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1. The Gram-positive bactlerium Rhodococcus rhodochrous NCIMB 13259 is able
to grow on slyrene, which it assimilates via a mefa-cleavage pathway. This
bacterium also contains a catechol |,2-dioxygenase thal carries out intradiol-
cleavage of aromatic substrates.

2. A rapid and reliable method for the purification of catechol 1,2-dioxygenase was
devcloped which involved chromatography on DEAE-Sephacel and phenyl-
Sepharose. This procedure yielded at least 10 mg of protein from 15-20 g
(wet weigh() of cells. SDS-PAGE analysis of the final preparation showed that
catechol 1,2-dioxygenasc was virtually homogeneous. The enzyme was stable and
could be stored at ~20 “C with little loss in activity.

3. The enzyme was crystallised using 15% (w/v) polyethylene glycol 4 000,
0.33 M CaCly, 0.25 mM Tris/HCI, pH 7.5, using sitting drop vapour diffusion. A
microseeding technigue was then used to obtain single, diffraclion quality
rectangular plates, which reached a size of 0.5 mm down the longest axis. A
preliminary X-ray crystaliographic characierisation showed that the crysials are in
space group C2 with unit cell dimensions (A) a=111.9, b=78.1, c=134.6, =100 ",

with four subunits in the asymmeiric unit.

4. A subunit M, value of 39 R0(} was obtained with SDS-PAGE, which is
approximately 20% more than the value of 31 558 which was obtaired wilh
electrospray mass spectroscopy. Similar overestimates by SDS-PAGE have also
heen ohlained {or other catechol 1,2-dioxygenases. The native M, value of 120 000
oblained by gel-permeation chromatography indicated that catechol 1,2-dioxygenase
is a letramer, however, catechol 1,2-dioxygenase which had been chemically cross-
linked, showed only two bands upon analysis with PAGE, indicaling that the
enzyme is a dimer, with a calculated native M, value of 63 000. Considerable
evidence accrued by other workers with scveral non-haem intradiol-cleavage
enzymes, indicates that the overcstimate could be due to the catechol 1,2-
dioxygenase being more clliptical than the protein standards, causing it 10 move
anomolously through gels.

S. The absorbance spectrum of catechol [,2-dioxygenase had maxima at 220 and
28(} nm. At higher concentrations of the enzyme another maximum at 426 nm was
also evident. This is good evidence that the Rhodococcus enzyme is iron
dependent, since in several non-haem iron intradiol-cleavage enzymes a broad
absorption band at about 440 nm is due to an Fe3+ coflaclor.

xvii



6. Iron quantitation using colorimetry and atomic absorption spectroscopy found
significantly less than the expected one mole of iron per subunit (0.60-0.85 atoms
per subunit).

7. The activity and stability of catechol I,2-dioxygenase as a function of pl{ were
investigated. FEnzyme activity increased approximately four-fold from pH 5 and
rcached an optimum value at approximately pH 9. Incubation of the enzyme for
30 min in solutions which ranged from pH 5 to 9, resulted in no significant loss of

activity. At pH 11.2 however, the enzyme was rapidly inactivated.

8. The apparent Ky and V values were determined with catechol, 3-methylcatechol.
4-methylcatechol and protocatechuate as the substrates. Catechol 1,2-dioxygenase
oxygenated the first three substrates, but not protocatechuate. The results for the
three catechols were broadly similar: the enzyme had an apparent K, of 1-2 uM and
apparent V values of 13-19 units {(mg protein)~!. Relative activity with different
substrates showed that the Rhodococcus enzyme resembles the chlorocatechol 1,2-
dioxygenases rather than the catechol 1.2-dioxygenases.

9. The first 24 amino acids from the N-terminal sequence of Rhodococcus catechol
1,2-dioxygenase showed substantial sequence identity with catechol [,2-

dioxvgenase from Arthrobacter, another Gram-positive bacterium.

10. An internal sequence of 15 residues, obtained from a peptide which had been
purified from a V8 protease digest of catechol 1.2-dioxygenase, showed 67%
identity to a section of the Arthrobacter catechol 1,2-dioxygenase.

11. Three degenerate pools of oligonucleotides were designed on the basis of
chemically determined amino acid sequence data and from amino acid sequence

alignments with other catechal [,2-dioxygenases and were synthesized.

12. An homologous oligonucleotide probe was made using the three pools of

oligonucleotide primers in a hemi-nested PCR reaction.

13. The radiolabelled probe hybridised to a 3.5 kb genomic Xmeal restriction
fragment, which was then cloned and sequenced. A single open reading frame was

detected, encoding a protein with a M, value of 31 559, which is within one mass
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unit of the value for calechol 1,2-dioxygenase obtaincd from clectrospray mass

$pectroscopy.

14, Catechol 1,2-dioxygenase was expressed constitutively in Escherichia coli
XL2-Blue pPDS to approximately the same levels as the wild-type expression in
Rhodococcus, suggesting that its expression is under ncgative control. The enzyme
was also overexpressed from the T7 promoter, to approximalely 40% of the lotal
cellular protein

15. A putative ribosome binding site (AGGAGG) was found 4 bp upstream {rom
the initiation codon (ATG). In addition, putative -35 and —10 promoter sequences
(TTGACA and CACAGT respeclively) and two inverted repeat structurcs were
discovered upstream of the coding region. The inveried repeats bear a strong
resemblance to LysR binding motifs, which arc normally involved in the positive
regulation of bacterial catabolic opcrons.

16. Chemical analysis found 1.65 sulfhdryl proups per subunil. Since the derived
amino acid sequence conlains 2 Cys residues per subunit, it is assumed that there
are ne disulphide bonds in the structure of Rhoedococcus catechol 1,2-dioxygenase.

17. An amino acid alignment of the Rhodococcus catechol 1,2-dioxygenase with
other non-haem iren intradiol-cleavage enzymes showed thal the Rhodococcus
enzyme bhad 26-28% identity to protocatechuate 3. 4-dioxygenases, 29-30% identity
io the catechol 1,2-dioxygenase and 30-35% identity to the chlorocatechol 1,2-
dioxygenases. The closest relationship was with the catechol 1,2-dioxygenase from
the Gram-positive bacterium, Arthrobacter, which was 56% identical (71%

similarity).

18. The Rhodococeus enzyme has the lwo His and two Tyr residucs which are
conscrved in all the other non-haem iron intradiol-cleavage cnzymes and which
have been shown o chelate the aclive site iron. In addition, the retention ol Pro and
Gly in B-loops and at the end of putative secondary structural features, suggests
that the Rhodococcus enzyme has the same {old as the other enzymes. Amino acid
subslitutions in the active site and the substantial differences both at the amino and
carboxy termini, suggest a dilferent substrate binding site archilecture, in addition
to a different mechanism for subunit association.
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CHAPTER 1
Introduction




1.1 Introduction: enzyme oxygenation

Dioxygenases were discovered by Hayaishi ef al. (1955) who showed that
during the oxidation of catechol by catechol 1,2-dioxygenase, both atoms of
molecular oxygen were incorporated into product. In the same year Mason ef «l.
(1955) discovered a different type of oxygenase which incorporated only one atom
of oxygen into its organic substrate und so this latter type of enzyme became
known as a monooxygenase, although 1t is also referred (o as a ‘mixed function
oxidase’ or ‘hydroxylase’. Both types of enzyme (Table 1.la, b) are widely
distributed in Nature and have important roles, such as in the biosynthesis,
transformation and degradation of amino acids, lipids and vitamins, as well as the
metabolism of xenobiotic compounds (Nozaki, 1979, Harayama ef «l., 1992),

Reactions of oxygen with organic compounds at physiclogical
temperatures are extremely slow, primarily because of the unusual electronic
structure of oxygen which in the ground state has two unpaired valence electrons,
in contrast to most organic compounds which have all their electrons paired. The
direct reaction of a spin-paired, singlet molecule, with a triplet, diradical molecule
to give singlet products is a spin-forbidden process. In order to overcome the
kinetic inertia, both monooxygenases and dioxygenases have cofactors such as
flavins, or transition metals such as copper or iron (Table 1.la, b) (Hamilton,
1974; Malmstrdom, 1982). Reduced flavins overcome the spin-restriction becavse
they can form stable radical scmiquinones capable of rcacting with oxygen to
form reactive peroxide infermediates, which are able to attack bound organic
substrates. Another common reaction type involves complexing oxygen to
transition metals in low oxidation states. The spin restriction is removed since
transition metals have incompletely filled d-orbitals which can transfer electrons
onto the oxygen to form spin-paired intermediates which can subsequently rcact
with organic substrates (Harayama ef «f., 1992). A third type of oxygen activation
does not involve the metal prosthetic group directly. In these reactions the organic
substrale is complexed to (ransition metals in high oxidation states which then

react directly with oxygen bound at the active site (Malmstrém, 1982).

1.2 The role of oxygenases in bacterial aromatic catabolism
1.2.1 Dihydroxylated aromatic intermediates

Myriad aromatic compounds may be degraded aercbically by common soil
bacteria such as Pseudomonas (Reineke & Knackmuss, 1988), Acinetobacter
(Fewson, 1991) and Rhodococcus (Warhurest, 1993: Warhurst & Fewson, 1994),
Many by-products of the chemicals industry are benzene derivatives and may be
potentially harmful when released into the biosphere and so there has been

considerable energy spent in construcling microorganisms which can degrade
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them (Timmis ef al., 1994; Chakrabarty, 1996),

The biodegradation of aromatic compounds follows a common theme, in
which aromatic substrates are first converted via one or two oxygenaiion
reactions, into common dihydroxylated intermediates such as catechol and
protocatechuic acid, which are broken down by subsequent reactions into primary
metabolites (Figure 1.1}, Introduction of single hydroxyl groups,
monohydroxylation. is generally carried out by monooxygenascs, while
simultaneous mtroduction of two hydroxyl groups, is catalysed by dioxvgenases
(Figure 1.2). The majority of monooxygenases are typically single component
flavoproteins, although multicomponent monooxygenascs have also been {ound
{(Table 1.1a) (Harayama et al., 1992). In contrast, dioxygenases such as benzoate
1,2-dioxygenase (Table 1.1b), which carry out the initial oxygenation of aromatic
substrates, have two or more components: an hydroxylasc component and an
electron-transport component. All hydroxylasc components contaip an tron-
sulphur centre and mononuclear non-haem iron. The iron-sulphur centre does not
itsell activate oxygen, but instead functions as a redox centre; receiving clectrons
from the electron-transport component and then reducing the non-haem iron to
Fe2+ (Harayama et al., 1992).

1.2.2 Non-haem iron airomatic ring-clecavage dioxygenases

Intradiol and cxtradiol ring-cleavage enzymes are commonly [ound at the
beginning of the B-ketoadipate (Bruce ef af., 1989; Pcttigrew ef al., 1991) and
meta-pathways (Haravama et al., 198%; Kukor & Qlsen, 1991; Schreiner et al.,
1991) respectively. These multi-step pathways convert derivatives ot calechol or
protocatechuic acid, into primary metabolites such as succinate, pyruvaic and
acetyl-CoA. With one or two exceptions, the vast majority of the aromatic ring-
cleavage enzymes utilise non-haem iron as the sole cofactor (Nozaki, 1979). Two
basic modes of ring-cleavage are displayed by microbial enzymes (Figure 1.2);
intradiol- or ortho-cleavage occurs when the carbon-carbon bond between
adjacent hvdroxyl groups is broken, giving rise to ¢is,cis-muconic acid
derivatives; extradiol- or mefa-cleavage occurs when the carbon-carbon bond
adjacent to just one hydroxyl group is cleaved, giving rise to muconate
semialdchydes (Nozaki, 1979). Dioxygenases catalysing intradiol-cleavage
reactions such as catechol 1,2-dioxygenase, chlorocatechol 1.2-dioxygenase and
protocatechuate 3,4-dioxygenase are red and contain ferric iron as the sole
cofactor, whereas extradiol-cleaving enzymes such as catechol 2,3-dioxygenase
and protocatechuate 4,3-dioxygenase contain iron in the ferrous oxidation state
and are colourless (Nozaki, 1979).
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Figure 1.2 The role of oxygenases in bacterial aromatic catabolism

Aromatic compounds such as 4-hydroxybenzoic acid and benzene are Tirst
converted into dihydroxylated intermediates such as protocatechuic acid and
catechol by the action of 4-hydroxybenzoic acid hydroxylase and benzene 1,2-
dioxygenase, Activated compounds may then undergo extradiol ring-cleavage (a)
by the action of catechol 2,3-dioxygenase or protocatechnale 4,5-dioxygenase, or
intradiol ring-cleavage (b) by the action of catechol 1,2-dioxygenase or
protocatechuate 3,4-dioxygenase (Nozaki, 1979; Harayama et al., 1992).



1.3 Genceral molecular characteristics of the non-haem iron intradiol-cleavage
enzymes

Non-haem uron intradiol-cleavage enzymes have been isolated from a
variety of microorganisms, including Acinefobacter calcoaceticus (Patel er al.,
1976) (Table 1.2), Brevibacterium fuscum (Whittaker ¢t af., 1984), Moraxella
(Sterjiades & Pelmont, 1989), Rhizobium leguminosarum biovar viceae USDA
2370 (Chen & Lovell, 1990), Pseudomonas putida (Broderick & O'Halloran,
1991) (Table 1.2), Pseudomonas acidovorans (Hinteregger er al., 1992),
Rhodococcus erythropolis ICP (Maltseva et al., 1994) and Alcaligenes entrophis
(Ghosal & You, 1988; Sauret-Ignaz ef al., 1996) (Table 1.2). The native M, vaiues
ol catechol [,2-dioxygenases are generally in the 60 000-80 000 range and with
one or two possible exceptions (Aoki ef al., 1984a, b), are dimers of either
identical or non-identical subunits (Nakai ef af., 1990) (1'able 1.2). Subunit M,
values derived from DNA sequence dala are generally 30 000-34 000 (Neidle et
al., 1988; Nakai ef af., [990) (Table 1.2). Protocatechuale 3,4-dioxygenases are
larger and tend to conlain equal numbers of non-identical subunits with the form
(o), (0 = 3-12) (Nozaki, 1979), although the subuniis are considerably smalier
and have M, values of 20 000-30 000 (Table 1.2). Chlorocatechol [,2-
dioxygenases have been purified {rom several Gram-negative strains (Dorn &
Knackmuss, 1978a, b, Pieper er al., 1988; Broderick & O'Halloran, 1991; Bhat ez
al., 1993; Hinteregger er al., 1992; Miguez et ad., 1992) and are all homodimers.
Some of the genes encoding the chlorocatechol 1,2-dioxygenases have been
cloned and ecncode subunits with M, values of 28 000-30 000 (Franlz &
Chakrabarty, 1987; van der Meer et al., 19%1a), which is semewhat smaller than
the catechol 1,2-dioxygenases (Table 1.2). Iron-subunit stoichiometries vary: A.
calcoaceticus catechol 1,2-dioxygenase contains two moles of iron per mole of
enzyme, whercas the chlorocatechol 1,2-dioxygenase contains only one mole of
iron per mole of enzyme (Table 1.2). The substrate specificities of the catechol
1,2-dioxygenases, chlorocatechol 1,2-dioxygenases and the protocatechuate 3,4-
dioxygenases are mutually exclusive: the first two enzymes will oxygenate
catechol and some of its derivatives bul will not oxygenate protocatechuate.
whereas protocatechuate 3,4-dioxygenase uses protocatechuate, but not catechol
(Table 1.2). Another important distinguishing characteristic is in the product ratios
when 3-methylcatechol or 3-methoxycatechol is the substrate: ratios of intradiol-
to extradiol-cleavage for the catechol |.2-dioxygenases from Pseudomonas arvilla
C-1 and Pseudomonas B 13 with 3-methylcatechol and 3-methoxycatechol aye
approximately 17:1 and 5:1 (Fujiwara et al., 1975; Dotn & Knackmuss, 1978a),
moreover as the rate of intradiol-cleavage of 3-substituted
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putidu pA27 calcoaceticus arvitta C-1 eutrophus  putida ATCC
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(formerly P.
ACHULZINOSH )

Enzynme CCD Crp CTb CCD PCHB

Enzyme activityk

Catechol 1004 1008 1000 1004 0.4

3-Methylcatechol 354 12 g 167 0.4

1-Methylcatechol 273 I8 30 - 0.2

Protocatechuate 0.0 0.0 0.0 [00)
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(M- em™H on Fe on protein
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Amax 4300 4408 4404 - 440i
M, of subunits 28 983b 34 351 o=30 0004 28 28t¢ 0:=22 5001,
=34 187 =25 000
Aming acid 2600 311 p=3101 255¢ 200, 238t
residues
Subunit o Fe (OFe)s2 aoFe, of3Fe, (afiFe);n
composition BRFed

Table 1.2 General molecular characteristics of some non-haem iron intradiot-

cleavage enzymes
Abreviations: CTD, catechol [,2-dioxygenase; CCD, chlorocatechol }.2-

dioxygenase; PCD, prolocatcchuate 3,4-dioxygenase.
a, Broderick & O'Halloran (1991); b, Frantz & Chakrabarty {1987); ¢ Neidle ¢r al.
(1988); d, Nakai er al. (1990); e, Ghosal & You (1988); [, Frazce ef af. (1993);
g, Patel et al. (1976); h, Ohlendorf er af. (1994); 1, Nakai er al. (1995); j, Nozaki
(1979): k, relative to catechol for CCD and CTD and protocatechuate for PCD.

- = not recorded.



catechols becomes slower relative to the reaction with catechol, so the proportion
of extradiol activity increases. This point is illustrated with the catechol 1,2-
dioxygenase from Fratcuria ANA-18, which catalyses the intradiol cleavage of
3-methylcatechol at a rate of less than 0.9% to that of catechol, but the ratio of
intradiol to extradiol aclivity is 1.0:1.2 {Aoki ef al., 1984b). Chlorocatechol !,2-
dioxygenases hy contrast, oxygenate 3-substituted catechols better than catechol
and extradiol activity is typically less than 0.5% (Broderick & O’Halloran, 1991).
The absorption speetra of all non-haem iron intradiol-clecavage cnzyimes are very
simnilar to each other and concentrated solutions of the enzyme are disincty red in
colour, with a broad absorption between 390 and 690 nm, with a peak at abouwt
440 nm (Nozaki, 1979) (Table 1.2). When the apoenzyme is prepared by
anaerobic dialysis against a buffer solution containing both o-phenanthroline and
sodium dithionite, both colour and activity disappear; reappearing alter exposure
of the solution to oxygen (Kojima et af., 1967; Fujisawa ef al., 1972). Resonance
Raman experiments have complemented these studies, since laser excitation
within the visible absorption band results in a spectrum which is characteristic of
Fe3+-coordinated tyrosine ligands indicating that the red colour arises from
tyrosine-Fe3+ charge transfer interactions (Tatsuno ef af., 1978; Que & Heistand,
1979).

14 Structure of protocatechuate 3,4-dioxygenase

The protocatcchuate 3,4-dioxygenase from P. putida ATCC 23975
(formerly classified as P. aeruginosa) (Table 1.2), is the only non-haem iron
intradiol-cleavage enzyme whose lhree-dimensional structure has been solved
(Ohlendorf er al., 1988; Ohlendorf er al., 1994). Twelve off protomers form a
rough truncated tetrahedron in which nearly all the protomeric contacts are
provided by the B-subunits (Figure 1.3). These form a hollow inner shell bounding
a central cavity of about 50 A in diameter with the a-subunits ¢lustered around the
apices (Figure 1.3). The aclive site of the enzyme is located at the interface
between the o- and B- subunits.

Within the active sitg the ferric iron is coordinated by two His residues

(one equatorial and one axial), two Tyr residues (one equatorial and one axial) and
a hydroxyl group (cquatorial) in a trigonal bipyramid arrangement (Figure 1.4).
All of the coordinating ligands are derived from the -subunit. The ¢-subunit does
not bind iron and only two of the residues corresponding to the iron ligands on the
B-subunit have been conserved (Chlendorf ef al., 1988; Ohlendorf ¢ al., 1994).

9



Figure 1.3 The packing of protocatechuate 3,4-dioxygenase protomers

Each protomer (A to L) is represented as a cylinder 60 A long and 40 A in
diameter. The folded o (B) chains are shown in dark grey (light grey). The white
rods indicate the three perpendicular 2-fold axes and the grey rods indicate the
four 2-fold axes. The overall shape of the aggregate is a tetrahedron with three
o-chains at each apex. The figure was reproduced from Ohlendorf ef al. (1994).
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Tyr

Figure 1.4 Trigonal bipyramid coordination of ferric iron within the active
site of protocatechuate 3,4-dioxygenase

The ferric ion is coordinated to two His residues (one axial and one
equatorial), two Tyr residues (one axial and one equatorial) and an cquatorial
hydroxyl ion (Ohlendort ef al., 1994).
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1.5 Enzyme-substrate complexes

Spectra of the non-haem iron intradicl-cleavage enzymes can be perturbed
by the anaerobic addition ol substrates, or by substrate and product analogues
(Que er al., 1980; Bull & Ballou, 1981; Que & Epstein, 1981; Walsh & Ballou,
1983). For both protocatechuate 3,4-dioxygenase and catechol |,2-dioxygenase,
this results in a steely grey solution, due to an additional, broad absorption band,
centred at approximately 700 nm (Fujisawa ef al,, 1972; Walsh & Ballou, 1983:
Walsh er al., 1983; Whittaker e/ «f., 1984). Resonance Raman spectroscopy has
shown that this new feature is due to the substrate binding to the metal centre and
that the endogenous lyrosine-Fe3+t interaction is retained (Que, 1980), The
resonance Raman specira of the enzyme-substrate complexes of catechol 1,2-
dioxygenase and chlorocatechol [,2-dioxygenase are very similar (Que &
Heistand, 1979). In the former case, comparison of the enzyme-substrate complex
with model complex spectra led (o the conclusion that it is lhe ionised, dianion
form of catechol which is bound to the active site, which by inference suggests
that chiorocatechol 1,2-dioxygenase also binds its substrate in the dianion form.
The similarity between the resonance Raman spectra indicates a similar mode of
substrate binding in the two enzymes. Several differences arc observed in
comparison to the resonance Raman spectrum of the protocatechuate 3,4
dioxygenase-substrate complex. In addition, the chlorocatechol 1,2-dioxygenase
and catechol 1,2-dioxygenasc complexes with the inhibitor 4-nitrocatechol show
similar visible spectra that are nearly identical with the visible spectrum of 4-
nitrocatechol chelated o Fe3t (Tyson, 1975). These enzyme-4-nitrocatechol
spectra are distinet from the visible spectrum of the protocatechuatwe 3,4-
dioxygenase-4-nitrocatechol complex, which resembles the free 4-nitrocatechol
dianion. These results suggest that 4-nitrocatechol chelates the active site in the
case of catechol- and chlorocatechol 1,2-dioxygenase but not in the case of
protocatechuate 3, 4-dioxygenase and so it appears that the iron cenue in catechol
|,2-dioxygenase inferacts with substrates and inhibitors in a way which is similar
to that of chlorocatechol [,2-dioxygenase, but distinct to that of protocatechuate
3.4-dioxygenase (Tyson, 1975). More recent evidence gleaned from nuclear
magnetic resonance spectroscopy and electron spin resonance spectroscopy has
shown that substrates are monodentate in the catechel 1,2-dioxygenase enzyme-
substrate complex and chelated in the protocalechuate 3,4-dioxygenase enzyme-
substrate complex (Que et al., 1987: Orville & Lipscomb, 1989). 1t seetns likely
that the first substrate hydroxyl group coordinates to the iron by displacement of a
hydroxyl group bound to the active site (Figure 1.5). Tt is not known for sure
whether the second substrate hydroxyl is accommodated by expansion of the iron

coordination number [rom [ive to six, or by displacement of one of the protein
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figands to the iron, but the available evidence indicates that the sccond hydroxyl
group displaces one of the His ligands, losing a proton (o it 1n the process (Figure
1.5) (True et al., 1990).

1.6 Mechanistic implications

None of the methods reported, including circular dichroism, has revealed
any perturbation of the nalive enzyme when it is mixed with buffer saturated with
oxygen (Harayama et al., 1992), but experiments done with protocatechuate 3,4-
dioxygenase have shown that when enzyme-substrale complexes are mixed with
buffer solutions containing oxygen, the absorbance at 470 nm decreases and then
increases again as the substrate is converted into product. With the decline at 470
nm there is also a concomitant increase al approximately 520 nm (Fojisawa ¢/ al.,
1972). The new speclral species is distinet from those of the enzyme or enzyme-
substrate species and is observed only in the presence of both oxygen and
substrate, suggesting that the new species is an oxygenated intermediate (ESQO»).
Rapid mixing techniques conducted with both catechol |,2-dioxygenase and
protocatechuate 3,4~-dioxygenasc have identified two sequential intermediates
[ESO; () and ESQO, (IT}] during the breakdown of substrates, both of which
¢xhibit some visible absorption due to the tyrosine-Fe3+ interaction (Bull ef al.,
1981; Walsh er af., 1983). In facl, at no stage during the reaction has a Fe?* state
ever been observed, in contrast to many haem cnzymes (Ahktar & Wright 1991),
Another feature of the intradiol-cleavage reaction which must be accounted lor, 1s
the fact that both atoms of molccular oxygen end up on carbons that were adjacent
to one another in the original substrate (Hayaishi et af., 1957). In the Light of these
observations, it has been suggested that instead of Fe2+ activating oxygen, Ted+
promotes ketonisation at C-3 of the substrale, o form a carbanion at C-4 (Figure
1.5) (Que, 1980), which may then react with oxygen in two steps: in the first step,
a superoxide radical and a resonance stabilised, semiquinone radical are produced
(Malmstrom, 1982); both radicals or doublets then recombine, generating an -
hydroperoxy ketone, a compound which has long been mooted as a possible ESO»
intermediate (Hamilton, 1974, Que et al., 1977, Fraser & Hamilton, 1982} (Figure
1.5). It has been suggested that this intermediate then cyclises, forming a four-
membered dioxetaine ring; however, bond energy calculations have shown this
would be extremely endothermic due to the considerable amount of bond strain
involved (Hamilton, 1974). The decomposition of such compounds is also
extremely exothermic and in model systems is accompanied by the emission of
blue light. this scenario seems unlikely in dioxygenases, given the excessive
stabilisation ol intermediates required by the enzyme and the fact that enzymatic

intradiol-cleavage reactions are not chemiluminescent. A different type of
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mechanism and one that also has parallels in organic chemistry (Cricgee, 1948),
was proposed by Iamilton (1974), Tt is based on the observation that hydroperoxy
ketones readily undergo acid-catalysed acyl migralion. Such reactions are also
accelerated by electron-donating substituents, which help to stabilise the incipient
carbonium ion (Sawaki & Ogata, 1978). This satisties other observations which
were made during the rapid-reaction studics: that clectron donating groups
incrcascd the rates of formation and decay of ESO, (I} complexes (Figure 1.5),
whereas electron withdrawing groups such as fluorine had the opposile eifect
(Walsh & Ballou, 1983; Walsh ez al., 1983). The second intermediate [ESO, (11)]
which was observed (Bull ef af., 1981; Walsh er al., 1983), was interpreted as an
enzyme-product complex (Figure 1.5) based on its resemblance Lo benzoate
complexes of catechol 1,2-dioxygenase and enzymes product complexes of
protocatcchuate 3,4-dioxygenase (Que ef al., 1980, Que & Epstein, 1981), Product
dissociation was shown to be rate-determining for both protocatechuate 3,4-

dioxygenase and catechol [,2-dioxygenase (Bull et al., 1981; Walsh e/ al., 1983).

1.7 Regulation of the J-ketoadipate pathway

The P-ketoadipate pathway, which is initiated by intradiol-cleavage,
consists of two parallel branches for the catabolism of catechol and
protocatechuate (car and pea genes respectively) derived from benzoate and 4-
hydroxybenzoate (Harwood & PParales, 1996). The cat branch involves 4 number
of enzymes, including catechol 1,2-dioxygenase, muconate lactonising enzyme,
muconolactone isomerase and hydrolase, cncoded by catd, carB, catC and card)
genes, respectively (Figure 1.6). In P, putida. and A. calcoaceticus, the cat genes
are posilively regulated by CalR and CalM respectively, which switch on gene
expression when the inducer, cis,cis-muconate, an intermediate of the
B-ketoadipate pathway, is present (Parsek ef al., 1992; Romero-Arroyo ef ul.,
1995) (Figure 1.6). catA, however, is expressed separately and is located several
kbp away from the remainder of the pathway genes (Kukor ez al., 1988; Neidle ef
al., 1988) and several studies suggest that in A. calcoaceticus, there exists another
regulator, or other regulators, distinct from CatM, which is or are able to activate
catA expression in response to both cis, cis-muconate and benzoate (Neidle er al.,
1987; Romero-Arrovo et al., 1995). caiR and catM are divergently transcribed
trom the operons which they regulate (Figure 1.7). The intergenic region, between
catR and caiBC in P. putida, has been particularly well studied and contains an
activator binding site and a repressor binding site wbich contain inverted repeat
scquence clements with TN11A and GN11A binding motifs respectively (Parsek

et al., 1994), CatR binds to the repressor binding site, both in the presence and
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Figure 1.6 The (wo branches of the B-ketoadipate pathway

The B-ketoadipate pathway in Pseudomonas puticda consists ol two parallcl
branches, for the catabolism of catechol and protocatcchuic acid (Harwood &
Parales, 1996). Also shown are the (wo metabolic precursors [or the pathway. -
hydroxyhenzoic acid and benzoate. The metabolic intermediate B-ketoadipate
serves as the inducer molecule for the pecaBDC genes and protocatechuic acid
induces the transcription of peaHG (Romero-Steiner ef af., 1994).
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Figure 1.7 Organisation and regulation of the structural genes of different
degradative operons in Gram-negative bacteria

The catechol degradative catB8CA operon, 3-chlorocatechol degradative
clcABD operon, trichlorocatechol degradative rebCDE operon and the
dichlorocatechol degradative tfdCDI operon, are posilively regulated by
divergently expressed regulator proteins (CatR, CleR, TcebR, TdR). The cle. ich

and ffd genes are cotranscribed, whereas carBC are transcribed separately from

catA (Chakrabarty, 1996; Matrubutham & Harker, 1994; Coco et al., 1993).
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absence of inducer, thus autoregulating its own (ranscription, but when the inducer
is present, the affinity for the activation binding site is incrcascd more than
twenty-fold (Rothmel ef @l., 1991; Parsek ef «f., 1994). CatM also binds upstream
of both carA and caiBC and a TN, ;A motif has been found in the catM-catBC
intergenic region in the same relative position to those that have been observed for
other LysR family members (Coco er ¢l., 1993; Schell, 1993). Dillerential binding
activity of CatM in the presence of c¢is,cis-muconate has so far not been
demonstrated, but CatM has been shown to autoregulate its own synthesis
ncgatively (Romero-Arroyo et al., 1995),

The transcriptional regulation of the genes required for the degradation of
protocatechuate (the pca gene branch of the B-ketoadipate pathway) (Figurel.6) is
less well understood than that of the ca# branch; however, it is known that the pca
genes are arranged in four physically distinct clusters (Hughes et al., 1988; Frazee
et af., 1993) and are known (0 be induced by protocatechuate in the case of
pcaHG (encoding protocatechuate 3,4-dioxygenase) and by B-ketoadipate in the
case of the remaining genes. A regulatory protein, PcaR, has been implicated in
the expression of peaBDC, which arc the genes encoding fB-carboxymuconale
lactonising enzyme, [-ketoadipatc cnol-lactone hydrolase and
v-carboxymuconolactone decarboxylase (Nichols & Harwood, 1995). However,
unlike catR and other members of the [ysR family, which are divergently
transcribed within their regulatory system, the location of pcaR is somewhat
removed from the defined members of the pca pathway; also, primary sequence
comparisons of CatR and PcaR from P. purida, show that if they are related, they
arc only distantly so (Nichoils & Harwood, 19935).

The microbial processes ol chemotaxis and solute transport operale as
early steps in benzoate and 4-hydroxybenzoate utilisation (ITarwood er af., 1984},
In . putide, chemotactic rcsponscs to benzoate and 4-hydroxybenzoate are
mediated by B-ketoadipate. 4-Hydroxybenzoate uptake is also dependent upon a
mcmbranc bound protein encoded by pcaK, which is not only induced by
B-ketoadipate bul is also subjcct to repression by benzoate., The exira layer of
regulatory control within the f-ketoadipate pathway helps to explain the
observation that P. putida cells presented with a mixture of substrates,
preferentially degrade benzoate before 4-hydroxybenzoate (Nichols &Harwood,
[995).

Of all synthetic chemicals, chlorinated aromatics are probably the most
refractory to bacterial degradation (Ghosal er al., 1985). The aerobic
biodegradation of haloaromatics has been reviewed by Reineke & Knackmuss
(1988) and it appears that in most instances, chlorocatechols are the central

metaholites. With one possible exception, further assimilation is via the intradiol-
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cleavage route (Kersten ef al., [985). At lcast three different bacterial strains
capable of degrading monochlore-, dichloro- and trichlorocatechols have been
isolated. The degradative genes c¢lc (Frantz & Chakrabarty, 1987), t¢cb (van der
Meer et al., 1991a, b) and #d (Don er al., 1985), which encode proteins for the
breakdown of chlorocatechol (Figure 1.8), trichlorobenzenc apd 2,4-
dichlorophenoxyacetate, respectively, have been characterised. While the catechol
degradative genes are chromosomally encoded, the chlorocatechol degradative
genes (clc, tch and tfd} are plasmid encoded and cotranscribed (Chakrabarty,
1996) (Figure 1.7). The first two steps in the degradation of 3-chlorocatechol are
carried out by chlorocatechol 1,2-dioxygenase and chloromuconale lactonising
enzyme, which are encoded by c/cA and cleB respectively (Figure 1.8). Entirely
analogous reactions are carried by the ¢fdC and ¢dD gene products and by the
tcbC and tebD gene products (Figure [.7), during the degradation of
dichlorcatechol and trichlorocatechol respectively (Harwood & Parales, 1996). All
three of the chlurocatechol gene clusters, cle, teb and #fd have there own positive
regulators, which are divergently transcribed and which ensure the functionality of
the pathway (Figure 1.7) (Matrubutham & Harker, 1994).

The precise mechanism of action of the LysR family of transcriptional
regulatory proteins is not known, however, all contain a common N-terminal
region which includes a helix-turn-helix DNA binding motif. A number of studies
suggest that the inducer interacts with LysR and induces a conformational change
upon the protein. The inducer-protein conformation may change the topology and
binding characteristics of the promoter region DNA and/or allow the protein to
interact with the RNA polymerase, resulting in transcriptional activation (Parsek
et al., 1994).

1.8 The genus Rhodococcus and Rhodococcus rivodochrous NCIMB 13259
Rhodococcus is a member of the nocardioform actinomycetes, alongside
Nocardia, Mycobacterium, Corynebacterium, Gordona and Tsukamurella
(Embley & Stackebrandt, 1994). Rhodococci are aerobic, Gram-positive and non-
motile and have a variety of growth patterns, starting with a coccus or short rod
stage, which may then form extensively branched hyphae (T'innerty, [992). The
colonies are usually red, orange or pink, due fargely, it is thought, to the presence
of carotenoid pigments (Takaichi er al., 1990). Rhodococel have been isolated
from a wide array of environments: from human sputum to oil-contaminated sea
water and are thought to be a significant part of the soll microbial community
(Warhurst, 1993). This diversity is perhaps a rellection of their enormous
metabolic capabilities, degrading alkanes, halogenated aromatics and other

substituted benzene derivatives, as well as heteroaromatics and polycyclic
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Figure 1.8 Comparison of B-ketoadipatc and modificd orthe-cleavage
pathways in Pseudomonas putida

The catechol branch {Figure 1.6) of the chromosomally encoded
B-ketoadipate pathway compared to the modified, plasmid encoded pathway for
the degradation of 3-chlorocatechol. The chloromuconate lactonising enzyme
catalyscs dechlorination and formation of dicnclactones, In the case of the
B-ketoadipate pathway, the corresponding enol-lactone is generated by two steps
catalysed by muconate lactonising enzyme and muconolaclone isomerasc.
Structurally, the ¢leB and carB gene products are closely related. The hydrolases,
encoded hy catD and ¢leD, in contrast, show significant differences. The final step
in the modified pathway, carried out by maleylacetate reductase, lacks any
counterpart in the B-ketoadipate pathway (Harwood & Parales, 1996).
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hydrocarbons (Warhurst & Fewson, 1994). Unlike the pseudomonads and other
Gram-negative bacteria, rhodococct do not generally exhibit catabolite repression
and in some instances the presence of an easily degradable substrate such as
glucose, actually acccleratcs the metabolism of other compounds such as
aromatics (Appel ef al., 1984: Fuchs et al., 1991). Because of these qualities and
their known persistence in the environment, rhodococci have been found ro be
effective In biloremediation tests, for example, in the removal of
pentachlorophenol (rom soil (Warhurst, 1993). These bacteria possess most of the
pathways needed for degrading and modifying aromatic compounds including
dioxygenase and monooxygenase ring attack and the cleavage ol catechol and
protocatechuate by intradiol- and extradiol-routes (Rast ez «f., 1980; Warhurst,
1993). Rhodococcus rhodochrous NCIMB 13259 can grow on styrene, toluene,
ethylbenzene and benzene as sole carbon sources and does this via an extradiol-
cleavage palhway (Figure [.9). This strain also contains a catechol [,2-
dioxygenase, but for reasons which are not clear, the remainder of the intradiol-
cleavage pathway appears to be absent and cis, cis-muconic acid derivatives appear
in the medivm when the extradiol-cleaving catechol 2,3-dioxygenase is inhibited
by 3-fluorocatcchol (Warhurst, 1993; Warhurst ef al., 1994).

1.9 Aims

The principal airns of this work were:

* 10 design a purification procedure lor catechol 1,2-dioxygenase from
Rhodococcus rhodochrous NCIMB 13259,

» to determine its physical, chemical and kinetic properties,
* to clone and sequence the gene encoding catechol 1,2-dioxygenase.
Secondary objectives were:

» 1o over-express and cryslallise catechol 1,2-dioxygenase,

« to characterise the crystals by X-ray crystallography.
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CHAPTER 2
Materials and methods
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2.1 Materials and general methods
2.1.1 Chemicals

Chemicals were AnalaR grade or betier and were obtained from BDH
Chemicals Lid, Poole, Dorset, UK, except for thosc listed below or in the
appropriate part of the text:
Aldrich Chemical Company Ltd, Gillingham, Dorset, UK: 4-methylcatechol, 3-
methylcatechol.
Amersham International, Little Chalfont, Bucks., UK: Hybond-N hybridisation
membranes.
Boeringer Corporation, Lewes, Sussex, UK: dithiothreitol, rabbit muscle fructose
1,6 bisphosphate aldofase.
Difco, Detroit, USA: nutrient agar.
Fisons Scientific Equipment, Loughborough, UK: boric acid, N,N''-mcthylenc
bis-acrylamide, sodium dodecyl suiphate and Tris-washed phenol.
FMC Bioproducts, Rockland, USA: SeaKem GTG agarose.
Gibeo Life Technologies Lid, Paisley, UK: 1 kb DNA ladder.
Morck, Darmstadi, Germany: nutrient broth, yeast extract, agar, bactotryptone.
New England Biolabs, MA, USA: Venr DNA polymerase.
Pharmacia Ltd, Milton Keynes, Bucks., UK: DEAE-Sephacel, phenyl-Sepharose,
Sephadex G-25, low M, standards for SDS-PAGLE, containing rabbit muscle
phosphorylase # (94 000) bovine serum albumin (67 000), ovalbumin (43 000).
bovine erythrocyte carbonic anhydrase (30 000), sovabean rypsin inhibitor
(20 100) and bovine milk o.-lactalbumin (14 400),
Promega Corporation, Southampton, UK: all restriction enzymes, T4 DNA ligase,
Tag DNA polymcerasc.
Sigma Chemical Company, Poole, Dorset, UK: heparin, ferrozine, Neocuprine,
catechol, protocatechuic acid, lysozyme, RNase, low melting point agarose,
Coomassie Brilliant Blue G250, ovalbumin.
‘Whatman International, Kent, UK: filtcr papcr.
V8 protease was a gift from Prof H. G, Nimuo, Division of Biochemistry and
Molecular Biology, University of Glasgow.

2.1.2 Glassware

Glassware was washed by soaking in Haemosol (10%), rinsed with tap
water and then distilled water. Glassware for iron analysis was treated with a 1:1
{v/v) mixture of conc. [H,S0, and HNOs, left for one hour and then rinsed with
tap water and then Milli-Q water (Millipore, USA).



2.1.3 pH measurcments

pH values were determined with an E.LL. model 7010 pH monitor (E.I.L.
Ltd, Cambernauld, Strathelyde, UK) connected to a glass electrode {Probion Ltd,
Glenrothes, Fife, UK).

2.1.4 Spectrophotometer

All spectrophotometric measurements were done with a4 Pye Unicam 8730
spectrophotometer (Cambridge, UK) in | ml plastic cuvettes, with & pathlength of
I cm, except when measuring absorbances at wavelengths below 340 nm, when
1 mi quartz cuvettes were used.

2.1.5 Preparation of chromatography media

DEAE-Sephacel and phenyl-Sepharose were supplied pre-swollen. Both
gels were degassed and then brought to 4 °C prior to pouring into columns, which
were then equilibrated with 4-5 column volumes of the appropriate buffer before
use. DEAE-Sephacel was cleaned with 2 M NaCl, and phenyl-Sepharose with
distilled water. Both gel types were stored in 30% (v/v) isopropanol.

2.1.6 Sterilisation

Small volumes under 50 ml were filtered through Millex-GV sterile filters
(0.22 UM pore, Millipore 5.A., 67 Molsheim, France). All other solutions
including growth media were sterilised by autoclaving at 120 °C (15 psi) for

75 min.

2.2 Microbiological methods
The bacterial strains and plasmids used during this project are listed in
Table 2.1.

2.2.1 Culture media and supplements

All cultwge wedia were sterilised (Methods 2.1.6) prior (o the addition of
supplements. All quantities are per litve of distilled water.
Luria-Bertani mediuvm (LLIB): 10 g NaCl, 5 g yeast extract, 10 g Bactotryptone
Nutrient broth: 13 g.
MMD: 26 g nutrient broth, 0.9g L-Glu, 2 g KH.PO4 1 g (NH4)»SO4,
0.4 g Mg504.7H,0, adjustcd o pH 7 with KOH (Barrowman & Fewson, 1985).
Chelatled meltals solution: to 500 m! of distilled water were added (in the order
given and waiting for each to dissolve before adding the next); 50 g nitrilotriacetic
acid; 125 ml of 5 M NaOH; the solution was then brought to pI 7 by the addition
of 5 M HCI; 1.1 g FeS04.7H,0, 50 mg Na;Mo(4.2H,0, 50 mg MnSO4.4H-0,
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ZnS04.7H20, CuS0O,4.5H,0, Coll;.6H,0, then made upto I | with water, Two ml
of solution were added to each litre of growth medium (Beggs & Fewson, 1977).

Solid media were produced by the addition of 1.5% (w/v) agur and the hot
solutions were then poured into petri-dishes and allowed to set overnight.
Antibiotics were filter sterilised (Methods 2.1.6) and added at the following
concentrations: ampicillin 100 pg ml=!, tetracycline 10 [tg ml~L

2.2,2 Maintenance of bacterial cultures

All bacteria used in (his project were stored at 4 “C. Rhodococenus
rhodochrous NCIMB 13259 was maintained on nutrient agar plates and in
10-20 ml of NB. Escherichia coli sirains were kept on LB agar plates containing
the appropriate antibiotic, when required.

2.2.3 Growth of bacteria
2.2.3.1 Escherichia coli

Small culturcs of up to 50 ml were prepared by inoculating LB (Methods
2.2.1), conlaining Lhe appropriate antibiotic when required, with single colonies
and incubating overnight at 37 “Con a rotary shaker (220 rpm). Larger culture
volumes were prepared by inoculaling LB, conlaining the appropriale antibiotic,
with a portion of the overnight culture and grown again at 37 °C, on a rotary

shaker.

2.2.3.2 Rhodococcus rhodochrows

R. rhodochrous NCIMB 13259 was grown at 30 "C on MMD medium
{(Methods 2.2.1}. Small volumes of upto 20 ml were inoculated with single
colonies and left without shaking for 2 d at 30 °C. A portion (2 ml} of the starter
culture was then added to 200 ml of medium and grown at 30 °C in 500 mi
conical flasks for 2 d on a rotary shaker. The culture was then transferred 1o 4 [ of
medium and grown in 10 1 flasks which were mixed with magnetic stirrers and
aerated at 4 | min' 1. After 24 h, 2.1 ml of benzyl alcobel were added to give a
final concentration of 2 mM. A further 2.1 ml of benzyl alcohol were added 4 h

later. After a total of 30 h the cells were harvested.

2.2.4 Harvesting bacteria

Bacleria were harvested by centrifuging at 5 000 rpm for 1G min in a
Beckman JA-10 rotor and then washed in approximately 0.02 volumes of Z-i
buffer () g (NH4)2SO4 17! and 2 g KFIPO4 17 adjusted to pH 7 with KOH). 'The

bacteria were then pelleted at 10 000 rpm for 10 min in a Beckman JA-14 rotor



and either stored at —20 "C or used immediately. Smaller culture volumes of 1-5m]

were microfuged at 12 000 rpm for 1 min.

2.2.5 Cell breakage

Bacteria were suspended in 50 mM Tris/HCIl, pH 7.5 to a final
concentration of 20 g (wet weight) of cells /50 ml of buffer and broken by 4
passes through a French press (Aminco, SLM Iastruments Inc., American
instrument Co, Urbana, lllinois 61801, USA) ar 117 M4,

Cells used for analytical purposes, for example when monitoring protein
expression, were resuspended in the requisite buffer and broken with a Lucas-
Dawes (London, UK) ultrasonic probe, operated at 60 W for 6 x 10 s pulses with
20 s intervals for cooling. Cells were kept on ice water throughout the operation to
prevent overheating.

2.3 Protein estimation
2.3.1 The absorption at 280 nm

During catechol 1,2-dioxygenase puriftcation, the protein concentration of
column fractions was determined by measuring the ahsorbance at 280 nm
(Methods 2.1.4).

2.3.2 The Bradford method

Routine protein estimations were done using the Bradford (1976) method.
Standard curves of the absorbance (595 nm) against prolein concentration
(0-100 pg ml V) were constructed. Both the experimental samples and the bovine
serum albumin standards were made up to 100 ul with 0.15 M NaCl before the
addition of 5 ml of the Bradford reagent [0.01% Coomassie Brilliant Blue G250,
5% (viv) ethanol, 10% (v/v) orthophosphoric acid].

2.3.3 The absorption coefficient of catechol 1,2-diexygenase

The concentration of purified catechol [,2-diogygenase (Methods 2.5) was
determined spectrophotomeirically at 280 nm (Methods 2.1.4) using the method
of Gill & Von Hippel (1989). Knowing the primary sequcnce, the maolar
absorption cocfficient (€) for calechol 1,2-dioxygenase denatured in 6 M

guanidiniumn/HCI (€v, ganner) was found with the following cquation:

£, GdnfHCI = A8M, Tyr + DEM, Trp + CEM, Cys
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Where a, b,and ¢ are the number of residues per subunit of Tyr, Trp and Cys
respectively and €y, ryn €M, Tip and €, Cys are the molar absorption coefficients of
Tyr, Trp and Cys respectively as determined by Edelhoch (1967). After measuring
the absorbance of catechol 1,2-dioxygenase at identical protein concentrations,
both in water and in 6 M Gdn/HCI, the absorption cocfficient of the native protein
(&M, pat) was calculated by applying the following equation:

€M, nat = (ADS nay) (&, Gac)/ (AbS Gawncr)

2.4 Catechol 1,2-dioxygenase activity determination
2.4.1 Assaying catechol 1,2-dioxygenase

Intradiol catechol 1,2-dioxygenase activity was assayed
spectrophotometricafly at 27 “C by measuring the increase in absorbance at
260 nm for the products from all substratcs cxcept protocatechuic acid whose
product was monitored at 270 nm. Reactions were carried out in 50 mM
sodinm/potassium phosphate buffer, pH 7, using various amounts (1-20 pl) of
enzyme and were initiated by the addition of 10 ul of 10 mM substrate (Warhurst,
1993).

Extradiol activity was monitored under the same conditions, except the
increase in product absorbance was monitored at 375 nin.

One unit of enzyme activity is defined as the amount of enzyme needed to
produce 1 pimol of product min=!.

2.4.2 Determination of absorption coefficients of substrates and produets

Duc to the significant absorbance of catechols at 260 nm, it was necessary
to apply a correction factor, since there Is a negative contribution to the
absorbance as substrate is consumed in the reaction. Agpey (substrate-product)
values were determined by enzymatically converting 4 known amount of catechol
to product as described by Dorn & Knackmuss (1978b). This was done with
50 mM sodium/potassium phosphate buffer, pH 7, 2 ul of B-mercaptoethanol and
25 ug of purified catechol 1,2-dioxygenase (Methods 2.5). The spectrophotometer
was set 1o zero absorbance and the reaction was started by the addition of 10 pl of
substrate {100 uM). When the reaction was complete, the absorbance was
recorded. The Ag,gq (substrate-product) values in mM-!em~! for various
catechols are as follows: catechol, 14.9; 3-methylcatechol, 135.9;
4-methylcatechol, 13.2. The experiment was also repeated wilh [00 mM
His/HCI, pH 6 and 100 mM Tris/HCI, pH 9.2 with no significant change rom the
reported value. The Agazq (substrate-product) value for protocatechuate was

9.1 mM~! ey~ (Stanier & Ingraham, [954).
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2.4.3 Analysis of initial velocities and determination of kinetic coefficients
The rates of enzyme reactions were measured spectrophotometrically
(Methods 2.1.4) with 7 to 8 different substrate concentrations (0.2- 5.0 uM) with
air-saturated buffer (100 mM Tris/HCL, pH 9} at 27 “C. The data were analvsed
using the Direct Lincar method and also by the Lineweaver-Burk and Hanes-
Wooll lincar methods using the Enzpack computer program (Williams, 1985), to

give estimates of the apparent K, and V values.

2.5 The purification of catechol 1,2-dioxygenase
All the following steps were done at 4 °C,

2.5.1 Buffer solutions used in the purification

Buffer A: 0.18 M NaCl, 50 mM Tris/HCl, pH 7.5.

Buffer B: 0.4 M NaCl, 50 mM Tris/HCL, pH 7.5.

Buffer C: NaCl 0.18 M, 15% (NHy4)250;4, 50 mM Tris/HCI, pH 7.5.
Buffer D: 50 mM Tris/HCI, pH 7.5.

2.5.2 Preparation of the clarified extract

After disruption ol the bacteria (Methods 2.2.3), ccliular debris was
pelleted at 12 000 rpm for 30 min in a Beckman JA-20 rotor. The supernate was
retained and clarified further in a Beckman T1.70 rotor at 45 000 rpm for 90 min
and used immediately.

2.5.3 DEAE-Sephacel chromatography

The clarified extract (80 ml) obrained from 20 g of cells was loaded al
60 ml h~T onto a DEAV-Sephacel column (2.6 x 10 ¢m) which had been
cquilibrated with Buffer A (Methods 2.5.1). The column was then washed al
60 ml h-ifor approximately 7 colwmn volumes with Buffer A. Catechol 1,2
dioxygenase was then eluted with a 300 ml positive salt gradient of Buffer A-
Buffer B (Methods 2.5.1). The flow rale was 20 ml h~! and those fractions (5 ml)
having 50% or more activity than that contained in the maximal fraction, were

pooled,

2.5.4 Phenyl-Sepharose chromatography

The ion-cxchange pool (27 mlb) was brought to 15% saturation (NIT4),50,
by the addition of 8.2 g (NH4)2S04 (100 ml)~! of eluate. The pool was then loaded
at 60 ml h 7 onto a phenyl-Sepharose column (2.6 x 10 cm) which had been pre-

equilibrated with Buffer C (Methods 2.5.1). The column was then washed for



approximately | column volume with the same buffer at 60 ml h-! for 2 column
volumes. Catechol 1,2-dioxygenase was then eluted with a negative (NHy),SO,
gradicnt of 300 ml (Buffer C-Buffer D) (Methods 2.5.1). The flow rate was
20 ml h=1 and all fractions (5 ml) having 50% or more ol that in the maximal
fraction were pooled.

2.5.5 Fast protein liquid chromatography

Protein required for crystallisation was purified further with a Mono Q
10710 jon-exchange column (Pharmacia, UK) operated at 1 mf min ! with a 30
min gradient [Buffer ID (Mcthods 2.5.1), 0.2 M NaCl to Buffer D, 0.4 M Na(Cl].
Supcrose 12 gel-permeation columns were operated at or below [ ml min-i, A
Pharmacia FPLC system was used throughout and the eluent monitored on-line at
280 nm.

2.5.6 Concentration of catechol 1,2-dioxygenase

(a) The (NHy)2804 concentration of the pooled phenyl-Sepharose fractions
(36 ml) was increased by adding 7.9 g of (NH4),S0O4 (100 ml)-! of eluate. The
pool was poured into a 20 ml syringe and concentrated in 1-2 ml of phenyl-
Sepharose gel which was contained in the bottom of the syringe by a glass wool
plug. Catechol 1,2-dioxygenase was eluted by gravity flow with 5-10 ml of Buffer
A (Methods 2.5.1) and collected manually.

(b} Samples for crystallisation experiments were concentrated [urther in

Centricon-30 ultra filtration units (Amicon).

2.5.7 Storage of catechol 1,2-dioxygenase
Protein which was used for crystallographic studies was kept at 4 °C,
otherwise it was stored in Eppendorf tubes at —20 °C.

2.6 Crystallisation and X-ray crystallography
2.6.1 The crystallisation of catechol 1,2-dioxygenase

Crystals were grown using the sitling drop vapour diffusion lechnique
(Blundell & Johnson, 1976), in 24-well, sitting drop trays (NBS Biologicals, UK).
Each well was filled with 1 ml of precipitant sofution (Jancarik & Kim, 1991);
4 ul was then transferred from each well ta the corresponding reservoir where it
was mixed with 4 ul of purified (Methods 2.5) protein (25 mg mI-'). The plates
were covered with ‘crystal clear’ tape (Manco inc., Westlake, Ohio, USA) and left

to equilibrate with the well solution at 18 °C.,



2.6.2 Microseeding

Protein was allowed o equilibrate with the well solution for 3-5 d. A
crystal, obtained from a previous experiment, was washed briefly in 10 ul of
precipitant solution and then transferred 1o 10 Hl of [resh precipitant solution
where it was crushed with a needle. The microcrystals were diluted 20-fold with
precipitant and then Introduced into cach reservoir with a human hair {Stura &
Wilson, 1992).

2.6.3 Characterisation by X-ray crystallography
X-ray crystallography was carried out on a Siemens area delector. Data
were processed using the XDS progran (Kabsch, 1987).

2.7 Polyacrylamide gel electrophoresis
2.7.1 SDS-PAGE

SDS-PAGE was performed essentially according to Laemmli (1970). The
volumes quoted are for two gels.
(a) 12% (w/v) resolving gel

The following solution components: distilled water (3.3 ml), 30% (w/v)
acrylamide
(4 ml), 1.5 M Tris/HCL, pH 8.8 (2.5 ml), 10% (w/v) SDS (0.1 ml), 10% (w/v)
ammonium persulphate (0.1 ml) and TEMED (0.004 ml), were mixed, poured
between glass plates and overlaid with several drops of distilled water. Once set,
any unpolymerised liquid which remained was gently blotted {rom the gel surface.
(b) 5% (w/v) stacking gel

The following solutions: distilled water (3.4 ml). 30% (w/v) acrylargide
(0.83 ml), 1M Tris/HCI, pH 6.8 (0.63 ml), 10% (w/v) SDS-PAGE (0.05 ml),
10% (w/v) ammonium persulphate (0.05 ml) and TEMED (0.005 ml) were mixed
together and poured on top of the resolving gels. Ten-track Teflon combs were
inscrted and the gels left to polymerise.
{c) Sample preparation and electrophoresis

Samples (1-50 pg) were mixed with 2 volumes of loading buffer {60 mM
Tris/HCI, pH 6.8, 1% SDS, 20% (v/v) glycerol, 50 mM dithiothreitol and 0.002%
Bromophenol Blue] and boiled for 4 min. The reservoir buffer was
25 mM Tris, 250 mM glycine, pH 8.3, 0.1% SDS. Gels were run at 200 V on a
BIO-RAD, Mini-PROTEAN II apparatus, until the Bromophenol Blue dye had
reached the bottom of the gel.



2.7.2 Phosphate SDS-PAGE

Gels (5% acrylamide) were made from the following: distilled water
{5.25 ml); 30% (w/v) acrylamide (2.25 mi); 0.2 M sodium phosphate, pH 7.2
(2 mi); 10% (w/v) SDS (0.1 ml); 10% (w/v) ammonium persulphate (0.1 mi);
TEMED (0.005 mi). Ten-track Teflon combs were inserted and the gels left to
polymerise.
{a) Sample preparation and electrophoresis

Proteins (5-10 ug) were mixed with 0.1 ml of sample buffer (1% (w/v)
SDS; 0.01 M sodium phosphate, pH 7.2; 10% (v/v) glycerol; 0.002%
Bromophenol Blue) and 1 M dithiothrcitiol (5 [) and boiled for 4 min. Samples
(5-20 pul) were applied to the gel. Electrophoresis was performed in 0.1% (w/v)
SDS, 0.05 M sodium phosphate reservoir buffer at 60 V until the dye layer was
approximately 1 em from the bottom of the gel.

2.7.3 Non-denatnring PAGE

The gels were cast as in Methods 2.7.1, but were aged overnight to remove
unwanled [ree radicals.
(a) 8% (w/v) resolving gel

Resolving gels were cast {rom the following solutions: distlled water
(4.6 ml), 30% (w/v) acrylamide (2.7 wml), }.5 M Tris/HCI, pH 8.8 (2.5 ml),
10% (w/v) ammonium persulphate (0.1 ml) and TEMED (0.006 ml).
{b) 3% (w/v) stacking gel

Stacking gels consisted of the following solutions: distilled water (3.7 ml),
30% (w/v) acrylamide, 1.5 M Tus/HCL, pH 6.8 (0.52), 10% (w/v} ammoniuin
persulphate (0.05 ml) and TEMED (0.004 ml)
(¢)Sample preparation and electrophoresis

Samples (2-60 Lg) were mixed with an equal volume of sample buffer
[509% {v/v} glycerol, 0.002% Bromophenol Blue] and 10-25 gl applicd 1o the gel.
The reservoir buffer was 25 mM Tris, 250 mM glycine, pH 8.3, Electrophoresis
was done at 60 V until the dyc reached the bottom of the stacking gel and then
increased to 120 V until the dye reached about three-quaters of the way down the
gel. Gels were either stained for protein (Methods 2.7.4) or were cut up in strips (2
x 10 mm) and assayed for activity (Methods 2.4.1),

2.7.4 Staining and destaining of gels

All polyacrylamide gels were stained [0.25% Coomassie Brilliant Blue
G250, 45% {(v/v) methanol, 10% (v/v) glacial acelic acid] for 15 min at
55 °C and then destained [10% (v/v) acetic acid, 10% (v/v) methanol] for 2 h at

the same temperature.
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2.7.5 Gel Scanning

Gels were scanned with an LKB 2202 Ultrascan laser densitometer,

2.8 Protein chemistry
2.8.1 Lyophilisation

Frozen samples were placed in a desiccator attached to a Tlexi-dry
lyopohiliser (F.T.S. Systems Inc., Stonc Ridge, NY, USA) and the desiccator
evacuated with a Tavac (Farnham, Swrey, UK) vacuwm pump.

2.8.2 Desalting and buffer exchange

Sephadex G-25 gel filtration columns of the appropriate size, and pre-
equilibrated with the requisite buffer were used for desalting and buffer exchange.
In order to avoid excessive dilution, sample volumes were generally 10-20% ol
the total column volume. Columns were operated at 40-60 ml h-!.

Where dilution was undesirable, samples were concentrated by
centrifugation (12 000 g) in Centricon-30 ultra-filtration units (Amicon), diluted
with the appropriate buiffer, and the process repeated a further 5 times.

2.8.3 Staphylococcus aurcus V8 protease digestion

Protein solutions were made 50 mM NH4HCO,;, pH 7.8, 2 M
guanidine/HCI by ultra-filtration (Method 2.8.2) and incubated for 15 min at
37 °C. The denatured protein was then diluted with 2 volumes of distilled waler
and digested with V8 protease for 5 h at 37 "C using a protease:protein ratio of
I: 50 (w/w). At the end of the incubation the peptides were snap-chilled over a
mixture of methanol and COy gy and lyophilised (Methods 2.8.1}.

2.8.4 Separation of peptides by HPLC

Peptidic digests (Methods 2.8.3) were dissolved in 0.1% trifluoroacetic
acid (TFA) in water and separated by HPLC using a Waters bondpack I8
column (Millipore, Milford, MA, USA) with the following gradient: 100% A
(0.1% TEA)-50% B [0.1% TFA in 90% (v/v) acetonitrile]. The flow ratec was
1 ml min~1 and the peptides were defected at both 220 nm and 280 nm with a

Shimadzu photodiode array detector (Shimadzu, Japan).

2.8.5 N-Terminal and peptide sequencing

N-Terminal and peptide sequences were determined by Dr J. N. Keen,
Department of Biochemistry, University of Leeds, Leeds, UK. Samples were
subjected (o automated liquid-pulse Edman degradation on an Applicd biosystems

477A sequencer with on-line narrow bore HPLC and 610A data analysis,
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2.8.6 Electrospray mass spectroscopy

Mass spectroscopy was carried out on a VG platform quadrupole mass
spectrometer litled with a pneumatically assisted electrospray source and
controlled using the VG Mass Lynx software {VG biotech Ltd, Altrincham,
Cheshire, UK). The carrier solvent [1:1 {v/v) acetonitrile/water] infusion was
controlled at a flow rate of 10 pl min~! using a Harvard syringe pump (Harvard
Apparatus, South Natic, MA, USA). Capillary voltages were between 2.8-3.2 kV,
extraction cone voltages 20-30 V and the focusing cone voltage offset by +10 V.
The source temperature was set at 65 °C and the nebulizing gas flow at 101 h-!.
Before usc, the instrument was calibrated over the molccular weight range of
interest with horse heart myoglobin. Samples were desalted by ultra-filtration
(Mcthods 2.8.2) with HPLC gradc water, diluted with an equal volume of 4%
(v/v) formic acid in acetonitrile and then [0-20 ul samples werce injected into the
instrument. The raw data was processed using the MaxEnt deconvolution
programme using | Da peak width and | Da/channel resolution.

2.8.7 Cross-linking ol enzyme subunits

Purified catechol [,2-dioxygenase (Methods 2.5) and aldolasc were
chemically cross-linked, in separate reactions, with the bis-imidoesters;
dimethylpimelidate and dimethylsuberimidate. Due to the extremely short half-
life of bis-imido esters in solution, a double strength stock solution of the cross-
linking reagent was prepared immediately before use (0.2 M NaCl, 0.1 M
triethanclamine/HCL, pH 8, 40 mM bis-imidoester, adjusted to pH 8 with 5 M
NaOI). Proteins were placed in 0.2 M NuCl, 0.1 M utethanolamine/HCl, plT 8,
by ultra-filtration (Methods 2.8.2) and the concentration adjusted to 2 mg ml-!, so
that upon addition of the cross-linking reagent the protein concentration was
approximately L mg mi~'. The reaction was carried out in a volume of 100 il and
was allowed to continue for 1 h at room temperature, whereupon the samples were
analysed electrophoretically (Methods 2.7.2 & 2.7.5).

2.8.8 Iron analysis by colorimetry and atomic absorption spectremetry
Acid-washed glassware (Methods 2.1.2) was uscd throughout and all
sotutions were madc with Milli-Q water. Iron standards were made from suitably

diluted iron standard solution (BDH Laboratory supplies, Poole, UK).

2.8.8.1 Colorimetry

The colorimetric quantitation of iron was performed essentially according
to Iish (1988). Catechol [,2-dioxygenase was desalted on Sephadex (G-25
(Methods 2.8.2) and its concentration adjusted to 2-4 mg ml~). The protein
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solution (1 ml) was mixed thoroughly with 0.5 ml of solubilising reagent [0.6M
HCI, 2.25% (w/v) KMnO4] and digested for 2 h at 60 “C. Following digestion, (.1
m] of chelating reagent (6.5 mM feirozine, 13.1 mM Neocuprine, 2 M ascorbic
acid, 5 M ammonium acetate) was added and the resulting solution left to stand
for 1 h to allow the magenta colour to develop. The absorbance of the
experimental samples was measured at 562 nm (Methods 2.1.4) and converted
into Kg Fe by using a standard curve constructed from the absorbance values of
known iron standards. The absorbance of both the standards and the experimental
samples were corrected with a rcagent blank. Water was used as the blank

correction to the standards and solubilising reagent to the experimental samples.

2.8.8.2 Atomic absorption spectroscopy

Atomic absorption spcetroscopy was carried out by Mr M. Beglan,
Department of Chemistry, University of Glasgow, on a Perkin Elmer Cetus
Atomic absorption spectrophotometer with an oxy-acetylene flame and the
amount of Fe determined by using known iron standauds.

2.8.9 Determination of total sulfhdryl groups

The determinaton of total sufhdryl groups was performed as described by
(Habeeb, 1972). Approximately 0.01-0.04 1l of protein solution (~1 mg mi 1) was
dissolved in 6 ml of solution containing 2% (w/v) SDS, 0.08 M sodium phosphate
buffer, pH 8 and 0.5 mg EDTA ml~! . To 3 mi of the solution was added 0.1 ml
dithionitrobenzoic acid (DTNB) solution (40 mg DTNB in 10 ml of 0.1 M sodiumn
phosphate buffer, pH 8). The colowr was developed for 15 min and read at 410 mn
(Methods 2.1.4), against prolein solution in SDS, to give an apparent absorbance,
A reagent blank was subtracted [rom the apparent absorbance to give the net
absorbance, which was then combined with a molar absorption value of
13 600 M~! cm ! to give Lhe total sulthdryl content.

2.9 Molccular biological methods

2.9.1 Buffers and solutions

TU: 10 mM Tris/HCI, pIT &, t mM EDTA, pH 8.

10 x TBE: 108 g Tris base, 55 g boric acid, 40 ml 0.5 M I'DTA, pll 8 and made
upto 1 [ with distilled water.

10 x TEA: 49 g Tris base, 11.4 mi acetic acid, 20 mi EDTA, pH 8 and made upto
I 1 with distilled water.

STET: 10 mM Tris/HCI, ptl §, 50 mM EDTA, pH 8, 8% (w/v) sucrose,
0.5% Triton X-100.

20 x SSC: 3 M Na(l, 0.3 M sodium citrate.
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Denaturing solution: 0.5 M. NaOH, 1.5 M NacCl.

Neutralising solution: 1.5 M NaCl, 0.5 M Tris/I{Cl, pH 7.4.

Prehybridisation buffer: 6 x SSC, 50 g heparin ml-!

Hybridisation solution: 6 x SSC, 50 ug heparin mi~!, 0.5% SDS.

Loading buffer: 10 mM Tris/HCI, pH 7.2, 1 mM EDTA, 20% {w/v) ficol, 0.5%
Bromophenol Blue, 0.05 mg ethidium bromide ml-' .

2.9.2 Agarose gel electrophoresis

Samples were mixed with 0.2 volumes of loading buffer (Methods 2.9.1)
and loaded onto 0.50-0.75% agarosc gels, which were made with either
| x TEA bulfer or I x TBE buflfer (Methods 2.9.1). Electrophoresis was
performed in the requisite buffer at 80-120 V with a Hybaid Electro-4 system.

2.9.3 Purification and recovery of DNA from agarose gels

Samples were separated clectrophoretically using 0.5-1.0% agarose/TEA
gels (Methods 2.9.1, 2.9.2) and the requisite band excised with a scalpel under
UV light. The fragment was then extracted with Spin-X centrifuge (lters (Costar
Inc, Mass, USA) according to the manufacturer’s instructions.

2.9.4 DNA purification
Proteins and salts were removed with the Wizard clean-up kit (Promega,

UK) according to the manufacturer’s instructions.

2.9.5 DNA concentration

All nucleic acids were concentrated by ethanol precipitation. To | volume
of the nucleic acid solution was added 0.1 volume of 1 M NaCl and 2 volumes of
ethanol. The solution was vortexed briefly and then kept at 70 °C for 15 min,
before being centrifuged at 12 000 pm for 10 min in a Jouan MRI14 .11
centrifuge. Pellets were washed in 70% (v/v) cthanol (—20 "C), air-dricd and then

dissolved in distilled water,

2.9.6 Large scale plasmid purification
High quality plasmid DNA required for scquencing or PCR work, was
purified from 50 ml overnight cultures (Methods 2.2.3.1) using Qiagen midi-preps

{(Qiagen Inc, Hilden, Germany) according to the manuflaclurer’s instructions,



2.9.7 Small scale plasmid preparation

Plasmid DNA required for analytical purposes was obtained using a
lysozyme boiling method. Qvernight cultures (iml) (Methods 2.2.3.1) were
centrifuged for 5 min at 12 000 rpm on a beneh top microfuge and the pellets
resuspended in 350 i STET (Methods 2.9.1). The suspension was boiled for 45 s
with 25 pl lysozyme (10 mg mi-!) and then microfuged for 15 min at 4 °C. The
supernale was placed into a fresh Eppendorf tube and vortexed briefly with 40 pl
sodium acctate (2.5 M) and 420 ul isopropancl and then kept at —2¢ °C flor
15 min, before microluging at 12 000 rpm at 4 "C. The supernate was then
decanted off and the residue washed twice with (.2 m! ethanol, before being air-
dried for 5 min. The pellet was then dissclved in [0-30 (U of distilled water.

2.9.8 Purification of gcnomic DNA from Riodococcus rhodochrous

Genomic DNA was purified csscntially according lo Saito & Miura
(1966). Cultures (200 ml) (Methods 2.2.3.2) were centrifuged in a Beckman JA-
20 rotor at 5 Q00 rpm for 10 min. The pellets were washed twice with 25 ml of TE
buftfer (Methods 2.9.1), resuspended in 6 ml TE buffer and incubated at 37 °C for
1 h with 12 mg of lysezyme. The lysate was then extracted using an equal volume
of Tris-saturated phenol and the solution mixed gently for 0.5 h before
centrifuging in a Beckman JA-20 rotor at 5 000 rpm for 10 min. Two further
organic extractions were performed on the aqueous layer with
phenol:chloroform:isoamylalcohol (Sigma, UK). Finally, the aqueous layer was
retained and the DNA concentrated by ethanol precipitation {Methods 2.9.5).

2.9.9 Oligonucleotide synthesis

Oligonucleotides were made on an Applied Biosystems DNA synthesiser
(Model 381 A) by Dr V Math, Division of Biochemistry and Molecular Biolagy,
University of Glasgow and supplied in a solution of 35% (v/v) NH,OH. Before
use, oligonucleolides were isolated by ethanol precipitation (Mcthods 2.9.5) and

diluted in an equivalent volume of distilled water.

2.9.10 Polymerase chain reaction

The polymerase chain reaction was performed on a DNA Thermal cycler,
Model 480 (Perkin Elmer Cetus, USA) in 0.5 ml micro centrifuge tubes. DNA
polymerase was added after an initial 3 min denaturation step (95 "C) and all
reaction mixtures were covered with 80 pl of light mineral oil (Sigma, UK) to
prevent sample evaporation. Anncaling tempceratures (T,) for cach primer were
estimated by subtracting S *C [rom the neliing temperatures (Ty,) (Bej ef al.,

1991) which were calculated with the GenelJockey program (Taylor, 1991).
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2.9.10.1 Amplification with degenerate oligonucleotide primers

PCR was performed with the following buffers in a reaction volume of
100 wl: 25 mM MgCl, (14 pl), 10x reaction buffer {(0.1 M Tris HCl, pH 9, 0.5 M
KCl, 1% Triton X-100) 10 ul], 10 x dNTPs [(10 mM dATP, 10 mM d4CTP, 10
mM dGTP, 10 mM dTTP) 8 ull, 1 ug ol each primer (Methods 2.9.9), 4% (v/v)
dimethylsulfoxide , 200 ng DNA (Methods 2.9.8) or | pul from a previous PCR
experiment, 1 gl Tag DNA polymerase,

Thirty cycles were carried out as follows: denaturation at 95 “C for | min;:
annealing at 40-54 °C for 4 min, followed by a 45 s extension at 72 °C,

2.9.10.2 Amplification with homologous primers

Vent DNA polymerase was used because of the higher [idelity of this
enzyme, Reaction conditions were the same as in Methods 2.9.10.1, except no
added MgCly was used, since the proprictary buffer already contained Mg2+
[(10 x ThermoPol buffer: 0.1 M KCI, 0.2 M Tris/HCL, pH 8.8,
0.1 M (NHg)2S04, 20 mM MgSQy, 1% Triton X-100) 10 1]

Twenty-five cycles were carried out as follows: denaturation a1 95 °C for |
min; annealing at 54 °C for 1.5 min, followed by a 45 s extension at 72 °C.

2.9.10.3 PCR for automated sequencing

PCR was carried out using the ABI PRISM Dye Terminator Cycle
Sequencing Ready Reaction Kit using 200 ng of primer (Methods 2.9.9) and | ug
of DNA (Methods 2.9.6). Thirty cycles were carried out as follows: denaturation
4l 95 °C for | min; annealing at 55 "C for 1 min, followed by a 2 min cxtension at
72 °C.

2.9.11 Restriction endonuclease digestion of DNA

Genomic DNA digestions were performed overnight on upto 10 ug of
DNA (Methods 2.9.8) in 100-300 ul volumes. Upto 5 pg of plasmid DNA or PCR
products were digested in 20 pl volumes for 3 h. All reactions were done vsing
the appropriate number of enzyme units and under conditions recommended by
the manufacturer. After digestion, restriction enzymes were inactivated where
possible and when appropriate, by heating to 65 “C for 20 min.

2.9.12 Radioactive labelling

Specific fragments of DNA that were used as radioactive probes were first
excised from the requisite vector DNA using the appropriate restriction enzymes
and then purified by agarose gel electrophoresis (Methods 2.9.3). The DNA
fragment (30 ng) was then denatured at 95 "C for 10 min and labelled with the
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Random Primed DNA labelling kit (USB, Cleveland, USA) cssentially according
to the manufacturer’s instructions. Unincorporated nucleotides were removed with
Chroma Spin+TE-10 columns (Clontech Laboratories Inc, CA, USA). Before use,
the purified probe was denatured by heating it to 80 "C.

2.9.13 Transferring DNA onto Hybond-N nylon membranes
2.9.13.1 Southern hlot

DNA fragments (Methods 2.9.11) were transferred to TTvhond-N
membranes (Amersham, UK) using the capillary blot method of (Southern, 1975),
as described by Sambrook ef «f. (1989). Altcr clectrophoresis of the DNA
fragments, the agarose gel was soaked in denaturing solution (Methods 2.9.1) for
45 min to denature the DNA and then transferred to neutralising solution
(Methods 2.9.1). After 30 min, the neutralising solution was replaced with {resh
solution and the soaking continued for a further 15 min. A wick was made by
wrapping a gel tray with a strip of Whatman 3MM filter paper and then placed in
a glass casserole dish. The dish was filled with transfer solution (10 x SSC,
Methods 2.9.1), until the level of the liquid almost reached the top of the wick.
The gel was placed on top of the wick and surrounded with saran wrap Lo prevent
short-cireuiting the blotting process. A piece of Hybond-N membrane, the same
size as the gel, was placed on top and any air bubbles removed with a glass rod.
Three pieces of Whatman 3MM filter paper, cut to size and wetted with transfer
solution, were placed on top of the membrane. A stack of paper towels was then
placed on top of the 3MM paper and weighed down with about 0.5 kg, After
aboul 15 h, the gel was removed, restained in ethidium bromide (10 pg ml' ') and
checked on a UV (ransilluminator lo make sure that the transfer had been
successful. The membrane wus soaked for 5 min in 6 x SSC (Methods 2.9.1) and

then allowed to air-dry.

2.9.13.2 Colony lifts

Recombinant bacteria (Methods 2.9.17) were translerred onto Hybond-N
membranes according (0 Hybond-N (1995). Membrane filters were laid upon agar
plates (pre-cooled for at least 1 h) and marked with a pin in order to ensure correct
orientation of the colonies in subsequent manipulations. In order to lyse the
bactera and denature the DNA, the membrane filters were placed colony side
uppermost on 10% (w/v) SDS-soaked Whatman 3MM filter paper for 3 min and
then removed and placed on Whatman 3MM paper soaked in denaturing solution
(Methods 2.9.1). After 7 min the membranes were removed and placed on
Whatman 3MM filter paper soaked in neutralising solution (Methods 2.9.1). At

the end of 3 min, the membranes were removed and laid on more filter papers
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containing fresh neutralising solution. [inally, the membranes were washed
vigorously in 2 x SSC (Methods 2.9.1) to remove proteinaccous materiat and
allowed to air-dry.

2.9.14 Hybridisation of DNA with the radiolabelted probe

Hybridisations were done in heal-sealed bags in a total volume of 10-20
ml with [-2 ng mi-! of radiolabelled probe (2.9.12).

DNA (Methods 2.9.13) was cross-linked to Hybond-N membranes
{Amersham, UK) by exposure to UV radiation for 2 min, after which the
membranes were blocked by incubation in prehybridisation buffer (Methods
2.9.1) for 2 h at 68 °C. The prehybridisation buffer was then exchanged for
hybridisation buffer (Methods 2.9.1). The (emperature was maintained at 68 *C
for 6 h, whereupon the membranes wese washed at room temperature in 2 x SSC
{Methods 2.9.1), 0.5% SDS [or 5 min, followed by a subsequent wash with
2 x 88C, 0.1% SDS for 15 min. The filters were then given two further 1 h
washes with 0.1 x SSC, 0.5% SDS, one at 37 °C followed by another at 68 °C.
Finally, the filters were rinsed in .1 x SSC, dried and then autoradiographed
{Methods 2.9.16) for 24 hat =70 °C.

2.9.15 Nucleic acid sequencing
2.9.15.1 Manual sequencing

Sequencing gels (6%) were made by mixing 63 g urea, 22.5 ml 40% (w/v)
acrylamide, 15 ml 10 x TBE (Methods 2.9.1) and making upte [50 ml with
distilled water. TEMED (125 pll} and 750 pl ot 10% (w/v) ammonium persulphate
were added, mixed well and the gel-mix poured between 45 mm gel-plates and
aliowed to sct overnight. Purified plasmid DNA (Methods 2.9.6) was sequenced
manually using the USB Sequensase 2.0 DNA Sequencing Kit (Amersham, USA)
which was uscd according to the manuofacturer’s instructions. Just before the
samples were foaded (3 ul/well), they were heated to about 80 “C and placed on
ice (o prevent renaturing. The samples were then loaded onto pre-heated gels and
electrophoresed at 40 mA using a 45 mm standard thermoplate sequencer (IBI,
Connecticut, USA), untii the Bromophenol Blue dye teached the base of the gel.
After electrophoresis, the gel was fixed for 30 min [10% (v/v) methanol, 10%
(v/v) acetic acidl, transferred to a sheet of 3MM Whatman filter paper and dried at
80 “C under a vacuum on a gel-drier. The dried gel was then autoradiographed
{Methods 2.9.16).
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2.9.15.2 Automated sequencing

PCR reaction products (Methods 2.9.10.3) were ethanol precipitated
(Methods 2.9.5), redissolved in loading buffer (3 pl formamide) and then loaded
onto 24 mm 4.75% (w/v) polyacrylamide gels, which were prepared and operated
by Mr G. Hamilton, Division of Molecular Genetics, University of Glasgow,
using an ABI DNA sequencer {(model 373A). The results were analyscd using the
Genelockey sequence processor {Taylor, 1991).

2.9.16 Auatoradiography
Autoradiography was done by exposure of Ilyperfilm MP (Amersham,
England). which was then developed with a Kodak X-Omat.

2.9.17 Cloning

Digested plasmid DNA (Methods 2.9.11) was dephosphorylated in order
to minimise the religation of plasmid DNA, 5 ends (a) and then ligated to insert
DNA (b). Competent cells were then transformed with ligation products (¢).

(a) Dephosphorylation

Calf intestinal alkaline phosphatase (Promega, UK) was added to digested
plasmid DNA at 0.1 units pmel ! of 53' ends, where one unit is defined as the
amount of enzyme required to catalysc the hydrolysis of 1 jmol of 4-nitrophenyl
phosphate per min at 37 °C in | M diethanolamine, 10.9 mM paranitrophcnyl
phosphate, 0.5 mM MgCl,, pH 9.8 (Promecga, 1996). For those restriction
enzymes which could not be heat deactivated and which exhibited star activity at
high pH values, digests were first purified (Methods 2.9.4) prior to the addition of
calf intestinal alkaline phosphatase. In all other instances, calf intestinal alkaline
phosphatase was added directly to restriction digests and reactions carried out in
volumes of 100 pl, under conditions recommended by the manufacturer. Upon
completion of the reaction, the DNA was purified (Methods 2.9.4).
(b) Ligation

T4 DNA ligation of purificd DNA moictics (Mecthods 2.9.4) wus carried oul

in a total volume of 10 pi using 10 x T4 DNA ligase buffer (1 pl) and T4 DNA
ligase (1 pl). Reactions were done at 15 °C overnight. Plasmid DINA: insert DNA
molar ratios vacied from 1:2 to 1:4, using upto 80 ng of plasmid DNA/reaction.
{¢) Preparation of competent cells and their transformation

Apart from . coli X1L.2-Blue ultra-competent cells which were used
according to the manufacturer’s instructions, all other cells werc prepared as
follows: LB (50 ml) was inoculated with 1 ml of overnight culture (Methods

2.2.3.1) and grown to an optical density at 550 nm of 0.4-0.6 and centrifuged in a



chilled Beckman rotor at 5 000 rpm for 5 min and resuspended in hall volumes of
ice cold 30 mM CaCls. The cells were left on ice for 30 min, pelleted and then
resuspended n 4 ml of 50 mM CaCl,. To trausform Lhe cells, 3 (Ul of ligation mix
was added to 100 Ul of competent cells and incubated for 30 min with occasional
stirring. The cells were transferred to a 42 °C waterbath for [ min and then
immediately placed on ice for a further 2 min before resuspending in LB (I ml).
The cells were incubated for 1 h at 37 °C to allow expression of antibiotic
resistance. Suitable samples were then plated out onto selective plates and
incubated overnight at 37 *C (Methods 2.2.1).
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CHAPTER 3
Purification and crystallisation of
catechol 1,2-dioxygcnase



3.1 Purification of catechol 1,2-dioxygenase

Catechol 1,2 dioxygenase activity in Rhodococcus rhodochrous NCIMB
13259 was first demonstrated by Warhurst (1993) bul the enzyme was not
isolated. In order to study catechol 1,2-dioxygenase in detail, a method for its
purification had to be developed. Initial handling revealed catechol 1,2-
dioxygenase to be stable in 50 mM Tris/HCI, pH 7.5 and so this buffer was used
routinely throughout. The effectiveness of cach potential purification step was
monitored by recording puritication factors and yields, the aim being to maximise
both. Chromatographic and ammonium sulphate separations were also analysed
by SDS-PAGE (Methods 2.7.1). All of the purification steps that were tried are
described here, even if they were not inciuded in the {inal method, which is
described in Methods 2.5.

3.1.1 Growth of cells and the production of extracts

The apparent lack of catabolite repression in R. rhodochrous cnabled
Warhurst (1993) to grow the bacteria on NB before inducing catechol I,2-
dioxygenase with styrene vapour. At the outset of the present work, however, it
was found to be much more convenient to induce catechol 1,2-dioxygenase,
during growth on NB, with benzyl alcohol (Methods 2.2.3.2), since it is more
soluble than styrene and less volatile and toxic. In order 1o achieve higher cell
densilies, NB was substituted by the much richer MMD mediun (Methods 2.2.1),
which gave (wice the yicld [8 g cells (wet weight) 1], without sacrificing the
specific activity of catechol 1,2-dioxygenase, which was 0.2-0.4 units (mg
protein)~1, for both NB and MMD.

Cell harvesting and protein extraction were carled oul according to
Methods 2.2.4, 2.2.5 & 2.5.2.

3.1.2 Ammonium sulphate fractionation

This was one of the first purification methods to be investigated, not only
because it can give cheap and effective separations, but also because it is a uselful
way of concentrating protein solutions. Optimal separations were achieved with
50-90% saturation (NH4)»SOy fractions, with 2-fold purification and yields of

60%, but the method was not included in the {inal preparation.

3.1.3 Ion-exchange chromatography in DIEAIL-Sephacel

Anion-exchange chromatography (Methods 2.5.3) was chosen as the {irst
step in the purification. Preliminary experiments with DEAE-Sephacel resin using
positive NaCl gradients showed that catecho! 1,2-dioxygenase eluted between
0.2 and 0.4 M NaCl and so prior 1o loading, the gel resin was pre-cquilibrated with
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0.18 M NaCl. Unbound material was removed by washing with the same
concentration of NaCl buffer until a level Asgp baseline had been achieved. A
shallow gradient of 0.18-0.4 M NaCl gradicnt was then used to elute catechol 1,2-
dioxygenase. Figure 3.1 shows a typical elution profile of catechol 1,2-

dioxygenase [rom a DEAE-Sephacel column.

3.1.4 Gel-permeation chromatography in Sephacryl S-200

The ion-exchange pool was concentrated to less than .5% of the column
volume (Section 3.1.2) and loaded at 10 ml h~! onto a Sephacryl $-200 column
(1.6 x 72 ¢m) which had been pre-run at 10 ml min~! overnight with 50 mM
Tris/HCI, pH 7.5, 0.2 M NaCl. Fractions (2 ml) were collected and assayed for
protein and catecho! 1,2-dioxygenase activity (Mcthods 2.3.2, 2.4.1), but resulted
m little if any purification and only 60% yields. It was also noted that when Mono
Q FPLC {Methods 2.5.5) was done after the gel-permeation step, catechol 1,2-
dioxygenase activity separated into two peaks. However, when the gel-permeation
was discontinued as a purification step, Mono Q FPLC of purificd catechol 1,2-
dioxygenase revealed only 2 single catechol 1,2-dioxygenasc activity peak. Gel-

permeation chromatography was there{ore not included in the final procedure.

3.1.5 Hydrophobic interaction chromatography in phenyl-Sepharose CL-4B
This method is based on the differential binding of proteins to hydrophobic
side-chains in the presence of salts such as ammonium sulphate. A pilot study was
undertaken to determine if and under what conditions catechol 1,2-dioxygenase
would bind and it was found that when phenyl-Sepharose gel (0.5 ml) was
cquilibrated with 15% saturation (NH4):SO4 and catechol [,2-dioxygenasce
applied, no activity could be detected in the eluate; however, when the buller was
10% saturation {NFl4), SOy, catechol 1,2-dioxygenase activity could be detected in
the cluate. The experiment was repeated in the presence of 0.25 M NaCl with
cssentially the same result. On the basis of these findings, the ion-cxchange pool
was loaded and washed in the presence of [5% saturation (NId4); SO, and cluted
by a negative salt gradient. Figure 3.2 shows an elution profile of catechol ,2-

dioxygenase in phenyl-Sepharose and the method is described in Methods 2.5.4.

3.1.6 Concentration

Although chromatography in phenyl-Sepharose proved to be an excellent
purification step, it generally resulted in excessive sample dilution. A
concentration method was therefore sought which would bring about a rapid and

efficient
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Figure 3.1 Chromatography of catechol 1,2-dioxygenase on DEAL-Sephacel

Extract (80 ml) was loaded at 20 m) h! onto a DEAE-Sephacel column
(10 x 2.6 cm) and washed with 7 columns of Buffer A (Methods 2.5.3) at
6G m!l b1, Catechol [,2-dioxygenase was eluted with a positive gradient (300 ml)
of Buffer A-Buffer B at a flow rate of 20 mi h™! (Mcthods 2.5.3). Fractions werce
collected and assayed for Aggp (1) and aclivity () (Methods 2.3.1 and 2.4.]
respectively).

The NaCl gradient (- - -) was calculated.
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Figure 3.2 Chromatography of catechol 1,2-dioxygenase on phenyl-
Sepharose

The DEAE-Sephacel pool (100 mi) was loaded at 60 ml h-' onto a phenyl-
Sepharose column (10 x 2.6 cm) which had been pre-equilibrated with Buffer C
(Methods 2.5.4). The columnp was then washed at 20 ml bV for 50 ml before
applying a ncgative gradient (300 ml} of Buffer C-Buffer A (Methods 2.5.4).
Fractions (5 ml) were assaycd for both Azgp ([3) and activity (m) (Methods 2.3.1
and 2.4.1 respectively).

The {NH4);SO4 gradient (---) was calculated.
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reduction in the volume. A 200 ml Amicon ultra-filtration cell (Amicon Corp,
Mass., USA) was tried initially, but this consistently resulted in up to 40% losses
of activity. Dialysis was also (ried, but this too resulted in large Josses of activity.
[inally, a two-step concentration procedure was developed which was very fast
and resulted in much better recoveries of catechol 1,2-dioxygenase. A 10-20-fold
reduction in volume was achieved in under 30 min using phenyl-Sepharose gel
(Methods 2.5.6a) with complete recovery of catechol [,2-dioxygenase. Further
volume reduction was achieved using Centricon-30 ultra-filtration units (Amicon)

(Methods 2.5.6b), which resulted in protein concentrations of 17-45 mg ml-!,

3.1.7 Storage of purified catechol 1,2-dioxygenase

Catechol 1,2-dioxygenase tolerated a variety of different buffer conditions
and dilution states for instance, relatively dilute, pooled phenyl-Sepharose
fractions were kept at ~20 "C and after onc month displayed no loss in activity.
Concentrated catechol 1,2-dioxygenasc was also kept in 10-50 mM Tris/HCL, pH

7.5 for scveral weeks at 4 C, again with no loss of activity.

3.1.8 The purification procedure

The results from one purification are summarised in Table 3.1 and are
typical of four separale purifications (Table 3.2). From 15-20 g of cells, catechol
1,2-dioxygenase was purified more than 40-fold and gave at least 10 mg of
protein, representing more than 40% of the starting enzyme (Table 3.1). The
purification has been repeated four times on a larger scale (Table 3.2) with similar
results, giving up o 60 mg of catechol [,2-dioxygenase from 90-140 g (wet
weight) of cells. In order to handle the larger amount of matcrial, the ion-exchange
bed-volume was increased to 12 x 5 em and was operaled throughout at 80 ml h-!
with the larger gradient volume of 1 1. The phenyl-Sepharose bed-volume was
increased to 17 x 2.6 cm but was operated at the same flow rate as was used in the
small scale preparation.

The purification was monitored by SDS-PAGE (Methods 2.7.1).and by
this criterion catechol 1,2-divxygenase was adjudged to bhe virtually
homogeneous. Figure 3.3 shows a typical gel of the purification, resulting in a
single band after phenyl-Sepharose chromatography, with minor, faster moving
bands sometimes visible afler overloading. Purified samples were also analysed
on native PAGE gels (Methods 2.7.3) and showed a single band which co-
migrated with catechol 1,2-dioxygenase activity when either the clarified extract

or purified samples were run (Figure 3.4).
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Preparation Specific  Yield Purification
number activity (%) (fold)
(units mg='}

1 6 36 25
2 9 32 43
3 20 42 50
4 14 43 42
5 14 46 28
6 il 76 37
7 9 53 43
8 14 46 28
Mean 12 47 37
SD 4.3 (4 9

Table 3.2 Results from eight differcnt purifications of catechol 1,2-
dioxygenase [rom Rhiwodococcus riiodochrous

Purifications of catechol 1,2-dioxygenase were carried out as described in
Methods 2.5. Activity and protein concentration vatues used in the calculation of
specific acivity, yield and purification (fold), were determined after each step
{Methods 2.4.1 and 2.3.2). Preparations | to 4 were done on a small scale, where
approximately 10 mg ol catecho! 1,2-dioxygenase was obtained (Table 3.1},
Preparations 5 1o 8, however, were done at a later date and on a larger scale
(Section 3.1.8).

The mean and percentage SD for all eight preparations were calculated and

are shown beneath each column.
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Figure 3.3 SDS-PAGE of samples taken during the purification of
catechol 1,2-dioxygenase

Catechol 1,2-dioxygenase was purified according to Methods 2.5.
Fractions were analysed using a 12% polyacrylamide separating gel with a 5%
stacking gel and treated according to Methods 2.7.1. Lane 1, M; markers; Lane 2,
10 pg of the clarified extract; Lane 3, 2 g of the DEAE-Sephacel pool; Lane 4,
M; markers; Lane 5, 2 g of the concentrated phenyl-Sepharose pool; Lane 6, 7
ng of the phenyl-Sepharose pool. Gels were stained and destained according to
Methods 2.7.4.



Lane 1 2

Figure 3.4 Native PAGE of the clarified extract and the purified catechol 1,2-
dioxygenase

Clarified extract (Methods 2.5.3) and purified catechol 1,2-dioxygenase
(Methods 2.5) were analysed using an 8% separating gel and 3% stacking gel
under native conditions (Methods 2.7.3). Lane 1, 10 pug of clarified extract;
Lane 2, 3ug of the concentrated phenyl-Sepharose pool. The gel was stained for

protein according to Methods 2.7.4.
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3.2 Crystallisation of catechol 1,2-dioxygenase

To date, the protocatechuate 3,4-dioxygenase from Pseudomonas putida
ATCC 23975 (formerly classified as Pseudomonas aevuginosa) is the only non-
haem iron intradiol-cleavage enzyme whosc threce-dimensional siructure has heen
solved by X-ray crystallography (Ohlendoil ¢f ¢l., 1988; Ohlendorf er ai., 1994).
Protocatechuate 3,4-dioxygenase has also been crystallised from Acinetobacter
calcoaceticus (Vetting et al., 1993) and Brevibacterium fuscum (Earhart et al.,
1994a). The only other member of the non-haem iron intradiol-cleavage enzymes
which has been crystallised and characterised is the catechol 1,2-dioxygenase {oot
1sozyme) from Pseudomonas arvilla C-1 (Earhart ef al., 19945). Although each
of the aforementioned cnzymes catalysc analogous reactions in the biodegradation
of aromatic compounds, the structural basis for their divergent subsirate
specificities and quaternary structures (Table 1.2) is not known. As a first step
towards addressing this conundrum, a preliminary crystallographic investigation
of Rhodococcus catechol 1,2-dioxygenase was undertaken.

3.2.1 Identifying initial crystallisation conditions

Tnitial crystallisation conditions were identified with the sitting-drop
vapour diffusion technigue (Methods 2.6.1) using the fast screening method of
Jancarik & Kim (1991). Soft crystals were obtained after 4 days with condition
number 6 {0.2 M MgCly, 0.1 M Tris/HCL, pH 8.4, 30% (w/v) PEG 4 000] and
condition number 28 from the screen {0.2 M sodium acetate, 0.1 M cacodylate,
pH 6.8, 30% (w/v) PEG & 000]. Since both protocatechnate 3,4-dioxygenase and
catechol 1,2-dioxygenase have been crystallised in the presence of alkali carth
metal ions (Table 3.3), crystal growth with condition number 6 was rcfined by
varying the concentration of MgCl, and PEG 4 000. After several days,
orange/brown, twinned, cuboidal crystals of about 0.1 mm were obtained using
15% (w/v) PEG 4 000, 0.35 mM MgCl; and Tris/HCI, pH 7.5 (Figure 3.5). The
crystals stained readily with Coomassie Blue and disintegrated with the merest
touch of a needle, indicating that they were protein and not salt. Crystal growth
was also monitored in an anaflogous experiment, substituting CaCly for the MgCly
used in the previous experiment. After 3-4 days much larger, orange/brown,
twinned rectangular plates, approximately 0.5 mm down the longest axis, werc
obtained (Figure 3.6). In a further experiment to optimise growth conditions,
crystals were grown from pH 6.5-8.2. Below pI 7.0, only microcrystals were
observed, but between pll 7.0-7.4 the crystals increased in size and then appeared
to remain the same, both in terms of size and quality, with each incremental rise in
the pH.
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Figure 3.5 Refinement of crystal growth conditions

Cuboidal, twinned crystals of catechol 1,2-dioxygenase of approximately
0.1 mm down the longest axis, appeared after several days. The crystals were
grown using the sitting drop vapour diffusion method in 15% PEG 4 000, 0.35 M
MgCl; and 25 mM Tris/HCl, pH 7.5 (Methods 2.6.1). The protein (4 pl of
25 mg ml-1) was mixed with 4 pl of precipitant solution and left to equilibrate at
18 °C, over 1 ml of precipitant solution.
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Figure 3.6 Larger crystals obtained with calcium chloride

Rectangular orange/brown plates of catechol 1,2-dioxygenase,
approximately 0.5 mm down the longest axis, appeared after several days. The
crystals were grown using the sitting drop vapour diffusion method in 15% PEG
4 000, 0.33 M CaCl; and 25 mM Tris/HCI, pH 7.5 (Methods 2.6.1). The protein
(4 pul of 25 mg ml-!) was mixed with 4 pul of precipitant solution and left to
equilibrate at 18 °C, over 1 ml of precipitant solution.



3.2,2 Refinement of the crystal growth conditions

Since crystal growth may be adversely affected by trace impurities in the
protein solution, catechol I,2-dioxygenase was subjected to an exira
chromatographic separation step to see if this would improve crystal formation.
The purified catechol I,2-dioxygenase (Methods 2.5) was applied to a Mono Q
FPLC ion exchange column and eluted by increasing the salt gradient {Methods
2.5.5). In terms of the specific activity (units mg~1), the protein which was pooled
from the column appeared no different from the material which was loaded:
however, sitting drop trays were prepared (Methods 2.6.1) with the desalted and
concentrated pool (Methods 2.5.6) using 15% PEG 4 000, 0.33 M CaCl; 25 mM
Tris/HCI, pH 7.5. Larger crystals (1 mm) were obtained after 1| wk, but they were
also twinned, albeit less severely than before. Reducing agents such as
dithiothreitol (1-5 mM) or 8-mercaploethano! (1-5 mM) were added to precipitant
solutions, but led to no improvement in crystal quality. Finally, the Mono Q-
purified catechol 1,2-dioxygenase was mixcd with precipitant, but before any
crystal growth, each well was secded vsing a human hair (Methods 2.6.2). This
resulted in single rectangular plates of 0.5 mun in the longest axis. The crystals
were easily distinguishable from those crystals which had grown adventitiously,
not only because they were not twinned, but also because they grew in a line
which clearly followed the path of the hair (Figure 3.7). Crystals were also
obtaincd from rhodococcal catechol 1,2-dioxygenase which had been cloned and
expressed in Escherichia coli XL2-Bloe pPDS (Section 5.7). In terms of size,
quality and space group, the crystals obtained from £. cofi XIL.2-Blue pPDS
appeared identical to thosc obtained from R. rhodochrous, however, crystals
obtained using catechol 1,2-dioxygenase which bad been over-expressed in
Escherichia coli IM109 (DE3) pPDSX4CTD (Scetion 5.7) produced only twinned
needles. Cross-seeding, that is using sceds obtained from the wild-type protein,
did not yield crystals.

3.2.3 Preliminary X-ray characterisation

A partial native data set consisting of 400 frames of 0.25 " rotation were
collected from a single crystal at room temperature (Methods 2.6.3). The
monoclinic crystals are in space group C2 with unit cell dimensions (A), a=111.9,
b=78.1, c=134.6, B=100 °, with four subunits (two dimers) in the asymmetric unit
(Mathews, 1968). Reduction of the diffraction data yielded 10 897 unique
reflections to a resolution of 3.5 A (70% complete) (Methods 2.6.3).
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Figure 3.7 Improved crystal growth with seeding
After 7 days the crystals were seeded using human hair (Methods 2.6.2).

Rectangular orange/brown plates of catechol 1,2-dioxygenase, approximately

0.5 mm down the longest axis, appeared after several days. The crystals were
grown using the sitting drop vapour diffusion method in 15% PEG 4000, 0.33 M
CaCl, and 25 mM Tris/HCI, pH 7.5 (Methods 2.6.1). The protein (4 pl of

25 mg ml-!) was mixed with 4 pl of precipitant solution and left to equilibrate at

18 °C, over 1 ml of precipitant solution.
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3.3 Discussion
3.3.1 Purification

Catechol 1,2-dioxygenase was first purified on a small scale, when upto
13 mg of purified protein was obtained. It was subsequently purified on a much
larger scale. The combined SD values, for small and large scale purfications
(Tablc 3.2), arc uacxpectedly large but are probably derived in part from the {arge
experimental errors acerued during the very [irst small scale purilications
(Table 3.2).

The specific activities and levels of expression of catechol I,2-
dioxygenase from R. rhodochrous (Table 3.1) are similar to those that have been
reported for other bacterial catechel |,2-dioxygenases (Patel ef al., 1976; Dorn &
Knackmuss, 1978a; Aoki et al., 1984a: Nakal et al., 1990; Broderick &
O’Halloran, 1991), and the degree of purilicalion required to give homogeneous
enzyme is approximaltely the same. A similar purilication procedure to the one
reported in this thesis, using ion-exchange and hydrophobic interaction HPLC,
was used to purify both catechol 1,2-dioxygenase and chlorocatechol 1.,2-
dioxygenase from Pseudomonas putida B13 (Ngai er ¢l., 1990). These authors
separated and partially purified catechol 1,2-dioxygenase and chlorocatechol 1,2-
dioxygenase with ion-exchange chromatography and then purified each enzyime to
homaogeneity by hydrophobic interaction chromatography. Both enzymes were the
last to be eluted from an (NHy)3S0, gradient, in contrast with the behaviour of
catechol 1,2-dioxygenase from K. rhodochrous, which is intermediate in
hydrophoebicity (Figure 3.2). In many respects, catechol 1,2-dioxygenase from K.
rhodochrous behiaved in the same way as chlorocalechol 1,2-dioxygenase from
Rhodococcus erythropolis 1CP (Maltseva er al., 1994), which also eluted at above
0.2 M NaCl on ion-exchange chromatography and at .65 M (NH4);SO4 on
hydrophobic intcraction chromatography. Maltseva et al. (1994) also reported
some modification of chlorocalcchol 1,2-dioxygenase during its purification, since
during the last Mono Q FPLC stcp chlorocatechol 1,2-dioxygenase separated into
two peaks which were not present al the start of the purification but which they
later designated chlorocutechol !,2-dioxygenase-1 and chlorocatechol 1,2-
dioxygenase-2, Catechol 1,2-dioxygenase [rom R. rhodochrous was also modified
after gel-permeation chromatography (Section 3.1.4) and this was presumably due
to an alteration in charge caused by deamidation of asparagine and glutamine
residues.

An early attempt to purify the catecho! 1,2-dioxygenase and chlorocatechol
1,2-dioxygenase from P. putida 313 resulted in only a 1.4-fold purification of
chlorocatechol 1,2-dioxygenase. The low purification factor was thought {o be

because of its instability during chromatography and dialysis (Dorn &
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Knackmuss, 19784). The instability of chlorocatechol 1,2-dioxygenase was also
noted by Broderick & O’Halloran (1991}, who found that during the purification
of chlorocatechol 1,2-dioxygenase from Pseudomonas putida pA27, the enzyme
purificd at pH 7.5 had a 40% lower specific activity but similar iron content to the
cnzyme purified at pH 8. Ngai & Orpston (1988) purified the same enzyme from
P. putida pA27 and reported a significantly lower specific activity, later claimed
to be due to the effects of clhylenediamine and PB-mercaptoethanol in the
purification buffer (Broderick & O’Halloran, 1991},

3.3.2 Crystallisation

Several factors may affect crystal quality, including the rate of crystal
growth, the internal order of the initial nuclcus and the protein purity (Stura &
Wilson, 1992). Also, proteins which appear homogeneous by SDS-PAGE, may
nevertheless contain trace impurites which can inhibit crystal growth and some
workers have achieved much better crystallisution hy subjecting an apparently
pure protein to an extra purification step (Gourley D. & Emsley P. personal
communication). Catechol 1,2-dioxygenase was therefore purified further with
Mono Q FPLC (Methods 2.5.5) and resulted in some improvement in erystal
quality. Although the nwnber of single crystals was sull extremely small, the few
that were obtained were subsequently used in seeding trials and vesulled in
significant quantities of single, well formed rectangular plates (Figure 3.7).

Giege & Ducroix (1992) have stated that, in order to gencrate high-quality
mouocryslals suitable for X-ray crystallography, proteins not only have to be pure
in terms of lack of contaminants, they also have to be conformationally pure.
Thus, denatured proteins or proteins with stuctural microheterogeneilies may
adversely affect crystal growth more than do unrelated molecules, especially when
the stractural heterogeneities concern domains involved in crystal packing. Thus,
the difficulty which was found in crystallising the overexpressed catechol 1,2-
dioxygenase could have been due to either variation in sccondary structure
bfought about by improper folding, or variation in primary structure brought about
by proteolysis and/or errors in transcription or translation. Whether the known N-
terminal modification (Section 5.7) of some polypeptides had any bearing on the
crystallisation of the over-expressed catechol 1,2-dioxygenase would depend
largely on whether the methionine residue is in a region involved in crystal

packing and whether this residue is inside or outside the protein.
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CHAPTER 4
Characterisation of catechol 1,2-dioxygenase
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4.1 Introduction

Characterisation of the catechol 1.2-dioxygenasc of Rhodococcus
rhodochrous NCIMB 13259 has been limited to a preliminary kinctic comparison
of the enzyme in partially purificd extracts of bacteria that had been grown on
styrene or benzyl alcohol (Mclntosh, 1993), A detailed characterisation of the
purified catechol 1,2-dioxygenase was therefore undertaken so that it could be

compared with other non-haem iron intradiol-cleavage enzymes,

4.2 Physical and chemical characterisation
4.2.1 The subunit M, of catechol 1,2-dioxygenase

The subunit M, value was determined under denaturing conditions using
SDS-PAGE (Methods 2.7.1). Gels were calibrated with M, standards, stained.
destained (Methods 2.7.4) and then scanned with a laser densilometer {Methods
2.7.5). Mobilities (arbitrary units ) were then plotted as a function of log M,. A
representative plot of mobility against log M, is shown in Figure 4.1. The mean
M, of catechol 1.2-dioxygenase was 39 800 (SD=635, n=5, where n cqualy five

different batches of enzyme).

4.2.2 The native M, of catechol 1,2-dioxygenase

The native M| was measured on a Superose 12 FPLC column (Methods
2.5.5). A calibration curve was preparcd by determining the clution volumes (V)
of several standard proteins and then calculating the elution volume of each
protein standard with respect to the elution volume of blue dexiran {void volume,
Vo). The calibration proteins and catechol 1,2-dioxygenase were run in at lcast
two different groups and always in the presence of blue dextran. This was to
ensure unambiguous peak assignment and hence the accurate determination of
V. /V, for each protein. A representative calibration curve showing V/V,, against
log M, is shown in Figure 4.2. The estimated M, value of catechol 1.2-
dioxygenase was 120 400. Comparison ol the subunit and native M, suggests that

catechot 1,2-dioxygenase is tetrametic.

4.2.3 Chemical cross-linking of the enzyme subunits

The quaternary structure of the cnzyme was investigated by cross-linking
the subunits with the reactive bis-imidoesters dimethylsuberimidate and
dimethylpimelidate (Davies & Stark, 1970) (Methods 2.8.7) and the resulis
analysed using sodium phosphate PAGE (Methods 2.7.2) (Figure 4.3). Gels were
calibrated by using M, standards prepared by cross-linking rabbit muscle fructose
1,6-bisphosphate aldolase, a known tetramer (Davies & Stark, 1970). A plot of
mobility against log M, is shown in Figure 4.1. Two bands of M, 30 Q0O
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Figure 4.1 Estimation of the subunit M, of catechol 1,2-dioxygenase using
SDS-PAGE

The subunit M, of purified of catechol 1,2-dioxygenase (Methods 2.5) was
estimated on 12% SDS-polyacrylamide gels (Methods 2.7.1). The standard curve

was generated with the Tollowing M, standards:

M, standard M,
A ¢ -Lactalbumin 14 400
B Soya bean trypsin 20 100
inhibitor
C Carbonic anhydrase 30 000
D Ovalbumin 43 000
E Bovine serum albumin 67 000
F Phasphorylase & 94 000

R, Catechol 1,2-dioxygenase,
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Figure 4.2 Estimation of the native M, of catechol 1,2-dioxygenase using
Superose 12 FPLC

The native M; of purified calechol 1,2-dioxygenase (Methods 2.5) was
estimated using Superose 12 FPLC equilibrated with SO mM Tris/HCH, pH 8, 0.2
M NaCl, 0.5 mM DTT and operated at 0.5 ml min~!. Protein standards were
applied to the column in the presense of blue dextran (20 Lig) and V/V, values
calculated for each protein in duplicate. Protein was measured on-line al 280 nm
(Methods 2.5.5) and catechol 1,2-dioxygenase uactivity was assayed according (o

Methods 2.4.1. The standard curve wuas gencrated with the following M,

standards:
M, standard M, Amount loaded (|1g)

A Cytochrome ¢ 12 500 20
B Myoglobin 16 700 20
C  Bovine serum albumin 67 000 50
>  Lactate dehydrogenase 140 000 25
E Aldolase 158 000 50
F Catalase 230 000 50
G Feryitin 440 000 20

M. Calechol [,2-dioxygenasc.
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Figure 4.3 Sodium phosphate PAGE of catechol 1,2-dioxygenase cross-linked,

in separate reactions, with dimethylpimelidate and dimethylsuberimidate

Catechol 1,2-dioxygenase was incubated for 1 h at room temperature with

cross-linking reagent (Methods 2.8.7). Samples (3pg) were then analysed using
sodium phosphate PAGE [15% (w/v) polyacrylamide] (Methods 2.7.2).
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N B W N -
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Catechol 1,2-dioxygenase

Catechol 1,2-dioxygenase treated with dimethylpimelidate

Catechol 1,2-dioxygenase treated with dimethylsuberimidate

Aldolase

Aldolase treated with dimethylsuberimidate
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Figure 4.4 Sodium phosphate PAGE of cross-linked catechol 1,2-dioxygenase

Calechol 1,2-dioxygenase was cross-linked with dimethylsuberimidate and
the products analvsed using sodium phosphate PAGIE (Methods 2.8.7 & 2.7.2).
The gel (Figure 4.3) was calibrated using cross-linked rabbit muscle fructose 1,6~
bisphosphate aldolase (Subunit M, 39 500) with A, B, C and D conesponding to
the monomer, dimer, trimer and tetramer respectively. The M, values of
monomeric and dimeric catechol 1,2-dioxygenase were calculated by using the
equation of the line (y = —187.5x + 986.5) and were 30 000 and 64 000
respectively.

M. Dimeric catechol 1.2-dioxygenasc.
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and 64 000 were present, corresponding to monomer and dimer, indicating a
dimeric quaternary structure. The unmodified catechol 1,2-dioxygenase and
aldolase subunits, niigrated more slowly through the gel than their respective
cross-linked monomeric species, with the effect being more pronounced with
aldolase, presumably because of a reduction in the amount of bound SDS by the
cross-linked species, or because ol an effect on the shape caused by
intramolecolar cross-linking. Curiously, the monomeric M, value obtained after
cross-linking is very close to the subunit M, value obtained with electrospray
mass spectroscopy (Section 4.2.0).

4.2.4 Absorption spectra and the molar absorption coefficients

The absorption spectrum of catechol 1.2-diexygenasc (Figure 4.5) had
maxima at approxirnately 220 nin and 280 nm. At higher concentrations of protein
another maximum at 426 nm was also evident and this is a characteristic of all
non-haem iron intradiol-cleavage enzymes (Nozaki, 1979). The molar absorption
coefficient at 426 nm was 1850 M1 cm~! (1903, 1832) with respect to the subunit
concentration (Methods 2.3.3). The calculated absorption coefficient al 280 nm
(Methods 2.3.3) was 54 000 M !'cm !

4.2.5 Iron quantitation and the iron:subunit stoichivmetry

Iron was quantified by colorimetry and by atomic absorption spectroscopy
(Methods 2.8.8). The subunit concentration was derived by combining the
absorption coetficient and the M, value obtained from the derived amino acid
sequence (Figure 5.7). The results for three different cnzyme preparations are

surmnarised in Table 4.1.

4.2.6 Electrospray mass spectroscopy

Electrospray mass spectroscopy was carried out in the positive-ion
deteetion mode (Methods 2.8.6). The deconvoluted electrospray mass spectrum
(Methods 2.8.6) of catechol 1,2-dioxygenase, is shown in Figure 4.6. A major
peak of M, 31 558 and three subsidiary peaks of 31393, 31613 and 31638 arc
visible. Since the M, value derived from the amino acid sequence is 31 539
{Section 5.6), the major band is attributed to the apoenzyme. The M, ditferences
of 37, 55 and 80, suggest that the three minor peaks may be adducts of K+, Fe3+
and 2K* respectively.
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Figure 4.5 Absorption spectra of catechol 1,2-dioxygenase

The absorption spectrum of catechol 1,2-dioxygenase was recorded at two
different concentrations of the enzyme (0.2 mg ml~! and 6.2 mg ml~! in Tris/HCI,
pH 7.5, 0.18 M NaCl). On each occasion the buffered protein sojution was
scanned from 200-700 nm at 2 nm s~! (Methods 2.1.4).
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Colorimetry

Atomic absorption

spectroscopy

Protcin Specific
(mg mi™Y) activity

(units mg~!)

2.3 2.2
2.3 7.5

0.62 10.0
0.6P 10.5

Table 4.1 Iron guantitation and the iron:subunit stoichiometry of catechol

1,2-dioxygenuse

Tron concentration was determined by colorimetry and atomic ahsorption

spectroscopy (Methods 2.8.8). Protein concentrations were determined using the

e content

(ngmi ™)

3.25(3.3,2.2)
3.0(3.2,2.8)
N.D.

N.D.

Fefsubunil

stoichiometry

0.73, 0.85
0.05, (.80
N.D.
N.D,

Fe content  Fefsubunit

{ug ml—1) stoichiomenry
2.63 0.60
278 0.65
(.50 0.50
0.64 .60

molar absorption coefficient of catechol |,2-dioxygenase (Methods 2.3.3).
a, Over-expressed from Escherichia coli (DE3) pPDSX4CTD (Section 5.7).

b, In this experiment Rhodococcus rhodochrous had been grown in medium

which had been supplemented with a chelated metals solution (Methods 2.2.1).

Values in parenthesis are duplicate estimates. N.D., not determined.
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Figare 4.6 Electrospray mass spectrum of catechol 1,2-dioxygenase
Spectroscopy was carried out in the positive ton mode and the raw data
were processed with the MaxEnt deconvolution software (Methods 2.8.6).
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4.2.7 Isoelectric point

The isolelectric point was 4.8 and was determined from the
primary amino acid sequence {Section 5.0), using the program ISOELECTRIC
(Wisconsin Sequence Analysis Package, Genetics Computer Group, Madison,
Wisconsin, USA).

4.2.8 N-Terminal sequence

The first 24 amino acids from the N-terminus (Methods 2.8.5) were
determined and are shown in Figure 4.7 aligned with catechol 1,2-dioxygenase
from another Gram-positive bacterium, Arthrobacter mA3 (Fck & Belter, 1993).

The N-termini share 40% sequence identity.

4.2.9 Internal sequence data from peptidic digests

Peplides from V8 digests (Methods 2.8.3) were purified by HPLC
{Methods 2.8.4) (Figure 4.8) and from one of them (V8/2) a sequence of 15
residues was obtained, which showed about 67% identity with catechol 1,2-
dioxygenase from Arthrobacter mA3 (Eck & Belter, 1993) (Figure 4.7).

4.2.10 Sulthdryl content

Total sulfhdry] concentration (Methods 2.8.9) of & 0.98 mg ml! solntion
of catechol 1,2-dioxygenase which was then diluted 6-fold in the presence of
SDS, was 8.6 WM. The concentration of catechol 1,2-dioxygenase (Mecthods 2.3.3)
was 5.2 UM, which corresponds to 1,65 sulfhdry! groups (subunit)-!. Since the
derived aming acid sequence (Figure 5.7) contains two cysteine residues, it is
concluded that there are no disulfide bonds in the structure of catechol 1,2-

dioxygenase,

4.3 Kinetic characterisation of catcchol 1,2-dioxygenase
4.3.1 Assay reproducibility and linearity with respect to protein
concentiration

Assay reproducibility was determined by a measuring the activity
(Methods 2.4.1) using 5 identical amounts of the purified enzyme. The SD as a
percentage of the mean was found to be +/~ 5.1.

The rate of catechol oxygenation was proportional to the protein
concentration up to the maximum measured concentration of 2 pg ml-!. All
activity assays (Methods 2.4.1) contained less than this amount unless otherwisc
stated.
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Figure 4.7 Sequence alignment of the N-terminus and V8/2 peptide of

TTTENPTAH
KSTETEATAL

51
LEEKVTYDEY
101
SRGULEGIVY
151
GAKIELWHAD
2901

IpADG
IPTDGACGAL
251

DIASAVEPEL

ASGNAATDKI
ASGAGATARF

NALKAWLZSY

IUNADTGH YT

DLGFYSQFAR

IAARGWHAWR

VLAPTDRADG

KS*Rv
RATKIIVAAGT SKLRVSALAG

GETGEWPLFL DVWVEHSVEE

ALLEPERD . DE

P PLLLEOGO

GLPEWNLRGS TTIADDQGRKFQ

PAHLHLKVEA PGHOLITTQL

285

HGREVTYHFY T.OPO

50

RVIKAINDTY
100
VANENRH . .G
150
VEMLAGERPLA
200
ITTLKPARYX
INTMZPARYQ
250

YFEGDEHVAD

catechol 1,2-dioxygenase from Rhodococcus riwwdochrous with Arthrobacter

mA3 catechol 1,2-dioxygenase

The V8/2 peptide was purified by HPLC from a V8 protease digest
(Methods 2.8.3 & 2.8.4) (Figure 4.8). The N-terminus and V8/2 peptide were
sequenced (Methods 2.8.5) and then aligned with Arthrobacter mA3 catechol 1,2~
dioxygenase (Eck & Belter, 1993) using the PILEUP program (Wisconsin
Sequence Analysis Package, Genetics Computer Group, Madison, Wisconsin,

USA).

* {inidentified amino acid,
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4.3.2 Activity with respect to fonic strength

Catechol 1,2-dioxygenase activity was measured with various
concentrations of NaCl (0-0.4 M NaCl) in 100 inM Tris/HCI, pH 7.5 (Methods
2.4.1). No significant alteration in activity was observed,

4.3.3 Effects of pH value on the activity and stability of catechol 1,2-
dioxygenase

The activity of catechol 1,2-dioxygenase as a function of pH was
investigated by assaying enzyme activity (Methods 2.4.1) from pH 5.5 to 10.0,
using solutions {100 mM) with overlapping buflering capacity. Activity increased
approximately 4-fold from pH 5.0, reaching an maximal value at approximately
pH 9.0 (Figure 4.9). Catechol 1,2-dioxvgenase was also assayed at pH 11.0 in the
presence of 100 mM Caps/NaOH buffer, but was rapidly inactivated.

No significant loss of activity was observed after incubating the enzyme al
room temperature for 30 min in 100 mM Tris/HCI at pH 3, 7.5 and 9.0. However,
the enzyme was rapidly inactivated in 100 mM Tris/NaOH, pH 11.2.

4.3.4 Determination of the apparent X, and V valaes

The apparent K, and V values (Methods 2.4.3) for various substrates are
reported in Table 4.2. Because of the extremely high affinity which rhodococcal
catechol 1,2-dioxygenase has for catecho) and some of its derivatives, measuring
the initial velocities with these substrates was extremely difficult. This was most
apparent at sub-micromolar substrate concentrations and so preparing the assay
mixture had to be donc extremely quickly since linearity was only maintained for
about 10 s. The situation was alleviated somewhat by the online software of the
spectrophotometer which allowed the initial rate to be calculated with the ‘zoom’
funciion (Mcthods 2.1.4). Values of key (57') and kew/ Ky (M- a1} were
determined (Table 4.3) using the kinetic constants oblained from the Direct Linear
method (Methods 2.4.3).

4.4 Discussion
4.4.1 M, determination and quaternary structure

The presence of a single band on SDS-PAGE (Figure 3.3) and the
unambiguous N-terminal sequence data (Figure 4.7}, sugg;esr that the catechol 1,2-
dioxygenase from R. rhodochrous consists of a single polypeptide species. The
M, of catechol 1,2-dioxygenase estimated from SDS-PAGE was 39 800 (Figure
4.1), approximately 20% more than the electrospray mass spectroscopy value of
31 558 (Figure 4.6). Ghosal & You (1988), Ncidle er af. (1988), Kivisaar ef al,
(1991) and Eck & Belter (1993) noticed a similar lowering in the electrophoretic
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Figure 4.2 Activity of catechol 1,2-dioxygenase as a function of the pH

Catechol 1,2-dioxygenase activity was assayed according to Methods 2.4.1
in a reaction volume of 1 ml containing 100 miM buffers, 0.1 mM catechol and 1
pg of enzyme. The pH of the reaction mixture was determined just after each
assay according to Methods 2.1.4

0, His/NaO¥, pH 5.5-6.5 and pH 9.

¥, Mops/NaOH, pH 7-7.5.

@, Hepes/NaOH, pH 7-8.

#, Taps/NaOH, pH7.9-9.

M, Gly/NaOH, pH 9.4-10.2.

A, Caps/NaOH, pH 10.1.
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Dircet linear

Lineweaver-Burk

Hanes-Woolf

Substrate Km' V'(SD,n) |Km' V'(SD,n) { Km' V'(S8D,n)
Catechol 1.l 19(1.3.4) |13 18654 |1.1 19(04,4)
3-Methylcatechol | 1.7 15(4.2,3) |19 13,65,3) [1.3 14(49,3)
4-Methylcatechol [ 1.2 13 (1.2,4) (1.1 13(1.5.4) |14 14{0.8,4)
Protocatechuate o* O O*

Table 4,2 Comparison of the K, and V' values of catechol 1,2-dioxygenase

obtained for catechol, 3-methylcatechol, 4-methylcatechol and

protocatechuate

Initial velocities were measured in air-saturated buffers (Methods 2.4.3),

using 7-8 diffcrent substrate concentrations ranging from: 0.2 UM-5.0 pM. Results

were analysed by the Direct lincar, Lincweaver-Burk and Hanes-Woolf plotting

methods using the Enzpack computer program {Williams, 1985). Values tor Ky’
and V' are in units of UM and units (img protein)-! respectively (Methods 2.4.1).

* No detectable activity.
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Substrate Koyt (1) Keat/Kin'
(s—i M)
(x 109)
Catechol 11.6 10.5
3-Methylcatechol 9.5 5.6
4-Methylcatechol 6.3 53
Protocatechuate 0.0 0.0

Table 4.3 Determination of k., and k.,/K,,' values for catechol 1,2-

dioxygenase

Values were determined using the apparent Michaelis constants
calculated by the Direct Linear method (Methods 2.4.3) as reported in Table 4.2
Calculations were based on the approximation of one aclive site per snbunit and a

subunit M, value of 31 539 (Scction 5.6).
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mobility of other catechol 1,2-dioxygenases during SDS-PAGE. These authors
assumed that the consequent overestimate of M, was due to the conformation of
the protein and/or to the effects of the ferric ion in the enzyme. Certainly, some
peculiarity in the secondary structurc which prevented complete denaturation with
SDS might be cxpected to reduce the charge/mass ratio due to the decreased
amount of protein-bound detergent, hence resulting in an underestimate in the M,
value. The M, value for the rhodococcal catechol 1,2-dioxygenase determined by
electrospray mass spectroscopy has been confirmed by the M, value of 31 559,
obtained from the derived amino acid sequence (Figure 5.7) and is similar to the
M, of the catechol 1,2-dioxygenase from Arthrobacter mA3 which is 30 560 (Fick
& Beller, 1993). The derived M; values of other intradiol-cleavage enzymes are
shown in Table 1.2. It can be seen that the chlorocalechol 1,2-dioxygenascs (255-
260 residues) are approximately 50 residues lighter than the catechol 1.2-
dioxygenases (310-311), with the enzymes from Arthrobacter mA3 and R.
rhodochrous falling betwecn the two extremes.

The native M, value of rhodococcal catechol 1,2-dioxygenase was
determined to be 120 (00 when measured on Superose 12 FPLC (Figure 4.2),
which suggests that this enzyme is a tetramer. With three possible exceptions
(Ltoh, 1981; Aoki et ul., 1984a, b), all the catechol- and chlorocatechol ,2-
dioxygenases characterised to date have been dimers. Aoki et af. (1984a) noted
that the catechol 1,2-dioxygenasc they had isclated from Rheodococcuts
erythropolis AN-13 had a M, value which varied with the salt concentration:
when gel-permeation chromatography was done with 0.2 M NaCl at pH 8, they
obtained the monomer, whereas when salt was omitted they obtained the tetramer.
The same authors then measured the native enzyme using polyacrylamide gel
gradients (Hedrick & Smith, 1968) and [ound that the enzyme migrated in the gel
at pH 8.9 without polymerisation. Aoki et af. (1984h) found identical changes in
oligomerisation with catechol 1,2-dioxygenase and chlorocatechol 1,2-
dioxygenase from Frafeuria ANA-18. In order Lo investigate the gquaternary
siructure of rhodococcal catechol 1,2-dioxygenase directly in the present work,
the subunits were chemically cross-linked with bis-imidoesters (Methods 2,8.7).
Two bands were visible upon clectrophoresis (Lanes 3 & 4, Figure 4.3),
corresponding Lo the mopo-mer and dimer, suggesting that catechol 1,2-
dioxygenase is a dimer. With a subunit M, of 31 559, this implies that the native
M, is 63 000. Both the gel-permeation chromatography and the cross-linking
experiments were done at 0.2 M NaCl, pII 8 and at room temperature and 50 1t 13
unlikely that the discrepancy was due to different oligomeric states. Bis-imido
esters are known to react specifically with the amino groups of proteins (Ludwig
& Hunter, 1968) and so it is possible, although hardly credible, that catechol 1,2-
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dioxygenase is an isologous tetramer or 'dimer of dimers’ (Hucho er al., 1975;
Hajdu er af., 1976), wiih only 4 single available amino group per subunit, Since
the cross-linking data constitute primary evidence of quaternary structure, it is
more probable that under the stated conditions, catechol |,2-dioxygenase either
migrates anomolously in Superose 12 gels because it less globular than the
standards used in the column calibration and/or the result is an experimental
artifact of some kind. Dorn & Knackmuss (1978a) noticed similar discrepancies
in their work on catechol 1,2-dioxygenase and chlorocatechol 1,2-dioxygenasc
from Pseudomonas B13. Initial attempis to measure the M, from the
sedimentation coetficients alone resulted in values of 66 000 and 52 000 for
calechol I,2-dioxygenase and chlorocatechol 1,2-dioxygenase respectively.
Estimation of M; by gel-permecation chromatography using
Sephadex G-200, resulted in the considerably higher M, vulues for catechol 1,2-
dioxygenase and chlorocatechol 1,2-dioxygenase of 124 000 and 113 000
respectively. With the Stokes radii estimated from the gel-permeation
chromatography and the sedimentation coefficient determined by means of
density gradient centrifugation, the M, und frictional coefficients for both catechol
1,2-dioxygenase and chlorocatechol 1,2-dioxygenase were found by applying the
equations of Siegel & Monty (1966). The M, values of catechol [,2-dioxygenase
and chiorocatechol 1,2-dioxygenase were 82 000 and 67 000 respectively and the
corrcsponding frictional ratios were 1.45 and 1.49 respectively. Frictional ratios
arc a measure of ellipticity and the relatively high values obtained for catechol
1,2-dioxygenase and chlorocatechol 1,2-dioxygenase meant that gel-permeation
elution volumes could not he correlated with log M, values, since the frictional
ratios differed too much from the calibration proteins. Dorn & Knackmuss
(1978a) also estimatcd the M, of catechol 1,2-dioxygenasc as 48 000 by gradicnt
gel electrophoresis. The underestimate was centirely predictable by the above
criteria, since proleins come (o a dead-stop only when they reach pores that are
narrower than their lesser diameter (Margolis & Kendrick, 1968).

4.4.2 Tron:subunit stoichiometry

Iron quantitation by colorimetry and atomic absorption speclroscopy
resulted in values which were significantly less than the expected onc Fe atom per
subunit stoichiometry (‘Table 4.1). The three protein samples that were assayed
had different specific activities, but very similar protein:iron concentration ratios.
Since cartalysis is known to depend upon ferric iron and ils amino acid ligands
(Broderick & (’Halloran, 1991), the observed diflerence in specific activities is
probably a reflection of some sample denaturation during purification, Obscrved

Fe/subunit stoichiometries for a variety of non-haem iron intradiol cleavage
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enzymes are reported in Table 1.2 Stoichiometries vary from f:1 in the catechol
1,2-dioxygenase from A. calcoaceticus (Patel et al., 1976) to 0.5 Fe/subunit in the
Pseudomonas enzymes (Broderick & O’Halloran, 1991). The protocatechuate 3,4-
dioxygenase [tom Pseudomonas putida ATCC 23975 (formerly classified as
Pseudomonas aeruginosa) was originally thought to be an octomer of {¢y 3, Fe3+)
catalytic units {(Yoshida ef @/, 1976), bul was later reconstituted with additional
iron (Bull & Ballou, 1981). The treatment resulted in an increase in the visible
absorption spectra, specific activity and the attainment of the theoretical afSFe’+
stoichiometry. In the same vein, Broderick & O’Halloran (1991) tried several
methods to increase the iron content and specific activity of chlorocatechol 1,2-
dioxygenase: Fe?* and Fe3*+ were added to the assay buffer; Fel+ was incubated
with the enzyme, followed by gel-permeation chromatography; the enzyme was
anaerobically incubated with Fe2t and various reducing agents, followed by gel-
permeation chromatography and air-oxidation; but nonc of the methods resulted
in an increase in either iron content or specific activity. In the present work, an
attempt was made to increase the content of iron by incorporating a chelated
metals solution into the growth medium (Methods 2.2.1), but without any
significant change in either iron content or specific activity (Table 4.1). Broderick
& O’Halloran {1991) posited that alternate metal ions such as manganese or zinc
occupied the second binding site in place of iron, but analysis of their enzyme
revealed Zn/dimer and Mn/dimer ratios of less than 0.05 and 0.009, respectively.
More recently, Maliseva ef al. (1994) purified and characterised a chlorocatechol
1,2-dioxygenase from R. erythropolis {CP with the unusual stoichiometry of
FeMn/ 64 000 dimer. Certainly, Mn2+ is an analogue of FeZ* and there is at least
one known Mn2*+ dependent extradiol dioxygenase isolated from Arthrobacter
globiformmis CM-2, known from the sequence data to be a member of the main
Fe?+ dependent family of enzymes (Boldt er al., 1995), but whether Mn2+ is
catalytically active in an enzyme known to depend upon the ferric oxidation stale
remains to be seen, since during the initial stages of the purification, these
workers used buffers supplemented with 2 mM MnSO4 (Maltzeva et al., 1994),
Another possibility, is that the binding of Fe3* (o one subunit, reduces the metal
ion affinity of the other iron-binding site, but this prcsupposcs that the iron is
incorporated after the protein has folded, since if it were incorporated during
folding, all enzymes would have their full quota of iron. The protocatechuate 3,1-
dioxygenase from £. putida is the only non-haem iron intradiol-cleavage enzyme
whose 3-dimensional structure is known [{aff Fe?¥),] (Ohlendorf et al., 1988;
Ohlendorf ¢t a¢f., 1994). The enzyme should have 12 Fe atoms per mole of
enzyme; however, in no case have more than 8 atoms per mole been reported and

this is the case for both the wild-type and the cloned proteins,
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so it seems hat despite the structural equivalence of the metal binding sites, the
quaternary structurc in solution leads to a static or dynamic inequivalence (Frazee
et al., 1993). Concenlrated solutions of rhodococcal catechol 1,2-dioxygenase
are red due to an absorplion maxima at 426 nm (Figure 4.5), which is typical of
all known non-haem iron intradiol-cleavage enzymes (Table 1.2). The mean molar

absorption coefficient at this wavelength was | 850 M~! cin~! with respect to the

subunit concentration (Section 4.2.4), or 3 700 M-! cm! with respect to the
native protein concentration (assuming a M, value of 63 000). Palcl e¢r al. ,-"’1 976 )

reported a molar absorption coelficient of 2 860 M | ci~! with respect to the
native catechol 1,2-dioxygenase [rom. A. calcoaceticus, but since this enzyme has
1 Fe atom per subunit (Figure 1.2) the difference in values is unexpectedly large,
given that the Fe:subunit stoichiometry in the rhodococcal catechol 1,2-
dioxygenase was closer to 0.5 Fe atoms per subunit (Table 4.1). In fact the molar
absorption cocfficent at 426 nm obtained for the rhodococcal enzyme is much
closer to that reported for the chlorocatechol [,2-dioxygenase from P. putida
which has 0.5 Fe atoms per subunit (Table 1.2) (Broderick & O'Hallotan, 1991).
Electrospray mass spectroscopy has recently emerged as a powerful tool,
not only in the accurate determination of M; values (Fenn er al., 1989), but also in
the analysis of oligomeric proteins containing labile Fe-S clusters (Petillot er al.,
1993). Since the Fe-S bonds are weaker than the other bonds involved in proteins,
obtaining the intact holoenzyme requires milder operating conditions. During the
present work, electrospray mass spectroscopy was operated in the positive ion
mode by incorporating trifluoroacetic acid in the carrier solvent (Methods 2.8.6).
Under the stated conditions, only the monomeric form of catechol 1,2-
dioxygenase was seen and this was predominantly in the apocnzyme form (Figure
4.6). During their work on the homodimeric ferredoxin, a protein which contains
| Fe-S cluster per subunit, Petillot et al. (1995) observed only the monomeric
apoprotein when they carvied out electrospray mass spectroscopy in the positive
ion mode. Since this metalloenzyme has a sufficiently low pl, they were able to
use electrospray mass spectroscopy in the negative ion mode at neutral pil. By
varying the nature of the carrier solvent, they were able to get either dimeric
holoenzyme andfor a mixture of the monomeric apoprotein and the dimeric
holoenzyme. No signal corresponding to the dimeric apoprotein was observed and
so these workers assumed that the loss of quaternary structure prececded loss of

the Fe-S clusters.

4.4.3 Kinetics
Rhodococcal calechol 1,2-dioxygenase was assaycd with 0-0.4 M NaCl in
100 mM Tris/HCL, pH 7.5 according to (Methods 2.4.1). Neither activation nor
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inhibition was observed, in contrast to the protocatechuate 3,4-dioxygenase [rom
Pseudomonas putida, which was inhibited (competitively with protocatechuate)
by chioride ions (Bull & Ballou, 1981). Also, in some of the earliest kinetics
studies done on pseudomonad catechol [,2-dioxygenase, some dependence upon
the ionic strength, was obscrved (Hayaishi e7 «l., 1957), but again this was not
experienced with the rhodococcal catechol 1,2-dioxygenase,

Catechol 1,2-dioxygenase was optimally active at pH 9.0 (Figure 4.9),
similar to the catechol |,2-dioxygenases that were isolated from Rhizobium
leguminosarum biovar viceae USDA 2370 (Chen & Lovell, 1990) and Rhizobium
trifolii (Chen et al., 1985). In contrast, the catechol and chlorocatechol 1,2
dioxygenases from pseudomeonads (Nakai ef al., 1990; Broderick & OHalloran,
1991; Bhat ef al., 1993) and the enzymes from A. calcoaceticus (Patel er al.,
1976) and Fratenria ANA-18 (Aoki er al., 1984b), are optimally active at pH 7.5~
8.0. At pH 11.0, the rhodococeal enzyme was rapidly inactivated and so it was not
possible to obtain an initial rate. The broad pH stability of rhodococcal catechol
1,2-dioxygenase contrasts with other catechol- and chlorocatechol 1.2-
dioxygenases, which tend to be unstable at below about pH 7.

Steady-state kinetics experiments which were designed to measurc
catechol 1,2-dioxygenase activity with respect to differen{ substrates, were
hampered because of the difficulty in acquiring halo- and alkyl-substituted
catechols. A more limited experiment did show, however, that rhodococcal
catechol 1,2-dioxygense did not difler significantly in activity or binding affinity
with catechol, 3- and 4-methylcatechol as substrates (Table 4.2). The very low K,
values obtained for the purified rhadococcal catechol 1,2-dioxygenase for cach of
these substrates substantiates the results obtained with partially purificd cxtracts
(MclIntosh, 1993), although in some of the latter experiments, the maximum
velocity with catechol was somewhal higher than with the 3- and 4-methyl-
derivatives. The lack of activity with protocatcchuate was no suprise, since as far
as it is known, no chlorocatechol 1,2-dioxygenase or catechol 1,2-dioxygenase
will oxygenate this substrate. Conversely, the pseudomonad protocatechuate 3,4-
dioxygenase is typical in not degrading catechols to any great extent. The
structural basis for this substrate exclusivity is not known, since the three-
dimensional structure of oaly protocatechuate 3,4-dioxygenasc is known
(Ohlendorf et af., 1988; Ohlendorf ef al., 1994).

Another aspect which McIntosh (1993) also addressed, again using
partially purified extracts of R. rhodochrous, was whether catechol 1,2-
dioxygenase activity obtained after induction on benzyl alcohol, is the same as
that obtained after induction on styrene. The behaviour of each preparation during
chromatography and the similarity of intradiol-cleavage aclivity towards



substituted catechols, suggests that they are the same (MclIntosh, 1993). Since the
catechol 1,2-dioxygenase purified (Methods 2.5) in this work was only ever
obtained after induction on benzyl alcohol, a comparison of the purificd chzymes
could not be made and nor was it possible to establish whether the enzyme
induced on benzyl alcohol would oxygenate 3-vinylcatechol, since this derivative
of styrene (Figure 1.9} is not commercially available.

In order to measure the K,, and V values for the catecho!l- and
chlorocatechol 1,2-dioxygenases from Pseudomonas B13, Dorn & Knackmuss
(19785) generated different concentrations of Oy by bubbling defined O,/N,
mixtures through the assay prior to the addition of enzyme. It was found that the
K, valucs of chlorocatechol 1,2-dioxygenase for catcchol at differenl On
concentrations were not significantly affected. It was concluded that O, did not
affect the binding of organic substrates to chlorocatechol 1,2-dioxygenase and it
was therefore assumed that the the K, values for substituted catechols measured
by using air-saturated solutions were the actual K, values. On the other hand, the
samc authors found that only catechol 1,2-dioxygenase could approach maxinumn
velocity in air-saturated solutions and then only when catechol or 4-
methylcatechol were the substrates. IFor all other substrates tested, the maximum
apparcent velocity was scarcely half of V and with catechol as the organic
substrate, the atfinity of chlorocatechol [,2-dioxygenase for Oz, was so low that
half-maximum velocity was only just reached at 1 x 10° Pa of O3, With this caveat
in mind, the V' values of some catechol [,2-dioxygenases, chlorocatechol 1,2-
dioxygenases and protocatechuate 3,4-dioxygenases, normalised with respect to
catcchol or protocatechuate where appropriate, are compared in Table 4.4, The
catechol 1,2-dioxygenases from Acinetobacter calcoaceticus and Alcaligenes
eutrophuy are much less active towards substituted catechols, with the latter
enzyme less than 10% as active with 3-methylcatechol and showing scarccly any
significant activity with 3-chlorocatechol. In conlrast, the chlorocatechol 1,2-
dioxygenascs from Pseudomonas putida pAC27 and A. eutrophus for example,
arc distinguished by their ability to oxygenate substituted catechols, especially the
3- substituted ones such as 3-mcthylcatechol and 3-chlorocatechol. On the basis
of relative activity, rhodococcal catechol 1,2-dioxygenase does not seem to
discriminate between any of the substrates which were tested. To get a clearer
impression of the substrate specificity of rhodococcal catechol 1,2-dioxygenase,
the specificity constant {k.o/Kp) (Fersht, 1985) for each substrate was calculated
(Table 4.3). They demonstrate that if ali the substrates were available to the
enzyme simultancously, catechol would be (urned over faster than either 3- or 4-
methylcatechol, since it has the highest specificity constant. If only the methyl

derivatives were present, then neither would be (urncd over preferentially, since
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they both have approximately the same value. The k., /K, value has also been
used as a measure of catalytic efficiency, since under some circumstances it can
be reduced o an apparent second order rate conslanl for the reaction of free
enzyme with substrate (Fersht, 1985). Given that the upper limit for a bimolecular
reaction (10%-10° M~1s~1) is diffusion controlled, the values of [06-107 M-) -1
obtaincd for rhodococeal catechol 1,2-dioxygenasc arc indicative of highly
efficient catalysts.

Some of the non-haem iron intradiol-cleavage cnzymes also cleave outside
3-substituted substrale hydroxyl groups under certain conditions {(Fujiwara er af,
1975). Rhodococcal catechol 1,2-dioxygenase was assayed for extradiol activity
(Methods 2.4.1) with catechol, 3-methylcatechol and 4-methylcatechol, but no
activity could be detected. Ratios of intradiol- to extradiol-cleavage for the
catechol 1,2-dioxygenases from P. arvilla C-1 and Pseudomonas B13 with 3-
methylcatechol and 3-methoxycatechol were approximately 17:1 and 5:1
(Fujiwara et af., 1975; Dorn & Knackmuss, 1978«). Chlorocatechol 1,2-
dioxygenases on the other hand, such as the one from Brevibacterium fuscum P-
13, cleave all substrates between their hydroxy! groups. As the rate of intradiol-
cleavage of 3-substituted catechols becomes slower relative to the reaction with
catechol, so the proportion of extradiol activity increases. This point is illustrated
with the catechol 1,2-dioxygenase from Frateuria ANA-18, which catalyses the
intradiol-cleavage of 3-methylcatechol at a rate of less than 0.9% to thal of
catechol, with the ratio of intradiol (o extradiol activity of {.0:1.2 when 3-
methylcatechol is the substrate (Aokl er al.. 1984h).

The tolerance towards substituted catechols such as 3-methylcatecho! and
the absence of any extradiol activity, have shown that rhodococcal catechol [,2-
dioxygenase is unlike other catechol 1,2-dioxygenases which have been
characteriscd so far. At the same time, il is not sulfliciently active with the
substituted catechols to qualify as a chlorocatechol 1,2-dioxygenase, which are
nnequivocal in their preference towards substituted catechols. This combination
of qualities is rellecled in Lhe subunit M, which is heavier than the chlorocatechol
1,2-dioxygenases and lighter than the catcchol 1,2-dioxygenases (Table 1.2). In
this respect it is very simtlar to another Gram-positive cuzyme from Arthrobacter
mA3 (Hck & Belter, 1993) and with which it sharcs substantial sequence identity
(Figure 4.7}.
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CHAPTER §
Cloning, sequencing and expression of the gene encoding
catechol 1,2-dioxygenase



5.1 Introduction

During the characterisation of catechol |,2-dioxygenase (Chapler 4) from
Rhodococcus rhodochrous NCIMB 13259, N-terminal and peptide sequence data
were obtained (Mcthods 2.8.3, 2.8.4 & 2.8.5) which showed substantial sequence
identitity to the Arthrobacter mA3 calechol 1,2-dioxvgenase (Cck & Belter, 1993)
(Figure 4.7). Scquence alignments demonstrated that the rhodococcal N-terminal
and peptide sequences were probably about 180 amino acids apart, representing
approximately two-thirds ol the Arthrobacter enzyme (Figure 4.7). Tt was hoped
at the outset, therefore, that the amino acid sequence information would enable the
design of oligonucleotide primers which could be used in polymerase chain
reactions (PCR) to amplify an homologous probe from R. rhodochrous genomic
DNA, thereby allowing the gene encoding catechol 1,2-dioxygenase {car) to be
cloned.

5.2 The design of three degenerate oligonucleotide primers

Two pools of degenerate oligonucleotide primers were designed using
amino acid sequence data derived from the N-terminus of purified catechol 1,2~
dioxygenase and a peptide purified from a Staphylococcus aureus V8 protcasc
digest of catechol |,2-dioxygenase (Sections 4.2.8 and 4.2,9). A third pool was
designed on the basis of a strongly conserved hexapeptide which was discovered
from multiple sequence alignments of protocatechuate 3,4-dioxygenasc, catechol
1,2-dioxygenase and chlorocaicchol 1,2-diokygenase (residucs 230-235, Figure
5.12}, The amino acid sequences and the correspending oligonucleotide primer
pools are shown in Figure 5.1, Inosine was used in positions of 4-fold redundancy
since it forms stable base pairs with all four bases (Martin ez al., 1985). One three-
fold position was guessed, since a codon-usage table made from 40 Rhodococciis
structural genes revealed a heavy cadon bias towards cytosine at the third position
{Table 5.1).

5.3 The optimisation of the pelymerase chain reaction

In cffect, two primer half-pairs (oligolF-oligolR and oligolF-oligo2R)
were made from the three pools of degencrate primers (Figure 5.2a). The products
from each PCR were expected (0 be about 600 and 560 kb respectively. The two
estimates were based on amino acid sequence alignment data shown in Figure 4.7
and the known difference in M, of about | 000 between lhe catechol 1,2-
dioxygenases of R. rhodochrous (Section 4.2.0) and Arthrobacter mA3 (Eck &
Belter, 1993).

During initial experiments to identify optimum PCR conditions for each

primer half-pair, both the annealing temperature and the time of annealing were
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39
{(a) N-Terminal sequence
TTTENPTAHASGNAATDEKFKSXR

FoeoRl
OligolH 51 -GGGAALITCAACGCIGC IACIGACAAGTTC CAN-3 !
T T A T

(b} Conserved region (residues 230-2335, Figure 5.12)
RPAH*H

BamH]
QligolR 5'-GGGCATCCATGIATIATGIGCIGGIC 3!
G G

(c) V8/2 Peptide

ITTLKPAPYKIPADG

BamHI
0ligo2R 5'-GGECATCCGTCIGCIGGGATCTTGTA-3 !
A A T A

Figure 5.1 The design of three degenerate oligonucleotide primers

Three pools of oligonucleotides, IF, IR and 2R, were designed from the
highlighted parts of the amino acid scquences (a), (b) and (c) respectively.
Oligonucleotides 1R and 2R were designed from the complementary strand and
then reversed. In order to ninimise the number of specics in each oligonucleotide
pool, positions of three- and four-fold redundancy were either represented by the
neutral base inosine or were gucssed using a codon-usage table (Table 5.1).
Positions of two-fold degeneracy were represented by both bases. To facilitate
cloning, each degenerate primer had a restriction site incorporated into the 5'-end.
The melting temperature of each primer was estimated using the Genelockey
program (Taylor, 1991) and was approximately 58 "C in each case.

The V8/2 peptide was a product of a V& protcase digest (Methods 2.8.3)
which had been purified by HPLC (Mcthods 2.8.4) (Figure 4.8). Both the N-
terminal and the VE&/2 peptide were sequenced according to Methods 2.8.5. The
conserved region was taken from multiple sequence alignments (Figure 5.12).

%, Unassigned amino acid; *, Tle, Ala or Val.



Amino  Codon Nunmber % Amino Codor Number %
acid acid
Gly GGG 228 14 Ile ATA 36 5
GGA 292 29 ATT 28 13
GGT 320 22 ATC 593 82
elele 925 4%
Thr ACG 249 24
Glu GAG 362 58 ACH 124 12
GAA 414 42 ACT 88 8
ACC 586 56
Asp GAT 236 28
G2C 756 72 L'rp TGG 265 100G
Val GTG 427 32 END TGA 39 72
GTA i19 9 TAG 9 17
GTT 147 11 TAS 6 iz
&N 641 48
Cys 6T A% 25
Ala GCG 598 31 TGC 1248 74
GCA 32 i7
GCT 188 Q0 Ty TAT 76 17
GCC 792 42 TAC 363 83
Leu TTG 160 11
TTA 20 1
Arg AGG 5& 8 16 558 38
AGA 33 3 CTA L8 3
CGG 27% 25 cry -3 7
CGA 162 15 cre 583 40
CGT 166 15
cGC 404 7 Phe TTT 64 12
TTC 476 88
Ser AGT 76 8
AGC - 20% 21 Cln CAG 359 76
TCG 2932 30 CAA TH3 24
TCA 74 8
TCT 57 6 His CAT 106 24
TCC 259 27 CAC 340 76
Lys ARG 311 79 Pro CCG 405 L4
ARAR 82 21 CCA 111 i2
ceT 83 S
Asn AAT 82 20 cCC 313 35
AAC 324 30
Met ATG 385 100

Table 5.1 Codon-usage in the genus Riodococcus

This codon-usage table was constructed from all of the Rhodococcus
structural genes (a total of forty) contajned within the Genbank and EMBIL
databases (1993) using the CodonFrequency program (Wisconsin Sequence
Analysis Package, Genetics Computer Group, Madison, Wisconsin, USA). The
overall G + C content wus 65%.



QligolF

Genomic DNA

B FE R R RN R S AR
s e

OligolR
(8)
OligolF Genomic DNA
R Sk AN SRR S SRS S RS S B ]
e
Oligue2R
Qligo!F
& Genomic DNA
NESHATERY
e et
OligoIR
{b) First round PCR )
60D bp product
IS S

Second round PCR
560 bp product

Figure 5.2 The use of three primers in two primer haif-pair PCR reactions

(&) The three pools of degenerate primers (Figure 5.1) were used in two
primer hatf-pair PCR reactions (Methods 2.9.10.1) consisting of an outer half-pair
reaction (oligo1F-oligolR) and an inner half-pair rcaction (oligo lF-0ligo2R). The
products from the two reactions were expecied to be 600 bp and 560 bp
respectively.

(b) Hemi-nested PCR was carried out by linking both reactions. This was
done by using 1% of the product from the outer reaction (first round PCR} to
prime the inner reaction (second round PCR) (Methods 2.9.10.1).
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varied, however, even when the annealing time was maintained at 40 °C for 3
min, well below the calculated annealing temperature of 53 "C for cach primer
(Methods 2.9.10), no products were visible upon analysis on agarose gels
(Methods 2.9.2). It was not until the annealing time was extended to 4 min that a
product of approximately 600 bp was obtained with the ouler primer half-pair
{1F-1R) (Lane 1, Figure 5.3), but still no products were obtained with the inner
primer half-pair (1F-2R), even when the number of PCR cycles was increased (o
35.

Another critical lactor for successful PCR is the denaturing temperature.
Rhodococcus DNA Is exlremely GC rich (G + C content 65%, scc Tuable 5.1) so it
wais possible that the DNA was not completely denatured even though the
temperature was mairiiélined at 95 °C for 3 min prior to the addition of Tag DNA
polymerase, Co-solvents such as glycerol and dimethylsulfoxide (DMSO) have
been shown Lo greatly incrcasc the amount of PCR amplification, presumably by
increasing the solubility of the DNA template (Bej ef al., 1991) therefore the inner
primer half-pair (1T-2R) PCR was donc with 4% DMSO and resulted in some
product formation (Lane 2, Figure 5.3).

The 600 and 560 bp products from the outer and inner half-pair PCR were
purified by agarose gel electrophoresis (Methods 2.9.3) and cloned in E. coli
DHS5 o (Methods 2.9.17). After restriction analysis upon agarose gels (Methods
2.9.2), ransformants which contained the appropriate sized insert were purilied
using the Qiagen midi-prep (Methods 2.9.6) and sequenced manually (Methods

2.9.15.1), but none contained the requsite BamHI-ffcoRT insert.

5.4 A core region of the gene encoding catechol 1,2-dioxygenase was
amplified using hemi-nested PCR

In order to increasc specificity, the inner and outer half-pair PCR reactions
were coupled by using a portion of the product from the outer half-pair reaction as
a lemplate for the inner reaction (Methods 2.9.10.1), in a hemi-nested PCR, whose
overall strategy is illustrated in Figure 5.2b. The predicted 560 bp product of the
hemi-nested PCR (Lane 4, Figure 5.3) was cloned in £. coli DH50. (Methods
2.9.17). Restriction analysis on agarose gels of 50 antibiotic resistant
transformants (Methods 2.9.2) revealed eight rccombinants, cach containing a S60
bp insert. Three out of the four recombinant plasmids which were scquenced
(Methods 2.9.15.1) contained a core region of the gene encoding catechol 1,2-
dioxygenase. The identification was based upon known amino acid sequences and
scquence similarities with other catechel [,2-dioxygenases (Figure 4.7).
Approximately two-thirds of the BamHI-EcoRI insert from one of the
recombinant plasmids, designated pP29, was sequenced (Methods 2.9.15.1) and
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Lane 1 2 3 4
bp
2 322

2027

W

6 i

564

Figure 5.3 Agarose gel electrophoresis of PCR products

All PCR reactions were carried out as described in Methods 2.9.10.1 using
an annealing temperature of 50 “C and were then analysed (20 pl per reaction) on
a 1% agarose gel (Methods 2.9.2).

Lanes 1-4 were as follows: 1, outer half-pair product; 2, inner half-pair
product; 3, three fragments from a Hind 111 restriction digest (Methods 2.9.11); 4,
hemi-nested product; lanes 5-7 were single primer controls using oligos IF, IR

and 2R respectively.



found to have a G + C content ol about 65%. The derived amine acid sequence
was very similar to the catechol 1,2-dioxygenase from Arthrobacier mA3 (Bck &
Belter, 1993), in keeping with the amino acid sequence already obtained {Figure
4.7).

5.5 The use of the BamHI-EcoRI insert as an homologous probe

The recombinant plasmid, pP29, was used as an homologous probe in
Southern hybridisation experiments with R. rhcdochrous DNA (Methods
2.9.13.1). The probe hybridised strongly to several fragments in each restriction
digest, except for the Smal digest where it hybridised to only a single fragment of
approximately 3.5 kb (Lane 5, Figure 5.4). Since Simal produces blunt ends which
arc ditficult to ligate, R. rhodochrous genomic DNA was digested with the
isoschizomer Xmal (Methods 2.9.11), to give fragments with suitable 5'-
overhangs. The requisite 3.5 kb band was purified by agarose gel electrophoresis
(Mcthods 2.9.3) and then cloned in £ coli XL2-Blue ultra-competent cells
(Methods 2.9.17). Three colonies hybridised (Methods 2.9.13.2) strongly to the
labelled prabe (IYigure 5.3). Restriction analysis of all three clones (Methods
2.9.2), showed that each contained the same size insert of approximately 3.5 kb.
Automated sequencing reactions (Methods 2.9.15.2) using primers {2545 and
2708, Figure 5.6) designed from the BamHI-£coRT insert were carried oul on one
of the clones (pPDS2) and confirmed that the Xmal insert contained the gene
encoding catechol 1,2-dioxygenase. At the sume time, in-frame initiation and
termination codons were discovered, suggesting that the entire gene had been

cloned.

5.6 Sequencing the recombinant plasmid pPDS2

The partial nucleotide sequence of the Xmal fragment was obtained using
the stratcgy shown in Figure 5.6. Tte sequence (Figure 5.7) contains within it an
open reading frame which encodes a catechol ,2-dioxygenasc with a M, value of
31 599, in agreement with the experimentally derived {Methods 2.8.6) value of
31 598 for the cnzyme purilied from R, rhodochirous (Figure 4.6). The derived
amino acid sequence is also in agreement with the chemically determined
(Methods 2.8.3, 2.8.4 and 2.8.5) amino acid sequence (Figure 4.7).

The codon-usage in cat is more strongly biased towards G and C in the
third position and for Asp, Lys, Asn, Ile, Cys, F'yr, Phe, Gln and His there is a
100% major codon assignment (Table 5.2). Partial open reading frames were
found both upstrecam and downstream of cat, but neither encoded regions of non-

random codon-usage. Other polential coding regions were found in the remaining
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Lane |1 2 3 4 5 6

3.5Kb

Figure 5.4 Southern hybridisation of Rhodococcus rhodochrous DNA with
the EcoRI-BamHI insert

A Southern blot of digested Rhodococcus rhodochrous DNA was
hybridised to 10 ng of denatured, radiolabelled EcoRI-BamHI insert for 8 h at
68 °C in a total volume of 10 ml (Methods 2.9.13.1 & 2.9.14). Filters were then
autoradiographed at —70 °C for 24 h (Methods 2.9.16). Lanes 1- 6 were as follows:
1, BamHI; 2, Xhol; 3, EcoRI; 4, Pstl; 5, Smal; 6, Sacl.



96

Figure 5.5 Colony hybridisation with the radiolabelled EcoRI-BamHI insert
Hybridisation was carried out at 68 °C for 6 h using 20 ng of denatured

radiolabelled insert in a total volume of 20 ml. Filters were then autoradiographed

for 24 h at =70 °C (Methods 2.9.16). Three colonies hybridised to three separate

filters but only one of the filters is shown.



o7

0.7 kb

Xmal Xmierl.
. . T S R R A R S S

2545

Figure 5.6 DNA sequencing strategy

The partial nucleotide sequence of the Xmal insert from the recombinant
plasmid pPDS2 was obtained by autvinaled sequencing (Methods 2.9.15.2). Each
arrow represents an overlapping sequence detesrmined with internal
oligonucleotides (Methods 2.9.9). The sequence of cach primer is shown, together
with its position relative to the 5 Xmal restriction site,

Oligonucieotide pPDS2 sequence Position on Xmal
primer fragment

2653 GATCACCACCCACAGCT 107-123

2651 ACGGCGAGTIGGCCGCTGT 375-392

2708 GCTACTACTCGCAGTTCGCC 645-664

2652 GGGGCGAACTGCGAGTAG 666-649

2545 ACGCGTCCTTGTAGATGGCA 282-265

2841 CGCGACGACGAATGCCGGTGC  1089-1069



-35 --10

1 CCCGGGTGTTGACAATCACCTGTGACTGGACGCACAGTGTGTG TACGCAC

01 TGUGATACGGAAGTACGCACAGCGTACANCCTCGASTCCCCAGAGCCCCAG

101  CCCCCCGATCACCACCCACAGCTTTNGCGACTACCGTTCCAGCCTCGCCC

RBS
155 AGCAGGACACATGACCACCACCGANAACCCCACCECTCACGUCTCGGGUA
T T E N P_T A II A S G N

A a2 T D K F K & F R ¥ & 8 D T §

251 AGCGOGCCGCTGCCATCTACAAGGACGTGCTCGETECEITCGCCEA

TCG
E R & A A I ¥ ¥ b V L ¢ A ' A L

G
v
301 GATCATCCACAAGCACCAGGTCACCTACGACGAGTACCGGGIGCICAAGC
r I I X o ¢ v T Y b E Y R V L X @

351 AGTGGATGATCGACGTCGGCGAGTACGGCGAGTGGCCGCTGTGGCTGCGAC
w M L DV G ¢ Y G I W P L W L D

401 GTCTTCGTCCAGCACCAGATCGAGGAAGTGCACTACAACCGCAAGCACTT
v F vV E E E I E E V H Y N R K H F

451 CTCCGGCACCAAGGGCAGCATCGAGGCCCCCTACTACGTGCCEGACTCGEC
s ¢ T K &5 8§ 1 £ G F Y Y ¥V P D 5 P

501 CGAAGCTGCCIGCCAASTGCACCATGCCGATGCGCGAGCAGEACAAGCECC
X L P A X C¢C T M P M R E Q D X A

Figure 5.7 Partial nucleotide sequence of the Xmal insert of the recombinant
plasmid pPDS2 and the deduced amino acid sequence of the gene encoding
catechol 1,2-dioxygenase

DNA sequencing of the Xmeal insert (Methods 2.9.15.2) [rom the
recombinant plasmid was done according to the strategy shown in Figure 5.6,
Regions of amino acid sequence confirmed from protein sequencing experiments
(Sections 4.2.8 & 4.2.9) have been underlined. Putative =35 and —10 promoter
sequences, together with a ribosome binding site have been double underlined.
Two inverted repeat structures arc in bold. Nucleotides are numbered from the
first base in the Xmel sile.

Abreviations used: RBS, ribosome binding site; #, stop codon.
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501

oy
921
[EEN

701

751

801

85%

90

952

1002

110

1151

1201

GCCGAGCGCGCTGATCTTCARGGGCCAGGTCACCCACITCGAGGGCAAGGG
A K A2 T T ¥ K G O Vv T HBh L, E G K G

CCTGCAGGGCGCCACCGTCNANCTGTGGCACCCTGALAAGGAGGGCTACT
L 2 6 A T Vv ¥ L w 3 A D K E &G Y Y

ACTCGCAGTTCGCCCCCGGCATCCCCGAGTGCGAACCTGCGCEGCACCATC
S g F A P G I » 2 W N L. R G T I

GAGTGCGACGACGAGGGCAACTTCGAGATCACCACCTTCAAGCCCGCGCT
E ¢ b o = G N ¥ BB f L T L, K P A P

CTACAAGATCCOGECCRACHGOCCGACCRRCTGGTTIATCGACTCCTACG
Yy K_T P A D &G P T G W F I D S Y G

GCOGCCACCCEIGCCCEICCUGUCCACCTGCACCTCATGETGAAGGUTCCG
G 0 P W R P A H L, H IhL, M¥m ¥V K A DT

GGCAAGCGCGCCATCACCACCCAGCTCTACTTCCAGGGEGGCGAGTGGEET
¢ K R A I T 2~ @ L Y F € G G E W V

CGAGGACGACGTCGIGACCECCACCAAGCCCEGAGI TGATCCTGEACCCEC
¥ b DV A T A T K P E L I L 2 2 Q

AGCCGAACGCCGACGGCGTCGACGAGGTGACCTACARCTTCCCCCTCGAC
F N A D ¢ VvV D E V T ¥ N Y A L I

CCCRAGCLCTGAGCACTCCTEIIGAACCECETCCACCAGTGGTGACANANT
P E 2 *

GCCOUTTUTCCEUCARGGGCACCGGCATTCGTCGTCGCEGAAGCCUGELY

GTTGCCCCGCATCACCCGCCCCARATCCGATTTGTTCAACTTGTTCGATG

CERACTTTCCGCTCCTTGCETTTCCCCAL
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Amino Cocon Number 3 Amino Codonn Numbe:r %
acid acic
Gly GGG G 0] Tle ATA 0 0
GCEA C a ATT 0 0
GGT 1 A ATC 14 150
GGC 22 96
Thr ACG 2 10
Glu GAG 23 Yz ACH 0 0
(€793 2 8 ACT 0 0
ACC 18 30
nsp GAT 0 9
Gac 20 10¢C rrp TGG 8 100
Val GTG [ 35 ENMD TGA A 100
GTA C ¢ TAG o) 0
GTT 0 0 T'AA 0 0
GTC i1 68
Cys TGT Q 0
Ala GG 8 23 TGC 2 100
GCA 0 0
QcT 2 8 ~yr TAT 0 Q
Goe 18 69 TAC 13 100
Leu e J 0
TTA 3 0
Arg AGG ] 0 CTG 10 5%
AGA ] 0 CTA J 0]
CGG 2 zZ5 cTT 0 )
CGA 0 0 CTC 7 41
(well 1 12
cGe 5 62 Phe SRR 0 0
TTC 110 130
Sex AGT 0 0
AGC 2 20 Gl CAG 9 100
TCG S 60 CAR 0 C
TCA 0 0
7CT 0 0] [lis CAT ] G
ele) 2 20 CAC 1C 100
Lys AAG 18 100 2ro CCG 11 55
AAA Q Q CCA 0 0
cCT i 0
Asn AAT Q 0 CCC 9 £5
AAC 7 100
Met ATG 4 1¢0

‘T'able 5.2 Codon-usage in the gene encoding catechol 1,2-dioxygenase from

Rhodococcus rhodochirous NCIMB 13259

Codon-usage in the gene encoding catechol 1,2-dioxygenase (Figure 5.7)

was calculated using the CodonFrequency program (Wisconsin Sequence

Analysis Package, Genetics Computer Group, Madison, Wisconsin, USA).
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five reading frames, but all but one of them were less than 100 bp and none of
them displayed a non-random codon-usage.

A putative ribosome binding sitc (AGGAGG) was [ound 4 bp upstream
from the initiation codon (ATG} and had a calculated binding energy (AG) ol
16.6 Kcal mol~! (Strohl, 1992). In addition, putative —35 and —10 promator
sequences (TTGACA and CACAGT respectively) and (wo inverted repeat

structures were discovered upstream of the coding region (Figures 5.7 & 5.8).

5.7 Over-expression of Rhodococcus rhodochrous catechol 1,2-dioxygenase

Expression analysis of the plasmid pPDS2 suggested that catechol 1,2-
dioxygenase was being expressed from its own promoter in XI.2-Blue cells (Lane
5, Figure 5.9) with a level of expression comparable to that obtained in
R. rhodochrous {(Lane 2, Figure 3.3). In order Lo increase expression, cal was
cloned downstream of a strong promoter and ribosome binding site. The gene
encoding catechol 1,2-dioxygenase was amplified with Venr DINA polymerase
(Methods 2.9.10.2) from R. rhodochrous using a PCR technique (Figure 5.10).
The amplicon was then cloned into the plasmid pTB361 which contains the T7
promoter (Table 2.1, Methods 2.9.17) producing the recombinant plasmid,
pPDSX4CTD, which was sequenced (Methods 2.9.15.2) and found to be identical
to the genomic sequence (Figure 5.7).

The cxpression analysis of pPDSX4CTD revealed that catechol 1,2-
dioxygenase was expressed maximally after 4 h induclion with
isopropylthiogalactoside (IPT(G) (L.ane 8, Tigure 5.11), to approximately 40% of
the celiular protein as cstimated by densitometry (Methods 2.7.3). The
rccombinant catecho! 1,2-dioxygenase was purified twice (Methods 2.5) and on
both occasians it behaved in the same way as the wild-type catechol 1.2-
dioxygenasc did during jon-exchange and hydrophobic interaction
chromatography (Figures 3.1 & 3.2). Both preparations had an average specific
activity [units (mg protein)~1} of 11.5 (11, 12) (Methods 2.3.2 & 2.4.1) which is
the same as the average specific activity of the wild-type protein (Table 3.2).
Atomic absorption analysis (Methods 2.8.8.2) on one of the preparations showed
it to have 0.5 atoms of Fe per subunit, which is slightly less iron than the wild-
type protein contains (Table 4.1). N-Terminal amino acid analysis was also
carried out on one of the preparations (Methods 2.8.5} and revealed that some of
the polypeptide chains [(probably less than 25%}), personal communication, J. N.
Keen] contain a methionine residue which contrasts with the wild-type catechol
1,2-dioxygenase polypeptide, which does not have the N-terminal methionine

residue (Figure 4.7).
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-]0 =35
Escherichia coli TAtAaT TTGACa
Rhodococcus rhodochrous CACAGT TTGACA

Figure 5.8 Putative —10 and —35 promoter elements in Rhodococcus
rhodochrous

Putative —10 and —35 promoter elements upstream ol the gene encoding
catechol 1,2-dioxygenase in R. rhodochrous, compared with consensus sequences
from £. coli (Harley & Reynolds, 1987). Upper and lower cases refer to strongly

and weakly conserved bases respectively.
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Lane 1 2 3 4 5 6 7
M; (x IO—3)94 T
67
43

30

20.1

14.4

Figure 5.9 Expression of catechol 1,2-dioxygenase in Escherichia coli XL2-
Blue pPDS2 and analysis with SDS-PAGE

E. coli was grown as described in Methods 2.2.3.1. Electrophoresis was
carried out at 200 V using a 12% acrylamide separating gel and 5% stacking gel
(Methods 2.7.1). Lanes 1-7 are as follows: 1, M, markers; 2, E. coli XL2-Blue; 3,
E. coli XL2-Blue SK II; 4, E. coli XL2-Blue SK II after 4 h induction on IPTG;
5, E. coli XL2-Blue pPDS2; 6, E. coli XL2-Blue pPDS2 aftr 4 h induction with
IPTG; 7, Catechol 1,2-dioxygenase purified from Rhodococcus rhodochrous
(Methods 2.5).



Nilel
CTDE]l 5-GGAATTCCATATGACCACCACCGAAAACCCCAC-3

Bglll
CTDE2 5-GAAGATCTCAGGCCTCGGGGTCGAGCGCGAA-3

Figure 5.10 The amplification of the gene encoding catechol 1,2-dioxygenase
using PCR '

The catechol 1,2-dioxygenase gene from Rhodococcus rhodochrous was
amplified using PCR (Methods 2.9.10.2). The oligonucleotide CTDE! had an
Ndel restriction site to facilitate cloning and this was followed by the 5-end of the
gene. Similarly. the oligonucleotide CTDE2 had a Bg/Il restriction site
incorporated and this was followed by the 3'-end of the gene. 'lhe
oligonucleotides were made according to Methods 2.9.9.
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Lane

M; (x 10-3)

Figure 5.11 Over-expression of the gene encoding catechol 1,2-
dioxygenase in Escherichia coli JM109(DE3) pPDSX4CTD

E. coli was grown as described in Methods 2.2.3.1. Electrophoresis was
carried out at 200 V using a 12% acrylamide separating gel and 5% stacking gel
(Methods 2.7.1). Lanes 1-8 are as follows: 1, Catechol 1,2-dioxygenase purified from
Rhodococcus rhodochrous (Methods 2.5); 2, M, markers; 3, E. coli IM109 (DE3);
4, E. coli IM109 (DE3) pTB361; 5-8, E. coli IM109 (DE3) pPDSX4CTD after 0, 1,
2, 4 h induction with IPTG. The specific activity of catechol 1,2-dioxygenase
(Methods 2.3.2 & 2.4.1) reached a maximum of 4 units mg (protein)-! after 4 h

94
67
43
30

20.1

14.4

I 2 3 4 5 6 7 8

induction with IPTG.
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5.8 Discussion
5.8.1 DNA sequence

The expression of catechol 1.2-dioxygenase in £. cofi pPDS2 in the
absence of IPTG suggested that the gene encoding this enzyme was being
expressed [rom its own promoter (Figure 5.9). Within the upstream region, more
than 100 nt from the ATG coding initiation start site, were putative —10 and —35
promotor sequences, 18 nt apart (Figure 5.7). Both bear a strong resemblance 1o
the consensus sequences for those E. coli promoters (Figure 3.8) recognised by
RNA polymerases containing ¢70-like subunits (Harley & Reynolds, 1987). The
DNA sequence upstream from the ATG start codon had a G-+C content of 61%,
which is slightly lower than the figure of 67% obtained for the coding region. In
contrast, the average G+C content of E. coli promoters is 43% (Bibb er al., 1985).
Streptomyces, like Rhodococcus, arc Actinomycetes {(Embley & Stackebrand,
1994} and their genes also have a higher G+C content than those isolated from 7.
cefi. Stroh] (1992) compiled a list of 139 streptomycete start sites and found that
only 29 appeared to belong to the 67%-like consensus group. This sub-scction
contained the only promoters which were active in I, ¢oli and they also, not
suprisingly, had the lowest G+C composition (~57%). Although there are E. coli
promoter sequences that are recognised by specific g-factors tor special purposes,
for example in the heat shock response and in the metabolism of nitrogen, there
are comparatively few promoters that vary from the 679 consensus sequences. 1t
has been proposed that there are only two basic types of promoter in E. cofi, those
recognised by ¢70 and which may be modulated by positive and negative
regulators and those promoters recognised by ¢34, which are regulated only by
activation. The first type of promoter may contain proximal regulatory elements
which overlap the =35 and —10 promoter sequences, bringing any regulator into
direct contact with the RNA polymerase. With the second type of promoter,
however, the location of activator binding is less critical and may in some cases
be remotc [rom the binding of the RNA palymerase (Collado-Vides er af., 1991).
Catechol 1,2-dioxygenase is expressed constitutively in £. coli and is induced in
R. rhodochrous, which suggests that its expression is under pegative control. In
contrast, the genes encoding most bacterial catechol- and chlorocatechol 1,2-
dioxygenases appear to be positively regulated by he LysR lamily of DNA
binding proteins (Frantz & Chakrabarty, 1987; Kasak ef af., 1993; Matrubutliam
& Backer, 1994) which recognise TN A and GN A molils within inverted
repeat structures straddling promoter regions (Goethals ef @l., 1992). Both motifs,
together with their inverled repeats, have also been [ound upstream of (he
rhodococcal gene, the first one (GNj(A) starting within the putative — [0 region.

This is a complete contrast to positively regulated genes, where the DNA binding
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motifs normally overlap, to some extent, the —35 consensus site. The relative
spatial difference between positive and negative regulatory sites within E. coli
70 promoters was noted by Collado-Vides ef al. (1991), who found that about
G0% of the activator sites which were studied touched the —40 position, whereas
none touched the —10 position. In contrast, 49% of repressible sites have operators
overlapping the +1 site. The reason why the activation sites tend to be fixcd
around the —33 region is thought to stem from promoter recognition. Studies
thvolving positively controlied regulons have shown that the —35 regions are often
far from consensus, indicating weak promoter-binding activity (Collado-Vides et
al., 1991) suggesting ihat the role ot the activator in these cases may be to replace
the --35 element and provide a substitute contact point for RNA poulymerase.
There may however be nuances in the binding interactions across the LysR family
of regulated promoters, with effete —35 sequences representing one extreme. For
example, site-directed mutagenesis experiments within the positively regulated
catBC —35 promoter consensus had no cffeet on CatR binding but almost
eliminated in vivo expression from the ca/BC promoler regardless of whether the
inducer was present or not (Parsek et al., 1994), showing that the interaction of
the RNA polymerase with the —35 region is an important event in the
transcriptional activation of catBC, Of course, the role of the inverted repeat
structures within Lthe putative promoter region of the rhodococcal gene is not
known; however, the presence of the GN; A motif raises the intriguing possibility
of whether, upstream of the rhodococcal cat gene, there is a divergently
transcribed regulator protein, since in the catBC operon this metif lies within a
repressor binding sike which mediates the autoregulation of CatR (Parsek er al.,
1994).

Rhodococcus catechol 1,2-dioxygenase was expressed in both E. coli
XL2-Blue and £. coli JMI109 (DE3) during this project (Figure 3.9 and Figure
5.11 regpectively). In E. coli XL2-Blue, the level of expression was comparable
to the wild-type expression in R. rhodochrous, whereas in E. coli IM109 (DE3),
under control of the T7 promoter, catechol 1,2-dioxygenase amounted (o
approximately 40% of the soluble proteins, about lwenty times more than the
wild-type expression, Experiences with the expression of pseudomonad genes in
E. coli strains have been mixed, with some workers reporting problems. For
example. Frazee er al. (1993) attempted (o cxpress the Pseundomonas putida
protocatechuate 3,4-dioxygenase in E. cofi using in twrn, the lac, tac and 17
expression systems. Expression was achieved, albeil al a very low level compared
with the wild-type expression in P. putida. The failure was attributed to the

comparatively high G+C content of Pseudomonas genes with respect to those in
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E. coli and/or 1o a divergent pattern ol codon-usage, imposing a block at the level
of translation, although high levels of expression have been achieved with genes
which have very different patterns of cadon-usage to that of an optimal E. coli
ecnc (Robinson e¢f «l., 1984; Holm, 1986). Recenl evidence shows that rare
codons early in the first few codons of an open reading frame can affect both the
quantity and quality of the synthesised protein. In particular, the clustering of such
codons as CUA, AUA, CGA or CCC can be important in regulating transiation
cificiency (Kanc, 1995). In the caf gene, by contrast, there is a strong bias toward
a subset of major codons (Table 5.2). Although in unicellular organisms the
codon-usage for most genes seems to reflect the average composition of the
genome as a whole, there is a subset of genes, for example those encoding
ribosomal proteins and elongation factors, for which the codon-usage is strongly
biased toward a group of major codons (Andersson & Kurland, 1990). Major
codon bias has been correlated with the expression level of the protein molecules
and it has been observed that the higher the protein production level, the higher
the tendency to use only a subset of codons in the gene (Andersson & Kurland,
1990).

The putative Shinc-Dalgarno sequence (AGGAGG) in the rhodococcal
gene (Figure 5.7) was identical to the proposed consensus sequence for
Streptomyces genes (a/gGGAGG) (Strohl, 1992). Mcl.aughlin et af. (1981)
proposcd that that the Shinc-Dalgarno sequences of Gram-positive bacterial
mRNAs are typically able to form strong complexes with the 165 mRNA,
whereas 7 coli sequences are more variable. The dala accumulated [rom the
apparcnt Shine-Dalgamo sequences of 44 Streptomyces genes, however, suggest
that the strength of Strepromyces Shine-Dalgarno sequences vary as much as those
from E. coli (Gold et al., 1981) with both types of bacteria tolerating relatively
poor Shinc-Dalgarno sequences (Strohl, [1992).

5.8.2 The derived amino acid seqnence

The catechol {,2-dioxygenase from R. rhodochrous was compared with
nine other non-haem iron intradiol-clcavage enzymes (Figurc 5.12). The
protocatechuate 3.4-dioxygenases were represented only by the B-subunits, since
the o-subunits from this enzyme contain only vestigial iron binding sites. The
Rhodococcus sequence was found to have 26-28% identity to protocatcchuate 3,4~
dioxygenases, 29-30% identity to the catechol 1,2-dioxygenase from
Acinetobacter calcoaceticus and Pseudomonas putida ESTI001 respectively, and
30-35% identity to the chlorocatechol 1.2-dioxygenases. The closcst alignment
was with the catechol 1,2-dioxygenase from Arthrobacter mA3 (Eck & Belter,
1993) which was 56% identical (71% similarity) (Table 5.3). The high degree of
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PUXR. FSEPU
POYB_ACICA
PCXB_BURCE
CATA_ACICA
PHEB_PSESP
CLCA_PSEPU
TCEC_PSESP
TFDC_ALCEU

FNTQDVQDFT,
YDTPEVEDFL

RVASGLEQEG
KIVAGLDREG

RETEKHVAAGN
KSER.VSSDT

GNPRVKQIIH
GNDRGKQTTH
MDXRVAEVAG
MEERVKQVAS
MNKRVEDVVD
SKERVSALAG
SVERARATYK

39
. . BAQDNSRF
MSQTIIWGAY
.. .MDSPTIL
RVLSDLYKAL
RILSOLYRTI
AIVEAVRKIL
ALVDA LQXTT,
ATIVAAVQRVL
RVIRAINDTY
DVLGAFABLT

CATA MSTETEZATAA ASGAGATARF
CAT .TITENPTAH ASGNAATNKR
Congensus  —-————~—=-
51

PCXB,_PSEPU VIRDRNWEPK ALTPLYKTSI
PCXE ACICA AQSNTHDEPP AYRPGYKI'GV
PCXB_BURCE TPRUWPSHPA YVHPDYRSSV
CATA_ACICA EDLNITSDEY WAGVAYLMNOL
PHEE PSESFE DDFDITARQY WSAVSLLNAL
CLCA_PSEFJ LDERVIEARY RAGVDYLTEV
TCBC_PSESP TEQRVTEEEW RAGVGYMMKL
PTEDC_ALCED DOKEVTEAEY RTAVHYLMQV
CATA LEEXVTYDEY NALKAWLISWY
cal HKHQVTYDEY

Comnsensus

ARSPROALYS
LRSPKNRLIS
KRGPTRPMIP
GANQEAGLLS
GOASQTCILLS
AQTRETALL .
ABAKEVAVL .
AEQRETALL .
GETGEWPLF .

IPQSISETTG
IAETLSEVTA
LEKERLRDQYA
PGLGFDHYLD
PGLGFDHYNMD
. .LCVFLN
. . LDAFFN
. .CDVFFN
. . LDWIVE
- LDVFVFR

100
PNFSHLGF . .
PHF SADKE . .
PVYGAEDL . .
FRMDAEDAAL
MRMDAZDAER
STT TRGKASR
HTTVDLKADA
STVAATKARL
HSVEEVANEN
HEIEEVHYNR

Figure 5.12 Sequence alignment of the catechol 1,2-dioxygenase from

Rhodococcus rhodochrous with other non-haem iron intradiol-cleavage

CNZymes

The sequence alignment of the rhodocaccal catechol 1,2-dioxygenase with

other non-haem iron intradiol-cleavage enzymes, taken from the Swissprot and

PIR databases, was performed with the PILEUP program (Wisconsin Sequence

Analysis Package, Genetics Computer Group, Madison, Wisconsin, USA). A

consensus sequence consisting of conserved residues only, s shown underneath

each alignment, with the residues which ligate iron underlined. A conserved

region (residues 230-235) is overlined.
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Sequence Qrganism Enzyme Reference
PCXB_PSEPU Pseudomonas putida ATCC23975 PCD Frazee et af. (1993)
PCXB_ACICA Acinetobacter calcoaceticus BD413  PCD Hartneu et af. (1990)
PCXB_BURCE Burkholderia cepacia PCD Zylstra e al. (1989)
CATA_ACICA Acinetobacter calcoacericus BD413 CTD Neidle er al. (1988)
PHEB_PSESP Pseudvmaonas putida EST 1001 CTD Kivisaar ef af, (1991)
CLCA_PSEPU Pseudionionas purida pAC27 CCD Frantz & Chakrabarty {1987)
TCBC PSESP Pseudomonas p5| CCD van der Meer et ¢f. (19914)
TFDC_ALCEU Alcaligenes eutrophus TMP134 CCD Ghosal & You (1983)
CATA Arthrobacter mA3 CTD Eck & Belter (1993)

CAT Rhodococcus rhodochros CTD This work

The abreviations arc as follows: PCD, protocalechuate 3,4-dioxygenase
(B-subunit); C1TD, catechol 1,2-dioxygenase; CCD, chlorocatechol 1,2~

dioxygenase.
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GEPVPNTLVE
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LWHADKESYY

WRNGEP . ., ..

WRNRT, . ...
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CPRPEGPTCOL
VRPTGAPTEDV
IRPYZGPTGRL
IPNIGPTGVL
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PAHIEFGLEG
FANTITFSLIA
PNHIEFSLFG
EAHIEVEVSA
PAHRTEYFIIA
PAHVEFRVIK
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PAHVEFEVHA
PAHLELKV3A
EABLELMUVXA

AKLDMNNAND
ALEDKSNIIE
SRFSLDTTEE
PEAIKANCVE
HPAAOOYEVR
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TVAGRYVDIY
IVHGYVRDCE
VVIGRVLDEG
ILHGTIFDAD
WLHGQVRDTA
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VIRGAVRTLD
LIQGTVKAVE
LEQGOVRNLA
IFKGOVDLE
_.._G ______
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CLTDSPGYYS
MLITDDRNGYYV
CMTDRAEGRYR
TITDENCOYR
IIAENEGYYR
LA NUSCGNY i
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IZADDOGNFQ
TRCHODEGNER

G -
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PSLATKLLITQ
DGWAQRLISQ
DYFGSRLVTO
DGHRX . LD
PGHQH . LTTQ
NGFEP . LTTY
DGFAP. LTTD
PGYET .LTTQ
PGHOZ . ITTD
PGRRA . TTTO

300
MDCLAYRFDI
ADSRCVRFDI
GHALGYEFDT
GPFACMVEDL
GTVIEVIFNT
DGVRVMTLDF
GGAQVMDIDE
ECVELMNINZ
GHGREVTYHH
GQVD.EVTYNF
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Sequence Protein  Organism Accession e % Reference
number Identily  Similarity
PCXB_PSEPU PCD Pseudomnnas POO437 206 19 Frazee et al.
putida (1993)
PCXB_ACICA PCD Actnetobacter P20372 28 51 Hartnett e af.
calcoaceticus (1990)
PCXRB_BURCE PCD Burkholderia PI15110 27 a7 Zylstra ar al.
cepacia (1989)
CATA_ACICA CTD Acinetvbacter PQ7773 29 52 Neidle er af.
calevaceticns {1938)
PHEB_PSESP CTD Pseudonionas P31019 30 35 Kivisaar et al.
ptida (1991}
ESTI001
CLCA_PSEPU CCD Pseudomonas  I'11451 35 58 Prantz &
putida Chakrabarty
AC27 (1987)
TCRC_PSESP CCD Pseudomaonas P27098 30 57 van der Meer ef
putida P51 al. (1991q)
THFDC_ALCEU CCD Alcaligenes POS4G3 34 56 Ghosal & You
eutrophis {1988)
IMDP134
CATA cTD Arthrobacte JTO613 56 71 Eck & Belter
r mA3 (1993)
CAT CTD Rhodococcus _ 100 100 This work

rhodochrons

Table 5.3 Comparison of the catechol 1,2-dioxygenase from Rhodococcus

rhodochrous with sequences obtained from the Swissprot and PIR databases

The catechol 1,2-dioxygenase from Rhodococcus rhodochrous was

compared with other non-haem iron intradiol-cleavage enzymes taken from the

Swissprot and PIR databases. Values for percentage similarity and identity were

computed using the GAP program (Wisconsin Sequence Analysis Package,

Genetics Computer Group, Madison, Wisconsin, USA). Abreviations used are:

CTD, catechol 1,2-dioxygenase; CCD, chlorocatechol 1.2-dioxygenase: PCD,

protocatechuate 3,4-dioxygenase.



112

Pseudomonas putida (PCD)

Acinetobacter valcoaceticus (PCDY

Burkholderia cepacia (PCLY)

Acinerobacter calcoaceticus (CTD)

Pseudomonas puiida ESTI001 (CTD)

Pseudomonas purida AC27 (CCD1

Pseudomonas putida P51 (CCD)

: Alcaligenes eurraphus IMP134 (CCD)

- Arthrobacter mA3 (CTD)

Rhodococeus rhodochirons (CTD)

Figure 5.13 Dendrogram of amino acid sequence alignments

A dendrogram of the alignment of Rhodococcus catechol 1,2-dioxygenasc
with nine other non-haem iron intradiol-cleavage enzyres was created with the
PILEUP program (Wisconsin Sequence Analysis Package, Genetics Computer
Group, Madison, Wisconsin, USA). 'The enzymes shown here are the same as
those detailed in Figures 5.12 and Table 5.3 Abreviations used are: C1'D, catechol
1,2-dioxygenase; CCD, chlorocatechol 1,2-dioxygenase; PCD, protocatechuate
3,4~dioxygenase (B-subunit).



sequence similarity led Neidle ef al. (1988) and Hartnott ef al. (1990) to suggest
that the non-haem iron intradiol-cleavage enzymes are evolutionarily homologous
and probably evolved from a common ancestor by the acquisition of direct and
inverted sequence repetitions of 6-10 base pairs. A dendrogram of the alignments
shows four distinct sequence groups (Figure 5.13), highlighting the underlying
substrate specificities (Seclion 1.3, Table 1.2). The Arthrobacier and
Rhodococcus catechol 1,2-dioxygenases, clearly have more in common with the
chlorocatechol 1,2-dioxygenases than with the Pseudomonas catechol 1,2-
dioxygenases and this too has been supported by kinetics experiments with the
Rhodococcus  catechol 1,2-dioxygenase, which have shown that it will also
degrade substituted catechols (Table 4.2).

Five Gly and two Pro are amongst the {4 amino acids which have been
conserved in all the non-haem iron intradiol-cleavage enzymes (Figure 5.12).
Their conservation suggests that the tertiary structures are highly conserved, since
both Pro and Gly have special roles in maintaining structural integrity within
proteins, where thev are often found in B-turns, linking onc secondury slructural
element with another (Richardson, 1981). In the protocatechuate 3,4-dioxygenase
B-subunit, both Pro residues occur immediately after 3-strands, and three of the
Gly are involved in B-turns (Ohlendorf et al., 1994). The o~ and f-subunits of
protocatechuate 3.4-dioxygenase have a commaon core structure consisting ol an
eight-stranded B-sheel, {olded in half to yield two, four-stranded layers, forming
the palm and back of a hand-like structure so that the fingers and palm of one
hand grasp the the wrist and palm of the other (Ohlendorf ef @i, 1994). The
intertace has residues which are concentrated primarily in the amino regions of
both chains and in the carboxy region of the «-chain, Primary sequence
alignments (Figure 5.12), show that the amino terminal region to be the least
conserved, reflecting perhaps the different quaternary structures (Table 1.2). Intra-
promoter charge-pair interactions derive in part from the difference in the pl
between the o- and P-chains of protocatechuate 3,4-dioxygenase, which have
been calculated as 5.2 and 9.5 respectively (Yoshida, 1976). The charge-pair
interactions are all associated along the middle of the palms of both chains and
may promotfe chain association at peutral pH. Whether an analogous arrangement
of charge-pair interactions is available to the catechol- and chlorocatechol 1,2-
dioxygenases, which are primarily homodimers with acidic pl values (Table 1.2),
is not known.

The active site of protocatechuate 3,4-dioxygenase is located at the
interface between the ¢f- and B-subunits with several amino terminal residues
from the o-subunit helping to form the active site (Figure 5.14) (Oblendocf ef al.,
1994). The conserved Tyrd08, Tyrd47, His460, His462 (corresponding to residues



lled 91

Figure 5.14 The active site of protocatechuate 3,4-dioxygenase from
Pseudomonas putida

The active site of protocatechuate 3,4-dioxygenase lies at the interface of the
o- and B-subunits. Most of the residues, including His460, His462, Tyr408, Tyrd47
(corresponding to residues 233, 235, 170 and 209 in Figure 5.12) which chelate Fe3+
are contributed by the B-subunit (Ohlendorf ez al., 1994). Ribbons are used to portray
the the B-subunit, whereas the o-subunit is shown only in stick form. All the residues
which form the active site are labelled, including Tyr16 from the o-subunit. The

hydroxyl ion which forms the fifth ligand to Fe3+ is not shown.
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170, 209, 233 and 235 in Figure 5.12) chelate the active site Fe?*, Immedialcly
adjacent to the iron ligands arc threc hydrophilic residues; Fyrlé (in the o-
subunit), Arg457 and GInd77 (Figure 5.14) (corresponding to residues 230 and
250 respectively in Figure 5.12). Tyrl6 exists in the most common rotamer
conformation, lying on the cdge of the active site, where its terminal hydroxyl is
unbonded to any other group (Ohlendorf ef af., 1994). By rotating the side-chain
of Tyrl6 its terminal hydroxyl group can nearly occupy the same position as the
Fe-chelated water molecule, although this operation would cause severc steric
clashes with one of the equatorial Tyr ligands (Tyr408 in Figure 5.14) (Ohlendorf
et al., 1994). Neidle et af. (1988) showed that Tyrl6 is conserved in the
chlorocatecho! 1,2-dioxygenase from Pseudomonas putida pAC27 {corresponding
to position 114 in Figure 5.12). This residuc is retained in all other chlorocatechol
1,2-dioxygenases and in the two Gram-posilive enzymes [rom Arthrobacter and
Rhodococcus, but in the two Gram-negative catechol [,2-dioxygenases, the
equivalent position is substituted with a Leu residue (corresponding to position
114 in Figwe 5.12).

The Argd37 and GIn477 (corresponding to residues 230 and 250
respectively in Figure 5.12), are conserved in every non-haem infradiol-cleavage
enzyme and in the protocatechuate 3,4-dioxygenase their side-chains are hydrogen
bonded with each other. Both residues are deep in the active site (Figure 5.14) and
are probably buried upon substrate binding. Their position and conservation
suggests that they may play an important catalytic role and Ohlendorf et /.
(1994) proposed that the positively charged side-chain of Arg457 may stabilisc
the developing carbanion in the proposed mechanism (Section 1.6, Tigure [.5).
The flat waist of the active site is formed by the residues Trp449 and Iled491
(corresponding to residues 211 and 266 in Figure 5.12), whose hydrophobic
characler matches that of the benzene ring of protocatechuate. In the catechol 1,2-
dioxygenascs from Pseudomonas, Trpa49 is substituted with Cys or Val whilst in
the chlorocatechol |,2-dioxygenases and in the two enzymes from Arthrobacter
and Rhodococcus, Trpdd9 is replaced by lle. The other mid-site residue, [1e491, is
alsv substituted in the catechol- and chlorocatechol 1,2-dioxygenases with Ala
and Gly respectively. in general then, the bulky, hydrophobic mid-site residues of
protocatechuate 3,4-dioxygenase are substituted by less bulky hydrophobic amino
acids in the catechol- and chlorocatechol |,2-dioxygenases, suggestive of a

different substrate binding-site architecture.
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CHAPTER 6
Conclusions
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6.1 Conclusions

Many Gram-negative bacteria (Dorn & Knackmuss, 1978a; Aoki et al.,
[984a; Pieper er al., 1988; Ngai ef af., 1990; Broderick & O’Halloran, 1991;
Hinteregger ¢t al., 1992) and also some Gram-positive bacteria (Maltseva e/ af.,
1991), contain two Lypes of ‘catechol 1,2-dioxygenase’: a chlorocatechol 1,2-
dioxygenase which is characterised by the broad range of substituied catechols
which 1t will oxygenate and a catechol 1,2-dioxygenase which oxygenates a more
limited range of catecheols (Section 1.3, Table 1.2). Chlorocatechol 1,2-
dioxygenases are [requently plasmid encoded, whercas catechol 1,2-dioxygenases
are chromosomally encoded (Section 1.7), When hoth are expressed
simultanecusly they may be separated by ion-exchange chromatography and then
purified to homogeneity using hydrophobic interaction chromatography (Aoki et
al., 1984a; Ngai et al., 1990; Hinteregger et al., 1992}. In this work, during the
initial purification of the catechol 1,2-dioxygenase from Rhodococcus
rhodochrous NCIMB 13259, there was some evidence for more than one catechol
1.2-dioxygenase, since during Mono Q FPLC, both the intradiol-cleavage activity
and the absorbance at 280 nm, resolved into two peaks (Section 3.1.4). However,
this observation was later aftributed to modification of one catechol [,2-
dioxygenase during gel-permeation chromatography, since when the gel-
permeation was discontinued as a purification step, Mono Q FPLC of purificd
catechol 1,2-dioxygenase revealed only a single calechol 1,2-dioxygenase activity
peak. Moreover, the N-terminal amino acid sequence analysis of the purified
catechol 1,2-dioxygenase revealed only a single polypeptide (Scction 4.2,8),
which therefore showed that only one catechol 1,2-dioxygenase had been purilied.

Warhurst (1993) showed that when £ rhodochrous NCIMB13259 was
grown on styrene or nutrient broth and styrene, it contained meta-cleavage
pathway enzymes and also catechol 1,2-dioxygenase activity (Section 1.8, Figure
1.9). In the present work, howcver, the catechol 1,2-dioxygenase [rom this slrain
was induced with benzyl alcohol, since this compound is mwore waler soluble and
less toxic than styrene. It is not known, (berefore, whether (he styrenc- and benzyl
alcohol-induced catechol 1,2-dioxygenase are the same enzyme. The possibility of
multiple catechol |,2-dioxygenases, however, was partly addressed by Mclntosh
(1993), who showed that partially purified extracts of R. rhodechrous which had
been obtained after induction with benzyl alcohol or styrene were very similar in
their intradiol-cleavage activity towards certain substituted catechols. Moreover,
the intradiol-cleavage activity from both types of extract behaved in the same way
during ion-exchange chromatography, suggesting that the styrene- and benzyl
alcohol-induced catechol 1,2-dioxvgenase are onc and the same enzyme
{MclIntosh, 1993).
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A common feature of the catechol- and chlorocatechol 1,2-dioxygenases is
that they migrate much more slowly than expected durine SDS-PAGE.
Comparison of SDS-PAGE-derived M, values with those derived from amino acid
or DNA sequence data, has often resulted in overestimates as large as 10 to 20%
(Ghosal & You, 1988; Neidle ¢f af., 1988, Kivisaar e¢f al., 1991; Eck & Belter,
1993). In the present work, for example, a value of 39 800 was obtained on SDS-
PAGE (Section 4.2.1), whereas the values derived from electrospray mass
spectroscopy and DNA sequence data were 31 598 and 31 599 respectively
{Sections 4.2.6 & 5.6). Overestimates obtained both here and elsewhere, have
been attributed to a conformational peculiarity and/or to the effects of the ferric
ion in the enzyme (Ghosal & You, 1988; Neidle er af., 1988 Kivisaar et al.,
1991). A less consistent phenomenon, but one that has nevertheless been reported,
both in this and in other work (Dorn & Knackmuss, 1978«), is the anomalous
behaviour of catechol 1,2-dioxygenase during gel-permeation chromatography.
giving it a much larger apparent M; value. In the present work. a M, value of 120
000 was obtained (Section 4.2.2), which wouid have meant that this enzyme is a
tetramer. This would be extremely rare, given that most catechol- and
chlorocatechol 1,2-dioxygenase are dimers {Table 1.2, Section 4.4.1). By
chemical cross-linking of the native enzvme, however. it was shown
unequivocally that the catechol 1,2-dioxygenase, from R. rhodochirous is a dumer,
with a calculated M; vulue of 63 000 (Section 4.2.3). Dorn & Knackmuss {1978a)
noticed similar discrepancies in their work on catechol 1,2-dioxygenase and
chlorocatechol 1,2-dtoxygenase from Pseudomonas B13 and were able to
demonstrate that gel-permeation elution volumes could not be correlated with log
M, values, since the frictional ratios (which are a measure of eliipticity} of both
catechol 1,2-dioxygenase and chlorocatechol I,2-dioxygenase differed too much
from the calibration proteins.

Since the rhodococeal catechal 1,2-dioxygenase is a dimer of identical
subunits, iron:subunit stoichiometries of 1:1 were expected. Quantitation by
colorimetry and atomic absorption spectroscopy however, resulted in significantly
less iron than expected (Section 4.2.5, Table 4.1). The shortfall of iron in the non-
haem iron intradiol-cleavage enzymes has been reported elsewhere (Nakai er «f.,
1990; Broderick & O*Halloran, 1991) (Section 1.3) and some workers have
attempted to increase the iron content of the non-hacm iren intradiol-cleavage
cnzymes using various Fe2+ or Fe3* reagents (Bull & Ballou, 1981; Broderick &
O’Halloran, 1991). For protocatechuate 3,4-dioxygenase from Pseudomonas
putida ATCC 23975 (formerly classified as Pseundomonas aeruginosa), this
resulted in the attainment of the theoretical iron:subunit stoichiometry (Bull &
Ballou, 1981), but for the chiorocatechol 1,2-dioxygenase from Pseudomonas
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pulida pAC27, there was no increase in iron content (Broderick & O’Halloran,
1991). The observed ‘deficit' is unlikely therefore to be due to a iron-leakage
during purification. Since the shortfall could be a reflection of a shortage of
available 1ron in the growth medium, an attempt was made to incrcasc the iron
content of rhodococcal catechol 1,2-dioxygenase by incorporating a chelated
metals solution into the growth medium, but this treatment had no significant
change on the iron content and the iron:subunit stoichiometry of all proteins which
had been purified from R. rhodochrous (as measured by atomic absorption
speclroscopy), remained very similar (0.6, 0.60. and 0.65; Table 4.1). Since the
concentration of free Fed* in aerobic solution at neutral pH is very low
(1 x 1017 M} (Guerinot, 1994) the observed deficit may be because demand
outstrips supply i.e., that the intradiol-cleavage enzymes are synthesised [aster
than iron can be mobilised. In order to find out whether the marginally lowcr iron
content found 1n the over-expressed rhodococcal catechol 1,2-dioxygenase (0.5 Te
per subunit, Table 4.1) 15 significant n this regard, it would be necessary to
measure the iron content for several over-expressed proteins.

After the gene encoding the catechol 1,2-dioxygenasc from R.
rhodochrous had been cloned (Chapter 5), the derived amino acid scquence
(Tigure 5.7) was aligned with other non-haem iron intradiol-cleavage enzymes
(Figure 5.12). The rhodococcal catechol [,2-dioxygenase was more akin to the
chlorocatecho!l 1,2-dioxygenases (30-35% 1dentities) than to the catechol [,2-
dioxygenases (29-30% identities). The closest match was with the catechol §,2-
dioxygenase from Arthrobacter mA3 (56% identity), which is the ounly other
catechol 1,2-dioxygenase to have been cloned from a Gram-positive bacterium
(Eck & Belter, 1993). This strain of Arthrobacter can use 3-aminophenol as a sole
source of carbon (I'ck & Belter, 1993) but its catechol |,2-dioxygenase has been
ncither purified nor characterised and so it is not possible to say how far the
primary structure may be corrclated with function. For the rhodococcal catechol
1,2-dioxygensase, however, the scquence data seem to support the kinetic data, in
that there is scarcely any discrimination between the substrates catechol, 3-
methylcatechol and 4-methylcatechol {Section 4.3.4, Tubles 4.2 & 4.3). The
absence of any cxtradiol activity, is also reminiscent to the Gram-negative
chlorocatechol 1,2-dioxygenases (Fujiwara ef af., 1975; Dorn & Knackmuss,
1978a). In other respects, such as its slability in acidic solutions {Section 4.3.3),
the rhodococcal enzyme is unlike the Gram-negative chlorocatechol 1,2-
dioxygenases, which arc extremely labile in acidic pH solutions (Dorn &
Knackmuss, 1978«; Broderick & O’Halloran, 1991). Unfortunately, due to the
lack of availability of 3-vinylcatechol, it was not possible to determine if this
metabolite of styrene (Section 1.8, Figure 1.9) could be effeciively oxygenated by
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the catechol 1,2-dioxygenase which had been purified in this work (Chapler 3),
but since therc is no evidence that R. rhodochrous contains more than onc
catechol [,2-dioxygenase, it seems likely that this compound would be
oxygenated.

The degree of overall sequence identity and the conservation of Pro and
Gly residues suggests that the non-haem intradiol-cleavage enzymes have similar
sccondary and (eriiary structures as well (Figure 5.12). Using the known three-
dimensional structure of protocatechuate 3.4-dioxygenase trom Pseudomonas
putida ATCC 23975 (formerly classificd as Pseudomonas aernginosa) (Ohlendorf
et al., 1988; Ohlendorf et ul., 1994) and sequence alignments with other non-haem
intradiot-cleavage enzymes (Figures 5.14 & 5.12 vespectively), the divergent
pattern of substrate usage (Table 1.2), may be rclated to amino acid substitutions
found within the putative active sites of catechol- and chlorocatechol 1,2-
dioxygenases. For ¢example, the residues Trp449 and 1le491 (corresponding 1o
residues 211 and 266 in Figure 5.12) from the B-subunit, are purported to
sandwich the aromatic ring ot protocatechuate with Gly, Pro and Tyr residues
from the N-terminus of the a-subunil (Ohlendorf et al., 1994). The corresponding
Trp residue is relained in every protocatechutae 3.4-dioxygenase (Figure 5.12),
but in the Gram-negative catechol 1.2-dioxygenases it is substituted with a much
smaller hydrophobic residue (Cys or Val} whilst in the chlorocatecho! 1.2-
dioxygenases and in the 2 enzymes from Arthrobacter and Rhodococcus, Trpdd9
is replaced by Ile (Figure 5.12). It is notable that in the protocatechuate 3,4-
dioxygenase Trp449 (residue 211 in Figure 5.12) is followed by a -loop (GPND)
and then the remaining two His active site residues (Ohlendorf ef al., 1988:
Ohlendorf et al., 1994) (residues 233 & 235 in Figure 5.12), whercas in the
catechol- and chlorocatechol 1,2-dioxygenuses there 1s a scquence of nine residues
in between a putative 3-loop (residues 215-218) and the two His residues, which
have no apparent eguivalent in the protocatechuate 3,4-dioxygenases (Figurc
5.12). The other mid-sitc amino acid, Ile491 (residue 266 in Figurc 5.12}, is
substituted by Ala in both the Gram-positive and Gram-negative catechol [,2-
dioxygenases and by Gly in the chlorocatechol ,2-dioxygenases. The pattern of
substitution in and around the putative active sites seems to reflect the divergent
pattern of substrate usage (Table 1.2), but the logic underwriting this is not
known.

Putative T.ysR regulatory sequence motifs (Rothmel ef al., 1990) were
[ound near a putative —10 promoter element and initiation site (Figures 5.7 & 5.3),
which raises the question of how the expression of catechol 1,2-dioxygenase is
regulated in R. rhodochrous. The fact that catechol |,2-dioxygenase is expressed

constitutively in E. coli in the absence of isopropylthiogalactoside snggests that




the enzyme is under negative control (Section 5.7). Regulatory sequences which
overlap the initiation site are also consistent with negative regulation (Collado-
Vides et al., 1991), however, LLysR proteins arc positive regulators (Trantz &
Chakrabarty, 1987, Kasak er al., 1993; Matrubutham & Harker, 1994) of catechol-
and chlorocatechol 1,2-dioxygenase in Gram-negative bacteria and normually
recognise sequetice molis lying beyond the =35 promoter sequence, which raises

the possibility that there may be a novel mechanism of transeriptional control.

6.2 Future work
The most pressing necds are to follow up the structural work and the

molecular biology.

I. A complete native data set should be collected from the catechol 1.2-
dioxygenase crystals. The X-ray crystallographic struclure defermination of

catechol 1,2-dioxygenase conld then be obtained in one of three ways:

a. Since the sequence data suggest that the non-haem iron intradiol-
cleavage enzymes are homologous, a molecular replacement solution
could be tried initially, using the coordinates of the P-subunit of

protocatechuate 3,4-dioxygenase.

b. 1f the molecular replacement experiment 1s unsuccessful, then
conventional heavy atom souk lechniques would be initialed. The
presence of two reactive Cys in each subunit would be a greal advantage
in the search for the appropriate heavy atoms, since mercury reacts

preferentially with thiols.

¢. Taking advantage of the anomalous X-ray signal of the ferric ion and
determining the Fe¥+ positions directly from a multiwavelength
anomalous dispersion (MAD) experiment using the high energy.
tuneable X-ray source on station 9.5 at CCLR, Daresbury, UK.

The structure of catechol {,2-dioxygenasc could then be compared with
protocatcchuate 3,4-dioxygenase. The mechanism of substrate specificity could
then be probed by doing crystal soaks with substrate analogues and also by
preparing a series of mutants by site-directed mutagenesis. Steady state Kinetics
experiments could then he carried oul on ecach mutant using a broad range of

substituted catechols. so that the structure could be correlated with function.



2. The entire DNA sequence downstream ol the catechol 1,2-dioxygenase
gene should be sequenced o see if it contains any other genes of the B-ketoadipate
pathway. T'he evidence so far suggests that they do not exist, however, Warhurst
(1993) postulated that since catechol I,2-dioxygenase 15 oflen expressed
separately from the remaining members of the pathway (Figure 1.7), the absence
of expression may represent a favlt in regulation.

A more long-term goal would be lo investigate the mechanism of
expression of catechol 1,2-dioxygenase, since this hus not been investigated in
Gram-positive bacteria and the evidence thus far suggests that there may be a
novel mechanism of transcriptional control. Since the genes cncoding catechol
1,2-dioxygenascs frequently have contiguous, divergently transcribed regulator
genes, the DNA upstream of the catechol |,2-dioxygenase gene should be cloned
to see if there are coding regions which bear any similarity to known regulatory

gene products.



123

REFERENCES



124

Akhtar, M. & Wright, J. N. (1991) Natural Product Reports 8, 527-551

Andersson, S. G. E. & Kurland, C. G. (1990) Microbiol, Rev. 54,
198-210

Aoki, K., Konohana, T., Shinke, R. & Nishira, H. (19844) Agric. Biol. Chem. 48,
2087-2095

Aoki, K., Konohana, T., Shinke, R. & Nishira, H. (1984%4) Agric. Biol. Chem. 48,
2097-2104

Appel, M., Raabe, T. & Lingens, F. (1984) FEMS Microbicl. lett. 24, 123-126
Barrowman, M. M. & Fewson, C. A. (1985) Curr, Microbiol. 12, 235-240
Beggs, I. D. & Fewson, C. A. (1977} I. Gen. Microbiol. 103, 127-140

Bej, A. K., Mahbubani, M. H. & Atlas, R. M. {1991) Critical Rev. Biochem, Mol.
Biol. 26, 301-334

Bhat, M. A., Ishida, T., Hortike, K., Vaidyanathan, C. S. & Nozaki, M. (1993)
Arch. Biochem. Biophys 300, 738-746

Bibb, M. J, Jansen, G. R. & Ward, J. M. (1985) 41, 357-368

Blundell, T. .. & Johnson, L. N. (1976) in Protein Crystallography, pp 39-82,
Academic Press, London, UK

Boldt, Y. R., Sadowsky, M. I, Ellis, L. B. M., Que, L. Jr. & Wackelt, L. P. (1995)
J. Bacteciol. 177, 1225-1232

Bradford, M. M. (1976) Anal. Biochem. 72, 248-254
Broderick, J. & OMalloran, T. V. (1991) Biochemistry 38, 7349-7358

Bruce, N. C., Cain, R. B., Pieper, D. H. & Engesser, K. -H. (1989) Biochem. I,
262, 303-312



125

Bull, C. B. & Ballou, D. P. (1981} I. Biol. Chem. 256, (267312680

Bulj, C. B., Ballon, D. P. & Otsuka, S, (1981} J. Biol. Chem. 256, 1268112686

Burlage, R. 5., Hooper, 5. W. & Sayler, G. S. (1989} Appl. Environ. Micrebiol.
55, 1323-1328

Chakrabarty, A. M. (1996) ASM News 62, 130-137

Chatterjee, D. K. (1991) J. Bacteriol. 143, 639-646

Chen, Y. P. & Lovell, C. R. (1990) Appl. Environ. Microbiol. 56, 1971-1973

Cocao, W. M,, Rothmel, R. K., Henikoff, S. & Chakrabarty, A. M. (1993)
J. Bacteriol. 175, 417-427

Collado-Vides, J., Magasanik, B. & Gralla, J. D. (1991) Microbiol. Rev. 55,
371-394

Criegee, R. (1948) Liebig. Ann. Chem. 564, 127

Davies, G. E. & Stark, G. R. (1970) Proc. Natl. Acad. Sci. 66, 651-656

Don, R. H., Weightman, A. I., Knackmuss, H.-J. & Timmts, K. N, (1985)
J. Bacteriol. 161, 85-90

Dorn, E. & Kanackmuss, H.-1, (1978a) Biochem. I. 175, 73-84

Dorn, B, & Knackmuss, H.-J. (1978b) Biochem. J. 175, 85-94

Ducroix, A. & Giege, R., (1992) in Crystallisation of Nucleic Acids and Proteins
(Ducroix, A. & Giege, R., ed.), pp 73-97, Oxford University Press, New York,

USA

Earhart, C. A., Radhakrishnan, R., Orville, A.M., Lipscomb, I. D. & Ohlendorf,
D. H. (19%44) J. Mol. Biol. 236, 374-376



126

Earhart, C. A,, Hall, M. D., Michaudsoret, [., Que, L. & Ohlendort, D, H. (199454)
J. Mol. Biol. 236, 377-378

Eck, R, & Belter, J. (1993) Gene 123, 87-92
Edelhoch, H. {1967) Bicchemistry 6, 1948-1954
Emblcy, T. M. & Stackebrandt, E. (1994} Annu. Rev. Microbiol. 48, 257-289

Fenn, J. B., Mann, M., Meng, C. K., Wong, S. I'. & Whitehouse, C. M. (1989)
Science 246, 64-71

Tersht, A, (1985) Enzyme Structure and Mechanism,W. H. Freeman, New York,
USA

Fewson, C. A. (1921) in The Biology of Acinetobacrer (Towner, K. D. ¢t al., ed.),
pp 351-390, Plenum Press, New York, USA

Finnerty, W. R. (1992} Annu. Rev. Microbiol. 46, {93-218
Fish, W. W. (1988) Methaods Enzymol. 158, 357-364

Frantz, B. & Chakrabarty, A. M. (1987) Proc. Natl. Acad. Sci. USA 84,
4460-44064

Frascr, M. S, & Hamilton, G. A. (1982} J. Am. Chem. Soc. 104, 4203-4211

Frazee, R. W., Livingstone, D. M., LaPorie, D. C. & Lipscomb, I. D. (1993)
J. Bacteriol. 175, 6194-6202

Fuchs, K., Schreiner, A. & Lingens, F. (1991) J. Gen. Microbiol. 137, 20332039

Fujisawa, H., Uyeda, M., Kojima, Y., Nozaki, M. & Hayaishi, O. (1972}
J. Biol, Chem. 247, 44 14-442]

Fujiwara, M., Golovieva, L. A., Sacki, Y., Nozaki, M. & Hayaishi, O. (1975)
J. Biol. Chem. 250, 4848-1855



& Harayama, 3., Rekik, M., Ngai, K. L. & Ornston, L. N. (1989)
J, Bact. 171, 6251-6258



127
Guerinot, M. L, (1994) Annu. Rev. Microbiol. 48, 743-772
Ghosal, D. & You, 1.-S. (1988) Mol. Gen. Genet. 211, 113-120

Ghosal, 13., You, L-S., Chatterjee, D. K & Chakrabarty, A. M, (1985) Science
228, 135-142

Gill, S. €. & von Hippel, P. H. (1989) Anal. Biochem. 182, 319-326

Goethals, K., Montagu, M. V. & Holsters, M. (1992) Proc. Natl. Acad. Sci. USA
89, 1646-1650

Gold, L., Pribnow, D., Schoetder, T., Shinedling, S., Singer, B. S. &
Stormo, G. (1981) Annu. Rev. Microbiol. 35, 365-403

Gourley, D. & Emsley, P. (1995) Personal communication, Department of
Chemistry, Universily of Glasgow

Habeeb, A. F. S. A. (1972) Methods Enzymol. 25, 457-464
Hajdu, J., Bartha, F. & Friedrich, P. (1976) Evr. J. Biochcm. 68, 373-383

Hamilton, G. A. (1974) in Molecuiar Mechanisms of Oxygen Activation
(Hayaishi, O., ed.), pp 405-445, Academic Press. New York, USA

l-iarayama, S., Kok, M. & Neidle, E. L. (1992) Annu. Rev. Microbiol. 46, 365-60)]
Harayama, S. & Rekik, M. (1989) J. Biol. Chem. 264, 15328-15333
®

Harley, C. B. & Reynolds. R. P. (1987) Nucl. Acids Res. 15, 2343-2361

Hartnett, C., Neidle, E., Ngai, K, -L. & Ornston, L. N. (1990) J. Bacteriol. 172,
956-966

Harwood, C. S. & Parales, R. E. (1996) Annu. Rev. Microbiol. 50, 353-590
Harwood, C. S., Rivelli, M. & Ornston, L. N. (1984) . Bacteriol. 160, 622-628

Hayaishi, O., Katagiri, M. & Rotherberg, S. (1955) I. Am. Chem. Soc. 77, 5450



Hayaishi, O., Katagirt, M. & Rotherberg, S. (1957) J. Biol. Chem. 229, 905-920
Hedrick, J. L. & Smith, A, J. (1968) Arch. Biochem. Biophys. 126, 155-164

Hinteregger, C., Loidl, M. & Surcichsbier, F. (1992) FEMS Microbiol. Leul. 97,
261-266

Holm, L. (1986) Nucl. Acids Res. 14, 3075-3087

Houghton, J. E., Brown, T. E., Appel, A, I., Hughes, J. & Ornston, £.. N. (1993)
J. Bacteriol. 77, 401-412

Hucho, F., Mullner, H. & Sund, H. (1975) Eur. J. Biochem. 59, 79-87

Hughes, E. 1., Shapiro, M. I., Houghten, [, E. & Ornston, L. N. (1988) J. Gen.
Microbiol. 134, 2877-2887

Hybond-N (1995) Amersham Tnternational, Little Chalfont, Bucks, UK
Itoh, M. (1989) Agric. Biol. Chem, 45, 2787-2797

fancarik, J. & Kim, S.-11 (19913 J. Appl. Cryst. 24, 409-411

Kabsch, W. (1987) J. Appl. Cryst. 20, 235-242

Kane, J. F. (1995) Curr. Op. Biotechnol. 6, 494-500

Kasak, L., Horak, R., Nurk, A., Talvik, K. & Kivisaar, M. (1993) J. Bacteriol.
175, 8038-8042

Kersten, P. J., Chapman, P. I. & Dagley, S. (1985} J. Bacteriol. 162, 693-697
Kivisaar, M., Kasak, L, & Nurk, A. (1991} Gene 98, 15-20

Kojima, Y., Fujisawa, H., Nakazawa, A,, Nakazawa, T., Kanetsana, .., Tanuichi,
H. Nozaki, M. & Hayaishi, O. (1967) I. Biol. Chem. 242, 3271-3278

Kukor, 1., Olsen, R. H. & Ballou, D. P. (1988) J. Bucteriol. 170, 4458-4465



129

Kukor, J. & Olsen, R. H. (1991) J. Bacteriol. 173, 4587-4594
Laemmli, U. K. (1970) Nature, London 227, 680-685

Ludwig, M. L. & Hunter, M. J. (1968) Mecthods Enzymol. 11, 595-604
Malmstrém, B. G. (1982) Annu, Rev. Biochem. 51, 21-59

Maltscva, O. V., Solyanikova, 1. P. & Golovleva, L. A. {1994) Eur. J. Biochem.
226, 1053-1061

Margolis, J. & Kendrick, K. G. {1968) Anal. Biochem. 25, 347-362

Martin, F. H., Castro, M. M., Aboul-ela, F. & Tinoco, L. Ir. (1985) Nucl. Acids
Res. 13, 8927

Mason, H. S.. Fowlks, W. L.. & Peterson, L.. (1955) J. Am. Chem. Soc. 77, 2914
Mathews, B. W. (1968) J. Mol. Biol. 33, 491-497

Matrubutham, U. & Harker, A. R. (1994} I. Bacteriol. 176, 2348-2353

MeTntash, K.J. (1993) The catechol oxygenases of Rhodococcus rhodochrois
induced by growth on styrene and benzyl alcohol. B.Sc. dissertation, University of

Glasgow

McLaughlin, I. R., Murray, C. I.. & Rahinowitz, J. C. (1981) J . Biol. Chem. 246,
11283-11291

van der Meer, I. R., Tggen, R. I. L., Zehnder, A. 1. B. & de Vos, W. M.
(1991«) J. Bacteriol. 173, 2425-2434

van der Meer, J. R., van Neervan. A. R. W., de Viies, E. 1., dc Vos, W. M. &
Zehnder, A. J. B. (19915) J. Bacteriol. 173, 6-15

Miguez, C. B., Greer, C. W. & Ingram, J. M. (1993} Can. J. Microbiol. 39, 1-5

Murakimi, S., Nakanishi, Y., Shinke, R. & Aoki, K. (1991) Soil Biology &
Biochem. (1991) 23, 815-819



130

Nakai, C., Horlike, K., Kuramitsu, S., Kagamiyama, H. & Nozaki, M. (1990)
J. Biol. Chem. 265, 660-665

Nakai, C., Uyeyama, [1., Kagamniyama, H., Nakazawa, T., Inouye, S., Kishi, F.,
Nakazawa, A. & Nozaki, M, {1995) Arch. Biochem. Biophys. 321, 353-362

Neidle, E. L., Hartnett, C., Bonitz, S, & Ornston, N. L. (1988) J. Bacteriol. 176,
4874-4879

Neidle, E. L. & Ornston, L. N. (1987) J. Bacteriol. 169, 414-415

Ngai, K.-L., Neidle, E. L. & Ornston, L. N. (1990) Methods Enzymol. 188,
122-126

Ngai, K.-L.. & QOrnston, N. L. {1988) J. Bacteriol. 170, 2412-2413
Nichois, N. N. & Harwood, C. 8. (1995} 1. Bacteriol, 177, 7033-7040
Nozaki, M. (1979) Top. Cuir. Chem. 78, 145-186

Ohlendort, D. H., Orville, A. M. & Lipscomb, J. D. (1994) J. Mol. Biol. 244,
586-608

Ohlendorf, D. H., Lipscomb, I. D. & Weber, P. {. (1988) Nature 336, 403-405

Orville, A. M. & Lipscomb, J. D. (1989) J. Biol. Chem. 264, 8791-8801

Parsek, M. R., Ye, P. & Chakrabarty, A. M. (1994) J. Biol. Chem. 269,
11279-11284

Parsek, M. R., Shinabarger, D. L., Rothmel, R. K. & Chakrabarty, A. M. (1992)
J. Buacleriol. 174, 7798-7806

Patel, R. N., Hou, C. T., Felix, A. & Lilliard, M.O. (1976) 1. Bacleriol. 127,
536-344

Petillot, Y., Forcst, E., Mathieu, I. & Moulis, 1.-M, (1993) Biochem. J. 296,
657-601



Petillot, Y., Golielli, M.-P., Forest, E. & Mcyer, J. (1995) Biochem. Biophys. Res.

Commun. 210, 686-694

Pettigrew, C. A., Haigler, B. E. & Spain, J. C. (1991) Appl. Environ. Microbiol.
57, 157-162

Pieper, U. H., Reineke, W., Bngasser, K.-H., & Knackmuss, H.-J. (1988)
Arch. Microbiol. 150, 95-102

Promcga (1996) Biological Rescarch Products, Madison, Wisconsin, USA

Que, L. Jr.,, Lipscomb, J. D., Munck, E. & Wood, J. M. (1977) Biochim. Biophys.
Acta. 17, 1853-1860

Que, L. Jr. (1980) Struct. Bonding 40, 39-72

Que, L. Jr. & Epstein, R. M. (1981) Biochemistry 20, 2545-2549

Que, L. Ji. & Heistand, R. H. (1979) J. Am. Chem. Soc. 101, 2219-2221

Que, L. Jr,, Heistand, R. H., Mayer, R. H. & Roe, A. L. (1960} Biochemistry 19,
2588-2593

Que, L. Jr., Lauiffer, R. B., Lynch, J. B., Murch, B.P. & Pyrz, J. W. (1987)
J. Am. Chem. Soc. 109, 5381-5385

Rast, H. G., Engelhardt, G. & Wallnofer, P.R. (1980) FEMS Microbiol. Lett. 7,
1-6

Reineke, W, & Knackmuss, H.-J. (1988) Annu. Rev. Microbiol. 42, 263-287
Richardson, J. S, (1981) Adv. Prot. Struct. 34, 167-339

Robinson, M., Lilley, R., Little, S., Emtage, J. S., Yarranton, G., Stevens, P.,
Millican, A., Eason, R. & Brown, A. J. P. (1984) Nucl. Acids Res. 12,

6663-6671

Romero-Acroyo, C. E., Schell, M. A., Gaines I1I, G L. & Neidle, E. L. (1995)
J. Bacteriol. 177, 5801-5898



132

Romero-Steiner, S., Parales, R., Harwood, C. & Houghton, I. (1994)
I. Bacteriol. ¥76, 5771-3779

Rothmel, R, K., Shinabarger, D. L., Parsek, M. R., Aldrich, T. L. & Chakrabarty,
A.M. (1991) 1. Bacteriol, 173, 4717-4724

Sawre-lgnazi, G., Gagnon, J., Beguin, C., Barrelle, M., Markowicz, Y., Pelmonot
J. & Toussaint, A. (1996) Arch. Microbiol. 166, 42-50

b4

Saito, H. & Miura, K. -1. (1963) Biochim. Biophys. Acta. 72, 619-629

Sambrook. J., Fritsch, & F. & Maniatis, T. (1989) Molecular Cloning: a
Iaboratory Manual, Cold Spring Harbor, New York, USA

Sawaki, Y. & Ogata, Y. {1978) J. Am. Chem. Soc. 160, 856-860

Schell, M. A. (1993) Annu. Rev. Microbiol. 47, 597-626

Schreiner, A., Fuchs, K., Lottspeich, ., Poth, H. & Lingens, F. (199() J. Gen.
Microbiol, (1991) 137, 2042-2048

Siegel, L. M. & Monty, K. J. (1966) Biochim. Biophys. Acta. 112, 346-362
Southern, E. (1975) J. Mol. Biol. 98, 503-517

Stanier, R. Y. & Ingraham, J. L. (1954) J. Biol. Chem. 210, 799-808

Sterjiades, R. & Pelmont, J. (1989) Appl. Environ. Microbiol. 85, 349-347

Strohi, W. R. (1992) Nucl. Acids Res. 20, 961-974

Stura, E. A. & Wilson, I. A. (1992) in Crystallisation of Nucleic Acids and
Proteins (Ducroix, A. & Giege, R., ed.), pp 99-125, Oxford University Press, New

York, USA

Takaichi, 5., Ishidsu, J., Seki, T. & Fukada, S. (1990) Agric. Biol. Chem. 54,
1931-1937



133

Tatsuno, Y., Saeki, Y., Iwakai, M., Yagi. T., Nozaki, M., Kitagawa, l'. & Otsuka,
S. (1978) ]. Am. Soc. 100, 4614-4615

Taylor, P. L.. (1991} Biosoft GeneJockey sequence processor

Timmis, K. N., Steffan, R. I. & Unterman, R. (1994) Annu. Rev.Microbiol. 48,
525-557

True, A. E., Orville, A. M., Pearce, L. L., Lipscomb, I. D. & Que, L. Jr. (1990)
Biochemistry 29, 10847-10854

Tyson, C. A. (1975) J. Biol. Chem. 250, 1765-1770

Vetting, M.W., Earhart, C. A. & Ohlendorf, 1. H. (1994) I. Mol. Biol, 236,
372-373

Walsh, T. A. & Ballou, D. P. ( [983) J. Biol. Chem. 258, 14413-1442|

Walsh, T. A., Ballou, D. P, Mayer. R. & Que, L. Jr. (1983) J. Biol. Chem. 258,
14422-14427

Warhurst, A. M. {1993) Metabolism of styrenc in Rhodococcus rhodochirous. PhD
thesis, University of Glasgow

Warhurst, A. M., Clarke, K. ., Hill, R. A., Holt, R. A. & Fewson, C. A. {1991)
Appl. Environ. Microbiol. 60, | 137-1145

Whittaker, J. W_, Lipscomb, J. D., Kent, I'. A. & Munck, E. (1984) I. Biol. Chem.
2590, 4466-4475

Williams, P. A. (1985) Enzpack, Elsevier-BIOSOFT, Cambridge, UK

Yoshida, R., Hori, K., Fujiwara, M., Saeki, Y., Kagamiyama, H. & Nozaki, W,
(1976) Biochemistry 15, 4043-4053

Zylstra, G. J., Olsen, R. H. & Ballou, D. P. (1989} J. Bacteriol. 171, 5907-5914




