

single colony of DH5cZF' was picked to inoculate 5 ml of YT

media. After growing overnight with 250 rpm shaking, 100

gl of the overnight culture was dispensed into 5 ml of

liquid YT media. A sterile Pasteur pipette was used to

pull out a plug of agar containing a clear plaque. The

plaques being picked were isolated ones which did not

overlap other blue or clear plaques. These tubes were

incubated at 37'C with shaking at 250 rpm for 5 hours.

Then 3.6 ml of the culture was transfered to a 5 ml

polypropylene tube. The tubes were centrifuged at 12000 x

g for 8 minutes in a microcentrifuge. The supernatant was

transfered to a new 5 ml polypropylene tube. Care was

taken not to disturb or transfer the pellet at the bottom,

because the pellet contained the intact cells containing RF

double-stranded DNA while the supernatant contained the

single-stranded template. The supernatant in the new tube

was again centrifuged for 8 minutes at 12000 x g in order

to completely remove cells and debris. The supernatant was

transfered to new tubes again. Then 900 Jl of 20% PEG/2.5

M NaCl solution was added to the 3.6 ml of supernatant.

The mixture was mixed by vortexing and then let stand at

room temperature for 15 minutes to precipitate the phage.

The supernatant was carefully discarded by using a pulled
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out Pasteur pipette. The small visible pellet was not

disturbed. The tube was inverted and the lip wiped to

remove residue PEG/NaCl. Then the pellet was suspended in

100 gl of TES buffer (20 mM Tris-HCI, 0.1 mM Na2 EDTA) and

vortexed for one to two minutes to ensure that the pellet

was completely resuspended. The suspension was extracted

with 100 gl of phenol as discribed earlier. The lower

organic phase was removed by a mechanical pipettor set at

80 pl. The top layer was extracted with 100 Ll of

chloroform by vortexing for 20 seconds. The tube was

centrifuged for 2 minutes at 12000 x g. Now 80 Il of the

top layer was transfered to a 1.5 ml microfuge tube. Care

was taken to avoid taking up the interphase and the bottom

phase, because the organic solvents interfered subsequent

sequencing reactions. Then 9 pl of 3 M sodium acetate was

added to the aqeous phase and vortexed for 30 seconds. A

200 pl volume of 100% ethonal was added next. The tube was

vortexed again for 30 seconds and placed at -70'C for 15

minutes. The tubes were centrifuged for 10 minutes at

10000 x g. The pellet should be visible to the eye. The

pellet was washed with 1 ml of 80% ethanol to get rid of

the residual salts. After spinning for 1 to 2 minutes, the

ethanol was pulled off and the pellet was dried in a

Speed-Vac centrifuge. The pellet was resuspended in 30 gl

of TE buffer. This was done by vortexing, briefly
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centrfuging and placing the samples in a 65'C water bath

several times. Three microliters of the suspension was run

on an agarose gel to check the yield of M13 single-stranded

DNA and the remainder was stored at -200C until ready for

use. Fig. 12 is a summary of the protocol for the

preparation of M13 single-stranded templates.

Preparation of double-stranded template DNA for sequencing

DNA fragments cloned into plasmids (e.g. pUC18/19) can

also be sequenced by Sanger's method, using the same M13

universal primer. For double-stranded templates, a

reverse primer can also be used to sequence the

complementary strand from the opposite direction. A small

quantity of plasmid was isolated using the method described

below (Zhou, et al. 1990; Crouse and Amorese 1989; Kraft et

al. 1988). Then the double-stranded DNA was denatured and

the subsequent procedure would be the same as

single-stranded DNA sequencing.

A single colony was used to inoculate 5 ml YT media.

After overnight growth, 3 ml of the culture was collected

in a microfuge tube by centrifuging for 1 minute. The

supernatant was gently decanted, allowing 50 to 100 pl of

the medium with the pellet. The pellet was suspended in

the remaining medium by vortexing at high speed. Three
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Fig. 12 Summary of the protocol for preparation of

single-stranded DNA templates (adapted from the BRL M13

cloning manual).
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hundred microliters of TENS (0.1 M NaOH, 0.5% SDS, 7.75 mM

Tris-HCi, 0.775 mM EDTA) was added and the mixture was

vortexed until it became sticky. Then 150 Jl of 3.0 M

sodium acetate (pH 5.2) was added and the contents mixed by

vortexing again. The lysate was centrifuged for 2 minutes

to pellet the chromosomal DNA and cell debris. The

supernatant was transferred to a new tube and 0.9 ml of

100% ethanol (cooled to -20'C) was added and vortexed. The

mixture was centrifuged for 2 minutes in 4'C to pellet the

plasmid DNA. The pellet was washed twice with 70% ethanol

and dried in a Speed-Vac centrifuge. The pellet was

suspended in 40 Ll of TE and 1 gl of RNase (10 mg/ml,

heated-treated) was added. The suspension was incubated at

37'C for half an hour. Then 20 gl of 7.5 M ammonium

acetate was added to precipitate soluble proteins. After

vortexing, the sample was incubated at room temperature for

30 minutes. The precipitated proteins were collected by

centrifuging the tubes in a microcentrifuge at 10000 x g at

4'C for 15 minutes. The supernatant was transfered to a

new tube. Care was taken to avoid disturbing the pellet.

Then 160 gl of -20'C 100% ethanol was added to the

supernatant. After mixing, the samples were placed on wet

ice (0'C) for 30 minutes. DNA was recovered by

centrifuging at 10000 x g for 20 minutes at 4"C. One

milliliter of 70% ethanol was added to the pellet. The
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tube was gently inverted one or twice and then centrifuged

for 1 minute. After discarding the supernatant, the pellet

was dried in a Speed-vac centrifuge for 5 minutes. The

dried pellet was suspended in 16.8 Jl of distilled water.

Then 3.2 jl of 5 M NaCl and 20 gl of 13% PEG 8000 were

added to precipitate the DNA. The samples were mixed well

by vortexing and incubated on ice in the cold room for 1

hour. The DNA was collected by centrifuging at 10000 x g

for 10 minutes at 4'C. The pellet was rinsed with 1 ml 70%

ethanol as described earlier. The pellet was dried in a

Speed-Vac again and then resuspended in 30 gl of TE or

water. Usually half of the double-stranded DNA obtained

from this miniprep would be sufficient for one set of

sequencing reactions. Therefore 15 gl was transfered to a

0.5 ml microfuge tube and water was added to bring the

total volume up to 30 gl. Then 3 gl of fresh made 2 N NaOH

was added and the sample incubated at room temperature for

5 minutes to denature the DNA. Next, 120 Vl of -200C 100%

ethanol was added and the contents of the tube mixed well.

Five microliters of 3 M sodium acetate (PH 5.2) was added

immediately after mixing. The samples were incubated at

room temperature for another 5 minutes. The tubes were

centrifuged at 10000 x g for 20 minutes in 4'C. The pellet

was dried by Speed-Vac. Seven microliters of water was

added to resuspend the pelleted DNA. The pellet should be
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dissolved completely. Then 2 p1 of the sequencing reaction

buffer and 1 pl of sequencing primer was added. The

mixture was incubated in 37'C for 45 minutes for annealing

of the primer and template. The sequencing reaction

procedures were the same as for M13 and are described

below.

DNA sequencing reactions (USB 1989)

Usually sequencing of 12 samples was performed at one time.

The following mixtures were prepared: primer mix (13.0 pl

of primer, 26.0 pl of sequencing reaction buffer and 26 p1

of water), labeling solution (13.0 J1l of DTT, 5.2 p1 of

labeling mix, 6.5 g1 of 3 5 S-ATP (65 pCi) and 22.8 R1 of

water), diluted Sequenase solution (23.1 p1 of Sequenase

dilution buffer and 3.3 pl of Sequenase).

Five microliters of M13 single stranded DNA was

transfered to a 0.5 ml microfuge tube. Then 5 pl of the

primer mix was added and mixed. The samples were placed at

65'C for 2 minutes and then transferred to a glass tray

containing water at 65'C. The tray was left to cool down

slowly on the bench at room temperature. While this was

cooling, termination tubes were prepared. One set consists

of four 500 p1 microcentrifuge tubes, labeled with clone

number and G, A, T, C, respectively. For convenience,

tubes with different colors were used and a specific color



86

was assigned to each termination reaction (e.g. red for G,

green for A, blue for T and yellow for C). Then 2.5 pl of

dideoxyribonucletides was added to each tube appropriately.

After the annealing mix had cooled down to less than 35'C,

3.5 pl of the labeling solution was added to each annealed

sample. At this time, the termination mix was placed in a

37'C water bath. Then 2.0 pl of the diluted Sequenase was

added to each tube containing annealed template and

labeling solution and the sample was incubated in room

temperature for 4 minutes. Then 3.5 Jl of the mixture was

transferred to each of the G/A/T/C termination tubes. They

were mixed by pipetting up and down five times. The tube

was then placed back to the 37'C waterbath to incubate for

an additional 20 minutes. Afterwards, four microliters of

formamide stop solution was added to each tube. The

samples were stored at -20'C until ready for

electrophoresis. Fig. 13 is a summary of the sequencing

reaction protocol.

Preparation and electrophoresis of sequencing gels

Even though the sequencing gels could be used after

about 5 hours of polymerization, they were usually poured

on the day before electrophoresis in order to ensure
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Fig. 13 Summary of DNA sequencing reaction protocol.

This protocol was used to sequence three sets of samples,

with four templates in each set (twelve templates total).
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Procedure for DNA Sequencing

Time/Min. Reaction

41 Place all termination tubes
Add 2 sl diluted Sequenasem
Add 2 p.l diluted Sequenase~m
Add 2 p.1 diluted Sequenase m

Add 2 g1 diluted Sequenase""
Dispense 3.5 pl of template
Dispense 3.5 pl of template
Dispense 3.5 p.l of template
Dispense 3.5 pL1 of template
Take a break (This time can
Place all termination tubes
Add 2 p1 diluted Sequenase"m
Add 2 pl diluted Sequenase~m
Add 2 p1 diluted Sequenase 3m
Add 2 p.l diluted Sequenase~m
Dispense 3.5 pl of template
Dispense 3.5 p.l of template
Dispense 3.5 pl of template
Dispense 3.5 p1 of template
Take a break (This time can
Place all termination tubes
Add 2 pl diluted Sequenase"m
Add 2 pl diluted Sequenase m

Add 2 p1 diluted Sequenasem '
Add 2 pl diluted Sequenase"m
Dispense 3.5 pl of template
Dispense 3.5 pl of template
Dispense 3.5 p.l of template-
Dispense 3.5 p.l of template
Add 4 p1 of stop solution to
Add 4 gl of stop solution to
Add 4 g1 of stop solution to

for templates 1-4 at 37*C
to template #1,mix,place @ R.T.
to template #2,mix,place @ R.T.
to template #3,mix,place .@ R.T.
to template #4,mix,place @ R.T.
#1 to each GATC tube (@37C)
#2 to each GATC tube (37*C)
#3 to each GATC tube (@37*C)
#4 to each GATC tube (@37'C)
be used to catch up)
for templates 5-8 at 37'C
to template #5,mix,place @ R.T.
to template #6,mix,place @ R.T.
to template #7,mixplace @ R.T.
to template #8,mix,place @ R.T.

#5 to each GATC tube (@37'C)
#6 to each GATC tube (@370C)
#7 to each GATC tube (@37'C)
#8 to each GATC tube (@37'C)
be used to catch up)
for templates 9-12 at 37'C
to template #9,mix,place @ R.T.
to template #10,mixplace @ R.T.
to template #11,mixplace @ R.T.
to template #12,mix,place @ R.T.
#9 to each GATC tube (@370C)
#10 to each GATC tube (@37*C)
#11 to each GATC tube (@37'C)
#12 to each GATC tube (@370C)

all template 1-4 tubes
all template 5-8 tubes
all template 9-12 tubes

40
39
38
37
36
35
34
33
32
31
30
29
28
27
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
6
0
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complete polymerization. But a gel over 24 hours old were

not used since the edges may become dried out. The

following is the procedure for preparing sequencing gels.

Two glass plates (52 x 41 x 0.6 cm) were laid down flat

on four rubber stoppers each. The plates were first

cleaned thoroughly with glass cleaner, then with ethanol to

further remove the grease residue. They were then allowed

to dry completely. One side of each plate (which would be

in contact with the gel after assembly) was coated with a

solution of 2% dichlorodimethylsilane dissolved in heptane.

Again the plates were allowed to dry completely. One plate

was put on the top of the other one so that they were

offset by about 13 mm lengthwise, with the siliconized

sides facing each other. Two Delrin (51 cm x 13 cm x 0.25

mm) spacers were placed between the plates along the edges

(lengthwise). Another spacer (45 cm x 7 mm x 0.25 mm) was

inserted to the bottom of the cassette and aligned with the

ends of the two long spacers. Each side of the cassette

was clamped by 6 to 7 medium binding clips and the bottom

was held in place by 4 large clips. A small piece.of

spacer (3 cm x 13 mm x 0.25 mm) was inserted into the top

of the cassette and clamped by a large clip to keep the

space between the two plates even.

While assembling the cassette, the 6% acryamide

sequencing gel solution was being prepared. In order to
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make 100 ml of gel solution, 20 ml of 30% acrylamide:1%

bis-acrylamide stock solution, 10 ml of 1OX TBE sequencing

buffer (1 M Tris base, 120 mM boric acid and 10 mM EDTA)

and 42.4 g of urea were added to a 250 ml beaker. The urea

was dissolved by stirring. After the urea was totally

dissolved, the volume was brought up to 100 ml by adding

distilled deionized water. The solution was filtered

through a Buchner funnel containing a piece of MFS or

Whatmann No.1 qualitative filter paper. The filtrate was

collected in a 250 ml Erlenmeyer vacuum filtration flask.

Then 0.15 g solid ammonium persulfate was added to the

filtrate and the mouth of the flask covered with a rubber

stopper. The solution was degased in vacuo until all

dissolved gases were removed. The solution was carefully

poured into a 250 ml beaker and 25 gl of TEMED added. The

beaker was briefly and gently swirled to mix the gel

solution and the TEMED. Care was taken not to introduce

bubbles into the solution since this would inhibit

polymerization. The cassette was set on an approximately

45' angle and slightly tilted toward one side to let the

gel solution run down the cassette rapidly and evenly. A

"funnel reservoir" was constructed across about one-third

of the top of the cassette with warmed Plastocene clay.

After all these were set, the gel solution was carefully

poured into the cassette. When the cassette was about 80%
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full, it was laid down flat on four stoppers.

It polymerized in 15 to 30 minutes and the exposed end was

wrapped with Parafilm to prevent it from drying out.

The next morning, the Parafilm, binding clips at the

bottom, the long spacer on the bottom and the short spacer

from the top were removed. The cassette was placed into a

DNA sequencing electrophoresis stand so that the bottom of

the cassette during pouring now was the top at the stand.

The gel was pre-electrophoresed for 1 hour at approximately

1200-1500 V. The temperature of the plates should be

monitored. If the plates became too hot (e.g. exceeding

550C), the voltage was reduced. The plate temperature

during the entire running process was kept as close as

possible to 50'C. When the pre-electrophoresis was

completed, the power was turned off and the top surface of

the gel flushed with buffer using a Pasteur pipette. This

removed bubbles and urea which had diffused into the buffer

above the gel, which would effect loading if not removed.

Then the shark's tooth well-forming comb was inserted in

between the plates until the teeth just touched the top of

the gel. The samples were placed into an 85'C waterbath

for 2 minutes to eliminate any intra-strand base paring

that might influence the migration rate of DNA molecules.

Four sets of samples (4 tubes each) were removed from the

85'C waterbath and placed directly into an ice-water bath.
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A 10 gl Hamilton microliter syringe with a 32 G needle was

used to load the samples onto the gel. About 2.5 l from

each tube was loaded into each lane and in the order G, A,

T, C, from left to right. The power was turned on for

several minutes before loading another set of samples so

that the first loaded samples could enter the gel before

they difused. Then other sets of samples were loaded in

the same manner. The gel was then run at 1700 to 2000 V.

When the xylene cyanol dye migrated to 35 cm from the top,

the electrophoresis was stopped. Because the xylene cyanol

migrates at about the same rate as a 70 nucleotide fragment

on a 6% acryamide gel, the sequence from the multiple

cloning site could be readily determined if the running was

stopped at 35 cm. Usually this required about 3.5 hours.

The cassette was removed from the stand and placed on the

bench. All clips and spacers were removed. A spatula was

inserted in between the plates at one corner to lift up the

top glass slowly. If the gel appeared to adhere to the

upper glass, the cassette should be turned over. Great

care should be taken in order not to ruin the gel. After

the top glass was removed, the gel was covered by a filter

paper (43 cm x 36 cm) and the extra gel not covered by the

paper was trimmed by a razor blade. The paper with the gel

sticking to it was turned over and placed on the bench. A

plastic wrap was used to cover the gel and then the gel was
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put into a gel drier with the paper on the bottom and the

plastic on top. After one hour drying at 750C, the plastic

was removed. The gel on the paper was put into an

autoradiography cassette, and a piece of X-ray film (Kodak

XAR-5) was put on the top of the gel. The cassette was

then put on the bench and some heavy leads or bricks were

placed on the cassette to make sure good contact be

maintained between the gel and the film. Usually 36 to 48

hours were enough for exposure. The film was then

developed and the sequences were interpreted and input into

the computer. Some samples were selected for loading onto

a "stretch gel", i.e. the electrophoresis was continued

until the xylene cyanol dye migrated 75 cm to 100 cm.

Under these conditions, up to 500 bp of sequence could be

deduced from a single clone. Because Pseudomonas strains

are GC rich with respect to their DNA, compression

artifacts were a frequent obstacle to interpretating

sequence data. In order to solve this problem, a dITP

labelling mix was also used. The reaction procedures were

the same as described above dGTP mixes. Usually, the dITP

reactions were electrophoresed alongside the dGTP reactions

of the same sample.
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Preparation of cell-free extracts

This protocol is adapted from Kunz and Chapman (1979).

A single colony of E. coli DH5acarrying the recombinant

pUC19 plasmid (expressing xylG) was innoculated into a

glass tube containing 5 ml of LB liquid media with 50 pg/ml

ampicillin. This was allowed to incubate overnight at 37'C

with shaking at 250 rpm. The 5 ml overnight culture was

used to inoculate 500 ml of LB liquid media contained in a

2 liter Erlenmeyer flask. Ampicillin was again added to a

final concentration of 50 Jg/ml. Also, 300 Ll of 100 mM

IPTG was added. The culture was then incubated at 37'C

with shaking at 250 rpm for 48 hours. At the end of the

incubation, the 500 ml culture was transferred to a

preweighed 500 ml cetrifuge bottle and centrifuged at 9000

x g for 30 minutes. The supernatant was discarded and the

bottle containing the cell pellet was weighed again. The

cells were then suspended in SP-50 buffer (50 mM

Na2HPO4 -KH2 PO4 , pH 7.0, containing 10% acetone) in a volume

which equaled 2 times of the weight of the cells. The

suspension was then transferred to a French press cell and

pressed at a pressure of 1000 lb/in
2 . The extract was

removed from the French press and a few crystals of

pancreatic DNaseI was added and the mixture left at room

temperature for 10 minutes. The cell suspension was then

centrifuged for 30 minutes at 30000 x g. This cell-free
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extract was divided into 500 gl aliquots and stored at

-20'C until ready for use.

The assay conditions were as follows:

Solution Control #1 Control #2 Experimental

KH2 PO4 (50 mM, pH 7.

Catechol (5 mM)

XylE CFE

NAD+ (10 mM)

XylG CFE

995 gl

3 l

2 p1

wait 15 minutes

1.5 pl

0 pl

All of the above reaction mixtures were monitored

spectrophotometrically by scanning from 250.nm to 450 nm on

a -Beckman DU-40 spectrophotometer.

995 gi

3 gl

2 pl

0 vli

2 pl

995 Rl

3 kl

2 gl

1.5 pl

2 pl



RESULTS

Cloning of xylIH region in pUC19, verification of subclones

and nucleotide sequence determination

The cointegrate plasmid pDKR1 (Fig. 14) contains the

broad host range plasmid RP4 (RP1) replicon and the entire

TOL region of pDK1. The TOL genes from pDKR1 were

subcloned into E. coli vectors to facilitate DNA sequencing

and other studies. A HindIII fragment (HindIII A)

containing the whole lower operon from pDK1 was previously

cloned into E. coli plasmid pBR322 and the recombinant

plasmid was designated pBK489 (Azapour 1991). In this

study, several overlapping fragments covering the xylIH and

its downstream region were subcloned from pBK489 into the

E. coli plasmid pUC19 (Fig. 15). These clones are: a 2.8

kbp XhoI fragment, a 2.0 kbp EcoRI/HindIII fragment and a

2.7 kbp PstI fragment. They have been designated as

pBK490, pBK590, pBK491, respectively. Fig. 16 shows the

pDK1 TOL region and the locations of these fragments. The

XhoI digested HindIII A fragment was ligated to the

SalI-digested and BAP-treated pUC19 in a 1:3 molar ratio.

The remaining two ligations were performed in a similar

manner with one exception, the BAP treatment was omitted in

the cloning of the EcoRI/HindIII fragment. Approximately

96
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Fig. 14 Gene map of the RP1: : TOL cointegrate plasmid

pDKR1. The plasmid pDKR1 (100 kbp) carries all of the TOL

genes from pDK1 (including upper and lower operons and the

regulatory genes). The RP1 (RP4) plasmid encodes the genes

responsible for carbenicillin tetracycline and kanamycin

resistance.
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Fig. 15 Diagrammatic representation of the cloning

strategy utilized for the construction of the recombinant

plasmids pBK490, pBK590 and pBK491.
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Fig. 16 Genes and restriction endonuclease cleavage map

of the TOL region of pDK1 showing the locations of the

clones generated in this study. B=BamHI, E=EcoRI,

H=HindIII, K=KpnI, S=SmaI, X=XhoI.
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100 white colonies were obtained in each cloning experiment

(usually 80-90% of the transformants were white if the

vector was treated with BAP). The plasmid DNAs of the

recombinant transformants were then isolated on an

analytical scale as described in Materials and Methods.

The transformants were digested with appropriate enzyme(s)

to cleave out the inserts (e.g. EcoRI and HindIII were used

to cut out the XhoI fragment and the EcoRI/HindIII

fragment, PstI was used to cut out the PstI fragment). The

insert size was estimated by electrophoresis analysis and

the derived insert sizes on an agarose gel and compared to

the published pDKI physical map. The clones with

appropriate physical sizes were further digested with

several additional restriction endonucleases. The digested

plasmids were analyzed by agarose gel electrophoresis and

the banding pattern was again compared to the published

physical map of pDKR1. Fig. 17 shows the verification of

these three clones by restriction endonuclease digestion.

HindIII-digested lambda DNA was used as a DNA size marker.

Fig. 17 A shows the electrophoretic analysis of pBK490

digested with several enzymes. The EcoRI digestion yielded

two fragments which were about 0.95 and 4.5 kbp. The PstI

digestion yielded 0.7 and 4.75 kbp fragments, the SalI

digestion yielded 1.0 and 4..45 kbp fragments and the SmaI

digestion yielded 3.7, 1.5 and 0.3 kbp fragments. Figure
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Fig. 17 Verification of clones by restriction

endonuclease digestion. Lane 1 is linealized pUC19 DNA.

Lanes 2, 11 and 15 are HindIII digested lambda DNA. Lanes

2 to 6 are pBK490 digested with EcoRI, PstI, SalI and SmaI,

respectively. Lanes 8 to 10 are pBK590 digested with SalI,

PstI and EcoRI/HindIII, respectively. Lanes 12 to 14 are

pBK491 digested with SalI, PstI and EcoRI, respectively.
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17 B shows the results for the verification of pBK491. The

PstI digestion yielded two fragments which were

approximately the same size. One is the vector pUC19,

which is 2.7 kbp, and the other is the TOL insert of about

2.7 kbp. The EcoRI digestion yielded 1.4 and 4.0 kbp

fragments. The SaI digestion yielded 3.1, 0.8 and 0.5 kbp

fragments. Fig. 17 C shows the electrophoresis analysis of

pBK590. The EcoRI/HindIII double digestion yielded 2.7 and

2.0 kbp fragments, while the PstI and SalI digestions both

yielded one linealized fragment (because they all have only

one cutting site in the insert). The verified subclones

were purified on a large scale in mg quantity and used

directly as templates for dideoxy sequencing using the

double-stranded DNA sequencing protocol. This yielded the

nucleotide sequence of the "ends" of thees clones. Also,

segments of the TOL insert carried by pBK490 were further

subcloned into M13mp18 or 19 vectors to perform

single-stranded sequencing. First, the insert was purified

on a large scale. About 500 gg of the plasmid was digested

with EcoRI and HindIII to release the insert which was

subsequently separated from the vector DNA by

electrophoresis on a preparative vertical agarose gel. The

DNA bands were visualized by the UV shadowing technique and

the desired TOL DNA insert was cut out and electroeluted

from the agarose slice (see Material and Methods for
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detailed information). Then several restriction enzymes

compatible to the sites in the MCS of M13mp18/19 were used

to digest this DNA. Enzymes which commonly generate

fragments in the range of 400-800 bp were chosen to make

the M13 subclones. These enzymes included RsaI, HaeIII and

AluI, which all generate blunt ends and can be readily

cloned into the SmaI or HincII sites of the MCS of

M13mp18/19. Several other enzymes (e.g. SalI, SmaI) were

also used to generate larger M13 subclones which provided

DNA sequences utilized as "anchor points" to align the

nucleotide sequences generated from those small clones.

Single-stranded DNA molecules from the subclones were

purified and subjected to Sanger dideoxy sequencing. The

strategy used to generate subclones can be seen in Fig. 18.

This figure also shows the locations of the oligonucleotide

primers synthesized to facilitate sequencing. Fig. 19

shows the autoradiograph of a typical 6% polyacryamide

sequencing gel. The nucleotide sequence of a 3.2 kbp

segment of TOL DNA was completed in this fashion.

DNA sequence analysis

The open reading frames (ORF's) were identified by

computer analysis of the nucleotide sequence data. The

nucleotide sequence of xylI and xylH and their predicted

amino acid sequences are shown in Fig. 20 and Fig. 21,
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Fig. 18 Illustration of the strategy utilized to generate

M13 or pUC subclones for Sanger dideoxy sequencing. Also

shown are the oligonucleotide primers (indicated by

numbers) synthesized to facilitate the sequencing.
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Fig. 19 Autoradiograph of a 6% polyacrylamide sequencing

gel. Samples for each template were loaded into the wells

in the following order: ddG, ddA, ddT and ddC.
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Fig. 20 The nucleotide sequence and corresponding encoded

amino acid sequence of the xylI gene (encoding

4-oxalocrotonate decarboxylase) from the Pseudomonas putida

HS1 pDK1 TOL plasmid. The putative ribosome binding site

(RBS), AAGGAG, is underlined. xylI has an open reading

frame of 789 bp and encodes a putative polypeptide of 263

amino acids with a predicted molecular weight of 28.4 kDa.
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xylI

GGC GCG CCG CAT GGT C

AAC TCG CAA GGA.GCA P
RBS

GCC GAG CAC GTG GAA I
His Val Glu Asn Ala

TAT CCG CAG ATG ACCI
Ala Glu Gln Met ThrI

GAA GCG CGC GGG AAC
Glu Ala Arg Gly AsnJ

GCG CAG ATG GGC GTG (
Ala Gln Met Gly Val (

GAC GGC GGC ACC GTG
Asp Gly Gly Thr Val

GTG GTC ACC AAG GCG
Val Val Thr Lys Ala

GTC GAC TAC GTG ATC
Val Asp Tyr Val Ile

GAC CTG ATT AGC GTG
Asp Leu Ile Ser Val

ATG GCC AGC CTC GAG
Met Ala Ser Leu Glu

GAG GTG GTG GAG CTC
Glu Val Val Clu Leu

ATG CTC GCC AAC CTG
Met Leu Ala Asn Leu

ACC GGT GGC ATC ACG
Thr Gly Gly Ile Thr

CAG GGG CTT GGC AGC
Gln Gly Leu Gly Ser

CG CCA GGA

ACA TGC ATG
Met

AAC GCC GAA
Glu Leu Gln

TTC GCT GAC
Phe Ala Asp

CGG ACC GTC

Arg Thr Val

GAA ACG CCC
Glu Thr Pro

GAT TGC TCG
Asp Cys Ser

CCG CTG ACA
Pro Leu Thr

CCG ACC GTC
Pro Thr Val

GTG GCG GAC
Val Ala Asp

GAG GTC GAC
Glu Val Asp

GGC GCC GGT
Gly Ala Gly

CTG GCA GAG
Leu Ala Glu

GCT GCG GTA
Ala Ala Val

GTC TCC GC
Val Ser Al

AGA CAT GAT CGT C'

AAC CGT ACA TTG A
Asn Arg Thr Leu T

CTG CAG GCC CAC G
Ala His Asp Ile H

GCC TAC GAC ATC C
Ala Tyr Asp Ile G

GGC CTG AAG ATG G
Gly Leu Lys Met G

ATC TAT GGC TTC C
Ile Tyr*Gly Phe I

AAG CTG ATC CAC C
Lys Leu Ile His F

GGC CCG GGC TGC C
Gly Pro Gly Cys f

GAG GTG ATC GATI
Glu Val Ile Asp1

AAC GCT TCC TCGI
Asn Ala Ser Ser

CTG CGC ACC CTC
Leu Arg Thr LeuI

GCC GCG GTG CTCI
Ala Ala Val Leu

CGC GGC GAA CAC
zArg Gly Glu His

TCG GTG GAG CCG
L Ser Val Glu Pro

G CGC TTC ATC TGA
a Arg Phe Ile ***

GA CGT C

CC CGC
hr Arg

AC ATC
is Lys

AG TOG
In Trp

;GC CTG
;iy Leu'

TG GCC
Leu Ala

CG MG
'ro Lys

CAT ATC
His Ile

TCG CGC
Ser Arg

ACG CGC
Thr Arg

GGC GTG
Gly Val

GGT CAT
Gly His

ATA CCG
Ile Pro

"GC

Glu

CAC
Val

GAG
Glu

ACC
Thr

GAC
Asp

ATC
Ile

GGC
Gly

TAC
Tyr

TTC
Phe

GTG
Val

CCC
Pro

GCC
Ala

GCT C

CAG C
Gln V

AAG C
Thr

ATT
Ile I

TCC
Ser

TAC
Tyr

GAG
Glu ;

GAC
Asp

GAG
Glu

ATC
Ile

ATG
Met

CTG
Leu

GGC
Gly

GGC GAC AAC ATC
Gly Asp Asn Ile

GAi

;TG
Pal

GTC
Asn

CGC
Arg

TGG
Trp

TTC
Phe

GCG
Ala

GTC
Val

AAC
Asn

ACC
Thr

GAG
Glu

TCC
Ser

ACC
Thr

ACC
Thx

CCT GCT GGC

CTG GCC CTG
Leu Ala Leu

ACC AAC GAC
Asp Tyr Pro

CGG CGC AAG
Arg Arg Lys

GCG AAG ATG
Ala Lys Met

AGC GTG CCG
Ser Val Pro

GAA ATC TCG
Glu Ile Ser

ATC GCG GCG
Ile Ala Ala

TTC AAG TTC
Phe Lys Phe

GGC GGC CGC
Gly Gly Arg

AAG AAC GGC
Lys Asn Gly

AGC GTG GCG
Ser Val Ala

TTC ATC ATG
Phe Ile Met

C GTG CGC TAT
r Val Arg Tyr



114

Fig. 21 The nucleotide sequence and corresponding amino

acid sequence of the xylH gene (encoding 4-oxalocrotonate

tautomerase) from the Pseudomonas putida HS1 pDK1 TOL

plasmid. The putative ribosome binding site (RBS) ,

AGGAGG, is underlined. This gene has an open reading frame

of 189 bp consisting of 63 amino acid codons and a

predicted encoded polypeptide of 6.9 kDa.
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xylH

TTC AGGAGG CAC AAC ATG CCC ATT GCC CAG ATC CAC A CTT GAA GGC CGC AAC GAC GAG

RBS Met Pro Ile Ala Gln Ile His Ile Leu Glu Gly Arg Asn Asp Glu

CAG AAG GAA ACC CTC ATC CGT GAG GTC AGC GAG GCC ATA TCG CGC TCC CTG GAT GCG CCG

Gln Lys Glu Thr Leu Ile Arg Glu Val Ser Glu Ala Ile Ser Arg Ser Leu Asp Ala Pro

CTG ACC AGC GTG CGA GTG ATT ATC ACG GAG ATG GCC AAG GGC CAC TTC GGT ATC GGC GGC
Leu Thr Ser Val Arg Val Ile Ile Thr Glu Met Aa Lys Gly His Phe Gly Ile Gly Gly

GAA CTG GCC AGC AAG GTC AGA CGC TGA
Glu Leu Ala Ser Lys Val Arg Arg ***
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respectively. The downstream sequence following the

meta-cleavage operon is also shown in Fig. 22. The xylI

gene consists of an ORF of 792 bp and the predicted

molecular weight of the encoded polypeptide

(4-oxalocrotonate decarboxylase) is 28.5 kDa. The xylH

gene is 189 bp long and encodes a protein (4-oxalocrotonate

tautomerase) with a predicted molecular weight of 6.9 kDa.

Table 2 gives a summary of the physical properties of these

two genes and their encoded products. An intergenic

sequence of 39 bp is present between xylI and xylH. And

the mRNA secondary structure of this region was predicted

using the computer program DNASISm and a potential stem and

loop structure was identified in this region (Fig. 23).

This sequence bears a strong resemblance to a

rho-independent transcritional terminator in E. coli. An

additional stem and loop structure was also identified

about 60 bp downstream of the xylH stop codon (Fig. 24).

This may be the termination site of the meta-cleavage

operon transcriptional unit. No obvious ORF's were

identified beyond this point.

Subcloning of the individual ORF's

In order to express these TOL genes in E. coli and

further characterize their products, xylG, xylI and xylH

were individually cloned into pUC18/19 in such a way that
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Fig. 22 The downstream flanking sequence of the pDK1

meta-cleavage operon. The stars indicate the translational

stop codon of xylH. A possible transcriptional terminator

region is also identified as a stem and loop region

followed by a T-rich strings of nucleotides . The

underlined AT-rich region may be a promoter region for

other downstream genes.
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Downstream sequence

TCGGCGGCGA ACTGGCCAGC AAGGTCAGAC GCTGAAGTGG AGATGCCCAA GGGCACTTCG GGTCGAGGAA

CCAGACCTGC ATTGGGACGG CCGGCCACAAGAGC GGCCAAGTGACTCC 
TGTTATTTTA AGCATGCCTG

Stem and loop region

AAGCGAGGAA AAGTGCAGAG CAGCTGGTCC

TTCAAGGACC GCCCACTGCG TACGGAGAAT

AACAATAAAA AAGAGCGAGT CAAAAATGAA-

CGCGCAGTCT GCCGCTCAGT ACCCTAGGCC

CGGGATTTCT C

CTCAGAGTGA I

TTAAACTCGAC

TGACTTCAGC

CAGATTGCCA

TCGAGAAATCC

CTACGTGAAGI

AACCTGTGGA

GAAATGGCCG

CACCGTTTTG

GCTTTTCCGG

GAGGTTCTTA

TAGTCACGCT

GGTGGGCCGT

GGGGTGGCTG

GATCCCGGGC

GTAACTGCTC

TACCCATCGA

CCGTCTCGCC

GCGACTGCGC

GGGCGTGGTG

GAGATGGTCA

AGGTCGATCA

GGTCGGTTCG

GGCAGTGGAT

AGCCGTTGCG

AGGCGGCTTT

GGGCCGGTGT

CTACTCGAGC

TGTCAGATAT

CACGCGGCGC

CGGACATTGA

ATTCTGGCTA

CAGTAGCCGC

CGCCTTGGAG

GCCCGCCAGT

CAAGGCCCAA

ACACGCTTCC

TGGCGCGCAC

GCCCGAGGTG

AAATCGGCAA

GAGGTTCTTA

CTGACGGAGG

CTTAGCAACG

GATGGAGGTC

GAGGCCTGGT

GCGTCGTGCT

TACTCATCAC

GCATGGTCGC

ACCGTAAGCC

CGGTGCAGGC

CCAAGCCTGG

TTCCGCTCAA

OCCACCGCCT

GTGCCCGCCTI
CGGCGGCATG

TTGGCGGTCG
CCAAGGGCGC

ACCAATTCTG
GTGACAGCCT
CCTGATGTCI

CGGGGAACC7

GGGCCCAACC ;

CACCCAGGGC I

GAGAGGGTGAI

CGCTAAAGGT
ATGTACAAGAJ

GTGCGCGCCAJ

GTGGCCTGGC

GAAGAACACC

CGCGCATTAA

GGGCTGGAGT

CTGACGGAGG

AAAGACTTTT

GCATCACTGC

TGAGCGATGT

ACTTTTGGCT

GCCGTCGGCC

ATTACTCGGC

CGGCGTTTTC

CTGCCGCTGG

GGCTGCGTCG

TAGCGCGTCC

GTTAACTGTG

GTGAAGGCCG

GTCTACCGGG

GTCTTCGCTG

GCTGGCCTTG

TTTTGCGGCG

ATATAGGCGC
GCGTAGGGTA

A ACCGCCGAGT

r GGTGGTTTT

GTTTGTTACG

TGTGGGCGGG

GCAAATCCG
IJTGAAGGCGGT

AGCAGTCCAA

ACAGTCGGTT

ATACCGGCTT

GCGCTGTCGA

AGCTGAGTAA

AAGTCGAGCA

GAAGAACACC

ATTTGCTGAC

TCCGGAAAGA

CTAGCAGAAA

AAAGACTTTG

CCGCGGGTAG

CTTTCTTTTC

AGATCTCGCC

GGGCGGATAC

TCGACCACCT

TGGAGCGGGC

CTGCCGCTGG

TCGGGTATTC

GTGGAGCCG

TATTATGTAC

CTGGGCATTC

TTACGGTGG

CCGACCAAC

GTCTTAATG;

ATTGGGCTA

AGTGTCGCTI

TCCGTTTTG

ATGGTGACC

TGTCTGATG

ACCGAGTTGC CGTCTGGGTA GCGAGGTGGT

AAATATGTCG GATATATG CTTTCCAAAA

AACCTAACCC G

TTCATGCAAG C

GGCCGAACTG T

TCGGCGTCGA C

GCTACCCCTGC

GACCGAACTG;

GGCCAGTGTCC

CCCGTTCCGGC

GCGCAGTTGG

GAATGCAGGA

GGGGATGATT

TACCTGACTA 4

CAAACAGAGG

TGCTGAAGAAI

GGGGTACGGG

TCCTGGATCT

CGGGCAGGCC

GAGCTTTCGG

TCATTAACTG

GAGTTAAAGT

ATGCTCTTCT

G TAGCTTGGAC

: ATGCCAGAGT

AGAACGCACA

3 GTCCGGGCTG
3 GCATTCTCGT
h TTATTTTTGG

T CGGCGGACTC

T GGTGCTCTGG

G GGTCTCGTGT
T AAGGAAACTC

A CCGGTTGCCG

-TCTGCTGGT

wGCGCAACTA

rGGGAGCGCA

CCTGCTGTGA

GATAGCGGCG

AAGGTCCGGG

GTACAAAGCC

GTACTCAAGC

TGACACTGTT

GAGGTGCGTC

TGATCGTTTT

CTTCAGACCA

AAAGGAATAC

GCCAGGTCGA

TCCTTGGCTA

TCGGTGCTAC

GGCTAGGGAT

AAGTCATTGG

TGTGATGCGC

TGTACCGCGT

CCTCTTGCCA

TACGGGCGGC

TCTCGCTGCA

GGGCTTTGCG

GGCTCGATGC

CTCCAGCGGC

CCTTTTTGCA

GGCCATGATC

TCGCCTTTGT1

TCGCATTCAT

TGAAAAAGAC

AAACGCGTT7

GTGTGTGTGA 350

TTATTTCAGT

GGGCTTCATT

ATGCTGGGCA

AGGCGGTCGA

AGTGATCTGG 700

AAGCGCAAGA

GCCAATTCGG

CGCGCTGTCG

TGTAATGCGG

TTAGCCGAAT 1050

GATTCCCTAG

GCTTTTCCGG

ATCGCCTCGA

TCCTTATCAT

GGTCTCAGTG 1400

GGCCTGGAAC

GGCCTACTGG

CCGATTCCAA

TTACCAGTAA

GCGCTAGGGC 1750

ATCGGCCACT

GGCTCTGGTA

GTACTGCAGC

TGTTCGCGGT

GGCCAGACTC 2100

CCGGCCGAAC

CGGGCGTTGC

GGGTGTCGGT

CGCGTCTTGG

TTCCTGATTT 2450

r CTTCAATTGC
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Table 2. Summary of xylI and xylH genes and gene products

Nucleotides

789 bp

189 bp

Encoded Amino acids

263

63

Molecular weight

28.4 kDa

6.7 kDa

Gene

xylIl

xylH2

1. Encoding 4-oxalocrotonate decarboxylase

2. Encoding 4-oxalocrotonate tautomerase

r-
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Fig. 23 The predicted mRNA secondary stem and loop

structure located in the intergenic region between xylI and

xylH.
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Fig. 24 Stem and loop structure of the possible

transcriptional terminator downstream of the meta-cleavage

operon (60 bp downstream of the xylH translational stop

codon).
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the genes were in the correct orientation to be expressed

under the control of the vector's lac promoter (Fig. 25 and

Fig. 26).

These subclones required a 2.1 kbp PstI/SmaI fragment

(encoding xylG), a 1.1 kbp BstYI/ECORV fragment (cloned

into the SmaI and BamHI sites in pUC18 and encoding xylI)

and a 0.4 kbp SmaIl/RsaI fragment (cloned into the SmaI site

in pUC19 encoding xylH). The xylG clone was obtained from

the original HindIII A fragment. The HindIII A fragment

was digested with PstI and SmaI and ligated to the

PstI/SmaI digested pUC19. Around 50 recombinants were

screened by restriction endonuclease digestion and a clone

containing the intact xylG gene was obtained. Because

pBk491 is lacking 60 base pairs in the 5'-portion of xylI,

the xylI clone was generated from another subclone, pBK690

(an EcoRI clone encompassing xylQKI). Two correct clones

were identified. The above subclones are examples of

forced orientation ligations because they were

double-digested with restriction endonuclease which

produces incompatible ends. The pUC19 or pUC18 vectors

were specifically chosen so that the inserts ligated to the

vector will be in the correct orientation for expression

under the control of the lac promoter. The purified insert

of pBK490 was digested with SmaI and RsaI and ligated to

SmaI-digested pUC19 to generate the xylH expression clone.
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Fig. 25 Diagrammatic representation of the cloning

strategy utilized for the construction of individual

subclones of the genes in the oxalocrotonate branch (xylG,

xylI and xylH).
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Fig. 26 Diagrammatic representation of the subclones

generated for the expression of the TOL genes of the

oxalocrotonate branch. They are cloned into the MCS of

pUCl8/19 in the correct orientation for expression under

the control of the vector's lac promoter.
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pBK792

pUC 19 lacpU9

PstI Smal

pPK892

pUCI8 lac pUC18

EcoRV /SMaI Bstyl/BamHi

pBK992

pUC19 lac pUC19

INyeeH le-

Rsal /SmalSmal
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Three clones of the correct size were identified. After

performing DNA sequencing analysis on these clones, 
one of

them turned out to encode the gene in the correct

orientation. The xyiG, xylI and xyiH clones were

designated pBK792, pBK892 and pBK992, respectively. They

were all in the correct orientation for expression which

were confirmed by partial DNA sequence analysis of these

clones. Fig. 27 shows the restriction endonuclease

digestion patterns of these clones. They were all digested

with EcoRI and PstI. The pBK792 yielded 2.7, 1.4 and 0.7

kbp fragments, pBK892 yielded 2.7 and 1.1 kbp fragments and

the pBK992 yielded 2.7 and 0.4 kbp fragments. HindIII

digested Lambda DNA and HinfI digested pBR322 DNA were 
used

as reference DNA size markers. Since the sequence of these

three genes had already been determined, double-stranded

sequencing was performed to directly confirm their

identity.

Detection of xylG expression in E. coli

The recombinant plasmid pBK792 carries the intact xylG

gene downstream of the lac promoter in pUC19 and in the

correct orientation for expression. The enzyme before HMSD

(xyiG product) is catechol-2,3-dioxygenase (C230), which

converts catechol to a yellow compound (hydroxymuconic

semialdehyde, HMSA) with a characteristic absorbance peak
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Fig. 27 Verification of subclones pBK792, pBK892 and

pBK992 by restriction endonuclease digestion. Lane 1 is

HinfI digested pBR322 DNA as a reference DNA size marker.

Lanes 2 to 4 are EcoRI and HindIII double digested pBK792,

pBK892 and pBK992, respectively. Lane 5 is HindIII

digested lambda DNA. These clones were further verified by

double-stranded template DNA sequencing of the termini of

the inserted DNA fragments.
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at 375 nm at pH 7.5. HMSD then transforms HMSA to a

colorless product. Thus the HMSD activity can be monitored

by measuring the disappearance of the yellow compound,

HMSA. The cell-fre.e extracts of pBK792 (carrying and

expressing xylG) and pBK591 (carrying and expressing the

xylE gene, Azadpour, 1991) were prepared as described

earlier. The reactions were carried out as described in

Material and Methods. The samples were scanned from 250 nm

to 450 nm in a Beckman DU-40 spectrophotometer. Fig. 28

shows the scanning results. It shows that the peak at 375

nm disappeared when both pBK792 CFE and NAD+ were present,

while either pBK792 CFE or NAD+ alone had no effect on the

375 nm -peak. This indicates that the xylG gene was

successfully expressed in E. coli.
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Fig. 28 Assay of xylG gene expression in E. coli carrying

the recombinant plasmid pBK792, in which the xyiG gene is

under the control of the lac promoter of pUC19. Cell-free

extract (CFE) was prepared after 48 hours of growth in LB

medium containing 100 mM IPTG (see materials and methods

for detailed information). The xylE gene product was

obtained from E. coli carrying another recombinant plasmid,

pBK591. The reaction was first carried out by adding 995

pl of KH2 PO 4 (0.5 M, pH 7.5), 3 R1 of catechol (5 mM) and 2

R1 of XylE cell-free extract. After 15 minutes, 1.5 pl of

NAD+ (10 mM) and 2 p1 of XylG CFE were added. As controls,

1.5 pl of NAD+ was added without adding XylG CFE or 2 pl of

XylG CFE was added without NAD+. All of the above reaction

mixtures were monitored spectrophotometrically by scanning

from 250 nm to 450 nm on a Beckman DU-40 spectrophotometer.
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DISCUSSION

Many synthetic chemicals released into the environment

are aromatic compounds. Because of their stable chemical

structures, they can be difficult to break down.

Fortunately, some microorganisms possess a variety of enzymes

which can degrade these compounds to simple metabolic

intermediates which enter central metabolic pathways and thus

can be utilized as carbon and energy sources. Even so, some

compounds may be degraded more slowly than the others or the

degradation may be incomplete due to problems of

enzyme-substrate specificity. It is therefore sometimes

necessary to manipulate the genes, enzymes and even the

metabolic pathways involved so that the efficiency of the

biodegradation can be improved and a broader spectrum of

compounds can be degraded. Genetic engineering of

microoganisms is a useful technique which is often able to

accomplish this goal. In order to carry out genetic

manipulation, a complete understanding of the genes and

enzymes involved in the biodegradation of aromatic compounds

at the molecular level is critical. This study is part of

the effort in this laboratory to study the degradative genes

encoded by a TOL plasmid, pDK1. The major focus of this work

was the cloning and determination of the nucleotide sequence

of the final two genes of the meta-cleavage operon, xylI and

135
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of the final two genes of the meta-cleavage operon, xylI and

xylH, which encode 4-oxalocrotonate decarboxylase and

4-oxalocrotonate tautomerase, respectively. And it should be

pointed out that this is the first report of the nucleotide

sequences of these two genes from any TOL plasmids.

Two open reading frames (ORF's) coresponding to xylI and

xylH were identified in the course of this study. The DNA

sequence data of xylI shows that the encoded polypeptide is

28.5 kDa in size. A previous maxicell experiment by Harayama

(Harayama and Rekik, 1990) suggested that the xylI product

was about 29 kDa. Thus, the DNA sequence data agrees with

the results from the protein study. The xylH nucleotide

sequence obtained in this study shows that the xylH gene

product has a predicted molecular weight of 6.9 kDa.

Harayama (Harayama et al. 1989) suggested that the XylH

protein was about 4 kDa in size, which is somewhat smaller

than the one reported here. One possible explanation for

this difference could be based upon the fact that the xylH

protein is an extremely small polypeptide and its migration

rate on a polyacryamide gel may not truly reflect its real

molecular weight. Actually, in the same paper, they also

suggested that the estimation of such a small molecular

weight protein might be due to the abnormal mobility of the

XylH protein on a SDS-PAGE gel. Further study is needed to

clarify the size of the XyIH product. As a result of this
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work, the individual ORF encoding the tentative XylH gene has

been subcloned into an expression vector (pUC19). This will

make it possible to further clarify this point by

SDS-Polyacryamide gel electrophoesis and assaying the

4-oxalocrotonate tautomerase activity.

DNA sequence analysis shows that there is an intergenic

region between xylI and xylH which is 49 bp long. This is

unusual in this operon because the sequence data from this

lab shows that the organization of most of the genes in this

operon is quite compact. There are generally very few

nucleotides between the adjacent genes, and frequently the

stop codon of a gene even overlaps with the ribosome binding

site (RBS) of the next one. Two other exceptions to this

generalization are regions located between xylZ-xylL and

xylL-xylT. Some regulatory functions were suggested for

these regions (Baker, 1992). Interestingly, stem and loop

secondary structures have been identified in the xylI-xylH

intergenic region, as well as in the xylZ-xylL and xylL-xylT

intergenic regions. Regarding the one located between xylI

and xylH, the stem is completely GC and 100% base-pairing.

The calculated AG value (free energy for the formation of the

stem and structure, which is an indicator of the stability of

the secondary structure) is -17 kcal/mol according to the

model developed by Freier (Freier et al. 1986). There are

several U's downstream of the hairpin structure. Thus, it
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strikingly resembles the rho-independent transcriptional

terminator of E. coli. Also, because of the stem's all GC

composition, this secondary structure should be very stable

and a strong terminator. Since xylH is supposed to be the

last gene in the meta-cleavage operon, it is somewhat

suprising to find a terminator before the last 
small gene of

the operon. One can ask what a regulation role it may play

and how the RNA polymerase is able to overcome this

terminator in order to transcribe xylH. Some other protein

factor(s) may be involved in an anti-termination process.

Actually, there are possible candidates for this purpose even

in this operon. There are two genes of unknown function in

this operon, xylT and xyiQ, which could play some role in

this regulation process. One of them, xylT, has been studied

extensively in this laboratory and it is suggested that it

might be acting as a trans factor to facilitate the

transcription of xylL and xylE genes (Baker, 1992). Since

the xylLT region also has a similar stem and loop structure,

it would not be suprising that if the xylT product could also

interact with the intergenic region between xylI and xylH.

Alternatively, the unknown xylQ product or some other

cellular protein factors might also be involved in this

regulation. However, the exact mechanism remains to be

elucidated. One approach will be using site-directed

mutagenisis technique to disrupt the secondary structure 
of



139

the region and then to see whether gene expression is

altered. Also, protein and DNA binding experiments may be

necessary to access the interaction between the secondary

structure sequence and some protein factors, and then further

identify the protein(s).

A similar stem and loop structure was also identified

about 60 bp downstream of the stop codon of the xylH gene.

It also resembles the rho-independent transcriptional

terminator. It could be the teminator of the meta-cleavage

operon transcription. However, its secondary structure does

not seem as stable as the previous one, since its stem is

short and not a perfect match. It has a G:U base pair which

is a relatively weak non-Watson-Crick base pairing. Its AG

value is calculated as only -6.9 kcal/mol. However, it does

have quite long a stretch of U's following the hairpin

structure, which is a characteristic of a rho-independent

terminator.

Approximately 120 bp downstream, there is an AT-rich

region (49 A and T nucleotides over 67 bp). Because

Pseudomonads are GC-rich, it is very unusual to find a large

stretch of A's and T's, except in the promoter regions.

Thus, this AT-rich region may be a promoter for the genes

downstream of the meta-cleavage operon. However, no ORF's

beyond the meta-cleavage operon have been identified so far.

A computer search in gene bank (GenBank and EMBL) did not
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reveal any significant sequence homology of this region to

known genes.

In this study, the individual ORF's of xylI and xylH were

subcloned into pUC19 for expression. Another gene in the

oxalocrotonate branch, xylG (sequenced by Williamson,

Williamson 1992), was also subcloned into pUC19. The

detection of xylG expression is relatively simple because its

activity can be readily measured spectrophotometrically. A

simple assay confirmed the expression of xylG in E. coli.

Even though the sucessful subcloning of xylI and xylH were

confirmed by partial sequencing of the recombinant plasmids,

the expression of these two genes has yet to be verified.

To summarize the findings of this study, (1) the

nucleotide sequences of two genes in the oxalocrotonate

branch of the meta-cleavage operon, xylI and xylH, have been

determined, (2) possible regulatory elements (stem and loop

structures) were found within and at the end of the operon,

(3) all three genes of this branch of the meta-cleavage

pathway have been subcloned individually into pUC18 or pUC19

which will facilitate further characterization of the gene

products, (4) one of these genes, xylG, has been sucessfully

expressed in E. coli.



BIBLIOGRAPHY

Anderson S, Gait M, Mayol L, Young IG (1980) A short

primer for sequencing DNA cloned in the single-stranded

phage vector M13mp2. Nucleic Acids Research 8:1731

Assinder SJ, Williams PA (1990) The TOL plasmid:
determinants of the catabolism of toluene and xylene.

Advances in Microbial Physiology 31:1-69

Azadpour EE (1991) Cloning, Characterization and Expression

of the xylXYZ Region of the Pseudomonas putida TOL

plasmid pDK1. Dissertation. Doctor of Philosophy.
University of North Texas

Baker RF (1992) Nucleotide sequence determination,
subcloning, expression and characterization of the xylLT

region of the Pseudomonas putida TOL plasmid pDK1.

Dissertation. Doctor of Philosophy. University of North

Texas

Bayley SA, Duggleby CJ, Worsey MJ, Williams PA, Hardy KG,
Broda P (1977) Two modes of loss of the TOL function

from Pseudomonas putida. Mol Gen Genet 154:203-204

Benjamin RC, Voss JA, Kunz DA (1991) Nucleotide Sequence of

xylE from the TOL pDK1 Plasmid and Structural Comparison

with Isofunctional Catechol-2,3-Dioxygenase Genes from

TOL pWWO and NAH7. J Bacteriol 173:2724-2728

Bestetti G, Galli E (1987) Characterization of a novel

TOL-like plasmid from Pseudomonas putida involved in

1,2, 4--trimethylbenzene degradation. J Bacteriol
169:1780-1783

Bethesda Research Laboratories (1989) M13 Cloning/Dideoxy
Sequencing. Instruction Manual

Birnboim HC, Doly J (1979) A rapid alkaline extraction
procedure for screening recombinant plasmid DNA. Nucleic

Acids Research 7:1513-1515

Canovas T, Ornston LN, Stanier RY (1967) Evolutionary

141



142

Chakrabarty AM (1972) Genetic basis of the biodegradation of

salicylate in Pseudomonas. J Bacteriol 112:815-823

Chakrabarty AM, Chou G, Gunslaus IC (1973) Genetic

regulation of octane dissimilation plasmid in

Pseudomonas. Proc Natl Acad Sci USA 70:1137-1140

Chang T (1992) Subcloning and nucleotide sequence of two

positive acting regulatory genes, xylR and xylS, from the

Pseudomonas putida HS1 TOL plasmid pDK1. Dissertation.

Doctor of Philosophy. University of North Texas

Crouse J, Amorese D (1990) Ethanol Precipitation: Ammonium

Acetate as an Alternative to Sodium Acetate. Focus 9:3-6

Dagley S, Chapman PJ, Gibson DT, Wood JM (1964)

Degradation of the benzene nucleus by bacteria. Nature
202:775-778

Difco Laboratories (1984) Dehydrated culture media and

reagents for microbiology. Difco Manual

Downing RG, Broda P (1979) A cleavage map of the TOL

plasmid of Pseudomonas putida mt-2. Mol Gen Genet
177:189-191

Duggleby CJ and Williams PA (1986) Purification and some

properties of the 2-hydroxyl-6-oxohepta-2,4-dienoate
hydrolase (2-hydroxylmuconic semialdehyde hydrolase)

encoded by the TOl plasmid pWWO from Pseudomonas putida

mt-2. J Gen Microbiol 132:717-726

Dunn NW, Gunslaus IC (1973) Transmissable plasmid coding

early enzymes of naphthalene oxidation in Pseudomonas
putida. J Bacteriol 114:974-979

Farrell R, Chakrabarty AM (1979) Degradative

plasmids: Molecular nature and mode of evolution. In:

Timmis TN and Puhler A (eds) Plasmids of Medical,

Environmental and Commercial Importance. North-Holland

Biomedical Press, Amesterdam, pp91-117

Fennewald M, Benson S, Oppici M, Shapiro J (1979)

Insertion element analysis and mapping of the Pseudomonas

putida alk regulon. J Bacteriol 139:940-952

Franklin FCH, Bagdasarian V, Timmis KN (1981) Molecular



143

and functional analysis of the TOL plasmid pWWO from

Pseudominas putida and cloning of genes for the entire

regulated aromatic ring meta-cleavage pathway. Proc

Natl Acad Sci USA 78:7458-7462

Freier SM, Kierzek R, Jaeger JA, Sugimoto N, Caruthers MH,

Neilson T and Turner DH (1986) Improved free-energy

parameters for predictions of RNA duplex stability. Proc

Natl Acad Sci USA 83:9373-9377

Friello D, Mylroie JR, Gibson DT, Rogers JE, Chakrabarty AM

(1976) XYL, a nonconjugative xylene-degradative plasmid in

Pseudomonas Pxy. J Bacteriol 127:1217-1224

Gibson DT (1968) Microbial Degradation of Aromatic Compounds.

Science 161:1093-1097

Haas D (1983) Genetic aspects of biodegradation by

Psedomonads. Experimentia 39:1199-1213

Harayama S, Rekik M, Wasserfallen A, Bairoch A (1987b)

Evolutionary relationships between catabolic pathways for

aromatics: Conservation of gene order and nucleotide

sequences of catechol oxidation genes of pWWO and NAH7

plasmids. Mol Gen Genet 210:241-247

Harayama S, Memrod N, Rekik M, Lehrbach P, Timmis K (1987a)

Roles of divergent branches of the meta-cleavage pathway

in the degradation of benzoate and substituted benzoates.

J Bacteriol 169:558-564

Harayama S, Rekik M, Wubblots M, Rose K, Leppik RA and

Timmis K (1989a). Characterization of five genes in the

upper-pathway of TOL plasmid pWWO J Bacteriol
171:5048-5055

Harayama S, Rekik M, Ngai K, Ornston LN. (1989b) Physically

associated enzymes produce and metabolize

2-hydroxy-2, 4-dienoate, a chemically unstable intermediate

formed in catechol metabolism via meta cleavage in

Pseudomonas putida. J Bacteriol 171:6251-6258

Harayama S, Rekik M (1990) The meta-pathway operon of TOL

degradative plasmid pWWO comprises 13 genes. Mol Gen

Genet 221:113-120

Hares D, Azadpour E, Benjamin RC (1992) Nucleotide sequence



144

of the xylXYZ region of the Pseudomonas putida TOL

plasmid pDK1 and expression of the encoded

toluate-1,2-dioxygenase in Escherichia coli. ASM General

Meeting, New Orleans. #K41

Heidecker G, Messing J, Groenborn B (1980) A versatile primer

for DNA sequencing in the M13 mp2 cloning system. Gene

10:68-75

Heinaru AL, Duggelby CJ, Broda P (1978) Molecular

relationships of degradative plasmids determined by in

situ hybridization. Mol Gen Genet 160:347-351

Horn JM, Harayama S, Timmis KN. (1991) DNA sequence

determination of the TOL plasmid (pWWO) xylGFJ genes of

Pseudomonas putida:Implication for the evolution of

aromatic catabolism. Mol Microbiol 5 (10) :2459-2474

Inouye S, Nakazawa A, Nakazawa T (1981) Molecular cloning

of gene xylS of TOL plasmid: Evidence for positive

regulation of the xylDEGF operon by xylS. J Bacteriol

148: 413-417

Inouye S, Nakazawa A, Nakazawa T (1986) Nucleotide

sequence of the regulatory gene xylS on the Pseudomonas

putida TOL plasmid and identification of the protein

product. Gene 44:235-242

Inouye S, Nakazawa A, Nakazawa T (1987a) Expression of the

regulatory gene xylS on the TOL plasmid is positively

controlled by the xylR gene product. Proc Natl Acad Sci

USA 84:5182-5186

Inouye S, Nakazawa A, Nakazawa T (1987b) Overproduction of

the xyiS gene product and activation of the xylDLEGF

operon on the TOL plasmid. J Bacteriol 169:3587-3592

Inouye S, Nakazawa A, Nakazawa T (1988) Nucleotide

sequence of the regulatory gene xylR of the TOL plasmid

from Pseudomonas putida. Gene 66:301-306

Jeenes D, Reineke W, Knackmuss H, Williams PA (1982) TOL

plasmid pWWO in constructed halobenzoate degrading

Pseudomonas strains: Enzyme regulation and DNA structure.

J Bacteriol 150:180-187

Jeenes D, Williams PA (1982) Excision and integration of



145

degradative pathway genes from TOL plasmid pWWO. J

Bacteriol 150:188-194

Keil H, Keil S, Pickup RW, Williams PA (1985) Evolutionary
conservation of genes coding for pathway enzymes within

the plasmids pWWO and pWW53. J Bacteriol 164:887-895

Keil H, Keil S, Williams PA (1987) Molecular Analysis of

regulatory and structural xyl Genes of the TOL plasmid

pWW53--4. J Gen Microbiol 133:1149-1158

Kraft R, Tardiff J, Krauter KS, Leinwand LA (1988) Using

mini-prep plasmid DNA for sequencing double stranded

template with sequenase. BioTechniques 6:544-547

Kunz DA, Chapman PJ (1981a) Catabolism of pseudocumene and

3-ethyltoluene by Pseudomonas putida (arvilla) mt-2.

Evidence for new functions of the TOL (pWWO) plasmid. J

Bacteriol 146:179-191

Kunz DA, Chapman PJ (1981b) Isolation and characterization of

spontaneously occuring TOL plasmid mutants of Pseudomonas

putida HS1. J Bacteriol 146:952-964

Mermod N, Ramos JC, Bairoch A, Timmis KN (1987) The xylS

gene is a positive regulator of the TOL plasmid pWWO:

identification, sequence analysis and overproduction

leading to constitutive expression of the meta cleavage

operon. Mol Gen Genet 207:349-354

Messing J, Groenborn B, Muller-Hill B, Hofschneider PH (1977)

Filamentous coliphage M13 as a cloning vehicle: Insertion

of a HindII fragment of the lac regulatory region in the

M13 replicative form in vitro Proc Natl Acad Sci USA
75:364-368

Murray K, Duggleby CJ, Sala-Trepat JM and Williams PA (1972)

The metabolism of benzoate and methylbenzoates via the

meta-cleavage pathway by Pseudomonas arrilla mt-2. Eur
J Biochem 28:301-310

Mylroie JR, Friello DA, Siemens TV, Chakrabarty AM (1977)

Mapping of Pseudomonas putida chromosomal genes with a

recombinant sex-factor plasmid. Mol Gen Genet 157:231-237

Nakazawa T, Hayashi .E, Yokota T, Ebina Y, Nakazawa A (1978)

Isolation of TOL and RP4 recombinants by integrative



146

suppression. J Bacteriol 134:270-277

Nakazawa T, Inouye S, Nakazawa A (1985) Positive regulation

and transcription initiation of xyl operons on the TOL

plasmid. In: Helinski DR, Cohen SN, Clewell DB,

Jackson DA, Hollaender A (eds), Plasmids in Bacteria.

pp 415-429. Plenum Publishing Corp. New York

Promega corp. (1991) Protocols and Application Guide. 2nd

edition

Ramos JL, Mermod L, Timmis KN (1987) Regulatory circuits

controlling transcription of TOL plasmid operon encoding

meta-cleavage pathway for degradation of alkylbenzoates by

Pseudomonas. Mol Microbiol 1:293-300

Ramos JL, Stolz A, Reineke W, Timmis KN (1986) Altered

effector specificities in regulators of gene expression:

TOL plasmid xylS mutants and their use to engineer

expansion of the range of aromatics degraded by bacteria.

Proc Natl Acad Sci USA 83:8467-8471

Reineke W, Knackmuss HJ (1978) Chemical structure and

biodegradability of halogenated aromatic compounds.

Substituent effects on 1,2-dioxygenation of benzoic acid.

Biochim Biophys Acta 542:424-429

Reineke W, Knackmuss HJ (1980) Hybrid pathway for

chlorobenzoate metabolism in Pseudomonas sp. B13

derivatives. J Bacteriol 142:467-473

Reineke W, Jeenes DJ, Williams PA, Knackmuss HJ (1982) TOL

plasmid pWWO in constructed halobenzoate-degrading
Pseudomonas strains: prevention of meta pathway. J

Bacteriol 150:195-201

Rheinwald JG, Chakrabarty AM, Gunsalus IC (1973) A

transmissable plasmid controlling camphor oxidation in

Pseudomonas putida. Proc Natl Acad of Sci USA
70:885-889

Sala-Trepat JM, Evans WC (1971) The meta cleavage of catechol

by Azotobacter species: 4-oxalocrotonate pathway. Eur J
Biochem 20:400-413

Sala-Trepat JM, Murray K, Williams PA (1972) The metabolic

divergence in the meta-cleavage pathway by Pseudomonas



147

putida NCIB 10015:Physical significance and evolutionary

implications. Eur J Biochem 28:347-356

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular Cloning:

A Laboratory Manual, Cold Spring Harbor Laboratory

Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing with

chain terminating inhibitors. Proc Natl Acad Sci USA

74:5463-5467

Schreirer PH, Cortese R (1979) A fast and simple method for

sequencing DNA cloned into the single-stranded
bacteriophage as an aid to rapid DNA sequencing. J Mol

Biol 143:161-163

Shaw LE, Williams PA (1988) Physical and Functional Mapping

of Two Cointegrate Plasmids Derived from RP4 and TOL

Plasmid pDK1. J Gen Microbiol 134:2463-2474

Spooner RA, Bagdasarian M, Franklin FCH (1987) Activation of

the xylDLEGF promoter of the toluene-xylene degradative

pathway by overproduction of the xylS gene product. J

Bacteriol 169:3581-3586

Tanaka T, Weisblum B (1975) Construction of a Colicin EI-R

factor composite plasmid invitro: means for amplification

of deoxyribonucleic acid. J Bacteriol. 121:354-362

United States Biochemical Corporation (1989) Step-by-step

Protocols for DNA Sequencing With SequenaseTm Version 2.0

pp5-13

Vieira J, Msssing J (1982) The pUC plasmids, an

M13mp7-derived system for insertion mutagenesis and

sequencing with synthetic universal primers. Gene
19:259-265

Williams PA, Murray K (1974) Metabolism of benzoate and the

methylbenzoates by Pseudomonas putida (arvilla) mt-2:

evidence for the existence of a TOL plasmid. J Bacteriol

120:416-423

Williams PA, Worsey MJ (1976) Ubiquity of plasmids in

coding for toluene and xylene metabolism in soil bacteria:

evidence for the existence of new TOL plasmids. J

Bacteriol 125:818-828



148

Williams PA, Gibb LE, Keil H, Osborne DJ (1988) Organization

of and relationships between catabolic genes of TOL

plasmids, pp 339-358. In Hagedorn R, Hanson RS, Kunz DA

(eds) Microbial Metabolism and the Carbon Cycle. Harwood

Academic Publishers New York

Williamson MD (1992) Cloning and nucleotide sequence analysis

of the xylGFJQ region of the Pseudomonas putida TOL

plasmid pDK1. ASM General Meeting, New Orleans. #K43

Worsey MJ, Franklin FCH, Williams PA (1978) Regulation of the

degradative pathway enzymes coded for by the TOL plasmid

(pWWO) from Pseudomonas putida mt-2. J Bacteriol

134:757-764

Worsey MT, Williams PA (1975) Metabolism of toluene and the

xylenes by Pseudomonas putida (arvilla) mt-2: evidence for

a new function of the TOL plasmid. J Bacteriol 124:7-13

Zhou C, Yang Y, Jong AY (1990) Miniprep in ten minutes.

BioTechniques 8:172-173


