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INTRODUCTION

Introduction

Begin at the beginning and go on
till you come to the end: then stop.
- The King (Alice in wonderland, Lewis Carroll)



I. INTRODUCTION

1.0 Introduction

Microorganisms produce an array of low molecular weight organic compounds
with a wide range of biological activities. These compounds have interested
chemists for more than a century and a versatile gamut has been isolated,
analyzed and characterised. However, this process is by no means complete and
the inventory of newly discovered compounds increases with each passing year.
The compounds discovered so far have diverse chemical structures with intricate,
idiosyncratic molecular frameworks displaying a remarkable variety and subtlety
(Vining, 1990). They were recognised as products of specialised metabolism and
the reason for their existence though not immediately apparent, was speculated
on ever since their discovery more than a century ago. ‘Secondary metabolites’
was the name given to these compounds by plant phytologists (Barger, 1907)
and this term was brought into common use by J. D. Bu’Lock (Bu'Lock, 1961).
The biosynthesis of all secondary metabolites has been found to arise from
intermediates or products of primary metabolism (Vining, 1990). Unlike
intermediates and cofactors which participate in cell-structure syntheses, energy
transduction and other cellular processes, secondary metabolites do not seem to
be essential either for growth or reproductive metabolism of the organism. These
compounds are usually distinctive products of a particular group of organisms,
sometimes even of a single strain and require a particular set of physiological
conditions for the initiation of their synthesis. Prior to the antibiotic era, relatively
few microbial products were discovered based on biological activity. However, in
the late nineteenth century, the biochemical basis of microbial antagonism of
secondary metabolites was discovered and since then these metabolites have
been intensely investigated and a plethora of these compounds has been
isolated and examined.

Phenazines produced under quorum-sensing control in pseudomonads have long
been categorised as ‘secondary metabolites’ (Leisinger et al., 1979; Vining 1990;
Kerr 2000). They satisfy the paradigms of secondary metabolites, namely, they
are natural products synthesised by cells after reaching the stationary phase,

display no obvious effects on cell growth and have highly sensitive requirements
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of media, pH and temperature for their biosynthesis. However, recently,
phenazines have been discovered to play more essential roles namely, as
biocontrol agents and facilitators of root colonisation in plants (Lugtenberg et al.,
1999; Haas et al., 2000; Lee et al., 2000), in transcriptional modulation (Goh et
al., 2002), mineral reduction and scavenging (Hernandez et al., 2004) etc, all of
which have far-reaching consequences not only for the well-being but also
ultimately survival of the organism. Therefore, this notion of phenazines being
secondary metabolites, indeed the phenomenon of secondary metabolism, is
now being questioned and revised (Price-Whelan et al., 2005).

1.1 Discovery of phenazines

As early as the 1860s, a blue colouration was observed in the pus of injured
soldiers, which on microscopic examination, was found to be caused by a rod-
shaped micro-organism, named Bacillus pyocyaneus (later Pseudomonas
aeruginosa) (Villavicencio et al., 1998). Again, in 1889, it was discovered that the
concentrated cell-free culture fluid of the same Pseudomonas aeruginosa was
capable of killing several different kinds of bacteria. This concentrate was used
as therapy for meningitis, influenza and diphtheria until the first few decades of
the last century (Leisinger et al.,, 1979). The active compound in this culture-
concentrate was isolated and this blue-coloured organic molecule named
‘pyocyanin’ (Fordos, 1859; Emmerich & Low, 1899). The discovery of
antimicrobial properties of this compound aroused further interest and instigated
deeper investigation into the ‘secondary metabolites’ of pseudomonads and of
other micro-organisms in general (Woodruff, 1966; Aoyagi et al., 1978) . This led
to the discovery of a range of compounds of bacterial origin, similar to pyocyanin,

which were collectively designated as ‘phenazines’.

1.2 Prevalence of phenazine producers

As mentioned in the preceding paragraph, the earliest known phenazines were
discovered from the species Pseudomonas aeruginosa. These included, first, the
blue-coloured pyocyanin and later the green chlororaphine (Leisinger et al.,
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1979). For a long time, it was thought that this organism was the sole synthesiser
of phenazines in nature. However, in the second half of the 20™ century a range
of micro-organisms capable of synthesising phenazines were discovered. It is
now known that micro-organisms are the exclusive source of phenazines in
nature and phenazine producers are widely distributed in the biosphere.
Phenazine producers have been identified as organisms belonging to a range of
species like Methanosarcina maze (Archebacterium) (Abken et al., 1998),
Pantoea agglomerans Eh1087 (Enterobacteriaceae) (Giddens, 2002), members
of Streptomyces genus (Actinobacteria) (Umezawa et al., 1951; Turner, 1986;
Maul et al., 1999), Pseudomonads, Burkholderia cepacia and B. phenazinium
(Proteobacteria) (Arima et al., 1964; Chang et al., 1969; Byng, 1976; Brisbane et
al., 1987; Thomashow et al., 1995; Chin-A-Woeng et al., 1998), Pelagobacter
variabilis and Vibrio (marine bacteria) (Laursen et al., 2004; Turner, 1986; Chin-
A-Woeng et al., 2003; Giddens et al., 2002) etc.

This long, albeit incomprehensive list also serves to highlight the fact that
phenazine producers are spread over both gram-positive and gram-negative
proteobacteria. Overall, phenazine producing species are more abundant among
gram-negative bacteria with a high G+C genomic content. There is a
considerable overlap in phenazine derivatives produced by these organisms;
several different organisms are found to produce the same compound as are
individual species known which produce a variety of phenazines in a growth-
condition-dependent manner. Most intensively studied phenazine producers are
the members of the fluorescent Pseudomonas species, in which these
compounds were first identified (Thomashow et al.,, 1998). Fluorescent
pseudomonads include organisms like Pseudomonas aeruginosa, P. fluorescens,
P. chloraraphis, P. putida etc. which are gram negative, strictly aerobic, polar
flagellated and rod-shaped.
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1.3 Chemical properties of phenazines

Chemically, phenazines belong to the alkaloid class of compounds which contain
a basic amino group in their structure. Phenazines are water-soluble and are
secreted into media at concentrations as high as grams per litre of bacterial
culture (Kerr, 2000; Smirnov, 1990). Most species synthesise two or more
species-specific phenazines except Pseudomonas fluorescens which, so far, is
known to produce only phenazine-1-carboxylic acid (PCA) (Mavrodi et al., 1992).
The relative amount of phenazines produced by a species is directly co-related
with growth-conditions (van Rij et al., 2004).

These nitrogen-containing heterocyclic compounds are substituted at different
points around their rings, which alters their solubility and biological activity to suit
environmental demands of phenazine producing species. (Table 1.1; overleaf).
Phenazines have a characteristic absorption spectrum which includes two
intense peaks in the UV range (between 250-290 nm and 350-400 nm) and at
least one more in the visible range (400-600 nm) (Britton, 1983). This peak in the
visible range varies, depending on the aforementioned modifications of the core
phenazine structure and gives rise to a range of brilliant colours, from bright blue
of 1-hydroxy-5-methylphenazine (pyocyanin (PYQO)), lemon yellow of phenazine-
1-carboxylic acid (PCA) to the bright orange of 2-hydroxy phenazine (2-OHPCA)
(Figure 1.1).

2-0OHPCA PCA 1-OHPHZ PYO

Figure 1.1: Streak plate of various phenazine-producing Pseudomonads.
(‘a’; From Kerr et al 2000) and aqueous solution of phenazines. (‘b’; From Price- Whelan
et al. 2005 )
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Name of phenazine
compound

Position of substituents

Species of Origin

1

|2 [3 |4]|5]6 | 7

[8]9

| 10

Phenazines with no carbon substituents on the heterocycli

c ring system

1-Hydroxyphenazine

OH

P.aureofaciens

1,6-Dihydroxyphenazine

OH

OH

P.phenazinium; P.iodinium

2,3-Dihydroxyphenazine

OH | OH

P.aureofaciens

Phenazines with

one carbon substituent on the heterocycli

c ring system

Phenazine-1-carboxylic COOH P.fluorescens; P.aeruginosa;
acid P.aureofaciens; P.phenazinium;
P.chlororaphis
Phenazine-1-carboxamide | COO.NH; P.aeruginosa; P.chlororaphis
2,3-Dihydroxyphenazine-1- | COOH OH | OH OH P.phenazinium

carboxylic acid

Phenazines with

two carbon substituent on the heterocycli

c ring system

Phenazine-1,6-dicarboxylic | COOH COOH P.aureofaciens; P.phenazinium;
acid

2-Hydroxyphenazine-1,6- COOH OH COOH P.aureofaciens

dicarboxylic acid

2,3,7- COOH OH | OH COOH | OH P.aureofaciens
Trihydroxyphenazine-

1,6-dicarboxylic acid

Table 1.1: Some of the phenazines synthesised by various species of Pseudomonas. (From Turner & Messenger, 1986)
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Till date more than 50 phenazine compounds of bacterial origin have been
identified (Laursen & Neilson, 2004). The Pseudomonas species synthesise
simple phenazines, (Table 1.1) whereas other, more complex phenazine
aldehydes, thioesters, ester and amides are made by Streptomyces and other
phenazine producers. This work focuses on the phenazines associated with

pseudomonads.

1.4 Biological significance of phenazines

The highlight of biological significance of phenazines is their ability to act as
broad-spectrum antimicrobial, antiparasite, antimalarial agents affecting a vast
range of organisms (Yang et al., 2005; Cerecetto et al., 2004; Turner et al., 1986;
Budziekiewicz, 1993; Hollstein et al., 1973; Handelsmann et al., 1996; Mavrodi et
al., 2001; Kitahara et al., 1982; Baron et al., 1989).

The root-associated soilborne pseudomonads - P. fluorescens, P. chlororaphis
and P. aureofaciens produce PCA, phenazine-l1l-carboxamide (PCN), and
hydroxyphenzaine-1-carboxylic acid (OH-PCA) respectively, which inhibit
infection by soilborne phytopathogenic fungi (Chin-A-Woeng et al 2003) and
bacterial root diseases (‘take-all decline’ disease), thus securing survival of the
host in the rhizosphere and acting as potent biocontrol agents (Giddens et al.,
2002; Thomashow et al., 1988).

The opportunistic pathogen P.aeruginosa produces an array of phenazines
including pyocyanin (PYO), PCA, 1-hydroxyphenazine and aerugenosin A and B
(Byng et al., 1979; Hassan et al., 1980, Holliman, 1969). Of these, the
phenazines pyocyanin (PYO) and PCA are implicated in a number of instances
of disease pathogenesis. PYO generates pathogenic symptoms leading to the
effective Kkilling of the nematode Caenorhabditis elegans by P. aeruginosa
Rahme et al., 1997; Mahajan-Miklos et al., 1999). It is also found to be essential
for lung infection in mice and the pathogenicity of P. aeruginosa in ‘burned
mouse’ model (Cao et al., 2001; Lau, 2004; Ran et al., 2003). In case of cystic
fibrosis patients, where lung infection by P. aeruginosa is highly prevalent and

results in a high rate of mortality, phenazine compounds have been detected at
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concentrations as high as 10% M (Wilson, 1988). Both PCA and PYO alter
expression of immunomodulatory proteins of human airway epithelial cells
(Denning et al., 2003; Lau et al., 2005), lead to neutrophil inflammation (Look et
al. 2005), induce apoptosis of neutrophils (Usher et al., 2002) and thus among
other factors, contribute towards the persistence of P. aeruginosa infections (Lau
et al., 2004).

Phenazines are capable of mineral reduction and iron sequestering (Hernandez
et al.,, 2004; Schroth et al., 1982), enabling accessibility of these essential
minerals not only to phenazine producing species, but also other organisms
present in soil, thus ultimately influencing the micro flora in a given environment.
Finally, the phenazines produced by P. agglomerans on the stigmas of apple
flowers contribute towards the ability of this bacterium to suppress colonization
by phytopathogenic Erwinia amylovora which causes fire-blight disease in apples
(Giddens et al., 2003). These examples clearly emphasise the role of phenazines
as broad, host-nonspecific pathogenicity factors which contribute towards the

ecological fithess of phenazine-producing strains in their natural habitats.

1.5 Mode of action of phenazines

The biological activities of phenazines have interested chemists for a long time
and an estimated 6000 phenazine compounds have been synthesised or
modified after their discovery from biological sources. These include chemically
synthesised phenazines which play an important role in physical and
electrochemical research e.g. construction of microbial fuel cells for generation of
green and renewable energy (Rabaey et al.,, 2005). Additionally, phenazines
were designed to exploit their DNA intercalative properties, e.g. [5,4-ab]-
phenazine and phenazine-5,10-dioxide to investigate their antiproliferative, thus
anti-tumour and anti-cancer activities (Fernandez et al., 2001; Gamage et al.,
2002; Phillips et al., 2004; Yang et al., 2005). Although the exact mechanism or
effect of intercalation of DNA by phenazines is not well understood, it is thought
that phenazines act by hindering DNA biosynthesis, replication or processing
(Cerecetto et al., 2004);
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These examples clearly indicate that phenazines, rather than performing one
dedicated purpose, seem to be capable of performing multiple roles. This has led
to intensification in research towards understanding the mode of action of
phenazines. The evident non-selective toxicity of phenazines was thought to
arise from a mode of action directed against one of the more universal primary
metabolic pathway reactions (Vining, 1991). In 1934, Friedheim and co-workers
showed through potentiometric studies, that PYO in mixture with its reduced
derivative acted as a reversible redox system. The same group also reported that
PYO was capable of increasing the rate of respiration of both mammalian and
bacterial cells.

Almost all the effects of phenazines mentioned in the previous paragraph (except
DNA intercalation) can be attributed to this one essential feature of phenazines -
their capacity for undergoing redox transformations (Hassan et al., 1980; Muller,
1995; Gardner, 1996; Denning et al., 1998). Phenazines are thought to diffuse
across, or insert into membranes and readily undergo redox-cycling in the
presence of molecular oxygen, resulting in the uncoupling of oxidative
phosphorylation and generating reactive oxygen species like superoxide (O3)
hydroxyl (OH) and hydrogen peroxide (H,O;) (Hassan et al.,, 1980; Turner,
1986). The accumulation of these radicals is toxic not only to bacterial but also
fungal and eukaryotic cells (Toohey et al., 1965; Hasset et al., 1992; Mahajan et
al., 1999) thus conferring host-nonspecific pathogenicity to organisms producing
phenazines. The finding of Friedheim about increased rates of respiration has
been reiterated by O’Malley et al., (2003) and Lau et al., (2004) who showed that
the effects of PCA and PYO on both bacterial and eukaryotic host cells result
from oxidative activity and the inactivation of proteins involved in oxidative stress
responses. Moreover, Hassett and co-workers (Hassett et al., 1992, 1995) have
found that the superoxide dismutases of pyocyanin producing P. aeruginosa
possess a higher activity than other known dismutases, which would protect this
organism from the harmful effects of phenazines.

Though the redox activity of phenazines is well known and the mode of action is

hypothesised, the exact mechanism of how phenazines generate these species
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is not well understood. A more detailed understanding of mode of action of
various phenazines, their influence on the molecular level and their metabolism is
only just emerging (Hernandez et al., 2001; Rabaney et al., 2005; Look et al.
2005).

1.6 Biosynthesis of phenazines
1.6.1 The Shikimate pathway

As mentioned earlier, all secondary metabolites are known to arise from some
modification of the primary metabolic pathways of cells. The discovery of the
Shikimic acid pathway for the biosynthesis of aromatic amino acids - tryptophan,
tyrosine and phenylalanine in the 1960s (Balinsky and Davis, 1961) and the
availability of isotopically labelled compounds resulted in the investigation of
some metabolic intermediates of the shikimate pathway as a possible precursor
of phenazines.

Three important studies in the 1960-70 period established beyond doubt that the
Shikimic acid pathway was indeed the primary metabolic pathway which
branched into the phenazine biosynthesis. The first of these studies was carried
out in 1963 by Millican (Millican, 1963) and showed that biosynthetically prepared
[U*C] shikimic acid was the precursor of pyocyanin synthesised by P.
aeruginosa; with the recovery of around 16% of this radiolabelled shikimate in
pyocyanin. A second set of experiments using isotope-competition technique
(MacDonald, 1963; Levitch et al., 1964, 1966; Chang et al., 1968) confirmed that
shikimic acid was the precursor for biosynthesis not only of pyocyanin but also
phenazine-1-carboxylic acid and oxychlororaphin. Lastly, experiments by Longley
et al. and Calhoun et al., (1972) used mutants unable to degrade shikimic acid
and blocked at various points on the branched pathway to aromatic amino acids.
Their experiments not only validated the conclusions by the previous two sets of
experiments, but went further and identified chorismic acid as the branching point
of the shikimic acid pathway to phenazine biosynthesis (Figure 1.2; overleaf).
The next question in elucidating the phenazine biosynthesis pathway was the
identification of the compound that led to the formation of the tricyclic scaffold of

phenazines.



I. INTRODUCTION
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Figure 1.3: The proposed intermediates of the phenazine
biosynthesis pathway.

Figure 1.2: The shikimic acid pathway and the two compounds investigated as
the potential branching points for the biosynthesis of phenazines.
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1.6.2 Assembly of the tricyclic phenazine ring scaffold

To further understand the mechanism of phenazine ring assembly, initial studies
on lodinin were initiated, which led to the hypothesis that the phenazine moiety
was formed by the diagonal, asymmetrical incorporation of two shikimic acid
units. 4,9-dihydroxyphenazine-1,6-dicarboxylic acid was hence proposed as the
key intermediate in the biosynthesis of all phenazines (Podojil et al., 1970).
However, studies on phenazine ring assembly of pyocyanin and phenazine-1-
carboxylic acid by Herbert et al., (1972) and Hollstein et al., (1972 & 1973) led to
a different hypothesis - that of diagonal, symmetric incorporation of two chorismic
acid units leading to formation of the phenazine scaffold, with phenazine-1,6-
dicarboxylic acid (PDC) as the common precursor of all phenazines (Herbert et
al., 1976; Etherington et al., 1979) (Figure 1.3). This paradigm was accepted,
despite lack of any significant incorporation of [U'C] chorismic acid into
phenazines observed by Hollstein (Hollstein et al., 1972, 1973). Meanwhile,
search continued for more evidence for chorismic acid being the compound that
dimerises to form the phenazine ring system, with anthranilic acid also being
considered. The discovery of two sets of anthranilate synthase genes in
pyocyanin producing strains of P. aeruginosa by Essar et al., (1990) gave some
credence to this hypothesis; although all previous attempts to demonstrate
incorporation of isotopically labelled anthranilate into phenazine were
unsuccessful (Carter et al., 1961; Millican, 1962).

Thus, although the shikimic acid pathway was accepted as the primary metabolic
pathway which branched off into phenazine biosynthesis, the mechanism of
assembly of the tricyclic scaffold of phenazines and identity of the intermediate

formed in this process remained unclear.

1.6.3 Genetic basis of phenazine biosynthesis in

pseudomonads.
Further progress in understanding the phenazine biosynthesis pathway came in
1995, when Pierson and co-workers identified the biosynthetic genes responsible

for the production of phenazine in P. aureofaciens (Pierson et al., 1995). Soon, a
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phenazine biosynthesis locus was also identified, cloned and sequenced in P.
fluorescens (Mavrodi et al., 1998) and P. aeruginosa (Mavrodi et al., 2001). This
locus comprised of a conserved seven-gene operon phzABCDEFG which was
found to be sufficient for the production of PCA from chorismic acid. (Figure 1.4).
Both P. aureofaciens and P. fluorescens contain one, whereas P. aeruginosa
possesses two copies of the phenazine biosynthesis operon. PCA is the end-

product of this ‘core’ phenazine biosynthesis pathway.

8505 bp

EcoRlI Kpnl Pstl
Bglll EcoRlI BgIII| XhoI| EcoRI Smal| |Smal Pstl Bglll |Pstl Xbal

0.0kb 2.0kb 4.0kb 6.0kb 8.0kb

RBS
RBS | RBS

RBS RBS RBS RBS RBS |

Figure 1.4: Phenazine biosynthesis operon from P.fluorescens.

The nucleotide sequences of the phenazine biosynthetic operon of these
organisms were found to be very homologous, with an identity of 70-95%. This
implies that the manner of phenazine biosynthesis and the functions of enzymes
involved in these organisms are identical.

The discovery of this ‘core’ phenazine biosynthesis operon in Pseudomonas led
to further investigation into the presence of this operon in other phenazine

producing species.

1.6.4 Phenazine biosynthesis operon in other organisms

The seven-gene sequence from Pseudomonas was used as a probe to find
similar genes in other phenazine-producing organisms. However, this probe
yielded no results in case of Burkholderia cepacia, Burkholderia phenazinium
(formerly, Pseudomonas cepacia and P. phenazinium respectively), and
Brevibacterium iodinum. This led to the conclusion that although the phenazine
biosynthesis operon is conserved in the Pseudomonal species, other phenazine

producing species might utilise a modified or different operon for phenazine
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biosynthesis. To test this hypothesis, further sequence comparison between the
newly sequenced genomes of various microorganisms were initiated using only
five of the seven enzymes i.e. PhzA, D, E, F and G. This probe found matches in
the genomes of B. cepacia, Erwinia carotovora and the first gram positive
bacteria Brevibacterium lingens.

B. cepacia was previously called Pseudomonas cepacia (Ballard et al., 1970)

and was known to produce the phenazines shown in the figure below:

COO.CHj3 COOH
COOCH3 OH COOH
4,9-dihydroxyphenazine phenazine-1,6-dicarboxylic acid

-1,6-dicarboxylic acid
dimethyl ester

COO.CHj COO.CHj
N N
N N
0 )
N N
COOCH;4 COOCH5; OH
phenazine-1,6-dicarboxylic acid 4-hydroxyphenazine
dimethyl ester -1,6-dicarboxylic acid

dimethyl ester

Figure 1.5: Phenazines produced by B. cepacia.
On further investigation, the phenazine cluster of B. cepacia was found to consist
six instead of seven genes, with only one copy of the highly identical phzA-B
genes of Pseudomonas.
Investigation into this phzA/B-like gene from Burkholderia cepacia (named BcepA
in this work) was initiated, to gain further insight into the structure and function of
phzA/B-like genes of Pseudomonas. This study is the first to undertake the

investigation of an enzyme of the phenazine biosynthesis operon of B. cepacia
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and no other information is available at this point regarding the specific details of
how this pathway operates, the substrates, intermediates involved etc.

This, however, is not the case for the phenazine biosynthesis operon of
Pseudomonas, for which a comprehensive study was undertaken by MacDonald
and co-workers (MacDonald et al. 2001).

1.6.5 Phenazine biosynthesis in Pseudomonas.

MacDonald et al.,, (2001) expressed all or a subset of seven genes of the
phenazine biosynthesis operon of P. fluorescens in Escherichia coli. Feeding
experiments were then carried out using exclusively, chorismic acid, anthranilic
acid or 2-amino-2-deoxychorismic acid (ADIC), to re-examine the branching point
of phenazine biosynthesis from shikimic acid pathway and the process of
phenazine ring assembly.

Their results proved conclusively that chorismic acid was the branching point and
it was converted to ADIC by the enzyme PhzE. Also, neither anthranilic acid (no
conversion to PCA) nor chorismic acid (conversion to ADIC by PhzE, but no PCA
formation) were utilised for the assembly of the phenazine scaffold. ADIC
however, was completely converted to PCA. Moreover, incubation of ADIC with
the enzyme PhzD yielded trans-2, 3-dihydro-3-hydroxyanthranilic acid (DHHA)
and incubation of DHHA with PhzA-G showed complete conversion to PCA. Both
these compounds were thus confirmed as intermediates of phenazine
biosynthesis pathway.

PDC, the previously hypothesised intermediated, was not detected in these
experiments. To further explore the possibility of PDC formation, [11-C**]-labelled
PDC was incubated with PhzA-G extract. Less than 1% of this labelled PDC was
found to be converted into PCA. Moreover, the incubation of radiolabelled PDC in
the presence of radiolabelled ADIC with the same set of enzymes (PhzA-G)
yielded no conversion of labelled PDC to PCA. Thus, PDC was ruled out as an
intermediated of the phenazine biosynthesis pathway of P. fluorescens. Instead,
the dimerisation of two molecules of oxidised DHHA was suggested as a

possible mode of phenazine scaffold assembly.
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These observations were collated and presented in the form of a scheme for the
biosynthesis of PCA from chorismic acid by MacDonald and co-workers (shown
overleaf) which included the newly identified intermediates and the role of

enzymes involved.

1.6.6 Enzymes of the phenazine biosynthesis operon
While studying the various enzymes involved in the phenazine biosynthesis
operon of P. fluorescens, MacDonald et al. compared the sequences of these

seven enzymes with proteins of known function. Their results are tabulated in

table below.
Gene | Size(amino acids) Similar Enzymes
PhzA 163 PhzB
PhzB 162 PhzA
PhzC 400 Plant 3-deoxy-D-arabino-heptulosonate-7-
phosphate (DAHP) synthase.
PhzD 207 Bacterial Isochorismate
PhzE 637 Bacterial Anthranilate synthase
PhzF 278 Unknown
PhzG 222 Bacterial pyridoxyamine 5’-phosphate oxidase

Table 1.2: Enzymes similar to those of the phenazine biosynthesis pathway.

There is more than 70% similarity between the genes phzA and B, which were
found to be important for quantitative synthesis, but not essential for the
biosynthesis of PCA (MacDonald et al. 2001). Both these enzymes however, are
conserved in the phenazine biosynthesis operons of all Pseudomonas species.
The enzymes PhzA-B were thought to act past the formation of DHHA, but no
further information, either structural or biochemical was available, since these
enzymes showed no similarity to any enzymes of known function in the NCBI
database.

Of the rest of the enzymes PhzC, D, E, F and G, which are essential for PCA
production, PhzC, D, E and G were found to have counterparts in the bacterial
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world. PhzC is a 3-deoxy-arabino-heptulosonate-7-phosphate (DAHP) synthase
and acts more upstream (prior to formation of chorismic acid), ensuring adequate
availability of chorismate for phenazine biosynthesis. PhzE, which acts after
PhzC, shows similarity to bacterial anthranilate synthase and catalyses the
conversion of chorismate to ADIC. This enzyme is followed by PhzD, an
isochorismatase, which catalyses the conversion of ADIC to DHHA. This
conclusion was recently confirmed by the crystal structural analysis of PhzD by
Parson et al., (2003).

Recently, Blankenfeldt et al., (2004) shed more light on the mode of action of the
homodimeric enzyme PhzF through structural and biochemical analysis. They
showed that PhzF acts as an isomerase, converting DHHA to its highly reactive
ketone form - 1,2,4-trihydro-3-oxo-anthranilic acid. Blankenfeldt and co-workers
also hypothesised that PhzF is an enzyme with dual functions and also catalyses
the condensation of two molecules of this ketone to form the phenazine ring
scaffold. This role was formerly thought to be performed by PhzG (MacDonald et
al., 2001). The modified scheme proposed by Blankenfeldt et al is depicted in the
Figure 1.6, overleaf.

The last of the seven enzymes, PhzG, is similar to bacterial pyridoxyamine-5-
phosphatase. It was thought to act in steps past the formation of 2,3-dihydro-3-
oxo anthranilic acid, but its exact role in PCA biosynthesis could not be deduced.
The functions of the enzymes PhzC, D, E and F were thus known or could be
accurately surmised. However, no such conclusion could be drawn for PhzA, B
and G. The clarification of the structure and roles of these three enzymes was
one of the goals of this investigation.

As mentioned previously, the end product of core phenazine biosynthesis
operon, phzABCDEFG, is PCA, which is the only phenazine compound
synthesised by P. fluorescens. PCA however, is modified to other phenazine
derivatives in case of Pseudomonas strains like P. aeruginosa, P. chlororaphis
etc. The genetic basis of generation of phenazine diversity and the organisation
of phenazine biosynthesis operon in other organisms is described herewith.
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1.6 Generation of phenazine diversity.

Diversity in phenazine biosynthesis is achieved by the presence of other genes,
associated with the core phenazine biosynthesis operon, which are capable of a
wide range of modifications of PCA. Such genes were identified in P.
chlororaphis, P. aeruginosa and P. aureofaciens and the organisation of
phenazine biosynthesis operon in these organisms is compared to that of P.

fluorescens in the figure below:

phzA4phzB phzC phzD phzE phzF , phzG Pseudomonas
fluorescens

Pseudomonas

aureofaciens

phzA4phzB, phzC phzD, phzE phzF , phzG m Pseudomonas

chlororaphis

~ Pseudomonas
,/ aeruginosa

N
phzA, phzB phzC phzD phzE phzF 4 phzG phzS >— —| phzH

m phzAY phzD phzE phzF phzG m phzC Burkholderia

cepacia

0.0kb 2.0kb 4.0kb 6.0kb 8.0kb 10.0kb 12.0kb 14.0kb

[ - “core” biosynthetic enzymes [ - methy! transferases B - regulatory proteins

[ - hydroxylases [ - similar to asparagine synthase [ -short chain alcohol dehydrogenasesfoxidoreductases

Figure 1.7 The organisation of the phenazine biosynthetic operon from various
organisms (From Mavrodi et. al., 2005)

In case of P. chlororaphis, the biosynthetic gene phzH is found downstream of
phzG. PhzH belongs to the asparagine snythase enzyme family and catalyses
the conversion of PCA to PCN via a transamidase reaction. The transfer of phzH
gene to the phenazine biosynthetic operon of P. fluorescens and P. aureofaciens
enabled these strains to produce PCN and to act as biocontrol agents in tomato
(Chin-A-Woeng et al., 2001). Thus, validating the observation that PCA is not
only the end product of the enzymes PhzABCDEFG, but it is the compound that
is produced in all phenazine synthesising Pseudomonas.

In P. aureofaciens, the gene phzO is localised immediately downstream of the
core biosynthetic operon as well. Belonging to the family of two-component non-
haem, flavin-diffusible bacterial aromatic monooxygenases, phzO catalyses the
conversion of PCA to 2-OHPCA.
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P. aeruginosa in addition to phzH contains two other genes — phzM and phzS
associated with this pathway. phzM is located upstream of the operon and
catalyses the formation of PYO. PhzS is a protein similar to bacterial
monooxygenases and catalyses the conversion of PCA to both PYO and 1-
hydroxyphenazine. Figure 1.8 summarises the conversion of PCA to different
derivates.

The current knowledge of the enzymes involved in phenazine biosynthesis and
modification is still not complete and it is expected that further research into this
field will result in the identification of more such enzymes. This also holds true
about the regulation of phenazine biosynthesis, which, though not yet fully

understood, is known to be regulated by the mechanism of quorum sensing in

Pseudomonas.
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1.8 Regulation of phenazine production

Quorum sensing is a mechanism that enables bacteria to regulate their gene
expression in a population-density-dependent manner, thus adjusting various
metabolic processes according to environmental conditions. In this process,
autoinducer signal molecules convey population density information from
neighbouring sister cells. These autoinducer molecules are diffusible across cell
membranes and belong to N-acyl-L-homoserine lactone (N-AHLs) class of
molecules in gram negative bacteria like pseudomonas.

In P. fluorescens, P. aureofaciens and P. chlororaphis, two genes, phzl and
phzR, located directly upstream to the phenazine biosynthesis operon function as
regulators of N-acyl-homoserine lactone mediated gene expression of the ‘phz’
operon. Thus, these two genes link quorum sensing to phenazine biosynthesis
and act as regulating sub-circuit in these Pseudomonas strains. However, this is
not the only mode of regulation. In P. aeruginosa, the genes regulating
phenazine biosynthesis are not located upstream of the core biosynthetic
pathway, but elsewhere in the genome. In this organism, the expression of
phenazine biosynthesis is thought to be regulated in a more complex manner, by
not one, but two sets of hierarchically organised quorum sensing cascades ‘las’
and ‘rhl'. Thus, the regulation of phenazine biosynthesis is varied and the current
knowledge still incomplete. However, a detailed description of regulation of
phenazine biosynthesis is outside the scope of this work.

This work concerns itself chiefly with the investigation of the enzymes PhzA,
PhzB, PhzG (P. fluorescens) and BcepA (B. cepacia); and the elucidation of the
‘core’ phenazine biosynthesis pathway, with respect to the intermediates

generated during the formation of PCA.
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Objectives of this work

‘Now, I give you fair warning,' shouted the Queen.
Alice in wonderland, Lewis Carroll



Il. OBJECTIVES OF THIS WORK

2.0 Objectives of this work

As discussed in the introduction, phenazines are versatile and multi-functional
compounds; but relatively little information is available about the biosynthesis of
these molecules in nature. Chemically modified or synthesised phenazines are
being explored for various applications, however, no efficient method of chemical
synthesis of phenazines has yet been found. Tapping into the natural methods
of phenazine production, as employed by microorganisms like pseudomonads,
could potentially provide means to generate novel phenazines for various
application from pH indicators (exploiting their unique spectral properties, which
vary with change in pH), and antibiotics, to DNA intercalators (as anti-tumour
agents). It could also provide insights into the development of inhibitors of
phenazine biosynthesis and other pharmaceutical applications and help tackle
the problem of fatal infections by phenazine-producing micro-organisms in
immuno-compromised individuals.

To this effect, this project intends to deepen the understanding of the functioning
of the ‘core’ phenazine biosynthesis pathway involving enzymes PhzA-G and
leading to the formation of PCA. The specific aims of this work encompasses
firstly, the over-expression, crystallisation and elucidation of the three-
dimensional structures of the enzymes PhzG, PhzA and similar enzymes (PhzB
from P. fluorescens and BcepA from Burkholderia cepacia) to discover the role
played by these enzymes in phenazine biosynthesis. Secondly, this work intends
to investigate the exact mechanism of phenazine biosynthesis to establish the
identity of the substrates and products of the various enzymes as well as the
intermediates formed during the production of PCA by using various biochemical

and mass spectroscopic methods.
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Results & Discussions

‘What is the use of repeating all that stuff,
if you don't explain it as you go on? It's by far
the most confusing thing I ever heard!’
- The Mock Turtle (Alice in wonderland, Lewis Carroll)



I11. RESULTS AND DISCUSSION

Section |
This section describes the details of cloning, over-expression and crystallisation
of PhzA, PhzB, BcepA and its complex, PhzG and PhzG complexed with PCA.
The results of the bioinformatics analysis undertaken for each of the proteins are

also discussed here.



I1l. RESULTS AND DISCUSSIONS

3.1 Sequence Analysis
3.1.1 PhzA, PhzB and BcepA

The sequences of proteins PhzA, B and A Bcep were found to be 70%
identical to each other and upto 60% identical to sequences of similar proteins

from other Pseudomonads (Figure 3.1). The sequences were compared using

the program BLAST (BLASTp, NCBI. Altschul et al., 1997).

PhzA_P_.aeruginosa

PhzA/B_B.cepacia

PhzA_P.fluorescens
PhzB_P.fluorescens
PhzA_P.chlororaphis
PhzY_P.chlororaphis
PhzX_P.chlororaphis
PhzA_P.aeruginosa

PhzA_Pan.agglomerans ;

PhzA_Pan.agglomerans :

) m 1 6

R NRatVeqY6r t G RL RHeLFt DG gG W T )

80 *

PhzA_P.fluorescens . [YPGSLSSGGF- R [SPRLRRHELF T[gDGEIGGEWNT]
PhzB_P.fluorescens : WPDSTVQQPIT REKNRATVEQYMRg O]>RLRRHELFTEDGSGGRWIIT]
PhzA_P.chlororaphis : [YPASLSPSSF- ROKNRATVEQYMRg MORLRRHELFTQDGEGGEWNT
PhzY_P.chlororaphis : [ISNSAAQQLTA REKNRATVEQYMR O}>RLRRHELFTEDGLIGGERWT
PhzX_P.chlororaphis : [YPASLSPSGF- ROKNRATVEQYMRETINGPRLRRHELFTQDGEIGGEWNT!

100 *

AERL@RHSLFiEDGCAGNW T
Al -

PhzA/B_B.cepacia

Q Q
W  CFPDW W 16 6FeTd1P1h WVE dg G P

PhzA_P.fluorescens
PhzB_P.fluorescens
PhzA_P.chlororaphis
PhzY_P.chlororaphis
PhzX_P.chlororaphis
PhzA_P.aeruginosa :
PhzA_Pan.agglomerans :
PhzA/B_B.cepacia :
GYP gy eNH56HSFel 1G 6

nREFMNp gl4alLGl VP 64ReG6P

110
CFPDWEWYNVKVFETDDPNHuWVE DGHG 10FE -
A\Me]= /(WS NCFPDWQW(EINVRVFETDNPNH WVEEDG CEKTHEVE :
CFPDWEWMNVKVFETDDPNHWVEEDGECIYIL ZPE
LARe)/\W/(RS SCFPDWQWgINVRVFETDNPNH WVE CKTEVE -
{ILE CFPDWEWHNVRIFETEDPNH WVE@®DGHGALY P
WSLECFPDWEWYNIKIFﬁTDNPDH AA=CpleREL I RFg -

110
110
111
110
110
106

: 113

163
- 162
: 163
163
: 163
: 162
: 158
: 165

Figure 3.1: Multiple alignment of proteins similar to PhzA and B.
(Colour key: Red = 100%; blue = 80%; green = 60% similarity)

The potential folds of these proteins were identified using the structure
prediction program 3DPSSM (Kelley et al., 2000), which predicts protein fold
based on the sequences of proteins. 3DPSSM predicted these three proteins
to be similar in fold to the members of the nuclear transport factor-2 (NTF2-
like) superfamily. This superfamily includes members of the NTF2 family, A°>-
3-ketosteroid isomerases, scytalone dehydratases, and the beta subunit of
ring-hydroxylating dioxygenases. This family represents a classic example of
divergent evolution where the proteins have a common fold, but diverge
greatly in their sequence and function. For example, nuclear transport factor 2
(NTF2) mediates the nuclear import of RanGDP and binds to both RanGDP
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and ‘FxFG’ repeat-containing nucleoporins while ketosteroid isomerases
catalyze the isomerization of A°-3-ketosteroid to A®*-3-ketosteroid, by
intramolecular transfer of the C4-beta proton to the C6-beta position. While
the function of the beta subunit of the ring-hydroxylating dioxygenases is not
known, scytalone dehydratase catalyzes two reactions in the biosynthetic
pathway producing fungal melanin. Members of the NTF2-like superfamily are
widely distributed among bacteria, archaea and eukaryotes. In the sequence
alignment shown in Figure 3.2, sequences of one representative each of
ketosteroid isomerase (1OPY), nuclear transport factor-2 (1ASK) and
scytalone dehydrates (1SJW) have been aligned to the sequences of PhzA,
PhzB and BcepA. No meaningful similarity can be observed between these
sequences.

Thus, although tertiary structure of the PhzA group of enzymes (PhzA, B and
BcepA) could be predicted with some confidence, no conclusion as to the
potential function could be drawn from the sequence alone.

* 20 * 40 *
PhzA_P._fluorescens : MPGSLSSGGFNDH---LELRRKNRATVDQYMRTNGEDRLRRHELFTPDGSGGSWNTET :
PhzB_P.fluorescens : MPDSTVQQPITDD---TELRRKNRATVEQYMRTKGQDRLRRHELFTEDGSGGLWITDT :
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10PY R MNLPTAQEVQGLMARY I ELVDVMGD IEAIVQMYADDATVED---—-——— PFGOP -
1ASK . MGDKP IWEQ1GSSF IQHYYQLFDNDRTQLGAIY IDAS------ CLTWEG -
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Figure 3.2: Alignment of PhzA, PhzB and PhzA (B.cepacia) with sequences
of similarly folding proteins. (Colour key: Red = 100%; blue = 80%; green = 60%
similarity)
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3.1.2 Analysis of genes similar to PhzA/B.

An analysis of the evolution of various genes similar to PhzA/B, including

those from B. cepacia, Erwinia carotovora and P. agglomerans (Figure 3.3)

indicated the possibility that the pseudomonal phzA/B genes had arisen later

in the evolutionary timeline and that these genes were orthologs of BcepA and

Erwinia carotovora-A (ErwA). BcepA and ErwA are thus the predecessors of

genes of the PhzAB family in Pseudomonas. This leads to the conclusion that

an event of gene duplication might have occurred in the genomes of

Pseudomonas, which led to the formation of two copies of PhzA-like genes in

this species. Thus the genes phzA and phzB are infact paralogs. This explains

the high level of sequence similarity between phzA/B-like genes among

Pseudomonas.
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Figure 3.3: Evolutionary tree of the sequences similar of PhzA/B.

Another interesting fact highlighted by the evolutionary tree in the Figure 3.3 is

that the PhzA and B of various Pseudomonads belong to different branches.
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This implies that despite having a very high degree of sequence identity,
these two genes belong to inherently different evolutionary clusters, which

could be an indication of differing functions of PhzA and B like proteins.

3.1.3
The protein sequence of PhzG has highest homology (70%) to pyridoxyamine

Sequence analysis of PhzG

5’-phosphate oxidase (PNPOx) from Pseudomonas chlororaphis and upto
50% sequence homology with similar enzymes from other organisms. The
PNPOx family is the smallest member of the flavin-containing oxidase class of

enzymes. Figure 3.4 shows the alignment of PhzG with sequences of similar

proteins.

PhzG_P.fluorescens 54
PhzG_P.chlororaphis : 54
PhzG_P.aeruginosa RRNGVR Y
PNPOx_E.coli O I AL R YSETKGGLRRDLP LTLFERWLEQACERAK L/ ¢
PNPOx_S.cerevisiae IGARENQY EREKELLNEKQL LigmPDPl LFlKWFNEAKED RET ¥
PNPOx_M.tuberculosis : : 58

0 * 80 * 100 * 1
PhzG_P.fluorescens : o 111
PhzG_P.chlororaphis : 111
PhzG_P.aeruginosa : : 104
PNPOx_E.coli S PIJAMVVATVD : 104
PNPOX_S.cerevisiae M IPEA I [JFSSAELZSGRVSSRILLFKELDFRGF]) 1 YSNWGTSRKAHD I AGINPNAA I VFF /[
PNPOX_M.tuberculosis : : 114

EPRAGAGA3VDLSQGAPS3R1666KE6GDE4AGEVF53HAGTSQKGR26AQNP5ASGEF5W

20 * 140 * 160 *
PhzG_P.fluorescens HERETSQQ 1 ILNGQAVRLPNAKADPAWLKRPYATHPMSSVSRQSEEL®DVQAMRNAARQ LA W{0]
i PACTIEN V] [ ol =Tola ] FRNHIRE TSQO I 1 LNGQAVRLSDAKADEAWLKRPYATHPMSSVSRQSEELKDVQAMRDAAREL T ¥40}
PhzG_P.aeruginosa MERESSQQ I I LNGRAERLPDERADAOWLSRP YO THPMS[JASRQSETLAD I HALRAAARR L AJENIK]
PNPOx_E.coli -] ERQVMVLIGKAERLST[RE VIKYFESRPRESQ I GAWVSKQSER I SAREILES [{FE L[ TK]
PNPOX_S.cerevisiae KDL QRQVRVEGITEHVIREIEERYFKTRPRGS[{1 GAWASRQSDY I KNREE L DEETQKNT A
PNPOx_M.tuberculosis : YORGReJAH\(e[ePVSIQSI== I T\ AlSM I {eTNoIMeN[VX{oJo SR PVGEIFAG MBNOL AIRYAY - 173

421.SQQ666NGQAE46S1E4ADAY5L3RPRABHPGAWASAQSEE6K1IR2A6R1IAAR26T

180 * 200 * 220 *
PhzG_P.fluorescens HlF | SRR OGPLPRPEGYCVFELRLESLEFWGNGQERLHERLRYDREEISDIIGWNVRRLQP Ry
i PACHEN V] [l el =To L FRNHIE \ EE OGP LPRPEGY CVFELRLESLEFWGNGQERLHERLRYDREESDIIGWKVRRLQP Sy
PhzG_P.aeruginosa = | IR DGPLPRPPGYCLFELMLESVEFWGNGTERLHERLRYDREEINEGGWKHRY LQP SR
PNPOx_E.coli HEOKFQQEERVPLPEFWGGFRVEILEQI EFWQGGEFRLHDRFLYQREIENDAWK IR LAP R
PNPOx_S.cerevisiae MIERFKDAED | PP YWGGLRIYPLE I EFWQGRZERLHDRFVY[ERK TENDFWK VYR L AP e}
ST VI (V] IV goi0] [o} ESEEMR R F/ADQPIO} 1 PVPPGWGGYR I APE[IVEFWQGRENRMHNR I BEEREVANGEERL ERL QP

24FKDQGP6PRPEG5CG5E6RLES6EFWGGG2ER6HERGRYDRKTS1DGWA6RRLQP

Figure 3.4: Multiple alignment of PhzG. (Colour key: Red = 100%; blue = 80%; green
= 60% similarity)

Of the sequences aligned here, the ones denoted as ‘PNPOX’ are proteins for
which structural data is available. There is approximately 25% sequence
homology between the sequences of the proteins whose tertiary structure is

known and PhzG. This suggests that all members of the PNPOx family and
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thus PhzG have the same fold and gives a reliable estimate of the function of
PhzG being a FMN-dependent oxidase.

With the results of this bioinformatical analysis, cloning, over-expression and
crystallisation of these four proteins i.e PhzA, B, BcepA and PhzG was
initiated.

3.2 Cloning, over-expression and purification

Genes encoding the proteins PhzA, BcepA, PhzB and PhzG investigated in
this work were cloned into the plasmid pET15b (Novagen) which contains N-
terminal 6xHis-tag. These plasmids were then transformed into Rosetta-
pLysS competent cells (Novagen) and initial expression tests were carried out
to determine the optimal conditions for growth and expression.

All proteins were over-expressed according to the respective optimal
conditions and purified as described in section Il. Figure 3.5.1 depicts a typical
SDS-PAGE for both steps of purification for PhzA.

M (KDa .
) a || Mo b

— 94 [

67 [ 3 - 63 ==

43 r-.-‘"'"* Y 47 |

SD_.'S o b 30 |*
| - g 20

14 = 1 2 3 4
R T YW i234 56 7

Figure 3.5.1: Purification of PhzA. (a) SDS-PAGE after Ni-chromatography.
Fractions 1-4 were pooled for gel filtration chromatography (b).
(Legend M- Marker; Ul- Un-induced; FT- Flow-through; S- Soluble cell extract)

Figure 3.5.2 (overleaf) shows the MALDI-TOF mass spectroscopy for
confirmation of cleavage of the 6xHis-tag. The expression and purification

protocol remained identical for seleno-L-methionine labelled proteins.
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Figure 5.5.2: MALDI-TOF spectra for Seleno-L-methionine labelled PhzA.

The purified protein obtained at the end of this purification protocol was used

to set-up crystallization trials.

3.3 Crystallisation

3.3.1 Crystallisation of Native Proteins

All crystallisation experiments were performed at room temperature with the
hanging-drop vapour-diffusion method. Crystallisation conditions for the
proteins are summarized in Table 3.1. Panel 3.6 shows photographs of

crystals used for data collection and structure elucidation.

Protein Condition of crystallisation
(concentration of protein)
PhzA (long needles) 0.8 M sodium/potassium tartrate;
(23-26 mg mI™) 0.1 M sodium HEPES pH 7.5.

PhzA (used for data collection) | 1.6 M magnesium sulphate; 0.1 M MES pH6.5
(23-26 mg mi™h

BcepA 0.2 M ammonium sulphate; 20% PEG-3350
(10-12 mg ml™)

PhzG 0.2 M ammonium sulphate; 0.1 M Bis Tris pH
(10-15 mg ml™h 6.5; 25% PEG-3350; 10 mM FMN

Table 3.1: Crystallisation conditions of the proteins.
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Panel 3.6: Crystals of PhzA and PhzA_Bcep. (a) long needle-shaped crystals of PhzA (b) & (c) crystals used for data
collection; (d) PhzG,(e) & (f) crystals of BcepA.

28



I1l. RESULTS AND DISCUSSIONS

For PhzA, the first condition produced long needle like crystals (Panel 3.6 ‘a’). On
data collection, these crystals were found to be unsuitable for structure
elucidation owing to a very long axis of the asymmetric unit. Hence more
optimisation was undertaken and a second crystal form was obtained, which was
used for data collection and eventual structure elucidation (Panel 3.6; ‘b’ & ‘C’).

In case of PhzB, no diffraction quality crystals could be obtained despite various
optimisation trials. This, in part, led to the investigation of BcepA, to obtain the
structure of a protein similar of PhzA/B and gain more structural and functional
insight into this family of proteins. Diffraction quality crystals of BcepA were
obtained in the initial screen (Panel 3.6; ‘e’ & f'). Crystals of a good size (50-100
um) and diffraction properties were also obtained for PhzG, which was

crystallised in the presence of 10 mM FMN (Panel 3.6 ‘d’).

3.3.2 Crystallisation of protein complexes

To gain further understanding of the active site and the process of ligand-binding,
co-crystallisation and crystal soaking trials were performed for PhzA, BcepA and
PhzG. In case of PhzA soaking trials, native crystals were initially washed and
incubated in mother liquor in which MES buffer was substituted with another
buffer, while maintaining the same pH to remove this molecule from the cavity of
the protein. However, this washing step led either to the complete dissolution of
the crystal, or in no uptake of the ligand into which the crystals were soaked after
this washing step (as determined by diffraction, data collection and structure
solution of the data of soaked crystals). The reasons for this could be two fold,
one, tight binding of MES within the active centre resulting in the inability of other
buffers (piperidine, caodylate etc.) to displace this molecule. Or the large
conformation changes necessary for displacement of MES, which disturb the
crystal packing, leading to the dissolution of the crystal. Moreover, no crystals
were obtained when the original conditions sans MES were used for co-
crystallisation. Co-crystallisation trials of PhzA with 30OHAA, the analogue of the

DHHA did produce crystals, but these did not diffract on exposure to X-rays.
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Further optimisation trials did not improve the diffraction properties of these
crystals.

Soaking trials of native crystals with product/proposed intermediate of phenazine
biosynthesis in Pseudomonas - PCA and PDC, was undertaken for both PhzA
and BcepA. Moreover, compounds that were synthesised based on the structural
properties of PCA and PDC were also used (more details in section 3.6.4) for
soaking trials. Co-crystallisation of BcepA with the compound B75 was
successful and the structure of BcepA complexed with B75 was solved.

Native crystals of PhzG soaked in mother liquor containing PCA (10 mM) for 24
hrs successfully incorporated PCA and structure of the complex of PhzG with
PCA was determined.

Data-sets were collected for all crystals at synchrotrons and the results obtained
on data-collection, structure analysis and analysis of these structures are

described in the following chapters.
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Section |l
The final statistics of data collection and structure elucidation with the quality of
the final model are described in this section. The structural highlights, binding of
substrates, cofactors etc for PhzA, BcepA, PhzG, and their complexes are also
described. The results obtained on comparison of homologous structures from
the Protein Data Bank (PDB) and the implications of this similarity to the potential

function of the proteins are also discussed.
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3.5 Data collection, Structure Determination & Quality of
Model.

Crystals shown in Panel 3.6 were exposed to synchrotron radiation and data-
sets were collected for structure solution. Molecular Replacement methods of
structure solution being unsuccessful in all cases, the structures were solved
by SAD (Single-wavelength Anomalous Diffraction) using Seleno-L-
methionine labelled protein. The initial steps of data processing and phase
determination for all structures were similar and are described in detail in
section 9.4.5. The particulars of structure determination for each of the
proteins are detailed below.

3.5.1 PhzA

The program MAPMAN (Kleywegt and Jones, 1994) in the RAVE suite
(Jones, 1992) was used to generate skeletonised electron density after data
processing and phase determination. The 3DPSSM program had predicted
A>-3-ketosteroid isomerase (PDB ID: 10PY) from E. coli to be the closest
structural homologue of PhzA (as previously described). A poly-alanine model
of this structure was superimposed on these ‘BONES’ to find the correct
connections between the various secondary structure features of PhzA.

NCS operators were then generated with the program LSQMAN (Kleywegt,
1996), refined using program IMP in the RAVE suite. The program MAMA
(RAVE suite) was used to generate a mask of the monomer and overlay
regions were removed by the program NCSMASK in the CCP4 suite. These
operators and mask were used to generate averaged electron density by
using the program DM. The electron density map after NCS averaging was of
sufficient quality to manually build the backbone of a monomer of PhzA, by
using the poly-alanine model of a monomer of 10PY to detect the correct fold
of PhzA.

Using the Se atoms as anchor points and bulky aromatic (Trp, Tyr, Phe)
residues as “light houses”, side chains were incorporated into this poly-alanine
model and 135 of the total 163 residues (per monomer) were fitted. This
model was then further refined using the program REFMAC5 (Murshudov et
al., 1997).
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In the final model, homo-dimeric PhzA comprises of 268 residues starting at
residue Glul2 till Ala146 (per monomer). Additionally, 222 molecules of water,
2 MES molecules, 1 magnesium cation (Mg*?) and 3 sulphate anions (SO4?)
make up the total residues present in the completed model of PhzA. The final
structure of PhzA at 2.1 A resolution has R-factor of 19% and Ryee 0f 21%.
The Ramachandran plot (Figure 3.7) obtained by the validation programme
‘PROCHECK’ shows 104 amino acids in the most favoured region with 10
amino acids in the additionally or generously allowed region and none in the

disallowed region.

Ramachandran Plot
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Figure: 3.7: Ramachandran plot of the final model of PhzA.

3.5.2 BcepA

BcepA was predicted to fold like PhzA, hence, the poly-alanine trace of PhzA
was used as a guide for deducing the correct backbone of the dimer of BcepA
using ‘BONES’ generated by the program COOT (Emsley et al., 2004 ). The
residues were then fitted per hand using the electron density (also in COOT).
Residues starting from Serll to Phel48 were built using this strategy. The
second monomer was generated in the same program and the model was
then further refined. During the manual refining of this structure (at 2.1 A
resolution), another crystal with better diffraction quality (1.9 A resolution) was
obtained. The native data from this crystal was hence used and the electron
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density improved using the solvent flattening program ‘DM’. This improved
data was then submitted to the automatic model-building programme
‘RESOLVE’ which fitted 156 of the total 165 residues per monomer and 317
molecules of water. After two rounds of refinement (using program REFMAC),
the final model of BcepA and complex of BcepA with B75 has an R-factor of
18% and Rsee Of 24%. The structure of BcepA complexed with B75 contains
additionally, two molecules of B75 (2-(2-fluorophenylamino) benzoic acid). On
validation (PROCHECK) 92.5% of the residues were found in the allowed
region and 7.5% in the additionally allowed region of the Ramachandran plot
(Figure 3.8).

FROCHECK

Ramachandran Plot

180 2135 290 45 0 45 90 135 180
Phi (degrees)

Figure 3.8: The position of various residues of the completed model of BcepA
in the Ramachandran plot.

The final statistics of data collection and structure refinement for these two

proteins have been tabulated overleaf (Table 3.2).

3.5.3 PhzG & complex of PhzG with PCA

PhzG crystals diffract to a resolution of 1.2 A. Hence, it was possible to build
the structural model automatically using the program ARP/Warp 6 (Perrakis et
al., 1997). This program is based on an interpretation of the difference
electron density of free atoms, followed iteratively, by atomic refinement and
interpretation of the atomic coordinates in terms of a poly-peptide chain. PhzG

was present as a dimer in the asymmetric unit and hence the unit cell contains
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Data collection PhzA PhzA PhzA BcepA BcepA BcepA

Long Axis | Native SeMet-SAD Native SeMet Complexed
with B75

Wavelength (A) 0.934 0.934 0.9792 0.934 0.9792 0.934
(ID14-EH1) | (ID14-EH1) | (BM14) (ID14-EH1) | (BM14) (ID14-EH1)

Resolution 20.0- 6.5 55.9-2.1 19.8-3.5 18-1.9 (1.9- | 15-3.0 (3.0- | 15-2.3

(Highest Shell, A) | (6.5-6.6) (2.1-2.2) (3.5-3.6) 2.0) 3.1) (2.3-2.4)

Space group R32 P212121 P212121 P3221 P3221 P3221

Cell constants a=b=95.4, a=66.8 a=67.3 a=b=64, a=b=64, a=b=64,

(A;°) c=1955.7 b=75.2, b=75.4, c=160; c=160; c=160;
a=p=90, c=84.5 c=84.6 a=3=90, a=B=90, a=B=90,
y=120 a=B=y=90 a=B=y=90 y=120 y=120 y=120

VM (A °/Da) - 2.5 25 2.3 2.3 2.3

Unique 7142 47100 10461 31058 14735 9556

reflections (331) (6080) (856) (4297) (1381) (954)

Average 2.8 (3.0) 2.9 (2.2) 2.9 (2.6) 5.4 (3.8) 11 (11) 4.7 (4.3)

redundancy

/(o) | 7.1 (2.8) 10.7(2.6) 19.7 (4.8) 18.3 (3.7) 25 (7.6) 20.7 (3.8)

Completeness 94.3 (100) 98.2 (97.7) 99.8 (100) 99.6 (98.2) |99.6 (98.6) | 97.6(99.4)

(%)

Anom. 98.3 (100) - 976 (97.1) |-

completeness - -

(%)

Wilson-B (A% - 44 30 37 51 73

Rsym® 10.5(39.8) |4.6(36.8) 9.3 (19.6) 5.4 (38.5) 8 (36.4) 7.2 (31.3)

bRSym = Z [ I(h); - <I(h)> | / Z I(h); where I(h); is the scaled observed intensity of the i-th symmetry-related observation of reflection h and <I(h)> is

the mean value

Table 3.2: Data collection statistics for PhzA and BcepA.

@Completeness calculations treat Friedel pairs as separate observations

34



III. RESULTS AND DISCUSSIONS

444 amino acid residues, of which 400 were successfully built by ARP/Warp.
Electron density for the cofactor FMN was exceptionally clear and these
molecules were then added. The rest of the residues were built by hand using
the graphics program ‘O’ (Jones et al., 1991). The structure of PhzG with the
ligand PCA was built using the backbone of native PhzG structure. Two
molecules of PCA were fitted into the density observed. The amino acid
residues were checked by hand and the ones showing alternative
confirmations were introduced.

Final model of PhzG contains 651 water molecules and 2 FMN molecules
apart from the amino acid residues and is refined to an R-factor of 20% and
Rfree Of 21%. The model of PhzG complexed with PCA has a final resolution of
1.2 A and contains two PCA molecules per dimer in addition to the molecules
present in the native structure. Of the total residues for both the native and
complex structure, 91.5% lie in the most favoured region of the
Ramachandran plot (PROCHECK (Laskowski et al., 1993); Figure 3.9). Most
of the residues with poorer electron density are located in the additionally allo-

Ramachandran Plot
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180 -135 90 -45 0 45 90 135 150
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Figure 3.9: Ramachandran plot for PhzG.

-wed regions, with no residue in the disallowed region. The final data
collection statistics for the structure of PhzG and its complex with PCA are

tabulated overleaf.
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Data collection

Native

SeMet-MAD

PhzG-PCA complex

Wavelength (A)

0.9791 (ID29)

0.934 (BM14)

0.9791 (ID29)

Resolution (A) 19.2-1.2 67.4-2.3 20-1.5
(1.2-1.3) (2.3-2.4) (1.5-1.6)

Space group P212121 P212121 P212121

Cell constants a=57.5, b=63.2, |a=57.5,b=63.6, |a=57.5

(A;°) c=132.8, c=133.4, b=63.2,
a=B=y=90 a=B=y=90 c=133.8;, a=B=y=90

VM (A°/Da) 2.2 2.2 2.2

Unique 95809 (6581) 41974 (2438) 94771(44327)

reflections

Average 3.9 (3.9) 4.3 (4.3) 10.1 (10.1)

redundancy

llo 11.9 (4.8) 10.5 (4.8) 28.7 (19.8)

Completeness 99.7 (100) 99.8 (100) 99.7 (100)

(%)

Anonymous - 99.8 (100) -

completeness

(%)

Wilson-B (A2) 18.4 32.9 13.8

Rsym” 6.4 (36.6) 9.7 (30.8) 5.2 (11.3)

Table 3.3: Statistics of data collection for native and complexed PhzG.

(*Completeness calculations treat Friedel pairs as separate observations
bRSym =X | I(h); - <I(h)> |/ Z I(h); where I(h); is the scaled observed intensity of the i-th symmetry-
related observation of reflection h and <I(h);> is the mean value)

The structures obtained after this segment of work were then analysed and

this analysis is described in the following sections.
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3.6 Structural Features of PhzA from Pseudomonas
fluorescens
3.6.1 The monomer of PhzA

PhzA is a 36 kDa homodimer comprising of two identical single domain
subunits of 163 amino acids each. The monomer of PhzA belongs to the a+f3
class of proteins that are made up of a combination of a-helix and -strand
motifs. It displays a-f roll architecture and belongs to a class of proteins
having a topology similar to nuclear transport factors/ ketosteroid isomerase
family of proteins (Bullock et al., 1996; Kim et al., 1997; Cho et al., 1998)

(Figure 3.10). This confirms the result from the sequence based structure

prediction by 3DPSSM.

Figure 3.10: Schematic representation of a monomer of PhzA.

C-terminus

The structure of PhzA is broad at one and tapers at the opposite end to form a
‘cone-shell’ shaped structure which encloses a cavity where a molecule of
MES (2-morpholinoethane-sulphonic acid monohydrate) is bound.

The largest motifs of this structure is a central six-stranded 3-sheet dominated
by three long anti-parallel strands S3 (Asp80-Glu90), S4 (His96-Thr107) and
S5 (Gly115-Asp128) which are continuous in the sequence (Figure 3.10) and
span the entire monomeric structure. The strand S3 is the longest in the

structure and is made up of 11 residues. Of the three shorter strands (S6
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(Lys131-Phe138), S1 (Ser47-Asp52) and S2 (Gly56-Lys62)), S6 and S1 run in
parallel and S1 and S2 in anti-parallel orientation. Together, the six strands
form a very curved B-sheet structure. The three helices H1 (Leu14-Arg29), H2
(Glu33-Leud41) and H3 (His64-Cys77) complement the sheet to create a
mixed barrel-type structure. This ‘barrel’ is anchored by the third helix, H3,
which links the highly curved strand S3 and stabilises the curvature of the
sheet. The helices H1, H2 and H3 run anti-parallel and form the opposite side
of the B-sheet motif and thus the other half of the cone. The B-strand S6
extends further as a one-turn helix H4 and then a disordered loop forming the
carboxyl terminus of PhzA. The last 17 residues of this terminus do not show
any density and hence are not present in the final structure of PhzA. As seen
in the structures of numerous other homologous proteins, this highly flexible
loop could potentially act as a ‘lid’, controlling the entry and exit of the ligand
from the active centre of PhzA.

The mode of dimerisation of PhzA is similar to 1S5A (Hypothetical protein
apc1116) and 1NU3 (limonene-1, 2-epoxide hydrolase), both members of the

ketosteroid isomerase family of proteins.

3.6.2 Dimer of PhzA and the dimer interface
The narrow and long patch of B-sheets, comprising of stands S3, S4 and S5
of each monomer face each other forming the dimer interface (Fig. 3.11,

below).

Figure 3.11: A dimer of PhzA with MES molecules.
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The dimer interface covers an area of 1831 A, calculated using the protein-
protein interaction server at http://www.biochem.ucl.ac.uk/bsm/PP and
corresponds to 23% of the total accessible surface area of the dimer. This is a

value typical for dimer interactions (Figure 3.12).

Chain A L ) ) ‘ Chain B
y : Dimer interface

Figure 3.12: Dimer interface of PhzA (marked inside the oval) with the residues
forming hydrogen bonds.
This dimer interface comprises mainly of hydrophobic interactions; with 32%
polar, 62% non-polar residues and 9 water molecules participating in dimer
formation. Altogether, 27 residues are within a distance of 3.8 A from each
other and these include Arg10, Ser39, Pro58, Trp51, Val60, Arg87, Phe89,
His96, Phe97, Trp98, Glu100, lle122, Arg136, Glu137, Phe138, Pro141,
Phe142, and Leu145. Five hydrogen bonds involved in dimerization are

tabulated here.

Residue of | Atom Residue of | Atom | Distance
chain A chain B

Glu 90 0] Glu 90 N 2.9

Glu 90 N Glu 90 0] 2.8

Thr 91 OG1 Val 88 0] 2.7

Val 88 O Thr 91 OG1 2.7

Glu 100 OE2 Trp 98 NE1 2.9

Table 3.4: Hydrogen bonds making up the dimer of PhzA.
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3.6.3 Active site cavity and binding of MES

Packing of the three helices (H1, H2 & H3) into the concave face of B-sheets
of each monomer of PhzA creates a pocket which extends ~ 16 A into the
protein core. This pocket is lined mainly with hydrophobic residues, with the
exception of a cluster of polar and charged residues at the deepest point,
which coincides with the broad end of PhzA monomer. This cavity, which
corresponds to the active site cavity in proteins with structures similar to
PhzA, has a volume of 498 A® as calculated by the program ‘Pocket-finder’
(based on the ‘Ligsite’ algorithm written by Hendlich et al., 1997) A molecule
of the crystallisation buffer, MES is bound within this cavity (Figure 3.13).

Figure 3.13: Co-ordination of a molecule of MES within the active site cavity
of PhzA. (MES shown with the Omit map of its electron density.)

Three water molecules participate in the binding of MES, alongwith 8 amino
acid residues which form hydrogen bond or stacking interactions and 4
residues (Thr53, Leu74, Trp81, Trp83) which are involved in hydrophobic
interactions. The main interactions are between the residues Phe78, Arg35,
Arg38 and Glu137. Phe78 makes stacking interactions with the ring of MES,
while the nitrogen atoms (NH1 and NH2) of Arg38 form salt bridges with the
oxygen atoms (02 and O3; lengths 2.9 A and 3.3 A respectively) of the
sulphate. The O1 atom of MES is stabilised by another salt bridge formed by
the nitrogen NH1 of Arg35 (2.8 A). The negatively charged Glu137 stabilises
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the positively charged nitrogen in the ring of MES (2.5 A).

3.6.4 Ligand docking studies

While co-crystallisation trials of PhzA were underway the program GOLD
(Jones et al., 1995; Jones et al.,, 1997) was used to dock various
intermediates, analogues of intermediates and/or known products of the
phenazine biosynthesis pathway into the active site cavity of PhzA. GOLD
considers the protein surface as a rigid body and does an energy minimization
to find the position and orientation of the ligand which is most energetically
favorable.The three-dimensional structure and docking studies provide insight
into the structure and the theoretical probability of the accommodation of the
docked compounds in the cavity of this protein.

For this purpose, DHHA and its analogue 3OHAA (inhibitor of PhzF), PCA and
PDC were used for docking studies. These experiments were designed so as
to gain an insight into the feasibility of binding of these molecules in the cavity
of PhzA and hence the potential substrates of this protein. Moreover, these
results would also provide an indication of the position at which PhzA acts in
the pathway, i.e. before dimerisation of DHHA or after the formation of the
tricyclic scaffold of PCA.

The results of this study (Figure 3.14; overleaf) clearly indicate that the active
centre of PhzA is large enough to accommodate all of these molecules.
However, the only other conclusion that could be derived from this set of
experiments was that the residues involved in the co-ordination of MES are
also important for ligand binding. This knowledge of the active-site cavity of
PhzA was used to model inhibitors similar to both PCA and PDC.

The primary motivation for the modelling and synthesis of these inhibitors was
to synthesise compounds which would bind PhzA more strongly than MES,
thus be able to displace MES (which is not a structural analogue of any of the
intermediates/products of phenazine biosynthesis pathway and thus provides
no information about the binding of substrates in the active site cavity of
PhzA) from the active cavity and provide as to the catalytically important
residues. Hence, these experiments were designed to provide an

approximation of the function of PhzA.
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» PDC .
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Figure 3.14: Output of the programme GOLD displaying the binding of ligands
DHHA, 30HAA, PCA and PDC. The common residues involved in binding of
MES, which also bind these ligands, have been shown.

The structures of the six compounds synthesised by A. Graebsch (Graebsch
A, Diplomarbeit-2005) are shown in the Figure 3.15 overleaf.

These compounds were then used for co-crystallisation and soaking trials with
both PhzA and BcepA (described in section 3.3.2). The co-crystallisation trials

were unsuccessful, or failed to yield diffraction quality crystals for PhzA.
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However, since no information was available for BcepA, the protein
homologous to PhzA, from B. cepacia, these compounds were also used for
co-crystallisation and soaking trials with BcepA. These soaking/co-
crystallisation trials would thus help provide an insight into the binding
properties of the active site of BcepA with respect to the kind of substrate
used by this enzyme for the biosynthesis of phenazine synthesised by B.

cepacia. Soaking trials with the compound B75, which is a 2-(2-fluorophenyl-

COOH COOH COOH

sechycaciiepe

COOH COOH

COOH COOH COOH

o0 o (T

Figure 3.15: Structures of the inhibitors designed for investigating functional
properties of PhzA and BcepA.
-amino) benzoic acid were successful. The diffraction data for the complex of
BcepA with the compound B75 (2-(2-fluorophenylamino) benzoic acid) was
obtained and the structure of native BcepA and BcepA complexed with B75

are described in the following sections.
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3.7 Structural analysis of BcepA from Burkholderia cepacia

The structure of BcepA belongs to the same class of a+f family as PhzA,
which was expected, given the high degree of sequence similarity between

the two proteins.

3.7.1 The monomer of BcepA

N terminus

Figure 3.16: Schematic representation of a monomer of BcepA. (a-helices
shown in red and B-strands in yellow, with loop regions in green.)

The monomer of BcepA is shown above (Figure 3.16). The highlight of this
structure is that only 7 residues (11 in PhzA) of the N-termini and 2 residues
(17 in PhzA) of the C-termini are un-fitted due to unclear or missing density.
BcepA is thus more complete of the two structures.

All secondary structure features of PhzA are also conserved in BcepA. The
only differences lay in the lengths of the a-helix H1 which is longer for BcepA,
comprising of 21 residues instead of 15; the helix H4 which is twice the length
of H4 in PhzA and the much longer flexible region at the C-terminus.
Moreover, BcepA is also a homodimer, its mode of dimerisation and other

details are described henceforth.
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3.7.2 Dimer of BcepA and dimer interface.

The dimer interface of BcepA, like PhzA is also formed at the interface of the
strands S3, S4 and S5. Figure 3.17 shows the dimer of BcepA, with the
monomers highlighted in different colours. From the available structures of
both proteins and keeping in context the absence of the density of last 17 C-
terminus residues of PhzA, the mode of dimerisation differs in one essential

aspect between PhzA and BcepA.

Figure 3.17: A dimer of BcepA. (monomers depicted in yellow and magenta).

The very long C-terminus region that plays a vital role in the dimerisation of
BcepA. As shown in the figure 3.18, this region consists of the last 14
residues of one monomer of BcepA which ‘flip-over’ to the second monomer
and form a lid-like structure, covering the broad-end of the cavity of the
opposite  monomer. This is an ‘arm-exchange’ mode of dimerisation,
described in detail by Bergdoll and co-workers (1997). The monomer of
BcepA is shaped like a ‘question-mark’ (Figure 3.18 ‘a’ overleaf) with the C-
terminus forming the hook region of this question-mark. This hook region ends
at the broad-end of the cavity of the second monomer. The Figure 3.17 (‘b’;
overleaf) shows a top-down view of a dimer of BcepA to further clarify this

observation of ‘arm-exchange’.
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Figure 3.18: (a) The ‘question-mark’ like arrangement of a monomer of
BcepA. (b) A top-down view of BcepA displaying the ‘arm-exchange’ mode of
dimerisation, involving the C-terminal regions of the two monomers (coloured
yellow and magenta).

The dimer interface of BcepA comprises of an area of 2011 A and constitutes
22% of the total accessible surface area of the dimer, a normally observed
value for dimers. Of the residues participating in the dimer interactions, 39%
are polar, 61% non-polar residues and 16 water molecules. There are 20
hydrogen bonds participating in this dimerisation, with one salt-bridge,
between residues Arg 149 of one monomer and Asp 57 of the second
monomer. Most of the hydrogen bonds forming the dimer are located in the
above-mentioned C-terminal loop region, the residues of which form 14 of the
20 hydrogen bonds (Figure 3.19, overleaf). All calculations for dimerisation
were performed using the protein-protein interaction server at
http://www.biochem.ucl.ac.uk/bsm/PP and the program LIGPLOT (Wallace et
al., 1995). Other polar and non-polar residues participating in dimerisation are

tabulated below.

Polar Asn9,143,149; Arg24,139,159,160; Thr55,56; Asp57; Ser58;
Residues | His73; GIn90,147; Glu93; Thro4; GIn95; Glu103, 146, 154, 157;
Pro113, 144, 156; His123; Cys145

Non- Leu53, Trp54, 76, 99, 100; Gly59, 162; lle62, 91, 153; Leu80,

Polar 125, 151, 163; Phe92, 112, 141, 148; Tyr115; Met142;
Residues | Val155,156; Ala164

Table 3.4: The residues participating in dimerisation of homodimeric BcepA.
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Figure 3.19: The dimer of BcepA, with the monomers (different coloured cartoon
representation) and the residues (shown in stick representation) forming hydrogen
bonds.

The mode of dimerisation is one of the several differences observed between
the structures of PhzA and BcepA. Another difference observed is in the size

of the active site cavity of BcepA, described in the following paragraphs.

3.7.3 The active site cavity of BcepA and binding of B75.

As observed for PhzA, the packing of three helices (H1, H2 & H3) into the
concave face of 3-sheets creates a pocket in each monomer of BcepA. This is
also the active site cavity of BcepA, which extends ~ 19 A into the protein core
and is thus larger than the cavity of PhzA. It has a volume of 697 A® as
compared to 498 A® of PhzA (calculated by the program ‘Pocket-finder’ based
on the ‘Ligsite’ algorithm written by Hendlich et al., 1997, using a probe radius
of 1.4 A).

This difference is largely due to the shifting to the outside of the sheet-loop-
sheet motif (discussed in detail in section 3.8.2) and the overlapping C-

terminus of the opposite monomer.
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Successful soaking trials of native BcepA crystals led to the elucidation of the
structure of a complex of BcepA with the compound B75 (2-(2-fluorophenyla-
mino) benzoic acid). Figure 3.20, shows the representation of a homodimer of

BcepA complexed with B75.

Figure 3.20: Two molecules of B75 bound within the active site cavity of
BcepA.

As can be seen from the figure above, binding of B75 does not result in any
conformational changes or in an altering of the positions of the residues of
BcepA. The structure of complex, however, provides more credence to the
hypothesis that the C-terminus region does play an important mechanistic
role, by acting as a ‘lid’ to the ligand-bound state of the protein.

This is particularly clear by the observation that Arg160 of the C-terminus of
one monomer forms a hydrogen-bond with the carboxyl moiety of B75 in the
second monomer (Figure 3.21; overleaf). This argenine residue and the
GIn147, which is located on the helix H4 of BcepA and participates in the
binding of B75 do not exist in PhzA. The other two residues, Phe81 which
forms stacking interaction with the aromatic ring of B75 and Glu137 which
stabilises the fluorine atom through two water molecules, are not only
conserved in PhzA, but also participate in the binding of MES. A comparison

of ligand-binding within the active sites of these proteins is detailed in section
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3.8 and Figure 3-23.

C-terminus of monomer B

i

|

Figure 3.21: The binding of B75 within the active site cavity of BcepA showing
the Arg160 from monomer ‘B’ and other residues interacting with the
compound.

This concludes the structural analysis of BcepA. With the structures of PhzA
and BcepA elucidated and analysed, a systematic comparison of the
structures of these two proteins is described next, to understand the
differences between these two homologous proteins and to gain some insight

into their potential roles in phenazine biosynthesis.
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3.8 Comparison of the structures of PhzA and BcepA.

The monomers of PhzA and BcepA were superimposed using the program

COOT and the result is shown in the figure below:

Figure 3.22: Superimposed monomers of PhzA (yellow) and BcepA (blue)
with the two major differences labelled.

As mentioned before, PhzA and BcepA have a high degree (69%) of
sequence similarity and as previously seen, structural similarity. The two
structures superimpose with an rmsd of 1.6 A and as stated before, all
secondary structure elements of PhzA are conserved in BcepA, with
differences of lengths. However, there are two very important regions where
these structures differ (Figure 3.22; overleaf).

The residues of the C-termini are the first and the most interesting difference
between two structures. In case of PhzA, although this region has the
tendency of forming a helix (a one-turn a-helix - H4), no estimate of the
behaviour of the loop can be made due to the absence of last 17 residues. In
BcepA, this region participates not only in the dimerisation, but as discussed

in further in this section, also plays an important role in substrate-binding.
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PhzA_Bcep

Figure 3.23: The superimposition of the structures of PhzA and PhzA_Bcep, highlighting the main areas of differences

between the two structures.
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The second difference between the two structures is the sheet-loop-sheet
region composed of residues 50-65 (47-62 in PhzA) which appears to be
shifted to the outside by approximately 6 A in BcepA as compared to PhzA.
This shifting leads to a more ‘open’ cavity of BcepA (Figure 3.22) and thus its
roomier active centre.

It is tempting to hypothesise that these differences might have also arisen due
to the ligand-bound state (closed conformation) of PhzA leading to the inward
motion of the sheet-loop-sheet motif, which in an un-bound state (apo
conformation) might be similar to that shown by the BcepA structure.
Moreover, the interpretable density of the C-terminus residues could also be
considered an indication of this region getting disordered on the entry and
binding of the ligand into the active-site cavity of PhzA. Alternatively, this
could also hint at different routes of entry and exit of ligands, where the ligand
enters the protein from the top of the cavity in case of PhzA but from the more
‘open’ side in case of BcepA. However, these questions will only be resolved
on the elucidation of the structure of PhzA in a form where the last 17
residues are clearly visible.

The second difference between these structures is the outward shifting of the
sheet-loop-sheet motif which leads to a bigger cavity of BcepA, as compared
to PhzA, despite the same sizes of both proteins. B. cepacia is known to
synthesises compounds like PDC, PDC-dimethyl ester etc (Introduction,
Figure 1.4) which are indeed larger than PCA. Hence, it is plausible to
hypothesise that this difference in the volume of the active site is to
accommodate substrates with larger space requirements as those of PhzA.
Figure 3.24 shows the residues involved in the binding of MES in PhzA
overlaid with those involved in the binding of B75 in BcepA. As mentioned
earlier, the argenine (Arg160), a part of the C-terminus of second monomer of
homodimeric BcepA forms hydrogen bonds with the carboxyl moiety of B75.
Moreover, the residue GIn137 of the helix H4 also interacts with B75. These
observations hence point towards the importance of the C-terminus to the
catalytic functions of BcepA. Moreover, the highly ordered C-terminus and its
participation in substrate-binding lends further weight to previously stated
argument, that perhaps ligand-entry occurs from the side in BcepA, as

opposed to from the top in PhzA.
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C-terminus of monomer B of BcepA

0 Helix
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Figure 3.24: Comparison of residues involved in binding of MES (blue) and
B75 (yellow) in PhzA and BcepA respectively.

As can been seen from the figure above, all residues involved in the binding of
MES in PhzA are conserved in BcepA (except Tyr121, (Phe124 in BcepA))
and two of these, Phe81 and Glu137 are involved in stacking and hydrogen
bond formation respectively, with B75. Another interesting observation in this
figure is the location of positively charged Arg38 of BcepA, which can be
envisioned to interact with the carboxyl moiety of a molecule of/similar to
PDC, which, when present would lie in approximately the same position as the
sulphate moiety of MES (Figure 3.24).

This comparison of the structures of PhzA and BcepA thus highlights the
adaptation of proteins of similar fold and sizes to the metabolic requirements
of their respective organisms. To further understand these differences, a
comparison of the structures of PhzA and BcepA with homologous proteins

was carried out, the results of which are described in the next section.
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3.9 PhzA, BcepA and homologous structures

The structural homologues of PhzA and BcepA belong to the a+ barrel fold
superfamily (CATH 2.20.25.70; Orengo et al., 1997) the members of which,
though displaying a similar fold, are highly diverse in sequence and vary in
functionality from enzymes to transport proteins. Like PhzA & BcepA, many
proteins displaying similar a+f roll architecture are dimeric, with the B-sheet
forming the dimer interface.

The two most closely related structures to both PhzA & BcepA are those of
A®-3-ketosteroid isomerase (KSI) from Pseudomonas putida (PDB id-10HO)
and limonene-1,2-epoxide hydrolase (PDB id-1NU3) from Rhodococcus
erythropolis. Structures with rmsd value <3 A on superimposition to PhzA and

BcepA are tabulated below:

Homologous Rmsd on super-
structures imposition (A) Name Ascribed function
(PDB name) | PhzA BcepA
10HO 2.4 2.3 A°-3-ketosteroid Binds A°®-3-ketosteroids,

isomerase cleaves C—H bond
adjacent to carbonyl,
enol formation

TNU3 2.2 2.1 limonene-1,2- Binds limonene-1,2-
epoxide hydrolase | epoxide, cleaves C-O
epoxide bond

10UN 2.6 2.7 nuclear transport Binds RanGDP and
protein (NTF-2) FxFG nucleoporins
transport
1S5A 24 23 Hypothetical unknown
protein apc1116
1TUH 2.6 2.2 Hypothetical unknown

protein Bal32a

Table 3.6: Structures similar to PhzA and BcepA, with rmsd value <3A.

A superimposition of these structures (Panel 3.24, overleaf) highlights the
strong conservation across the family of the B-strand elements with most
variations at the top of the ‘cone’.

All the structures contain a solvent accessible ligand-binding cavity lined with
hydrophobic residues at the broad-end of the cone. The catalytic residues
(when present) reside in a pocket that does not span the entire depth of the
cavity, but is truncated by the presence of a bulky/aromatic residue (except
1S5A). In A®-3-ketosteroid isomerase (10HO), PhzA and BcepA, this is a
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Panel 3.25: Comparison of structures similar to PhzA ‘a’ and BcepA ‘b’

55



I11. RESULTS AND DISCUSSIONS

tyrosine residue.
As discussed in the previous section, there are two significant differences
between PhzA and BcepA, namely the C-terminal residues and the sheet-

loop-sheet motif, these are also observed in the homologous structures.

3.9.1 The C-terminal region

The length of the C-terminal region is indeed a varying factor in all members
of this a+p roll family. However, a distinct trend can be observed, which
divides the structures into two discreet groups. The first comprises of PhzA,
10OHO and 10OUN (Figure 3.25 & 3.26 ‘@’), where the C-terminal is rather short
and disordered. However, this statement only holds true due to the absence of
electron-density for the last 17 residues of PhzA, whose behaviour cannot be
predicted with confidence. Both 1OHO and 10OUN are short proteins of 126

and 127 amino acids respectively.

Figure 3.26: The differences between the C-termini of the two groups of
homologous structures.

In the second group, comprising BcepA, 1NU3, 1S5A and 1TUH, (Figure 3.24
& 3.25 ‘©’) this region is longer and highly ordered with a 2-turn a-helix and
forms a ‘lid’-like structure, either on the same monomer (1S5A, 1NU3 and
1TUH), or the second monomer of the homodimer (BcepA).

BcepA, like PhzA, is a new addition to the a+p barrel family, and the only

member which displays this ‘arm-exchange’ mode of dimerisation.
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3.9.2 The ‘sheet-loop-sheet’ motif

The figure 3.25 shows this motif for all the superimposed structures. The most
significant observation is the highly ordered B-sheet region in PhzA, which is a
disordered loop region in all the other structures. Moreover, this motif is most
in-facing for PhzA (coloured red in Figure 3.27), while that of BcepA (blue) is
indeed the most ‘relaxed’. It is difficult to arrive to any significant conclusion
from the fold of this motif, since all the structures except 1OHO are in ligand-

free state; and this motif is as flexible for 10OHO as for the other structures.

Figure 3.27: A close-up of the sheet-loop-sheet regions of the superimposed
structures. (The colour scheme is identical to the previous figures.)

The aim of structural comparison is to understand the structural
similarities/differences between homologous structures and the implications
these have on the function of the protein/s being investigated. Only two of the
structures homologous to PhzA/BcepA (superimposable with rmsd <3 A) have
been functionally characterised.

First of these is a ketosteroid isomerase (KSI; PDB id 1OHO), which catalyses
the isomerization of a wide variety of 3-oxo-A°-steroids to their A*-conjugated
isomers. 1NU3 is the PDB id of a limonene epoxide (LEH) which catalyses the
hydrolysis of epoxides to corresponding diols. The following paragraph
analyses the reactions catalysed by these enzymes, their catalytically
important residues and the comparison of these to derive the potential

function of PhzA/BcepA in phenazine biosynthesis.

57



I11. RESULTS AND DISCUSSIONS

3.9.3 Function of homologous structures & implications for
PhzA/BcepA.

The reactions mechanisms of both enzymes KSI and LEH alongwith

catalytically important residues are depicted in Figure 3.28.
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Figure 3.28: (a) The isomerization of 3-oxo-A°-steroid catalysed by KSI (From
Pollock et al., 2004). (b) Hydrolysis of epoxide to diol catalysed by LEH (From
Arand et al., 2003).

The table below summarises the catalytically active residues of these two

enzymes and the residues in equivalent positions in PhzA and BcepA.

Equivalent Key active site residues of KSI (1OHO)
residuesin | Tyri14 Tyr30 Tyr55 Asp38 Asp99
PhzA Tyr27 Phe42 Gly71 Ser50 His123
BcepA Tyr30 Phe45 Ala74 Leu53 His126
Key active site residues in LEH (1NU3)
Tyr53 | Asn55 | Arg99 Aspl01 Aspl32
PhzA Gly48 | Ser50 | Ser101 Gly103 Glu137
BcepA Gly51 | Leu53 | Cys104 | Arg105 (faces outward) Glu140

Table 3.7: Comparison of catalytically important residues.

Tyrosine residue (Tyr14) is the only one of the five catalytically important
residues of 10HO conserved in PhzA and BcepA. Moreover, this table also
highlights the fact that the Asp99 of 10HO is substituted by a histidine residue
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(His123 and 126 for PhzA and BcepA respectively) and the Tyr30 by a
phenylalanine residue (Phe42 and 45), in both PhzA and BcepA. The
Histidine and the conserved Tyrosine residues do play a role in the binding of
the MES molecule in the cavity of PhzA (section 3,8; Figure3.23).

In case of the key active site residues of 1NU3, none of the residues are
conserved. Also, the charges in case of Asp132 are similar; but reversed for
Arg99. A potential catalytic site thus can been identified within the a+ roll
scaffold which is in an equivalent position to the active sites of LEH and KSI
and coincides with the MES-binding site in case of PhzA and B75 in case of
BcepA. However, the only thing that can be said about PhzA and BcepA at
this time is that both these proteins show yet another arrangement of putative
catalytic residues within the preserved cone-like cavity characteristic of the
a+p roll family of proteins.

As a summary of this section of structural analysis of PhzA and BcepA, it can
be said that the a+f roll artitecture provides a robust scaffold whose function
can be tuned by altering the properties of the residues lining the interior cavity.
This correlates with the observed functional diversity, but, in turn, makes it
difficult to predict the precise function of either PhzA or BcepA from their
structure only. Moreover, the observations from superimposition of
homologous structures further re-iterate the conclusions drawn from the
evolutionary analysis of PhzA-like proteins (section 3.1.2) that these enzymes
share a common evolutionary ancestry, not only with proteins of similar
sequences, but also with proteins belonging to the a+p roll superfamily, in
which the position of the active site remains preserved whereas specific
catalytic groups alter to meet particular demands.

This comparison of the structure of PhzA and BcepA wraps up the discussion
about these proteins and the following sections describe and discuss the

structure of PhzG and its complex with PCA.
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3.10 PhzG & complex of PhzG with PCA.

PhzG is a 48 KDa functional homodimer where the two monomers interact
extensively along three regions on one-half of each monomer. There are two
clefts at opposite ends of the dimer which extend from top to bottom of the
dimer. These clefts contain the flavin mono nucleotide (FMN) binding sites
(Figure 3.29). PhzG displays an a+fp fold, typical of the pyridoxyamine-5’-
phosphate (PNPOXx) family of enzymes. The structure of PhzG shows highest
similarity to PNPOx from E.coli (PDB id 1G79), with identical overall fold and

secondary structure elements.

Figure 3.29: Biological subunit (homo-dimer) of PhzG

3.10.1 Monomeric structure description

The structure of each of the monomers of PhzG comprises of six a-helices
and eight B-strands and can be divided into two domains (Figure 3.30,
overleaf). The larger domain (domain 1) is composed of the B-sheets (S1-S8)
and three of the helices (H1-3). These include the residues 57-64 (S1), 67-79
(S2), 84-89 (S3), 103-110 (S4), 114-125 (S5), 181-195 (S6), 203-209 (S7),
214-219 (S8), 27-31 (H1), 36-50 (H2) and 93-100 (H3). The strands S1-S6
are highly curved and are extended by S7&8 into an eight stranded anti-
parallel B-sheet.

The smaller of the two domains (domain 2) is made up of the three a-helices
H4 (128-137), H5 (140-148) and H6 (158-171). One-turn helix H1 and helix

H2 alongwith N-terminal residues 1-26 (of which only the residues 18-26 are
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visible in the structure) flank this B-sheet structure from one side. With the
helices H3-H6 (domain 2), which are located between [(3-strands S3 and S4.
Thus, this whole protein subunit comprises of compact eight stranded B-sheet
core surrounded by six a-helical structures. Figure 3.28 depicts a schematic
representation of a monomer of PhzG. There are three salt bridges which
connect the secondary structure elements of the two monomers. These
include Glu78-Lys130 connecting B-strand S2 with helix H3, Glu192-Arg204
and Asp208-Arg217 between [B-strands S6-S7 and S7-S8 respectively. Of
these three bonds, only the salt bridge between (3-strand S6-S7 is conserved
between PhzG and E.coli PNPOx.

Domain-2

C-terminus

Domain-1

Figure 3.30: Schematic representation of a monomer of PhzG with the two
domains.

There are two main hydrophobic patches in the core of the structure. The first
and the larger of the two hydrophobic patches is found between the B-sheet
and the a-helices H1-3. There are 53 hydrophobic residues with 15 aromatic
residues. The outer rim of strands S3 and S6, the helices H4 to H6 and the
isoalloxine ring of FMN contain the second hydrophobic patch, composed of
29 hydrophobic residues and forming the active site cavity between the two

monomers.

3.10.2 The functional dimer of PhzG

As mentioned earlier, the monomers of PhzG interact extensively along one

half of each monomer. The total buried surface area between the dimers is
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approximately 2850 A, which points towards very tightly interacting
monomers. Participating in this interaction are the 31 hydrogen bonds and salt
bridges and 60 van der Waals contacts (residues at <4 A distance from each
other). Water molecules and FMN also contribute to numerous hydrogen
bonds linking the two monomers. These interactions can be divided into three
main regions which have been annotated here as the a-helical interface-1, the

B-sheet interface and the a-helical interface-2 (Figure 3.31).

a-helical interface 1 B-sheet interface a-helical interface 2

Figure 3.31: The figure shows the dimer of PhzG (cartoon) with the residues
participating in dimer-interactions depicted in green.

The a-helical interface-1 and 2 are identical and lie at the two ends of the
dimer. They comprise of contacts between the domain-1 of one monomer and
the domain-2 of the second monomer. This interface is made-up of both
hydrophilic and hydrophobic contacts, with most of the contacts in the loop
regions between the helices H4 and H5. These interactions thus also stabilise
the loops regions and help maintain the integrity of the edges of the dimer.
This is of some consequence not only structurally but also for function, as this
region binds the co-factor FMN and contains the active centre of PhzG.
The B-sheet interface coincides with the central dimer interface and includes
B-sheets S1, and N-terminal residues of S2 and S4, which extend from top to
bottom in the structure and form a narrow channel in the middle of the dimer.
This channel is elliptical in shape, with a diameter between 6-9 A and length

of approximately 40 A. The top and bottom parts of the channel are
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predominantly hydrophilic and interact with several water molecules, while the
deeper, slightly narrower bottom-end is mainly hydrophobic and inaccessible
to solvent. The residues in this part of the channel mainly have small side
chains and are either similar or conserved among the PNPOx family of
enzymes.

The most important hydrogen bonds between the residues of the two

monomers have been tabulated below:

a-helical interface-1
Residue of chain A | Atom | Residue of chain B | Atom | Distance
Arg204 NH1 | Ser152 0G 3.1
Leu155 N Arg218 @) 2.8
GIn220 @) Ser152 N 3.0
NE2 | Glu154 @) 2.9
N Glu153 0] 2.8
B-sheet interface
Thr71 N Ser105 OoG 3.1
OG Ser105 OG 2.8
Gly67 @) Asn101 OD2 |29
Tyr109 OH Glu54 OE1 |25
Arg111 NH2 | Glu54 0] 2.9
NE1 | Arg53 @) 2.8
GIn198 @) Arg162 N 3.1
GIn152 NE2 | Pro122 @) 3.1
Arg218 O Leu155 N 2.8
Glu199 OE1 | Pro221 NE1 |3.2
Glu54 OE2 | Thr19 N 2.9
OE2 | Thr19 OG1 |26
Ser105 OG Thr71 OoG1 |27
Arg158 N GIn220 OE1 |28
Glu154 O GIn220 NE2 |29
Arg53 @) Arg111 NE 2.8
NE2 | Thr19 OG1 | 2.8
Glu153 @) GIn220 N 2.8
Arg166 NE Glu199 OE1 |29
a-helical interface-2
Arg162 NH1 | GIn198 @) 3.0
Pro221 @) GIn151 NE2 |3.0
Ser152 0G Arg204 NH1 | 3.0
N GIn220 @) 2.9
ILE73 N Glu116 OE1 |29
Asn101 ND2 | Gly67 @) 2.9
Glu116 OE1 | lle73 N 3.0

Table 3.8: Hydrogen bonds between the residues of the monomers of PhzG.
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3.10.3 Active site cavity and the binding of FMN.

As mentioned earlier, the dimer of PhzG creates two clefts which contain the
active site cavity and FMN binding site. These two clefts are separated by a
distance of approximately 20 A and are formed by the N-terminal residues of
B-sheets S4-S8 of one monomer and the a-helices H3-6 and B-sheets S2 and
S3 of the second monomer. These clefts are funnel shaped, binding the
isoalloxazine ring of FMN at the wider end and the phosphate containing ribityl

hydroxyl moiety at the narrower end (Figure 3.32).

Figure 3.32: The active site cavity of PhzG with the contributions of each
monomer shown in different colours (yellow and purple).

The FMN molecules are involved in extensive interactions with the residues of
the dimer; the most important of these are shown in the Figure 3.33. Of the
residues making hydrophobic contact with FMN namely, Tyr109A, Trp194A,
GIn151B, and Val74 only two (Trp194 and Val72) are conserved in E.coli
PNPOXx. In each of the active centre and FMN binding site, more residues (10)
of the a-helical domain (domain-2) interact with FMN than the residues of the
B-sheet domain-1 (4 residues).

Of these interactions, residues Glu116, lle73, Val75 and a molecule of water
interact with the isoalloxazine ring of FMN. All the other residues, including
two water molecules interact with the highly charged ribityl hydroxyl moiety of
FMN (Figure 3.33). The residues Tyr109, Trp194, GIn151 and Val74 make
hydrophobic contacts with FMN. PhzG shares 60% identity to the five main

motifs of residues which are essential for the binding of FMN and are
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conserved the various PNPOx. These conserved motifs and their counterpart
in PhzG are tabulated in Table 3.9.

Val75B

Arg204A

Figure 3.33: Stereo view of the co-ordination of FMN in PhzG. The residues
forming hydrogen bonds with FMN are labelled with the name of the monomer
they belong to (A/B).

Residues Motif in E.coli PNPOXx Motif in PhzG
67-72 RIVLLK RIVVIS
80-84 VFYTN VFSTH
87-90 SRKA SQKG

189-193 EFWQG EFWGN
197-201 RLHDR RLHER

Table 3.9: The conserved FMN binding motifs in PNPOx and their
counterparts in PhzG.

Another notable observation in the native structure of PhzG was the presence
of extra density besides the density for the FMN molecule. This extra density
is shown in the figure 3.34, overleaf.

The crystallisation conditions of PhzG contained a high excess of FMN (10

mM), and this extra density corresponded to a second FMN molecule. Hence,
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Figure 3.34: Fo-Fc map (30) of extra density observed in the native structure
of PhzG.
a molecule of FMN was modelled into this density. This molecule however, did
not completely fit the density. The density accommodated the flavin ring of
FMN, however, the density for the ribityl hydroxyl moiety was unclear (Figure
3.35). This was an encouraging sign, owing to the fact that the structure of
PCA and the isoalloxazine ring of FMN are ‘isosters’ i.e. have similar space
requirements. This was thus an indication that the cavity of PhzG was capable

of accommodating a structure similar to the isoalloxazine ring of FMN and

Figure 3.35: A molecule of FMN modelled into the extra density observed in
native PhzG.
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hence PCA. This observation led to the trials of crystallisation of PhzG with

lesser FMN and of forming a complex of PhzG in the presence of PCA.

3.10.4 PhzG in complex with PCA

The soaking of native crystals of PhzG in PCA was indeed successful, leading
to the elucidation of the structure of PhzG complexed with PCA.

The active site cavity of PhzG, as mentioned earlier, is formed by the helices
H4-6 of one monomer; B-strands S1-4 of the second monomer and the FMN
molecule and is composed mainly of hydrophobic, aromatic residues. The
binding of PCA does not show any major structural changes of these residues
as compared to those of the native PhzG. The most important changes are
observed in the conformations of amino acids Arg138, His89 and Val75 in the
active centre (Figure 3.36).

This figure also shows a molecule of PCA bound within the active site. The
carboxyl moiety of PCA is facing the same direction as the negatively charged
ribityl hydroxyl moiety of FMN. The main interactions between FMN and PCA
include stacking interactions between the aromatic rings, hydrogen bonds
between N5 of FMN and the carboxyl carbon C1 of PCA and oxygen O4
(FMN) with the nitrogen N2 of PCA.

Figure 3.36: Alternative conformations of the amino acids in the active centre,

on binding of PCA. (Original conformations are shown in yellow and those on binding of
PCA are shown in green.)
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Moreover, the residues His202, Leu18 and Arg138 are involved in

hydrophobic interactions with PCA. These interactions are depicted in the

Figure 3.37 below:

Eheinlt _~_ His202B b

A

i
> HOH 41
_ o
il - Sers7 A

Arg138 A

Figure 3.37: (a) PCA bound in the dimer of PhzG. (b) Interactions of PCA
with FMN (PCA shown here with the 30 Fo-Fc map of its density).

Though the exact mechanism of catalysis in PNPOx has not yet been
confirmed, multiple structural and mechanistic studies indicated towards the
catalysis occurring in this class of enzymes by the transfer of a hydride ion
from the substrate (PLP, in case of E.coli PNPOx) to the nitrogen N5 of the
flavin ring of FMN (Safo et al., 2000) (Figure 3.38).

HOL _H
C4CH20H C4C
o c4 O@ o c4 g)
0O5PO = | PNPOx . O3PO =
N~ “CH, N~ CHj;
H FMN FMNH2 H
Pyridoxine 5'-phosphate Pyridoxal 5'-phosphate
(PNP) (PLP)
H,O, 02

Figure 3.38: The reaction catalysed by E.coli PNPOx showing also the
regeneration of the reduced FMN .

From the binding of PCA observed in PhzG-PCA complex and described

above, it is plausible to hypothesise that this mechanism holds true in case of
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PhzG as well. Interaction between FMN and the precursor of PCA (unstable,
partially aromatised PCA; details in section 5.3) between N5 of FMN and the
carboxyl group bearing carbon (in this case, C1) seems plausible. This
scenario is also compatible with the proposed activity of PhzG as observed in

mass spectroscopic studies described later in this work.

3.10.5 Comparison of PhzG and E.coli-PNPOx

As mentioned earlier, the structure of PhzG shows closest homology to the
structure of pyridoxyamine 5’phosphate-oxidase (PNPOx) from E.coli with
which it shares 31% sequence identity. The Figure 3.39 shows the
superimposition of these two structures, the backbones of which superimpose
with an r.m.s.d of 1.7 A.

As is clear from this figure, the FMN molecules bind in the same niches for
both structures and as previously mentioned with similar residues involved in

the co-ordination of FMN. Two conformations of E.coli-PNPOx have been

PNPOx E.cofi

Figure 3.39: Superimposed structures of PhzG (red) and E.coli PNPOx
(blue).

reported in literature — the ‘closed’ confirmation, where the N-terminal
residues form a flap covering the isoalloxazine ring of FMN, whereas in the
‘open conformation, this region of FMN is exposed to solvent. In case of
PhzG, it is difficult to draw a conclusion about the conformation, which, from

the structure, points towards being closer to the ‘closed’ conformation than
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open, with the flavin part of FMN only partially exposed to the surrounding
solvent. This is primarily due to the fact that the first 17 residues to the N-
terminal do not have an interpretable density and could not be fitted into the
model.

Both the PhzG-PCA complex and E.coli-PNPOx bind substrates at identical
locations in the structure (Figure 3.40) such that the substrate stacks against
the flavin ring of FMN. However, while the negatively charged phosphate
group of PLP (pyridoxal 5-phosphate) faces opposite to the negatively
charged tail of FMN and is thus exposed to the solvent; PCA binds in the
opposite confirmation, with the negatively charged carboxylic group pointing

towards the interior of the structure.

Figure 3.40: (a) Binding of PCA in PhzG. (b) PLP in E.coli-PNPOXx.

Another distinguishing feature of E.coli PNPOXx is that in addition to the active
site, E.coli PNPOx contains a non-catalytic site that binds its ligand (PLP)
tightly. Even repeated chromatography on size-exclusion columns does not
separate the non-catalytic bound PLP from PNPOx (Yang & Schirch, 2000;
Musayev et al., 2003). The Figure 3.41 (‘a’; grey arrow) overleaf, shows this
non-catalytic site and the putative tunnel through which the ligand is thought
to travel to ultimately reach the active site.

The structure of PhzG complexed with PCA was examined for a similar non-
catalytic binding site but no electron density for another bound PCA was

observed. However, on examining the surface of PhzG, at the equivalent
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position, a tunnel-like structure could be seen, where a molecule of PCA has
been modelled (Figure 3.41 ‘c’) and can well be envisioned to bind.
The existence of this tunnel in PhzG, which is the feature of most of PNPOx,

fits very well with the hypothesised phenazine biosynthesis pathway

Figure 3.41: (a) E.coli PNPOx showing the non-catalytic binding site and the
putative tunnel. (b) a close-up of the surface of PNPOx showing two
molecules of the ligand PNP. (c) Equivalent position on the surface of PhzG
with a molecule of PCA. (all surfaces coloured by electrostatic potential)

(section 5.2), where the unstable intermediate (partially aromatised PCA) and
the substrate of PhzG could be shielded until its catalysis to PCA by PhzG.

However, this observation is yet to be experimentally confirmed.

The analysis of FMN-dependent oxidase — PhzG, PhzG complexed with PCA,
PhzA, its homologous enzyme BcepA and BcepA complexed with the inhibitor
B75, from B.cepacia, conclude the structural investigations carried out during

the course of this work.
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The following sections describe the biochemical measurements carried out
using the two-hybrid assay, HPLC, mass-spectrometry and oxygen electrode.
These measurements were aimed at the elucidation the possibility of
interaction between the enzymes of the phenazine biosynthesis pathway in
pseudomonads, the exact mechanism of phenazine biosynthesis,
identification of the intermediates produced, and the sequence in which the

enzymes PhzA, B and G act in this pathway.
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Section Il
The investigations undertaken to analyse the intermediates formed during the
biosynthesis of PCA, the effect of various enzymes and other factors are

described in this section.
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4.0 Intermediates formed during the biosynthesis of PCA.
The most common methods employed to investigate reactions catalysed by
enzymes include enzyme assays and kinetic studies. However, very little
starting information was available for the enzymes being studied in this case
and this is the first study to undertake detailed analysis of the enzymes PhzA,
PhzB and PhzG.

The elucidation of the structure of PhzA provided the first hint of PhzA/B
probably acting as isomerases. The third enzyme, PhzG, was thought to be
FMN-dependent oxidase, a conclusion reiterated on the solution of its
structure, as described in the previous sections. Also, the substrates of these
three enzymes, though speculated in previous studies (MacDonald et al.,
2000; Blankenfeldt et al., 2004) were not well characterised and in all cases
and would be undetectable by conventional kinetic methods. Moreover, none
of these three enzymes could act on DHHA, the last stable intermediate of this
pathway and substrate of the enzyme PhzF (Blankenfeldt et al., 2004;
Parsons et al., 2004) Thus, for any study, PhzF would have to be present to
initiate the reaction, the product of which is thought to be the substrate of
PhzA, B and G. This would not only make kinetic studies complicated, but
also, not provide any idea of the nature of intermediates formed, and hence
be unable to identify of the substrates of the enzymes being studied.

Keeping all these considerations in mind, biochemical studies into the effect of
these enzymes and intermediates formed during phenazine biosynthesis were
initiated using High Pressure Liquid Chromatography (HPLC) based
experiments. If the intermediates formed were UV-active, they could be
detected by a UV-detector coupled to the HPLC.

4.1 HPLC experiments.

For HPLC studies (methodology described in section 9.3.7), all reactions were
carried out in the presence of PhzF, with the enzymes PhzA, B and G added
in varying combinations. Results from this set of experiments are depicted as
graphs in the Figure 3.42, overleatf.
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Figure 3.42: Graphs depicting the peak areas at various points during the
reaction followed in the presence/absence of various enzymes.

The utilisation of DHHA, as seen in the Graph (a), does not show an
appreciable variation with the presence/absence of the enzymes A, B or G.
This clearly reiterates that PhzF is the only enzyme capable of using DHHA as
substrate. Moreover, all DHHA was depleted within 150 minutes. The only
exception was the reaction containing all the enzymes i.e. PhzFABG, where a
weak signal indicating the presence of DHHA in the reaction mixture was
observed right upto the end of the experiment at 220 minutes.

In contrast, the presence of the enzymes PhzA, B or G, results in an increase
in the amount of PCA formed, as compared to reactions containing PhzF
alone (Figure 3.42 ‘©’). The combination of PhzFABG forms the highest
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amount of PCA, with PhzFAG, the second highest. In the rest of the enzyme
combinations, the amount of PCA formed is still almost double that in the
presence of PhzF alone; Thus reiterating the observations of both McDonald
and co-workers (2000) and Blankenfeldt et al (Blankenfeldt et al, 2004) that
these three enzymes work past the formation of 1,2,4-dihydro-3-oxo-
anthranilic acid, catalysed by PhzF, using the substrate DHHA.

An inverse correlation between the amounts of PCA formed and utilisation of
DHHA can also be seen from these graphs. After approximately 80 mins, the
amount of DHHA in the reaction is at its lowest while the amount of PCA
formed at its maximum, after which a plateau-like state of PCA formation is
observed until the end of measurements at 220 mins.

Although these measurements confirmed the fact that all three enzymes affect
PCA formation, the need for a different type of detector was felt, to be able to

identify intermediates, which were not detectable in this set of experiments.

4.2 Mass Spectroscopic measurements — ESI-MS

Mass spectroscopy was the next method tried for this investigation. The
underlying motivation was the detection of the molecular weight of various
intermediates formed, by measuring the mass-to-charge ratio (m/z), provided,
the UV-inactive intermediates were MS-active. The structures of the
compounds could then be predicted based on the Mw and prior knowledge
about the nature of the substrate and final product of this pathway. These
experiments were performed using the same reaction set-up as in HPLC
experiments.

The results of electrospray ionisation mass spectroscopy (ESI-MS) described
here have two main differences to the HPLC measurements. Firstly, no HPLC
was used prior to ESI-MS; thus, the reaction mixture introduced into the
instrument was not separated. Secondly, of course, was the mode of
detection. The Figure 3.43 (overleaf) shows the results obtained at the end of
these measurements. All enzymes were used at a molar ratio of 1:1.

The ESI-MS measurements were successful in identifying two new
intermediates with a molecular weight of 274 Da (m/z 275) and 228 Da (m/z
229)
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Figure 3.43: Graphs of intensities of the two intermediates (Mw 228 Da and
274 Da) and PCA from the various reactions followed by ESI-MS.

These intermediates were found to be present for all reactions, however, in
the presence of enzymes PhzA and B much higher signal intensity was
observed.

This observation restates the observation of McDonald et al. (2000) that PhzA

and B are indeed involved in steps following PhzF. Additionally, these results
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show that both PhzA and B are involved in the formation of the above-
mentioned intermediates.

Though the graphs have been grouped on the basis of signal intensity of
intermediates and PCA generated during the course of different reactions, the
various spectra are not directly comparable. Also, these experiments are not
indicative of the quantities formed. Moreover, no intensity for DHHA could be
observed, making it difficult to compare the effect of enzymes on DHHA
utilization and thus the effect of various combinations of enzymes on the
efficiency of PCA produced. These are inherent drawbacks of ESI-MS. Hence,

these results only indicate the presence or absence of the particular

compound in presence/absence of various enzymes in a set of reactions, but
give no comparable or quantifiable results.

The structures of the intermediates were hypothesised on the basis of their
mass and are depicted in Figure 3.44. The suitably modified scheme of
phenazine biosynthesis pathway including these two new species of

intermediates and is shown overleaf (Figure 3.45).

COOH Schiff's base COOH

Mol. Wt.: 274
N N
\\\\\\\\ \ \\\\\\\\ \
\N \\\\\\\\ \N \\\\\\\\
H  H

Partially aromatised PCA
COOH Mol. Wt.: 228

Figure 3.44: The hypothesised structures of the two intermediates identified
by ESI-MS measurements, during the biosynthesis of PCA.
An interesting observation in this scheme, is the higher intensity observed for
the intermediate with Mw 274 Da, when the enzymes PhzA and PhzB are
present in the reaction mixtures. This is a modification of the scheme
proposed by Blankenfeldt et al. (2004) where this intermediate (Mw 274 Da)
was thought to be the product of the enzyme PhzF and the enzymes PhzA, B
and G were shown to act after its formation. Thus, although this scheme
(Figure 3.43) takes into account the intermediates formed, the ESI-MS results
do not clarify the role of PhzA, B or G. Hence, these observations and the

results obtained at the end of ESI-MS needed to be repeated, to obtain
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Figure 3.45: The modified scheme of phenazine biosynthesis (Blankenfeldt et al. 2004).
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quantative and comparable information about the intermediates formed and
the correct sequence of enzymes. Towards these aims, another MS-based
method, Atmospheric pressure based ionisation (APCI-MS) was then carried

out.

4.3 APCI-MS measurements

The primary intention of APCI-MS measurements was that of obtaining
quantifiable and comparable data of the intermediates formed during
phenazine biosynthesis by using an instrument i.e. APCI-mass spectrometer,
with a higher sensitivity than that of ESI-MS. Towards this end, these
measurements were performed in the presence of constant concentration (1
mM) of the molecule caffeine, for which the mass and spectral properties were
already known. Moreover, caffeine was found to be inert and non-interfering to
the reactions. Thus, all calculations were now comparable and quantifiable, by
using the ratio of the peak area of compound produced and that of caffeine.
Moreover, to have a better separation and detection, an HPLC was coupled to
APCI and each experiment lasting 330 mins, consisted of 30 measurements
each, with injection interval of 11 minutes. (details in section 7.3.8.3). The
results obtained are described here, grouped according to the compounds

formed during the course of PCA biosynthesis.

4.3.1 Effects of various enzymes on DHHA
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The graph of utilisation of DHHA with time (Figure 3.46) in presence/absence
of various enzymes clearly shows that utilisation of DHHA is unaffected by the
presence/absence PhzA, B or G; Thus, reiterating that DHHA is the substrate
of PhzF. Moreover, the conversion of DHHA to its product 1,2,4-trihydro-3-
oxo-anthranilic acid is fast, with most of the DHHA depleted within 10 minutes
of addition of PhzF.

4.3.2 Formation of 1,2,4-trihydro-3-oxo-anthranilic acid

PhzF converts DHHA to 1,2,4-trihydro-3-oxo-anthranilic acid (Figure 3.45; pg
77) by abstraction of a proton from C3 carbon, rearranging the double bond
system and reprotonating at the C1 position (Blankenfeldt et al., 2004). 1,2,4-
trinydro-3-oxo-anthranilic acid has a molecular weight of 155 and displays
keto-enol tautomerism (Figure 3.47) (Blankenfeldt et al., 2004). Both DHHA
and its product have the same molecular weight of 155. Hence these

compounds were distinguished in APCI-MS measurements by two main

H COOH
p NH,

\

\

@)

Figure 3.47: The two tautomers of 1,2,4-trihydro-3-oxo-anthranilic acid.

factors. Firstly, the DHHA peak shows the highest amounts at reaction time
zero (i.e. before the addition of PhzF), depleting rapidly thereafter (Figure
3.48). Secondly, the peak for 1,2,4-trihydro-3-oxo-anthranilic acid appears
after the addition of PhzF and a delay of approximately 2 mins. The graphs in
Figure 3.48 show the formation of 1,2,4-trihydro-3-oxo-anthranilic acid.

The graphs can be divided into two clear subdivisions, based on the
absence/presence of the enzyme PhzB. The first, consists of reactions carried
out in the in the absence of PhzB (top 5 curves in the graph). Here, 1.5 times
more 1,2,4-trihydro-3-oxo-anthranilic acid is observed. Moreover, at the end of
these measurement, at 330 minutes, there is still an appreciable amount (also
1.5 times more) of this compound still present in the reaction mixture. Another

interesting fact is that the amounts of 1,2,4-trihydro-3-oxo-anthranilic acid
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formed in this group is not affected by the presence/absence of either PhzA or
G. This is a clear indication, that neither PhzA nor PhzG are capable of
utilising 1,2,4-trihydro-3-oxo-anthranilic acid as their substrate.

The second sub-division of reactions, which are all performed in the presence
of PhzB, show a different profile. In these reactions, the sharp peak of 1,2,4-

trihydro-3-oxo-anthranilic acid formation is still observed, but the amount is

1,2,4-trihydro-3-oxo-anthranilic acid

Peak area
S

0 50 100 150 200 250 300
Time in minutes

Figure 3.48: Formation of 1,2,4-trihydro-3-oxo anthranilic acid.

reduced. Moreover, the depletion of 1,2,4-trihydro-3-oxo-anthranilic acid is
quick, and reaches near zero values by 180 minutes.

Taken together, this graphs shows that 1,2,4-trihydro-3-oxo-anthranilic acid is
formed by PhzF and is utilised by PhzB as substrate. Neither PhzA nor PhzG

plays any role in this step of the pathway.
4.3.3 Formation of intermediate with Mw 274 Da

The peak for m/z 275 (Mw 274 Da) is observed immediately on the addition of

the enzyme PhzF into the reaction mixture as shown in Figure 3.49 overleaf.
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Figure 3.49: Graph showing formation of Mw274 Da.

For better visualisation, the graph below shows the first 120 minutes of the

experiments:
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Figure 3.50: Formation of Mw 274 Da in the first 120 minutes.

The maximum amount of this species is formed at approximately 12 minutes
which coincides with the minimum levels of DHHA (Figure 3.46) in the
reaction mixture. The highest amount of this intermediate is formed in
experiments performed in the presence of PhzB. The interesting observation
in this graph is that PhzA, which is 70% identical to PhzB, seems not to have
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the same effect on the production of this peak as PhzB. Where a five-fold
increase in amounts of PhzB (F5xB) results in a 5-fold increase in the
formation of this intermediate (as compared to FB), no effect is observed on
varying the amounts of PhzA. Also, no significant difference is observed in the
amounts of Mw 274 Da produced by PhzF in the presence/absence of PhzG;
thus implying that neither PhzA nor PhzG participates in the formation of this
intermediate.

The results pertaining to the formation of 1,2,4-trihydro-3-oxo-anthranilic acid
and the Mw 274 Da thus indicate that PhzB is involved in the reactions
catalysing the conversion of 1,2,4-trihydro-3-oxo-anthranilic acid to the

compound with Mw 274 Da.

4.3.4 Formation of intermediate with Mw 228 Da

PhzB affects the formation of the compound with Mw 228 Da (m/z 229) in a
fashion similar to that of Mw 274 Da formation (Figure 3.49 & 3.50). The graph
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Figure 3.51: Graph depicting the formation of the intermediate with Mw 228
Da.

above also clearly shows that the enzyme PhzB speeds up the formation of
Mw 228 Da, with the peak maxima reached in half the time required for
reactions containing PhzF with PhzA and/or G and PhzA only (Figure 3.51).
This can be partially explained by the higher Mw 274 Da formed in presence

83



I1l. RESULTS AND DISCUSSION

of PhzB, which being a highly unstable intermediate, would spontaneously
yield higher amounts of Mw 228 Da, which is a more aromatised and hence
more stable of the two intermediates.

At the same time, in the presence of PhzB, Mw 228 Da also depletes much
faster as compared to the other reactions. Another interesting observation
from these graphs is a dramatic reduction in the amount of this intermediated

when PhzG is present alongwith PhzF.

4.3.5 Formation of PCA

The highest amount of PCA formed is during the reaction where all the four
enzymes are present i.e. PhzFABG (Figure 3.52). Moreover, the presence of
the enzyme PhzG is indeed the deciding factor for the amount of PCA formed,

in the presence/absence of either PhzA or B.

i PCA

Peak Area

0 50 100 150 200 250 300

Time in minutes
Figure 3.52: The graphs of PCA formed in the presence of various enzymes.

No significant difference observed in PCA formation where only PhzA and/or
PhzB were present alongwith PhzF. Thus higher amounts of the intermediates
with Mw 228 Da and 274 Da formed in the presence of excess PhzB do not
translate to a higher yield of PCA, in the absence of PhzG. Moreover, the
combination of enzymes PhzF and PhzG which showed very low quantities of

intermediates with Mw 274 Da and 228 Da shows a proportionally much
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higher yield of the product PCA. Another interesting observation from the
graphs 3.50 & 52 is that the amounts of Mw 228 Da formed in the presence of
PhzF and A does not translate into higher yields of PCA.

4.3.6 Implications of the results of APCI on phenazine

biosynthesis.

It was proposed by Blankenfeldt et al., (2004) that phenazine biosynthesis
involves the formation of a highly unstable double Schiff’'s base with Mw 274
Da. This compound was also proposed to be formed within the cavity of
dimeric PhzF, from two molecules of the product of this enzyme, i.e. 1,2,4-
trihydro-3-oxo-anthranilic acid.

This molecular weight (274 Da) was indeed observed during APCI
measurements (Figure 3.49 and 3.50). The structure of this compound was
hypothesised as shown in Figure 3.53 below. The enzyme PhzB leads to a

much higher synthesis of this intermediate.

H COI-?H H H
H N H
X
\
H N H
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H H HOOC

Figure 3.53: The structure of the intermediate with molecular weight of 274
Da.

As can be seen from the figure above, this intermediate is highly unstable,
oxidation (as oxidative decarboxylation) or hydrolysis in the presence of
oxygen/water would be sufficient to yield the intermediate with Mw 228 Da
(partially aromatised PCA). This inference is backed by the amounts of this
partially aromatised PCA observed in reactions not containing PhzB, where
the formation of this compound is not influenced by the presence/absence of
any other enzyme (Figures 3.46 and 3.48). Moreover, this also explains the
higher yield of partially aromatised PCA (intermediate with Mw 228 Da) in all
reactions containing PhzB, since, more Mw 274 Da formed due to the

presence of PhzB would lead to a proportionally higher yield of Mw 228 Da.
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This partially aromatised PCA needs oxidation for the formation of PCA, a
reaction that can be catalysed by the FMN-dependent oxidase, PhzG. This is
indeed the case and in all reactions containing PhzF, G and B, where the yield
of PCA is at least two-fold higher than reactions in which either PhzB or PhzG
is absent (Figure 3.52).

In all these measurements, however, the only effect of PhzA is observed in
the final yield of PCA, when present in reactions containing PhzG (Figure
3.52). The reactions containing PhzA alongwith PhzB and G yield the highest
amounts of PCA (Figure 3.52). Thus, although PhzA and B are more than
70% identical, the effect displayed by PhzB is not mirrored by PhzA. One
explanation, (detailed in Section 5.1, Two-hybrid assay) could be the role of
PhzA as a sort of ‘shuttle’ shielding and conveying the highly unstable
intermediates from one protein to the next. Another possibility mentioned
earlier in the introduction, is the occurrence of an event of gene-duplication in
the past. A third hypothesis could be the formation of active hetero-dimers by
PhzA and B, which could be envisioned as simultaneously shielding and
catalysing the unstable intermediates. However, these hypotheses though
under investigation, have not been experimentally ratified yet.

Another interesting observation is the relatively high amounts of both
intermediates with Mw 274 Da and 228 Da formed, in the absence of PhzB or
PhzG, which do not yield the same high quantities of the product PCA. This
phenomenon can be explained in terms of the inherent instability of the
intermediate with Mw 274 Da. The most stable structure for this intermediate
would be an aromatic, three-ring phenazine scaffold, which could be arrived at
only through some chemical transformations. This intermediate is actually a
Schiff's base; which are inherently unstable and highly sensitive. Thus,
oxidation by oxygen or hydrolysis by water would be sufficient to transform
Mw 274 Da to the partially aromatised PCA with a molecular weight of 228
Da.

Moreover, there are other ways in which this intermediate could undergo
spontaneous oxidation in absence of enzymes PhzA, B and G and the
presence of oxygen forming the compounds shown in the Figure 3.54. The
driving force would thus be the search for higher stability by this unstable

intermediate, through re-arrangement of double-bond system spontaneously
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and in the presence of oxygen, towards a stable 1r-electron system, one of
which is that of PCA. This explains the low efficiency of PCA formation (less

then 20%; Figure 3.52) observed in reaction containing only PhzF or PhzF
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Figure3.54: Some of the stable aromatic configuration that can be adapted by
the Schiff’'s base (Mw 274 Da).

with either PhzA or B. This is despite the fact that the presence of PhzB leads
to the formation of, comparatively, the highest amount of partially aromatised
PCA (Mw 228 Da). Only in the presence of the FMN-dependent oxidase
PhzG, the partially aromatised PCA yields optimal quantities of PCA.

To detect the presence of stable aromatic systems arising spontaneously and
thus to further validate the inferences from the previous paragraph, APCI-MS
measurements were re-analysed and a small signal (peak ratio < 2 units) is
indeed observed for the compound phenazine (Mw 180; m/z 181) (Figure
3.55, overleaf). In some cases, PDC (Mw 268; m/z 269), was also formed,
however, its presence was too erratic for quantifiable graphs.

The graph in Figure 3.55 (overleaf) clearly shows that phenazine formed in
the presence of all the four enzymes, i.e. PhzFABG is three times lower than
that formed in the absence of one or the other enzymes. This observation

confirms the above-mentioned hypothesis that PCA biosynthesis is better

87



I1l. RESULTS AND DISCUSSION

controlled in the presence of all the enzymes. The absence of one or more of
the enzymes leads to the spontaneous/un-catalysed formation of various

three-ring aromatic products, including PCA, through oxidation by oxygen.
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Figure 3.55: Formation of phenazine (Mw 180) for various reactions in APCI-

MS measurements.

As a conclusion to this section and to further clarify the results obtained, a
scheme representing the current hypothesis of phenazine biosynthesis
pathway leading to the formation of PCA in P. fluorescens is depicted
overleaf.

The effect of oxygen on the formation of aromatic systems shown in Figure
3.54, is also supported by the observation that a darker colouration can be
seen at the air/buffer interface in an NMR reaction tube containing only DHHA
and PhzF (Figure 3.56). On NMR, this reaction mixture gives an

indecipherable spectrum of different aromatic compounds.

Figure 3.56: The dark colour at the interface between air and

buffer solution in an NMR tube containing DHHA and PhzF.
(From Blankenfeldt et al 2004)

88



I1l. RESULTS AND DISCUSSIONS

COOH COOH COOH H,/ COOH H// COOH
\\\\\NHZCOO \\\\NHZ \\\\\l\|H2 \\\\NHZ
COOH H _ W
PhzF —_—
PhzE /& PhzD
: o 0 OH OH 0
(%H Chorismic Acid 2-amino-2deoxychorismic Trans-2,3-Dihydro- 1,2,4-trihydro-3-oxo-anthranilic acid
acid (ADIC) 2,3-dihydrobenzoic acid
(DHHA)
-2H,0 | PhzF,B
COOH COOH cooH ¥
H
\\\ \\\\\N
] -C02, _
2H2 s \
FMNH ,
2 Partially aromatised PCA Schiff's Base COOH
Mw 274

Phenazine-1-carboxylic acid
Mw 228

Mw224

work.

Figure 3.57: The scheme of phenazine biosynthesis pathway of P. fluorescens based on the results obtained from this
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Taken together, these observations thus highlight the important role played by
oxygen as an electron acceptor in PCA biosynthesis. Hence, the role of
oxygen and its uptake by various enzymes of this pathway was investigated
using an oxygen electrode and the results of these measurements have been
described in section 6.

Also, considering the highly unstable nature of the intermediates, it was
plausible to hypothesise the existence of a multi-enzyme complex by the
enzymes of the phenazine biosynthesis pathway. This possibility was
investigated by employing bacterial two-hybrid system and the results

obtained are described in the following chapter.
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Section IV
This section contains the results obtained while investigating the interactions

between the seven enzymes of the phenazine biosynthesis operon.
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5.0 Interactions between the enzymes of ,phz’ operon
APCI-MS measurements led to the discovery of two new intermediates in the
biosynthesis of PCA. These intermediates with Mw 274 and 228 are unstable
and thus, it would be advantageous if the enzymes formed a multi-enzyme
complex, which, by shielding the unstable intermediates would make the
process of phenazine biosynthesis more efficient.

For investigating this possibility, trials for detecting the formation of a multi-
enzyme complex between the enzymes of the phenazine biosynthetic operon
were initiated. Gel filtration chromatography was initially employed for this
purpose; however, no conclusive results were obtained from this technique.
Hence, other methods like the bacterial two hybrid system were used in order
to detect the interactions between these enzymes. The bacterial two-hybrid
assay is a relatively new method developed by Karimova and co-workers in
1998 (Karimove et al., 1998). This system is based on interaction-mediated
reconstitution of the adenylate cyclase activity in E.coli observed on indicator
agar (details in section 9.3.8). This was followed by quantitative assessment

of the interaction using Liquid-B-Galactosidase activity assay (see also 9.3.9).

5.1 Bacterial Two Hybrid Assays on Indicator Agar

This assay was performed as described in section 9.3.8. Plating of the E.coli
cells DHM1 containing the various two plasmid combinations on MacConkey
agar at 28°C showed the outcome depicted in Figure 3.58 (overleaf).

To offset the possibility of steric hindrances due to the location of the genes
on the two plasmids (pKT25 and pUT18) and thus, the steric constraints
imposed by the three-dimensional structure of the hybrid protein complex,
which could affect the adenylate cyclase enzymatic activity of the
reconstituted complex; the interactions between the genes A-G in both
orientations, i.e. one of the genes cloned in plasmid pKT25 and the second in
plasmid pUT18 and visa-versa was performed. The names of the genes are
denoted as alphabets and ‘C+/-" denotes the positive/negative controls, which

were performed using the plasmids supplied by the two hybrid kit.
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T18+T25
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Figure 3.58: The photograph of the bacterial two hybrid assay on indicator

agar. (The positive results seen as magents-pink and the negative as white colonies. A-G
are the seven phenazine biosynthetic genes.)

From this figure it can be clearly seen that the genes phzA and B seem to
interact with all the other genes of the phenazine biosynthesis pathway. Other
interactions include those of phzD with phzC, E, F and G; phzG with phzD, E
and F.

Interestingly, the precautions undertaken for negating the steric hindrance
were justified, since the interactions between phzA-B and other genes are
observed only in the case where these genes are cloned in the plasmid T18
(horizontal orientation in Figure 3.58). In the reverse case, where the genes
are cloned in the reverse orientation (T25+T18 in Figure 3.58), the
interactions are visible only between these two genes and not the other genes
of the pathway.

This result seems to second not only the possibility of the formation of a multi-
enzymes but also the hypothesis put forward by MacDonald and co-workers,

that PhzA and B are proteins that help form the multi-enzyme complex
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between the ‘phz’ enzymes. However, a need was felt to further clarify the
results obtained on the indicator agar. Thus, the Liquid-p-Galactosidase
activity assay was then performed to help both clarify and quantify the various

interactions.

5.2 Liquid-B-Galactosidase activity assay
This assay was performed using the plasmids where the genes were cloned in
T18 and T25 respectively. The results of this assay are depicted in Figure

below.
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Figure 3.59: The results of the B-galactosidase assays depicted as graphs.

This figure clearly shows that the B-galactosidase assays confirm the findings
of the MacConkey indicator agar (Figure 3.58).

As a further confirmation of these interactions and specially the contribution of
PhzA and B to the formation of a multi-enzyme complex, pull-down assays
using Nickel beads were carried out. However, the protein PhzA even after
the removal of the 6xHis tag showed high levels of non-specific binding to the
nickel beads. This resulted in a level of background due to which it was
difficult to draw any conclusions about the interactions. Future experiments
using different pull-down strategies will hence have to be undertaken, which
could not be performed due to time constraints.

At the end of these two sets of experiments, it can be said that the enzymes

PhzA and B interact with all other enzymes, while the other major interactions
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occur between the enzymes PhzD, F and G. The conclusions drawn from

these experiments are depicted in Figure 3.60 below.

()
° @
)

Figure 3.60: Summary of the interactions observed between the proteins of

the ‘phz’ operon of P.fluorescens.(The curved arrows denote dimeric interactions of the
proteins; the straight black arrows denote other interacting proteins. Interactions of PhzA, B
with all enzymes not depicted for the sake of clarity.)

The next section describes the experiments performed for the detection of

oxygen consumption during the biosynthesis of PCA.
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Section V
This section describes results of the experiments carried out to study the effect of
the presence of oxygen on yields of the PCA and the other intermediates formed

during the phenazine biosynthesis pathway.
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6.0 Measurements using Clarke’s electrode

As mentioned in the section 4, oxygen seems to play an important role in the
process of phenazine biosynthesis. In order to further investigate the effect of
oxygen on PCA biosynthesis, experiments were initiated to test the efficiency
of the enzymes to uptake oxygen. These experiments were undertaken using
an oxygen electrode (Clark’s electrode). The set-up and method has been
described in section 9.1.

For these measurements, the reaction mixture was sealed in an air-tight
chamber, to which PhzF, dissolved in buffer was added to initiate the reaction
and the time required for each set of reaction to completely use the dissolved
oxygen was measured. Varying amounts of both PhzA and B were also used
to observe the effect of these enzymes on oxygen consumption. The results

obtained from this set of experiments are depicted below.

Oxygen measurements
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Figure 3.61: The graph of oxygen consumption versus time for various

combinations of enzymes. (The digits denote the ratio of enzymes added, thus, 15 is
enzymes in the ratio of 1:5.)

These measurements clearly show that the presence of PhzB with PhzF

increases the efficiency of oxygen consumption while PhzA shows no effect at
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all. Moreover increasing the amounts of PhzB by 5-fold, further increases the
rate of oxygen consumption. But any further increase in the amount of PhzB
shows no corresponding change.

The rate of oxygen consumption in the presence of 5/10-fold PhzB is
comparable to that observed in the presence of PhzFBG but not when only
PhzF and/or PhzG are present in the reaction.

These phenomena can be explained firstly by the fact that the amounts of the
partially aromatised PCA formed are unaffected by the presence of PhzF
alone or with PhzA/G (as observed from APCI-MS measurements). Since the
availability of this intermediate, the substrate of PhzG, remains similar in these
cases, no change is observed in the graph of oxygen consumption in
reactions containing either PhzF alone or PhzF with PhzG. Secondly, there is
higher amount of the partially aromatised PCA in reactions containing PhzB,
hence, higher substrate availability for PhzG. PhzG is FMN-dependent
oxidase, which, for catalysis, converts FMN to FMNH,. The FMNH; is
regenerated to FMN (FMNH; + O, — FMN + H,0;), a step which requires
oxygen; thus higher oxygen consumption observed in the reaction containing
PhzFBG. These observation further reiterate the inference (together with
results of APCI measurements) that PhzG catalyses the oxidation of partially
aromatic PCA (Mw 228) to PCA. Also, in absence of PhzB, where lower
amounts of Mw 274 and thus the substrate of PhzG - Mw 228 are present in
the reaction mixture, the rate of oxygen consumption does not differ greatly to
those when only PhzF is present.

At this point, it was interesting to investigate the behaviour of BcepA, with
regards to its activity and to compare its behaviour to that of PhzA and B. No
information is available as to the possible substrate of this enzyme or the
process of phenazine biosynthesis in B. cepacia. However, it is assumed that
this process is similar if not identical to that in pseudomonads and hence,
oxygen consumption was measured for BcepA, in the presence of the enzyme
PhzF from P.fluorescens.

The graph depicting the oxygen consumption by BcepA is shown overleaf
(Figure 3.62). This graph clearly shows that BcepA is indeed active and
consumes oxygen in a manner similar to PhzB. This is an interesting

observation in light of the fact that PhzA, its close structural homolog is not.
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However, this is only a preliminary result and the phenazine biosynthesis
process of B. cepacia need further and more thorough investigation to be able

to say more about the exact role of BcepA.

Oxygen consumption by BcepA
100

90 4

FBeep FBcepA
so {110
70 | FBcepA
15
60 FBcepA
50 4 F

40

% Oxygen consumption

30 4

20

10 A

0 10 20 30 40 50 60 70 80 90 100
Time in minutes

Figure 3.62: Oxygen consumption by BcepA.

Thus in this section the effect of the enzymes of the PCA biosynthesis
pathway of P.fluorescens on oxygen uptake were analysed. The enzyme
PhzB which catalyses the formation of the unstable Schiff's base with Mw
274, which through oxidative decarboxylation by dissolved oxygen forms
partially aromatised PCA (Mw228) accelerates oxygen consumption
dramatically. The enzyme PhzG an FMN-dependent oxidase, which requires
oxygen for catalysis, also shows an acceleration of oxygen consumption,
however only in the presence of PhzB, the presence of which creates a higher
concentration of the substrate of PhzG — partially aromatised PCA (Mw 228).
This study thus underlines the importance of oxygen in phenazine

biosynthesis.
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Conclusions & Future
Directions

‘Tut, tut, child!' said the Duchess.
‘Everything's got a moral, if only you can find it.’
- (Alice in wonderland, Lewis Carroll)
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7.0 Conclusions

Phenazines and phenazine biosynthesis, though a topic of research for various studies
was still not completely understood, since the structure and function of the enzymes
involved in this process had not been previously investigated. The objective of this
study was to elucidate the structure of the enzymes PhzA, B and G of the phenazine
biosynthesis pathway of Pseudomonas fluorescens 2-79 and to gain an insight into
their functions as well as the intermediates formed during biosynthesis of Phenazine -
1-carboxylic acid (PCA).

Towards this end, the structures of enzymes PhzA, PhzG and its complex with PCA
were elucidated and analysed. Moreover, the structure of a homologue of PhzA/B from
Burkholderia cepacia, BcepA and its complex with an inhibitor were also solved during
the course of this work.

Structural investigation of PhzA and BcepA highlighted interesting and thus far
unknown aspects of these enzymes. Structurally, both these enzymes were found to
belong to the ketosteroid isomerase (KSI) family of proteins, displaying an a+f fold
characteristic to this family. PhzA and BcepA are the most recently recognised
members of this family, with BcepA being the first member displaying an ‘arm-
exchange’ mode of dimerisation. The study of these two structures reiterated the
conclusion by other works, that the fold of KSI-family of proteins provides a robust
scaffold, whose function can be tuned by altering the properties of the residues lining
the interior cavity. However, since this family contains functionally very diverse proteins
(e.g. transport factors, isomerases, hydrolases, oxidases) no function can as yet be
ascribed to either PhzA or BcepA from structural knowledge alone.

The enzyme PhzG, which shows sequence similarity to pyridoxamine 5’-phosphate-
oxidase from E.coli, was found to be a FMN-dependent oxidase on the elucidation of
its structure. Moreover, the structure of PhzG complexed with PCA was also solved,
which helped to further clarify its role as an oxidase in the phenazine biosynthesis
pathway.

Functional studies were carried out during the course of this study by using a bacterial
two-hybrid system, APCI mass spectroscopy, and the oxygen electrode. A new
methodology using APCI-MS was established in this work, for detection of the activity

of various enzymes and the intermediates formed during the biosynthesis of PCA.
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Using this method, two new, key intermediates, a proposed Schiff's base with
molecular weight 274Da as well as a partially aromatised PCA with Mw 228 Da were
discovered. Moreover, this work also led to the resolution of the sequential order of
enzymes acting in this pathway, which is PhzE, D, F, B, G and A.

The APCI-MS studies, although hinting at some effect of the presence of PhzA did not
point towards a special role for this protein in phenazine biosynthesis. Surprisingly, the
enzyme PhzB, which has a 70% sequence identity with PhzA, is, in the light of this
work (by APCI-MS and oxygen measurements using Clarke electrode), thought to act
as a synthase. The enzyme PhzG is indeed an oxidase and catalyses the conversion
of partially aromatised PCA (Mw 228) to the product of this pathway, PCA.

This is the first study to investigate the enzyme BcepA from the phenazine
biosynthesis pathway of B. cepacia. BcepA, like PhzB was found to accelerate oxygen
consumption and might also act as a synthase. However, since no other information is
available about the process of phenazine biosynthesis in this organism, apart from the
phenazine compounds produced, more detailed studies are needed to be able to gain
more insight both into the function of this enzyme as well as the mechanism of

phenazine biosynthesis in B. cepacia.
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7.1 Suggestions for Future work

This study has successfully answered a number of questions about phenazine
biosynthesis in Pseudomonas fluorescens 2-79. It has however, also raised some
interesting questions. Chief among them is the apparent lack of activity of PhzA, the
activity of PhzB and the presence of two of these enzymes in all phenazine
biosynthesis pathways of Pseudomonads. Further efforts towards the solution of the
structure of PhzB will help answer some of these questions.

From the interaction studies, an indication of interacting proteins was obtained, with
the strong interactions between PhzA and B pointing towards these proteins forming a
potential hetero-dimer. The formation of hetero-dimer by PhzA and B would be a
particularly interesting point of investigation and would help justify the role of PhzA as
a protein which helps transfer the unstable intermediates from PhzF to PhzB and G as
proposed by this study.

Experiments towards determining the mode of action of PhzG and the detection of the

formation of H,O, during catalysis of this enzyme will help provide comprehensive data
about PhzG and its functioning in the phenazine biosynthesis pathway.

Another angle of investigation would be towards prove the structures of the
intermediates with methods other than mass-spectroscopy. Towards this end, studies
incorporating HPLC coupled to NMR would shed more light into the exact structures of
the intermediates hypothesised here and thus further clarify the function of the

participating enzymes.
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8.0 Zusammenfassung

Die Biosynthese der Phenazine, einer wichtigen Klasse von Sekundarmetaboliten in
vielen Mikroorganismen, ist in ihren Einzelheiten nicht geklart, obwohl sie bereits
mehrfach zum Gegenstand wissenschaftlicher Untersuchungen gemacht worden ist.
Dies liegt zum Teil darin begriindet, dass die Struktur der an diesem Biosyntheseweg
beteiligten Enzyme bisher nicht bestimmt wurde. Ziel der vorliegenden Arbeit ist die
Strukturaufklarung von PhzA, B und G aus dem Phenazin-Biosyntheseoperon von
Pseudomonas fluorescens 2-79 sowie eine Analyse der Intermediate, die wahrend der
Biosynthese von Phenazin-1-Carbonsaure (PCA) gebildet werden.

Im Verlauf dieser Arbeit wurden die Strukturen von PhzA und PhzG in Apo-Form und
im Komplex mit PCA bestimmt und analysiert. Zudem wurde die Struktur eines zu
PhzA/B homologen Enzyms, BcepA aus Burkholderia cepacia, ebenfalls in der Apo-
Form und im Komplex mit einem synthetischen Inhibitor aufgeklart.

Die Strukturuntersuchungen an PhzA und BcepA haben interessante Eigenschaften
dieser beiden Enzyme hervorgebracht. Sie gehoren zur Faltungsfamilie der
Ketosteroidisomerasen, deren Struktur sich durch eine o/p-Topologie auszeichnet.
BcepA ist dabei der erste Vertreter dieser Familie, bei dem eine ,Armaustausch-
Dimerisierung“ beobachtet wird. Unter den Familienmitgliedern finden sich Proteine mit
unterschiedlichsten Funktion, z.B. Kerntransportfaktoren, Isomerasen, Hydrolasen
oder Oxidasen. Dies deutet auf eine divergente Evolution innerhalb der Faltungsfamilie
hin und ist der Grund dafur, dass es nicht moglich ist, PhzA bzw. BcepA ausschlie3lich
mit Kenntnis ihrer Struktur funktionell einzuordnen.

Das Enzym PhzG besitzt eindeutige Sequenzverwandtschaft mit Pyridoxamin-5’-
Phosphatoxidase aus E. coli, einem FMN-abhangigen Protein. Diese Verwandtschaft
konnte durch die Aufklarung der Struktur von PhzG bestatigt werden. Die Struktur des
Enzyms im Komplex mit PCA liefert zudem einen Hinweis darauf, dass PhzG als eine
terminale Oxidase bei der Phenazinbiosynthese fungiert.

Um einen Uber die Strukturen von PhzA und PhzG hinausgehenden Einblick in die
Biosynthese von Phenazinen zu erhalten, wurden weitergehende Experimente mit
einem bakteriellen 2-Hybrid-System, APCI-Massenspektrometrie und einer Clark-
Sauerstoffelektrode durchgefuhrt. Eine quantitative APCI-MS-Methode wurde
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angewendet, um Intermediate des Phenazinbiosyntheseweges aufzuspuren und ihren
Auf- bzw. Abbau zu beobachten. So wurden zwei Molekile mit einem
Molekulargewicht von 274 bzw. 228 Da entdeckt. Aulierdem konnte so die
Reihenfolge festgestellt werden, mit der die Enzyme bei der Phenazinbiosynthese
wirken, namlich als PhzE, D, F, B, G und A, wobei fur letzteres Enzym jedoch kein
eindeutiger Effekt festgestellt werden konnte. Dies ist insofern Uberraschend, als das
PhzB, das zu 70 % identisch zu PhzA ist, durch APCI-MS und Sauerstoffmessungen
mit der Clark-Elektrode als Synthase fur das Intermediat mit dem Molekulargewicht
274 identifiziert werden konnte. PhzG agiert als Oxidase des Intermediats mit
Molekulargewicht 228 (,teilweise aromatisiertes PCA®) zum Endprodukt des
Phenazinbiosyntheseweges in P. fluorescens, PCA.

Im Rahmen dieser Arbeit wurde zum ersten Mal die Phenazinbiosynthese von
Burkholderia cepacia untersucht. BcepA, wie PhzB, beschleunigt den
Sauerstoffverbrauch bei der enzymkatalysierten Synthese von Phenazinen und kénnte
demnach ebenfalls eine Synthase fir das Intermediat mit Molekulargewicht 274 sein.
Weitergehende Studien sind ndtig, um mehr Einblicke in den Phenazinbiosyntheseweg

dieses Organismus zu erhalten.
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Materials and Methods

Read the directions and directly you will be
directed in the right direction.
- Doorknob (Alice in wonderland, Lewis Carroll)
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9.1 Materials

9.1.1 Chemicals & Enzymes

Chemicals from the following companies were used:

Amersham-Pharmacia (Freiburg), Baker (Deventer, Holland), Fluka (Neu-
Ulm), GERBU (Gaiberg), Merck (Darmstadt), Pharma-Waldhof (Dusseldorf),
Qiagen (Hilden), Roche (Mannheim), Roth (Karlsruhe), Serva (Heidelberg)
und Sigma-Aldrich (Deisenhofen).

All restriction and DNA modifying enzymes were from Fermentas (St.Leon-

Rot) unless otherwise stated.

9.1.2 Materials

Sterile filter FP 030/3 0,2 ym and ME 24 0,2 um (Schleicher and Schuell,
Dassel) Ultrafiltration device VIVASPIN 10, 30 (Vivascience (Lincoln, USA)
0.2uM and 0.45uM sterile filters (Schleicher and Schuell)
Nickel-NTA-Agarose Superflow (Qiagen, Hilden)

Superdex 75 and 200 (Amersham Pharmacia, Freiburg)

Linbro 24 flat bottom well tissue culture plate (ICN Biomedicals, Inc, Ohio)

Gernier™ 96-well flat bottom sitting-drop crystallisation plates.

9.1.3 Kits

QIAprep Spin Miniprep Kit Qiagen (Hilden)

QIAquick Gel Extraction Kit Qiagen (Hilden)

BigDye Terminator Sequencing Kit Applied Biosystems (Langen)

Perfect 1kb-DNA standard Invitrogen (Karlsruhe)

Wide Range, SDS7 protein marker Sigma (Deisenhofen)

1Kb ladder for Agarose gels (Gibco)

Crystal Screen, 2 ™, Index Screen ™ (Hampton Research, California, USA)
Nextal Classic, PEG ion, (Nextal,)

Akta Prime FPLC system was used throughout for chromatography.

103



VII. MATERIALS AND METHODS

9.1.4 Microorganisms

E. coliBL21 (DE3) B, F-, hsdSB (rB-, mB-), gal, dcm, ompT, A(DE3)

(Novagen)

Rosetta pLysS containing the tRNA genes argU, argW, ileX, glyT, leuW,

proL, metT, thrT, tyrU, and thru (Novagen)

XL1 Blue recA1, endA1, gyrA96, thi-1, hsdR17, supE44, relA1, lac
[F’, proAB, laclgZAM15, Tn10 (Tetr)] (Stratagene)
BTH101 F’, cya99, araD139, galE15, galK16, rpsL1 (Str'), hsdR2,

mcrA1, mrcB1 (Bacterial two-hybrid Kit)

9.1.5 Plasmid vectors

pET 15b, pET 3a (Novagen). pET 15b is a plasmid containing the 6x Histidine

sequence for use in Nickel chromatography for protein purification.

9.1.6 Media and antibiotics

Luria-Bertani (LB):

Terrific Broth (TB):

SeMet - Medium:

10 g I" Bactotryptone, 10 g I'' NaCl, 5 mM NaOH,
591" yeast extract.

12 g I Bactotryptone, 24 g I'"  Bacto-yeast-
extract, 4 g I"  glycerol, 177 mM KH,PO4, 72 mM
K;HPO4.

Prepared according to (Van Duyne et al., 1993). It
is a minimal medium excluding methionine but
containing high concentrations (250 mg I'") of the
amino acids V, L, I, K, T, F and 50 mg/ml of the
other amino acids to aid suppression of bacterial

methionine biosynthesis.

Antibiotics from GERBU (Gaiberg) were used in following concentrations:

Ampicillin 125 mg I'" or 100 mg I''; Chloramphenicol 34 mg I'";

Kanamycin 50 mg "

2.1.7 Buffers

Deionised and sterile water (Millipore ™) was used for all buffer preparation.

pH values were adjusted at room temperature unless otherwise stated. The

composition of buffers used is tabulated overleaf.
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Method Buffer composition

Nickel affinity Buffer A

chromatography 50 mM NayHPO4, 300 mM NacCl (pH 8.0).
Buffer B

Buffer A with 1M Imidazole, pH 8.0.

Gel filtration chromatography | 20 mM Tris/HCL (pH 8.0), 150 mM NaCl

ITC measurements 20 mM Tris/HCL (pH 8.0), 150 mM NaCl
(+/- 10% glycerol)

ESI-MS/APCI-MS 50 mM Tris/HCL (pH 7.5)

measurements

Table 9.1: Buffers used during the course of this work.

9.2 Molecular Biology Methods

9.2.1 Agarose gels

Agarose gels were prepared and run according to standard procedures
(Sambrook, 1989).

9.2.2 Isolation of plasmid DNA
DNA purified by agarose gel electrophoresis was isolated using QlAprep Spin

Miniprep Kit from Qiagen (Hilden) according to the manufacturer’s protocol.

9.2.3 Polymerase chain reaction (PCR)

Amplification of DNA fragments was carried out using Pfu polymerase or Pwo
polymerase according to standard procedures (Sambrook, 1989). Fragments
were digested (see 9.2.4) and purified using the QIAquick Gel Extraction Kit

according to the manufacturer’s protocol.

9.2.4 DNA digestion
DNA was digested using enzymes from Fermentas, according to the

manufacturer’s protocol.

9.2.5 Preparation of Competent cells

Competent expression (Rosetta PLys-S) or amplification (XL1-Blue) cells
were prepared as follows: 100ml LB media was inoculated with a single
colony of Escherichia coli cells and grown overnight at 37°C with continuous
shaking. 5 ml culture from this preculture was diluted with 500 ml LB media

and grown to an optical density (ODeoo) of 0.6. The cells were harvested by
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centrifugation at 3000xg for 15 minutes. The pellet was washed with 500 ml
sterile H,O at 4°C, twice, and then with 10 ml 10% glycerol and recentrifuged.
The resulting cell pellet was resuspended in approximately 2.5 ml GYT media,
aliquoted into 75 pl portions, flash frozen in liquid nitrogen and stored at -80°C

till further use.

9.2.6 Ligation

Vector (digested, linearised plasmid) and insert DNA were quantified using
agarose gels using digested A-marker as a reference. 10 ng of vector was
ligated with a six fold molar excess of insert by overnight incubation at 16 °C

using T4 ligase according to the manufacturer’s protocol.

9.2.7 Transformation
The heat shock method was used according to the standard protocol
(Sambrook, 1989).

9.2.8 Glycerol Stocks
30% glycerol was added to a bacterial preculture and the stock labelled and
stored at -80°C.

9.2.9 DNA sequencing

DNA sequencing was carried out according to Sanger et al. (1992) using the
Big Dye terminator kit. A sequencing reaction contained 500 ng DNA, 4 pl
terminator mix, 3.2 pmol sequencing primer in a volume of 10 ul. Sequencing
PCR and DNA precipitation was carried out according to manufacturer’s
protocol. Analysis of the sequencing products was done in-house on an ABI
PRISM 3700 DNA analyzer.

9.2.10 Cloning of phzA, bcepA, B and G.

The gene encoding enzymes PhzA, BcepA, B and G investigated in this work,
were cloned into the pET15b plasmid (Novagen). This plasmid contains N-
terminal 6xHis-tag and the genes were inserted into the circular DNA of the
plasmid by using the restriction enzymes sites of Ndel and BamHI, and the

following primers:
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phzA

phzA-up 5-ACT GCA TAT GCC CGG TTC G-3’

phzA-low 5’-CTA GGA TCC ATG TTC AAT CTC CAA T-3
BcepA

phzABcep_up 5 TTT TTC ATATGT CAG ACG TCG AAT CC 3'
phzABcep_low 5 TTT TTG GAT CCA TTG GGT ATG CGT TAG 3'
phzB

phzB-up 5-TTT CAT ATG CCT GAT AGC ACA GTG-3
phzB-low 5’-TTT GGA TCC ATG ATG CGATTG CT-3

phzG

phzG-up 5' TTT TCA TAT GAA CGG CTC AAT ACA AGG 3
phzG-low 5' TTT GGA TCC ACA TTT GAC CGA GAT GG 3

These clones were transformed into Rosetta PLysS competent cells
(Novagen). Initial expression tests were carried out to determine the optimal

conditions of growth and expression.

9.3 Biochemical Methods

9.3.1 Growth and harvest of protein expressing bacteria

All constructs were transformed into E.coli Rosseta-Plys-S cells. The
transformed cells were grown in a 37°C shaker at 180 rpm to an ODgg of 0.6.
Proteins were expressed as 6xHis fusion proteins upon overnight induction
with 1 mM Isopropyl-B-D-thiogalactoside at 20°C where the proteins were
most soluble. After incubation, the induced cells were pelleted at 1500 g for 20
min, 4°C. The pellet was washed in buffer A and stored at —80°C.

To investigate optimal conditions of growth and protein solubility, all proteins
were initially expressed under varying temperature conditions (ranging from
18°C to 30°C), different IPTG concentrations (50 uM to 1 mM) and varying

times of induction (4h to overnight).
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9.3.2 Protein purification (Ni-NTA chromatography

The frozen cell pellet was resuspended in ice-cold buffer A containing 1 mM
protease inhibitor PMSF (Phenylmethylsulfonyl fluoride). The cells were then
disrupted in a microfluidiser (Microfluidics Corporation, USA) at a pressure of
600 kPa. The soluble fraction was cleared by ultracentrifugation (150000 g, 45
min, 277 K) and loaded onto a nickel-chelation column (Ni-NTA, Quiagen)
equilibrated in buffer A. After washing with a few column volumes with buffer
A, the bound protein was eluted on a 10-500 mM Imidazole gradient. Protein
containing fractions were identified by analysis on 15% SDS-PAGE and

pooled.

9.3.3 SDS-PAGE

Separation of proteins of different molecular weight was performed according
to Laemmli (1970) using denaturing 15% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) according to standard protocol (Sambrook,
1989)

9.3.4 Removal of 6xHis-tag and Size exclusion chromatography
Thrombin at a concentration of 1U/20 mg protein was added to the protein
obtained at the conclusion of Ni-chromatography and dialysed overnight
against gel filtration buffer.

The cleaved protein was then subjected to size exclusion chromatography as
a further purification procedure to obtain pure protein for crystallisation
purposes. The protein was concentrated prior to loading on a pre-equilibrated
Superdex 75 size exclusion column (Amersham Pharmacia Biotech). FPLC
was then carried out at a flow-rate of 2 ml/min and 3 ml fractions were
collected. The fractions containing pure protein were identified using SDS-
PAGE and pooled.

9.3.5 Determination of protein concentration
Protein concentration was determined according to Bradford (1976) using the
Biorad protein assay solution. This solution was calibrated prior to use by

bovine serum albumin (BSA).
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9.3.6 Final concentration and storage of protein
On conclusion of the purification protocol, protein was concentrated using an
Amicon chamber with a 10 kDa cut off membrane. The concentrated protein

was then aliquoted to 50-100 pl fractions, flash frozen and stored at -80°C.

9.3.7 Seleno-L-methionine labelled protein

For the purpose of structural solution using SAD (Single-wavelength
Anomalous Diffraction)/MAD (Multi-wavelength Anomalous Diffraction),
inhibition of methionine biosynthesis in synthetic media (Doublie, 1978) was
undertaken to incorporate seleno-L-methionine in the protein. E. coli Rosetta
pLysS cells bearing the pET-15b plasmid incorporating 6xHis-tagged protein
were grown overnight in LB media supplemented with ampicillin and
chloramphenicol. The cells were then pelleted and resuspended in M9 media
containing 50 pg ml™ ampicillin and 17 ug ml” chloramphenicol. This culture
was grown at 37°C to ODggp of 0.8 and the amino acids - lysine, phenylalanine
and threonine (to a concentration of 100 mg I'") and isoleucine, leucine and
valine (50 mg I'") were added. The culture was then supplemented with 60
mg I seleno-L-methionine and allowed to cool to 20°C before induction with 1
mM IPTG and incubated at 20 °C overnight, with continuous shaking. The
protein purification protocol remained identical to that for the native protein.

Incorporation of selenium was confirmed by MALDI-TOF mass spectrometry.

9.3.8 Bacterial two hybrid system

The Bacterial two hybrid system developed by Karimova et al. was used in
this work to explore the interactions between the seven proteins of the
phenazine biosynthesis operon.

The bacterial two hybrid system is based on the reconstitution of the artificial
cAMP signal transduction pathway in an Escherichia coli adenylate cyclase-
deficient strain (the cya™ strain). It exploits the fact that the catalytic domain of
adenylate cyclase from Bordutella pertussis consists of two complementary
fragments, T18 and T25 which are inactive when physically separated. Thus,
when two interacting proteins are fused to these two fragments, they come in

physical proximity of each other, resulting in a functional complementation and
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induction of cAMP synthesis. The cAMP so produced binds to CAP
(Catabolite Activator Protein) forming a pleotropic gene transcription regulator
cAMP/CAP in E.coli (Figure 9.1). This complex then induces expression of the
lacc and ‘mal’ operons involved in lactose and maltose metabolism
respectively. Thus the bacteria become capable of utilizing lactose or maltose
as unique carbon source and can easily distinguished on indicator or selective
agar. MacConkey agar media was the indicator agar used for this work.
MacConkey media makes use of pH differences between colonies
metabolizing different carbohydrates. The cya™ strain unable to utilize either
lactose or maltose form pink-white colonies while the cya® colonies (with
reconstituted adenylate cyclase signalling due to protein interaction) form red
colonies.

The complementation of the seven enzymes was tested with each other
making for a set of 51 possible combinations, including the negative and
positive controls. For controls, plasmids provided with this kit were used.

The genes of all seven enzymes were cloned into both pKT25 plasmid and
the pUT18 plasmid using the restriction sites of Xbal and BamHlI. The primers
used for this purpose are mentioned below.

1) Gene: phzA

Upper primer: phzA-Xba

5TTTTT CTAGAG CCCGGTTCG CTT TCA 3'
Lower primer: phzA_ BamHI

5 CTAGGATCCATG TTC AATCTC CAAT 3

Figure 9.1: Schematic
depiction of the
Y, 1| bacterial two hybrid
CAMP / CAP dependent Reporter Gene system (Karimova
promates et.al.1998,)

ON
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2) Gene: phzB

Upper primer: phzB-Xba

5 TTTTT CTA GAG CCT GAT AGC ACAGTG 3'
Lower primer: phzB_BamHlI

5TTT GGATCC ATGATGCGATTGCT 3'

3) Gene: phzC

Upper primer: phzC-Xba

5 AATTT CTA GAG GAAGAC TTACTGAAAC 3
Lower primer: phzC_low (BamHI)

5" ACA GGA TCC AGT CAA AGG GAAAC 3

4) Gene: phzD
Upper primer: phzD-Xba
5 TTTTT CTA GAG ACC GGC ATT CCATCG 3'

Lower primer: phzD_BamHI
5 TTAGGATCC TCATAG CACCACCTCAZ

5) Gene: phzE

Primer: phzE-Xba

5'TTTTT CTA GAG AGC CAA GCC GCC GCC 3'
Lower primer: phzE_ BamHI

5TTT GGATCC GTA GTT GTG CAT GGT 3

6) Gene: phzF

Upper primer: phzF-Xba

5 TTTTT CTA GAG CAC AAC TAC GTC ATT 3'
Lower primer: phzF_BamHlI

5'TTT GGATCC TTG TAT TGA GCC GTT 3'

7) Gene: phzG

Upper primer: phzG-Xba

5 TTTTT CTA GAG AAC GGC TCAATACAAG 3
Lower primer: phzG-BamHlI

5 TTT GGATCC ACATTT GAC CGA GAT GG 3

Varying combinations of the pKT25-phz-gene and pUT18-phz-gene were
transformed simultaneously into E.coli BTH101 cells, which can accept two
plasmids. The transformed cells were then grown at 37 °C for one hour,
plated on agar plates and incubated overnight. A 5 ml culture was grown from
single colonies by incubation in LB media supplemented with kanamycin (50
mg I'") And ampicillin (100 mg I'"). Glycerol stocks were prepared from 1 ml of

this culture and stored at -80 °C till further use.
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For analysis of complementation and hence interaction between the enzymes,
a swab of cells from the frozen glycerol stocks were used to plate on a
nutrient agar plate containing the suitable antibiotics. A single colony from this
plate was picked and streaked on the MacConkey agar and allowed to grow at
20 °C overnight. The colouration of the colonies (pink-white/red) was then

observed and noted.

9.3.10 Liquid B-Galactosidase activity assay.

This assay was used to quantify the protein-protein interaction studied with
the bacterial two hybrid system. The p-Galactosidase activity assay was
performed as per the protocol by McDonald (Methods in Molecular Biology,
Humana Press, 1998).

9.3.11 High Pressure Liquid Chromatography (HPLC)

The HPLC separations were run under following conditions: Agilent 1100
HPLC equipped with degasser, auto-sampler, two binary pumps, diode array
detector connected on-line to a Finnigan LCQ Advantage mass spectrometer;
C18 Nautilus column, 250x4 mm, 5 um, MN, Germany; flow rate 1 ml/min;
solvent A: 0.1 % formic acid in water, solvent B 0.1 % formic acid in
acetonitrile; gradient: 0-1 min 0 % B, 1-15 min 0-50 % B 15-25 min 50-100 %

B, re-equilibration of the column in 5 min; positive ion mode detection.

9.3.12 Mass Spectroscopy
Mass spectrometry is an analytical tool used for measuring the Molecular
Weight (Mw) of samples. The following mass spectroscopic instruments and

methods were used in this work.

9.3.12.1 MALDI-TOF MS

In Matrix Assisted Laser Desorption lonisation Time of Flight Mass
Spectroscopy (MALDI-TOF MS) analysis, the analyte is first co-
crystallized with a large molar excess of a matrix compound, usually a
UV-absorbing weak organic acid which absorbs efficiently at the laser
wavelength. The matrix allows the energy from the laser to be

dissipated and also assists with the ionisation of sample molecules
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through electron transfer and chemical processes. This analyte-matrix
mixture thus results in the vaporization of the matrix which carries the
analyte with it. The matrix therefore plays a key role by strongly
absorbing the laser light energy and causes, indirectly, the analyte to
vaporize. It also serves as a proton donor and receptor, acting to ionize
the analyte in both positive and negative ionization modes,
respectively. The correct preparation and deposition of MALDI samples
onto the sample plate is thus critical to the success of the method.

MALDI-TOF MS was used to confirm the molecular weight of proteins.
Protein solution was diluted with water to an approximate concentration
of 10 nanograms and mixed 1:1 with the selected matrix (for proteins >
10 kDa: saturated sinapinic acid in acetonitrile and 0.2% TFA). This
solution was allowed to dry on a special sample plate and data

acquired on a Voyager DE Pro (Applied Biosystems).

9.3.12.2 ESI-MS

Electrospray ionisation (ESI) as the name suggests, involves the
spraying of solvent to be analysed (usually an aqueous or aqueous +
organic solvent system), which is first passed through a needle held at
a high voltage (typically 4-5 kV) relative to some counter electrode. The
spray emerges as a fine mist of droplets at the needle tip and these
droplets possess a net positive or a net negative charge, determined by
the polarity of the needle and are attracted to the entrance of the mass
analyser. The droplets emerge from what is known as the ‘Taylor cone’
(Figure 9.1) is formed by the elongation of the electrolyte solution at the
needle tip as like-charged ions, which are repelled from the needle.
The application of a ‘counter-current’ of dry gas passing in a direction
opposite to that of the needle flow aids droplet evaporation and leads to
the ionisation of the molecules present in the solvent. As the droplets
evaporate, the ions within this droplet move closer together. Eventually,
sufficient Coulombic repulsive forces build up, which help the ions to
overcome surface tension forces, resulting in the production of smaller

droplets that continue to undergo the same process. Finally, solvent-
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free ions are produced, that are passed through the mass analyser and
detected (Figure 9.1).

Electrospray ionisation (ESI)
Partlal

Pressure = 1 atm Sample Inlet Nozzle

Inner tubs diam. = 100 um (Lowsr Voltags) vaeuum
Nz \ /MH“

2 D e Pege @ +  Mass Analysis
Sample [0 soluflon — m——_ | @ ® _ 5 0 &MH,
N 9o ——— ® 9g9 @\
/ / MH;"
High voltage applied Charged droplsts
te metal sheath (~4 k) In “Tayler cone’

Figure 9.1: Schematic diagram of ESI-MS
Electrospray ionisation mass spectroscopy was used to follow the
reaction catalysed by the enzymes PhzA, B, F and G in the presence of
the substrate, DHHA. In a glass vial (Agilent Technologies) 1 mM
DHHA in Tris buffered (50 mM; pH 8.5) solution was prepared and 10
pl of this solution injected directly into the spectrometer and analysed
to get a time zero (t=0; blank reading). After this, 1 yM of PhzF was
added to initiate the reaction i.e. the conversion of DHHA, along with
the enzyme/s for which the reaction was to be analysed. A spectrum
was recorded every 10 minutes for a period of 260 m. The
manufacturer’'s software ‘“Xcalibur' (Voyager Mass Spectroscopy
Systems) was used for data analysis and Excel (Microsoft) for

representation of the data.

9.3.12.3 APCI-MS

In a technique similar to electrospray ionization (ESI), liquid effluent is
introduced directly into the source of an Atmospheric Pressure
Chemical lonization (APCI) mass spectrometer. The APCI source
contains a heated vaporizer  which facilitates rapid
desolvation/vaporization of the droplets. Vaporized sample molecules
are carried through an ion-molecule reaction region at atmospheric
pressure. The ionization occurs by a corona discharge and is mediated
by chemical processes and hence is termed chemical ionisation. The

method of ionisation is where APCI differs from ESI. This mode of
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chemical ionisation is related to electron impact method of ESI, except
that ionisation of a reagent gas rather than the sample molecule itself
occurs first. This is followed by the transfer of charge to the sample
molecule by a chemical process. One of the most common reagent
gases is methane. When subjected to electron impact, a molecule of
methane can ionise to form CH," by electron loss. This ion can react
with a second molecule of methane, to form CHs', as shown in the

equation below

CH4+ + CH4 —’CH5+ + CHs;
The ion CHs" is an efficient proton donor, so that a sample molecule ‘S’
also present in the ionisation chamber can be ionised according to the

following equation:

S+CHs* — [S+H] +CH,4

To prevent the direct ionisation of the molecule ‘S’, methane is present
in the ion source at a much higher concentration than the sample.
Because of this, a chemical ionisation source operates at a much
higher pressure (0.1 to 1 Pa), thus the name of this method,
Atmospheric Pressure Chemical lonisation (APCIl). The main
advantages of using APCI include the fact that gas-phase ionization in
APCI is more effective than ESI for analyzing less-polar species, it
offers an excellent LC/MS (liquid chromatography/mass spectroscopy)
interface and is readily compatible with MS/MS methods, which was of
importance while analysing the nature of the various intermediates
formed during the course of this investigation of the phenazine
biosynthesis pathway.

APCI was coupled to High Pressure liquid Chromatography (HPLC) to
follow the reaction catalysed by PhzA, B, F and G and to detect the
various intermediates formed as a part of the reaction by mass
analysis. Samples prepared in a manner identical to those for ESI-MS
measurement were supplemented with marker molecule caffeine
(concentration 1 mM) and a spectrum was collected with 1 pl of

injected sample every 8 m for a total of 360 min. An ‘Atlantis’ (Waters)
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column was used for HPLC with buffers and flow-rate identical to those
described in section 9.3.11. The use of HPLC allowed better separation
of molecules and the inclusion of caffeine allowed a comparison of the
various spectra obtained during the course of this work. Spectral
analysis was done using the ‘XCalibur’ program and data analysis and

representation using Excel (Microsoft).

9.3.13 Measurements with Clarke’s Electrode.

The Clarke’s electrode was employed to measure the speed of oxygen
consumption during the reaction consisting of the conversion of DHHA to
PCA, and to examine the effect of various enzymes on the same. The

apparatus used for this purpose is depicted in the figure below:

==\

» Oxygen
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Figure 9.2: The set-up of the apparatus for oxygen measurements with the
Clarke’s electrode; Shown both as photograph and schematically.

At the initiation of the measurements, the electrode was flushed with nitrogen,
to calibrate the electrode. 1 mM DHHA dissolved in 50 mM Tris buffer (pH 7.5)
was then added and the chamber sealed. After this, enzymes dissolved in
buffer were introduced into the chamber using a syringe and in various
combinations and concentrations. The concentration of PhzF was kept
constant at 1 pM for all readings. The chamber was then sealed again,

allowed to stabilise and the readings recorded.

9.4 Crystallographic methods

The soluble state of macromolecules is characterized by randomness of

motion and orientation. Crystallisation induces the molecule to adopt one or
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few identical orientations, forming a three dimensional, orderly array of
molecules held together by non-covalent interactions - the crystalline state.
Protein crystallisation can be achieved by a slow, controlled precipitation from
aqueous solution under non-denaturing conditions. This is mainly a trial and
error procedure in which impurities, crystallisation nuclei and other unknown
factors all play a role. As a rule of thumb, however, there are a few pre-
requisites of protein crystallisation:

e Protein purity — It is imperative to start with a highly (97-99%) pure
protein.

e Starting environment of the protein — The protein should be dissolved in
a suitable solution of either buffer or water with/without organic
solvents, so that it is stable and does not form precipitates while in
solution.

e |nitiation of supersaturation — A gradual increase in the level of
saturation is required to induce proteins to separate from solution and
to start producing a solid (crystalline) state.

Supersaturation is thus the key to crystallisation and can be achieved with
careful addition of precipitants in the form of salts and/or water soluble
polymers like polyethylene glycol (PEGs) etc. (Figure 9.2). In practice,

various pre-formulated
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Figure 9.3: Typical solubility curve for a protein as a function of precipitant
concentration.

combinations of precipitants at a range of pHs and concentrations are now

available and these are used as initial screens for protein crystallisation.
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There are various techniques of crystallisation, like batch crystallisation,

dialysis, vapour-diffusion and liquid-liquid diffusion.

9.4.1 Crystallisation by Vapour-diffusion.

Vapour diffusion is the most widely used method of crystallisation and was
also employed in this work. In this method, a drop containing protein,
precipitant and buffer is equilibrated against a reservoir of precipitant in a
sealed container. Due to the uneven concentration of precipitants in the drop
and reservoir, equilibration initiates until the vapour pressure in the drop
equals that of the reservoir. During this process, the concentration of all
constituents in the drop increases, which in turns leads to nucleation in the
drop. Once nucleation is achieved, actual crystal growth can begin. The
variations of vapour-diffusion used in this work are the ‘hanging drop’ and

‘sitting drop’ methods (Figure 9.3).
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Figure 9.4: A schematic drawing of the hanging drop (a) and sitting drop (b)
method. (From Rhodes, G 2001)

Crystallisation trials for all proteins were initiated using Crystal Screen, Crystal
Screen 2 and Index Screen from Hampton Research, Nextal Classic from
Nextal, by the sitting drop vapour diffusion method. Crystallisation robot
‘Mosquito’ (TTP Labtech, UK) was used to setup crystallization using the
sitting drop method in 96 well plates (Garnier). The reservoir was filled with
70 pl screen solution and drops contained 70 nl protein mixed with 70 nl of the
screen solution. These plates were then sealed and incubated at 20° C.
Conditions yielding crystals in 96 well plates were further optimised in

Linbro™ cell culture plates with 500 ul of reservoir solution and drop size
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varying from 2-4 pl. Hanging drop method of crystallisation was used in this

step.

9.4.2 Crystal Soaking

Macromolecular crystals typically have a high solvent content (27% to 95%;
Stout, 1989). This solvent content can be classified in two parts, the ‘bound
solvent’ (typically 10%) which is tightly associated with the protein and
occupies well-defined positions in the crystal structure. This solvent forms
well-defined channels through the crystals and allows the diffusion of small
molecules. Soaking experiments are done by adding, inhibitors, activators,
substrates, products, cryo-protectants and heavy atoms to the bathing
solutions.

PhzG-PCA complex crystals were obtained by this method of crystal soaking.
Crystals of native PhzG were transferred in mother liquor containing no FMN
for 24 hrs, to ensure the removal of excess FMN. Thereafter, the crystals were
transferred to a fresh drop of mother liquor containing 10 mM PCA. The
crystals were tested after being allowed to soak in this solution for at least
24h.

9.3.1 PhzA

The initial screening of PhzA yielded long needle shaped crystals which
appeared in 0.8 M sodium/potassium tartrate and 0.1 M sodium HEPES pH
7.5. These crystals were tested on the home source and found to diffract upto
6.9 A. They were sent to the synchrotron light source and a dataset of 6 A
was collected. However, the very long axis of the asymmetric unit of the
crystals interfered with optimal data collection and further work on this crystal
form was stopped. Further screening yielded another crystal form which
appeared in the drop containing 1.6 M magnesium sulphate and 0.1 M MES in
the pH range 6.0-6.5. This crystal form was used for data collection and

structure elucidation.
9.3.2 PhzB

The initial screening of PhzB yielded two conditions with micro-crystals, but

despite repeated efforts, these micro-crystals could not be optimized to better
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crystals. Crystallisation trials were repeated in the presence of a variety of
ligands and also without the removal of the 6xHis tag, however, no diffraction
quality crystals were obtained.

9.3.3 BcepA

The screening solution from Nextal PEG setup containing 0.2 M Ammonium
acetate and 20% (w/v) PEG 3350 yielded flat triangular crystals which were

used for data collection and structure determination.

9.3.4 PhzG

Initial screening PhzG was performed both in the presence (10 mM) and
absence of FMN. The condition of 0.2 M ammonium sulfate, 0.1 M Bis-Tris
(pH 6.5), 25% PEG-3350 and 10 mM FMN yielded yellow-coloured crystals of

a good size and quality.

9.3.5 Complex of PhzG with PCA

The crystals of native PhzG were transferred into mother liquor containing no
FMN and allowed to soak for at least 24 h. This step ensured washing away
all extra FMN from proximity of the crystal. After this washing step, the
crystals were transferred into a mother liquor solution supplemented with 10
mM phenazine-1-carboxylic acid (PCA) or PDC and allowed to incubate at
20°C for 24 h. The crystals tested for the presence of bound PCA/PDC at the
home source were used for data collection at the synchrotron. All crystals of
Seleno-L-methionine labeled protein were obtained from the same conditions

as those for the native protein.

9.4.3 Cryocrystallography

Protein crystals undergo radiation damage when exposed to x-rays. The high
energy x-ray photons cause the formation of solvent-derived free radicals in
the crystal which lead to subsequent chemical degradation of protein
molecules and thus a gradual destruction of crystalline order. Thus several
crystals would be needed for collecting a complete dataset at room
temperature.

However, it has been found that radiation damage is arrested to an

appreciable degree when the crystals are flash cooled, e.g. by liquid nitrogen,
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to very low temperatures, thus enabling a complete data set to be collected
from a single crystal. The low temperatures inhibit the heating of the crystals
when exposed to x-rays and thus slows-down the process of radical
formation. For cryocrystallography, crystals are soaked in crystallisation buffer
containing cryo-protecting solutions like low freezing point methyl pentanediol
(MPD), isopropanol etc., and mounted on a cryo-nylon loop. These crystals
are then flash cooled in liquid nitrogen to prevent the formation of ice crystals.
PhzA crystals were cryo-protected by soaking in mother liquor supplemented
with sugars (10% xylitol + 10% sucrose). The increase in concentration of
PEG (3350) from 20% to 30% in case of BcepA (protein similar to PhzA, from
Burkholderia cepacia) and from 25% to 30% for PhzG was found to be
sufficiently cryoprotecting and the crystals were washed in this solution before

flash-freezing in liquid nitrogen.

9.4.4 Data collection

All cryoprotected crystals were initially tested at home source - a copper
rotating anode with osmic mirrors (A = 1.5419 A, 50 kV, 100 mA, 0.1 mm
collimator) at 100 K. Final datasets were then obtained at various synchrotron
sources chiefly, the ESRF at Grenoble, France and the SLS at Basel,

Switzerland.

9.4.5 Data Processing

The central experiment of data measurement is the positioning of a protein
crystal into an x-ray beam, then, through the combination of scattering and
interference a diffraction pattern is generated, which is recorded on an x-ray
sensitive device. The diffraction experiment is described by Bragg's law,

represented in the following equation:

nA = 2d sin &

Where, d = distance between two parallel reflecting planes of the crystal,
A = the wavelength and

n = an integral number
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In order to collect X-ray diffraction data the crystal is rotated around an axis
perpendicular to the beam in steps of 0.5 — 1.0 degree over a range typically
of 90°- 180°. One diffraction image per rotation step is recorded and all
reflections from all diffraction images ("frames") combine to constitute one
complete data set. This raw data is subsequently processed by a series of

steps (Rossman et al., 1999), which include,

(i) Indexing. This requires a peak-picking procedure, followed by an
analysis of the position of the peaks to determine unit-cell dimensions,
Bravais lattice and crystal orientation.

(ii) Pre-refinement of the camera parameters (crystal-to-detector
distance, scanning direction relative to oscillation direction, detector tilt
away from being normal to the X-ray beam), crystal orientation and
effective mosaic spread (actual mosaic spread convoluted with beam
divergence).

(iii) Intensity integration by profile fitting, assuming reflection position
as calculated from the pre-refined camera and crystal parameters.
[Error estimates can be made for each reflection; overlap and
overloaded (non-linear response of detector) corrections can be
applied; partiality of reflections can be computed.]

(iv) Lorentz and polarization corrections, followed by reduction to a
unique asymmetric unit in reciprocal space (this is a Laue-group-
dependent step). The reflections then need to be sorted on the basis of
their indices and reduced to an asymmetric unit in reciprocal space.
This permits ready comparison of symmetry-related reflections which
will be adjacent in the reflection list.

(v)  Scaling and merging of images onto a common scale.

Data processing was carried out using the program XDS (Kabsch, 1993),
which incorporates all of the above-mentioned steps. Other parameters
affecting data processing like mosaicity, Matthew’s coefficient etc., were also

calculated.
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The regular repetition of the unit cells is normally interrupted by lattice defects.
The diffraction pattern of a crystal is infact the sum of diffraction patterns
originating from mosaic blocks with slightly different orientations. Mosaicity
values were checked to ensure that the lattice defects are moderate (between
0.2°- 0.5°).

Typically, 30-80% of the unit cell volume is occupied by solvent. Based on the
volume of asymmetric unit (determined by x-ray measurements) and
molecular weight of the protein one can estimate the number of protein
molecules present in a unit cell by calculating Matthew’s coefficient (Vu) via

the equation:

VM=

Mwx Z

Where,
V = Volume of the asymmetric unit (A%) .
Mw = Molecular weight of the protein (k Da).
Z = Number of molecules in the asymmetric unit.
The average Matthew coefficient for a protein crystal is 2.5 A%Da which

corresponds to a unit cell solvent content of 50% (Matthews, 1968).

9.4.6 Determination of Phases

In a diffraction experiment, the intensities of waves scattered from a plane
(denoted by h, k, and I) in the crystal are measured. Calculation of electron
density at a position (xyz) in the unit cell of a crystal requires a summation
over all the structure factors (hk/) which can be expressed in as:

p(xyz)=1/V Y |Frid|exp(iomu Jexp(— 2zihx + ky + 12)

where, V = volume of the unit cell.

ank = the phase associated with the structure-factor amplitude |Fx|.
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Fra is a periodic function and possesses amplitude, frequency and phase
(an). This is diffracted and thus has the same frequency as that of the x-ray
source. Moreover, the amplitude of Fny is proportional to the square root of
the reflection intensity (lnq). Thus structure amplitudes are obtained directly
from the measured reflection intensities. However, there is no such direct
relationship between amplitudes and phases. Thus, phases are not directly
obtainable from a single measurement of reflection intensities. This is known
as the phase problem in crystallography.

There are four principle methods for determining the phase angle a and thus
solving the phase problem. However, each of these four methods requires a
particular type of information to be available beforehand (Table 9.2) (Taylor,
2003). Single wavelength anomalous diffraction method (SAD) has been used

for this work.

Phasing Method Necessary Prior Knowledge
Direct Methods p >0, discrete atoms
Molecular Replacement (MR) Homology model

Isomorphous Replacement (MIR, SIRAS) | Heavy atom substructure

Anomalous Scattering (MAD, SAD) Anomalous atom substructure

Table 9.2: Phasing methods and information required for application.

Scattering of X-rays is generally considered to be due to valence electrons of
atoms which can be considered effectively free. Hence in this case, the
scattered

beam differs in phase by exactly 180° with respect to the incident beam. Thus
pairs of structure factors Fny and F.nk (called Friedel pairs) have equal and
opposite value, i.e. | Fua|=|F x| and hence it follows that the amplitudes,
Onkl = -0k (Friedel’s law, Friedel, 1913).

However, the inner electrons of the atom are more strongly bound to the
nucleus, a fact which is especially true for heavy atoms (e.g. Selenium), which
have a high nuclear charge. As a consequence, the phase difference between
the incident beam and the beam scattered by such electrons is different (i.e.
not exactly 180°). This property is called ‘anomalous scattering’ and is
characterised by Friedel pairs having unequal intensities and different

absolute values for phase a (Figure 9.5).

124



VII. MATERIALS AND METHODS
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Figure 9.5: Vector diagram for
structure factors of normally and
anomalously scattering atoms
clarifying the breakdown of
Friedel's law in the presence of an
anomalous scatterer. (Fng # F-hxa)

The anomalous effect only becomes of importance if the core electrons
contribute significantly to the scattering and this only occurs at X-ray
wavelengths

close to the absorption edges of the inner electrons. Another characteristic of
anomalous diffraction is therefore its wavelength dependence. There will be a
sufficiently large contribution to the overall scattering (to be useful for phase
determination) only if there is a relatively heavy atom present in the structure
and the wavelengths chosen are tuned to the absorption edges of this heavy
atom. An example of this is depicted in Figure 9.6 which shows the variation in

anomalous scattering at the K edge of Selenium (0.0989 A)
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Figure 9.6:
7 Fluorescence scan for
detection of peak and
inflection of Selenium for
ﬂi 000 ' 12 000 : 14 000 ' 16 000 MAD/SAD data
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Mathematically, anomalous scattering can be expressed by the following

equation:
FI*=1Feal*+pIFal*+[Fealx|FalxI[qcos (sa- oa) + rsin (0ga - oa)]
with
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2 2 n
p=—(Af) +2(f ) ,q=2Af—f and r=2];—

f0 0 0

where, FA = non-anomalous contribution of the anomalously scattering
atoms

Fs = contribution to the structure factor by the non-anomalously

scattering atom

Fgsa = the complete non-anomalous part

aa = phase angle of vector Fp

aga = phase angle of Fga

Af = vector representing the real part of anomalous scattering

if” = vector representing the imaginary part of anomalous scattering

fo = vector representing atomic scattering of a completely free electron

p, g and r are functions of A (wavelength) and are known from atomic
scattering factor curves. |F* values are different for the Friedel mates and can
be determined experimentally. The unknown quantities are |F ga|, |F A | and
(aga - aa) which are independent of A and equal for Freidel mates, except for
the sign of (aga - aa). Therefore, a dataset for one value of A gives two sets of
equations for these unknowns. Measurements at two different wavelengths

are thus sufficient to find |F ga |, |[F o | and (aga - aa) for each reflection.

In practice, selenium is one of the most widely used heavy atoms for
SAD/MAD phasing and was used for labeling proteins for this work. This
approach was undertaken after unsuccessful molecular replacement ftrials
using closely related structures. Anomalous datasets of crystals of SeMet
labeled PhzA and PhzG proteins were collected at x-ray energies
corresponding to peak, inflection and one high-energy remote point of the K-
edge of Se (A of the X-ray tuned to 0.979147A). From these datasets,
estimates for the full structure-factor amplitudes of the anomalous scatterers,
the so-called Fa values, were derived using the programme XPREP (version
6.09, Bruker Analytical X-ray Solutions, 2001). These Fa values were then
used as input for the programme SHELXD (Schneider and Sheldrick, 2002),
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which determines the position of the selenium atoms using Patterson
methods.

Seleno-L-methionine labelled PhzA and BcepA contain three each and PhzG
five Selenium atoms per monomer. All Se atoms of PhzA and BcepA and
three out of five Se atoms of PhzG were successfully located by the
programme SHELXD. Position of these selenium atoms was further refined
and successfully used for generating initial phases using SHARP (delaFortelle
and Bricogne, 1997). These initial phases were then improved through solvent
flattening using the programme SOLOMON (Abrahams and Leslie, 1998) and
DM (Cowtan, 1994) from the CCP4 suite (Bailey, 1994).

9.4.7 Refinement

The initial structural model contains errors that can be minimised through
iterative model refinement. This is a process of adjustment of the atomic
coordinates of the model in order to minimise the difference between
experimentally observed structure factor amplitudes (Fqs) and those
calculated from the model (Fcac). The progress of refinement was monitored
using the conventional crystallographic index ‘R factor’ and ‘R-free’. The R

factor is defined by the equation:

R-factor = Z Fobs hk|| - I:calc hk||/z
hkl hkl

Fops th|

An acceptable value for the R-factor depends on the resolution of the
structure. For structures determined at high resolution (<2.0 A) the value of
the final R-factor is expected to be below 0.2 or 20%. Given the low
observations-to-parameters ratio for protein structures the R-factor can be
artificially lowered at the expense of the stereochemistry of the model. To
avoid this type of error, Brunger (1992) introduced a new methodology in the
refinement process (cross validation) where approximately 5% of the data (a
test group of reflections ‘T’) is isolated from the remainder (the working group)
and not used for the purposes of refinement). Instead the refinement is
performed by using only the reflections belonging to the working group. At

each cycle of refinement the structure factors are calculated for both groups.
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Whilst the working group is used for the calculation of the R-factor as defined
above, the test group is used to calculate a new parameter, R-free, in an

exactly analogous manner.

Rfree = 3 [y, hkl| - |Fope hKi| / S| K|
hklcT hklcT

The fundamental difference between these two discordance indices is that the
refinement procedure ‘knows' about the working group (as it is used for the
very refinement process) but it has never “seen' the test group. The great
advantage of the R-free is that it is a sensitive indicator of over-refinement,
that is, a refinement protocol which attempts to extract more information than
the data is capable of providing.

The refinement program REFMAC 5 (Murshudov et al., 1997) was used for
refinement and the model further adjusted by hand using the graphics
program O or COOT (Emsley et al., 2000).

9.4.8 Validation

The model was validated by the programs ‘Procheck’ (Laskowski et al., 1993)
and ‘Whatcheck’ (Hooft et al., 1996). Contacting amino acids in the dimer
interfaces of all the structures were identified using the CCP4 program
Contact (Bailey, 1994) and plotted using the program ‘Ligplot’ (Wallace et al.,
1995). The area of buried surface between two monomers also determined
using the programme AREAIMOL (CCP4 suite). The structure alignments
throughout this work were performed using the programs LSQMAN,
MOLEMAN2 and COOT.

9.4.9 Representation of structures
All figures were prepared using the program PYMOL (DeLano Scientific LLC)
and adjusted for final printing with the help of PHOTOSHOP (Adobe

Corporation).
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