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ABSTRACT

The Thiobacillus ferrooxidans ATCC 33020 ntrA and ntrC genes were isolated from a
T. ferrooxidans pHC79 cosmid gene bank, and cloned in Escherichia coli. Novel
strategies were used for the isolation of each gene, since standard methods, such as
hybridization with an Azotobacter vinelandii ntrA gene probe, or complementation of
E. coli ntrA or ntrC mutants followed by selection on arginine as a sole nitrogen

source, had been unsuccessful.

A method based on the inability of E. coli ntrA mutants to produce gas via the formate
degradation pathway was developed for the isolation of the T. ferrooxidans ntrA gene.
A T. ferrooxidans cosmid gene bank was transduced into the E. coli ntrA strain TH1,
and transductants containing the T. ferrooxidans ntrA gene were detected using a
simple agar overlay technique on the basis of NtrA-dependent expression of the gas
positive phenotype. The nucleotide sequence of a 2,8-kbp Sall-Bg/II fragment was
determined. This fragment contained three open reading frames (ORF's), including
the T. ferrooxidans ntrA gene, which encoded a predicted translation product of
475 amino acids (aa) (calculated M, 52972). This protein showed 51, 50, 49, 40, and
28% aa sequence identity with the NtrA proteins from Klebsiella pneumoniae,
Pseudomonas putida, A. vinelandii, Rhizobium meliloti, and Rhodobacter capsulatus
(NifR4 protein), respectively. An ORF coding for a protein of 241 aa
(calculated M, 27023) was situated 12-bp upstream of the T. ferrooxidans ntrA gene.
This protein had 57% aa identity with the product of the ORF1 located upstream of
the R. meliloti ntrA gene. Downstream of the T. ferrooxidans ntrA gene the front end
of an OREF, called ORF3, was identified. The predicted 78 N-terminal aa encoded by
ORF3 showed 38, 38, 29, and 20% aa identity with conserved ORF's immediately
downstream of the A. vinelandii, P. putida, K. pneumoniae, and R. meliloti ntrA

genes, respectively.

An E. coli ntrA strain, containing the T. ferrooxidans ntrA gene without the flanking
ORF's, produced gas and reduced benzylviologen, an artificial electron acceptor,
when grown anaerobically on formate. These phenotypes, which are characteristic of

the E. coli formate hydrogenlyase pathway, were repressed when formate was



iii

replaced by nitrate in the growth media. NtrA-dependent expression from either the
E. coli fdhF, the T. ferrooxidans nifH, or the K. pneumoniae nifH promoter in the
presence of the T. ferrooxidans ntrA gene was demonstrated using lacZ fusions in
E. coli. Expression of an fdhF-lacZ fusion in E. coli TH1 cells was increased 7-fold
above basal levels in the presence of the T. ferrooxidans ntrA gene, and was also
repressed when formate was replaced by nitrate.  Expression of either a
T. ferrooxidans nifH-lacZ or a K. pneumoniae nifH-lacZ fusion in E. coli TH1 cells
(containing a constitutively expressed K. pneumoniae nifA gene) was increased
50-fold in the presence of the T. ferrooxidans ntrA gene. In the presence of either the
E. coli ntrA gene (chromosomal copy) or the K. pneumoniae ntrA gene (cloned on a
plasmid vector) a similar increase in expression from the T. ferrooxidans nifH-lacZ
fusion was observed (in the presence of the K. pneumoniae NifA). However, levels of
expression of the K. pneumoniae nifH-lacZ fusion (in the presence of the
K. pneumoniae NifA) were increased 400-fold in the presence of either the E. coli or

the K. pneumoniae ntrA.

NtrC-mediated expression of the T. ferrooxidans nifH-lacZ fusion was shown in
E. coli cells grown under nitrogen-limiting conditions. An agar plate assay was
developed for the detection of E.coli ntrC cells containing the T. ferrooxidans
nifH-lacZ fusion which showed increased levels of B-galactosidase activity. The
T. ferrooxidans cosmid bank was transduced into the E. coli ntrC (T. ferrooxidans
nifH-lacZ fusion plasmid) cells, and colonies were grown on a nitrogen-limited
minimal medium.  Cells which showed increased pB-galactosidase activity
by virtue of formation of a strong yellow colour after flooding
with o-nitrophenyl-B-D-galactopyranoside (ONPG) were selected. A 5,2-kbp
KpnI-HindIII subclone from one of the cosmids was shown to contain the
T. ferrooxidans ntrC gene. The gene was localized by nucleotide sequence analysis of
an internal 486-bp Clal-BamH]I fragment. The predicted translation product of this
section of the T. ferrooxidans ntrC gene showed homology to the N-terminal region
of NuC proteins from other bacteria. NtrC proteins from the enteric bacteria
K. pneumoniae (76%) and E. coli (712%) showed the greatest aa sequence similarity.
Expression in E. coli of the T. ferrooxidans nifH-lacZ fusion in the presence of the

T. ferrooxidans ntrC gene was regulated by nitrogen in both solid and liquid media.
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A adenosine
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CHAPTER 1
GENERAL INTRODUCTION
1.1 Thiobacillus ferrooxidans - the organism

Thiobacillus ferrooxidans is a bacterium which is commonly found in rock-based
environments containing a variety of metal ores (Vishniac, 1974). It is a muotile,
Gram-negative, rod-shaped organism with approximate cell dimensions of 0,5 x
1,5-2um. T.ferrooxidans is aerobic, acidophilic (pH 1,3 - 3,5), and mesophilic
(20 - 37°C). This autotrophic chemolithotroph uses atmospheric CO, as a sole source
of carbon, and obtains its energy from the oxidation of either ferrous iron (Fe2+) to
ferric iron (Fe3+) or reduced sulphur compounds to sulphuric acid (reviewed in
Ingledew, 1982). T. ferrooxidans grows aerobically, with oxygen serving as the final
electron acceptor in the oxidation process. Sulphur oxidation may also occur through
a route involving an electron acceptor other than molecular oxygen (Sugio
et al., 1985). A hydrogen sulphide:ferric iron oxidoreductase (SFORase) has been
identified and purified (Sugio et al., 1987, 1988a). This enzyme plays a crucial role in
this respiratory pathway where either of the metal ions - Fet3, Mo*6, or Cu*2 - are
reduced with elemental sulfur as the electron donor (Sugio et al., 1988b, 1990).
T. ferrooxidans has been shown to grow on either ammonia or nitrate as sole nitrogen
sources (Tuovinen et al., 1979)(section 1.6.1). Mackintosh (1978) showed that at
least one strain of T.ferrooxidans was able to incorporate 15N, label into cellular

material, thus demonstrating that this bacterium was able to fix atmospheric nitrogen.

1.1.1 The importance of T. ferrooxidans in Industrial Biomining

Bacterial leaching is playing an increasing role in the industrial extraction of metals
from low grade mineral ores (Brierley, 1982; Curtin, 1983). Metals that have been
extracted using ‘biomining include copper (20% of the world market), uranium (50%
of that extracted in Canada), and gold. This is not a new technological innovation,
however, as the recovery of copper from the drainage water of mines was a
widespread practice in the Mediterranean basin as early as 1000 BC. The large scale

leaching of copper was well established by the 18th century at the Rio Tinto mines in



Spain (Brierley, 1982). The role of bacteria, as opposed to abiotic chemical reactions,
in these processes was not recognized until 1947 when the presence of bacteria in acid

mine drainage was réported (Colmer and Hinkle, 1947).

Leaching is a hydrometallurgical process which consists of the dissolution of an
insoluble mineral ore to produce a soluble compound. Micro-organisms that are
involved in the leaching process range from the extreme thermophiles, such as
members of the genus Sulfolobus, to the moderately thermophilic Sulfobacillus and
acidophilic members of the genus Thiobacillus. The most predominant bacterium in
most leaching environments is 7. ferrooxidans and this has been attributed to its
tolerance for the high acidity and high concentrations of metal ions which are
associated with this habitat. Furthermore, the ability of T. ferrooxidans to obtain
energy through the oxidation of ferrous iron and its autotrophic nature may explain its
ability to out-compete other members of the genus Thiobacillus which are only able to
oxidize sulphur compounds (eg. Thiobacillus thiooxidans) or exhibit heterotrophy
(eg. Thiobacillus TH1 - Brierley and Le Roux, 1977; Thiobacillus
thermosulfidooxidans - Golovacheva and Karavaiko, 1977). The importance of mixed
cultures in improving the efficiency of industrial biomining processes has been
recognized. For example, enhanced bioleaching has been shown for mixed cultures of
T. ferrooxidans and T. thiooxidans (Kelly et al., 1979).

The recovery of gold from arsenopyrite-pyrite ores by leaching with T. ferrooxidans
as the dominant organism has recently been scaled up from the pilot scale
(Livesey-Goldblatt et al., 1983) to an industrial scale (Rawlings, 1991). The
gold-bearing ore is crushed and then processed through a series of aerated tanks where
the bacterial oxidation takes place. This step replaces the conventional "roasting”
procedure and is followed by cyanidation to produce 92-95% yields. The industrial
plant was commissioned in 1986 and is currently processing 18 tonnes of crushed ore
concentrate per day (Rawlings, 1991). Although this is an "open" system
(Rawlings, 1991) containing a mixed population of bacteria, T.ferrooxidans is
regarded as the most important biotic component of the process. Mutation and
selection over 5 y has produced a "super” strain of T. ferrooxidans which has enabled

an 8-fold increase in the rate of the leaching process and a 13-fold increase in



resistance to the toxic arsenic which is solubilized during the bioleaching process
(Rawlings, 1991). This success highlights the importance of T. ferrooxidans as a
bioleaching agent not only in financial terms, but also in the desirability of replﬁcing
the polluting "roasting” stage with the less environmentally damaging bioleaching

procedure.

1.1.2 The chemistry of bioleaching

An understanding of the chemistry of bioleaching processes provides an insight into
the importance of bacteria in industrial biomining systems. Bioleaching is carried out
by two mechanisms, namely direct and indirect leaching. Direct leaching involves
bacterial enzymatic oxidation of the reduced mineral or ion without entry of this
substrate into the bacterium itself. The electrons released by the oxidation reaction
enter the cell and are passed along the respiratory electron transport chain to generate
energy-rich adenosine triphosphate (ATP). In aerobic bioleaching organisms, such as
T. ferrooxidans, oxygen would serve as the terminal electron acceptor. An example
of a direct leaching reaction carried out by T. ferrooxidans on chalcopyrite (CuFeS,)

is shown below:

) 2CuFeS, + 81/,0, + HySO, ---> 2CuS0O, + Fe5(S0,4)3 + H,0
(Insoluble) (Soluble)

Indirect or bacterial-assisted leaching is carried out by reaction of the products of the
direct leaching process with the insoluble minerals, transforming them into the
oxidized, soluble form. Chemical reactions of this nature would be carried out by the
powerful oxidizing agents, such as ferric iron (Fe*3) and sulphuric acid, produced
during the direct leaching process. In these chemical reactions ferric iron (Fet3) is
reduced to ferrous iron (Fe*2) which is rapidly re-oxidized by the bacteria. Fe*2 is
stable in acidic solution, and therefore in the absence of bacteria chemical leaching
mediated by Fe+3 would be limited by the availability of Fe*3. It has been estimated
that leaching bacteria such as T. ferrooxidans can accelerate the oxidation process a
million-fold by this recycling of the Fe*2 to Fe*3 (Brierley, 1982). This regeneration
of the so-called "leach liquor” (containing oxidizing agents) by bacteria is the key to

the success of industrial biomining. An example of indirect leaching is the chemical



oxidation of chalcopyrite (CuFeS,) by ferric sulphate (Fe5(SO,)s3) (reaction (ii)). The
ferrous iron (FeSO,) produced would then be rapidly reoxidized by T. ferrooxidans

(reaction (iii)).

(ii) CuFeS, + Fey(S04)3 ------- > CuSO,4 + FeSO,
chemical
(iii) 2FeSO,4 + HySO, + 1/, O ------- > Fey(S04)3 + H)O
biological

1.1.3 Studies on the molecular biology of T. ferrooxidans

In recent years the tools of recombinant DNA technology have been used in an effort
to understand aspects of the molecular biology of T. ferrooxidans. These studies have
been undertaken with a view towards the genetic manipulation of this bacterium for
improved biomining capabilities. The development of a genetic system for
T. ferrooxidans requires three major components: (i) a suitable plasmid vector, (ii) a
selectable marker for stable maintenance of the recombinant construct in
T. ferrooxidans, and (iii) a method of introduction of DNA into 7. ferrooxidans cells.

j
1.1.3.1 The development of a genetic manipulation system for T. ferrooxidans
Several native plasmids have been isolated from T. ferrooxidans strains (Holmes
etal., 1983; Rawlings et al., 1984). One plasmid, denoted pTF-FC2, is able to
replicate in a wide variety of gram-negative bacteria, and the replication (Dorrington
and Rawlings, 1989) and mobilization (Rohrer, pers. comm.) functions of pTF-FC2
are currently being studied in detail.

The use of antibiotic markers for selection of T. ferrooxidans strains is impractical as
these compounds are inactivated at the low pH conditions required for the growth of
this acidophile (Rawlings et al., 1983). Metal ion tolerance is an attractive alternative,
and the chromosomally encoded mercury ion resistance genes recently isolated from a

strain of T. ferrooxidans (Shiratori et al., 1989) have potential in this respect.

The major stumbling block in the development of a genetic system for T. ferrooxidans

has been the lack of a method of introduction of DNA into T. ferrooxidans cells.



There are four methods which have been used for this purpose in other bacteria:
transduction, transformation, conjugation, and electroporation. Transduction is not
feasible as no viruses which infect T.ferrooxidans are known.  Standard
transformation techniques, including the use of 7. ferrooxidans spheroplasts, have
been unsuccessful (E.Barros, PhD Thesis, University of Cape Town, 1985).
Conjugation of broad host range plasmids between Escherichia coli and a variety of
thiobacilli has been carried out (Davidson and Summers, 1983; Kulpa et al., 1983). A
two-step mating procedure was employed in some experiments in an attempt to use
non-iron-oxidizing thiobacilli, such as Thiobacillus novellus and Thiobacillus
intermedius as a bridge between E. coli and T. ferrooxidans (R. Ramesar, PhD Thesis,
University of Cape Town, 1988). However, no successful transfer into
T. ferrooxidans has been obtained. Electroporation is at present being attempted

(Rohrer, pers. comm.).

1.1.3.2  Advances in the understanding of the molecular biology of
T. ferrooxidans

Basic studies on the molecular biology of metabolic processes in T. ferrooxidans are
complementary to the above studies. They provide information on the regulatory
signals required for gene expression in T. ferrooxidans, and enable the choice of
source DNA from organisms which have genes that are most similar to
T. ferrooxidans genes. This includes promoter sequences, regulatory elements, codon

usage, and termination signals.

The T. ferrooxidans genes for the enzymes glutamine synthetase (glnA)(Barros
et al., 1985; Rawlings et al., 1987) and nitrogenase (nifHDK)(Pretorius et al., 1986;
Pretorius et al., 1987; Rawlings, 1988), and the recA gene (Ramesar et al., 1988,
1989) have been cloned and the nucleotide sequences have been determined. The
former two, which are involved in nitrogen metabolism, will be discussed in section
1.6.2. The product of the T. ferrooxidans recA gene was able to complement E. coli
recA mutants for both the recombinase and protease (DNA repair) activities.
Transcription for this activity was initiated from an adjacent plasmid vector promoter,
as only weak expression was obtained in E. coli from the T. ferrooxidans recA

promoter (Ramesar et al., 1988, 1989).



The study of genes whose products are involved in the unusual physiology of
T. ferrooxidans, namely the ability to oxidize iron and sulphur, is particularly
important. The gene for the iron-induced copper protein, rustacyanin, has been cloned
(Kulpa et al., 1986), however no nucleotide sequence data is available. Another
protein, which is induced on the transfer of T. ferrooxidans cells from sulfur medium
to ferrous iron medium, was shown to be membrane bound (Mjoli and Kulpa, 1988).
The approach of reverse genetics has been used in an attempt to clone the gene which
codes for this protein. The aa sequence of a peptide derived from the purified protein
was determined. This sequence was used together with the codon usage table derived
from the nucleotide sequences of five T.ferrooxidans genes to design an
oligonucleotide probe. Characterization of a positive clone identified from screening

of a T. ferrooxidans cosmid gene bank is in progress (Mjoli, pers. comm.).

Yates and Holmes (1987) have detected two families of repeated sequences in strains
of T. ferrooxidans. Nucleotide sequence analysis of one of these families has revealed
similarities with the structure of bacterial IS elements (Yates et al., 1988). Evidence
that these may be involved in transposition has come from the observation that these
strains of T. ferrooxidans are able to undergo "phenotypic switching" of colony
morphology (Schrader and Holmes, 1988). This phenomenon is accompanied by the
reversible loss of the ability to oxidize iron and therefore it is tempting to speculate
that transposition or a site-specific inversion in 7. ferrooxidans is a mechanism for
enhancing its ability to adapt to changing environmental conditions (Rawlings
etal.,1991). It is important to note that no representatives of the two families of
repeated sequences mentioned above have been identified in the T. ferrooxidans
strain, ATCC 33020, used in this PhD study (Yates and Holmes, 1987).

1.2 Assimilation of nitrogen by bacteria

Nitrogen is the basic component required for the synthesis of cellular macromolecules
such as amino acids, purines, pyrimidines, amino sugars, and metabolites such as
NAD and p-aminobenzoate. The most readily available source of nitrogen in most
environments is ammonia, and for enteric bacteria such as E. coli and Salmonella

typhimurium this is the preferred source of nitrogen (Reitzer and Magasanik, 1987).



In those environments where ammonia is not available many bacteria are able to take
up nitrogen as inorganic compounds such as nitrate, nitrite, urea, or diatomic
atmospheric nitrogen. Many organic compounds such as arginine, ornithine,
histidine, and proline are used by bacteria as sole sources of nitrogen (Tyler, 1978).
There also exist metabolic pathways within bacteria for the catabolism of nitrogen
containing compounds whereby nitrogen may be recycled within the cell. The central
role of ammonia appears to be paramount and most cellular nitrogen is derived either
from direct incorporation from ammonia or through the metabolic intermediates

glutamine and glutamate which require ammonia for their synthesis.

1.2.1 Ammonia assimilation in enteric bacteria.

The cycling of nitrogen through ammonia, glutamine, and glutamate has been studied
most extensively in the Gram-negative enteric bacteria E. coli and S. typhimurium
(reviewed in: Tyler, 1978; Magasanik, 1982; Magasanik and Neidhardt, 1987; Reitzer
and Magasanik, 1987; Magasanik, 1988). Three key enzymes are believed to play a
pivotal role in this process, namely glutamine synthetase (GS, EC 6.3.1.2), glutamate
synthase (GOGAT, glutamine-oxoglutarate amido transferase, EC 1.4.1.13) and
glutamate dehydrogenase (GDH, EC 1.4.1.4.). The reactions catalyzed by these
enzymes are shown below:

GS
a) NHj + glutamate + ATP ----> glutamine + ADP + P;

GOGAT
b) glutamine + o-ketoglutarate + NADPH ----> 2 glutamate + NADP+

GDH
c) NH; + a-ketoglutarate + NADPH ------ > glutamate + NADP*

GS is regarded as the most important enzyme in the cycling of nitrogen in enteric
bacteria as this is the only known biosynthetic route for the synthesis of glutamine.
This is in contrast to members of the family Rhizobiaceae, such as Rhizobium meliloti,
Bradyrhizobium japonicum, and Agrobacterium tumefaciens, which contain a second
glutamine synthetase enzyme, GSII (Darrow et al., 1981). This enzyme is structurally
related to GS of higher plants (Carlson and Chelm, 1986). A novel third locus, ginT,

which appears to consist of a complex operon and is clearly capable of directing the



synthesis of glutamine in an E.coli background, has been identified from
A. tumefaciens (Rossbach et al., 1988) and R. meliloti (de Bruijn et al., 1989).

GS in the enteric bacteria is not only responsible for glutamine synthesis, but is also
required for the assimilation of ammonia under conditions of ammonia limitation.
Consequently, both the catalytic activity and synthesis of GS are highly regulated
(Tyler, 1978; Magasanik, 1982). All of these regulatory systems function in response
to levels of available nitrogen, which is sensed with respect to the intracellular ratio of
glutamine to a-ketoglutarate. A low ratio signals nitrogen limiting conditions and
results in the positive regulation of GS activity and expression. Regulation at each
level is linked in a complex "bicyclic cascade” (Chock et al., 1985; Rhee et al., 1985;
Reitzer and Magasanik, 1987; Magasanik, 1988). The Py protein (encoded by the
ginB gene) forms a common link between the régulation of the activity of GS by
adenylylation and the regulation of expression of the ginA gene encoding GS by the
products of the ntrB (ginL) and ntrC (ginG) genes (Ntr regulatory system) (Garcia and
Rhee, 1983; Bueno ef al., 1985; Son and Rhee, 1987). |

The regulation of catalytic activity by adenylylation will be discussed here, while the
Ntr regulatory system will be discussed in section 1.2.2. Bacterial GS consists of a
dodecamer of identical subunits. Regulation of catalytic activity is carried out by the
covalent addition of an AMP group to a tyrosine residue in each subunit. This
adenylylation inactivates each individual subunit so the overall activity of the enzyme
is inversely related to the number of adenylylated subunits. This process involves a
cascade system whereby the nitrogen status of the cell is sensed by a bifunctional
polypeptide which is able to add or remove uridylyl groups from the Py protein,
which in turn is able to dictate the direction of adenylylation or deadenylylation of
each GS subunit by an adenylyltransferase (ATase)(Garcia and Rhee, 1983).
Consequently, under conditions of nitrogen excess (high glutamine/o-ketoglutarate),
Py is deuridylylated and promotes adenylylation of GS. Conversely, under nitrogen
limiting conditions (low glutamine/a-ketoglutarate), Py becomes uridylylated and
directs deadenylylation of GS by ATase resulting in GS with increased catalytic
activity (Stadtman et al., 1980; reviewed in Reitzer and Magasanik, 1987).
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A second level of regulation is through cumulative feedback inhibition by the
products of glutamine metabolism. The adenylylated form of GS is inhibited partially
by each of the following compounds: L-alanine, glycine, histidine, tryptophan, CTP,
AMP, carbamyl phosphate, and glucosamine-6-phosphate. This inhibitory effect is
cumulative and together these compounds inhibit GS completely (Stadtman and
Ginsberg, 1974).

Under conditions of ammonia limitation (< 0,1 mM) the synthesis of glutamate is
carried out by a two step process involving GS and GOGAT. Ammonia is
incorporated into glutamine by GS followed by the synthesis of glutamate from
glutamine by GOGAT. The removal of glutamine by GOGAT under nitrogen
limiting conditions is important otherwise the cellular machinery would respond to the
accumulation of glutamine and signal inappropriately the repression of Ntr regulated
systems (Reitzer and Magasanik, 1987). The role of GDH appears to be the synthesis
of glutamate under conditions of excess ammonia in the growth medium (> 1 mM).
The absence of ammonia in the growth medium is considered nitrogen limiting
despite the presence of an alternative organic nitrogen source such as arginine or
histidine. Growth under these conditions is slower than in the presence of ammonia
and the levels of GS are high. This indicates that the growth limiting factor is the rate
of ammonia generation from the alternative nitrogen source and of its subsequent
assimilation (Reitzer and Magasanik, 1987). The degradative enzymes and transport
systems for these alternative nitrogen sources are subject to Ntr control (Shaibe
et al., 1985; Kustu et al., 1979) and therefore show the same patterns of regulation as

the ginA gene.

1.2.2 Ntr system of transcriptional regulation

1.2.2.1 The ginALG (ginAntrBC) operon.

The ginALG operon is at the centre of the global Ntr nitrogen regulation system and
the expression of this operon has been studied extensively in the enteric bacteria
E. coli (Chen etal., 1982; MacNeil etal., 1982b; Pahel et al., 1982; Ueno-Nishio
et al., 1983, 1984; Reitzer and Magasanik, 1985, 1986), and S. typhimurium (Garcia
etal, 1977, Wei and Kustu, 1981; reviewed in Kustu etal., 1986; Keener
et al., 1987), as well as in Klebsiella pneumoniae (de Bruijn and Ausubel, 1981; Espin
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et al., 1982; Alvarez-Morales et al., 1984; Macfarlane and Merrick, 1985, 1987). The
pattern of regulation appears to be similar in all three organisms. GlnA is the
structural gene for GS while the products of ginL (ntrB) and ginG (ntrC) are the
regulators NRy; (NuB) and NR; (NtrC), respectively. The operon contains three
promoters: ginApl, ginAp2, and ginLp (Fig. 1.1).

High N
NR; NRg NR;
¥~V — m—YA \ !
Apl Ap2 A T Lp L G
SE— >
Low N

Fig. 1.1. Transcription of the gInALG operon under nitrogen limiting and nitrogen
excess conditions. O, promoters; v, NRy-binding sites; ®, terminator (after
Magasanik, 1988).

GinApl and ginLp show sequence similarity to the canonical -35, -10 E. coli promoter
sequences and are therefore recognized by 670-RNA polymerase (Ec70), while
ginAp2 has a promoter which is quite different and this is recognized by a form of
RNA polymerase bound to a specialized sigma factor denoted 654 (Ec54). ¢54 is
- encoded by the ntrA (ginF, rpoN) gene. The expression of the operon is autogenously
regulated by NR;. In cells growing in nitrogen excess, the transcription is initiated at
ginApl and ginlp. This serves to maintain a basal level of GS, NR;, and NRy;.
Initiation of transcription at glnApl is further stimulated under conditions of carbon
limitation by the catabolite gene-activator protein (CAP) and cyclic AMP (cAMP)
(Magasanik and Niedhardt, 1987). Approximately three out of every four transcripts
from ginApl terminate at a rho-independent terminator upstream of ginlp.
Concomitantly, transcription is repressed by NR;. Binding sites for NR;,
characterized by the nucleotide sequence GCACNsTGGTGC, overlap the -35 region
of ginApl and the -10 region of ginLp. There are five NR; binding sites upstream of
ginAp2 and two of these, NR-1 and NR-2, which overlap ginApl are bound with high
affinity by NR;. Thus, under nitrogen excess, NR; limits the synthesis of both GS and

itself. This results in a concentration of about five molecules of NR; per cell.
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Nitrogen deprivation results immediately in the activation of the initiation of
transcription from glnAp2. This is possible as EG54 is bound to glnAp2 in an inactive
closed promoter complex irrespective of nitrogen-status (Reitzer et al., 1987).
Transition of this closed promoter complex to an active open promoter complex'is
stimulated by the activator form of NR;. The activation of NR; by NRy;-mediated
phosphorylation comprises the second component of the "bicyclic cascade" regulation
of GS in response to nitrogen status. The ratio of glutamine to o-ketoglutarate is
sensed by the uridylylation system which controls the modification of the Pj; protein
which not only mediates the adenylylation status of GS as was discussed in section
1.2.1, but also mediates the phosphorylation status of NR; through interaction with
NRy;.. The scheme for this control is outlined in Fig. 1.2.

no transcription
NRI-phosphctel >NRI< of ginAp2 )

NR11

i

4UMP a 4uTP
stimulated by stimulated by a
a high glutamine UR / UTas low glutamine to
to 2-ketoglutarate 2-ketoglutarate ratio
ratia
UM

e
4 PPi
P

NR, ISP R, - phosphate (tronscripﬁqn of )

ginAp2 activated
RII

Fig. 1.2. Regulation of expression at the glnAp2 promoter of the glnALG operon;
(after Reitzer and Magasanik, 1987).
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The phosphorylated form of NR; (NR-PO,) is the activator form and the role of NRy;
is to phosphorylate NR;. This phosphorylation is a reversible reaction (Ninfa and
Magasanik, 1986; Ninfa et al., 1986). The phosphorylation of NR; is carried out by a
two-step process. The first step is the reaction between NRy; and ATP which results
in the attachment of the y-phosphate of ATP to a histidine residue of NRy. The
phosphate is then transferred to an aspartate residue of NR| by a reaction with NRy;.
NR[-PO, activates transcription from the ginAp2 promoter, which results in increased
intracellular levels of GS and NR-PO4. This activation continues as long as the
glutamine/a-ketoglutarate ratio remains low (nitrogen limitation) and Py remains in
its uridylylated form (Fig. 1.2). NR-PO, is dephosphorylated to its repressor form
very rapidly when conditions of nitrogen excess occur and this reaction is signalled by
the removal of the uridylyl residues from Py;, which in this unmodified form is.
required together with NRy; for the removal of the phosphate group from NR[-PO,.
NR; is thus rendered unable to activate transcription from ginAp2 (Fig.1.2).
Enhancer qualities of the NR; UAS's, and recent discoveries in the mechanisms of

transcriptional activation by NR[-PO, will be discussed in Chapter 5.

1.2.2.2 Other Ntr regulated operons.

Apart from the gInALG operon several other genes whose products are involved in
nitrogen metabolism are regulated by the three components of the Ntr regulatory
system: 654, NR;, and NRy;. This includes ammonia and glutamine uptake systems in
E. coli, which increase the ability of the cell to scavenge a diminishing supply of these
nitrogen sources (Servin-Gonzalez and Bastarrachea, 1984; Jayakumar et al., 1986;
Nohno et al., 1986). The expression of genes which encode the uptake systems for
arginine (argT gene expressed from the argTr region) and histidine (hisJQMP operon
éxpressed from the dhuA region) in S. typhimurium have been shown to be under
transcriptional control by the Ntr system (Kustu et al., 1979; Stern et al., 1984). The
nucleotide sequences of the argTr and dhuA regions have revealed NR; binding sites
and promoters which may be recognized by Ec54, and it has been shown for argTr, at
least, that these are the regions of Ntr control (Higgins and Ames, 1982; Schmitz
etal., 1987, 1988). The Ntr regulatory system is responsible for the first step in the
regulation of expression of nitrogen fixation genes in bacteria such as K. pneumoniae

as will be discussed in section 1.3.2.3.
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1.3 Nitrogen Fixation

Biological nitrogen fixation (N,-fixation) is a phenomenon exhibited by members of
divergent prokaryotic taxonomic groups (Burns and Hardy, 1975). These include
Azotobacteriaceae, Enterobacteriaceae, Rhodospirillaceae, Bacilliaceae,
Rhizobiaceae, Actinomycetaceae, and Cyanobacteria. The fixation of atmospheric
dinitrogen (N,) is the process whereby these organisms reduce N, to ammonia (NH;),
which is a source of nitrogen which may be readily incorporated into cell constituents
as discussed in section 1.2. This ability, termed diazotrophy, is an important property

for those organisms which inhabit environments which lack fixed nitrogen.

The current research interest in N,-fixation is enormous and this can be attributed to
the possible benefits that biological N,-fixation pdses for world agricultural yields. It
is estimated that industrial nitrogen fertilizer chemically fixed from the atmosphere by
the Haber process supports a third of the world's population (Postgate, 1989). The
rate of human population growth indicates that over the next fewvdecades the net input
of fixed nitrogen into the world's agricultural soils will have to increase dramatically.
There is much hope (as well as reason behind scientific project proposals for funding)
that improvements in the current exploitation of biological N,-fixation and the

development of novel N,-fixation systems will address this shortfall.

A rational explanation of biological N,-fixation and the isolation of the bacteria
responsible was reported a little over 100y ago by Hellriegel and Wilfarth and by
Beyerinck, respectively (discussed in Quispel, 1988); and since then many discoveries
have enabled dissection of the process in great detail (Burris, 1988). The power of
mutational studies and recombinant DNA technology is reflected in the increase in

research into the genetics of N,-fixation during the last two decades.

The ambit of this study does not justify a complete review of biological N,-fixation
processes, consequently the genetic regulation of N,-fixation will be focussed upon.
Two major types of N,-fixation systems have been studied most extensively: (i)
bacteria that are diazotrophic in the free living state, such as K. pneumoniae and

Azotobacter vinelandii, and (ii) bacteria, such as R. meliloti and B. japonicum, that fix
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nitrogen in symbiotic relationship with leguminous plants. The genetic regulation of
N,-fixation in K. pneumoniae will be discussed and where relevant comparisons will

be made with other nitrogen fixing systems.

1.3.1 Physiological regulation of nitrogen fixation

Nitrogen fixation is energetically expensive (approximately 28 moles of ATP required
per mole of nitrogen fixed; Postgate, 1982), and requires a complex metabolic
machinery. Many bacteria employ N,-fixation only under conditions when there is an
absence of more easily assimilable nitrogen sources, consequently several
mechanisms exist to ensure that the N,-fixation system is active only under
appropriate circumstances. This regulation consists of two components: inhibition of
the activity of the nitrogenase enzyme by environmental factors, and the

transcriptional regulation of the N,-fixation genes.

The most important physiological constraint is that imposed by the oxygen sensitivity
of the nitrogenase enzyme (Kelly, 1969). Various mechanisms have evolved in
diazotrophs for protecting the enzyme system from O, denaturation. K. pneumoniae
will only fix nitrogen under strict anaerobic conditions. Members of the genus
Azotobacter exhibit several physiological responses which reconcile the strongly
reductive process of N,-fixation with oxidative phosphorylation (reviewed in
Haaker et al., 1988). These include respiratory protection, which is not a nif-specific
phenomenon, but it does serve to increase the rate of respiration in response to
increases of environmental oxygen (Drozd and Postgate, 1970). Other methods
involve an increase in intracytoplasmic membranes and conformational protection of
the nitrogenase enzyme by reversible complex formation with a Fe/S protein in
response to an increase in O, concentration (Post et al., 1983; Scherings et al., 1983).
Compartmentalization is a method used in the cyanobacteria, which set aside specific
nitrogen fixing heterocyst cells which are separate from the photosynthesizing cells.
The most sophisticated compartments for restricting access of oxygen to nitrogenase
are the nodules of leguminous plants. These nodules are the result of colonization by
members of the families Rhizobiaceae and Bradyrhizobiaceae, and their characteristic
pink colour is due to a haem-protein, leghaemoglobin. This protein binds O, which

enables it to supply oxygen to the bacteroids (rhizobia that have colonized the root
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nodules), but at a concentration low enough not to damage the nitrogenase (reviewed

in Postgate, 1982).

Control of gene expression is a second level of regulation which enables repression
and derepression of nitrogenase activity in the presence and absence of oxygen and

fixed nitrogen sources, respectively.

1.3.2 Nitrogen fixation genes and their products

K. pneumoniae is a facultative anaerobe, and as it has been investigated most
extensively it is often regarded as the model for the study of the genetic regulation
amongst free-living diazotrophs (Drummond, 1984; Ausubel, 1984), however much
understanding has been obtained in recent years concerning the N,-fixation system of
members of the genus Azotobacter which are aerobic free-living diazotrophs
(Merrick, 1988).

1.3.2.1 Organization of nif genes in K. pneumoniae and A. vinelandii

The K. pneumoniae nif regulon is confined to a single cluster of chromosomal genes
adjacent to the histidine biosynthesis genes (MacNeil et al., 1978). Physical mapping
(Riedel et al., 1979), genetic mapping involving transposon mutagenesis
(Merrick et al., 1980), and nucleotide sequencing (reviewed in Merrick, 1988;
Arnold et al., 1988; Cannon et al., 1988) have revealed that this regulon comprises 20
genes in eight transcriptional units extending over 23-kbp (Fig. 1.3). The structural
enzyme at the core of the N,-fixation process is termed nitrogenase, which is a
molybdenum requiring enzyme in K. pneumoniae. This is made up of the Fe-protein
(Dinitrogenase reductase, component 2, or Kp2) which consists of two identical
subunits encoded by the nifH gene, and the Mo-Fe-protein (Dinitrogenase, component
1, or Kpl) which is a tetramer consisting of dimers of the products of the nifD and
nifK genes (Fig. 1.3). The product of nifM has been implicated in Fe-protein
maturation. The products of nifQ, nifB, nifE, nifN, and nifV are thought to be involved
in the synthesis of Mo-Fe-cofactor which forms part of the active site. The roles of
nifY, nifU, nifS, nifZ, nifW, nifC and nifT products are presently not clearly
understood. The nifL, nifA, and nifX products are regulatory proteins
(Fig. 1.3)(reviewed in Merrick, 1988; Gosink et al., 1990).
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Fig. 1.3. Map of the nif gene cluster in K. pneumoniae. The roles of the gene products
are indicated schematically by the vertical arrows above each gene. The horizontal
arrows indicate the extent and direction of each transcript, black dots representing the
location of 654-dependent promoters (after Dixon, 1988).

A major difference between the N,-fixing system in K. pneumoniae and the
Azotobacter's is the existence of "alternative” nitrogenase enzymes in members of the
latter group (Bishop et al., 1980, 1986; reviewed in Bishop and Joerger, 1990). These
enzymes consist of components encoded for by different genes to those encoding the
molybdenum nitrogenase. These "alternative” nitrogenase enzymes replace the
Mo-nitrogenase when the cells are in an environment devoid of Mo. Both
A.vinelandii and A:zotobacter chroococcum possess a second (vanadium(V)-
containing) nitrogenase (Hales et al., 1986; Robson et al., 1986a). A third nitrogenase
is synthesized by A.vinelandii in an environment without either metal
(Chisnell et al., 1988). These alternative systems are encoded by reiterated genes. A.
chroococcum has second copies of the nifHDK and nifEN genes (designated H'D*K*
and E*N"). A. vinelandii has three copies of nifHDK, designated 1,2, and 3. A recent
study has shown that a nifHDK deletion mutant of the purple non-sulphur
photosynthetic bacterium Rhodobacter capsulatus shows slow diazotrophic growth in
molybdenum-free medium, implicating the presence of an "alternative" nitrogenase
system (Klipp et al., Eighth International Conference on Nitrogen Fixation, 1990).
The nifA/nifB gene region is duplicated in this organism (Klipp et al., 1988;
Masepohl et al., 1988).
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1.3.2.2 Organization of nif genes in other bacteria

The organization of nif genes in the bacteria studied to date range from a tightly
linked cluster of operons (as shown for K. pneumoniae) to a dispersed set of genes.
These genes may be located on the chromosome or on plasmids. The reiterated nif
genes of the Azotobacter's are unlinked and situated on the chromosome. In
Azospirillum brasiliense N,-fixation is encoded for by nif and fix genes which are
scattered on at least 65-kbp of genomic DNA (Elmerich et al., 1988;
Singh et al., 1989). Some strains of Enterobacter agglomerans were found to contain
a large plasmid carrying a tightly linked nif gene cluster (Singh et al., 1988). This
differed in organization from the K. pneumoniae nif cluster (Fig. 1.3) in that the nif/
and nifF genes were positioned and potentially co-transcribed at the opposite end of
the cluster to the nifHDK genes (Klingmiiller, pers. comm.). The Anabaena nifH and
nifD genes are adjacent but are separated from nifK by 1l-kbp of DNA in
non-nitrogen fixing vegetative cells. Under conditions of nitrogen deprivation and
heterocyst differentiation this organism displays a novel form of positive regulation
by excision of this 11-kbp fragment by site-specific recombination to produce a
contiguous active nifHDK operon (Golden etal., 1985, 1987; reviewed in
Haselkorn, 1986). A second deletion of 55-kbp reconstitutes the nifB-fdxN-nifSU
operon in a similar manner (reviewed in Haselkorn, Eighth International Conference
on Nitrogen Fixation, 1990). B. japonicum displays a complex organization of nif and
fix genes in two major chromosomal clusters (Hennecke et al., 1988). A complex
organization of nif, fix, and nod genes are borne on large plasmids in members of the

genus Rhizobia, such as R. meliloti (Kondorosi et al., 1988; reviewed in Long, 1989).

This variation in organization of nif genes raises the question as to what came first:
the clustered or dispersed organization? The answer to this is not clear. Two theories
have been put forward to explain the evolution of nitrogen-fixation systems: (i) The
seemingly haphazard distribution of nitrogen-fixing ability, even amongst strains of
the same genus, indicates a common origin followed by divergent loss. This is
supported by the congruence between the rate of divergence of eight nitrogenase
Fe-protein sequences and the rate of divergence calculated for the 16s-RNA
sequences of the same eight species (Hennecke et al., 1985). (ii) The identification of

plasmid-borne N,-fixation systems and the ease with which nif transfer can occur in



19

the laboratory (Dixon and Postgate, 1972; Dixonetal., 1976; Postgate and
Kent, 1987) implies that lateral nif gene transfer could occur (Postgate, 1982; Postgate
and Eady, 1988). Biochemical and genetic studies on the nitrogen fixing systems of
the archaebacteria and their relationship to the eubacterial nitrogen fixing systems

may provide some answers to these fundamental questions (Postgate, 1989).

1.3.2.3 Regulation of nif gene expression in K. pneumoniae

K. pneumoniae nif gene transcription is regulated by a two-tier cascade system. The
first level of control involves the Ntr regulatory circuit which through 654, NR;, and
NR[; regulates the expression of the nifLA operon in response to the cell's nitrogen
status (Merrick, 1983; Drummond et al., 1983). This regulation is similar to that
described in section 1.2.2.1. The second level of control is mediated by the regulatory
proteins NifL. and NifA (products of the nifLA génes) and. 654 which regulate the
other nif operons in response to both O, and N-status (Buchanan-Wollaston
et al., 1981b; Ow and Ausubel, 1983; reviewed in Gussin et al., 1986)(Fig. 1.4).

A common feature of all nif operons in K. pneumoniae is the consensus promoter with
conserved -GG- and -GC- doublets at approximately positions -24 and -12 with
respect to the transcription start site, respectively. This was initially observed in
K. pneumoniae (Beynon et al., 1983) however it also appears to be a feature of nif
genes in Rhizobium, Azorhizobium, and Bradyrhizobium (reviewed in
Gussin et al., 1986),  Azotobacter  (Brigle et al., 1985;  Robson et al., 1986b),
T. ferrooxidans (Pretorius et al., 1987), E. agglomerans (Kreutzer et al., 1989), and
Desulfovibrio (Merrick, 1988). This consensus promoter has been found to be the site
recognized by the form of RNA polymerase complexed to 654 (Ec54) and therefore
has been termed a 654-dependent promoter (an alternative name is a NtrA-dependent
promoter, because 654 is encoded by the ntrA gene). ©54-dependent promoters are
not confined to nif and Ntr-regulated genes (section 1.2.2) but appear to be a feature
of genes whose products have diverse physiological roles (section 1.4; reviewed in
Kustu et al., 1989).

The ©654-dependent promoter is a feature common to both levels of regulation of

K. pneumoniae nif gene expression, so the question that one may ask is: how is this
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regulation exercised in sequential order without a short circuit by direct activation of
all the nif operons by NR; when this becomes activated in response to nitrogen
limitation? The fine-tuning of expression from 654-dependent promoters relies on
three factors: (i) the DNA sequence adjacent to the invariant GG,GC pairs, (ii) the
recognition sequence upstream of the ©54-dependent promoter for the activator

protein, and (iii) the activator and repressor proteins.

It has been shown that 654, NR;, and NRy; purified from K. pneumoniae are required
together with core RNA polymerase to direct transcription from the nifLA promoter
(pnifLA)(Austin et al., 1987; Wong et al., 1987). Phosphorylation of NR; by NRyj, as
described for the E. coli Ntr system, is required for activation at the K. pneumoniae
pnifLA (Ninfa and Magasanik, 1986; Minchin et al., 1988). However, a 5-10 fold
greater concentration of NR; was required for activation of pnifLA than for ginAp2.
This reflects the absence of high affinity NR; binding sites in pnifLA (two low affinity
sites at -142 and -163 have been identified) as compared to the glnA promoter.
Co-operative binding of NR; at these two sites in pnifLA appears to be required to
achieve maximal activation (Contreras and Drummond, 1988; Minchin et al., 1988).
A further difference between pnifLA and glnAp2 is that transcription from pnifLA
invitro is dependent on negative supercoiling at physiological salt conditions
(Dixon et al., 1988) and is reduced in vivo by mutations in DNA gyrase and gyrase
inhibitors (Dimri and Das, 1988). Minchin ef al. (1989) have shown that NR;
mediated activation of pnifLA is face-of-the-helix dependent both in vivo and in vitro
and that E654 does not make strong contacts with the -24,-12 region of pnifLA. Both
of these features are in contrast with expression from glnAp2 (Magasanik, 1988).

Consequently, NR[-PO, is required for stabilization of the interaction of Ec54 with

pnifLA.

These data are consistent with the model that transcription of pnifLA is only initiated
once the intracellular level of NR;-POy is high, which would occur once the cells were
subjected to severe nitrogen starvation. This control would be carried out because
Ec54 is unable to form a stable closed promoter complex at pnifLA in the absence of
NR-PO,, in contrast to glnAp2 (point (i) above). NR;-PO, mediated transcription at

pnifLA produces the NifL and NifA proteins and these proteins regulate expression of
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not only all the other nif genes, but are also capable of autogenously regulating

expression from pnifLA.

This second tier of regulation is distinguished from the regulation at pnifLA by
differences in the activator and repressor proteins, and the activator protein
recognition site (points (ii) and (iii) above). Consequently, the absence of NR;
binding sites upstream of the other nif genes prevents short circuiting and activation
by NR;-POy,.

The other nif promoters contain a conserved upstream activator sequence (UAS) with
a consensus TGT-N;(-AGA which is located more than 100 bp from the transcription
initiation site (Buck et al., 1986, 1987b).  Methylation protection studies have
demonstrated that this is the site of NifA binding in vivo (Morett and Buck, 1988). A
helix-turn-helix (HTH) motif situated in the carboxy-terminus of the protein has been
shown to be responsible for DNA binding at the UAS of the nifH promoter
(Morett et al., 1988). NifA therefore acts as the activator of the nif operons and the
current model involves looping of the DNA between the UAS and the nif promoter to
enable interaction between NifA bound at the UAS and Ec54 at the nif promoter
(Buck et al., 1987a; Buck and Cannon, 1989; Hoover et al., 1990). Integration host
factor (IHF), which has been shown to bend DNA (Robertson and Nash, 1988), has
been implicated in this process. Purified E. coli IHF has been shown to bind to a
region between the UAS and ¢54-dependent promoter of nifH genes from several
bacteria, including K. pneumoniae, R. meliloti, and A. vinelandii (Santero et al., 1989;
Santero et al., Eighth International Conference on Nitrogen Fixation, 1990;
Hoover et al., 1990). Putative IHF binding sites have been identified in the regulatory
regions of nif genes from several bacteria, which included the K. pneumoniae nifU
and nifE genes, the E. agglomerans nifU gene, and eight out of 12 A. vinelandii nif
genes (Cannon et al., 1990, Hoover et al., 1990). Maximal expression from the
K. pneumoniae nifH and nifU promoters in E. coli required IHF (Cannon et al., 1990).
Moreover, IHF was required for the establishment of a Nif+ phenotype in E. coli from
the plasmid pRD1, which carries the entire K. pneumoniae nif gene cluster
(Cannon et al., 1990).
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The sequences adjacent to these nif promoters are not conducive to strong interactions
with Ec54 in the absence of an activator (as described for pnifLA). In this context, it
has been shown for the nifH promoter that activation by NifA requires the correct
orientation of the UAS and nif promoter with respect to the face of the helix
(Buck et al., 1987a). Furthermore, it was possible to construct a nifH promoter
mutated at positions -17 to -15 at which activation by NifA was no longer
face-of-the-helix dependent (Buck and Cannon, 1989). These results were
substantiated by in vivo footprinting experiments, which demonstrated 654-dependent
methylation protection at this mutant K. pneumoniae nifH promoter, but not at the
wildtype nifH promoter (Morett and Buck, 1989). Moreover, KMnOy4 footprinting
revealed that this 054-dependent protection was due to the formation of a closed
promoter complex by Ec54 at the mutant promoter (Morett and Buck, 1989). This is
consistent with the model that the constraint on expression of the K. pneumoniae nifH
gene, at least, is due to a weak NifA-independent interaction of Ec54 with the
wildtype nifH promoter (Morett and Buck, 1989). Fidelity of activation is ensured by
the requirement for the activator, NifA, to bind to the UAS.

Repression of nif gene expression is controlled through the action of NifL. which
antagonizes the action of NifA in the presence of fixed nitrogen or oxygen
(Hill et al., 1981; Merrick et al., 1982; Filser et al., 1983). Although there is amino
acid sequence homology between NifL,NifA and NR;,NR; (Drummond et al., 1986)
the mode of action of NiflL appears to differ considerably from that of NRy. NifL,
unlike NRp;, is not a bifunctional protein (ie. it is not involved in the activation
function of NifA). The mechanism whereby NifL. prevents activation of transcription
by NifA is not yet known, however Henderson et al. (1989) have shown that this
requires either iron or manganese ions. A possible redox sensitive site has been
identified in the predicted amino acid sequence of NifL (Drummond and
Wootten, 1987). Involvement of the redox environment in the activity of NifL is
unlikely, however, since its repressive activity is required under aerobic conditions or
microaerophilic conditions in the presence of fixed nitrogen. Immunochemical
evidence suggests that Nif[. and NifA form a protein complex, which indicates that

protein-protein interactions play a role in this repression.
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A secondary level of regulation which may be carried out by NifL. is the
destabilization of nif mRNA, as studies with nifL- mutants have shown increased
stability of nif mRNA in these strains (Collins and Brill, 1985; Collins et al., 1986).
A recent report that a nifX insertion mutant responded more slowly to the repressive
effects of O, and NH,*, and that overexpression of the nifX region blocked nif protein
synthesis, protein accumulation, and nifHDKTY mRNA accumulation has implicated
the product of the nifX locus in negative regulation (Gosink et al., 1990). The NifA
protein has been found to be thermolabile, therefore limiting N,-fixation in
K. pneumoniae to temperatures below 37°C (Buchanan-Wollaston et al., 1981a;
Brooks et al., 1984).

1.3.2.4 Summary of regulation of nif genes in K. pneumoniae
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Fig.14. Regulation of K. pneumoniae nif gene expression. NTRA = c54;
NTRB = NRy;; NTRC = NR; (after Dixon, 1988).

Fig. 1.4 outlines the current model of nif gene expression. On transfer of
K. pneumoniae cells from nitrogen poor to nitrogen excess conditions, the pool of NR;
proteins will be converted to the dephosphorylated form due to the action of NRy;. No
activation of transcription from pnifLA will occur. Any residual NifA proteins will be
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inactivated by NifL, resulting in no transcription from the second level of nif operons.
Under nitrogen limiting aerobic conditions NR;-PO,4 will activate pnifLA to produce
NifL and NifA, however NifLL will inactivate NifA in response to the oxygen levels -
thus blocking expression of the other nif operons. Under anaerobic, nitrogen-limiting
conditions, pnifLA is activated by NR;-PO,4, NifLL will be in its non-repressive form,
and NifA will activate transcription of the nif operons, including autogenous
activation of its own promoter (pnifLA). This will result in synthesis of the

nitrogenase proteins and the capacity for N,-fixation.

1.3.2.5 Comparison of nif gene regulation in K. pneumoniae with nif regulatory
systems in other bacteria

The regulation of nif gene expression in Azotobacter contains elements common to
the Ntr/Nif regulatory system in K. pneumoniae, however it is complicated by
differential expression of genes for the "alternative" nitrogenases. The ntrA, ntrB,
ntrC, and nifA gene equivalents in A. vinelandii have been cloned (Toukdarian and
Kennedy, 1986; Bennet et al., 1988; Merrick et al., 1987). A further regulatory locus,
nfrX, has been identified in both A.vinelandii and A. chroococcum
(Santero et al., 1988). Additionally, two nifA-like genes, denoted anfA and vnfA, have
been cloned and sequenced (Joerger et al., 1989). It is thought that the products of
ntrD (another nifA-like gene), nifA, and nfrX are required for the expression of the
Mo-dependent N,-fixation system (Bennettetal., 1988; Santero et al., 1988;
Walmsley et al., Eighth International Conference on Nitrogen Fixation, 1990). The
vnfA product is required for expression of the V-dependent system in A. vinelandii
(Joerger et al., 1989). Under Mo- and V-deficient conditions, the presence of the
anfA and nfrX genes is essential for N,-fixation, while the nifA product is required for
maximal diazotrophic growth (Joerger et al., 1989). The product of ntrD has also
been implicated in expression of this third nitrogenase system
(Walmsley et al., Eighth International Conference on Nitrogen Fixation, 1990). The
role of the ntrC product, if any, appears to be indirect (Bali et al., 1988). A nifL gene
has recently been identified upstream of the A.vinelandii nifA gene and the
Mo-nitrogenase activity of an A. vinelandii strain with a mutation in this locus is not
subject to repression by high concentrations of fixed nitrogen (Bali and Kennedy,

Eighth International Conference on Nitrogen Fixation, 1990).
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There are two major groups of N,-fixing rhizobia which are able to form symbiotic
relationships with plants. These are the fast growing species, such as R. meliloti and
Rhizobium leguminosarum, which can only fix N, symbiotically; and the slow
growing species, such as B. japonicum, which are capable of active N,-fixation
ex planta. These N,-fixation systems are encoded by nif genes, which bear structural
and functional homology to the K. pneumoniae nif genes, and fix genes, which have

been identified as essential loci for symbiotic diazotrophy.

The R. meliloti ntrC gene product is believed to be involved in control of nitrogen
metabolism in the free-living state (Szeto et al., 1987), however it does not play a role
in activation of symbiotic N,-fixation. This difference in regulation between the
K. pneumoniae and R. meliloti is consistent with the differences in N-status of the
environments in which each organism fixes N,: K. pneumoniae requires N-limiting
conditions; R. meliloti must be able to fix N, in the nitrogen rich nodule environment
(David et al., 1988). The R. meliloti NifA, which shows homology to the
K. pneumoniae NifA (Buikema et al., 1985), plays a central role in activation of the
N,-fixation system (Batut et al.,, 1989). The "symbiotic signal" for activation of
N,-fixation in R. meliloti bacteroids is not known, however the current model
implicates oxygen levels as the possible environmental factor (Ditta et al., 1987)
which is sensed by the transmembrane fixL product. This protein and the fixJ product
form a two component regulatory system (see section 1.5) which modulate the activity
of the nifA product which is the positive activator of the structural nif and fix genes
(Hertig et al., 1989; Batut et al., 1989; Gilles-Gonzalez et al., Eighth International
Conference on Nitrogen Fixation, 1990). A further complexity is the involvement of
the fixK product and the NifA-independent expression of the fixN gene
(Batut et al., 1989).

B. japonicum is able to fix N, during symbiosis or in the free-living state under
microaerobic conditions. Separate regulatory elements may exist for N,-fixation in
these two environments. A two-tiered control system has been proposed with
expression of a fixR-nifA operon at the first level (Thony et al., 1989). Homologues
of the R. meliloti fixLJ genes have been cloned and it has been shown that the

products of these genes are not required for expression of the fixR-nifA operon under
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aerobic conditions. Their role in the induction of this operon under anaerobic
conditions is under investigation (Anthamatten and Hennecke, Eighth International
Conference on Nitrogen Fixation, 1990). The activation of the nif and fix genes is
mediated at a second level by NifA, which requires a divalent metal ion for activation
and is irreversibly oxygen sensitive (Hennecke efal., 1988; Fischer and
Hennecke, 1987). This highlights the difference between the K. pneumoniae NifA,
which is not intrinsically oxygen sensitive, and the B. japonicum and R. meliloti NifA
proteins, which are inactivated in the presence of oxygen. This oxygen sensitivity
resides in a unique central domain of these proteins, and there is no homology
between the rhizobial and K. pneumoniae NifA N-terminal regions
(Fischer et al., 1988). Furthermore, no Nif. homologue has been found in these
(brady)rhizobia species. NifL is thought to interact with the N-terminal region of
NifA (Nixon et al., 1986).

A striking feature of nif genes in those bacteria that have been studied to date (with
the exception of Anabaena, Clostridium, and the Archebacteria) is the conservation of
the 654-dependent promoter. The survival of this feature throughout the evolution of
many nitrogen fixation systems, irrespective of vertical or horizontal transfer,
highlights the resilience and importance of the specialized sigma factor 654, which is

encoded by the ntrA gene.

1.4 654(NtrA)-dependent genes in bacteria

Eubacteria employ a number of sigma factors, which when associated with core RNA
polymerase alter the specificity of promoter recognition (reviewed in Helmann and
Chamberlin, 1988). The most abundant sigma factor in the Gram-negative bacterium
E. coli is termed 670 and this is responsible for constitutive and regulated expression
of many genes whose products are responsible for a wide variety of cellular functions
(Yura and Ishihama, 1979). The major vegetative sigma factor, 643, in the
Gram-positive bacterium B. subtilis directs recognition of a similar canonical
promoter to 670 which appears to be the principal class of promoter in this
Gram-positive bacterium (Doi and Wang, 1986). In addition, alternative sigma
factors have been identified in each of these groups which allow transcription of genes

whose products contribute to a common physiological response. The heat shock
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response in enteric bacteria is elicited through 632 (Grossman et al., 1984). Several
alternative sigma factors are required during the sporulation process in B. subtilis
(Losick et al., 1986). Bacteriophages that infect these groups also encode sigma

factors.

As has been described in sections 1.2.2 and 1.3.2.3, 654 is the major sigma factor
required for the expression of genes whose products are involved in nitrogen
metabolism and nitrogen fixation. Recent advances in understanding have shown that
o054 differs from the other alternative sigma factors in that it is required for expression
of genes whose products are involved in a wide variety of cellular functions. The role
of 654 in these systems has been reviewed comprehensively by Kustu et al. (1989).
These and additional 654-dependent genes, which have subsequently come to light,

will be discussed in this section.

054 was first identified in association with nitrogen metabolism in enteric bacteria
and therefore this designation was adopted to reflect the M, of the product in enteric
bacteria. Subsequently, homologues in other organisms with different M, have been
identified. The gene designation (glnF, ntrA, rpoN) also reflects this history, however
its broader role justifies revision to rpoE or a sig designation. For convenience, the

designations 654 (or NtrA) and ntrA have been adopted in this study.

There are several lines of evidence which may be used to identify a gene which

requires 054 for expression:

(i)  presence of a o54-dependent promoter - conserved GC doublet (11-14 bp
upstream of the transcription start site) with a GG doublet exactly 10 bp
upstream.

(i)  lack of transcription in a ntrA mutant strain.

(iii)  lack of transcription when the gene is transferred to an E. coli ntrA mutant.

(iv) mutational analysis of the 654-dependent promoter

(v)  invitro transcription with Eg54 (654-RNA polymerase holoenzyme).

(vi) dependence on a transcriptional activator which works in conjunction with
Eoc54.

(vii) presence of upstream activator binding sites.
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The most immediate method available is therefore sequence scanning of the upstream
regulatory region of a gene for features (i) and (vii), however it is important to be
aware that this evidence is speculative in the absence of biological evidence provided

by the other techniques.

The assimilatory nitrite and nitrate reductase systems, which enable cells to grown on
these compounds as a sole nitrogen source have been found to be inactive in ntrA
mutant strains of A. vinelandii, R. meliloti, and Alcaligenes eutrophicus (Santero
et al., 1986; Ronson et al., 1987b; Romermann et al., 1988). The activator protein
required for expression of these systems in K. pneumoniae, A. vinelandii, R. meliloti,
A. tumefaciens, and A. brasiliense appears to be a NR; homologue (Cali et al., 1989;
Toukdarian and Kennedy, 1986; Szeto et al., 1987; Rossbach et al., 1987; Pederosa
and Yates, 1984).

The dctA gene, which is a component of the C,-dicarboxylic acid transport system in
the rhizobia, has a ¢54-dependent promoter and is not expressed in nfrA mutant
strains. The DctD protein is the activator, at least in the free-living state (Ronson
et al., 1987a). UAS's upstream of the dctA genes have been identified as the sites
required for full activation by the DctD proteins in both R. meliloti and
R. leguminosarum (Ledebur et al., Eighth International Conference on Nitrogen
Fixation, 1990). Pleiotrophic hno- mutants of A. eutrophicus, which are thought to

have a lesion in an ntrA gene, are defective in C4-dicarboxylic acid transport.

The melA gene, which encodes the tyrosinase required for synthesis of the pigment
‘melanin in R. leguminosarum, requires the activator NifA and is not expressed in
E. coli ntrA mutants (Hawkins and Johnston, 1988). NifA-activated expression, a
consensus NifA UAS, and a 054-dependent promoter has been identified for genes
located on a R. meliloti cryptic plasmid which may affect nodulation efficiency
(Sanjuan and Olivares, 1989).

The E. coli anaerobic formate hydrogenlyase pathway is dependent upon 654 for
expression (fdhF and hyd-17 genes). This pathway is not active in an E. coli ntrA
mutant, and the fdhF gene has a 654-dependent promoter and an UAS (Birkmann
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et al., 1987a; Birkmann and Bock, 1989). The hyd-17 locus consists of divergently
transcribed  operons  with  o54-dependent  promoters  (Lutz et al,, 1990;
Bohm et al., 1990). Transcriptional activation of the hydrogenase component, at
least, of this pathway is thought to require the product of the hydG gene (Stoker
et al., 1989). Other workers have identified a gene encoding a putative transcriptional
activator of this pathway denoted fhlA (Sankar et al., 1988: identified as ORFE within
the hyd-17 locus; Bohm et al., 1990), but at this stage it is not clear as to whether fhlA
is identical to hydG (Schlensog and Bock, in preparation).

The hox genes are clustered on a 450-kbp megaplasmid in A. eutrophicus and these
provide the cells with the ability to oxidize H, as a source of energy (Friedrich and
Friedrich, 1983). This property is lost in a ntrA mutant; a 654-dependent promoter
has been identified for the hoxC gene; and the prdduct of hoxA is the activator of this
pathway, which is induced in response to energy limitation (Romermann et al., 1988).
Expression of hox genes encoding a membrane bound hydrogenase in

Pseudomonas facilis is 654-dependent (Romermann et al., 1989).

The expression of cell surface components in several bacteria has been shown to be
o54-dependent. The sequences of the regulatory regions of pilin genes in
Pseudomonas aeruginosa,  Neisseria gonorrhoeae, Bacteroides nodosus, and
Moraxella bovis has revealed the canonical ©54-dependent promoter (Johnson
et al., 1986; Meyer et al., 1984). A P. aeruginosa ntrA mutant failed to synthesize
pilin (Ishimoto and Lory, 1989). Furthermore, a putative UAS has been identified
upstream of the P.aeruginosa pilA gene (Pasloske eral., 1989). These results
implicate ¢54 in the increased virulence associated with pilin production in

P. aeruginosa and N. gonorrhoeae.

The 654-dependence of motility functions and flagellin synthesis has been studied
intensively in Caulobacter crescentus. The flbG (hook operon) and flaN operons have
654-dependent promoters and conserved UAS's, termed ftr (Mullin et al., 1987).
E. coli Ec54 is able to recognize these promoters in vitro (Ninfa et al., 1989).
Furthermore, it has been demonstrated, using site-directed mutagenesis, that the fir

elements are required for transcription (Mullin and Newton, 1989); and the FIbD
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protein has been identified as the transcriptional activator (Ramakrishnan and
Newton, 1990). NtrA mutants of P.aeruginosa and Pseudomonas putida are
non-motile and this has been shown by electron microscopy to be due to the inability
to synthesize flagella (Totten ef al., 1990; Inouye et al., 1990). These results are
interesting as another type of sigma factor (sigma F in enteric bacteria, 028 in
B. subtilis) is required for transcription of flagellar and chemotaxis functions in these
bacteria (Helmann et al., 1988; Amosti and Chamberlin, 1989). The role of this
sigma factor in motility functions of C. crescentus or Pseudomonas species is
unknown.

654 is involved in regulation of various metabolic functions in P. putida (Kohler
etal., 1989b). The enzyme carboxypeptidase G2, which hydrolyzes the C-terminal
moiety from folic acid, is encoded by a gene which has the sequence of a
c654-dependent promoter (Minton and Clarke, 1985). The expression of some of the
enzymes that catabolize toluene and related aromatic compounds, coded for by genes
on the TOL plasmid, is 654-dependent. The consensus promoter has been identified
in the xyICAB and xylS genes (Inouye et al., 1984) and the XylIR protein has been
shown to be the activator (Inouye et al., 1987). The xylCAB operon was the first
non-nitrogen metabolism set of genes which was shown to be ©54-dependent:
expression of this operon was activated in the presence of the E. coli ntr genes
(Dixon, 1986).

The microorganism Myxococcus xanthus carries out a complex lifecycle involving
aggregation and fruiting body formation. The mbhA gene, which codes for
hemagglutinin, has a consensus 654-dependent promoter. Mutational analysis has

shown this to be required for transcription (Romeo and Zusman, 1987).

It appears that each species of micro-organism has a unique mosaic of 654-dependent
genes which code for a wide variety of metabolic processes. These range from
biosynthetic pathways to degradative enzymes to structural components. Each
function confers upon its host organism the ability to capitalize upon a specific
nutritional or environmental niche, and therefore they could be termed "luxury” genes.

Undoubtedly, many more 654-dependent genes will be identified in future. It remains
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an intriguing question as to how the components required for this transcription
(ntrA encoding 654, the 654 consensus promoter, and an activator and UAS specific
for each function) have been acquired, and are still being acquired, during the course
of evolution. The identification of more UAS sequences and the sequences of the
activator proteins which recognize them may reveal some basic rules which govern

this process.

1.5 Global regulation of gene expression in bacteria

Bacteria are often regarded as evolutionary "primitive" organisms in relation to
eukaryotes on account of their relative simplicity of molecular organization. This,
however, is a misconception as it is now evident that most species of bacteria are
highly efficient organisms which have streamlined their metabolic machinery to
respond rapidly to environmental conditions. Strategies employed by bacteria as an
adaptive response to changing environmental conditions range from rapid changes in
motility to long-term global reorganizations of gene expression and cell morphology.
Global regulation of gene expression lies at the heart of these processes. The key to
selective advantage, and therefore survival, for bacteria is possessing sensitive sensory
mechanisms which are able to respond to a changing habitat and communicate this

information to the transcription machinery.

A common mechanism whereby this "stimulus-response coupling” or "signal
transduction” is carried out has in recent years been shown to be widespread in many
bacterial species. This mechanism involves two types of enzymatic components:
histidine protein kinases (HPK), and their associated response regulators (RR)
(reviewed in Kofoid and Parkinson, 1988; Bourret etal., 1989; Stock
et al., 1989b, 1990). In most cases, the HPK (alternatively termed the "sensor" or
"modulator”) acts as the sensor of the environmental status and transmits a signal to
the RR which in turn regulates the activity of a set of target proteins or the expression
of a specific set of genes to elicit an appropriate response. As these two components
are central to the signal transduction, the term "two-component” has often been
employed to describe these systems, although this may not always be the case as there

are often other proteins involved in the signal transduction. Processes regulated in
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this way include sporulation, transformation, competence, pathogenicity, virulence,
gliding and flagellar motility, membrane transport, and nitrogen metabolism.
Furthermore, this mechanism of signal transduction has been identified in both

Gram-negative and Gram-positive bacterial species (Stock et al., 1989b).

Stimulus-response coupling by this mechanism has been studied most extensively
with respect to regulation of nitrogen metabolism, chemotaxis, osmoregulation, and
phosphate balance in the enteric bacteria. Each system is controlled by a specific
HPK and RR pair, and sequence analysis has revealed that these belong to two
families of homologous proteins (Nixon et al., 1986; Ronson et al., 1987¢c; Stock
et al., 1989b; Albright et al.,, 1989a). The pairs of proteins (HPK/RR) that are
involved in signal transduction in nitrogen regulation, chemotaxis, osmoregulation,
and phosphate regulation are NRy/NR;, CheA/CheB and CheY, EnvZ/OmpR, and
PhoR/PhoB, respectively (for reviews see Magasanik, 1988; Stewart and
Dahlquist, 1987; Csonka, 1989; and Wanner, 1987). Phosphorylation of the RR
mediated by the HPK is an essential feature of the signal transduction mechanism and
a common phosphotransfer enzymology is thought to be involved (Ninfa and
Magasanik, 1986; Wylie et al., 1988; Stock et al., 1988b; Bourret et al., 1989; Igo
et al., 1989). Further examples of this system have been identified on aa sequence
analysis of regulatory proteins and the recognition of conserved domains which
correspond to “"transmitter” (HPK) and "receiver” (RR) modules (Kofoid and
Parkinson, 1988).

The HPK family is defined by a region of conserved sequence situated near the
C-terminus. This represents the transmitter module and contains the histidine residue,
which is the site of autophosphorylation of the HPK prior to phosphotransfer to the
RR (Keener and Kustu, 1988). Most HPK proteins are postulated to have an
extracytoplasmic N-terminal domain which interacts with the "environment"
(ie. stimulatory .ligands in the periplasm) and a transmembrane domain which
transmits the environmental signal to the cytoplasmic C-terminal domain which
carries out the kinase function (Forst and Inouye, 1988). Exceptions to this are CheA
and NRy; which receive signals within the cytoplasm. The nitrogen status signal for

NRj; is related to the ratio of a-ketoglutarate to glutamine within the cell and is
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mediated by the Py; protein (section 1.2.2.1). HPK's have also been shown to exhibit
phosphatase activity as this is essential for "switching off" of the RR in appropriate
circumstances. The phosphatase activity of NR;; requires the Pj protein
(section 1.2.2.1).

The family of at least 25 types of RR's is characterized by a conserved N-terminal
domain of about 100 aa (Stock et al., 1989b). Phosphorylation of an aspartate residue
within this region by the corresponding HPK is thought to stimulate the activation
function of each RR (Stock et al., 1988b). The functional and structural significance
of conserved residues within this domain, concluded from the tertiary structure of the
S. typhimurium CheY protein - a representative RR - (Stock et al., 1989a, 1990), will
be discussed in Chapter 5. The conservation in sequence at the N-terminal region of-
RR's is consistent with the notion that this is the site of interaction with the relevant
HPK, however once the RR's have been activated by phosphorylation they direct the
target response in a variety of ways. This diversity is reflected in the different
sub-families of RR's which may be identified by homologies within their C-terminal

regions.

CheY and SpoOF (involved in sporulation in B. subtilis) contain only the conserved
N-terminal region. NR;, DctD, HydG, and PgtA (phosphoglycerate transport)
constitute a second sub-family and have a homologous C-terminal region which is
also found in other proteins which lack the HPK-interacting N-terminal domain,
namely FIbD, TyrR, and NifA. The common link between the activity of these
proteins which share this conserved C-terminal region is that NR;, DctD, and NifA
have been shown to activate transcription from o54-dependent promoters
(sections 1.2.2, 1.4, and 1.3.2.3). At the extreme C-termini of NR;, DctD, and NifA a
DNA-binding region has been identified which enables these proteins to bind to
UAS's (sections 1.2.2 and 1.3.2.3; Ledebur et al., Eighth International Conference on
Nitrogen Fixation, 1990). Phosphorylation of NR; (RR) within its N-terminal domain
by NRy (HPK) stimulates its ability to bind DNA and activate transcription
(section 1.2.2.1). This example illustrates the link between the HPK activity and the
response modulated by the RR, which in this case is the activation of nitrogen

metabolism genes. A third sub-family based on C-terminal homology includes PhoB
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and OmpR which regulate the expression of genes with promoters recognized by the
major form of RNA polymerase (Ec70 in E. coli). A fourth sub-family includes FixJ
(section 1.3.2.4) and NarL (nitrate reductase; Nohno et al., 1989) which share a
homologous C-terminal domain. Finally, there are some RR's which have C-termini
which show little similarity to other RR's, such as AlgR (alginate production - Deretic
et al., 1989) and CheB (methylesterase component in chemotaxis).

The similarity in structure and function between the different HPK transmitter
C-terminal domains and between the different RR receiver N-terminal domains begs
the question as to whether cross-talk is possible. The availability of purified
components has enabled the demonstration that CheA can phosphorylate NR; or
OmpR to activate transcription from the ginA or ompF promoters; and EnvZ can
phosphorylate NR; and CheY (Ninfa et al., 1988; Igo et al., 1989). Cross-talk has
also been demonstrated in vivo: a hyperactive variant of the nitrogen kinase,
NRy2302, was able to act in the place of CheA to produce tumbling/swimming
behavior (Ninfa et al., 1988). Moreover, the complex phenotypeé exhibited by strains
with  HPK gene mutations may be explainable by such crosstalk
(Backman et al., 1983; Wanner et al., 1988). This versatility indicates that although a
specific HPK-RR pair may be the primary regulators of a particular response, other
HPK's and RR's could exert peripheral effects. This idea introduces the concept of a
global regulatory mosaic within a cell and that a cell's net response is a combination
of the regulatory inputs which in part are dictated by HPK-RR interactions. It is
likely that peripheral regulatory effects by other HPK-RR would be most significant
when a regulatory system is poised at a threshold (eg. when a cell is depleting a rich

nitrogen source, such as ammonia) (Stock et al., 1989b).
1.6 Nitrogen metabolism in T. ferrooxidans

1.6.1 Sources of nitrogen available to T. ferrooxidans

Nitrogen sources that may be present in environments inhabited by T. ferrooxidans
are likely to be inorganic nitrogen compounds such as ammonia, nitrates, nitrites, and

atmospheric dinitrogen. Nitrogen is a microconstituent in igneous rocks and
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sedimentary deposits, and its availability would be related to the geochemical

composition and degree of weathering (Tuovinen et al., 1979).

Ammonia is a preferred nitrogen source for many bacteria (discussed in section 1.2)
and the concentration of this compound in an industrial bioleaching environment is
low. A value of 30 mg/l has been quoted for a uranium leach liquor (Rawlings, 1981).
An understanding of the chemistry of ammonia at different pH's is important when
considering the availability of ammonia in this habitat. At a low pH, ammonia will
exist predominantly in the protonated form, NH,*, while in more alkaline conditions
the equilibrium will be shifted towards a predominance of the neutral form, NHj
(Kleiner, 1981). A bioleaching environment dominated by T. ferrooxidans is
invariably acidic. Consequently, any available ammonia will be in the NH,* form. It
is thought that NHj is able to diffuse rapidly across biomembranes; in contrast, most
biomembranes are impermeable to NH,* (Henderson, 1971). It is likely, therefore,
that T. ferrooxidans would have a transport system to take up the ammonia, which
would only be available in the NH,* form. NH,*-transport systems have been
demonstrated in several bacterial species (Kleiner, 1981). However, the intracellular
pH of the T. ferrooxidans cells is neutral, which would result in conversion of the
majority of the intracellular pool of ammonia to the NH; form. This would create a
NH; gradient across the cell membrane driving the diffusion of NHj out of the cells.
To prevent a futile cycle, the T. ferrooxidans cell membrane would have to possess a
reduced permeability to NH;. In this context, those microorganisms that are
neutrophilic, such as K. pneumoniae, would be expected to lose NH; rapidly if grown
at low pH. It has been shown that K. pneumoniae cells grown in a glucose limited
chemostat at low culture pH values (pH = 4,5 - 5) but provided with excess nitrogen
(80 mM NH,4*Cl) exhibited elevated levels of GOGAT. This phenotype is
characteristic of nitrogen-limited cells (see section 1.2.1), indicating that the internal
nitrogen sensory system was responding to nitrogen starvation which may have been

the result of rapid diffusion of NH; out of the cells (Buurman et al., 1989).

Studies on nitrogen requirements for growth and iron-oxidation by T. ferrooxidans are
complicated by the effect of ammonia absorbed by the acidic medium and by the

contribution of nitrogen fixation. However, Tuovinen et al. (1979) showed that the
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rate of iron-oxidation by T. ferrooxidans was limited by the availability of ammonia
[(NH4*),SO4] at concentrations below 3,6 mg/l, and was stimulated by concentrations
between 3,6 and 18 mg/l. Furthermore, iron oxidation could be carried out when
nitrate was provided as the sole nitrogen source at concentrations of 0,1 mM, and the
rate of iron-oxidation was increased when the cells were subjected to a preculture
"adaptation" phase on 0,5 mM nitrate. These results indicate the presence of an
induction mechanism. Complex nitrogen sources, such as amino acids and casein,
appeared to inhibit the growth of T.ferrooxidans (Tuovinen et al., 1979). This
autotrophic bacterium has also been shown to be unable to grow in the presence of
many other organic molecules (Matin, 1978). It therefore appears that T ferrooxidans
requires low concentrations of inorganic nitrogen sources for optimal iron-oxidizing

activity under aerobic conditions.

The role of nitrogen fixation by T. ferrooxidans is not clear, as it has been shown that
the nitrogen fixing ability of T.ferrooxidans was oxygen sensitive
(Mackintosh, 1971), and therefore incompatible with aerobic growth and
iron-oxidation. Fixation of atmospheric N, by T. ferrooxidans has been demonstrated
by the measurement of acetylene reduction by T. ferrooxidans cultures and the
incorporation of 1N into cell material by these cells (Mackintosh, 1978). This
activity was inhibited by the addition of 18 mg/l (NH,*),SO, and occurred under
microaerophilic conditions. This inhibition by O, and NH,* is reminiscent of
repression systems in other diazotrophs and suggests the existence of a regulatory
circuit in T. ferrooxidans. The cells were grown on FeSO, medium, and N,-fixation
only occurred after an initial cycle of exponential aerobic growth, presumably to
generate sufficient metabolic energy for the energetically expensive N,-fixation
process (Mackintosh, 1978). Aerobic/anoxic growth conditions are unlikely to prevail
in nature, consequently it is not known under what conditions T. ferrooxidans is able
to fix N,. A possibility is that under anoxic conditions T. ferrooxidans is able to
generate energy by the oxidation of inorganic sulphur compounds and the
concomitant reduction of Fe3+, Mo®+, or Cu2+ (Sugio et al., 1990), and these reactions

may produce enough energy for N,-fixation (Rawlings, pers. comm.).
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1.6.2 Genes and enzymes involved in nitrogen metabolism from T. ferrooxidans

1.6.2.1 T. ferrooxidans glutamine synthetase

The gene encoding glutamine synthetase, ginA, from T. ferrooxidans ATCC 33020
has been cloned in E. coli (Barros et al., 1985) and the nucleotide sequence has been
determined (Rawlings et al., 1987). This gene was expressed in E. coli and the
enzyme was functional in E. coli. The T. ferrooxidans GS was purified and the
subunit showed an apparent M, of 60 000 (Barros et al., 1986). Assuming the enzyme
forms a typical dodecamer as shown for GS's of other Gram-negative bacteria
(Almassy et al., 1986), the T. ferrooxidans GS was predicted to have a particle M, of
720 000. Electron microscopy of purified GS revealed characteristic disc shaped
molecules with central holes, which are thought to represent the undissociated
enzyme. T.ferrooxidans GS activity was shown to be modulated by adenylylation
(Barros et al., 1986).

The nucleotide sequence of the T. ferrooxidans ginA gene revealed some regulatory
features that are common to the E.coli ginA gene: a ginApl-like promoter, a
catabolite-activating protein consensus recognition sequence, and a high affinity
NR;-binding site (as defined for E. coli ginA - Reitzer and Magasanik, 1986) which
overlapped the ginApl-like promoter (Rawlings etal., 1987). However, no
654-dependent promoter sequence could be identified (Rawlings et al., 1987). The-
T. ferrooxidans ginA encoded a predicted protein of 468 aa which showed
approximately 60% aa similarity with the GSI enzymes of other Gram-negative
bacteria such as E. coli, Vibrio alginolyticus, R. leguminosarum, and A. brasiliense
(Rawlings, 1989). Furthermore, aregion thought to be the site of adenylylation in the
E. coli GS is highly conserved in the T. ferrooxidans GS aa sequence, which is
consistent with the biochemical results (Rawlings et al., 1987). It was not known

prior to this study whether the T. ferrooxidans ginA was linked to ntrBC genes.

1.6.2.2 T. ferrooxidans nifHDK genes

Southern hybridization studies with the K. pneumoniae nifHDK genes as a probe
identified homologous nucleotide sequences in total DNA preparations from five
different iron-oxidizing T. ferrooxidans strains, including ATCC 33020 (Pretorius

et al., 1986). These results substantiated previous experiments which demonstrated
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that T. ferrooxidans was able to fix nitrogen (Mackintosh, 1978). The T. ferrooxidans
ATCC 33020 nifHDK genes were cloned (Pretorius et al., 1986) and the nucleotide
sequence was determined (Pretorius eral., 1987, Rawlings, 1988). The genetic
organization was similar to that observed for the K. pneumoniae nifHDK genes with
no canonical termination signals between the nifH and nifD genes or the nifD and nifK
genes, and a regulatory region upstream of the nifH gene which contained two tandem
NifA UAS's, and a consensus 654-dependent promoter. The predicted products of the
T. ferrooxidans nifHDK genes showed greatest aa similarity to equivalent proteins
from members of the bradyrhizobia (approximately 80% similarity between NifH
proteins; 68% similarity between NifD or NifK proteins), although the T. ferrooxidans
NifH showed 75 and 71% aa similarity to the K. pneumoniae and A. vinelandii NifH
proteins, respectively (Rawlings, 1988, 1989).

1.7 Aims of the project

There are many challenges associated with a study of the biology of the bacterium,
T. ferrooxidans, which grows optimally at a pH of between 1,3 and 3,5 and is
inhibited by many organic compounds, including agar. The utilization of recombinant
DNA technology to isolate genes which encode specific phenotypes and the
propagation of these genes in E. coli is therefore a desirable approach for studies on
T. ferrooxidans. T. ferrooxidans is a Gram-negative bacterium and it had been shown
prior to the inception of this project that T. ferrooxidans genes displayed regulatory
signals which were recognized in E. coli. A key component of bacterial metabolism
is the provision of nitrogen within the cell, and the genes for two important nitrogen
metabolism structural enzymes, glutamine synthetase and nitrogenase, had been
isolated. The aim of this project was to build upon these previous studies by isolating
the genetic determinants encoding regulators of nitrogen metabolism in
T. ferrooxidans. Clues obtained from the nucleotide sequence analysis of the
regulatory regions of these genes indicated that T. ferrooxidans may contain a Ntr
regulatory system as shown in the enteric bacteria. In this thesis I report on the
isolation and sequence analysis of the T. ferrooxidans ntrA gene (Berger et al., 1990),
and the cloning of the T. ferrooxidans ntrC gene. In addition, I show what regulatory
elements are required for transcription from the T. ferrooxidans nifH promoter in
E. coli.
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CHAPTER 2
ISOLATION OF THE THIOBACILLUS FERROOXIDANS NTRA GENE
2.0 Summary

Attempts to isolate the T. ferrooxidans ntrA gene by complementation of an E. coli
ntrA mutant for Ntr function or hybridization with an A. vinelandii ntrA gene DNA
probe proved unsuccessful. A novel strategy involving complementation of an E. coli
ntrA mutant for NtrA-dependent expression of the anaerobic gas-producing formate
degradation pathway was developed. The cloned T. ferrooxidans ntrA gene was
detected using a simple agar overlay technique on the basis of complementation of
NtrA-dependent expression of the gas positive phenotype. The T. ferrooxidans ntrA
gene was subcloned on a 2,8-kilobase-pair (kbp) Sall-Bg/II fragment from the original
recombinant cosmid isolate. = Southern hybridization against T. ferrooxidans
chromosomal DNA confirmed the origin of a 3,7-kbp Bg/II fragment containing the

T. ferrooxidans ntrA gene.
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2.1 Introduction

Analysis of the DNA sequence upstream of the T. ferrooxidans nifH gene showed the
presence of a putative NtrA-dependent promoter (Pretorius et al., 1987). This
indicated that it was likely that T. ferrooxidans contained an ntrA gene. It was
therefore decided to isolate the T. ferrooxidans ntrA gene as part of a study on the
nitrogen metabolism of this industrially important diazotrophic chemolithoautotroph.
This study would form part of the current effort to determine whether gene regulation
in general and the regulation of nitrogen fixation genes in particular were similar to
that of other Gram-negative diazotrophs, or whether the ability of T. ferrooxidans to
grow in a harsh environment populated by few bacteria had resulted in genetic drift
and unusual features in the structure of one of the key regulators of transcription -
NtrA.

The isolation of ntrA genes has been greatly facilitated by the construction of ntrA
mutants in the source organism or a closly related organism. The ntrA genes from
K. pneumoniae (de Bruijn and Ausubel, 1983; Merrick and Stewart, 1985),
A. vinelandii (Toukdarian and Kennedy, 1986), and P. putida (Kohler et al., 1989b)
were isolated by complementation of E. coli ntrA mutants for the ability to grow on
minimal medium with arginine as a sole nitrogen source. This complementation of
so-called "Ntr" function entailed derepression of E. coli nitrogen assimilation genes
such as those for arginine utilization (aut operon) by the heterologous cloned ntrA

gene products.

The R. meliloti ntrA gene was isolated by construction of a R. meliloti ntrA mutant
using Tn5 mutagenesis and selection for the inability to carry out NtrA-dependent
transcription of a dctA-lacZ fusion (Ronson et al., 1987b). The R. meliloti ntrA gene
was then isolated from a recombinant cosmid library by complementation of this
R. meliloti ntrA mutant for growth on succinate as a sole carbon source. The rationale
for this was that the cloned ntrA gene enabled the nfrA mutant to recover
NtrA-dependent expression of the dctA gene, the structural component of
C4-dicarboxylic acid transport, providing uptake of succinate (as well as malate and

fumarate). The R. meliloti ntrA mutant was used in a similar manner to clone the ntrA
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E. coli hydrogenase enzymes, however it is now thought that the electrophoretically
stable isoenzymes hydrogenase 1 and 2 form part of the respiratory hydrogen uptake
(Hup) pathway, while the labile hydrogenase 3 is the gas evolving component of the
formate degradation pathway (Sawers et al., 1985).

Birkmann ef al. (1987a) recently discovered that expression of the fdhF gene,
which codes for the selenopolypeptide component of the formate dehydrogenase,
and the hyd-17 gene(s), which are required for expression of hydrogenase 3, is
NtrA-dependent. DNA sequence analysis of the fdhF gene (Zinoni et al., 1986)
enabled identification of an NtrA-dependent promoter. The hyd-17 locus was
identified in a phage Mu d1 insertion mutant of E. coli denoted M17s which exhibited
a 90% reduction in hydrogenase activity (Pecher et al., 1983). MI17s exhibited no
reduction in the hydrogenase 1 and 2 activities as compared to its parent, indicating
that the mutation was caused by integration of Mu d1 phage into a regulatory or

structural gene specific for hydrogenase 3 (Birkmann et al., 1987b).

The region of the E. coli chromosome (between 58/59 min) spanning the hyd-17 locus
has recently been cloned and sequenced (Lutz et al., 1990; Bohm et al., 1990). Two
divergently transcribed operons with ©54-dependent promoters were identified
(Lutz et al., 1990). A DNA fragment containing one of the operons (ORF's 1 - 8) and
ORF A and B from the second operon complemented M17s to wildtype levels of
hydrogenase 3 activity and gas production. The predicted product of ORF5 showed
sequence similarity to the large subunit from Ni/Fe hydrogenases, while the products
of the other ORF's in the same operon showed homology to electron transport
proteins: ORF2 and ORF6 encoded proteins with iron-sulphur clusters of the 4Fe/4S
ferredoxin type; ORF7 product was homologous to protein G of the chloroplast
electron transport chain; and ORF3 and ORF4 products contained putative
transmembrane hydrophobic regions, and hydrophilic regions homologous to subunits
4 and 1 of mitochondrial and plastid NADH-ubiquinol oxidoreductases, respectively
(Bohm et al., 1990).
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This operon is therefore thought to encode structural components of the formate
hydrogenlyase pathway (ie. electron carriers and hydrogenase 3), but not the formate
dehydrogenase (unlinked fdh genes)(Bohm et al., 1990). The second operon, of
which ORF's A - E have been characterized to date, encodes proteins involved in
regulation and assembly of the system. ORFB product is required for nickel

utilization (B6hm et al., 1990).

The existence of NtrA-dependent expression of the unlinked fdhF gene and both
operons at the hyd-17 locus lends support to the model that the formate degradation
pathway is subject to co-ordinate transcriptional regulation by the binding (upstream
of each promoter) of a regulator which interacts with the NtrA-RNA polymerase in a
manner similar to the regulators of the ginA gene in enteric bacteria (reviewed in
Kustu etal.,1986) and the nifH gene of K. pneumoniae (reviewed in Gussin
etal., 1986). A possible two-component regulatory system which may fulfil this role
has been identified by Stoker et al. (1989): the hydHG genes were cloned on the basis
of complementation of an E. coli mutant defective in hydrogenaée 3 activity; and the
hydH and hydG predicted products were homologous to enteric NtrB and NtrC
proteins, respectively.  Another candidate activator is the product of fhiA
(Sankar et al., 1988; Schlensog et al., 1989), which is identical to the product of
ORFE within the hydl7 locus (Bohm et al., 1990). It remains to be seen whether
ORFD and OREFE are identical to hydH and hydG (pers. observation). Furthermore, a
cis-acting DNA element upstream of the fdhF gene that is required for regulation of
expression from its NtrA-dependent promoter (Birkmann and Bock, 1989) is
reminiscent of UAS's (enhancers) bound by activators, such as NtrC and NifA, which

act at other NtrA-dependent promoters.

The observation that E. coli ntrA mutants were deficient in formate degradation and
therefore unable to produce gas was employed to develop a sensitive and novel
complementation screening technique for the presence of a cloned T. ferrooxidans

ntrA gene.
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2.2 Materials and Methods

2.2.1 Bacterial strains, plasmids, and media

The strains and plasmids used in this study are described in Appendix A. Complex
media for growth of E.coli under either aerobic or anaerobic conditions were
Luria-Bertani medium (LLB), containing 1,5% agar (LBA), or buffered TGYEPF
(pH 6,5) (Begg et al., 1977), respectively (Appendix B). Nitrogen-limited minimal
medium for aerobic growth of E. coli strains was glucose minimal medium (GMM,
Appendix B) supplemented with 0,2% arginine. When required, antibiotics were
added at the following concentrations : ampicillin, 100 pg/ml; tetracycline, 15 pg/ml;
chloramphenicol, 20 pg/ml.

2.2.2 Preparation of DNA

The alkaline lysis method (Birnboim and Doly, 1979; Ish-Horowicz and Burke, 1981)
was used for both small- and large-scale plasmid preparations (Appendix C).
Chromosomal DNA was prepared from T. ferrooxidans ATCC 33020 by the DNA
extraction method as outlined in Appendix C. Construction of the gene bank of
T. ferrooxidans ATCC 33020 DNA in the cosmid vector pHC79 has been described
previously (R. Ramesar, Ph.D. thesis, University of Cape Town, South Africa, 1988).

2.2.3 DNA manipulations

Standard methods (Maniatis et al., 1982) were used for restriction digests, gel
electrophoresis, purification of DNA fragments from agarose gels, ligations, and the
filling in of 5' sticky ends (Appendix C).

2.2.4 Southern blotting and hybridization with the A. vinelandii ntrA gene

T. ferrooxidans chromosomal DNA was digested in 10 pg samples with the restriction
enzymes BamHI, Bglll, and Bcll and electrophoresed on a 0,8% agarose gel, followed
by transfer to a Hybond N* membrane by the method of Reed and Mann
(1985)(Appendix C). The A. vinelandii ntrA gene on plasmid pNA4 was 32P-labelled
by nick-translation as described in Appendix C. Autoradiography was continued for

up to two weeks.
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2.2.5 Screening for the T. ferrooxidans ntrA gene by complementation of an
E. coli ntrA mutant for Ntr function

The T. ferrooxidans ATCC 33020 pHC79 cosmid library was transduced into the
E. coli ntrA mutant ET8045 as described in Appendix C. The expression mixes were
washed in 0,8% NaCl before plating onto GMM containing 0,2% arginine with
antibiotic selection. As a positive control the plasmid pFB71 carrying the
K. pneumoniae ntrA gene was transformed into E. coli ET8045 and plated onto the
test medium. A proportion of each washed transduction expression mix was plated
onto LBA (+ antibiotic) plates to determine the number of transductants. Growth was
scored after incubation for 24 - 48 h at 30°C.

2.2.6 Experiments using complementation of the E. coli formate degradation

pathway to screen for the T. ferrooxidans ntrA gene

2.2.6.1 Testing of E. coli strains and controls for the gas positive phenotype.
Control experiments were carried out to ensure that the nfrA mutants available in the
laboratory were unable to produce gas and that a visual test for gas positive clones
could be developed. E. coli ntrA mutant strains TH1, YMC22, and ET8045, as well
as an E. coli ntrA* strain YMCI10, with and without the cloned K. pneumoniae ntrA
gene (pFB71) were inoculated into test-tubes containing either liquid TGYEPF
medium (Appendix B) with Durham tubes or TGYEPF medium containing 0,8%
agar, and then incubated at 35°C under anaerobic conditions for 12 - 24 h. These
strains were also plated onto TGYEPF medium and overlaid with TGYEPF
containing 0,8% agar (TGYEPF overlay plates) and incubated under the same
conditions. This was to test whether single colonies of ntrA* bacteria where
identifiable by the formation of a pocket of gas within the agar. Appropriate

antibiotic selection was provided in all cases.

2.2.6.2 Screening for the T. ferrooxidans ntrA gene by complementation of an
E. coli ntrA mutant for gas production. The T. ferrooxidans ATCC 33020 pHC79
cosmid library was transduced into the E. coli ntrA deletion mutant THI.
Transductants were plated onto TGYEPF overlay plates (as described in section

2.2.6.1) with antibiotic selection and incubated anaerobically overnight at 35°C.
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Complementation of ntrA product activity was identified by a pocket of gas

surrounding a colony in the agar.

2.2.6.3 "Shotgun" subcloning of the cosmid pT3. pT3 was digested with a range
of restriction enzymes which have 6 bp recognition sites to identify enzymes which
had few sites in pT3. Three suitable enzymes - EcoRI, EcoRV, and BamHI - were
chosen for subcloning of pT3 to increase the likelihood of using a restriction enzyme
which did not cut within the ntrA gene. Samples of pT3 were digested with EcoRI,
EcoRV, and BamHI and ligated to the plasmid vectors pUC19 (EcoRI digested),
pUC19 (Smal digested), and pUC19 (BamHI1 digested) or pEcoR251 (BgIII or
Bglll-BamHI digested), respectively. The ligation mixes were transformed into
E.coli TH1 and transformants were selected for the gas positive phenotype.
Screening of large numbers of clones was carried out most effectively by direct
selection on TGYEPF overlay plates, however in cases where there was a high
proportion of gas positives it was found to be more efficient to screen by first plating
onto LBA (+ antibiotic) plates, followed by toothpicking onto LBA (+ antibiotic) and
TGYEPF overlay plates. This bypassed having to repurify a gas positive colony from

within a TGYEPF overlay plate containing many other colonies.

2.2.6.4 Subcloning of pT10. All subclones are shown on Fig. 2.3. pT15 was
constructed by cloning of a 3,4-kbp BamHI fragment from pT10 into pUC18(BamHI).
pT11 and pT12 were BgIIl and Sall deletions of pT10, respectively. A 5,5-kbp
BamHI fragment from pT10 was cloned into the Bg/II site of the vector pEcoR252 to
produce pT20. Digestion of pT20 with EcoRI and Sall, followed by filling in with
Klenow enzyme and blunt-end recircularization ligation produced pT21. pT22 was a
BgllI-BamHI deletion derivative of pT21. pT25 and pT26 were the result of insertion
of a 3,7-kbp BgIII fragment from pT20 in both orientations in pEcoR252. A 2,8-kbp
Sall-BgIIl fragment from pT20 was inserted into the Sall-BamHI sites of pUCI19 to
generate pT29, however loss of the pUC19 BamHI site prevented use of pT29 as a
convenient substrate for exonuclease III shortenings from both directions.
Consequently, the same 2,8-kbp Sall-Bg/II fragment from pT20 was recloned into the
Sall site of pUC19 by a two-step ligation process involving filling in with Klenow
fragment of the insert Bg/II end and one of the vector Sall ends to produce pT30.
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3.3.4 Identification of ORF3 downstream of the T. ferrooxidans ntrA gene

A third OREF, called ORF3, was located downstream of the T. ferrooxidans ntrA gene
(Fig. 3.1). The proposed ATG start codon of ORF3 was at position 2569 (Fig. 3.2)
and was preceded by a consensus ribosome binding site (AGGAG) at position 2558
(Fig.3.2), and ORF3 extended beyond the Bg/II cloning site at position 2804
(Fig. 3.2). Alignment of the predicted 78 N-terminal aa with the partial sequences of
ORF3 products from A.vinelandii (Merrick etal., 1987), P.putida (Inouye
et al., 1989), K. pneumoniae (Merrick and Gibbons, 1985), and R. meliloti (Ronson
et al., 1987b) showed 38, 38, 29, and 20% aa identity, respectively.

3.3.5 Nucleotide composition of the T. ferrooxidans ntrA gene and associated
ORF's in relation to other T. ferrooxidans genes

The nucleotide sequences of six T. ferrooxidans genes have been determined, namely
those of ginA (Rawlings et al., 1987), nifHDK (Pretorius et al., 1987; Rawlings,
1988), recA (Ramesar and Rawlings, 1989), and merA (Inoue et al., 1989). A codon
usage table, based on the sum of five of the genes (denoted TABTSS for convenience)
was drawn up using this data. The merA codon usage was not included since this was
reported to be different from previously sequenced T. ferrooxidans chromosomal
genes but similar to the TnS501 and R100 merA genes (Inoue et al., 1989). The codon
usage for the ntrA and ORF1 genes are shown together with the data of TABTYS in
Table 3.3.

The codon usage of the ntrA gene and ORF1 is very similar to that in TABTS, with
bias towards codons with a G or C in the "wobble" position. Exceptions from the
trend found in TABTfS are: greater representation of the GCG (alanine), UUU
(phenylalanine), and AGC (serine) codons in ntrA and ORF1; preference for the AAU
(asparagine) codon in ntrA; equal representation of the AAA and AAG (lysine)
codons in ntrA; preference for the GAU (aspartate) and CAU (histidine) codons in
ORFI; and greater representation of the GGU (glycine) and AUU (isoleucine) codons
in ORF1.
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Table 3.3. Codon usage of T. ferrooxidans genes?

Codon ntrA ORF1 TABTfS ginA recA  nifHDK
Ala GCA 5 2 22 4 5 13
GCC 20 6 102 29 22 51
GCG 22 7 49 9 8 32
GCU 2 1 12 1 5 6
Arg AGA 0 0 2 0 0 2
AGG 0 0 4 2 0 2
CGA 1 0 3 0 1 2
CGC 17 11 49 10 10 29
CGG 6 8 20 2 6 12
CGU 10 6 19 4 3 12
Asn AAC 5 3 47 10 6 31
AAU 9 0 24 7 6 11
Asp GAC 23 2 85 19 10 56
GAU 17 11 42 6 10 26
Cys UGC 2 1 19 4 1 14
UGU 0 0 7 0 1 6
Gln CAA 9 4 4 0 0 4
CAG 22 11 56 8 14 34
Glu GAA 19 9 80 18 16 46
GAG 16 7 62 9 9 44
Gly GGA 2 2 11 3 2 6
GGC 14 6 126 16 18 92
GGG 4 4 17 4 2 11
GGU 8 7 41 11 14 16
His CAC 6 1 39 7 5 27
CAU 5 6 23 7 3 13
Ile AUA 1 2 4 0 2 2
AUC 14 6 105 16 19 70
AUU 8 6 20 4 6 10
Leu CUA 0 0 3 1 0 2
cucC 11 5 34 8 8 18
CUG 29 18 91 18 20 53
CUU 3 3 11 4 3 4
UUA 2 2 2 1 1 0
UUG 10 3 15 2 1 12
Lys AAA 8 2 35 4 8 23
AAG 8 2 96 20 12 64
Met AUG 16 8 68 16 8 44
Phe UUC 4 3 67 14 3 50
uuu 6 4 21 3 6 12
Pro CCA 1 1 8 1 2 5
CCC 10 6 48 13 4 31
CCG 10 2 30 8 4 18
CCU 1 3 10 4 2 4
Ser AGC 13 5 26 5 5 16
AGU 1 2 19 4 5 10
UCA 0 0 6 1 1 4
ucc 6 3 4 11 10 23
UCG 4 3 25 5 4 16
UuCu 3 0 11 5 1 5
Thr ACA 2 0 4 1 0 3
ACC 10 5 64 10 11 43
ACG 7 3 23 6 1 16
ACU 2 2 7 1 1 5
Trp UGG 4 0 22 5 1 16
Tyr UAC 6 3 46 11 8 27
UAU 4 2 31 6 3 22
Val GUA 1 1 10 4 2 4
GUC 5 5 45 10 10 25
GUG 18 12 72 16 13 43
GUU 3 4 9 1 1 7
End TGA 1 1 2 1 1 0
TAG 0 0 0 0 0 0
TAA 0 0 3 0 0 3

2 Numerals refer to the number of times a codon occurs in each gene dataset.
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The UWGCG CODONPREFERENCE application is designed to use a codon usage
data file to analyze the protein translations in all six reading frames of a DNA
sequence to identify ORF's that have a similar codon usage to that provided in a
datafile. Fig. 3.7 shows analysis of the T. ferrooxidans DNA insert in pT30 using the
UWGCG CODONPREFERENCE application with TABTfS as the codon usage
datafile. The ntrA gene and ORF1 in frame 3 and ORF3 in frame 1 show a codon
preference and an absence of rare codons which correlates to TABTf5. The
GC composition of the T. ferrooxidans ntrA gene and ORF1 were 59,5 and 58,8%,
respectively, which matches the GC composition calculated for T. ferrooxidans
chromosomal DNA (60%) (Harrison, 1984).
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Fig. 3.7. CODONPREFERENCE analysis of the 2,8-kbp DNA insert in pT30. The
horizontal axis represents the 2,8-kbp T. ferrooxidans DNA insert in pT30, with the
predicted protein-coding ORF's (ORF1, NTRA, ORF3) shown as open boxes below.
The vertical axis shows the CODONPREFERENCE plots for each of the 3 forward
frames, with ORF’s and the positions of rare codons (defined as those codons which
appear in the TABTf5 codon usage datafile at a frequency of less than 10%) drawn
below as open boxes and vertical bars, respectively. Any plot above the dotted line in
any of the 3 reading frames identifies a protein-coding sequence with a similar codon
usage as the TABT/S datafile.
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3.4 Discussion

The predicted protein product of the T.ferrooxidans ntrA gene was an acidic
polypeptide of 475 aa with a calculated M, of 52927. The term 654 reflects the M, of
the product of the ntrA gene of enteric bacteria, however the M, of ntrA gene products
vary considerably. From previously published nucleotide sequences the M, of other
ntrA gene products have been calculated as 53926, 56215, 56916, 57814, and 46328
for K. pneumoniae (Merrick and Gibbons, 1985), P.putida (Inouye et al., 1989),
A.vinelandii (Merrick etal., 1987), R.meliloti (Ronson etal., 1987b), and
R. capsulatus (Jones and Haselkorn, 1989), respectively.

The % identity between NtrA proteins can be seen in Table 3.1, however a more
illustrative representation of the possible evolutionary relationships between NtrA
proteins is shown in the dendrogram produced using the UWGCG program
DISTANCES and the subroutine KITSCH of the program PHYLIP (J. Felsenstein,
University of Washington, 1988) (Fig. 3.8). DISTANCES was used to write a matrix
of the pairwise genetic distances within the group of aligned NtrA aa sequences. This
matrix of distances was analyzed using KITSCH, which employs the
Fitch-Margoliash and Least Squares method (Fitch and Margoliash, 1967), with the
assumption that there is an evolutionary molecular clock, to produce the dendrogram

shown in Fig. 3.8.

This shows that on the basis of aa sequence conservation it is possible to divide these
NtrA proteins into three groups. The TfNtrA is most similar to the KpNtrA which
forms a group together with the AvNtrA and PpNtrA which are very closely related.
The similarities at the level of aa sequence between the T. ferrooxidans NtrA and this
group of NtrA proteins is interesting as the autotrophic T ferrooxidans inhabits a very
different environment from these heterotrophic bacterial species. The RmNtA and
RcNuA share relatively little sequence similarity with each other or the former group

of NtrA proteins and appear to belong to two separate groups.
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Fig. 3.8. Dendrogram of NtrA proteins based on amino acid sequence conservation.
TF, T.ferrooxidans NtrA; KP, K.pneumoniae NtrA; PP, P.putida NtrA;
AV, A. vinelandii NuwA; RM, R. meliloti NuwA; RC, R. capsulatus NtrA.

The codon usage of the T. ferrooxidans ntrA gene and ORF1 appear to be similar to
that of the five T.ferrooxidans genes sequenced to date (TABTf5) as shown in
Table 3.3, however analysis of the codon usage data using the UWGCG
CORRESPOND program is interesting. The program CORRESPOND is designed to
identify similar patterns of codon usage by comparing codon frequency tables. The
frequency which is compared is calculated by dividing the number of incidents of the
codon in question by the total number of codons specifying that aa or terminator in
each table. The lower the statistic (D), the more similar the patterns of codon usage.
The codon frequency tables for the T. ferrooxidans ntrA and ORF1 were compared to
the composite (TABT/5) and individual codon frequency tables of the T. ferrooxidans
glnA, recA, and nifHDK genes, as well as the codon frequency tables for highly
expressed (UWGCG datafile "ecohigh.cod") and weakly expressed (UWGCG datafile

"ecolow.cod" - Grantham et al., 1981) E. coli genes.
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several of the alternative o factors in both species, such as the E. coli 632 (HtpR),
which is involved in the heat-shock response and many of the B. subtilis sigma factors
involved in sporulation, such as 630 (sigH), 629 (sigE), and cSPOIIAC (which has
not yet been shown to function as a sigma factor but shows suggestive similarities to
other sequenced sigma factors) and the B. subtilis 637 (SigB), the function of which is
unknown (reviewed in Helmann and Chamberlin, 1988).

Merrick and Gibbons (1985) and Merrick et al. (1987) reported that there was no
statistically significant similarity in pairwise alignments between the KpNtrA and
other bacterial sigma factors, and that observation of the aa sequence of the AvNtrA
confirmed their idea that NtrA sigma factors did not warrant classification in this

family of bacterial sigma factors.

Helmann and Chamberlin (1988) have pointed out that although many of the phage
sigma factors do not show statistically significant sequence similarity in pairwise
alignments with members of the family of bacterial sigma factors they do show some
similarity when viewed in multiple sequence alignments. There are several
drawbacks with a computer-based statistical pairwise alignment, namely:

i) The definition of conservative substitutions may result in a biased weighting
scheme. Groupings are aimed to reflect either common functional moieties,
hydrophobicity, or size. The scheme adopted in Appendix E is based mainly
upon common functional moieties, however in another scheme one could group
Ser, Ala, and Cys together on the basis of size.

ii) Similarities between proteins may reflect repeat units common to protein
secondary structural elements, such as the 3,6 aa repeat of the alpha helix.
Residues conserved along one face of the helix will occur every third or fourth
residue in the primary sequence.

iii) Distantly related proteins which contain short regions of similarity may be
overlooked by a dilution effect of the larger regions of dissimilar sequences.

iv) Only two proteins may be compared at one time and therefore similarities

amongst a family of related proteins may not be immediately evident.
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The use of multiple sequence alignments rather than pairwise alignments enabled
Helmann and Chamberlin (1988) to define regions that were similar amongst distantly
related bacterial and phage sigma factors and thereby propose those conserved regions
that may represent functional domains. As NtrA sigma factors showed little sequence
similarity to the other bacterial sigma factors, Helmann and Chamberlin (1988) did
not include NtrA sigma factors in their study. Nevertheless, it was thought in this
study that it may be possible to identify conserved regions with functional
significance by analysis of multiple alignments between the six NtrA sigma factors

and the conserved regions of bacterial sigma factors.

The results of this approach are presented below. It was found that there were
conserved regions within the NtrA sigma factors which showed similarity to
functional domains within the bacterial sigma factors and therefore the NirA family
may represent an evolutionary related, though greatly diverged group of proteins from
the other bacterial sigma factors. These and other conserved regions will be discussed
within the context of identifying possible functional domains within NtrA sigma

factors.

Helmann and Chamberlin (1988) observed four conserved regions amongst bacterial
sigma factors and the functional attribute of each region was proposed based on
biochemical and genetic evidence. This is summarized in the schematic diagram of

the E. coli 670 factor, a representative of this superfamily (Fig. 3.9a).
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Fig. 3.9a-b. Possible functional regions within sigma factors. a) Schematic diagram
of the E.coli 670 factor showing regions conserved amongst members of the
superfamily of bacterial sigma factors (Helmann and Chamberlin, 1988). The extent
and putative functions of these regions are indicated by arrowed lines and notes on the
right hand side, respectively. Boxes are shaded differently to represent different
putative functional regions. Numbers on the left hand side refer to the aa positions in
the primary sequence of the E. coli 670 factor, starting with 1 at the N-terminus.
b) Schematic diagram of the T.ferrooxidans NtrA showing regions conserved
amongst NtrA sigma factors. Conserved regions are represented as boxes with their
extent, and features and possible functions indicated by arrowed lines, and notes on
the right hand side, respectively. Boxes are shaded to show regions which displayed
similarity with conserved regions in the superfamily of bacterial sigma factors as
drawn in Fig. 3.9a. Numerals on the left hand side refer to aa positions in the primary
sequence of the T. ferrooxidans NtrA, starting with 1 at the N-terminus.
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No similarity was found between the NtrA sigma factors and sequences corresponding
to Regions 1, 2.1, 2.3, or 3 which are conserved within the superfamily of bacterial
sigma factors (Fig. 3.9a), however some similarity was found between the NtrA sigma

factors and sequences in Regions 2.2, 2.4, and 4.

a)
TfNtrA (167) M NV Q E|D|A|L|L A|V L|L R ¥Y|Q|D|ED P
KpNtrA (168) DEJIGUL|E|E[VIEAIVLIERIQRIFDZP
AvNtrA (193) L GV E L|D|E|VIE M|V LIRR I|Q[Q|EEP
PpNtrA (187) L DI E L|D|E|V|IEA|YLIER I|Q|QIEEER
RmNtrA (197) L G A A G|E|D|V|A R|Y L|E V L|Q|Q|ED P
RcNtrA (124) S L SR A|E|S|M|L A|VL|. . .|QIGIEEP
b)
EcRpoD  (402) L|D L|{I Q E|G|N|I G L M{K A|V|D K[F|E Y
BsRpoD (161) L|D L|I H E|G|N|M G L. M|K A|V|E K|F{D Y
EcHtpR (76) A(D LI Q E(G|N|I G L M(K A|V|R R(F|N P
BsSpoIIAC (60) D|D L|F Q I|G|C|I 6 L L|K S|V|D K|{F|D I
BsSpoIIG (85) E|D L|{I S I|G|T|I GL I|K A[V|N T|FIN P
BsSigB (57) E|D L|IRQ V|G|M|I 6L L|G A|I|K R|Y|D P
< > L g e >

Fig. 3.10a-b. Alignment of a 20 amino acid sequence from NtrA sigma factors with
conserved regions 2.2 and 2.3 identified in the superfamily of bacterial sigma factors
(Gribskov and Burgess, 1986; Helmann and Chamberlin, 1988). a) Alignment of this
region in NtrA sigma factors. Underlined and bold face letters identify those amino
acids (aa) or conservative substitutions which are found at the corresponding position
in at least three out of the six bacterial sigma factors in Fig. 3.10b. Residues
conserved in all six NtrA sigma factors are blocked. b) Alignment of region 2.2
(filled arrow) and part of region 2.3 (dashed arrow) of six bacterial sigma factors
according to Helmann and Chamberlin (1988). Residues that are conserved in all six
sigma factors are blocked. The underlined residue is the site of a BsSpollAC
mutation as discussed in section 3.4. Figures in parenthesis refer to the position in the
protein of the first aa in each sequence.

Region 2.2 (Fig. 3.9a) contains a highly conserved group of aa amongst bacterial
sigma factors and it is therefore thought that this forms part of the domain which
binds the RNA polymerase (Helmann and Chamberlin, 1988). Evidence for the role
of this region in core-binding is the mapping of a mutation within this region of the
oSPOIIAC factor (Yudkin, 1987a). Overexpression of 6SPOIIAC in E. coli is toxic
which is attributed to the binding of 6SPOIIAC to E. coli RNA polymerase. Mutation
of Ser73 within 6SPOIIAC (see Fig. 3.10b) to Phe is thought to result in a mutant
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protein which is unable to bind to core polymerase therefore abolishing its toxicity
when overexpressed in E. coli. Merrick et al. (1987) identified similarity between
region 2.2 and the KpNtrA, AvNtrA, and RmNtrA if conservative substitutions are
taken into account, and as can be seen in Fig. 3.10a,b this similarity includes the other

NtrA proteins.

Region 2.3 (Fig. 3.9a) in the superfamily of bacterial sigma factors is adjacent to
region 2.2, and as can be seen in Fig. 3.10a,b the similarity between the NtrA sigma
factors and the bacterial sigma factors extends into part of region 2.3. There are two
conserved Phe residues in region 2.3. The first of these is shown in Fig. 3.10b and
this is also conserved in all 6 NtrA sigma factors (Fig. 3.10a). Region 2.3 is proposed
to be involved in binding of the non-transcribed single stranded DNA (ssDNA) during
open complex formation on the basis of sequencé homologies with the aromatic rich
domains of ssDNA binding proteins (Helmann and Chamberlin, 1988). The absence
of a second conserved aromatic residue spaced 11 aa from the first in the NtrA sigma
factors indicates that this region may not be responsible for ssDNA binding. A
conserved region which may fulfil the criteria for a ssDNA binding domain in NtrA
sigma factors is shown in Fig. 3.11. Protein structures that appear to be involved in
interactions with sSDNA (Chase and Williams, 1986, McPherson et al., 1979) are
characterized by aromatic residues which are spaced by 5-13 aa and are flanked by
basic residues. Stacking interactions between the nucleotide bases and the aromatic
aa side chains appear to be important in the binding interaction, while the basic aa are

thought to be involved in charge neutralization (Khamis et al., 1987).

" SRR
TENtrA (387) K|Y|[M I TP R G L|Y|EF K|Y F F|S
KpNtrA (388) K|Y|LHSPRG I|F|ELK|YF F|S
PpNtrA (408) K|Y|[MHTPRG I|Y|E L K|(Y F F|S
AVNtrA (413) K|Y|[MHTPRG I|Y|EL K|Y F F|S
RmNtrA  (415) gg_MLTPB_GLFELg_YFFT
RCcNtrA  (334) gMIQTQTgALPLB_A'FFs

Fig. 3.11. Alignment of a 17 amino acid region conserved within NtrA proteins
which may be involved in binding to single stranded DNA. Conserved aromatic
residues are blocked. Underlined and bold face letters identify basic residues.
Figures in parenthesis refer to the position in the protein of the first aa in each
sequence.
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Region 2.4 (Fig. 3.9a) contains three conserved hydrophobic residues located at every
fourth aa followed by basic residues and is predicted to be alpha-helical (Chou and
Fasman, 1978). The hydrophobic residues may be involved in the packing of the
alpha-helix against the remainder of the protein, while mutational evidence suggests
that the exposed face of the putative alpha-helix may be involved in recognition of the
-10 region of promoters. Precedents for alpha helical structures which are not
canonical helix-turn-helix motifs but are able to bind in a sequence specific manner to
DNA may be found in the EcoRI endonuclease (McClarin et al., 1986) and the yeast
GCN4 protein (Hope and Struhl, 1986). Siegele et al. (1989) have shown that a
mutation in this region of the E. coli 670(rpoD) (Thr to Ile change at position 440 -
see Fig. 3.12) stimulates transcription from P22 ant and E. coli lac promoters with
mutations in the first T of the -10 hexamer (TATAAT). Similarly, a mutation in this
region of the B. subtilis 630(sigH)(Thr to Ile change at position 100 - see Fig. 3.12)
suppresses a -13 promoter mutation in the spoVG gene (Zuber et al., 1989). A 13 aa
sequence from NtrA sigma factors (Fig. 3.12) contains three conserved hydrophobic
residues spaced every fourth aa as found in region 2.4 (Fig. 3.9a), which may indicate

that this conserved region may form a similar alpha-helical secondary structure.

— _
TfNtrA (194) LSECTLLQLEQMV
KpNtrA (195) LIRD C|L|L VQ|L|SQF A
AVNtrA (210) L|S E S|L|L L QILIRQL P
PpNtrA (214) L|IGEC|L|L L QILIRQL P
RmNtrA (224) L|G EC|L|A I QILIRARN
RCNtrA (151) L|S D c|nL|I L Q|A[R EA D
EcRpoD (435) IIRQA|I|[tRS|I|[ADQA
BsRpoD (194) I|IRQA[I|TRA|I|ADQA
EcHtpR (109) IIKAE|I|HE Y|[VILRNW
BSSpoIIG (118) I|[ENE|I|L MY|LIRRNN
BsSigB (90) I|/I G E[I|]RKRF|LIRDK T
BsSigH (94) I|TRQ|I|I tA|lI|KTAT

Fig. 3.12. Alignment of a 13 amino acid sequence from NtrA sigma factors with a
region thought to be involved in promoter recognition in bacterial sigma factors
(Region 2.4 - Helmann and Chamberlin, 1988). Conserved hydrophobic residues are
boxed (Alal59 in the RcNtrA is grouped as a hydrophobic residue). Underlined and
bold face letters identify basic residues. Lower case italicised letters identify sites of
bacterial sigma factor mutations as discussed in the text. Figures in parenthesis refer
to the position in the protein of the first aa in each sequence.
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Region 4 (Fig. 3.9a) situated towards the C-terminal end of prokaryotic sigma factors
contains a canonical helix-turn-helix (HTH) DNA binding motif. The strongest
evidence implicating this region in promoter recognition comes from mutational
studies. Two mutations in this region of the E. coli 670 have been reported that
specifically suppress -35 region mutations in the P22 ant and E. coli lac promoters
(Siegele et al., 1989; Gardella et al., 1989). There is a C-terminal HTH motif which
is highly conserved in all NtrA sigma factors (Fig. 3.5).

Dodd and Egan (1987) developed a quantitative method for assessing whether a given
primary aa sequence contained a canonical HTH unit. The HTH motifs observed by
crystallography of the prokaryotic repressor proteins formed the basis for a dataset
which was used to generate an aa probability matrix. This matrix was used to
calculate a table of "points" for every possible aa at each position in the HTH unit
depending upon the occurrence of each aa at each position in the HTH units of the
dataset proteins. A score can therefore be calculated for any test sequence by taking
the sum of the "points" obtained for each of the 20 aa within the putative HTH motif.
A score of >1400 is adjudged to indicate a classical HTH motif, although obviously
this method is biased towards HTH motifs similar to those found within the dataset of
Dodd and Egan.

Computation of the scores for the putative HTH motifs in NtrA sigma factors by this
method gave scores of 1444, 1352, 1635, 1635, 1157, and 1507 for the putative HTH
units of the TINtrA, KpNtrA, AvNtrA, PpNtrA, RmNtrA, and RcNtrA, respectively.
Adjustment of these scores by the method of Yudkin (1987b) - which omits the highly
variable residue 7, and residues 12 and 13, which are thought to contact the DNA and
therefore vary depending on the recognition sequence - resulted in further
improvement of the scores (relative to the new dataset eliminated for residues 7, 12,
13) which indicates that these sequences in NtrA sigma factors are very likely to form
classical HTH motifs. It is interesting to note that the second helix of a HTH motif is
considered to be the primary determinant of sequence specificity (Pabo and Sauer,
1984) and this part of the proposed HTH unit of NtrA proteins (positions 10 - 20;
Fig. 3.5) is entirely conserved except for three residues in the RcNtrA and position 20
of the TfNtrA.
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A group of conserved basic residues near the C-terminus in subregion 4.2 (Fig. 3.9a)
of members of the bacterial sigma factor superfamily is thought to be appropriately
positioned to form ionic interactions with backbone phosphate residues, especially if
the preceding HTH region contacts the -35 region. The basic residue rich sequence
-ARRTVAKYR- is conserved in all six NtrA sigma factors close to the C-terminus
and this may play a similar role in stabilization of the HTH-DNA interaction in NtrA

sigma factors.

NtrA-dependent promoters are characterized by conserved GG and GC doublets at
positions -24 and -12 to the transcription start site, respectively (reviewed in Kustu
et al., 1989). By analogy with the superfamily of bacterial sigma factors the NtrA
HTH motif could interact with the -24 promoter region while another domain could
interact with the -12 promoter region, however it is premature to speculate on this
further.

The first 48 aa of the NtrA sigma factors are highly conserved (Fig. 3.4) and contain a
high proportion of glutamine (15 - 25%) and leucine (17 - 29%) residues. This has
potential to represent an N-terminal domain which terminates in a conserved proline
turn motif. There is some resemblance to the glutamine-rich region required for
activation of transcription by mammalian transcription factor Spl (Courey and Tijan,
1988). This region of the S. typhimurium NtrA has been shown by deletion analysis
to be specifically required for NR;-dependent isomerization of closed to open
complexes at the ginA promoter (Kustu et al., 1989).

Merrick ef al. (1987) recognized a region conserved amongst NtrA sigma factors
which showed similarity to a sequence near the N-terminus of the B' subunit of E. coli
RNA polymerase (RpoC). Alignment of this region is showed in Fig. 3.13. The
reason for this duplication of structure is not obvious, but Merrick et al. (1987)
speculated that the binding of NtrA to core RNA polymerase alters the structure of the
enzyme so that this region of NtrA assumes a role otherwise played by the

homologous region of RpoC.
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TENtrA (327) W F I K S|L|0 S[R{Q D T|I L|K_
KpNtrA (328) WL I K S|L|E S|R|ND T|L L|R_
AvNtrA  (353) WEIKS|LIQ S|IRINE T|L M|K_
PpNtrA (348) W F I K S|L|Q S|R|N E T|L M|K_
RmNtrA (355) WL TR S|L|D Q|R|A R T|I M|K_
RCNtrA  (274) - A G E A|{L|E R|R|G D T|L L|R_
EcCRpoC (115) W F L K S|L|P S|R|I G L|L L|D_
_ ] ™
TENtrA VARATI|VIERQKDI|F|FAN
KpNtrA “VSRCI|V[EQQOQA|F|FEDQ
AVNtrA “VSTQI|VIEHQRGI|F[LDY
PpNtrA “VATQI|VIEHQRG|F|[LDH
RmNtrA “VASEI|IVIRQQDA|F|LIH
RCNtrA “TAAVL|V[ARQ S A|F|L DK
EcRpoC "M PLRD|IIERVLY|FIES Y

Fig. 3.13. Alignment of a 30 amino acid sequence from NtrA sigma factors with a
sequence near the N-terminus of the f3' subunit of E. coli RNA polymerase (RpoC).
Amino acids conserved between all six NtrA sigma factors and RpoC are blocked.
Underlined and bold face letters identify aa conserved in at least three NtrA sigma
factors and RpoC. Figures in parenthesis refer to the position in the protein of the first
aa in each sequence.

Fig. 3.9b summarizes the available data on the possible functional regions within
NtrA sigma factors. These regions are shown diagrammatically using the TfNtrA as a
representative of the NtrA sigma factors. The regions are drawn as shaded blocks in
Fig. 3.9b to enable correlation with those regions conserved in the super family of
bacterial sigma factors shown in Fig. 3.9a. The data in Fig. 3.9b is speculative and is
based on primary sequence scanning with conserved regions of the six NtrA sigma
factors, and therefore should be regarded as a basic guideline for the design of
mutational and biochemical studies to elucidate structural/functional relationships
within NtrA sigma factors. A unique functional feature of NtrA sigma factors, which
is not found in other bacterial sigma factors, is the absolute requirement for an

activator protein to facilitate the isomerization of closed to open promoter complexes.

Immediately upstream of the T. ferrooxidans ntrA gene an ORF equivalent to the
ORF1 located upstream of the R. meliloti ntrA gene was detected. The linkage of
OREF1 to ntrA has been reported also to occur in K. pneumoniae (Merrick et al., 1987,
Albright et al., 1989b), S. typhimurium (Albright et al., 1989b), and P. putida (Inouye

etal., 1989) and therefore appears to be a feature of bacteria of very different
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physiological types. The biological function of ORF1 and the reason for its linkage to
the ntrA gene is uncertain. Transcription of ORF1 and ntrA were reported to be
uncoupled in R. meliloti (Albright et al., 1989b). The observation that subclones of
the T. ferrooxidans ntrA gene from which most of ORF1 had been deleted (pT40 and
pT41 - see Ch. 4, Table 4.1) were able to complement the E. coli ntrA mutant is
evidence that transcription of the T. ferrooxidans ntrA gene in E. coli is independent
of transcription through ORF1. In vitro studies on NtrA-dependent promoters have
indicated that NR;-activated transcription from the §. typhimurium ginA (Hirschman
et al., 1985), E. coli ginA (Hunt and Magasanik, 1985), K. pneumoniae nifLA , or the
K. pneumoniae nifHDK (Wong et al., 1987) promoters requires only the NtrA-RNA
polymerase holoenzyme. Involvement of the ORF1 product in the function of NtrA is
therefore unlikely. Albright et al. (1989b) tried unsuccessfully to insertionally
inactivate ORF1 using transposon mutagenesis, and suggested that it may code for an

essential housekeeping protein.

The predicted aa sequence of the T.ferrooxidans ORF1 was aligned with the
R. meliloti protein, the only other ORF1 for which a complete sequence has been
published (Fig. 3.6). The two sequences have a high level of similarity over their
entire length although the N-terminal end of the predicted T. ferrooxidans protein was
29 aa shorter. The aa sequence of the R. meliloti ORF1 has been compared with a
family of ATP-binding proteins (Higgins et al., 1986) and two regions that had
homology to an ATP-binding pocket were identified (Albright ez al., 1989b). These
are also conserved in the predicted T.ferrooxidans ORF1 protein (Fig. 3.6). The
spacing between the T. ferrooxidans ORF1 and the ntrA gene was different from that
of R. meliloti and P.putida. The R.meliloti and P.putida ORF1's terminated
approximately 176 bp upstream of the respective ntrA genes whereas the
T. ferrooxidans ORF1 terminated only 12 bp from the start codon of the ntrA gene.
Since expression of the T. ferrooxidans ntrA gene was independent of orientation and
most of ORF1 (see section 4.3.2; Ch. 4), the ntrA promoter recognized in E. coli must
be located within the carboxy-terminal coding region of ORF1. The existence of a
putative region of RNA stem and loop secondary structure (AG = -18,6 Kcal/mol;
Salser, 1977) preceded by seven U's within the coding region of the T. ferrooxidans
ORF1 (Fig. 3.2) is interesting as a similar region of potential secondary structure
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(AG =-17.1 Kcal/mol; Salser, 1977) preceded by an A/U rich region is also present in
the R.meliloti ORF1 nucleotide sequence (position 635-Fig.1 in Albright
et al., 1989b). These regions of potential secondary structure are situated within an
area of low aa conservation on the C-terminal side of the first component of the
ATP-binding pocket of the two predicted ORF1 products. A similar region of
secondary structure has been shown to reduce translation efficiency in another
bacterial system (Kubo and Imanaka, 1989).

The N-terminal 78 aa encoded by ORF3 situated downstream of the T. ferrooxidans
ntrA gene showed aa similarity to equivalent ORF's downstream of the ntrA genes in
K. pneumoniae (Merrick et al., 1987), A. vinelandii (Merrick et al., 1987), R. meliloti
(Ronson etal., 1987b), and P. putida (Inouye etal.,1989). The extent of the
T. ferrooxidans DNA insert in pT30 prevented determination of the complete
sequence of ORF3. The complete sequences of this ORF from K. pneumoniae,
A. vinelandii (Merrick and Coppard, 1989) and P. putida (Inouye et al., 1989) have
been determined, and are predicted to encode polypeptides of 95, 107, and 102 aa,
respectively. Merrick and Coppard (1989) analyzed in K. pneumoniae the nucleotide
sequence downstream of this ORF, which they called ORF95, and discovered two
more possible ORF's, called ORF162 and ORF193. The only other sequence data
available which stretches this far downstream of an ntrA gene is from P. putida
(Inouye et al., 1989). Merrick and Coppard (1989) observed an ORF encoding a
homologue to the K. pneumoniae ORF162 product downstream of the P. putida
ORF95. The only significant sequence similarity obtained with searches of the
predicted products of ORF95, ORF162, and ORF193 against the available databases
was between the ORF95 product and the product of URF1, an ORF adjacent to the
pheA gene of E.coli (Hudson and Davidson, 1984), the function of which is
unknown. Merrick and Coppard (1989) demonstrated that in an in vitro transcription
and translation system the K. pneumoniae ORF95 and ORF162 genes produced
polypeptides of 12 and 16 kDal, respectively. K. pneumoniae chromosomal mutations
which were constructed in the ORF95 and ORF162 genes resulted in an increase in
the level of expression from NtrA-dependent promoters. These results indicated that
the products of the ORF95 and ORF162 genes function to modulate the activity of
NtrA-RNA polymerase.
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CHAPTER 4

BIOLOGICAL ACTIVITY OF THE T. FERROOXIDANS NTRA GENE
PRODUCT CLONED INE. COLI

4.0 Summary

The E. coli ntrA mutant TH1 containing the T. ferrooxidans ntrA gene, cloned on a
1,69-kbp T. ferrooxidans DNA fragment, produced gas and reduced benzylviologen,
an artificial electron acceptor, when grown anaerobically on formate. These
phenotypes, which are characteristic of the E. coli formate hydrogenlyase pathway,
were repressed when formate was replaced by nitrate in the growth media. This
pattern of regulation matched that exhibited by the E. coli ntrA*+ strain YMCI10 and
the E. coli TH1 strain containing the cloned K. pneumoniae ntrA gene. Biological
activity of the cloned T. ferrooxidans ntrA gene product was demonstrated using
translational fusions between the NtrA-dependent promoters and N-terminal regions
of either the fdhF gene or either of two nifH genes and the lacZ gene. The
T. ferrooxidans NtrA in the E. coli TH1 cells increased expression of a fdhF-lacZ
fusion 7-fold above the basal levels of expression observed in the absence of a ntrA
gene. This expression was repressed by replacement of the formate in the growth
medium with nitrate. The T. ferrooxidans NtrA in the E. coli TH1 cells, containing a
constitutively expressed K. pneumoniae nifA gene, resulted in an approximately
50-fold increase in B-galactosidase activity from either a T. ferrooxidans nifH-lacZ
fusion or a K. pneumoniae nifH-lacZ fusion above levels obtained in the absence of a
ntrA gene. E.coli TH1 cells containing the cloned K. pneumoniae ntrA gene or
E.coli YMC10 ntrA* cells produced a similar increase in activity from the
T. ferrooxidans nifH-lacZ fusion in the presence of the K. pneumoniae nifA gene, but
a 400-fold increase from the K. pneumoniae nifH-lacZ fusion. Under these
conditions, the T. ferrooxidans NtrA was therefore as efficient as the K. pneumoniae
NtrA and E. coli NtrA at promoting transcription from the T. ferrooxidans nifH-lacZ
fusion, but much less efficient at promoting transcription from the K. pneumoniae
nifH-lacZ fusion.
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4.1 Introduction

The use of translational fusions between the regulatory and N-terminal regions of a
gene of interest and a reporter gene is a useful stratagem in the study of the regulation
of gene expression. This is particularly effective when the activity of the product of
the gene of interest is difficult to measure. A favourite reporter gene amongst
molecular biologists is the E. coli lacZ gene, which codes for the [B-galactosidase
enzyme (reviewed in Silhavy and Beckwith, 1985). The activity of this enzyme may

be determined by a simple colourimetric reaction (Miller, 1972).

Several workers have used translational fusions between NtrA-dependent genes and
the lacZ gene to study or confirm the activity of a cloned ntrA gene product. The
cloned K. pneumoniae ntrA gene product was able to direct expression in a
K. pneumoniae ntrA mutant of either a K. pneumoniae or a R. meliloti nifH gene
(de Bruijn and Ausubel, 1983) or the K. pneumoniae nifL (Merrick and Stewart, 1985)
gene by the increase in expression of these nif genes fused to lacZ. Ishimoto and Lory
(1989) showed that the P.aeruginosa ntrA gene product was able to increase
transcription in E.coli of the R.leguminosarum dctA gene, which has a

NtrA-dependent promoter, fused to lacZ.

Merrick and Stewart (1985) observed a 2,5- to 3,5-fold increase in expression of a
ntrA-lacZ fusion in E. coli in the presence of multiple copies of the K. pneumoniae
ntrA gene. The reason for this possible auto-activation by the NtrA is not clear
although it may not reflect the situation in vivo where the ntrA gene is present at one
copy per chromosome. The expression of ntrA genes is thought to be at a low
constitutive level irrespective of levels of available nitrogen and therefore any
transcriptional regulation of ntrA is thought not to be a major factor in expression of
NtrA-dependent genes (Men'ick. and Stewart, 1985; de Bruijn and Ausubel, 1983;
Castano and Bastarrachea, 1984). It would be appropriate to note the limitations of
regulatory studies using cloned genes on multi-copy plasmids as these are artificial
conditions which may not reflect the effect of single-copy chromosomal genes. An
example of this is the phenomenon of "multi-copy inhibition" which occurred on

studies of nif genes in K. pneumoniae. It was found that the K. pneumoniae
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regulators, including FixK, a homologue of the E.coli regulator Fnr (Batut
et al., 1989). This is consistent with the idea that N,-fixation is carried out in each
organism under different conditions; for example, the symbiotic bacteria fix nitrogen
in the relatively nitrogen rich nodule environment, while K. preumoniae requires
nitrogen-limiting conditions for this process. = The primary structure of a
T. ferrooxidans negative regulator may provide some clues as to what signals mediate

repression of No-fixation in T. ferrooxidans.

The strategy aimed at cloning the T. ferrooxidans nifA gene requires the development
of a nitrogen-limited solid medium on which E. coli ntrC mutant ET8556 strains
containing the T. ferrooxidans nifH-lacZ fusion plasmid pHlac20 are able to grow
under anaerobic conditions. The use of NFDM (Cannon et al., 1974), supplemented
with low concentrations of casamino acids and yeast extract, is being investigated.
Once it has been established that ET8556(pHlac20) cells exhibit low levels of
expression of 3-galactosidase activity under these conditions (ie. colonies stain a dull
brown colour after flooding with ONPG), and that B-galactosidase activity is
increased in ET8556(pHlac20) cells containing, in addition, the constitutively
expressed K. pneumoniae nifA gene, it will be possible to screen the T. ferrooxidans
cosmid gene bank. Positive clones should carry a NtrC-independent transcriptional
activator of the T.ferrooxidans nifH gene which is active under anaerobic
nitrogen-limiting conditions. The possibility of re-cloning the T. ferrooxidans ntrC
gene will be easy to check. Isolation of a NtrC-dependent activator could be

attempted using a K. pneumoniae nifH-lacZ fusion in E. coli YMC10 cells.

The effect of the cloned T.ferrooxidans ntrA and ntrC gene products on the
expression of the cloned T. ferrooxidans ginA gene in E. coli would constitute an
important set of experiments to be carried out. Barros et al. (1985) showed that
glutamine synthetase activity in E. coli ginAntrBntrC deletion mutant cells containing
the T.ferrooxidans ginA gene was regulated in response to nitrogen levels.
Subsequent studies on the expression of E.coli glutamine synthetase activity
(Magasanik, pers. comm.) have indicated that the use of glutamate in the media
(which is taken up very poorly by E. coli) and the quantity of glutamine (0,15 mM)
used for the "low" nitrogen medium in these experiments may not have provided

sufficient growth for a true reflection of T. ferrooxidans GS activity in response to
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B.3.19 SM buffer (1x) (phage A storage, dilution)

NaCl : 58¢g
MgS0O,.7TH,0 2g
Tris-Cl (1 M, pH 7,5) 50 ml
2% gelatin solution 5ml
Distilled water to 1 000 ml
Autoclaved.

B.3.20 Sodium acetate (3 M, pH 5,2)

Sodium acetate.3H,0 4,08 g
Distilled water to 10 ml
Adjusted pH with glacial acetic acid. Autoclaved.

B.3.21 Sodium phosphate buffer (0,1 M, pH 7,0)

Solution A: NaH,PO,4.H,0 (0,2 M) 27,6 g/l

Solution B: Na,PO,4.12H,0 (0,2 M) 71,6 gl

Solution A (195 ml), Solution B (305 ml), and distilled water (500 ml) were
combined, and the pH adjusted to 7,0.

B.3.22 SSC (20x)

NaCl (3 M) 1753 ¢
Sodium citrate (0,3 M) 88,2¢g
Distilled water to 1 000 ml

Adjusted pH to 7,0 with NaOH (10 N). Autoclaved.

B.3.23 Tris acetate buffer (50x)

Tris base 242 ¢
Acetic acid 57,1 ml
EDTA (0,5 M, pH 8,0) 100 ml
Distilled water to 1 000 ml

B.3.24 TE (Tris-EDTA) buffer (100x)

Tris base 121 g
EDTA (0,5 M, pH 8,0) 200 ml
Distilled water to 1 000 ml

Adjusted pH to 8,0, autoclaved, and diluted with sterile water before use.
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DNA were pelleted by centrifugation for 10 min. The supernatant (700 ul) was
removed to a fresh tube and sedimented with an equal volume of isopropanol by
centrifugation for 5 min. The pellet was resuspended in 540 ul TE buffer (pH 8,0),
and 60 pl 5 M NaClO, was added. The DNA was resedimented with an equal volume
of isopropanol by centrifugation for 5 min, washed with 70% ethanol, air dried, and
resuspended in 50 ul TE buffer (pH 8,0).

C.1.3 Plasmid preparation: Rapid miniprep for sizing exonuclease III shortened
clones

This method enabled processing of at least 48 clones from bacterial colony to sized
plasmid within 12 h. Best results were obtained for preparation of plasmids which
replicated at a high copy-number, such as those derived from the pUC or Bluescript
vectors. E. coli cells were inoculated from a colony into 500 pl YT medium
(+ antibiotic) in an Eppendorf tube and incubated with agitation for 6 h at 37°C. After
incubation, the cells were pelleted by centrifugation for 2 min. The pellet was
resuspended in 60 pul STE buffer (100 mM NaCl; 20 mM Tris pH7,5; 10 mM EDTA).
An equal volume of phenol-chloroform (1:1) was added, the sample was vortexed for
15 sec, and then centrifuged for 5 mins. Approximately 40 pl of the aqueous phase
was transferred to a fresh tube. A 10 pl sample + 5 pl loading buffer (containing
Img/ml DNase-free RNAase A)(Appendix B.3.16) was loaded on a 0,8% agarose gel
and electrophoresed for 5 h at 70 volts. The distance moved by the fastest-migrating
band (covalently closed circular DNA) was inversly proportional to plasmid size.
Preparation by the same method of control plasmids of known size (eg. parental
plasmid used for exonuclease III shortening [5,6-kbp] and vector [2,8-kbp]) and
electrophoresis of these on the same gel provided a rapid method to identify
exonuclease III shortened clones of a specific size. Plasmid prepared by this method

was not suitable for restriction endonuclease digestion.
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(Appendix B.3.15). For electrophoretic analysis, the digestions were terminated by
the addition of 5 pl . NA loading solution (Appendix B.3.3) to the 20 ul digestions.
If the sample was to be used for ligation the digestion was terminated by a
phenol-chloroform extraction. The DNA solution was extracted with the addition of
phenol (1/10 volume, TE-saturated) and an equal volume of chloroform:isoamyl
alchohol (24:1). The mixture was vortexed briefly, and the two phases were separated
by centrifugation. The aqueous phase was extracted twice with
chloroform:isoamyl alchohol (24:1). The DNA was precipitated by the addition of
5M NaClO4 (1/10 volume), an equal volume of isopropanol, and 15 min
centrifugation. If the DNA concentration was less than 2 pug/100 pul, E. coli tRNA
was added (2 ng) before precipitation. After centrifugation the pellet was washed
with 70% ethanol and resuspended in TE buffer (pH 8,0). When necessary,
5'-protruding termini produced from res__ction endonuclease digestion were
"filled-in" using the Klenow fragment from E. coli DNA Polymerase I (Amersham).
Routinely, 0,5 pg DNA was incubated with 0,5 U Klenow (Amersham) in Klenow
buffer (Appendix B.3.9) with 0,25 mM of each ANTP in a volume of 25 pl at 37°C for

10 min. The reaction was terminated by a phenol-chloroform extraction.

C.3 Agarose gel electrophoresis

Agarose gel electrophoresis was carried out using a horizontal submerged gel system.
Tris-acetate buffer (Appendix B.3.23) was used routinely. Sigma type II agarose was
used at varying concentrations. The amount of DNA loaded/lane also varied with the
sizes and number of fragments but under normal circumstances about 300 ng of
plasmid DNA was used. The gels were electrophoresed at 2 V/cm for 16 h. Gels
were stained in electrophoresis buffer containing EtBr (0,5 pg/ml) for 15 - 30 min.
DNA bands were visualised using a 254nm transilluminator. A 310nm
transilluminator was used if the DNA was to be recovered from the gel. Gels were
photographed using a Polaroid CU-5 Land camera fitted with a red filter and a fixed
focal length attachment. Polaroid type 667 film (ASA 3 000) was used with an
exposure time of 1-2 sec at f4.7. If a negative was required then a Polaroid type 665
film (ASA 64) with an exposure of 120-140 sec at f4.7 was used.
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