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Abstract

Cryptococcus neoformans is a basidiomycete fungus that is found throughout the
world living as a saprophyte. It is an opportunistic pathogen in humans and
prevalence has increased significantly with the spread of HIV-AIDS, particularly in
sub-Saharan Africa. C. neoformans infects the body via inhalation into the lung and
dissemination around the body, including the central nervous system. Infection of the
brain is fatal if untreated. The virulence of this organism is dependent on the enzyme
urease, which catalyses the degradation of urea to ammonia and carbamate. The
molecular role of urease during infection is not clear, although there is evidence that
it is involved in the ability of C. neoformans to cross the blood brain barrier. Urease
enzymes require an iron or nickel cofactor to function, which suggests that
acquisition and distribution of this cofactor is important for the virulence of this
yeast. The homeostasis of transition metals in living organisms is tightly regulated by
a number of mechanisms including; metallochaperones, selective metal permeases,
metal-sensors and compartmentalisation. Cases of in vivo mis-population of metal

proteins are extremely rare.

In this project C. neoformans urease is identified as a nickel binding enzyme and
regulation of urease activity in response to the available nitrogen source is
characterised. The accumulation of nickel in C. neoformans is responsive to the
available nitrogen source and a putative nickel-importer, CnNicl, is identified as the
primary means of nickel accumulation. The urease accessory protein CnUreG is
essential for urease maturation and binds two equivalents of nickel with high affinity.
CnUreG is proposed to be a novel nickel chaperone for urease. Cobalt inhibits
cryptococcal urease in vivo by binding to the protein and preventing nickel insertion
into the active site. Urease inhibition by cobalt occurs at relatively low cobalt
concentrations and therefore C. neoformans does not appear to have evolved

effective mechanisms to protect against cobalt mis-population.
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1. Introduction

1.1. Cryptococcus neoformans

Cryptococcus neoformans is a basidiomycete fungus that is capable of causing
disease in humans (Lazera et al., 1996; Bicanic and Harrison 2004). It is normally
isolated as a spherical budding yeast of between 5 and 10 uM in diameter, although it
has sometimes been found as slight hyphal and filamentous forms (Okagaki et al.,
2010; Gupta et al., 2010). C. neoformans is sub-dived into two variants which are
defined by their serotype, the antigens recognised by the immune system. The
variants are serotype A, C. neoformans var. grubii, and serotype D, C. neoformans
var. neoformans. Serotypes B and C have recently been classified as a separate
species, Cryptococcus gattii, which diverged from C. neoformans some 40 million
years ago (Levitz, 1991; Casadevall and Perfect, 1998; Franzot et al., 1999).

C. neoformans is found world-wide, normally living as a saprophyte and is
associated with rotting bark, soil and bird, particularly pigeon, excreta (Ellis and
Pfeiffer, 1990a; Lazera et al., 1996; Casadevall and Perfect, 1998). It has been
proposed that C. neoformans has been spread world-wide by migratory pigeons
(Nielsen et al., 2007). C. gattii is associated with the bark of tropical trees and is not
isolated from pigeon excreta (Ellis and Pfeiffer, 1990b; Sorrel et al., 1996). As C.
gattii tends only to be found in tropical regions, along with some other isolated areas,

this supports the theory of pigeon-related C. neoformans distribution.

1.2. Infection by Cryptococcus neoformans

C. neoformans is an opportunistic pathogen in humans and infection does not form
part of the normal life cycle (Perfect et al., 1998). As an opportunistic pathogen C.
neoformans is associated with immunocompromised or immunosuppressed
individuals. This includes patients under immunosuppressive therapy, but is in
particularly associated with HIV-AIDS sufferers (Bicanic and Harrison, 2005).
Indeed, the spread of HIVV-AIDS across the world had led to a global increase in the
prevalence of C. neoformans infection. Cryptococcal infection now accounts for a
significant proportion of HIV related deaths. The most notable increase is in the

developing world, particularly sub-Saharan Africa, from which 70% of reported

1



cases of C. neoformans infection originate (Okongo et al., 1998; French et al., 2002).
This is because the region is where the spread of HIV-AIDS has been most prolific
and access to effective anti-fungal treatments is extremely limited (Robinson et al.,
1999). C. gattii, on the other hand, infects predominantly immunocompetent
individuals, but accounts for far fewer cases than the C. neoformans species
(Mitchell and Perfect, 1995; Kidd et al., 2007).

The model of infection starts with inhalation of the fungal spores or dried and
aerosolised cells into the lungs (Figure 1). The fungus then lodges in the alveoli and,
in an immunocompetent individual, encounters the alveolar macrophages that trigger
an immune response which normally clears the infection (Sukroongreung et al.,
1998; Bicanic and Harrison, 2004). In an immunocompromised individual, rather
than being confined to the primary sites of infection, the C. neoformans cells can
grow and escape the lung into the blood stream. Once in the blood stream the fungus
can disseminate through the entire body, including the central nervous system (CNS).
If C. neoformans crosses the blood-brain barrier it can cause meningoencephalitis,
which is fatal if untreated (White et al., 1992; Koguchi and Kawakami, 2002).

To be able to infect a human host C. neoformans has several virulence factors. These
virulence factors include the ability to grow a polysaccharide capsule, melanin
production, urease activity, ability to grow at 37°C and spore formation (Casadevall
et al., 2003). Capsule formation and urease activity are described in greater detail
below. Melanin production protects the cell from reactive oxygen species and so
defends the fungal cell from attack by phagocytic immune cells (Wang et al., 1995;
Wang et al., 1996; Liu et al., 1999). The ability to grow at 37°C allows C.
neoformans to survive and grow in a human host. Spore formation, as described
above, facilitates entry to the lungs and establishment of primary sites of infection
(Bicanic and Harrison, 2004). As infection does not form part of the C. neoformans
lifecycle these virulence factors will not have evolved to facilitate human infection.
One theory is that these virulence factors which protect against phagocytic attack,
evolved to protect C. neoformans from predation by amoeba or nematode worms that
are also present in environments with which C. neoformans is associated (Casadevall
et al., 2003).
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Figure 1 - Infection by C. neoformans.

A - C. neoformans enters the body by inhalation into the lungs and, if able to survive,
disseminates through the body. Infection of the brain occurs if the yeast is able to
cross the blood brain barrier. Panel adapted from Idnurm et al., 2005.

B - Lung tissue of an AIDS patient infected with C. neoformans. The cells are
stained with Mucicarmine which binds to the inner polysaccharide capsule giving red
colouration. Panel adapted from Doering, 2009.

C - Brain tissue infected with C. neoformans. The fungal cells are stained with
Methenamine silver stain which binds to the cell wall giving a dark colouration.
Panel adapted from Doering, 2009.
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1.2.1. Urease Activity

Urease is an enzyme that catalyses the degradation of urea to ammonia, which is
utilised as a source of nitrogen. To do this urease requires a nickel or iron cofactor,
absence of which abolishes catalytic activity (Carter et al., 2009; Carter et al., 2011).
How urease facilitates C. neoformans infection is not fully understood. Urease-
negative C. neoformans is avirulent in a mouse model of infection, as mice infected
with urease-negative C. neoformans have a significantly longer survival time than
those infected with wild-type C. neoformans (Cox et al., 2000; Olszewski et al.,
2004). Mice infected with urease-negative C. neoformans also have a lower fungal
burden in the CNS than wild-type infected mice, while the fungal burden of other
organs were broadly similar. Urease is required, either directly or indirectly, to cross
the blood-brain barrier and infect the brain. Ammonia produced by urease may

destroy the epithelial cells to facilitate transmigration (Shi et al., 2010a).

Although the role of urease is unclear in C. neoformans infection, it has been well
studied in bacterial pathogens (Mobley et al., 1995; Canteros et al., 1996). In
bacteria urease usually facilitates infection by localised alkalisation due to the
production of ammonia. In Helicobacter pylori, which colonises the human stomach,
the increase in pH creates a pH-neutral microenvironment in which the bacteria can
survive and grow (Scott et al., 2002). The bacteria Mycobacterium tuberculosis
infects human lungs and is capable of surviving when internalised by alveolar
macrophages, even for long periods of time (Clemens et al., 1995). In this instance
the ammonia produced by urease neutralises the acidic phagosome of the
macrophage and so helps prevent intra-cellular Killing. Urease activity in
experimental tuberculosis (BCG) has also been shown to inhibit presentation of the
major histocompatibility class Il (MHCII) complex at the macrophage cell surface
and so prevent escalation of the immune response. Interestingly, when purified
urease was attached to latex beads and phagocytised by macrophages the same
inhibition of MHCII complex presentation was observed (Sendide et al., 2004). This
suggests that this could be a common role for urease in the survival of pathogens
internalised by phagocytic immune cells. Urease is present in other pathogenic fungi
that invade the lungs, such as Coccidioides immitis, Coccidioides posadasii and
Aspergillus niger (Ghasemi et al., 2004; Mirbond-Donovan et al., 2006). C.



neoformans can therefore be used as a model to study urease activity, function and

maturation in pathogenic fungi.

1.2.2. The Polysaccharide Capsule

The polysaccharide capsule is considered to be the most important of the virulence
factors of C. neoformans infection (Bose et al., 2003). The capsule surrounds the
fungal cell wall and can be many times the volume of the cell itself. This acts as a
barrier against the immune system, protecting against phagocytosis by inhibiting
recognition and internalisation, as well as acting as a physical barrier to the cytotoxic
agents of intracellular killing (Kozel et al., 1988). The capsule also reduces
inflammation and can bind to, and thus inhibit, components of the complement
pathway (Buchanan and Murphy, 1998).

The capsule is primarily made of a mannose back-bone with xylosyl and glucuronyl
side chains (Cherniak et al., 1998). This carbohydrate structure gives C. neoformans
colonies expressing the polysaccharide capsule a distinctive mucoid appearance. The
standard test for capsule formation is an India ink stain. The pigment of the ink is
excluded from the cell by capsule, so that under microscopic examination a
distinctive 'halo’ is seen around an encapsulated cell (Figure 2) (Pierini and Doering,
2001).
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Figure 2 - Capsule detection by India ink stain.

C. neoformans with small (left panel) and large (right panel) capsule growth stained
with India ink.

The figure was adapted from Guimardes et al., 2010.



Capsule formation is regulated in response to a number of different factors including;
low iron bio-availability, pH of the media and high CO; concentrations (Granger et
al., 1985; Vartivarian et al., 1993). During infection capsule formation is induced to
varying degrees depending on tissue location (Rivera et al., 1998). More recently Lee
et al. demonstrated that capsule formation is regulated in response to the available
nitrogen source. Specifically, uric acid, urea and creatine induce capsule production,
while ammonia inhibits production, even when added with those nitrogen sources

which promote capsule production (Lee et al., 2011).

1.2.3. The Effect of Cell Size on Pathogenicity

How C. neoformans crosses the blood-brain barrier is not fully understood. A theory
is that fungal cells lodge in capillaries of the CNS and cross directly to the brain,
bypassing the meninges (Olszewski et al., 2004; Shi et al., 2010a). This requires the
cells to be smaller than the capillary diameter. Cell gigantism, in which the cell
diameter can increase up to 100 uM (excluding capsule), has been implicated in
protecting against phagocytosis. When cell gigantism is induced the ability of C.
neoformans to cross the blood-brain barrier is reduced in a mouse model of infection
(Zaragoza et al., 2010). This supports the theory that cell size is an important

determinant for the ability of C. neoformans to infect the brain.

1.3. Nitrogen Catabolite Repression

Fungi use nitrogen for a number of different roles, including incorporation into
macromolecules such as proteins, DNA and RNA. This means that the acquisition of
nitrogen is of paramount importance to the fungal cell. While fungi can utilise a
variety of nitrogen sources, they do not all result in the same rate of growth (Cooper,
1982). It is then in the interest of the fungi to use the nitrogen sources that provide
the best growth conditions. This is achieved by a process known as Nitrogen
Catabolite Repression (NCR) or Nitrogen Metabolite Repression, the terms can be
used interchangeably (Wiame et al., 1985; Magasanik and Kaiser, 2002). By NCR
the pathways that utilise nitrogen sources that result in poorer growth conditions are
down-regulated in the presence of better nitrogen sources, which are considered

‘preferred’ nitrogen sources (Schure et al., 2000).
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In the model yeast Saccharomyces cerevisiae all nitrogen sources are degraded to
ammonium or glutamine, which are the preferred nitrogen sources. Other nitrogen
sources are therefore utilised less preferentially (Cooper, 1982; Wiame et al., 1985).
For example, the proline utilisation pathway is down-regulated in the presence of
ammonia. The existing proline acquisition permeases, Gaplp and Putdp, are
inactivated and degraded while their transcription is repressed (Grenson, 1983;
Jauniaux et al., 1987; Jauniaux and Grenson, 1990; Stanbrough and Magasanik,
1995). Transcriptional control is regulated through GATA transcription factors
GIn3p and Gatlp, which bind to the promoters of NCR sensitive genes and promote
expression in the absence of ammonia (Minehart and Magasanik, 1991; Coffman et
al., 1996). The negative acting transcription factors Dal80p and Dehlp, which are
also in the GATA class of transcription factor, down-regulate the expression of NCR

sensitive genes (Daugherty et al., 1993; Coffman et al., 1996; Schure et al., 2000).

In C. neoformans only one NCR transcription factor has been identified, Gatl, which
shares limited sequence homology to the GATA factors of S. cerevisiae (Kmetzsch et
al., 2011). This is similar to Aspergillus nidulans and Neurospora crassa, which also
have only one NCR transcription factor AreA and Narl, respectively (Stewart and
Vollmer, 1986; Fu and Marzluf, 1987a; Fu and Marzluf, 1987b; Hensel et al., 1998).
Deletion of GAT1 in C. neoformans results in loss of ability to grow on minimal
synthetic media in which urea, ammonia, or any amino acid are the sole nitrogen
source, with the exception of arginine and proline. Microarray analysis demonstrated
that GAT1 was involved in the transcriptional regulation of NCR genes (Kmetzsch et
al., 2011). During the course of this study, NCR has been shown to be involved in
the expression of C. neoformans virulence factors. Capsule growth is induced in
response to urea, uric acid or creatine and repressed by ammonia. However, melanin
production is repressed by urea, uric acid or creatine and recovered by ammonia (Lee
et al., 2011). Despite opposite effects on capsule and melanin production it is evident
that nitrogen source availability and, by extension, NCR are involved in the

regulation of virulence factors in C. neoformans.



1.3.1. Uric Acid Metabolism

Uric acid is a potential nitrogen source that is highly abundant in bird excreta, one of
the environments with which C. neoformans is most associated. C. neoformans is
able to grow on media based on pigeon guano (Nielsen et al., 2007). The predicted
degradation of uric acid is outlined in Figure 3. The final stage in this pathway is the
degradation of urea to ammonia by the enzyme urease (Figure 3) (Rouf and
Lomprey, 1968). Interestingly, primates are the only mammals which do not degrade
uric acid. The first enzyme in the pathway, urate oxidase or uricase, is a non-
functional gene in primates (Proctor, 1970). As a result uric acid is present in the
human blood stream, as is urea at around 2.5 mM, both are potential sources of
nitrogen to C. neoformans during infection (Proctor, 1970; Zielinski et al., 1999;
Ronne-Engstrom et al., 2001; Tyvold 2007; Waring et al., 2008). It is then possible
that urease is required for virulence simply to allow C. neoformans to metabolise
available nitrogen sources. It is also possible that urease has an effect on the
expression of other virulence factors by indirect regulation of NCR.



Uric Acid
l Urate oxidase

5-hydroxyisourate
1

1
1
1
v
S-(+)-Allantoin

l Allantoinase

Allantoate
: Allantoate deminase
\:, Ureidoglycoate lyase

Urea

l Urease

Ammonia

Figure 3 - The degradation of uric acid.

The predicted pathway of uric acid metabolism in C. neoformans. The enzyme
involved at each stage is indicated. A dashed arrow indicates that more than one

reaction takes place.
The figure was adapted from Lee et al., 2011.
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1.4. Metals in Biology

Protein-bound transition metals are utilised across all kingdoms of life in a variety of
roles and are essential for cell survival. Structural metals, such as zinc in zinc-finger
proteins, provide mechanical support to the protein backbone and can help facilitate
folding. Other metals, such as copper in copper/zinc superoxide dismutase, are
required in the catalytic core of enzymes (Matthews et al., 2009; Liochev and
Fridovich, 2010). Between a quarter and a third of all proteins are thought to be
metal binding, therefore the insertion of the correct metal into the protein metal-
binding site is essential for cell survival (Waldron and Robinson, 2009). However,
high concentrations of unbound transition metals can be toxic to the cell. In the cases
of copper, nickel or zinc, any free atoms of these metals in the cell can be considered
a high concentration. Free metals are able to bind the incorrect protein or other
macromolecules and inhibit function. In the case of iron and copper, oxidative stress
can be caused by hydroxyl radicals generated by Fenton chemistry. Therefore
elaborate homeostatic mechanisms have evolved to control the concentration and

distribution of metals in the cell.

The homeostasis of metals is complicated by the different affinities of ligands for
metals, as described by the Irving-Williams series. This series orders the general
affinity of ligands for divalent transition metals as Mn?* and Ca?* < Fe®* < Co** <
Ni?* < cu** > zn*, with copper having the highest affinity and magnesium and
calcium the lowest (Irving and Williams, 1948; Irving and Williams, 1953; Frausto
da Silva and Williams, 2001). Therefore, if the metal binding proteins of a cell were
to be produced in a solution with equal concentrations of each of these metals all the
proteins would bind to copper (Waldron et al., 2009). To prevent this a selection of
metal homeostatic mechanisms have evolved, including; metallochaperones,
selective metal-transporters, metal-sensors and compartmentalisation of metals and

metal binding proteins.

1.4.1. Metal Transporters and Their Regulation

The import of metals into the cytoplasm is carefully controlled via metal specific
transporters. In bacteria there are a variety of transporter types responsible for metal
uptake, such as the ATP-binding cassette (ABC) family that includes importers for
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nickel, zinc, iron and manganese, and P-type ATPases that may be involved in the
import of a range of metals including copper (Ferguson and Deisenhofer, 2004; Lu
and Solioz, 2002). Both of these systems use ATP hydrolysis to drive metal uptake.
Other transporters, such as the natural resistance associated macrophage protein
(Nramp) family use a proton gradient to drive metal uptake (Kehres et al., 2000). In
the yeast S. cerevisiae copper uptake is mediated via the high-affinity transporters
Ctrlp and Ctr3p (Labbé et al., 1997). The S. cerevisiae iron uptake system is divided
between siderophore uptake by the Arn family of transporters, Frel-4 reductase
linked import via the high-affinity Fet3/Ftrl transporter complex and the low-affinity
transporter Fetdp (Yun et al., 2000; Waters and Eide, 2002). S. cerevisiae zinc
uptake is via the high-affinity Zrtlp and Zrt2p transporters and low affinity Fet4p
transporter (Waters and Eide, 2002; Zhao and Eide, 1996a; Zhao and Eide, 1996b).
To prevent over-accumulation of metals, bacteria express export proteins that
transport metals out of the cytoplasm in high metal concentrations. The cation
diffusion facilitator (CDF) family drive excess metal transport from the cytoplasm to
the periplasm of gram-negative bacteria and the resistance and nodulation (RND)
family drive transport across the outer membrane (Saier et al., 1994; Anton et al.,
1999). In S. cerevisiae an excess of potentially useful metal is not exported from the
cell but is stored in the vacuole for potential use in the future (MacDiarmid et al.,
2000; Li et al., 2001; MacDiarmid et al., 2002).

The concentration of metals in the cytoplasm is controlled by the expression levels of
metal transporters. In Escherichia coli the metal importers are expressed in metal
limiting conditions and exporters in high metal conditions to maintain appropriate
cytosolic concentrations (Waldron et al., 2009). This is commonly mediated by metal
sensing transcription factors. The copper sensor CueR binds copper at 10! molar
concentrations. When copper-bound, CueR transcriptionally activates the expression
of CopA and CueO which export copper from the cytoplasm, thus keeping the
copper concentration in the sub-femtomolar range (Wayne Outten et al., 2000;
Changela et al., 2003). A similar system is present for zinc regulation, the zinc
sensors ZntR and Zur have 10> molar affinities for zinc and when zinc bound
transcriptionally activate expression of zinc export proteins such as ZntA (Rensing et
al., 1999; Outten and O'Halloran, 2001). The nickel sensor NikR binds nickel via 2
sites, with 107 and 10™ molar affinities. Binding of both sites increases DNA
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binding which represses expression of the NikABCDE importer complex (Eitinger
and Mandrand-Berthelot, 2000; Waldron and Robinson, 2009). These systems all
have very tight binding affinity for their respective metal and thus keep the cytosolic

concentration extremely low, in the cases of copper and zinc below 1 atom per cell.

The metal homeostatic systems in S. cerevisiae activate transcription of metal
importers during metal starvation and mediate the internalisation and degradation of
the importers in metal replete conditions. In parallel to this process, in metal replete
conditions useful metals are stored in the vacuole and in metal limiting conditions the
metals are released (Rutherford and Bird, 2004). The expression of the copper
importers Ctrlp and Ctr3p is induced in low copper conditions by the transcription
factor Maclp, which binds to copper-responsive cis-acting elements (CuRES) in the
promoter region of these genes. Under copper replete conditions these transporters
are internalised and degraded via a Maclp mediated pathway (Yamaguchi-lwai et
al., 1996: Ooi et al., 1996; Labbé et al.,, 1997; Yonkovich et al., 2002). Iron
homeostasis in S. cerevisiae is mediated by the Aftl and Aft2 transcription factors
that respond to iron concentration and oxidative stress by nuclear localisation
regulated by Grx3 and Grx4 (Pujol-Carrion et al., 2006). In low iron conditions iron
uptake transporters are expressed and the vacuolar iron stores released via expression
of the Fet5/Fthl system (Casas et al., 1997; Blaiseau et al., 2001; Rutherford and
Bird, 2004). However, Aftl is also responsive to glucose levels independently of
iron. lron uptake genes have increased expression on the switch to respiratory
metabolism in a Snfl/Snf4 and Aftl dependent manner (Haurie et al., 2003). The
zinc responsive transcription factor, Zapl, induces expression of Zrtl, Zrt2 and Fet3
under zinc limiting conditions as well as increasing expression of the vacuole efflux
pump Zrt3. Zrtl is endocytosed and degraded in response to high zinc (Waters and
Eide, 2002; Zhao and Eide, 1996a; Zhao and Eide, 1996b; MacDiarmid et al., 2000;
Eide, 2003). A common theme to each of these metal regulation systems is the direct
regulation by the metal binding to the transcription factor; Maclp binds DNA in a
copper dependent interaction, Aftl binding [Fe-S] clusters induces nuclear export,
Zap1 binds zinc and DNA via zinc-finger motifs that regulates DNA binding (Jensen
and Winge, 1998; Bird et al., 2000; Rutherford and Bird, 2004; Ueta et al., 2007).
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1.4.2. Metallochaperones

The concentration of transition metals is kept extremely low by the cell, but metal
binding proteins still require access to the appropriate metal during or soon after
folding. This presents a problem as there are many potential metal binding sites in
the cell, so the probability of the few atoms of the correct metal finding the correct
binding site is small. Also, the incorrect metal may fill the binding site and lead to
inactive protein (Waldron and Robinson, 2009; Robinson and Winge, 2010). To
overcome these problems a class of proteins known as metallochaperones has
evolved. Metallochaperones bind metal and dock with the target protein via protein-
specific interactions and transfer the metal to the target by ligand exchange reactions
(Furukawa et al., 2004). The protein-protein interaction provides specificity to the
transfer and prevents transfer to the wrong protein or insertion of the wrong metal to
the target. An example of this is the copper chaperone to cyanobacterium P-type
ATPases, Atx1, which forms a homodimer with the copper transporters CtaA and
PacS to facilitate copper transfer. However, Atx1 cannot interact with the zinc P-type
ATPases, ZntA and ZiaA, and so does not transfer copper to the wrong protein,
despite close homology of transporter cytoplasmic regions (Banci et al., 2002; Tottey
et al., 2002; Robinson and Winge, 2010). How metallochaperones acquire the metal
is not fully understood, but systematic deletion of copper importers in S. cerevisiae
does not result in loss of metal-binding by specific chaperones, indicating that
chaperones do not accept metal exclusively from one transporter (Portnoy et al.,
2001). However, interactions between the copper importer Ctrlp and the copper

chaperone Atx1 result in copper transfer in vitro (Xiao and Wedd, 2002).

Metallochaperones have been described for copper, nickel and iron (Waldron et al.,
2009). The three most studied copper chaperones in yeast are Atx1, which transfers
copper to the P-type ATPases on the Golgi membrane, Cox17, which transfer copper
to cytochrome ¢ oxidase via Scol and Cox11, and Ccsl, the copper chaperone for
superoxide dismutase 1 (Huffman and O'Halloran, 2001; Singleton and Le Brun,
2007; Robinson and Winge, 2010). Bacterial nickel chaperones include UreE, the
chaperone to urease, which is discussed in more detail below, and the HypA-HypB
complex, which supplies nickel to the NiFe-hydrogenase. The HypA-HypB complex
accepts nickel from the NikABCDE system and transfers it in a GTP hydrolysis

dependent step to the hydrogenase apo-enzyme (Eitinger and Mandrand-Berthelot,
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2000; Rowe et al., 2005). Iron being assembled into iron-sulphur ([Fe-S]) clusters in
bacteria is delivered to the assembly factor scaffold by the protein CyaY, which

therefore acts as an iron chaperone (Fontecave and Ollagnier-de-Choudens, 2008).

1.4.3. Compartmentalisation

The folding of a nascent polypeptide exposes potential metal binding sites to the
metals of its local environment. Those metals with the highest affinity in the local
environment will bind the protein. Similarly proteins with exposed metal binding
sites that bind weak affinity metals, such as manganese or iron, are liable to have the
metal exchanged with any available higher affinity metals, such as copper (Waldron
et al., 2009). A strategy to overcome this problem is to exploit the compartments of a
cell, by folding low-affinity metal-binding proteins in compartments devoid of
tightly binding metals. This is exemplified by MncA and CucA from the
cyanobacterium Synechocystis. MncA is a manganese binding protein and CucA is a
copper binding protein, both are localised to the periplasm which is rich in copper.
However, the proteins have identical metal binding sites and in vitro MncA binds
copper with 10* times higher affinity than manganese. The insertion of manganese
into MncA is achieved by folding of the protein in the cytoplasm, which is depleted
of copper but manganese replete, prior to export to the periplasm. Once loaded with
manganese the metal binding site of MncA is buried, thus preventing substitution
with copper. In comparison, CucA is folded in the periplasm and so binds copper
directly (Tottey et al., 2008). In eukaryotes the number of organelles and
compartments provides opportunity for similar metal regulation and some evidence
for this exists. In mammals the delivery of copper to tyrosinase can only occur at
specific compartments of the secretory pathway (Setty et al., 2008). The plant
Arabidopsis thaliana localises manganese transporters to sub-populations of the post-
Golgi compartments (Li et al., 2008). In S. cerevisiae the vacuole is used for metal
storage and thus protects the cytoplasm from high concentrations of useful but toxic
metals (Li et al., 2001; MacDiarmid et al., 2000; MacDiarmid et al., 2002; Eide,
2003).
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1.4.4. Metal Mis-population

A large number of metal binding proteins have been discovered and studied. Despite
the general lack of discrimination between metals by proteins in vitro, only a handful
of cases of incorporation of the incorrect metal have been documented in vivo
(Waldron et al., 2009). This demonstrates how well regulated metal homeostasis is
across different species. However, the few cases of metal mis-population that are
documented can give valuable insight into the mechanism and evolution of metal

homeostasis by identification of how and why the wrong metal was incorporated.

[Fe-S] clusters are utilised by proteins with various biological functions, including;
electron transfer, regulation of transcription and in the catalytic core of enzymes
(Beinert et al., 1997). The correct incorporation of these clusters is therefore vital for
many aspects of cell survival but in E. coli formation and incorporation of an [Fe-S]
cluster can be inhibited by cobalt in vivo (Ranquet et al., 2007). The [Fe-S] clusters
form as either [4Fe-4S], [3Fe-4S] or [2Fe-2S] and are generated by the iron-sulpher
cluster (ISC), sulphur assimilation (SUF) or cysteine sulphinate desulphinase (CSD)
machinery. The ISC machinery generates [Fe-S] clusters under normal conditions
and the SUF is used during oxidative stress or iron limiting conditions. Both systems
utilise a cysteine desulfurase, IscS and SufSE, which donates sulphur to the [Fe-S]
cluster during biogenesis (Barras et al., 2005). Addition of cobalt to the E. coli
growth medium inhibits growth rates, decreases iron accumulation to around half
wild-type levels and results in significantly increased cobalt accumulation (Ranquet
et al., 2007). Deletion of the CorA transporter abolishes cobalt accumulation but
does not rescue iron accumulation, indicating that cobalt enters the cell via this
transporter and blocks iron accumulation by a different mechanism. The activity of
the [Fe-S] proteins aconitase, MiaB and FhuF was studied in vivo in normal and
high-cobalt (200 uM) conditions. Aconitase and MiaB, both [4Fe-4S] enzymes, had
reduced activity in high cobalt conditions, which was rescued by deletion of CorA.
FhuF, a [2Fe-2S] protein, was found by UV-visible absorbance, electron
paramagnetic resonance (EPR) and atomic absorbance spectroscopy (AAS) to have
reduced iron and increased cobalt content. When the same proteins were examined in
vitro, iron loaded MiaB and FhuF were not inactived by incubation of cobalt and
aconitase was only inactivated by switching from anaerobic to aerobic conditions and

back in the presence of cobalt, which causes iron to dissociate and allows cobalt to
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bind. This indicated that cobalt entered the iron homeostatic pathway in vivo. The
scaffold proteins IscU and SufA are able to assemble and transfer [Fe-S] clusters to
target proteins. When these proteins were incubated with cobalt the UV-visible
spectrum revealed peaks indicative of cobalt binding. IscU was also able to transfer
cobalt to apoMiaB in vitro. The model put forward was that cobalt inhibited some
iron uptake but also replaced iron in the [Fe-S] cluster biogenesis pathway,
effectively inhibiting the formation of a range of important [Fe-S] cluster binding

proteins (Ranquet et al., 2007).

The effect of copper on [Fe-S] clusters has also been investigated. To E. coli, growth
in minimal media with excess copper is highly toxic (Macomber and Imlay, 2009). In
addition to oxidative stress caused by copper redox chemistry the [Fe-S] containing
dehydratase enzymes fumarase A, 6-phosphogluconate dehydratase and
isopropylmalate isomerase were inhibited in vivo in high copper conditions.
However, unlike the [Fe-S] biogenesis proteins, fumarase A could be inactivated by
copper in vitro independently of oxidative stress. The addition of copper released
iron from the [Fe-S] cluster but the presence of Cu-Fe-S intermediates was not
detected, indicating that the copper does not replace iron in the cluster. The recovery
of the fumarase A activity, after copper inactivation, by the addition of iron also
indicated that copper caused the degradation of the [Fe-S] cluster rather than binding
in the place of iron. In agreement with this, copper stress induces the expression of
[Fe-S] biogenesis factor in Bacillus subtilis (Chillappagari et al., 2010). Although
this example is not direct mis-population of a metal binding site it does demonstrate
that in vivo enzyme inhibition can arise from other effects of aberrant metal

homeostasis.

Another iron containing compound, haem, can also be mis-populated by other
transition metals. The final stage in haem biosynthesis is the incorporation of iron
into protoporphyrin by the enzyme ferrochelatase (Lange et al., 1999). However
when iron is limiting zinc can compete for the same site, resulting in the production
of zinc-protoporphyrin (ZnPP) (Camadro and Labbé, 1982; Camadro et al., 1982).
The structure of ferrochelatase is conserved from bacteria to humans and ZnPP levels
are used as an indicator of iron deficiency in humans, indicating that poor metal
specificity of ferrochelatase may be common to many species (Al-Karadaghi et al.,

1997; Labbé and Dewanji, 2004). Therefore under normal conditions iron
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outcompetes zinc to bind protoporphyrin, but when iron is limiting zinc is able to
partially outcompete iron and form ZnPP. The incorporation of cobalt into haem has
also been documented in E. coli (Majtan et al., 2011). When E. coli cells are grown
in high (150 pM) cobalt media the formation of cobalt protoporphyrin IX (CoPPIX)
can be detected in place of normal haem (FePPIX). The CoPPIX was incorporated
into the normally haem containing enzyme, cystathionine (-synthase (CBS). The
CoCBS had an activity nearly as high (~95 %) as the wild-type FeCBS, which is
likely to be a reflection of the non-catalytic role of haem in CBS. The incorporation
of CoPPIX into enzymes which utilise a catalytic haem core, such as cytochromes,
may result in reduced activity (Majtan et al., 2011).

The superoxide dismutase (SOD) family of proteins has Cu/Zn, Ni, Fe and Mn
members. The FeSOD and MnSOD share significant sequence and structural
homology (Culotta et al., 2006). Very unusually for a metal enzyme, MnSOD of E.
coli is purified in 3 forms, a Mn,, a Mn,Fe and an Fe, form (Beyer et al., 1991).
Analysis of MnSOD in vitro revealed equal binding affinities for manganese and iron
(Mizuno et al., 2004). However, iron bound MnSOD is inactive and therefore metal
selection affects enzyme function (Whittaker, 2003). This may result from the
binding environment of MnSOD being inappropriate for iron based redox reactions
(Culotta et al., 2006). This is an unusual example in which metal mis-population in
vivo occurs without the aberrant metal being added to non-physiological levels.
Although MnSOD mis-population is observed in bacteria, iron binding to the
normally manganese binding SOD2 of eukaryotes is only observed in conditions
where iron homeostasis is disrupted. In this case iron would not normally reach
SOD2, which is in the mitochondrial matrix, however mutations which increase
mitochondrial iron content result in the inhibition of SOD2 by iron binding (Dancis,
1998; Yang et al., 2006; Culotta et al., 2006).
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1.5. Urease Maturation

1.5.1. The Urease Enzyme

The urease of Canavalia ensiformis, or jack bean, was the first enzyme to be
crystalised, in 1926, although the structure was not solved (Sumner, 1926). Jack bean
urease was also the first enzyme demonstrated to utilise nickel (Dixon et al., 1975).
Urease catalyses the degradation of urea to ammonia and carbamate, which
spontaneously degrades to ammonia and carbon dioxide. The structure of urease
enzymes from different sources (bacteria, plants and fungi) are very similar and
involve the formation of a trimeric complex with 3 catalytic cores (Carter et al.,
2009). The urease enzymes of most bacteria, including Klebsiella aerogenes and
Bacillus pasteurii, are comprised of 3 subunits, UreA, UreB and UreC, which form a
heterotrimer that forms a complex comprised of 3 of these trimers, a (UreABC);
complex (Figure 4A) (Jabri et al., 1995; Benini et al., 1999). The urease of H. pylori
is comprised of 2 subunits, HpUreA and HpUreB. HpUreA represents a fusion of
UreA and UreB from other bacterial urease enzymes and HpUreB is homologous to
the UreC of other bacteria. The H. pylori urease forms a (UreAB)3; complex similar
to that of K. aerogenes and B. pasteurii (Ha et al., 2001). Despite the early work on
jack bean urease crystallisation the structure has only recently been solved to high
resolution (Balasubramanian and Ponnuraj, 2010). The plant urease enzymes are
composed of a single poly-peptide chain equivalent to a fusion of the 3 subunits
found in bacteria. Jack bean urease forms a trimer analogous to the (UreABC);
complex of bacterial urease enzymes, which then forms a hexamer (Figure 4B)
(Sheridan et al., 2002). Urease enzymes from different species form different higher
order complexes; the H. pylori urease forms a ((UreAB)s); complex and the jack
bean urease forms a hexamer in solution (Ha et al., 2001; Balasubramanian and
Ponnuraj, 2010).
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Figure 4 - The structures of urease enzymes.
A - The crystal structure of K. aerogenes urease in a (UreABC)3; complex with UreA
coloured blue, UreB coloured orange and UreC coloured yellow.

B - The crystal structure of C. ensiformis urease in a hexameric complex. A single
subunit is highlighted in orange.

C - The active site of K. aerogenes urease. Nickel atoms are coloured green and
water molecules are coloured red. Metal binding amino acid residues are coloured
white and residues proposed to be involved in urea hydrolysis are coloured orange.

Figure adapted from Carter et al., 20009.
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The active site of urease is highly conserved in those enzymes for which there are
structures (Carter et al., 2009; Balasubramanian and Ponnuraj, 2010). Urease utilises
two nickel atoms in catalytic core, Nil and Ni2. In K. aerogenes urease Nil is
coordinated by two histidine residues, H246 and H272, a water molecule and a
modified lysine residue, K217. Ni2 is coordinated by two histidine residues, H134
and H136, an aspartate residue, D360, a water molecule, the same molecule which
coordinates Nil, and the modified lysine, K217 (Figure 4C) (Pearson et al., 1997).
The lysine residue which links the two nickel atoms is carbamylated, a modification
that is conserved between species and which is essential for urease maturation
(Pearson et al., 1997; Balasubramanian and Ponnuraj, 2010). Extended X-ray
absorption fine structure (EXFAS) studies of jack bean urease are consistent with the
crystal structure (Alagna et al., 1984). The mechanism of urea breakdown by urease
is not fully understood, but various models have been put forward since the
identification of urease as a nickel enzyme. A recently proposed mechanism is as
follows; the urea substrate interacts with Nil via the carbonyl oxygen atom and the
water bridging the two nickel atoms (nucleophilically charged by interaction with
Ni2) performs a nucleophilic attack on the urea carbon forming an intermediate
complex. The adjacent H320 then accepts the electron and the intermediate complex
collapses thus releasing one nitrogen atom as ammonia and leaving carbamate which
spontaneously degrades to ammonia and carbon dioxide (Carter et al., 2009). Other
models differ on which water molecule performs the nucleophilic attack and what
acts as the acid to accept the electron on breakdown of the intermediate complex
(Dixon et al., 1980; Andrews et al., 1986; Carter et al., 2009).

The maturation of urease normally requires several protein cofactors, but can be
achieved in vitro with relatively low efficiency. K. aerogenes apo-urease is activated
to ~15% of wild-type levels when incubated with nickel and bicarbonate (Park and
Hausinger, 1996). When in solution bicarbonate is in equilibrium with carbon
dioxide, the covalent binding of CO, to the terminal amine group of K217 produces
the carbamoyl group (R-NH-COOH). As the reaction is the addition of a carboxyl
group to the K217 residue, this modification is sometimes referred to as
carboxylation rather than carbamylation. Also investigated was the effect of metal
ions other than nickel binding in the active site. Incubation of apo-urease with

bicarbonate and zinc or copper resulted in inactive enzyme. However incubation with
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manganese or cobalt generated ~2% of activity compared to nickel, indicating that
other metals can substitute for nickel but result in lower enzyme activity. In the case
of cobalt this only occurs in a C319A mutant, as cobalt incubated with the wild-type
urease bound to C319 and did not produce any urease activity (Park and Hausinger,
1996; Yamaguchi and Hausinger, 1997). The exposure of nickel-bound jack bean
urease to zinc and cobalt, for 51 and 87 days respectively, resulted in partial
replacement of the catalytic core and a drop in enzyme activity. The nickel was
partially replaced by zinc and cobalt and thought to result in mixed-metal active sites
that were inactive (King and Zerner, 1997). The long incubation periods indicate that

replacement of nickel in the mature urease is very inefficient.

The urease activity of gastric pathogens allows the creation of a pH neutral
microenvironment that is essential for colonisation. The Helicobacter species which
populate the stomachs of plant eating hosts are able to acquire nickel for urease from
the plant matter that is ingested. However those species which colonise carnivore
stomachs may be more limited for nickel as animals are not known to require nickel
or accumulate it and so nickel-rich food will seldom be ingested (Solomons et al.,
1982). A second form of the urease was identified in the species Helicobacter felis,
UreA2 and UreB2 which have 46% and 73% sequence identity to the H. felis UreA
and UreB respectively (Pot et al., 2007). The homologous urease system of
Helicobacter mustelae is expressed in nickel limiting conditions (Stoof 2008). H.
mustelae UreA2B2 was iron bound when purified from H. mustelae cells. This iron-
urease coordinated iron at the active site in an arrangement and with ligands
indistinguishable from those of nickel-urease enzymes. The quaternary structure
formed a ((UreA2B2)3), complex in a manner identical to the H. pylori ((UreAB)3),
complex (Ha et al., 2001; Carter et al., 2011). The high degree of similarity between
the iron- and nickel-urease sequence, structure and active-site architecture suggest
that to confirm which metal a urease enzyme binds direct, in vivo evidence is

required.

1.5.2. Assembly of the Urease Maturation Complex

The maturation of urease has been most thoroughly studied in the bacterium K.
aerogenes, which requires 4 accessory proteins to activate urease, UreD, UreE, UreF

and UreG. Deletion of these accessory proteins results in abolished urease activity in
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vivo (Lee et al., 1992; Mulrooney et al., 2005). Low levels, ~15%, of K. aerogenes
apo-urease can be activated in vitro by modification of the conserved lysine with
CO; and the binding of nickel to the active site (Park and Hausinger, 1996). The
activation of urease in vivo is achieved via assembly of the urease-UreDEFG
complex, which is thought to occur in a step-wise process (Figure 5) (Lee et al.,
1990). The urease activation complex assembly begins with the binding of UreD to
urease. When UreD is highly expressed with urease in vivo a urease-UreD complex
is formed and cross-linking studies have confirmed UreD binding to urease (Park et
al., 1994; Chang et al., 2004). This binding event appears to induce a conformational
change that partially opens the active site, as the in vitro activation of urease in the
urease-UreD complex is approximately 30%, twice the activity of urease alone (Park
et al., 1994; Park and Hausinger, 1996).

The subsequent step is binding of UreF to the urease-UreD complex. Over-
expression in vivo of UreF alongside UreD and urease resulted in the formation of a
urease-UreDF complex. Significantly, the over-expression of UreF alone with urease
does not result in the formation of a complex, indicating that UreD is required to
mediate the UreF-urease interaction. An anti-UreD antibody is unable to bind to the
urease-UreDF complex but can bind to urease-UreD, indicating that UreF covers the
UreD epitope (Moncrief and Hausinger, 1996; Moncrief and Hausinger, 1997). The
binding of UreF to the urease-UreD complex prevents crosslinking of urease and
UreD. This indicates that UreF binding causes a conformational change in the
complex and UreD moves away from urease (Chang et al., 2004). The in vitro levels
of activity of urease-UreDF are equal to that of urease-UreD, suggesting that the
active site structure has not been significantly altered by UreF binding (Moncrief and
Hausinger, 1996).

The third stage in complex assembly is the binding of UreG to the urease-UreDF
complex. The co-expression of K. aerogenes urease, UreD, UreF and UreG resulted
in the formation of a urease-UreDFG complex which was also assembled by mixing
of the components in vitro (Park and Hausinger, 1995; Soriano and Hausinger,
1999). The in vitro activity of urease in this complex was above 60% of wild-type
levels and was enhanced by hydrolysis of GTP. UreG contains a GTPase domain
known as a P-loop and mutation of this region abolished the enhanced activation of

urease-UreDFG in the presence GTP. Similarly GTP did not enhance activation of
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the urease-UreD or urease-UreDF complex (Soriano and Hausinger, 1999). This
suggests that UreG is a GTPase and UreF may be a GTPase activating enzyme. The
expression of UreD, UreF and UreG without urease results in the formation of an
insoluble UreDFG complex, it has been suggested that this complex is pre-formed

and then binds urease (Moncrief and Hausinger, 1997; Carter et al., 2009).

The final stage of urease activation is the delivery of nickel to the urease-UreDFG
complex by the nickel chaperone, UreE (Colpas et al., 1999; Colpas and Hausinger,
2000). Activity in vitro of urease-UreDFG incubated with UreE is equal to wild-type
levels of urease activation (Soriano et al., 2000). This result indicates that urease-
UreDFG is the physiologically relevant activation complex and UreE is required to
transport nickel to the active site (Carter et al., 2009).
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Figure 5 - The step-wise assembly of the urease maturation complex.

The formation of the urease-UreDEFG complex occurs in a step-wise manner of
UreD, UreF, UreG and UreE binding sequentially to the urease apo-enzyme. After
nickel loaded UreE binds the active site lysine residue is modified and nickel inserted
in a GTP hydrolysis dependent manner. After maturation the accessory proteins
dissociate.
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1.5.3. UreE

UreE is considered to be the nickel chaperone to urease. To date UreE has been
predominantly studied in three bacterial species, B. pasteurii (BpUreE), K. aerogenes
(KaUreE) and H. pylori (HpUreE). UreE is not essential for urease maturation, but
deletion of UreE results in reduced urease activity that can be recovered by addition
of nickel (Brayman and Hausinger, 1996). Each UreE protein contains a putative
peptide binding domain and a conserved metal binding domain, which resemble the
copper chaperone Atx1 (Song et al., 2001; Won et al., 2004; Bellucci et al., 2009). A
non-conserved 15 residue C-terminal region is present in KaUreE which contains 10
histidine residues. A smaller C-terminal region containing 2 histidine residues is
present in BpUreE and only 1 C-terminal histidine residue is present in HpUreE
(Brayman and Hausinger, 1996; Remaut et al., 2001; Benoit and Maier, 2003). At
low micromolar concentrations UreE forms a dimer in solution via a non-metal

mediated hydrophobic interaction (Musiani et al., 2004).

The nickel binding properties of KaUreE, BpUreE and HpUreE have been
investigated. KaUreE binds 6 nickel atoms per dimer with an average Kd of 9.6 uM
but a truncated from, H144*KaUreE, which lacks the C-terminal histidine residues
binds 2 nickel atoms per dimer with Kd = 0.78 uM and Kd = 85 uM (Lee et al.,
1993; Brayman and Hausinger, 1996). BpUreE binds 2 nickel atoms per dimer with
Kd=1.4 uM and Kd =25 uM (Stola et al., 2006). HpUreE binds only 1 nickel atom
per dimer with a Kd = 1 uM (Benoit and Maier, 2003). Nickel binds in 3 separate
sites of UreE and the difference in binding capacity between each species is due to
the presence or absence of some of these sites (Figure 6). A central binding site
utilises a highly conserved histidine ligand from each subunit in the dimer that is
present in each UreE protein (H96 in KaUreE, H100 in BpUreE and H102 in
HpUreE) and binds nickel in an octahedral coordination geometry (Stola et al.,
2006). A peripheral nickel binding site utilises H110 and H112 in KaUreE and H145
and H147 in BpUreE and is also thought to bind nickel in an octahedral coordination
geometry. Whether one nickel atom is bound by ligands from both subunits or each
subunit is capable of binding one nickel atom is unclear (Song et al., 2001; Won and
Lee 2004; Mulrooney et al., 2005). HpUreE does not possess this peripheral binding
site and mutation of the only histidine residue in this region does not affect overall

nickel binding (Bellucci et al., 2009). The final binding site is the histidine-rich C-
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terminal extension present on some UreE proteins, such as KaUreE. As deletion of
this region reduces the nickel binding capacity of KaUreG from 6 atoms per dimer to
2 the remaining 4 atoms appear to bind in this region (Brayman and Hausinger,
1996). As the H145 and H147 of BpUreE are in the extreme C-terminus of the
peptide, nickel binding by these residues may be more analogous to that of the
KaUreE C-terminal extension rather than the peripheral binding site. In BpUreE the
H145/H147 peripheral binding site has a lower affinity than the central binding site
(Won et al., 2004).

The central binding site is the key site in transfer of nickel to urease. Mutation of the
conserved central histidine residue of UreE in vivo results in lower urease activity
than in a UreE deletion mutant (Stola et al., 2006). This has lead to a model whereby
nickel is bound by the peripheral or C-terminal binding sites and transferred to urease
via the central binding site upon binding to the urease-UreD-UreF-UreG complex or
GTP hydrolysis by UreG. UreE is not required for nickel insertion to the urease
active site provided sufficient nickel can reach the assembly complex. UreE lacking
the central binding site, due to residue mutation, binds nickel at the peripheral sites
but is not able to transfer it to urease, thus resulting in lower availability of nickel to
urease than the absence of UreE. The peripheral sites are also important in urease
activation. Expression of H144*KaUreE with mutations in H110 or H112, which
abolish nickel binding in the peripheral site, results in lower urease activation in vivo
(Colpas et al., 1999). Activation of urease in H. pylori requires the nickel chaperones
to hydrogenase, HypA and HypB, but deletion of these proteins can be compensated
for by the expression of HpUreE with a 6 Histidine tag (Benoit and Maier, 2003;
Benoit et al., 2007). This is consistent with the above model, as nickel transfer from
either a native or artificial UreE peripheral nickel site or from another nickel

chaperone is required for high levels of urease maturation.

The binding of nickel to BpUreE gives rise to slight changes in the secondary
structure consistent with a decrease of random coil and an increase of a-helix
observed by Far-UV CD spectroscopy (Lee et al., 2002a). However, measurements
by NMR do not detect any significant changes upon nickel binding BpUreE (Lee et
al., 2002b; Won et al., 2004). As the C-terminus of both BpUreE and KaUreE is
absent in the crystal structure this indicates that this is a flexible region (Shi et al.,

2010b). Despite the relatively small structural change, nickel binding to BpUreE did
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confer significantly increased thermal stability indicating that nickel binding
provides some structural support to UreE (Lee et al., 2002a). Metal binding to UreE
at higher concentrations can result in the formation of a dimer of dimers. In this
tetramer formation a single metal atom is coordinated by the conserved central
histidine residue from each subunit, H100 in BpUreE (Remaut et al., 2001). As the
tetramer only forms at high, >25 pM, concentrations of UreE or during
crystallisation this form does not appear to be physiologically relevant (Musiani et
al., 2004).
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Peripheral binding site Central binding site

C-Terminal binding site

Figure 6 - The crystal structure of KaUreE.

The crystal structure of the KaUreE monomer, the metal binding domain is coloured
green and the protein interaction domain is coloured purple. The proposed metal
binding sites are indicated. The C-Terminal structure was not solved, but the location
of the proposed binding site is indicated.

Figure adapted from Song et al., 2001.
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1.5.4. UreG

UreG is a urease accessory protein that is essential to urease activation in vivo. Like
UreE, UreG has been predominately studied in K. aerogenes (KaUreG), B. pasteurii
(BpUreG) and H. pylori (HpUreG) as well as M. tuberculosis (MtUreG). Due to the
conservation of the GTP binding P-loop and the switch 1 and switch 2 sequences
between UreG proteins and the hydrogenase accessory protein KaHypB, which is a
GTPase required for nickel transfer, UreG is considered to be a GTPase (Moncrief
and Hausinger, 1997). When studied in vitro GTPase activity in UreG proteins is
low, keat = 0.01 min™ in HpUreG, ke = 0.04 min™ in BpUreG and GTP hydrolysis is
undetectable in KaUreG, compared with a ke = 0.17 min™ in KaHypB (Moncrief
and Hausinger, 1997; Zambelli et al., 2005; Zambelli et al., 2007). Mutations in the
P-loop region of KaUreG results in a loss of urease activation in vivo and in vitro
urease activation in a UreD-UreF-UreG-urease complex is increased in the presence
of GTP (Moncrief and Hausinger, 1997; Soriano and Hausinger, 1999). A similar
result is reported for mutation of the HpUreG P-loop domain in vivo (Mehta et al.,
2003a). This has lead to the conclusion that UreG acts as a GTPase in urease active
site assembly but that interaction with the other accessory proteins or the urease apo-
enzyme is required to activate GTP hydrolysis (Benoit et al., 2007; Maier et al.,
2007). The energy derived from GTP hydrolysis is likely to be required for
modification of the lysine in the urease active site or to facilitate transfer of nickel

from the accessory proteins to urease.

To date a crystal structure of UreG from any species has not been solved and this has
been identified as an important step in understanding the function of UreG (Carter et
al., 2009). NMR spectroscopy has revealed that BpUreG and MtUreG have little or
no tertiary structure. Far-UV CD indicated that BpUreG secondary structure was
composed of 15% a-helix, 29% B-sheet, 26% turns and 30% random coil, similarly
MtUreG was determined to be composed of 8% a-helix, 29% B-sheet, 19% turns and
45% random coil (Zambelli et al., 2005; Zambelli et al., 2007). This indicated that
these proteins are intrinsically disordered and offers an explanation as to why a
crystal structure has been so difficult to produce. In contrast HpUreG showed a more
rigid tertiary structure by NMR and Far-UV CD revealed 31% a-helix, 11% B-sheet
and 58% turns (Zambelli et al., 2009). This demonstrated that there is inconsistency

in the biochemical properties of UreG between bacterial species but why HpUreG
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should be different is unclear. The activation of urease in H. pylori requires the
HypA and HypB proteins, which has not been observed in other species (Olson et al.,
2001). The involvement of additional factors in the urease assembly complex may
explain the different properties of HpUreG. Computational models based on
sequence homology between UreG proteins from different species have been
generated for HpUreG, BpUreG and MtUreG and in the case of HpUreG is partially
based on the crystal structure of HypB from Methanocaldococcus jannaschii with
which it shares 29% identity. The secondary structure composition of these models is
at some variance with that determined by Far-UV CD (stated above), for the BpUreG
model the structure was composed of 36% a-helix, 22% B-sheet and 42% turns and
random coil and the MtUreG model was composed of 36% a-helix, 19% B-sheet and
44% turns and random coil (Figure 7) (Zambelli et al., 2005; Zambelli et al., 2007,
Zambelli et al., 2009). In both cases the model included a far greater proportion of a-
helix and B-sheet than experimentally determined for the protein in vitro. Whether
these models represent a folded form of UreG in complex with other accessory

proteins is not clear and still requires confirmation by solving of a crystal structure.

The metal binding properties of UreG proteins has been investigated. KaUreG binds
1 nickel atom, Kd = 16 uM, per monomer (Boer et al., 2010). BpUreG binds 4 nickel
atoms, Kd = 360 uM, or 2 zinc atoms, Kd = 42 puM, per dimer (Zambelli et al.,
2005). HpUreG binds 4 nickel atoms, Kd = 10 uM, or 1 zinc atom, Kd = 0.33 uM,
per dimer (Zambelli et al., 2009). This is another demonstration that the properties of
bacterial UreG proteins are not always consistent between species. However, it is
important to note that nickel binding affinity of the UreG of any species is
significantly lower than that of the conjugate UreE. The zinc binding of HpUreG
stabilises the homodimer interaction by the conserved C66 and H68 residue from
each monomer interacting with the single zinc atom (Zambelli et al., 2009). The
analogous cysteine residues in BpUreG and MtUreG, C68 and C90 respectively, are
oxidised during homodimer formation (Zambelli et al., 2007; Neyroz et al., 2006).
KaUreG is a monomer in solution and the analogous residue, C72, is involved in
nickel binding and required for in vivo activation of urease (Boer et al., 2010).
Whether the data reported represent physiological differences between urease
maturation systems in these bacteria or are the result of in vitro artefacts is not clear.

The requirement of KaUreG C72 for in vivo urease activity indicates that nickel
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binding in this site is important for urease maturation and that this may be a transient
binding site during a stepwise transfer of nickel from UreE to urease.

The interaction between UreG and UreE is potentially important for the maturation
of urease. In both H. pylori and K. aerogenes metal binding stabilises the interaction
between UreG and UreE. In H. pylori when zinc is incubated with HpUreG monomer
and the HpUreE dimer an HpUreG,(HpUreE,) complex is formed. This complex has
a high affinity zinc binding site, Kd = 1.5 nM, and a lower affinity binding site, Kd =
0.67 uM. The C66 and H68 residues of HpUreG are thought to form the low affinity
binding site, and the H102 and H152 the high affinity binding site. Nickel does not
stabilise this complex (Bellucci et al., 2009). In K. aerogenes KaUreG and KaUreE
interact in a zinc or nickel dependent manner to form a (KaUreG(KaUreE),)s
complex (Boer et al., 2010). That nickel stabilises the complex is suggested as
evidence that nickel is passed from KaUreE to KaUreG during urease maturation.
However, the C72 of KaUreG is suggested as part of the nickel binding site involved
in transfer of nickel to urease, but the equivalent residue in HpUreG is involved in
zinc binding and HpUreG does not show nickel-mediated stabilisation (Bellucci et

al., 2009). Once again the cause of these differences between species is not clear.

Eukaryotic UreG proteins have also been studied, although in much less detail than
those of bacteria. The UreG of the potato plant Solanum tuberosum ssp. tuberosum
(StUreG) and that of soybean Eu3 both contain a histidine-rich N-terminal domain.
StUreG N-terminal domain contains 17 histidine residues and Eu3 contains 22
(Freyermuth et al., 2000, Witte et al., 2001). Despite these domains being identified
as potential metal binding sites and the lack of a UreE homologue for either species
in the NCBI database, the metal binding properties of StUreG were not studied and
metal binding by Eu3 was only crudely demonstrated. Eu3 was passed through a Ni-
sepharose resin and could only be eluted by washing with imidazole, but the same
result was observed when Eu3 was passed through a Co-sepharose resin (Freyermuth
et al., 2000). This established that Eu3 was able to bind nickel and cobalt, but did not
indicate affinity or capacity and so does not distinguish Eu3 from bacterial UreG

proteins.
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Figure 7 - The model structure of HpUreG.

A structural model of dimeric HpUreG based on sequence homology of UreG
proteins. The left subunit is coloured blue at the N-terminus to red at the C-terminus.
GTPase features including the P-loop, Switch I, Switch Il and GTP binding site are
indicated and coloured on the right subunit. The proposed metal binding residues
C66 and H68 are labelled.

The figure was adapted from Zambelli et al., 2009.
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1.5.5. UreD and UreF

The attempted expression of both K. aerogenes UreD and UreF in E. coli resulted in
insoluble bodies (Park et al., 1994; Moncrief and Hausinger, 1996). Recently
KaUreD has been purified as part of a fusion with the maltose binding protein (MBP)
(Carter and Hausinger, 2010). When expressed with the K. aerogenes urease cluster
lacking UreD the fusion was shown to be functional by activating urease to
approximately 33% of wild-type levels. The metal binding characteristics were
investigated and UreD was found to bind 2.5 nickel atoms per monomer with a Kd of
50 uM and 4 Zn atoms per monomer with a Kd of 5 uM, which compete for the same
binding sites as nickel as well as one additional site. This indicates that UreD may
bind nickel during its transfer from UreE to the urease active site. The metal binding
properties of the MBP were accounted for to calculate these values. The UreD-MBP
fusion formed a urease-UreD-MBP-UreFG complex and a UreD-MBP-UreFG
complex in vivo, supporting the theory that the UreDFG complex is physiologically

relevant.

UreF from K. aerogenes has also been expressed as part of a fusion with MBP and
has been expressed as a UreF-UreE fusion (Kim et al., 1999; Kim et al., 2006). The
UreF-UreE fusion was functional and formed a urease-UreFE-UreDG complex in
vivo and a urease-UreD-UreEF complex in vitro. Mutation of residues revealed that
the UreF C-terminal domain is required to form the urease maturation complex and
the N-terminal domain is required for urease activation. The UreF of B. pasteurii has
been structurally modelled based on sequence homology with known proteins and
conservation of sequences among UreF proteins (Salomone-Stagni et al., 2007). The
model was based on a class of GTPase activating proteins, which indicated that UreF
may act as a UreG regulating protein to control the biosynthesis of the urease active

site.

1.5.6. Other Proteins Involved in Urease Maturation

The maturation of urease in H. pylori requires factors in addition to the four
accessory proteins described for K. aerogenes (the UreD homologue of H. pylori is
known as UreH). The hydrogenase accessory proteins HypA and HypB are essential

for urease activation (Voland et al., 2003; Olson et al., 2001). HypA is considered to
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be a nickel chaperone for hydrogenase activation, and binds 2 nickel atoms per dimer
(Mehta et al., 2003a; Mehta et al., 2003b). HypA interacts with HpUreE in vivo and
expression of the H. pylori urease in E. coli revealed a dependence on HypA for
activation only in nickel limiting conditions (Benoit et al., 2007). As HpUreE is only
able to bind 1 nickel atom per dimer, compared to 6 per dimer of KaUreE, this
suggests that the HypA is required to chaperone nickel to the urease maturation
complex. The HypB protein is a GTPase required for hydrogenase activation and
mutations in the P-loop domain effectively abolish hydrogenase and urease activity,
indicating GTP hydrolysis by HypB is required to activate urease (Mehta et al.,
2003b). Why H. pylori urease requires an extra GTPase for activation is not clear.
HypA or HypB interact in a 1:1 ratio to activate hydrogenase, which suggests a
HypA-HypB complex may be required for urease activation (Olson et al., 2001).
How the balance of HypA-HypB and HypA-HpUreE interactions is regulated and

facilitates urease activation is still unclear.

The histidine rich proteins Hpn and Hpn-like in H. pylori are short peptides with
large proportions of histidine residues, 28 of 60 residues and 18 of 75 residues
respectively, Hpn-like also contains 31 glutamine residues (Gilbert et al., 1995;
Seshadri et al., 2007). Deletion of either of these proteins increases the urease
activity and the nickel associated with urease increases. However the sensitivity to
nickel, cadmium and cobalt in the deletion mutants is also increased (Seshadri et al.,
2007). Hpn binds 5 atoms of Ni per monomer at a neutral pH, but the nickel is
released when the pH is lowered (Ge et al., 2006). This indicates that Hpn and Hpn-
like are nickel storage or detoxification proteins, that can release nickel to urease

when increased ammonia production is required to increase the pH.

1.5.7. Nickel Transporters

The environmental nickel concentration is very low with salt and freshwater nickel
concentrations being around 30 nm and 5 nm respectively (Eitinger and Mandrand-
Berthelot, 2000). This means that those organisms that require nickel to function
must be able to selectively uptake it even at these low concentrations. To do this a
range of nickel transporters are utilised. The nickel/cobalt transporter (NiCoT) family
has homologues in bacteria and fungi (Eitinger et al., 2005). The HoxN protein of

Cupriavidus necator is a high-affinity, low-capacity nickel transporter, deletion of
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which significantly reduces nickel uptake (Eitinger and Friedrich, 1991). HoxN is
comprised of 8 transmembrane domains with both the N-terminus and C-terminus on
the cytosolic face. On the second transmembrane domain is a HAVDADH sequence
which is partially conserved across NiCoTs and sometimes referred to as the HX,DH
motif. Mutation of the first histidine residue reduces the affinity of HoxN for nickel
and mutation of the second abolishes nickel transport. Mutation of the valine residue
to phenylalanine reduces specificity of HoxN for nickel, allowing cobalt transport,
but increases capacity. The NiCoT Nh1F of Rhodococcus rhodochrous transports
both nickel and cobalt and has a HAFDADH sequence on the second transmembrane
domain and mutation of the phenylalanine to valine significantly reduces activity
(Eitinger et al., 1997; Degen et al., 1999; Degen and Eitinger, 2002). These results
indicate that the two histidine residues are required for metal transport while other
residues in the region determine specificity and capacity. Niclp is a fungal NiCoT
identified in the fission yeast Schizosaccharomyces pombe (SpNiclp)(Eitinger et al.,
2000). SpNiclp, like HoxN, is a specific nickel transporter but activity is inhibited
by cobalt. The HX,DH sequence of SpNiclp is HALDADH. The presence of leucine
rather than valine or phenylalanine may explain the specific nickel transport but
inhibition by cobalt, a combination of features not observed for HoxN or Nh1F
(Degen et al., 1999; Degen and Eitinger, 2002).

NikABCDE is a nickel transport system which belongs to the ATP-binding cassette
(ABC) family (Navarro et al., 1993; Higgins, 2001). The Nik system was discovered
in E. coli where each of the components of the transporter NikA, NikB, NikC, NikD,
NikE and NikR are encoded in a single operon regulated by the nickel binding
transcription factor NikR. Homologous systems have since been discovered in a
range of bacteria (Leitch et al., 2007; Li and Zamble, 2009). The Nik systems
transport nickel from the periplasm to the cytoplasm in an ATP hydrolysis dependent
manner. The transmembrane regions NikB and NikC form a nickel channel and
NikD and NikE are nucleotide binding proteins which bind NikB and NikC on their
cytosolic face (Navarro et al., 1993). NikA is a periplasmic nickel binding protein
that specifically binds nickel and chaperones it to the NikBCDE complex to be
transported into the cytoplasm (de Pina et al., 1995).
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At higher nickel concentrations transport through non-specific low-affinity
transporters is possible (Eitinger and Mandrand-Berthelot, 2000). The magnesium
transporter CorA has been demonstrated to transport nickel and cobalt with relatively
low affinities (Hmiel et al., 1986; Snavely et al., 1989; Wang et al., 2006; Niegowski
and Eshaghi, 2007). The Nramp homologue of C. neoformans, Cramp, is also able to
transport both nickel and cobalt, although at a much lower rate than iron and
manganese (Agranoff et al., 2005). The Nramp homologue of S. pombe is also a
potential low-affinity nickel transporter (Eitinger et al., 2000). The transport of
nickel by these proteins is not likely to be physiologically relevant, but in studies
investigating nickel-specific permeases excess magnesium is often added to growth
media to inhibit nickel transport via low-affinity transporters (Eitinger et al., 2000;
Eitinger and Mandrand-Berthelot, 2000).

1.6. Aims and Context

The C. neoformans gene database contains urease and homologues to the bacterial
urease accessory proteins UreD, UreF and UreG. No homologue of the nickel
chaperone UreE is present in C. neoformans, however, cryptococcal UreG contains a
histidine-rich N-terminal domain that my facilitate a metal chaperone function. It is
also unclear whether cryptococcal urease utilises iron or nickel within its catalytic
core. The C. neoformans gene database also contains a homologue of the S. pombe
nickel transporter Niclp, as well as a homologue of the metal transporter CorA and

the Cramp protein.

The overall aims of this project are to investigate urease maturation in C. neoformans
and to establish C. neoformans as a model of fungal urease maturation and
homeostasis. A primary aim is to establish which metal urease utilises and also how
that metal reaches the apo-enzyme, in particular what role cryptococcal UreG plays
in urease maturation. This project will also investigate the regulation of urease
activity including how metal accumulation in the yeast cell affects enzyme activity,
in particular the role of the cryptococcal Niclp homologue which is a putative nickel

importer.
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2. Methods

2.1. Media, Strains and Competent Cell Preparation

2.1.1. Strain List

C. neoformans strains generated in this study are derived from wild-type strain H99
(Serotype A, MATa) (Perfect et al., 1993).

Strain Genotype Source

H99 MATa Perfect et al., 1993

urel/ MATo urel ::hph This study

niclA MATo nicl::NEO This study

niclA+NICI MATa nicl::NEO NICI::hph This study

ureGA MATo, ureG::NEO This study

ureGA+UREG MATo ureG::NEO UREG: :hph This study

B-4131 MATa cap59 Chang and Kwon-Chung,
1994
Garcia-Rivera et al., 2004

Table 1 - C. neoformans strains used in this study.

2.1.2. Generation of urelA, niclA, niclA+NIC1, ureGA and ureGA+UREG

The mutant strains generated in this study (ureld, niciA and ureGA) were made in
an H99 background by biolistic transformation of targeted ure/A, niciA and ureGA
knock-out cassettes which conferred resistance to hygromycin (urelA4) and neomycin
(nicl4 and ureGA) (Toffaletti et al. 1993). The ureld knock-out cassette integrated
in the URE1 ORF, excising ~500bp of the coding region. The nici4 and ureGA4
cassette integrated at the NIC1 locus and UREG locus, respectively, replacing the
entire ORF. The knock-out cassettes were amplified by PCR from the plasmids
PRS426-urelA, pRS426-nic1A and pRS426-ureGA using the T7 and T3 primers.
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pRS426-urelA was created by separately amplifying 3 PCR products. Part 1, using
primers urelA1F, urelA1R and H99 genomic DNA, amplified ~1 kb of the URE1
promoter and coding region. Part 2, using primers urelA2F, urelA2R and pAG32 as
template, amplified the hph cassette, which confers resistance to hygromycin
(Goldstein and McCusker, 1999). Part 3, using primers wurelA3F, urel43R and
genomic DNA, amplified a portion of the URE1 ORF ~500bps upstream of part 1.
The 3 parts were cloned into pRS426 that had been previously digested with HindlIlI,
by homologous recombination in the S. cerevisiae strain MLY40 (Lorenz and
Heitman, 1997). pRS426-niciA4 and pRS426-ureGA were created by the same
method. pRS426-nici4: part 1 - using niclA1F, nicl41R and genomic DNA
amplified ~1 kb of the NIC1 promoter region, part 2 - using primers niclA2F,
niclA2R and pJAF1, amplified the NEO cassette, part 3 - using primers niclA3F,
nic143R and genomic DNA, amplified ~1 kb of NIC1 terminator sequence (Fraser et
al., 2003). pRS426-ureG4: part 1 - using ureGALF, ureGA1R and genomic DNA
amplified ~1 kb of the UREG promoter region, part 2 - using primers ureGA2F,
ureGA2R and pJAF1, amplified the NEO cassette, part 3 - using primers ureGA3F,
ureGA3R and genomic DNA, amplified ~1 kb of UREG terminator sequence.

Post-transformation cultures were plated on YPD agar medium containing either
G418 (200 pg/ml), for niciA and ureG4, or Hygromycin B (200 pg/ml), for urelA,
and incubated at 30°C until colonies grew. Colonies were screened for lack of urease
activity on Christensen's medium. In each case correct integration was confirmed by
Southern blot.

The NIC1 ORF was reconstituted into the niciA strain to generate the niclA::NIC1
strain. The entire NIC1 ORF along with the hph cassette was inserted back to the
original locus by biolistic transformation of the pAG32-NIC1 plasmid digested with
Sphl. pAG32-NIC1 was created by amplification of the NIC1 ORF, including ~1 kb
of the promoter and ~500 bp of the terminator regions, using primers NIC1RcnF,
NIC1RcnR and genomic DNA. The PCR fragment was digested with BamHI
followed by ligation into pAG32, previously digested with BamHI and treated with
alkaline phosphatase. pAG32-NIC1 was digested with Bsgl, which cut in the
promoter region, to target integration at the NIC1 locus. Colonies were screened for
urease activity on Christensen's medium. Correct integration was confirmed by
Southern blot and PCR, using primers NIC1RcnCheckF and NIC1RcnCheckR.
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The UREG ORF was reconstituted into the wureG4 strain to generate the
ureGA::UREG strain. The entire UREG ORF along with the hph cassette was
inserted back to the original locus by biolistic transformation of the pAG32-UREG
plasmid digested with Sphl. pAG32-UREG was created by amplification of the
UREG OREF, including ~1 kb of the promoter and ~500 bp of the terminator regions,
using primers UREGRcnF, UREGRcnR and genomic DNA. The PCR fragment was
digested with BamHI followed by ligation into pAG32, previously digested with
BamHI. pAG32-UREG was digested with Sphl, which cut in the promoter region, to
target integration at the UREG locus. Colonies were screened for urease activity on
Christensen’'s media. Correct integration was confirmed by Southern blot and PCR,
using primers UREGRcnCheckF and UREGRcnCheckR.

2.1.5. C. neoformans Growth Media and Conditions

C. neoformans cultures were grown in enriched YPD media (10 g/l yeast extract, 10
o/l peptone, 2 % glucose) or minimal synthetic media (1.7g/l yeast nitrogen base, 2%
glucose) with either ammonium sulphate (5 g/l), urea (2.27 g/l), uric acid sodium salt
(0.8 g/l), glutamine (5.53 g/l) or glutamic acid (14.16 g/l) added as a source of
nitrogen. Christensen's urea agar medium (sigma, 27048) was used to qualitatively
assay for urease activity. Where indicated agar was added to 2 % before autoclaving

to produce solid medium.

2.1.6. Preparation of Competent E. coli

To prepare competent E. coli the strain, either DH5a or BL21, was pre-grown in LB
medium (5 g/l yeast extract, 10 g/l tryptone, 10 g/l NaCl) for ~16 hrs at 37°C. This
culture was used to inoculate 500 ml of 2XL medium (10 g/l yeast extract, 20 g/l
tryptone, 1g/l NaCl) to ODsgs 0.05. The culture was incubated at 30°C, at ODsgs 0.2
10 ml MgCl; (1 M) was added and at ODsgs 0.5 the culture was moved to an ice-
water bath for 2 hrs. The cells were then pelleted by centrifugation (5 minutes, 900 g,
4°C), resuspended in 250 ml ice-cold calcium/manganese medium (100 mM CaCl,,
70 mM MnCl,, 40 mM C,H30,Na, pH 5.5) and incubated on ice for 2 hrs. The cells
were then pelleted by centrifugation (5 minutes, 900 g, 4°C) and resuspended in 25
ml calcium/manganese medium with glycerol (15 % w/v). Aliquots (0.2 ml) were
transferred to 1.5 ml eppendorfs, snap frozen in liquid nitrogen and stored at -80°C.
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2.1.7. Preparation of Competent S. cerevisiae

To prepare competent cells of the S. cerevisiae strain MLY40 (MATa ura3-52) the
cells were pre-grown in YPD (5 ml) for ~16 hrs at 30°C (Lorenz and Heitman, 1997).
The culture was used to inoculate YPD medium (50 ml) to ODggo 0.1 and incubated
at 30°C. When the culture reached ODggo 0.7 the cells were pelleted by centrifugation
(3 krpm, 5 min), washed twice in sterile water and resuspended in 300 ul lithium
acetate (100 mM). The cells were either used for transformation immediately or

stored at 4°C for up to 3 days.

2.2. In Vivo Biochemical Analysis Techniques

2.2.1. Protein Extraction and Urease Activity Assays

C. neoformans protein extraction was performed essentially as described previously
(Chai and Tay, 2008). 10 ml C. neoformans culture was grown to ODggo 4 in minimal
media, (nitrogen source indicated in text) and the cells were harvested by
centrifugation at 3 krpm for 5 minutes in a 15 ml corning tube. The pellet was
washed twice in 2 ml of cold nano-pure water, remaining liquid was removed and the
pellet snap frozen in liquid nitrogen. The pellet was thawed on ice and resuspended
in 500 ul of extraction buffer (40 mM Tris-HCI, 20 mM DTT, 4 % Triton X-100, 1
mM EDTA, 2 mM PMSF, pH 9) and transferred to a screw top microcentrifuge tube.
An equal volume of 0.5 pm glass beads were added and samples bead beaten for 6
cycles of 20 s, with 2 min on ice between cycles. Samples were then subject to
centrifugation at 13 krpm for 10 minutes at 4°C. The supernatant was carefully

removed and assayed for protein concentration with Bradford reagent.

To assay urease activity 200 pg of C. neoformans protein extract was added to 1.6 ml
of 66 mM urea solution in Reaction buffer (10 mM Potassium Phosphate, 10 mM
Lithium Chloride, 1 mM EDTA, pH 8.2), mixed by inversion and incubated in a
water bath at 30°C. At 0, 10, 20, 30 and 40 minutes 150 pl was removed from the
reaction and added to 750 pl Nessler's colour reagent (20% Nessler's Reagent
(Sigma, 345148), 0.08% Ficoll). Absorbance at 480 nm was measured and used to
calculate ammonia production over time. Units of urease given equate to the

liberation of 1 uM of ammonia per minute at pH 8.2 at 30°C.
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2.2.2. Metal Accumulation Assays

To measure metal accumulation of cells 10 ml of culture was grown in conditions
indicated in the text. The cells were harvested by centrifugation at 3 krpm for 10 min
in a clean 15 ml corning tube. The cell pellet was washed twice in cold nano-pure
water and excess water carefully removed and the pellet frozen at -20°C. During the
centrifugation steps the cell number was measured. The pellet was then thawed at
room temperature and 1 ml of 65 % Suprapur nitric acid (VWR, 1.00441) added. The
samples were incubated at room temperature for 3 days with occasional vortexing to
fully digest the cells. The digested samples were subject to centrifugation at 3 krpm
for 30 min to remove insoluble particles. 0.8 ml of the supernatant was removed and
diluted to 5 ml in 2% Suprapur nitric acid followed by analysis by ICP-MS (Thermo
Electron Corp., X-Series).

2.2.3. Metal Profiles

Metal Profiles were performed as previously described (Tottey et al., 2008). C.
neoformans culture (1 ) was grown to OD 4 in media as described in the text. The
cells were harvested by centrifugation (3 krpm, 10 minutes), washed in nano-pure
water and snap frozen in liquid nitrogen. The pellet was thawed in HEPES buffer (50
mM, pH 8.8) and cells lyses performed by grinding with pestle and morta under
liquid nitrogen. The broken cells were thawed under anaerobic conditions, unbroken
cells and membrane was removed by centrifugation at 8 krpm for 15 min followed
by ultra-centrifugation at 30 krpm for 30 min. The protein concentration of the
supernatant was determined by Bradford Assay. Cell extract (30 mg) was loaded
onto a 1 ml Hi-Trap QFF anion exchange column (GE Healthcare). Cell extract was
eluted in steps of 1 ml in buffer (50 mM Tris-HCI, pH 8.8) containing 100, 200, 300
and 400 mM NaCl. Aliquots of each fraction (200 pl) were subjected to size-
exclusion HPLC on a TSK-SW3000 column (Tosoh Biosciences) in HPLC buffer
(10mM Tris-HCI, 50 mM NaCl, pH 7.5). Elution fractions (500 pl) were collected,
an aliquot (200 pl) was analysed for metal content by ICP-MS. Urease activity of the
fractions was determined by addition of an aliquot (5 pl) of each fraction to urea
solution (45 ul, 66 mM) in urease reaction buffer and incubating at 30°C for 40

minutes followed by addition of Nessler's colour reagent (200 pl).
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2.3. In Vitro Biochemical Analysis Techniques

2.3.1. Purification of CnUreG

Recombinant CnUreG was expressed in the E. coli strain BL21 from the plasmid
pPET29a-UreG. pET29a-UreG was generated by amplification of CnUreG cDNA
from C. neoformans mRNA using primers UreGNdelF and UreGNdelR. The cDNA
was digested with Ndel and ligated into pET29a, previously digested with Ndel.
Correct amplification and cloning was confirmed by sequencing.

pET29a-UreG was transformed into BL21 competent cells, which were plated onto
LB agar medium with kanamycin (50 pg/ml) and incubated at 37°C for ~16 hrs. A
single colony was used to inoculate 50 ml of liquid LB medium containing
kanamycin (50 pg/ml) which was incubated for ~16 hrs at 37°C. The 50 ml culture
was used to inoculate 4 1 of LB medium with kanamycin (50 pg/ml). The cultures
were incubated at 37°C to ODsgs 0.6 then were moved to 30°C, NiSO,4 added to 1
mM and CnUreG expression induced by addition of IPTG to 1 mM. 6 hrs after
induction the cells were harvested by centrifugation at 8 krpm for 10 minutes and
frozen at -20°C.

The cells were resuspended in Binding buffer (50 mM Tris-HCI, 300 mM NacCl, pH
8) with imidazole (10 mM) and subject to lysis by French press (3 passages at 25
kpsi). The crude extract was subject to centrifugation (30 krpm for 20 min) to
remove insoluble cell fragments. The extract was then loaded onto a 5 ml His-trap
column (GE) followed by washing with 4 column volumes of Binding buffer. 2
elution steps were used to purify CnUreG. The first elution step was a linear
gradient over 20 column volumes from 10 mM to 300 mM Imidazole in Binding
buffer. 2.5 ml fractions were collected and analysed by SDS-PAGE. Fractions
containing CnUreG were pooled and diluted 10 times in binding buffer before re-
loading onto the His-Trap column. The 2nd elution step was a linear gradient over 80
column volumes from 60 mM to 200 mM Imidazole in Binding buffer. 5 ml fractions
were collected and analysed by SDS-PAGE, those containing pure CnUreG were
pooled and diluted 5 times in Binding buffer. The purified CnUreG was concentrated
by re-loading onto a 5 ml His-Trap column followed by a single elution step at 300

mM imidazole in Binding buffer. Metal bound to CnUreG was removed by addition
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of EDTA to 1 mM and incubation at 4°C for ~72hrs. Imidazole, EDTA and NaCl
were removed by serial buffer exchanges into 20 mM Tris-HCI pH 8. An Amicon
filter (Ultra-15, MWCO 30 kDa (Sigma Z717185)) was used to perform 10 serial 1
in 15 exchanges. The metal content of CnUreG was then analysed by ICP-MS.

2.3.2. Desalting Column Metal Binding Assay

The metal binding capacity of CnUreG was assayed by retention of pre-loaded metal
when passed through a desalting column. 1 ml of UreG (3 uM) was incubated
separately with 20 molar equivalents of NiSO4, ZnCl, or CoCl, at 4°C. The CnUreG-
metal mixture was then loaded onto a PD10 desalting column (GE) and 1 ml
fractions eluted. The metal concentration of the eluted fractions was determined by
ICP-MS and protein concentration determined by Bradford assay.

2.3.3. UV-visual Spectroscopic Analysis

The absorbance of CnUreG across the UV-visible spectrum (200-800 nm) was
measured using a Perkin-Elmer A35 UV/vis spectrophotometer. 1 ml of UreG (8 uM)
was incubated with or without NiSQOq (1, 2, 3, 5, and 10 molar equivalents) for 16 hrs
at 4°C. The samples were subject centrifugation at 13 krpm for 10 minutes prior to
analysis to remove any precipitation. After analysis the 5 and 10 molar equivalent
samples were loaded onto a PD10 desalting column and eluted in 1 ml fractions. The
absorbance of fractions containing CnUreG was analysed, followed by ICP-MS and

Bradford assay to determine metal to protein ratio.

2.3.4. Circular Dichroism

Secondary structure of CnUreG was studied using Far-UV Circular Dichroism.
CnUreG (14.86 uM) in Tris-HCI (20 mM, pH 8) was incubated with or without
metal, as indicated in text, for 16 hrs at 4°C. Analysis was performed using a 0.02cm
path length in a Jasco J-810 spectropolarimeter. Circular dichroism of each sample
was recorded (190 to 250 nm) ten times and averaged. All samples were blanked
against buffer containing the same concentration of metal. Secondary structure
composition was quantified using the K2d server (Andrade et al., 1993).
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2.2.5. Equilibrium Dialysis

Equilibrium dialysis was used to confirm the stoichiometery of metal binding to
CnUreG and indicate binding affinity. 500 ul of CnUreG (3 uM) was dialysed
against 500 ml of Tris-HCI buffer (10 mM, pH 8), with NiSO,4, ZnCl, or CoCl,
added to concentrations indicated in the text, for 72hrs without agitation. The metal
concentration of the sample and assay volumes were determined by ICP-MS and
used to calculate the concentration of CnUreG associated metal. The dissociation
constant, Kd, and binding capacity, Bmax, Were determined using a Hill plot (Origin

software).

2.2.6. Size Exclusion Chromatography

Gel filtration of CnUreG semi-purified after the first step of IMAC was performed
using a Superdex 200 column (GE Healthcare). Sample (approximately 5 mg) was
analysed in size exclusion buffer (20 mM NaPO,, 300 mM NaCl, pH 8) at a flow rate
of 1 ml/min over one column volume (120 ml) and the absorbance at 280 nm was
recorded. The column was calibrated by filtration of ferritin (440 kDa), catalase (232
kDa), aldolase (158 kDa), BSA (66.4 kDa), chicken albumin (43 kDa) and
cytochrome C (13.7 kDa) at 0.4 ml/min in filtration buffer (50 mM NaPQ,, 150 mM
NaCl, pH 7).

Size exclusion HPLC of pure CnUreG was performed using a TSK-SW3000 column
(Tosoh Biosciences). CnUreG (2 pg) was incubated in the presence or absence of 2
molar equivalents of NiSO,4 in HPLC buffer (10mM Tris-HCI, 50 mM NacCl, pH 7.5)
prior to analysis. The samples were analysed at a flow rate of 3 ml/min and 500 pl
fractions were collected and protein content determined by Bradford assay. The
column was calibrated with jack bean urease (90.8 kDa) and BSA (66.4 kDa) under

the same conditions.
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2.4. Molecular Biology Techniques

2.4.1. Oligonucleotide list

The oligonucleotides used in this study were synthesized by Sigma-Aldrich and the

sequences are listed in Table 2.

Oligonucleotide

Sequence 5’ - 3'

T7 AAT TAA CCC TCA CTA AAG GG

T3 TAATAC GAC TCACTATAG GG

urelA1F TTTG GTA CCG GGC CCC CCC TCG AGG TCG ACG GTA TCG
ATA CGT CAG GAA AGG TGT TCC AGA

urelA1R ATG TCC ATA TGG TGC ACT CTC CCA GCT TTA CCA ATA
CCA ACA

urelA42F TGT TGG TAT TGG TAA AGC TGG GAG AGT GCA CCA TAT
GGA CAT

urel42R ACC TCA GTC ATG AGT TGA GGA CAG GTT AAC CTG GCT
TAT CGA

urelA3F TCG ATA AGC CAG GTT AAC CTG TCC TCA ACT CAT GAC
TGA GGT

urelA3R A GAA CTA GTG GAT CCC CCG GGC TGC AGG AAT TCG ATA
TCACACCCT GTTGTT GTCTCT CGT

niclA1F TTGG GTA CCG GGC CCC CCC TCG AGG TCG ACG GTA TCG
ATA CGC AAATGA CAC ACC ATAATG

nicl41R CAT GGT CAT AGC TGT TTC CTG CAG GCA GAC GAT GGT
TCGTTG

niclA2F CAA CGA ACC ATC GTC TGC CTG CAG GAA ACA GCT ATG
ACC ATG

nicl42R GCA TGC CAA TTA TTA GTT CGC GTA ATA CGA CTC ACT
ATA GGG

niclA3F CCC TAT AGT GAG TCG TAT TAC GCG AAC TAA TAA TGG

GCATGC
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nicl4A3R

A GAA CTA GTG GAT CCC CCG GGC TGC AGG AAT TCG ATA
TCAGACACCCTCCTT GAAATT CG

NIC1RcnF

GCG GGATCC AGC ATT CCATCCGTC ATG TAC

NIC1RcnR

GTA GGA TCC GGA ACT CAT AGA GAA CGA GTG

NIC1RcnCheckF

GTCTTT TGA CCG ATC TGT ACC

NIC1RcnCheckR

AGC GTT AAAGAG TAACTCTCC

ureGA1F TTGG GTA CCG GGC CCC CCC TCG AGG TCG ACG GTA TCG
ATA GCG AAAGCG TCATAG TCA AGG

ureGA1R CAT GGT CAT AGC TGT TTC CTG GTC GTC TGC GAA TGT
TGA AAG

ureGA2F CTT TCA ACA TTC GCA GAC GAC CAG GAA ACA GCT ATG
ACC ATG

ureGA2R G ACA TAT TGC TAC ATT TTG GTG GTA ATA CGA CTC ACT
ATA GGG

ureG43F CCC TAT AGT GAG TCG TAT TAC CAC CAA ATT GTA GCA
ATATGTC

ureGA3R A GAA CTA GTG GAT CCC CCG GGC TGC AGG AAT TCG ATA
TCA CAA ATG TGA ATT GGA CAT GTG

UREGRcnF GCG GGA TCC GCG AAA GCG TCATAG TCA AGG

UREGRcnR GTA GGATCC GCG TGA ATA ACG AAG TTG CAG

UREGRcnCheckF | CTT TAA ACG CTG CCT TGA AGG

UREGRcnCheckR | CAG CAT TGA GAG CTG TTG CCA

UreGNdelF ATA GAATTC CAT ATG GCA GTG CCT GCT CAG

UreGNdelR AAG GCT AAG GCATAA CAT ATG TAT CTT AAG

PblF CTCATG TCATGG ACT CAATCT

PblR GCT TAT TAT GTA CCC AGT GAC

Pb2F TTG CTA GGA TAC AGT TCT CAC

Pb2R ATC ACAGTT TGC CAG TGATAC

Pb3F TGATCCTGG ATG AATTTG GTC
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Pb3R TCA GCG GAG CTC CGA GCT GTC
Pb4F TCCATT GCATTGCTT GCT ATC
Pb4R TGA ATG AAA GGG ATG ACATGG
Pb5F CCA ACG CTATGT CCT GAT AGC
Pb5R TGA ATG AAC TGC AGG ACG AGG
Pb6F CGT GAC TTT GGG ACA AAT GTC
Pb6R TTGCTT CCATCATCT TCC ATC

Table 2 - DNA oligonucleotides used in this study.

2.4.2. Polymerase Chain Reaction (PCR) and Cloning

PCR reactions for plasmid or strain generation were performed using VentR high
fidelity PCR system (NEB) in a Labnet MultiGene Il Personal Thermal Cycler. PCR
reactions to generate Southern probes or to analyse genomic sequence were
performed using GoTaq (Promega). PCR reaction mixtures had a final volume of 50
pl and included 1 pg template DNA, 200 uM each of dATP, dCTP, dGTP and dTTP,
100 pmol of each oligonucleotide primer, 1 x reaction buffer (supplied by
manufacturer) and 1 unit of polymerase (as described by manufacturer). Each
reaction included an initial denaturation step at 95°C for 5-20 minutes and 30 cycles
of denaturation at 95°C for 30 s, primer annealing at 50-66°C for 1-3 minutes
(dependant upon primers used) and elongation at 72°C for 30 s to 5 minutes (1 kb per
min for GoTaqg and 500 bp per min for VentR) followed by a final elongation step at
72°C for 5-10 minutes.

Cloning was performed using DNA endonucleases, DNA ligase and calf intestinal
alkaline phosphatase (CIAP) supplied by Promega. DNA digestion with
endonucleases was performed at 37°C for 30 minutes to 16 hrs according to the
manufacturer's instructions. DNA ligation and alkaline phosphatase reactions were
performed according to the manufacturer's instructions. After incubation ligation

reactions were transformed into competent DH5a. cells.
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2.4.3. Electrophoresis

DNA samples were resolved over a 1 % agarose gel containing Ethidium Bromide
(0.5 pg/ml) in 1x TBE buffer (10.8 g/l Tris-base, 5.5 g/l boric acid, 25 mM EDTA
pH 8) at 100v, unless stated otherwise. DNA migration was examined by exposure of
the gel to UV light and fragment size determined by comparison with the 1 kb DNA
ladder (Promega). The GenElute Gel Extraction Kit (Sigma-Aldrich) was used to
recover DNA samples from agarose gels.

Protein samples were resolved in denaturing conditions by SDS-PAGE. A 12 %
separating gel (325 mM Tris-HCI pH 8.8, 0.1 % SDS (w/v), 12 % Acrylamide/Bis-
acrylamide, 0.05 % ammonium persulfate (w/v), 0.07 % TEMED) and a 4 %
stacking gel (125 mM Tris-HCI pH 6.8, 0.1 % SDS (w/v), 4 % Acrylamide/Bis-
acrylamide, 0.05 % ammonium persulfate (w/v), 0.1 % TEMED) were used unless
stated otherwise. The gels were run at 200 v for ~1 hr in 1x Running buffer (25mM
Tris-base, 200 mM glycine, 0.1 % SDS (wi/v)). After running gels were stained in
Coomassie stain (10 % glacial acetic acid, 40% methanol, 0.01 % Brilliant Blue
(w/v)) followed by destaining in water or were incubated with Oriole Fluorescent
Gel Stain (Bio-rad) for ~1 hr and protein migration visualised by exposure to UV
light.

2.4.4. Southern Blotting

Southern blot analysis was used to confirm the correct genotype of the strains
generated this study. Genomic DNA (30 pg) was digested by restriction
endonucleases, as indicated in the text, for ~16 hrs at 37°C. The digested DNA was
resolved on a 1% agarose gel for ~3 hrs at 80 v. The migration distance of the 1 kb
DNA ladder (Promega) was noted and then the gel blotted onto a nylon membrane
(GeneScreen Plus, Perkin Elmar) using the alkaline transfer protocol as described by
the manufacturer. Sequence specific radio-labelled probes were generated using PCR
products (Table 3), dCTP containing **P (Perkin Elmar) and the Prime-a-Gene
Labelling System (Promega) by following the manufacturer’s instructions. The blots
were pre-hybridised with 10 ml Modified Church’s Buffer (0.36 M Na,HPO,, 0.14
M NaH,PO,4, 1 mM EDTA, SDS 7 %) for 30 minutes at 65°C. The radio-labelled
probe was then added to the buffer and incubated at 65°C for 10-16 hrs. The blots

49



were then washed for 15 minutes at 65°C twice in each Wash Buffer 1 (0.1% SDS,
30mM Sodium Citrate, 0.3M NaCl), followed by Wash Buffer 2 (0.1% SDS, 7.5mM
Sodium Citrate, 75mM NaCl) then Wash buffer 3 (0.1% SDS, 1.5mM Sodium
Citrate, 15mM NaCl). The blots were exposed to x-ray film (Fujifilm) for 2-72

hours.

Probe Region to which probe anneals Primers

1 URE1 ORF Pb1F and Pb1R
2 hph antibiotic marker Pb2F and Pb2R
3 NIC1 promoter region Pb3F and Pb3R
4 NIC1 ORF Pb4F and Pb4R
5 NEO antibiotic marker Pb5F and Pb5R
6 UREG promoter region Pb6F and Pb6R

Table 3 - Southern blot probes used in this study.

2.4.5. E. coli Transformation and Plasmid Recovery

To transform E. coli strains with a plasmid or ligation mixture the competent cells
were thawed on ice and incubated with the DNA for 30 min to 1 hr on ice. The
samples were then heat shocked at 42°C for 45 s followed by cooling on ice. LB
medium (1 ml) was added to each sample followed by incubation at 37°C for 40 min.
The cells were harvested by centrifugation (5 krpm, 5 minutes), washed in sterile

water and plated on LB media containing selective antibiotics.

Plasmids were recovered from E. coli cells using a GenElute HP Plasmid Miniprep

Kit (Sigma-Aldrich) using the manufacturer's instructions.

2.4.6. S. cerevisiae Transformation and Plasmid Recovery

To transform S. cerevisiae strains with a plasmid or ligation fragments the DNA was
added to 240 pul PEG 4000 (50 % (w/v)), 10 ul sonicated salmon sperm DNA (5
mg/ml) and 50 pl of competent cells in lithium acetate. The mixture was vortexed, 32

pl lithium acetate (1 M, pH 7.5) was added followed by further mixing by vortex.
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The mixture was then incubated at 30°C for at least 20 minutes followed by heat
shock at 42°C for 15 min. Cells were harvested by centrifugation (3 krpm, 5
minutes), resuspended in 150 ul sterile water, plated on selective medium and

incubated at 30°C until colonies appeared.

To recover plasmid DNA from S. cerevisiae cells were grown in selective medium
for ~16 hrs at 30°C. The cells were harvested by centrifugation (3 krpm, 5 minutes)
and resuspended in 100 ul STET buffer (8 % sucrose (w/v), 50 mM Tris-HCI pH 8,
50 mM EDTA, 5 % Triton X-100 (w/v)). Glass beads were added and each sample
beaten for 5 cycles of 20 s interspaced by 2 minutes on ice and another 100 ul STET
buffer added. The samples were incubated at 100°C for 3 minutes followed by
incubation of ice for 5 minutes. The samples were subject to centrifugation (13 krpm,
10 minutes, 4°C), 100 pl of the supernatant collected and transferred to 50 pl
ammonium acetate (7.5 M). The samples were stored at -80°C for 10 minutes,
subject to centrifugation (13 krpm, 10 minutes, 4°C), 100 pl of the supernatant was
transferred to 200 pl ice-cold ethanol (100%) and subject to centrifugation (13krpm,
10 minutes, 4°C) and the supernatant removed. The pellet was washed in ethanol (70
%), dried in air and resuspended in sterile water (30 ul). 15 ul of the DNA was used

to transform into the E. coli strain dH5a.

2.4.7. C. neoformans Genomic DNA extraction

To isolate genomic DNA from C. neoformans the strain was grown in 50 ml YPD
medium for ~16 hrs at 30°C. The cells were pelleted by centrifugation (3 krpm,
10mins) in a 50ml corning tube, washed in water and snap frozen in liquid nitrogen.
The frozen pellets were dried by lyophilization for 10-16 hrs. 15ml Glass beads (2
mm) were added and the sample vortexed until a fine powder was created. 10 ml
CTAB buffer (100 mM Tris-HCI pH 7.5, 0.7 M NaCl, 10 mM EDTA, 1 % CTAB
(hexadecyltrimethylammonium bromide), 1 % B-mercaptoethanol) added, the sample
was mixed by gentle inversion, incubated at 65°C for 30 minutes then cooled to room
temperature. Phenol-chloroform (10 ml) was added and the sample mixed for 1 min.
The sample was subject to centrifugation (3 krpm, 10 minutes), the supernatant
transferred to a fresh 50 ml corning tube, 10 ml isopropanol added and mixed by
inversion. The samples were subject to centrifugation (3 krpm, 10 minutes), the

supernatant discarded, the pellet washed in ethanol (70 %) and resuspended in sterile
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nano-pure water. RNase A was added to 20 pg/ml and samples incubated at 37°C for
1 hr.

2.5. Microbiological Techniques

2.5.1. Cell Counting and Microscopy

Cell or particle size and number were determined by measurement on a CASY Cell
Counter and Analyser System (Scharfe Systems). Cell aggregation was visualised
using a Zeiss Axiovert with a 100x oil immersion objective and the Axiovision
imaging system. Cell capsule was visualised by staining in India ink and microscopic
examination. Cells were picked from colonies grown on an agar plate, suspended in

India ink and transferred to a microscope slide with cover slip.

2.5.3. Colony Imaging

Cells were pre-grown in liquid ammonia based SD medium (5 ml) for ~16 hrs at
30°C, spotted onto urea or ammonia SD agar plates and incubated at 30°C for 10
days. Colonies were photographed using a Canon PowerShot A640 digital camera

linked to a Zeiss Stemi 2000-C stereo microscope.
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3. The Activation of Urease and the Roles of Nicl and CnhUreG

3.1. Introduction

Urease is a nickel or iron utilising enzyme that catalyses the degradation of urea to
ammonia and carbamate and is a virulence factor in some microorganisms. The role
of urease during infection by bacteria is associated with a localised increase in pH,
due to the production of ammonia (Scott et al., 2002; Sendide et al., 2004). Urease
has also been identified as a virulence factor in pathogenic fungi, including C.
neoformans (Cox et al., 2000). The role of urease in C. neoformans infection is not
fully understood, but invasion of the brain by the yeast cell crossing cerebral
capillaries is dependent on urease (Olszewski et al., 2004; Shi et al., 2010a). The
degradation of uric acid for use as a nitrogen source is via a pathway which includes
urease (Lazera et al., 1996; Nielsen et al., 2007). Urea and uric acid are available
throughout the human body and are therefore potential nitrogen sources for invading
pathogens (Proctor, 1970; Zielinski et al., 1999; Ronne-Engstrém et al., 2001;
Tyvold 2007; Waring et al., 2008)

The maturation of bacterial urease requires several cofactors including a GTPase,
UreG, and a nickel chaperone, UreE (Carter et al., 2009). C. neoformans lacks the
chaperone UreE and CnUreG possesses an N-terminal histidine-rich region. The
function of this domain is unknown but potentially involves nickel binding. C.
neoformans also contains a homologue of the high-affinity nickel transporter of S.
pombe, SpNiclp, which is a putative nickel importer that may be required for urease

activation.

The aims of this chapter are to outline the growth characteristics of C. neoformans
utilising different nitrogen sources and to investigate how different nitrogen sources
affect the levels of urease activity and nickel accumulation. In addition the roles of
urease, CnNicl and CnUreG in the utilisation of urea as a nitrogen source and the
accumulation of nickel are analysed. The data establish that urease activity and
nickel accumulation increase in response to urea. CnNicl is established as the
primary means of nickel accumulation in response to urea and CnUreG is required
for urease activity. Virulence factors other than urease are shown to be responsive to

urea.
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3.2. Phenotypic Characterisation of Wild-type C. neoformans

3.2.1. Growth of C. neoformans Utilising Different Nitrogen Sources

To date the growth characteristics of C. neoformans utilising different nitrogen
sources has not been studied in detail. To establish the parameters that would be used
to study urease maturation, the growth of C. neoformans in batch culture was
analysed. The wild-type strain was grown in minimal media containing either
ammonium or urea as the sole source of nitrogen. Cultures were inoculated at ODggo
0.1 and monitored until stationary phase (Figure 8A). The urea grown cells reached a
higher optical density as compared to the ammonium grown cells, growing to ODgg
~12 and ~9 respectively. In each case logarithmic growth occurred between ODggo 1-
6. This established that C. neoformans cultures at ODggo ~4 are in the mid-log growth

phase.

To determine which other nitrogen sources C. neoformans can utilise, wild-type cells
were grown in media containing either ammonium, urea, glutamine or glutamic acid
as the sole source of nitrogen. The level of growth was determined by measuring the
optical density of each culture. The glutamine, glutamic acid and urea grown cultures
grew to equal levels (Figure 8B). This established that C. neoformans is able to

utilise ammonium, urea, glutamine and glutamic acid as sources of nitrogen.
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Figure 8 - The wild-type strain of C. neoformans is able to grow in a variety of
nitrogen sources.

A - Cultures of the wild-type strain were inoculated to ODggo 0.1 in media containing
either ammonium (squares) or urea (triangles) as the sole source of nitrogen and
incubated at 30°C with agitation in baffled flasks. The optical density was recorded
every 2 hours. Data is representative of 3 repeat experiments.

B - Wild-type cultures inoculated to ODgy 0.1 in media containing either
ammonium, urea, glutamine or glutamic acid as the sole source of nitrogen and
incubated at 30°C with agitation in baffled flasks. After 18 hours the optical density
was recorded. Data points shown represent the mean of 3 repeat experiments and
error bars represent the standard deviation.
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While investigating the growth of C. neoformans it was observed that ammonium
grown cells aggregated, while urea grown cells did not. To examine this phenotype
further, wild-type cells were grown in ammonium and urea media and particle
volume was measured using a cell counter at 2 hour intervals. The urea grown
cultures maintained a mean particle volume of between 55.6 and 78.8 fl without any
increasing or decreasing trend. In the ammonium grown cultures the mean particle
size increased from 96 to 260 fl (Figure 9A). Microscopic examination established
that ammonium grown cells formed large aggregates while urea grown cells did not
(Figure 9B). Therefore the type of nitrogen source utilised by C. neoformans affects
the characteristics of cell aggregation.

It was also observed that wild-type colonies grown on urea agar developed a mucoid
appearance which is characteristic of polysaccharide capsule growth. To analyse this
phenotype further, wild-type cells were pre-grown over-night in ammonium medium,
washed in nano-pure water and then plated onto minimal agar media containing
either urea or ammonium as the sole nitrogen source. The plates were then incubated
at 30°C for 10 days. The colonies grown on urea plates developed a marked mucoid
morphology, while the ammonium grown colonies did not. India ink staining was
then used to study the cells microscopically. The urea grown cells exhibited clear
capsule growth, while the ammonium grown cells showed no capsule production
(Figure 10). This established that capsule growth is regulated in response to nitrogen

source and that urea promotes capsule production.
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Figure 9 - Growth in ammonium media induces cell aggregation.

A and B - The mean particle size (A) and particle number (B) recorded over the late
log and early stationary growth phases of wild-type cultures in ammonium (squares)
and urea (triangles) media, using a CASY cell counter (Scharfe System). Data points
shown represent the mean of 3 repeat experiments and error bars represent the
standard deviation.

C - The cultures were subject to microscopic analysis after 28 hours of growth. Cell
images were captured using a Zeiss Axiovert 200 M inverted microscope (100x).
Data are representative of 3 repeat experiments.
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Ammonium Urea

Figure 10 - Growth on urea medium induces mucoid colony morphology and
capsule formation.

Colonies were plated on minimal agar media containing ammonium or urea as the
sole nitrogen source and incubated at 30°C for 10 days. The colonies were
photographed (top panels) and a sample of each stained with India ink (lower
panels). Data are representative of 3 repeat experiments.
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3.2.2. Urease Activity is Responsive to the Available Nitrogen Source

It is not known if cryptococcal urease activity varies in response to the available
nitrogen source. To investigate this, urease activity was quantified in wild-type
cultures grown to mid-log in enriched YPD medium or minimal synthetic media
containing either ammonium, urea, glutamine or glutamic acid as the sole source of
nitrogen. The urea grown cells exhibited the highest levels of urease activity, while
the YPD grown cells had very low levels. Urease activity in the ammonium grown
cells was approximately half the level of activity detected in the urea grown cells
(Figure 11A). The glutamine and glutamic acid samples' activity was between those
of the ammonium and urea extracts. This demonstrates that urease activity is
regulated in response to the available nitrogen source and the lack of urea does not

repress urease activity.

The production of ammonium by urease can be utilised to neutralise acidic
environments. To determine if urease activity is responsive to the pH of the
environment, the wild-type strain was grown in ammonium and urea media buffered
with 100 mM HEPES and the pH adjusted to 4, 5.5 or 6. The pH of standard minimal
media is pH 5.5. The urease activity in each pH was equal in both ammonium and
urea grown cells (Figure 11B). This established that C. neoformans urease activity is

not responsive to the pH of the media.
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Figure 11 - Urease activity is regulated in response to utilised nitrogen source.

A - The wild-type strain was grown to mid-log in minimal media containing
ammonium, urea, glutamine or glutamic acid as the sole source of nitrogen, or YPD
medium. Protein extracts (200 pg) were incubated in 66 mM urea solution at 30°C
and rate of ammonia production determined by Nessler's colour reagent. Units are in
uM of ammonium produced per minute at pH 8.2 and 30°C, per mg of protein

extract.

B- The wild-type strain was grown to mid-log in ammonium or urea media adjusted
to pH 4, 5.5 or 6 and buffered with 100 mM HEPES. Protein was extracted and the

urease activity determined.

Data points shown represent the mean of 3 repeat experiments and error bars
represent the standard deviation.
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3.2.3. Nickel is Accumulated in Response to Nitrogen Source

It is not known how cryptococcal urease is regulated, but may include regulation of
the uptake or incorporation of the metal cofactor. To determine if metal accumulation
in C. neoformans varies in response to the growth conditions the metal content of
cells was measured by ICP-MS. Samples were analysed from cultures grown in YPD
medium or minimal synthetic media containing ammonium, urea, glutamine or
glutamic acid as the sole source of nitrogen. The levels of nickel were significantly
higher in urea, glutamine and glutamic acid samples than the ammonium sample.
Levels of zinc were relatively constant between the samples and iron levels were
higher in glutamine cells (Figure 12A-C). This established that nickel accumulation
Is regulated in response to the utilised nitrogen source. The levels of cobalt also
increased in urea, glutamine and glutamic acid compared to ammonium (Figure
12D).

Capsule production in response to growth in urea was a concern to the metal
accumulation studies due to the potential metal chelating capacity of the capsule.
Although capsule growth in mid-log liquid culture was not observed confirmation
that it was not a factor in nitrogen source specific metal accumulation was necessary.
Nickel accumulation of the wild-type strain and an acapsular strain B-4131 was
compared. The strains were grown in minimal media containing ammonium or urea
as the sole source of nitrogen. The nickel accumulation in the wild-type and B-4131
strains was comparable with low levels of nickel accumulation in ammonium
increasing significantly in urea (Figure 13). The ability of the wild-type and B-4131
strains to grow capsule was tested by growth on solid ammonium and urea based
media, which showed that the wild-type produced capsule in response to urea and B-
4131 did not (Figure 14). This established that the increased nickel accumulation in

urea grown cells compared to ammonia grown cells is not due to capsule formation.
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Figure 12 - Metal accumulation in response to nitrogen source.

The wild-type strain was grown to mid-log in YPD or minimal media containing
ammonium, urea, glutamine or glutamic acid as the sole source of nitrogen. Cells
were harvested and washed in nano-pure water to remove growth media, digested in
65 % nitric acid and analysed by ICP-MS. Cellular accumulation for nickel (A), iron
(B), zinc (C) and cobalt (D) was calculated. Data points shown represent the mean of
3 repeat experiments and error bars represent the standard deviation.
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Figure 13 - The metal accumulation of the wild-type and acapsular strains.

Cultures of the wild-type and B-4131 (Acap) strains were grown to mid-log in
ammonium and urea based minimal media. Nickel (A) and zinc (B) cellular
concentrations were calculated. Data points shown represent the mean of 3 repeat
experiments and error bars represent the standard deviation.
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Ammonium Urea Ammonium Urea

Figure 14 - The B-4131 strain does not form capsule.

Colonies of the wild-type and B-4131 (Acap) strains were grown on ammonium and
urea minimal media for 10 days at 30°C. Colony morphology was photographed and
capsule formation assayed by India ink. Data are representative of 3 repeat

experiments.
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3.3. Creation and Confirmation of Mutant Strains

3.3.1. Generation of Mutant Strains

To study the roles of urease, CnNicl and CnUreG, deletion mutants lacking each
gene were generated. A urelA strain was generated by interruption of the URE1
coding sequence by integration of an antibiotic resistance marker, hph, conferring
resistance to Hygromycin B. A niclA strain and a ureGA strain were generated by
replacement of the NIC1 and UREG coding regions with the NEO resistance marker,
which confers resistance to neomycin (G418 was used in this study). In each case
integration of the relevant deletion cassette into the wild-type genome was achieved
by biolistic transformation. The deletion cassette for the urei4 strain consisted of the
hph marker flanked by ~1 kb of sequence homologous to the URE1 promoter region
and ~1 kb of sequence homologous to the UREL coding region. This facilitated
integration of the hph marker into the coding region of URE1, excising ~500 bp of
coding sequence (Figure 16A-C). The deletion cassettes for the niclA and ureGA
strains contained the NEO marker flanked by ~1 kb of promoter and terminator
regions of the respective genes. This facilitated integration of the NEO marker and
deletion of the complete open reading frame (Figure 17A-C, Figure 18A-C).
Transformation colonies were selected by the ability to grow on YPD medium
containing the relevant antibiotics and screened for loss of ability to turn
Christensen's medium from yellow to pink, a qualitative test of urease activity
(Figure 15, Figure 20A, Figure 24A, Figure 28A).
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Figure 15 - Antibiotic resistance of strains generated in this study.

The ability of the wild-type, urelA, nicid, niclA+NIC1, ureGA and ureGA+UREG
to grow in the presence of G418 and Hygromycin B was assayed by plating serial
dilutions of each strain onto YPD, YPD with 200 pg/ml G418 and YPD with 200
ug/ml Hygromycin B. The plates were incubated at 30°C for 3 days. Data are
representative of 3 repeat experiments.
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The niciA and ureGA deletion strains were reconstituted with the wild-type NIC1
and UREG genes, respectively. In each case the entire coding region with ~1 kb of
promoter and ~500 bp of terminator sequence, was re-introduced into the original
locus with the hph antibiotic resistance marker. This was achieved by integration of a
reconstitution plasmid into the deletion strain by biolistic transformation (pAG32-
NIC1 into nicl4 and pAG32-UREG into ureGA4). The plasmids were linearised in the
promoter region of the gene which targeted integration of the plasmid into the
promoter region of the wild-type locus (Figure 16D-F, Figure 17D-F).
Transformation colonies were selected by the ability to grow on YPD medium
containing Hygromycin B and screened for ability to turn Christensen's medium

from yellow to pink (Figure 15, Figure 20, Figure 24 and Figure 28).

3.3.2. Confirmation of Generated Strains by Southern Blot

Southern blot analysis was used to confirm that the deletion cassettes and
reconstitution plasmids integrated into the correct locus and that only one copy
integrated into the genome. To confirm the correct integration of the urelA deletion
cassette DNA was extracted from the wild-type and urelA strains and digested with
Apal and Bgll. A probe specific for the URE1 promoter and coding regions annealed
to DNA fragments of 5.6 kb and 4.0 kb in the wild-type and wurelA strains
respectively (Figure 16D). This established the integration of the urelA deletion
cassette at the UREL locus. Three non-specific bands were also observed. A second
probe specific to the hph marker annealed to a 4.0 kb fragment from the urelA strain
and no fragment in the wild-type strain (Figure 16D). This established single
integration of the urelA cassette.
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Figure 16 - Southern blot analysis of the urelA strain.

A-C - Schematic representation of the wild-type UREL locus (A), the urelA deletion

cassette (B) and the urel4 locus (C). Relevant sites of restriction digest and probe
binding locations are indicated.

D - Southern blots to confirm integration of the ureilA deletion cassette at the correct
site (probe 1, left hand panel) and a single integration event (probe 2, right hand

panel) after digestion with Apal and Bgll. Expected fragment sizes are indicated by
arrows where relevant.
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To confirm the correct integration of the nic/4 deletion cassette DNA was extracted
from the wild-type and niciA strains and digested with BsrGIl and Xbal. A probe
specific for the NIC1 promoter region annealed to DNA fragments of 4.1 kb and 3.1
kb from the wild-type and nici4 strains respectively (Figure 17F). This established
integration of the nicl4 deletion cassette at the NIC1 locus. A second probe specific
for the NEO marker annealed to a 3.1 kb fragment from the niciA strain but no
fragment from the wild-type strain. This established the single integration of the

niclA deletion cassette.

To confirm the correct integration of the NIC1 reconstitution plasmid DNA was
extracted from the niciA and niclA+NIC1 strains and was digested with Bglll and
separately with Clal. A probe specific for the hph marker annealed to a single DNA
fragment in nic1A+NIC1 strain of 8.4 kb, for the Bglll digestion, and 7.6 kb, for the
Clal digestion, and no fragment in the nici4 strain (Figure 17G). To confirm that the
NIC1 reconstitution plasmid integrated into the promoter region of the wild-type
locus, the nici4 and niclA+NICI strain DNA was digested with BsrGl. A probe
specific for the NIC1 coding region annealed to a DNA fragment of 7.7 kb in the
niclA+NICI strain and no fragment in the niclA strain (Figure 17G). This
established the single integration of the NIC1 reconstitution plasmid. To further
confirm the correct integration of the NIC1 reconstitution plasmid, PCR was
performed using primers N1rnF (which anneals in the NIC1 promoter region) and
N1rnR (which anneals in the NIC1 coding region). A PCR product of 1.4 kb was
generated when DNA from the wild-type and nic/A+NICI strains was used as
template (Figure 19), which was subsequently sequenced. These data established the
integration of the NIC1 reconstitution plasmid at the NIC1 locus in the nicl4 strain.
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Figure 17 - Southern blot analysis of the nic14 and nicIA+NICI strains.

A-E - Schematic representation of the wild-type NIC1 locus (A), the niciA deletion
cassette (B), the nici4 locus (C), the NIC1 reconstitution vector pAG32-NIC1
digested by Bsgl (D) and the niciA+NICI locus (E). Relevant sites of restriction
digest, probe and primer binding locations are indicated.

F - Southern blots to confirm integration of the nici4 deletion cassette at the correct
locus (probe 3, left hand panel) and a single integration event (probe 5, right hand
panel) after digestion with BsrGI and Xbal. Expected fragment sizes are indicated by
arrows where relevant.

G - Southern blots to confirm a single integration of pAG32-NICL1 into niclA (probe
2, left and centre panels) after digestion, separately, with Clal and Bgll and to
confirm correct site of integration (probe 4, right hand panel) after digestion with
BsrGl. Expected fragment sizes are indicated by arrows where relevant.
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Figure 18 - Southern blot analysis of the ureG4 and ureGA+UREG strains.

A-E - Schematic representation of the wild-type UREG locus (A), the ureGA deletion
cassette (B), the ureG4 locus (C), the UREG reconstitution vector pAG32-UREG
digested by Sphl (D) and the ureGA+UREG locus (E). Relevant sites of restriction
digest, probe and primer binding locations are indicated.

F - Southern blots to confirm integration of the ureGA deletion cassette at the correct
locus (probe 6, left hand panel) and a single integration event (probe 5, right hand
panel) after digestion with Bglll and BamHI. Expected fragment sizes are indicated
by arrows where relevant.

G - Southern blots to confirm a single integration of pAG32-UREG into ureGA
(probe 2, left and centre panels) after digestion, separately, with Clal and Bgll and to
confirm correct site of integration (probe 6, right hand panel) after digestion with
BsrGl. Expected fragment sizes are indicated by arrows where relevant.
ureGA+UREG2, ureGA+UREGS and ureGA+UREG?7 are separate isolates of the
UREG reconstitution transformations into the ureG4 background.
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Figure 19 - Confirmation of nicIA+NIC1 and ureGA+UREG by PCR.

The integration of pAG32-NIC1 and pAG32-UREG into the promoter region of the
niclA locus and the ureGA locus, respectively, was confirmed by PCR. N1rnF and
N1rnR primers were used to analyse the niclA+NICI strain which produced a
product of 1.4 kb (left hand panel). UGrnF and UGrnR primers were used to analyse
the ureGA+UREG strain which produced a product of 2 kb (right hand panel).

76



To confirm the correct integration of the ureGA deletion cassette DNA was extracted
from the wild-type and ureG4 strains and digested with BamHI and Bglll. A probe
specific for the UREG promoter region annealed to DNA fragments of 6.7 kb and 1.6
kb from the wild-type and ureG4 strains respectively (Figure 18F). This established
integration of the ureGA4 deletion cassette at the UREG locus. A probe specific for
the NEO marker annealed to a 5.8 kb DNA fragment from the ureGA strain and no
fragment from the wild-type strain (Figure 18F). This established the single

integration of the ureGA deletion cassette.

To confirm the correct integration of the UREG reconstitution plasmid DNA extract
from the ureG4 and ureGA+UREG strains was digested separately with Bglll and
Clal. A probe specific to the hph marker annealed to a single DNA fragment from
the ureGA+UREG strain of 11.1 kb, for the Bglll digestion, or 10.1 kb, for the Clal
digestion, and no fragments in the ureGA4 strain (Figure 18G). This established the
single integration of the UREG reconstitution plasmid. To confirm integration of the
UREG reconstitution plasmid into the UREG promoter region DNA was extracted
from the ureGA and ureGA+UREG strains and digested with BsrGl. A probe specific
for the UREG promoter region annealed to DNA fragments of 5.8 kb and 7.7 kb in
the ureG4 and ureGA+UREG strain respectively (Figure 18G). To further confirm
the correct integration of the UREG reconstitution plasmid PCR was performed using
primers UGrnF (which anneals in the UREG promoter) and UGrnR (which anneals
in the UREG coding region). A product of 2 kb was generated when DNA from the
wild-type and ureGA+UREG strains was used as template, which was subsequently
sequenced (Figure 19). These data established the integration of the UREG
reconstitution plasmid at the UREG locus in the ureGA strain.
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3.4. Identification and Analysis of the Role of Urease, Nicl and UreG

3.4.1. URE1

The urease gene, UREL, has been previously identified in C. neoformans. Like other
plant and fungal urease enzymes, the urease in C. neoformans is a single poly-
peptide representing a fusion of the three sub-units found in most bacterial urease
enzymes. C. neoformans contains the conserved lysine residue in the active site,
which is carbamylated, and the histidine residues involved in nickel binding (Cox et
al., 2000).

The urel strain has previously been described as avirulent but during that study the
effect of urease deletion on growth under different conditions was not studied
(Olszewski et al., 2004). In S. cerevisiae, which lacks a urease gene, urea is
metabolised via the Durl,2 system, comprised of two fused sub-units, which is part
of the allantoin degradation system and is NCR sensitive (Cunningham and Cooper,
1991). Homologues to each of the Durl,2 subunits exist in C. neoformans and so
represent a potential secondary pathway for utilisation of urea as a nitrogen source
(ORFs CANG_07944 and CNAG_01680, NCBI database). To investigate the role of
UREL, the wild-type and urelA strains were plated in serial dilutions onto minimal
agar media containing either ammonium, urea or uric acid as the sole nitrogen
source. As urea specific accumulation of nickel was observed in the wild-type strain,
the medium was or was not supplemented with 10 uM NiSOy4. The urelA strain
showed little or no growth on urea or uric acid media compared to the wild-type
strain and growth could not be recovered by addition of nickel (Figure 20). This
established that urease is essential for C. neoformans growth utilising urea as the sole

nitrogen source.
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Figure 20 - urelA cannot grow on urea and uric acid based media.

A - The wild-type and urelA strains were streaked onto Christensen's urea agar with
and without NiSO,4 added to 10 uM. Ability to change the media from yellow to pink
was recorded by colour scan (left hand panel) and equal loading confirmed by grey-
scale photograph (right hand panel).

B - The wild-type and urelA strains were plated in serial dilutions onto minimal
media containing either ammonium, urea or uric acid as the sole source of nitrogen
both with and without NiSO,4 added to 10 uM. The plates were incubated at 30°C for
3 days and then photographed.

Data are representative of 3 repeat experiments.
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Figure 21 - urelA does not have urease activity.

The wild-type and urelA strains were grown to mid-log in minimal media containing
ammonium or glutamic acid as the sole source of nitrogen. The urease activity of
protein extracts was determined. Data points shown represent the mean of 3 repeats
and error bars represent the standard deviation.

80



Glutamic Acid

Ammonium

Glutamic Acid

Ammonium

2.8E+04 -

1.3E+04 A

(192 42d swoie) IN

-2.0E+03 ~

ureld

wWT

1.0E+07 ~

5.0E+06 <

(1192 42d swoje) uz

0.0E+00 -

Glutamic Acid

Ammonium

Glutamic Acid

Ammonium

urelA

wT

81



Figure 22 - Nickel accumulation in the urelA strain.

The wild-type and urelA strains were grown to mid-log in minimal media containing
ammonium or glutamic acid as the sole source of nitrogen. The cellular concentration
of nickel (A) and zinc (B) was determined by ICP-MS. Data points shown represent
the mean of 3 repeat experiments and error bars represent the standard deviation.
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To quantify urease activity in cells utilising different nitrogen sources the enzyme
activity of the wild-type and urelA strains was compared. Each strain was grown to
mid-log at 30°C in minimal media containing ammonium or glutamic acid and urease
activity quantified. No urease activity was detected in the urelA strain (Figure 21).
This established that urease is the only means by which C. neoformans degrades

urea.

To investigate whether urease is a store for nickel, metal accumulation in wild-type
and urelA cells grown in ammonium and glutamic acid media was determined. The
loss of urease did not abolish nickel accumulation in response to glutamic acid,
although there was a small but consistent reduction compared to the wild-type strain
(Figure 22). This established that nickel is accumulated in a urease independent
manner. The small decrease seen between wild-type and urelA glutamic acid grown

cells may reflect the nickel atoms associated with urease.

3.4.2.NIC1

The predicted product of ORF CNAG_03664.2 in the C. neoformans genome has a
high degree of homology (40% identity) to the nickel transporter SpNiclp of S.
pombe (Eitinger et al., 2000) and is designated CnNicl. CnNicl is well conserved
with the HoxN members of the NiCoTs family, including HoxN from the bacteria
Cupriavidus necator with which it shares 35% identity, determined by ClustalW2
alignment (Eitinger et al., 1991). CnNicl contains the HX,;DH motif that is essential
for nickel transport and 8 transmembrane sequences, predicted by SOUSI, consistent
with high-affinity transporters of the HoxN family (Figure 23). In addition CnNicl
has a large cytosolic loop between the predicted sixth and seventh transmembrane
domains that is not present in HoxN or SpNiclp but is present in the Nicl homologue
of C. gattii, a species closely related to C. neoformans.

83
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CnHoxN CALAAFRDH-PVLLGTALLAYGLGL VD. LAAIDNVTRKLMQDGRRPITAGLWESL 95
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CnNicl GHSTIVIVVNVAIAVSVD-IYDKLDRVGSIGGIVGAAVSASFLFLIACLNIYFLVGAIKQ 159
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SpNicl LWMYRKS---GVTKDE--—--——-——— GVTGFLARKMQRLFRLVDSPWKIYVLGEFVFGLGFD 217
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CnNicl RRSMKRRQALGLPPDEDEGDPSKIYGG-GCMVRVVGPILRAVDRPWKMYPVGVLFGFGED 218
CnHoxN FRRVRRG---GIYVEED---FDLLFGNRGFLARIFRPLFRFITRSWHMYPLGMLFALGFD 209
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Froooarr koo .o Frookoox
SpNicl TNPYFSRLYYSIILTFVSVIAAFT—— === —— - == — o — oo oo 297
CiNicl = = mmm e
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SpNicl EIVGGCICGAFVLAG---————-— LFGISMHNYFKKKFTPPVQVGNDREDEVLEKNKELE 379
CiNicl DVIGGAICGCFIIIG-—----——--~- GISVLVYPNWR-QWAARKYATHDGPDEIIDDVERGG 345
CnNicl IEIMGLIGDNCTQCODAANDPDGGGLAGSWWRAWARANDQSGY IGAAIVGCFAAILAGWY 458
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* .

SpNicl NVSKNSIS-VQISES-EKVSYDTVDSKV-=--—-- 405
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CnNicl GAKWGKKKWKARRDANAAIVLEDNEDDAAETPVA 492

CnHoxN ---VSIVVYRLRR---—-——-— YDDSEVRA-————— 351

Figure 23 - Sequence alignment of nickel transporters.

A ClustalW2 alignment of Nicl from C. neoformans (CnNicl), C. immitis (CiNicl),
S. pombe (SpNicl) and HoxN from C. necator (CnHoxN). The transmembrane
domains of ReHoxN previously described are highlighted in cyan and the essential
nickel-binding motif in red (Eitinger et al., 97). The cytosolic loop between
transmembrane domains 6 and 7, found only in CnNicl, is highlighted in green.
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Figure 24 - The growth of nicl4 on urea media is recovered by addition of
nickel.

A - The wild-type, niciA and nicIA+NICI strains were streaked onto Christensen's
urea agar with and without NiSO4 added to 10 uM. Ability to change the media from
yellow to pink was recorded by colour scan (left hand panel) and equal loading
confirmed by grey-scale photograph (right hand panel).

B - The wild-type, niciA4 and nic14A+NIC1 strains were plated in serial dilutions onto
minimal media containing either ammonium, urea or uric acid as the sole source of
nitrogen both with and without NiSO,4 added to 10 uM. The plates were incubated at
30°C for 3 days and then photographed.

Data are representative of 3 repeat experiments.
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CnNicl is a putative nickel transporter in C. neoformans that may supply urease with
nickel. To determine if CnNicl is required for cryptococcal urease activity the wild-
type, niciA and nicIA+NIC1 strains were plated in serial dilutions on minimal agar
media containing either ammonium, urea or uric acid as a source of nitrogen, with or
without 10 uM NiSO4. The nici4 strain showed a significantly reduced ability to
grow on media utilising urea or uric acid as a source of nitrogen, but wild-type levels
of growth were recovered by the addition of nickel to the media (Figure 24). This is
consistent with CnNicl being a nickel importer that is required to deliver nickel to

urease.

To determine the effect of the loss of CnNicl on urease activity, urease assays were
performed using cell extract from the wild-type, nici4 and nicIA+NICI strains
grown in minimal media containing ammonium or urea as the sole source of
nitrogen. The niclA strain is able to grow in urea based media at a slower rate than
the wild-type strain. The urease activity of the nici4 cell extract was significantly
reduced compared to extract from wild-type cells (Figure 25A). No urease activity
was detected in extracts from the urel strain (Figure 21). Wild-type levels of
activity were recovered in the nicl4 strain on addition of 10 uM nickel to the growth
media (Figure 25B, C). The addition of either cobalt, copper, iron or zinc to urea
medium did not recover activity (Figure 25D). This established that CnNicl is
required for urease activity when cells are grown in standard minimal media. The
addition of nickel to the wild-type cells did not significantly increase urease activity,
indicating that C. neoformans is not limited for nickel under standard growth

conditions.
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Figure 25 - The urease activity of niclA is restored by addition of nickel.

A - The wild-type, niciA and nicIA+NICI strains were grown to mid-log in minimal
media containing ammonium or urea as the sole source of nitrogen. The urease
activity of protein extracts was determined.

B and C - The wild-type, niciA and niciA+NIC1 strains were grown to mid-log in
minimal media containing urea as the sole source of nitrogen with or without nickel
added to 10 uM (B), and in ammonium based minimal media with or without 10 uM
nickel (C). The urease activity of each sample was then determined.

D- The niciA strain was grown to mid-log in urea media either unsupplemented
(UnSp) or with 10 uM NiSO,4, CoCl,, Fey(SO4)3 or ZnCl, added. Protein was
extracted and the urease activity of each sample was determined.

Data points shown represent the mean of 3 repeat experiments and error bars
represent the standard deviation.
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Figure 26 - NIC1 is required for nickel accumulation.

The wild-type, niclA and nicIA+NIC1 strains were grown to mid-log in minimal
media containing ammonium or urea as the sole source of nitrogen. Cell number was
recorded. The cellular concentration of nickel (A), cobalt (B) and zinc (C) was
determined by ICP-MS. Data points shown represent the mean of 3 repeat
experiments and error bars represent the standard deviation.
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The reduced urease activity in the nicl4 strain is consistent with CnNicl being a
nickel transporter. To investigate the role of CnNicl in nickel accumulation, metal
levels were quantified in wild-type, niciA and niclA+NICI cells grown in minimal
media containing ammonium or urea as the sole source of nitrogen. The nicl4 strain
did not accumulate nickel in response to urea as observed for the wild-type strain
(Figure 26A). This established that CnNicl is required for nickel accumulation in C.
neoformans. Levels of cobalt accumulation in the niciA strain are greater when
grown in urea compared to ammonium media (Figure 26C). Therefore, CnNicl is not

required for the accumulation of cobalt in response to urea.

3.4.3. UREG

The product of CNAG_00678 in the C. neoformans genome database is highly
homologous to the UreG of H. pylori (55% identity) and is designated CnUreG.
CnUreG contains sequences conserved with the UreG proteins from other species,
including the GTP-binding P-loop and a conserved cysteine residue, which is
predicted to oxidise to form a homodimer in BpUreG and MtUreG and be part of a
metal binding site in HpUreG and KaUreG (Figure 27). These similarities are
consistent with CnUreG being a GTPase involved in nickel insertion into the urease

active site.

The CnUreG has an N-terminal extension containing 17 histidine residues the
function of which is unknown. This region is common to urease expressed in fungi
including S. pombe and C. immitis (Figure 27). MtUreG has a similar extension that
is shorter and contains 4 histidine residues. All of these species lack the nickel
chaperone UreE. As histidine is a good metal ligand, this domain of the protein has a

potential role in nickel binding for storage or as a chaperone.
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:*: * Kk kkk Kk
H. pylori TALIEALTRHMSKDYDMAVITNDIYTKEDAEFMCKNSVMPRERI IGVETGGEPHTAIRE 73
E. coli TALLEALKSMRDTWQLAVVTNDIYTREDQRILTEAGALEAERIVGVETGGE@PHTAIRE 79
C. neoformans TALLLALERGFREKYNIAAVTNDIFTREDQEFLIRNEALPAERIRATETGGEPHAAIRE 180
C. immitis TALMLQLELALRDTYNIAAVTNDIFTREDAEFLTONKALSPERIRAIETGGEPHAAVRE 120
S. pombe TALLLQLERLLGEKYSIGVVTNDIFTREDQEFLIRNKALPEERIRAIETGGEPHAAIRE 158
M. tuberculosis TALVAAL RQLRGELSLAVLTNDIYTTEDADFLRTHAVLPDDRIAAVQTGG PHTAIRD 97
‘k‘k‘k‘k: KT A S ‘k‘k‘k‘k * kK F . ‘k‘k ‘k‘k‘k‘k‘k‘k * *
H. pylori DASMNLEAVEEMHGRFPNLELLLIESGGSNLSATFNPELADFTIFVIDVAEGDKIPRKGG 133
E. coli DASMNLAAVEALSEKFGNLELIFVESGGDNLSATFSPELADLTIYVIDVAEGEKIPRKGG 139
C. neoformans DISANMGALEKLOAEFD-TEMLFVESGGDNLAANYSRELADYIIYVIDVSGGDKIPRKGG 239
C. immitis DISANLLALQQLORKFG-TDLLLIESGGDNLAANYSRELADFIIYVIDVAGGDKIPRKGG 179
S. pombe DVSGNLVALEELQSEFN-TELLLVESGGDNLAANYSRDLADFIIYVIDVSGGDKIPRKGG 217
M. tuberculosis DITANLDAIDELMAAHDALDLILVESGGDNLTATFSSGLVDAQIFVIDVAGGDKVPRKGG 157
* : ‘k: *:: . :::::‘k‘k‘k‘k‘*‘k:‘k‘:‘ ‘k“k ‘k:‘k‘k‘k‘k: ‘k:‘k:‘k‘k‘k‘k‘k
H. pylori PGITRSDLLVINKIDLAPYVGADLKVMERDSKKIAAKSPLFLPNIRAKEGLDDVIAWIKR 193
E. coli PGITKSDFLVINKTDLAPYVGASLEVMERDTLRMRGERPWGFTNLKSGEGLONIIAFIEE 199
C. neoformans PGITQSDLLIVNKIDLAPHVGASLDVMRRDAAAMRGTGPTLFTSVRNNDGVDAVMDIIVS 299
C. immitis PGITGSDLLVVNKTDLAEAVGADLEVMERDAAKMRDGGPTIFAVVKNGKGVEHIVNLIVS 239
S. pombe PGITESDLLIINKTDLAKLVGADLSVMDRDAKKIRENGPIVFAQVKNQVGMDEITELILG 277
M. tuberculosis PGVTYSDLLVVNKTDLAALVGADLAVMARDADAVRDGRPTVLQSLTEDPAASDVVAWVRS 217
** * ** * ** * k% *** * ok k **
H. pylori NALLED-—=—=—=—=——————————— 199
E. coli QGMLGK—-———=——————————————— 205
C. neoformans AWRAS------ QGNGKAKA----—-—— 312
C. immitis AWKSTGAYDISLARWKAGAPRGSGPV 265
S. pombe AAKSA-——-——--— GALK-—=—————--— 286
M. tuberculosis QLAADGV-—————————————————— 224

Figure 27 - UreG sequence alignment from multiple species.

A Clustalw2 alignment of the UreG protein sequence from H. pylori, E. coli, C
.neoformans, C. immitis, S. pombe and M. tuberculosis. The GTP binding P-loop is
highlighted in green, the putative zinc-binding site of HpUreG in cyan, the conserved
cysteine residues in pink and the N-terminal histidine residues in red.
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Figure 28 - UREG is required for growth on urea and uric acid based media.

ureG A Ammonium

ureG A+UREG
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A - The wild-type, wureG4A and ureGA+UREG strains were streaked onto
Christensen's urea agar with and without NiSO, added to 10 uM. Ability to change
the media from yellow to pink was recorded by colour scan (left hand panel) and
equal loading confirmed by grey-scale photograph (right hand panel).

B - The wild-type, ureG4 and ureGA+UREG strains were plated in serial dilutions
onto minimal media containing either ammonium, urea or uric acid as the sole source
of nitrogen both with and without NiSO, added to 10 uM. The plates were incubated
at 30°C for 3 days and then photographed.

Data are representative of 3 repeat experiments.
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To determine if CnUreG is required for the utilisation of urea as a nitrogen source the
wild-type, ureGA and ureGA+UREG strain were plated in serial dilutions on
minimal agar media containing ammonium, urea or uric acid as the sole source of
nitrogen. The ureGA strain showed a significantly reduced ability to grow utilising
urea or uric acid as a source of nitrogen (Figure 28). Growth could not be recovered
by addition of nickel as in the case of the nici4 strain which might be expected for a

mutant lacking a nickel chaperone.

To quantify urease activity in the ureGA strain, urease activity assay were performed
using cell extracts from the wild-type, ureGA4 and ureGA+UREG strains grown in
media containing ammonium or glutamic acid as the sole source of nitrogen. No
urease activity was detected in the ureG4 cell extract, comparable to that of the
urelA cell extract (Figure 21, Figure 29). This is consistent with UreG acting as a

GTPase that is required for maturation of the urease active site.

To investigate the role of CnUreG in nickel accumulation, nickel levels were
quantified in wild-type, ureGA4, and ureGA+UREG cells grown in minimal
ammonium or glutamic acid media. The ureG4 strain accumulated nickel in response
to glutamic acid, but similar to the urel4 strain showed a small but consistent
reduction compared to the wild-type strain (Figure 30). As UreG is required for
maturation, and thus nickel loading, this supports the theory that this decrease

represents urease associated nickel.
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Figure 29 - UREG is required for urease activity.

The wild-type, ureG4 and ureGA+UREG strains were grown to mid-log in minimal
media containing ammonium or glutamic acid as the sole source of nitrogen. Urease
activity of protein extracts was determined. Data points shown represent the mean of
3 repeat experiments and error bars represent the standard deviation.
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Figure 30 - UREG is not required for nickel accumulation.

The wild-type, ureG4 and ureGA+UREG strains were grown to mid-log in minimal
media containing ammonium or glutamic acid as the sole source of nitrogen. The
cellular concentration of nickel (A) and zinc (B) was determined by ICP-MS. Data
points shown represent the mean of 3 repeat experiments and error bars represent the
standard deviation.
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3.7. Discussion

The metabolism of urea to ammonium by C. neoformans has been identified as a
virulence factor. As the enzyme urease requires a nickel or iron cofactor the
homeostasis of these metals is potentially linked to virulence. The ability of C.
neoformans to grow utilising different nitrogen sources was investigated to outline
experimental parameters of growth. Growth of C. neoformans in uric acid was also
of interest as it is degraded for use as a nitrogen source by a pathway that includes
urease, is present in human blood and a major component of bird excreta, with which

C. neoformans is commonly associated.

It was observed that capsule formed in response to urea. A similar result was
published during the course of this study (Lee et al., 2011). The capsule is considered
an important C. neoformans virulence factor and provides protection to the cell by
inhibiting recognition by the host immune system, protecting the cell against
phagocytosis and providing a barrier to cytotoxic agents (Bose et al., 2003).
Therefore regulation of capsule formation is important during infection. Ammonium
grown cells exhibited a cell aggregation phenotype that the urea grown cells did not.
In both cases the presence of urea induces a phenotype that may be linked to C.
neoformans virulence (Olszewski et al., 2004; Okagaki et al., 2010). C. neoformans
is likely to have access to between 2.5-6.6 mM urea in the human body which is
sufficient for growth (Waring et al., 2008). Whether urease activity is required to
produce capsule or prevent cell aggregation in urea medium is not clear, but these
phenotypes may be induced by urea in a urease independent manner. As the urelA
strain cannot grow utilising urea as the sole source a direct comparison with the wild-
type strain under these conditions is not possible. Although the formation of cell
aggregates may hinder entry to the small cerebral capillaries this model is not
consistent with the data presented by Shi et al., which established that urease is
required for C. neoformans to transmigrate the capillary wall and deletion of urease

does not affect entry and trapping of cells in the capillaries (Shi et al., 2010a).

The levels of urease activity were responsive to the available nitrogen source. Higher
levels of enzyme activity were observed for urea than ammonium grown cells. The
glutamine and glutamic acid grown cells had intermediate levels of urease activity.

This suggests that ammonium suppresses urease activity, as activity is lower in
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ammonium grown cells than cells grown in any other individual nitrogen source.
This also indicates that there is a level of positive regulation in response to urea.
Regulation of urease may be achieved by a number of mechanisms; the accumulation
of nickel, transcription of the urease gene, degradation of urease or maturation of the
urease active site. The control of gene expression via nitrogen catabolite repression
(NCR) has been well studied in S. cerevisiae (Magasanik and Kaiser, 2002). NCR
utilises GATA transcription factors that regulate the expression of genes involved in
nitrogen metabolism depending on the available nitrogen source. If a preferred
nitrogen source is present expression of genes required for metabolism of less
preferential nitrogen sources are repressed while those required to metabolise the
preferred nitrogen source are up-regulated. In C. neoformans the Gatl protein is the
only NCR transcription factor and deletion of Gatl abolishes growth when urea or
uric acid are utilised as the nitrogen source. As the expression of UREL1 is increased
in response to uric acid, NCR and gene transcription are likely to be involved in
regulation of urease activity (Lee et al., 2011). A media switch experiment could be
used to investigate this further, in which the wild-type and gat/4 strains are grown in
ammonium medium before switching to urea medium and URE1 transcript levels of
each strain determined before and after switching. This would establish if URE1
transcription is up-regulated in urea and if Gatl is required. A similar experiment
could be used to determine if urease degradation is affected by available nitrogen
source. Wild-type cells grown in urea media would be split into fresh ammonium and
urea media samples and protein synthesis stopped by addition of cycloheximide. The
levels of urease could then be monitored over time by western blot and relative rates
of degradation of urease determined in each sample. To investigate if urease
maturation regulates activity comparison of urease protein levels by western blot and
urease activity would reveal if differences in activity are matched by differences in
protein level between urea and ammonium grown cells. However, post-translational
modifications to deactivate urease would not be detected by this assay. To investigate
this a protein degradation assay in which urease activity was also measured could be

used.

The regulation of nickel accumulation is responsive to the available nitrogen source,
but does not correlate with urease activity. The loss of urea induced nickel

accumulation in the nicl4 strain demonstrated that CnNicl is the primary means of
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nickel accumulation and is therefore a putative nickel importer. The regulation of
iron and copper uptake in S. cerevisiae utilises metal responsive transcription factors
with degradation of the metal transporters. In copper regulation the high-affinity
copper uptake systems, Ctrlp and Ctr3p, are expressed in response to low copper
condition via the Maclp transcription factor and degraded in copper replete
conditions in a Maclp dependent manner (Yamaguchi-lwai 1996, Ooi 1996, Labbé
1997, Yonkovich 2002). The regulation of iron uptake systems in S. cerevisiae is
responsive to iron bio-availability by the Aftl and Aft2 transcription factors that
activate expression of iron uptake genes when iron is limiting (Casas et al., 1997,
Blaiseau et al., 2001). Aftl is also responsive to levels of available glucose via Snf1,
which activates increased iron uptake to facilitate aerobic respiration (Haurie et al.,
2003). It is not clear if CnNicl expression in C. neoformans is regulated in response
to nickel availability. This could be investigated by determination of CnNicl protein
or mRNA levels in cells grown in nickel limiting and nickel replete media. The
nitrogen source responsive accumulation of nickel indicates that regulation of nickel
accumulation may be NCR responsive and controlled by the Gatl transcription
factor. This could be investigated further by determination of CnNicl protein and

MRNA levels in cells grown in ammonium and urea media.

The low levels of urease activity in YPD grown cells indicate that either one or more
of the many potential nitrogen sources in the medium significantly suppresses urease
activity. The levels of nickel accumulated in YPD grown cells is higher than those of
ammonium grown cells. This is likely to be due to higher concentration of metals in
YPD compared to minimal media. Therefore metal accumulation in YPD grown cells

cannot be fairly compared with metal accumulation in cells grown in minimal media.

The level of urease activity is approximately half in ammonium grown cells
compared to urea grown cells, however nickel accumulation in ammonium grown
cells is a fraction of that in urea grown cells. This indicates that nickel is imported in
excess of requirement to activate urease when urea is utilised as a nitrogen source.
The wreld and ureGA strains show a small decrease in nickel accumulation
compared to wild-type in glutamic acid medium. As neither strain is able to insert
nickel into urease this decease may be representative of nickel which is associated
with urease. The excess nickel accumulated in response to urea cannot be stored in

either urease or CnUreG as the urelA and ureGA strains accumulate significantly
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more nickel when grown in glutamic acid compared to ammonium media. Although
it is possible there are nickel storage proteins in C. neoformans which provide a
similar function to hpn and hpn-like proteins of H. pylori there are no proteins with
significant sequence homology to either in the C. neoformans genome. It is more
likely that C. neoformans stores excess nickel in the vacuole, as S. cerevisiae does
for surplus metals (MacDiarmid et al., 2000; Li et al., 2001). This could be
investigated by separation of membrane bound organelles from the cytoplasm by

centrifugation and analysis of metal content by ICP-MS.

Cobalt was accumulated in response to urea, glutamine and glutamic acid in a trend
which closely resembles that of nickel accumulation. As cobalt was still accumulated
in the absence of CnNicl the uptake of cobalt cannot be via this transporter. CnNicl
belongs to a family of nickel-specific transporters. The low levels of urease activity
in the nicl4 strain and recovery of activity by addition of nickel to the media indicate
that nickel is imported in the absence of CnNicl. Therefore there is a secondary
nickel import system which has a lower affinity for nickel than CnNicl. Nickel
import systems which utilise a high-affinity nickel-specific transporter and low-
affinity non-specific transporter have been documented but the affinity of a non-
specific transporter for nickel may be too low to facilitate significant levels of nickel
accumulation in media without nickel supplementation (Eitinger and Mandrand-
Berthelot, 2000). Two potential candidates for a secondary nickel import protein are
Cramp, a natural resistance-associated macrophage protein (Nramp) homologue, and
the C. neoformans homologue of CorA. CorA is a magnesium transporter which is
also capable of transporting both nickel and cobalt (Niegowski and Eshaghi, 2007).
The Cramp protein of C. neoformans has previously been demonstrated to transport
both nickel and cobalt when expressed in Xenopus laevis oocytes (Agranoff et al.,
2005). The localisation of Cramp and CorA in C. neoformans cells is unknown. A
similar accumulation of cobalt in response to urea was recorded in wild-type and
niclA strains of S. pombe, which was attributed to the Nramp homologues of that
species (Eitinger et al., 2000). The generation of deletion mutants for these proteins
in the wild-type and nicl4 strain background would allow investigation into the roles

of these transporters in nickel accumulation and urea metabolism.

101



4. Characterisation of the Nickel binding protein CnUreG

4.1. Introduction

The maturation of urease is not fully understood but several accessory proteins that
are required for maturation have been identified. In most bacterial urease maturation
systems these include a nickel chaperone, UreE (Hausinger, 1994). In some bacteria
the HypB nickel chaperone of the hydrogenase enzyme is also required to deliver
nickel to urease (Olson et al., 2001; Maier et al., 2007). No eukaryotic UreE or other
known nickel chaperone is present in the NCBI database. Bacteria utilise nickel
chaperones and it is reasonable to expect eukaryotes to do the same but it is unclear
what acts as the nickel chaperone in eukaryotic urease systems. One candidate for

this role in C. neoformans is CnUreG.

UreG is a GTPase required for urease maturation along with other urease accessory
proteins. CnUreG has an approximately 100 amino acid N-terminal extension which
includes 17 histidine residues and 1 cysteine residue. Histidine and cysteine are good
metal ligands. Histidine rich N-terminal regions are only found on UreG in
organisms that lack UreE. The nickel binding properties of UreG from K. aerogenes,
B. pasteurii and H .pylori have been investigated; KaUreG binds 1 nickel atom per
monomer with a Kd of 16 uM, BpUreG binds 4 nickel atoms per homodimer with a
Kd of 360 uM and HpUreG binds 4 nickel atoms per homodimer with a Kd of 10 uM
(Zambelli et al., 2005; Zambelli et al., 2009; Boer et al., 2010). The UreE proteins of
these organisms bind nickel significantly more tightly. The highest affinity sites in
KaUreE, BpUreE and HpUreE are 0.78, 1.4 and 1 puM respectively (Brayman and
Hausinger, 1996; Benoit and Maier, 2003; Stola et al., 2006). The characteristics of
eukaryotic UreG proteins have been studied in little detail and metal binding
affinities and capacities have not been determined (Freyermuth et al., 2001; Witte et
al., 2001).

The aim of this chapter was to investigate the metal binding properties of CnUreG.
Recombinant CnUreG was expressed and purified using immobilised metal ion
affinity chromatography (IMAC). The binding capacity and affinity were determined

for nickel, zinc and cobalt. Effects of metal binding on secondary structure were
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analysed and the effect of nickel binding on the UV-visible profile of CnUreG
investigated.

4.2. Over-Expression and Purification of CnUreG

4.2.1. Over-Expression of Soluble CnUreG

Recombinant UreG was expressed from the plasmid pET29a-UreG under the
inducible T7 promoter and without amino acid tags in the E. coli BL21 strain.
CnUreG was inducibly expressed at low levels and tended to be insoluble (Figure
31A). As CnUreG was expressed from C. neoformans cDNA many of the codons are
rare in the BL21 E. coli strain. Rare codon tRNAs are present at low concentrations
and so can be a rate limiting step in translation. To address this CnUreG was
expressed from the same plasmid in the Rosetta strain of E. coli, which expresses
higher levels of eukaryotic tRNAs (Novagen). This did not increase either levels of
CnUreG expression or solubility (Figure 31B). CnUreG is a potential metal binding
protein and binding of a cofactor can help stabilise and solubilise a protein. To test if
nickel increased expression or solubility CnUreG was induced and expressed in the
presence of 1 mM NiSO, for 6 hrs. This increased the solubility but did not increase

the expression levels of CnUreG (Figure 31C).
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Figure 31 - Over-expression of soluble CnUreG.

Native full length CnUreG was expressed from the pET29a vector in BL21 (A) and
Rosetta (B) strains of E. coli. NiSO4 (1 mM) was added at the point of induction to
increase CnUreG solubility (C). Hours after induction are indicated above each lane.
Soluble fractions were subject to centrifugation at 13 krpm to remove insoluble
components. CnUreG is indicated by black arrows to the right of each gel.
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4.2.2. Purification by Tandem Nickel-Affinity Chromatography

Following the induction of CnUreG, cells were pelleted then lysed by passage
through a French pressure cell and the lysate subject to centrifugation to remove
insoluble components. IMAC was used as an initial means of purification. The crude
lysate was loaded onto a 5 ml His-Trap column and eluted over 20 column volumes
on a 10-300 mM imidazole gradient in 2.5 ml fractions. CnUreG eluted between
fractions 16 and 42, which were collected and concentrated (Figure 32A). Analysis
of this pooled fraction by SDS-PAGE revealed 3 major protein species in the
mixture. Each of these was identified as CnUreG by MALDI-PMF. MALDI-TOF
was used to confirm that the size of the largest of these species was 33.6 kDa
consistent with full length CnUreG. This indicated that the smaller species were
truncated forms of CnUreG or degradation products. Attempts to separate the
truncated forms of CnUreG from the full length protein by anion exchange, cation
exchange and size exclusion were unsuccessful. During the initial IMAC purification
it was noted that truncated forms of CnUreG resolved differently from the full length
CnUreG. Full length CnUreG elution peaked around fraction 24 and the lower band
around fraction 20 (Figure 32A). To separate the different CnUreG forms the sample
was loaded onto a 5 ml His-Trap column and eluted over 80 column volumes on a
60-200 mM imidazole gradient with 5ml fraction volumes. CnUreG eluted across
fractions 15 to 72 (Figure 32B). To prevent collection of the truncated forms of
CnUreG only fractions 28 to 72 were collected. These fractions were concentrated by
re-loading onto a 5 ml His-Trap column and single-step elution at 300 mM imidazole
(Figure 32C).
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Figure 32 - Purification of CnUreG by tandem IMAC.

A - The initial CnUreG purification was performed using a 5 ml His-Trap column.
Cell lysate was subject to centrifugation and supernatant loaded onto the column.
Elution was performed over 20 column volumes on a 10-300 mM imidazole gradient
using a 2.5 ml fraction volume. Input to the column (In) and the flow through (FT)
are indicated. The position of CnUreG is indicated by the black arrow to the right of
the gel.

B - To further purify CnUreG the sample was re-loaded onto a 5 ml His-Trap
column. Elution was performed over 80 column volumes on a 60-200 mM gradient
using 5 ml fraction volumes. The position of full length CnUreG is indicated by the
black arrow to the right of the gel. The 3 major components of the input (In) are
indicated by black arrows to the right of that lane.

C - The fractions containing full length CnUreG were collected and pooled. The
sample was concentrated by re-loading onto a 5 ml His-Trap column and a single
elution step at 300 mM imidazole.
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The purified CnUreG was analysed by ICP-MS and found to contain ~1 equivalent
of nickel. This was removed by incubation of the sample with 1 mM EDTA for 72
hours at 5°C. The EDTA was removed by buffer exchange and the sample re-
analysed by ICP-MS and found to contain <0.005 equivalents of nickel. CnUreG is
predicted to have a mass of 33.6 kDa and resolved with an apparent mass of ~40 kDa
by SDS-PAGE. An increased apparent mass has been previously observed in
histidine-rich protein but not bacterial UreG proteins (Ge et al., 2006).

4.3 CnUreG is Able to bind Ni, Zn and Co in vitro

4.3.1. Determination of Stoichiometery and Affinity for Ni, Zn and Co

The ability of CnUreG to bind metal had been indicated by the increased solubility
during expression in the presence of nickel, it's ability to bind to a nickel column and
the nickel associated with the protein after purification. To investigate the metal
binding stoichiometery of CnUreG a desalting column based assay was used. Apo-
CnUreG was separately incubated with 20 molar equivalents of nickel, zinc and
cobalt at 4°C for 1 hour prior to passage through a desalting column. The eluted
fractions were collected. Protein concentration was determined by Bradford assay
and metal concentration quantified by ICP-MS. The results established that CnUreG
binds 1.94 +/- 0.12 (mean +/- SD) equivalents of nickel, 3.78 +/- 0.18 equivalents of
zinc and 1.70 +/- 0.12 equivalents of cobalt.
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Figure 33 - Determination of binding capacity and Kd for nickel, zinc and
cobalt.

Kinetics of metal binding to CnUreG was determined by equilibrium dialysis. Apo-
CnUreG (3 uM) was dialysed overnight against increasing concentrations of nickel
(A), zinc (B) and cobalt (C). Metal concentration on each side of the dialysis
membrane was determined by ICP-MS. Metal binding capacity and Kd were
determined using a Hill plot. Data are representative of 3 repeat experiments.
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Equilibrium dialysis was used to further investigate the binding of metals to CnUreG.
Apo-CnUreG was dialysed against increasing concentrations of nickel, zinc and
cobalt. The metal concentration on each side of the dialysis membrane was
determined by ICP-MS and used to calculate the level of CnUreG bound metal.
These data were then analysed using a Hill plot to determine Bmax and Kd. The
binding capacity determined in each case was; nickel 2.18 +/- 0.21, cobalt 2.26 +/-
0.39 and zinc 5.26 +/- 0.39 (Figure 33). Therefore, CnUreG is capable of binding 2
equivalents of nickel or cobalt and up to 5.5 equivalents of zinc. The Kd determined
in each case was; nickel <1 uM, cobalt 17.31 uM +/- 1.31 and zinc 2.14 uM +/- 0.93
(Figure 33). This established that nickel is bound significantly more tightly to
CnUreG than cobalt. The Kd is calculated as an average for all of the metal binding
sites so relative nickel and zinc affinity is not clear. To determine whether nickel or
zinc had the higher affinity a modification of the desalting column assay was used.
Apo-CnUreG was incubated with 2 equivalents nickel and increasing equivalents of
zinc added prior to passage through a desalting column. The eluted fractions were
analysed for protein and metal content. This showed that more nickel is bound to

CnUreG even when equal amounts of nickel and zinc were added (Figure 34).
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Figure 34 - Nickel-zinc binding competition assay.

Relative ability of nickel and zinc to bind CnUreG was determined by a desalting
column based assay. Apo-CnUreG (2 uM) was incubated with 2 molar equivalents of
nickel and increasing equivalents of zinc prior to passage through a PD10 desalting
column. The fractions containing CnUreG were analysed for protein concentration
by Bradford assay and metal concentration by ICP-MS. Nickel (squares) and zinc
(triangles) molar equivalents to CnUreG were calculated and plotted. Data points
represent the mean and error bars the standard deviation of 3 repeat experiments.
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4.3.2. UV-Vis Spectroscopic Analysis of Metal Binding

The binding of metals to ligands, including amino acid residues of proteins, can
result in changes in absorbance across the UV-visible spectrum caused by ligand to
metal charge transfer (LMCT). To study the effects of nickel binding to CnUreG the
absorbance across this spectrum was recorded following the addition of 0, 1, 2, 35
and 10 molar equivalents of nickel to the apo-protein (Figure 35A). When the apo-
CnUreG spectrum was subtracted from the nickel-CnUreG spectra it was apparent
that 3 peaks in absorbance at 287, 293 and 326 nm were generated (Figure 35B).
There was also a general increase in absorbance between 250-500 nm, which can
result from nickel binding to histidine residues (Ge et al., 2006). The peak at 326nm
Is apparent even without subtraction of the apo-CnUreG sample (Figure 35A). The
bands at 287 and 293 nm appear when 1 and 2 equivalents of nickel were added. The
326 nm peak was only apparent after 3 or more equivalents of nickel had been added
and continued to increase with each subsequent addition of nickel. The spectrum
could not be recorded for higher than 10 equivalents of nickel due to protein
precipitation.

The stoichiometery of nickel binding to CnUreG has been established at 2
equivalents suggesting that the 326 nm peak represents super-stoichiometric nickel
binding. To confirm this, the 5 and 10 molar equivalent samples were passed through
a desalting column to remove loosely bound nickel. The UV-visible spectra of the
samples were monitored and the protein concentration was determined by Bradford
assay and the nickel concentration by ICP-MS analysis. The eluted samples no
longer generated an absorbance peak at 326 nm and the ratio of nickel to CnUreG
was 2.09 and 1.90 for the 5 and 10 nickel equivalent samples, respectively (Figure
36). This established that CnUreG is able to bind 2 equivalents of nickel with high
affinity and additional nickel atoms at a lower affinity. The lower affinity sites give

rise to the 326 nm peak and the general increase in absorbance across 250-500 nm.
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Figure 35 - The UV-visible absorbance spectrum of CnUreG changes on nickel
binding.

A - UV-visible absorbance spectra of CnUreG (8 uM) incubated in the absence and
presence of nickel. Apo-CnUreG was incubated with 0, 1, 2, 3, 5 and 10 molar
equivalents of nickel prior absorbance measurements.

B - Differential UV-visible absorbance spectra of nickel binding to CnUreG. Spectra
for 1, 2, 3, 5 and 10 molar equivalent incubated with CnUreG following subtraction
of the apo-CnUreG spectrum.

113



0.075 -

vl

0 0.035 -+
©

—5Ni
——10 Ni

-0.005

250 350 450 550 650 750
A (nm)

Figure 36 - The UV-visible absorbance spectrum of nickel-loaded CnUreG.

UV-visible absorbance spectra for nickel loaded samples after desalting. The 5 and
10 molar equivalent samples were passed through a desalting column. The eluted
fractions containing CnUreG were collected and the absorbance spectra recorded.
Relative protein and metal concentrations were determined by Bradford assay and
ICP-MS.
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4.3.3. Metal Binding Alters the Secondary Structure of CnUreG

The secondary structure of a protein can be analysed by using CD spectroscopy
across the Far-UV spectrum. The Far-UV CD profile for CnUreG was analysed and
revealed a profile very similar to those of BpUreG and MtUreG (Zambelli et al.,
2005; Neyroz et al., 2006). The deep negative peak at 206 nm is indicative of a
largely unstructured protein and the positive peak at 190 nm suggests some B-sheet
and the shoulder between 212-222 nm indicates a small proportion of a-helix (Figure
37). When the CnUreG spectra was analysed using the K2D server a composition of
9 % a-helix, 36 % B-sheet and 55 % random coil was calculated, indicating that
CnUreG is less structured than either BpUreG or MtUreG (K2d site). Addition of
nickel caused a reduction in the negative 206nm peak, an increase in the 190nm peak
and increased definition of the 212-222 nm shoulder. This suggests that CnUreG is
folding in the presence of nickel. This folding only represents a small change in the
overall structure, which may be due to a single region folding or a small change
across the whole protein. The most significant changes in the CD spectra occur
between 0 and 1 molar equivalents of nickel. This shows the folding of CnUreG

occurs in the presence of only 1 nickel atom.

The Far-UV CD spectra of CnUreG samples with up to 6 molar equivalents of zinc
added was recorded. Addition of zinc reduced the random coil signal and increased
the B-sheet signal, however the o-helix content appeared unchanged. Structural
changes occurred responsive to the full range of zinc additions, indicating that
CnUreG folds differently in the presence of zinc and nickel (Figure 38). The effect of
cobalt binding to CnUreG on the Far-UV CD spectrum was also investigated.
Addition of cobalt produced relatively little change in the secondary structure of
CnUreG compared to addition of nickel or zinc, but small changes in the a-helix and

[-sheet signal were observed (Figure 39).
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Figure 37 - The effect of nickel binding on CnUreG secondary structure.

Secondary structure of CnUreG was examined in the presence and absence of nickel
by far-UV circular dichroism. Data were collected for 0.5mg/ml CnUreG incubated
in 20mM Tris-HCI, pH 8 with 0-3 molar equivalents of nickel added in 0.5
equivalent increments. Values are presented in mean residue ellipticity. The insert
shows the High Tension (HT) measured over the same spectrum. Data are
representative of 3 repeat experiments.
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Figure 38 - The effect of zinc binding on CnUreG secondary structure.

Secondary structure of CnUreG was examined in the presence and absence of zinc by
Far-UV circular dichroism. Data were collected for 0.5 mg/ml CnUreG incubated in
20 mM Tris-HCI, pH 8 with 0-6 molar equivalents of zinc added in 1 equivalent
increments. Values are presented in mean residue ellipticity. The insert shows the
High Tension (HT) measured over the same spectrum. Data are representative of 3
repeat experiments.
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Figure 39 - The effect of cobalt binding on CnUreG secondary structure.

Secondary structure of CnUreG was examined in the presence and absence of cobalt
by far-UV circular dichroism. Data were collected for 0.5 mg/ml CnUreG incubated
in 20 mM Tris-HCI, pH 8 with 0-3 molar equivalents of cobalt added in 0.5
equivalent increments. Values are presented in mean residue ellipticity. The insert
shows the High Tension (HT) measured over the same spectrum. Data are
representative of 3 repeat experiments.
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4.3.4. UreG Forms a High-MW Species When Nickel-Loaded

During the purification of recombinant CnUreG size exclusion chromatography did
not separate full length CnUreG from its truncated forms. CnUreG was eluted in
fractions that included a 47.3 kDa peak and a high molecular weight peak that eluted
in the column void and was therefore larger than 440 kDa (Figure 40A). The UreG
proteins of some bacterial species form a dimer in solution, but not higher weight
complexes (Zambelli et al., 2009). The broad low-molecular weight peak appears to
represent a mixture of monomer and dimer forms or may be caused by CnUreG
interacting with the column matrix and retarding elution (Figure 40A). Histidine rich
proteins can form large multimeric complexes when bound to nickel, so the CnUreG
size exclusion profile might reflect a combination of dimerisation and nickel-
dependent multimerisation (Ge et al., 2006). To test this, the fractions collected from
the size exclusion column were analysed by ICP-MS. The fraction containing the
high-MW species contained nickel at a concentration of 3.091 ppb, where those of
the monomer/dimer contained nickel up to 0.1607 ppb. Nickel is therefore associated

with the multimeric form.

To confirm the formation of high-MW species an HPLC size exclusion column was
used. Pure CnUreG was incubated with and without 2 molar equivalents of nickel
prior to passage through the column. The nickel-loaded CnUreG produced a single
peak that was significantly larger than 90 kDa (Figure 40B). In addition the eluted
protein did not represent all the protein loaded onto the column. When apo-CnUreG
was loaded onto the HPLC column, protein was not eluted and could not be removed
from the column by washing with EDTA. This suggests that the nickel bound form
of CnUreG caused the formation of high-MW forms that alter the affinity of the

protein for the column matrix.
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Figure 40 - CnUreG is capable of forming high-MW complexes.

A- Partially pure CnUreG was subject to size exclusion chromatography. Semi-pure
CnUreG was loaded onto a size exclusion column and eluted over 1 column volume
(120 ml). Protein was detected in the eluate by absorbance at 280 nm. Molecular
weights indicated by black arrows were calculated as described in methods.

B- Pure CnUreG was subject to HPLC size exclusion chromatography. CnUreG (2
uM) was incubated in the absence and presence of 2 molar equivalents of nickel prior
to HPLC. Fractions were collected and analysed for protein content by addition of
Bradford reagent and measurement of absorbance at 595 nm. Elution peaks of Jack
Bean Urease (90.8kDa) and BSA (66.4kDa) are indicated by black arrows. Data is
representative of 2 repeat experiments.
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4.4. Discussion

The histidine-rich N-terminal region of CnUreG is a potential metal binding domain.
This region is only present in the UreG protein of species in which the nickel
chaperone to urease, UreE, is not present in the NCBI database. Therefore these
forms of UreG may act as nickel chaperones in addition to their predicted role as
GTPases. To investigate the metal binding capacity of CnUreG two approaches were
taken, a desalting column based assay and equilibrium dialysis. In each case CnUreG
was shown to bind 2 molar equivalents of nickel per monomer and the equilibrium
dialysis revealed an apparent average Kd of <1 uM. The investigation of metal
binding to bacterial UreG proteins has revealed a range of nickel binding capacity
and affinity, KaUreG binds 1 atom of nickel per monomer with a Kd of 16 uM,
BpUreG binds 4 atoms of nickel per dimer with a Kd of 360 uM and HpUreG binds
4 nickel atoms per dimer with a Kd of 10 uM (Zambelli et al., 2005; Zambelli et al.,
2009; Boer et al., 2010). CnUreG therefore binds nickel with significantly higher
affinity than bacterial UreG proteins. The UreE proteins of various bacteria have
been studied with reference to nickel binding and are able to bind nickel at sites with
comparable high affinity, KaUreE has a Kd of 0.78 uM in the 1st site, BpUreE has a
Kd of 1.4 uM in the 1st site and HpUreE has a Kd of 0.15 uM (Brayman and
Hausinger, 1996; Stola et al., 2006; Bellucci et al., 2009). These data demonstrate
that in bacteria UreG binds nickel with low affinity and UreE with high affinity,
however in C. neoformans UreG binds nickel with high affinity. Therefore, this is
consistent with CnUreG acting as a nickel chaperone. The UV-visible spectral
analysis of CnUreG revealed a band at 326 nm that was due to a low-affinity nickel
binding event. A similar band was observed for nickel binding to KaUreG, which is a
monomer in solution, and was attributed to nickel binding the C72 residue (Boer et
al., 2010). Therefore the low affinity site in CnUreG may include the analogous
residue, C173. In BpUreG and MtUreG the equivalent residue, C68 and C90
respectively, forms a disulphide bridge during dimerisation and therefore cannot be
involved in metal binding and the equivalent residue in HpUreG, C66, binds zinc at
the dimer interface (Neyroz et al., 2006; Zambelli et al., 2007; Zambelli et al., 2009).
Whether these results reflect the physiological conditions or are in vitro artefacts is
not clear. The size exclusion profile of CnUreG indicates that dimerisation is

occurring, however the mechanism is unknown. To investigate if CnUreG forms a
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dimer in a nickel dependent manner, pure CnUreG in the apo- and nickel-bound
forms could be analysed by size-exclusion chromatography or native-PAGE. The
C173 residue could be mutated to determine if it is involved in dimerisation.
However, CnUreG cannot pass reliably through a size exclusion column and does not

resolve on a native-PAGE gel and so these experiments were not attempted.

CnUreG binds 2 equivalents of cobalt with a Kd of over 17 uM. Cobalt may occupy
the same binding sites as nickel, as both tend to have octahedral coordination
geometries and have the same binding stoichiometery to CnUreG. The low affinity
suggests that cobalt binding to CnUreG is not physiologically relevant. C.
neoformans has no known use for cobalt. CnUreG was able to bind up to 5.5
equivalents of zinc with a Kd of 2.14 uM. Where these zinc atoms are binding is not
clear. The binding of zinc to bacterial UreG proteins has been investigated, BpUreG
binds 2 zinc atoms per dimer with a Kd of 42 uM and HpUreG binds 1 zinc atom per
dimer with a Kd of .33 uM (Zambelli et al., 2005; Zambelli et al., 2009). Therefore
the binding of so many zinc atoms to CnUreG may represent zinc binding to the
equivalent sites of BpUreG or HpUreG as well as to the histidine-rich N-terminal
domain. That different numbers of nickel and zinc atoms may bind in this region is
likely to be due to the different coordination geometries each atom preferentially
adopts. Nickel tends to bind in an octahedral geometry, binding 6 ligands, and zinc in
a pyramidal, binding 4 ligands (Waldron et al., 2009). Due to the different number

and orientation of ligands the binding environment is likely to differ significantly.

Investigation of the secondary structure of apo-CnUreG by far-UV CD revealed a
profile similar to that of bacterial UreG proteins. Although largely unstructured,
CnUreG possesses regions of a-helix and B-sheet. Addition of nickel to CnUreG
reduced the random coil signal and the a-helix and p-sheet signals increased slightly.
This indicated that CnUreG was folding in the presence of nickel. As the changes
were relatively small this suggests that either a small domain folds on addition of
nickel or that a small change occurs across a large portion of the protein. Structural
changes have been reported in HpUreG on zinc binding that are linked to
dimerisation and are not consistent with the changes reported here (Zambelli 2009).
The structural changes of CnUreG on binding nickel may therefore represent folding
of the N-terminal domain on binding nickel. The changes in secondary structure of

CnUreG on binding cobalt are much smaller compared to binding nickel. The much
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lower affinity of CnUreG for cobalt than nickel may be partially due to the protein
remaining relatively unstructured in the N-terminal region. The binding of zinc to
CnUreG produced different structural changes compared to nickel binding. The
changes associated with nickel binding occurred between 0-1 equivalents, whereas
changes associated with zinc binding occurred over 0-6 equivalents. The binding of
nickel increased both a-helix and -sheet signal, whereas zinc binding only increased
B-sheet signal. This indicates that different folding events are taking place in each
case. This may be due to the different preferential coordination geometry for each

metal.

Spectroscopic analysis was used to investigate the nature of CnUreG-nickel
interactions. Peaks were apparent at 283 and 297 nm in the presence of nickel and
these were attributed to LMTC bands from nickel binding to the protein ligands. A
third peak at 326 nm and a general increase in absorbance from 250-500 nm was
observed above 2 equivalents of added nickel. The stoichiometery of CnUreG
binding nickel had been established at 2 equivalents of nickel, so these features
represented super-stoichiometric binding of nickel. As both features were removed
by passage through a desalting column they may result from much weaker
interactions than the 2 nickel atoms retained after desalting. As discussed above the
peak at 326 nm may results from nickel binding the C173 residue. A general increase
in absorbance across 250-500 nm is indicative of multiple nickel-histidine
interactions (Ge et al., 2006). This suggests that nickel can bind to the histidine-rich
N-terminal domain with low affinity. The N-terminal domain may then bind 2 atoms
of nickel with high affinity, which alters the secondary structure, and histidine
residues not involved in the high affinity sites may interact other nickel atoms with a
lower affinity. The effect of zinc binding on the CnUreG spectrum could not be

studied due to protein precipitation.

The formation of high-MW complexes by CnUreG was observed during purification.
A partially pure CnUreG was eluted from size exclusion chromatography as a high
molecular weight species. Nickel was only found in the high-MW fractions. Apo-
CnUreG was not eluted from a HPLC size exclusion column and nickel-loaded
CnUreG eluted only a high-MW species. Bacterial UreG proteins have previously
been shown to form dimers in solution (Zambelli et al., 2005; Zambelli et al., 2007;

Zambelli et al., 2009). Formation of high-MW complexes has been reported in the
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histidine rich protein, hpn, in the presence of nickel (Ge et al., 2006). Therefore
CnUreG may form multimeric complexes via nickel binding to the N-terminal
histidine residues. Whether the formation of high-MW species has a physiological
role is unclear as this may be an artefact of in vitro analysis. Further investigation is
required to determine any physiological role of the high-MW CnUreG complex

formation.

CnUreG is able to bind nickel and zinc with similar affinity, however the
physiological relevance is not known. UreG has not been shown to bind nickel or
zinc in vivo in any organism. Comparison between the two showed that nickel binds
slightly more tightly than zinc. Affinity alone does not demonstrate which, if any,
metal binds under physiological conditions. In the context of urease activation,
CnUreG binding nickel serves a potential function whereas binding of zinc does not.
Although binding of a single, structural zinc at the conserved putative zinc-binding
site is not excluded by the binding of stoichiometric levels of nickel in the N-
terminal region. Therefore CnUreG may bind 2 nickel atoms in the N-terminal
domain as well as 1 zinc atom at another site, which may include C173.

Understanding the metal binding role of CnUreG is important to understand urease
maturation in C. neoformans. The lack of the usual nickel chaperone to urease, UreE,
suggests that another mechanism of trafficking nickel to urease is required. The data
presented here suggests that CnUreG is a good candidate for the nickel chaperone to
urease. To confirm the role of CnUreG as a nickel chaperone in vivo studies should
be used. Expression in vivo and in vitro of CnUreG with and without the N-terminal
region would demonstrate if this region is required for nickel delivery to urease and
mutation of potential metal ligands would indicate which residues are used in metal
binding. A crystal structure of CnUreG would allow investigation of which ligands
bind metals. To date no UreG crystal structure has been solved. Future studies on
CnUreG should focus on demonstration of a chaperone role in vivo and confirmation
that nickel binds in the N-terminal region. Nickel binding in the N-terminal region
may indicate that this is a common feature of all eukaryotic UreG proteins. The data
presented here distinguishes CnUreG from bacterial UreG proteins and suggests that

there are different urease maturation systems in fungi and bacteria.
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5. Metal Binding and Inhibition of Urease in vivo

5.1. Introduction

The urease enzyme of C. ensiformis, jack bean, was the first enzyme to be crystalised
and the first to be identified as utilising nickel for catalytic function (Summer, 1926;
Dixon et al., 1975). Since then the structure of the urease enzymes from H. pylori, K.
aerogenes and B. pasteurii have been solved and been shown to utilise nickel (Jabri
et al., 1995; Benini et al., 1999; Ha et al., 2001). The conservation of the structure of
the active site of the enzyme and sequence homology between these urease proteins
led to the general assumption that all urease enzymes are nickel proteins (Carter et
al., 2009). More recently, iron containing urease enzymes have been identified in
species of bacteria that colonise the stomachs of carnivores, where nickel is scarce
but urease is required for survival in the acidic conditions (Pot et al., 2006; Stoof et
al., 2008; Carter et al., 2011). The sequence similarity between the iron and nickel
urease enzymes and the conserved structure of the active site suggests that homology
to known urease enzymes is not sufficient to determine if a urease utilises iron or
nickel. To date the metal which the urease enzyme of C. neoformans utilises has not

been demonstrated.

A large number of metal binding proteins have been identified and studied, but in
vivo mis-population of the metal binding site with the incorrect metal has been
reported in very few cases (Waldron et al., 2009). Cobalt can populate the iron
binding sites of proteins involved in Fe-S cluster biogenesis, can be incorporated
into haem binding proteins required for respiration and can mimic hypoxia by
replacing iron bound to the HIF1 transcription factor (Schofield and Ratcliffe, 2004;
Ranquet et al., 2007; Majtan et al., 2010). Cobalt incorporation into the apo-urease
active site has been shown in vitro and generated low levels of enzyme activity,
however the replacement of incorporated nickel with another metal in the active site
is very inefficient (King and Zerner, 1997; Yamaguchi and Hausinger, 1997, Carter
et al., 2009).

The aims of this chapter were to determine which metal C. neoformans urease binds
in vivo, to investigate a nickel-binding role for CnUreG in vivo and to investigate the

effect of cobalt on urease activity. The data establish that C. neoformans urease is a
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nickel containing enzyme and that a CnUreG dependent nickel pool exists. The in
vivo inhibition of urease by cobalt is observed and shown to be due to binding of

cobalt to urease, which excludes nickel from binding urease.

5.2. The Urease of C. neoformans is a Nickel Enzyme

Urease is a putative nickel protein in C. neoformans but the number and size of
nickel pools in this yeast are unknown. To determine the number of cryptococcal
nickel pools, cell extracts from the wild-type strain grown in urea and glutamic acid
media were resolved by anion exchange chromatography followed by size exclusion
HPLC. The metal concentration of the eluted fractions was quantified by ICP-MS.
The profiles included three significant nickel peaks that eluted at a volume which
indicated they were associated with proteins. In addition nickel peaks eluted at a
volume indicative of low molecular weight that may result from nickel associated
with small ligands such as histidine. The nickel profiles were consistent between urea
and glutamic acid grown cell extracts (Figure 41, Figure 42). This established that
multiple protein-associated nickel pools exist in C. neoformans, which are consistent
between urea and glutamic acid grown cells. To determine what proteins were
associated with the nickel pools the fractions associated with each pool were
resolved by SDS-PAGE and analysed using Principal Component Analysis (PCA).
PCA compares the distribution of data sets, in this case protein and nickel
concentrations, by reducing the variance in data sets to principle components (PC)
that are further reduced to form more principle components (PC1, PC2, PC3 etc.).
Comparison of the principle components from each data set indicates how the data
sets correlate to each other. This did not identify alignment of any protein and nickel
concentrations establishing that PCA could not be used to identify the proteins
associated with the nickel pools (Figure 43) (See appendix; Figure 56, Figure 57,
Figure 58).

Urease of C. neoformans has been reported as an extracellular protein which would
exclude it from the cell extract and metal profiles (Rodrigues et al., 2007; Rodrigues
et al., 2008). To determine if urease is excreted into the growth medium the wild-
type strain was grown in urea medium, the cells were harvested, cell extract isolated
and the medium collected. The protein extract and medium were normalised for

volume and urease activity determined. The activity of the cell extracts was
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significantly higher than that of the medium (Figure 44A). This established that
urease is not excreted into the growth medium. Urease may also have been
associated with the membrane as has been suggested for H. pylori, which would also
exclude it from the metal profile (Voland et al., 2003). To determine if urease is in
the soluble or membrane fractions the wild-type strain was grown in urea medium
and cell extract isolated. The extract was divided into 2 aliquots and 1 was subject to
centrifugation to separate the soluble and insoluble components and the urease
activity of each fraction determined. The urease activity of the soluble fraction was
equal to that of the total fraction but the membrane fraction activity was significantly
lower (Figure 44B). This established that urease is a soluble protein.

To determine which metal C. neoformans urease utilises the urease activity and metal
concentration of each fraction in the wild-type and wureld strain profiles was
determined. A single peak of urease activity was identified which co-eluted with
nickel peak 3. This nickel peak was not present in the urelA strain extracts (Figure
45, Figure 46). The lack of urease activity in the urelA strain extracts did not
correlate with any change in the iron profiles of the wild-type and ure/4 strains
(Figure 47). This established that the urease of C. neoformans is a nickel binding

enzyme.
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Figure 41 - A 3D representation of the wild-type nickel profile.

The nickel concentration (z axis) displayed for profiles showing two-dimensional
chromatography based on size exclusion HPLC (y axis) and anion exchange
chromatography (x axis) of wild-type cell extract from urea (A) and glutamic acid
(B) grown cultures.

Metal concentration was determined by ICP-MS. nickel peaks 1, 2 and 3 are
indicated by black arrows. Data are representative of 2 repeat experiments.
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Figure 42 - A 2D representation of the wild-type nickel profile.

Size-exclusion HPLC for 100 (C), 200 (D), 300 (E) and 400 (F) mM NacCl anion
exchange elution steps displaying the nickel concentration for wild-type cell extract
of urea (black squares) and glutamic acid (grey triangles) cultures.

Metal concentration was determined by ICP-MS. nickel peaks 1, 2 and 3 are
indicated by black arrows. Data are representative of 2 repeat experiments.
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Figure 43 - PCA of the wild-type nickel peaks.

The principle component distribution for nickel peaks 1 (A), 2 (B) and 3
(C).Comparing nickel (red) distribution to protein (black) distribution in a three-
dimensional plot. Data are representative of 2 repeat experiments.
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Figure 44 - Urease is a non-excreted soluble protein.

A - The wild-type strain was grown to mid-log in urea medium. The cells were
pelleted and protein extracted (Protein extract). The media was collected and
concentrated to the same volume as the protein extract in a centricon with 30 kDa
cut-off (Medium). 150 pl of each sample was incubated in 66 mM urea solution and
urease activity determined by Nessler's colour reagent.

B - The wild-type strain was grown to mid-log in urea medium and protein extract
taken (Total). An aliquot was taken and insoluble matter pelleted by centrifugation,
the supernatant was removed and kept (Soluble) and the pellet resuspended in the
same volume (Membrane). 150 ul of each sample was incubated in 66 mM urea
solution and urease activity determined by Nessler's colour reagent

Data points shown represent the mean of 3 repeats and error bars represent the
standard deviation.
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Urease
Activity

Figure 45 - Urease is a nickel binding enzyme.

The nickel concentration (z axis) (A) and urease activity (B) displayed for profiles
showing two-dimensional chromatography based on size exclusion HPLC (y axis)
and anion exchange chromatography (x axis) of the wild-type strain. The urease
associated nickel peak is indicated by black arrows. Data are representative of 2

repeat experiments.
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Urease
Activity

Figure 46 - The urease-associated nickel peak is absent in the urelA strain.

The nickel concentration (z axis) (A) and urease activity (B) displayed for profiles
showing two-dimensional chromatography based on size exclusion HPLC (y axis)
and anion exchange chromatography (x axis) of the wureld strain. The urease
associated nickel peak is indicated by black arrows. Data are representative of 2

repeat experiments.
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Figure 47 - Urease does not bind iron, zinc or copper.

The nickel (A), iron (B), zinc (C) and copper (D) concentrations of the 300 mM
anion exchange elution resolved by size-exclusion HPLC for wild-type (black
squares) and ureld (grey triangles) glutamic acid grown cell extract. The urease
activity of the wild-type (open squares) extract is over-laid on each. Data are
representative of 2 repeat experiments.
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The proteins associated with nickel peaks 1 and 2 are unknown and could not be
determined by PCA. To investigate if these peaks were the result of mis-population
of nickel into proteins that bound other metals, the nickel profiles were compared
with those of other metals. It was observed that a large zinc peak co-migrated with
nickel peak 1, although it was approximately 100 times the concentration (Figure
48A). A copper peak was observed to co-migrate with nickel peak 2, with
approximately twice the concentration (Figure 48B). Nickel peak 1 was therefore
attributed to mis-population of an unknown zinc protein with trace amounts of
nickel. Due to the relatively high levels of nickel compared to copper in peak 2 it is
unlikely that this represents a nickel mis-population of a native copper binding
protein. Both the nickel and copper may be binding to a natively non-metal binding

protein, however no protein could be identified by PCA.

5.3. Identification of a CnUreG Dependent Nickel Pool

CnUreG binds to nickel in vitro but it is not known if nickel binding occurs
physiologically (Figure 33). To investigate this, the ureG4 and ureGA+UREG strains
were grown in glutamic acid medium, protein extract was isolated and separated by
anion exchange and HPLC chromatography and the metal concentration of eluted
fractions determined by ICP-MS. A single nickel peak was identified in the wild-
type, urelA and ureGA+UREG strains but is absent in the ureGA strain (Figure 49).
This established the existence of a CnUreG dependent nickel pool. Efforts to identify
CnUreG in this fraction failed because the protein concentration was too low and
sample size too small to identify the nickel binding protein by PCA or to determine if
CnUreG was present in the sample by LC/MS/MS.
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Figure 48 - Nickel peaks 1 and 2 co-migrate with other metals.

A - The nickel (black squares) and zinc (grey triangles) concentrations of the 100
mM anion exchange elution resolved by size-exclusion HPLC of wild-type cell
extract from glutamic acid cultures. Nickel peak 1 is indicated by the black arrow.

B - The nickel (black squares) and copper (grey triangles) concentrations of the 200
mM anion exchange elution resolved by size-exclusion HPLC of wild-type cell
extract from glutamic acid cultures. Nickel peak 2 is indicated by the black arrow.

Data are representative of 2 repeat experiments.
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CnUreG is able to bind zinc in vitro but zinc binding to UreG in any species has not
been confirmed in vivo (Figure 33). To investigate if CnUreG binds to zinc in vivo,
the zinc profiles of the wild-type, ureG4 and ureGA+UREG strains were examined.
The zinc profiles were consistent between the three strains (Figure 49). This
establishes that CnUreG-zinc binding does not represent a significant zinc peak.
However a CnUreG associated zinc pool may be too small to distinguish from the
background signal, therefore this does not prove that CnUreG does not bind zinc in

vivo.

5.4. Inhibition of Urease Activity by Cobalt

Incorporation of the incorrect metal into a protein has been demonstrated in a handful
of cases in vivo (Waldron et al., 2009). Urease can be inhibited by binding other
transition metals in vitro (Carter et al., 2009). To investigate if C. neoformans urease
is inhibited in vivo by transition metals the wild-type strain was grown in urea
medium supplemented with 10 uM of NiSOy4, CoCl,, Fe,(SO4)3, CuSO,4 or ZnCl,.
The urease activity of cells grown with added cobalt had significantly reduced urease
activity compared to cells grown in unsupplemented media. The urease activity of
cells grown in medium supplemented with the other metals was equal to the activity
of cells grown in unsupplemented medium (Figure 50A). This established that cobalt
inhibits urease activity in C. neoformans in vivo. To further investigate the inhibition
of urease by cobalt the wild-type strain was grown in urea medium in the absence
and presence of CoCl, added to 0.1, 1, 10 and 100 uM and the urease activity of
protein extract determined. The activity was reduced to approximately half with the
addition of 1 uM CoCl, and almost abolished with the addition of 100 pM CoCl,
(Figure 50B).
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Figure 49 - Identification of a CnUreG dependent nickel peak.

A - Nickel concentration of the 300 mM NaCl anion exchange elution resolved by
size-exclusion HPLC of cell extract from the wild-type (black squares), urelA (grey
triangles) and ureGA (light grey circles) strains grown in glutamic acid medium. The
UreG dependent nickel peak is indicated by the black arrow.

B - Nickel concentration of the 300 mM NaCl anion exchange elution resolved by
size-exclusion HPLC of cell extract from the wureGA (black squares) and
ureGA+UREG (grey triangles) strains grown in glutamic acid medium. The urease
activity of the wreGA+UREG extract is over-laid (open triangles). The UreG
dependent nickel peak is indicated by the black arrow.

C - Zinc concentration of the 300 mM NaCl anion exchange elution resolved by size-
exclusion HPLC of cell extract from the wild-type (black squares), ureid (grey
triangles) and ureGA4 (light grey circles) strains grown in glutamic acid medium. The
UreG dependent nickel peak location is indicated by the black arrow.

D - The nickel concentration (z axis) displayed for profiles showing two-dimensional
chromatography based on size exclusion HPLC (y axis) and anion exchange
chromatography (x axis) for the ureGA strain grown in glutamic acid medium.

Data are representative of 2 repeat experiments.
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How cobalt inhibited urease activity was not clear. Cobalt may block nickel uptake
into the cell or may prevent urease maturation by binding to urease or one of the
accessory proteins. To determine if nickel is accumulated in the presence of cobalt
the wild-type strain was grown in urea medium with and without 0.1, 1, 10 and 100
uM CoCl, added and the levels of cellular metal accumulation determined by ICP-
MS. The levels of nickel accumulated were reduced by approximately 30% in cells
grown in the presence of 100 uM cobalt compared to cells grown in unsupplemented
medium (Figure 51A). The levels of cobalt accumulated increased significantly in
cells grown with added cobalt (Figure 51Figure 51B). This established that nickel is
accumulated at concentrations of cobalt which abolish urease activity. This also
established that cobalt accumulation increases when cobalt concentration of the

growth medium increases.

5.4.1. Inhibition of Capsule Formation by Cobalt

C. neoformans growth on urea induces capsule formation and it could not be
determined if urease activity was required. To investigate if inhibition of urease
activity by cobalt inhibits capsule formation the wild-type strain was plated in serial
dilutions on urea medium with and without CoCl, added to 10 or 100 uM and
incubated at 30°C for 10 days. The colonies grown on unsupplemented medium
developed a mucoid appearance and capsule formation was confirmed by India ink
staining. The colonies grown in the presence of additional cobalt did not exhibit
mucoid morphology and no capsule formation was observed (Figure 52). This

established that capsule formation is inhibited by cobalt.
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Figure 50 - Cobalt inhibits urease activity.

A - The wild-type strain was grown to mid-log in urea media either unsupplemented
(UnSp) or with 10 uM NiSOy, CoCl,, Fe;(SO4)3, CuSO,4 or ZnCl, added. Protein was
extracted and the urease activity of each sample was determined.

B - The wild-type strain was grown to mid-log in urea media either unsupplemented
(UnSp) or with 0.1, 1, 10 or 100 uM CoCl, added. Protein was extracted and the
urease activity of each sample was determined

Data points shown represent the mean of 3 repeat experiments and error bars
represent the standard deviation.
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Figure 51 - Cobalt does not inhibit nickel accumulation.

The wild-type strain was grown to mid-log in urea media either unsupplemented
(UnSp) or with 0.1, 1, 10 or 100 uM CoCl, added. The cellular concentration of
nickel (A) and cobalt (B) was determined by ICP-MS. Data points shown represent
the mean of 3 repeat experiments and error bars represent the standard deviation.
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Figure 52 - Cobalt inhibits capsule formation.

Colonies of the wild-type strain were plated on urea medium either unsupplemented
or with 10 or 100 uM CoCl, added and incubated for 10 days at 30°C. Colony
morphology was photographed and capsule formation assayed by India ink. Data are
representative of 3 repeat experiments.
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5.4.2. Urease Binds Cobalt

Under the high cobalt conditions that inhibit urease activity cobalt is accumulated by
the cell but the mechanism by which urease is inhibited is unclear. K. aerogenes
urease activation can be inhibited in vitro by cobalt occupying the active site, or
binding to a conserved cysteine residue near the active site (Yamaguchi and
Hausinger, 1997). To investigate if C. neoformans urease is inhibited by cobalt
binding the enzyme, the wild-type and urelA strains were grown in glutamic acid
medium with cobalt added to 100 uM and cell extracts resolved by anion exchange
and HPLC. The eluate metal concentration and urease activity was quantified. In the
wild-type strain a cobalt peak was associated with residual urease activity (Figure
53A, B). The nickel associated with urease was much lower than that of cells grown
in medium without added cobalt (Figure 53C). This cobalt peak was significantly
reduced in the urelA mutant (Figure 53D). This is consistent with cobalt binding to
urease and excluding nickel. The difference in cobalt concentration between the
wild-type and urelA strains at this peak is equivalent to the difference in nickel
concentration between wild-type and wurelA strains grown in unsupplemented
medium. This suggests that approximately equal amounts of cobalt and nickel bind to

urease under these conditions.

CnUreG is able to bind cobalt in vitro but it is unclear if cobalt reaches urease via
this putative nickel chaperone. To investigate the role of CnUreG in delivery of
cobalt to urease the ureGA strain was grown in glutamic acid medium with cobalt
added to 100 pM and cell extract resolved by anion exchange and HPLC, the metal
concentration and urease activity were quantified. The ureGA profile included the
urease associated cobalt peak and did not exhibit urease activity. This established
that cobalt bound to urease by a CnUreG independent mechanism.
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Figure 53 - Cobalt binds urease in vivo via a non-CnUreG dependent
mechanism.

A - The cobalt concentration (z axis) displayed for profiles showing two-dimensional
chromatography based on size exclusion HPLC (y axis) and anion exchange
chromatography (x axis) of wild-type cells grown in glutamic acid medium
supplemented with 100 uM CoCly.

B - The urease activity of A.

C - 300 mM anion exchange elution cross-section of A. The nickel (black squares)
and cobalt (grey triangles) concentration and the urease activity (open squares) are
displayed. The urease associated cobalt peak is indicated by the black arrow.

D - Cobalt concentration of the 300 mM anion exchange elution step resolved by
size-exclusion HPLC for the wild-type (black squares), ureid (grey triangles) and
ureGA (light grey circles) strains grown in glutamic acid medium supplemented with
100 uM CoCl..

Data are representative of 2 repeat experiments.
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5.5. Discussion

Iron-binding urease enzymes have been identified in species of Helicobacter which
infect carnivore stomachs where nickel is limiting but urease is required for
colonisation. There is a high degree of homology between iron and nickel urease
active sites and therefore the urease of any organism cannot be presumed to bind
either metal (Carter et al., 2011). The urease of C. neoformans was shown to bind
nickel specifically, which is consistent with fungal and plant urease proteins studied

to date.

The nickel profiles of C. neoformans included three significant nickel peaks. One of
these was established to be associated with urease but the other two peaks could not
be associated with a protein by PCA. The first nickel peak showed significant
overlap with a larger zinc peak and was therefore attributed to mis-population of a
zinc-binding protein with nickel. Whether this mis-population is an artifact of
analysis or represents physiological conditions is not clear. The second nickel peak
showed overlap with a copper peak of comparable size. This peak is unlikely to be a
natively nickel or copper binding protein as the proportion of nickel to copper is very
high. These peaks are possibly due to metal binding a natively non-metal binding
protein. The presence peaks which appear to be due to mis-population are apparent
on the same scale as the urease-nickel peak demonstrates how little nickel is used in
C. neoformans urease. Studies using the same method to investigate metal binding
proteins in bacteria have not reported equivalent mis-population peaks and have been

able to use PCA to identify the metal associated proteins (Tottey et al., 2008).

The identification of a small CnUreG dependent nickel peak is the first time evidence
of a UreG protein binding nickel in vivo has been presented. CnUreG binds nickel in
vitro with a much higher affinity than bacterial UreG proteins that have been studied
and binding is comparable to their conjugate nickel chaperone, UreE. This indicates
CnUreG may act as a nickel chaperone. However, the protein associated with the
CnUreG dependent nickel peak could not be identified and therefore further
investigation is required to confirm CnUreG nickel binding in vivo. Increasing the
protein concentration and resolution is necessary to identify the protein associated
with the nickel peak. Therefore, refinement of the profile method is required.
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The activity of C. neoformans urease is sensitive to inhibition by cobalt. Low levels
of cobalt, 10 times that of nickel, reduce urease activity by approximately 50%.
There is no known requirement for cobalt in C. neoformans. This is consistent with
C. neoformans not having evolved to respond to environmental cobalt. The data
presented here is consistent with inhibition of urease by cobalt binding and excluding
nickel. The in vitro maturation of K. aerogenes urease can be inhibited by the
binding of cobalt to a cysteine residue outside of the active site, C319, which may
cause structural change in the active site that prevent metal binding. This residue is
conserved in C. neoformans urease, C585. The site at which cobalt binds urease in C.
neoformans has not been established. However, the approximately equal amount of
nickel and cobalt binding to urease is consistent with cobalt occupying the active
site. This could be investigated further by the expression of urease in which the
conserved C585 residue had been mutated and analysis of cobalt inhibition and in
vivo binding. The mechanism by which cobalt binds to urease is unclear but does not
include CnUreG, as cobalt binds to urease in the ureGA strain. CnUreG is able to
bind cobalt in vitro but with significantly lower affinity than nickel. It can therefore
be concluded that cobalt does not replace nickel in the urease maturation pathway.
Cobalt also inhibits the formation of capsule in response to urea growth. It is not
clear if this is a direct result of urease inhibition. The [Fe-S] biogenesis pathway of
H. pylori is disrupted by cobalt and as C. neoformans capsule formation is induced
by low iron conditions cobalt may affect iron homeostasis and thus inhibit capsule
formation (Vartivarian et al., 1993; Ranquet et al., 2007). Cobalt therefore inhibits
two of C. neoformans virulence factors and may inhibit the same factors in other
pathogenic fungi. The treatment of internal fungal infections with cobalt may be
impractical, as high concentrations of cobalt are toxic to humans (Delaunay et al.,
2010). However, superficial fungal infections could be treated by cobalt in
conjunction with traditional anti-fungal therapies.

The urease of C. neoformans has previously been described as an excreted enzyme
(Rodrigues et al., 2007; Rodrigues et al., 2008). When urease was reported as being
excreted via vesicles, the growth phase of the cultures were not stated, however
incubation times are given as 48 or 72 hours which would be consistent with
stationary phase growth. Whether urease containing vesicles are excreted by living

cells or are released as the result of cell death is not clear. The identification of
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urease in extracellular vesicles by mass spectrometry does not indicate the relative
abundance of urease in the cells and vesicles. Also, the urease activity of the vesicles
is stated but the urease activity of the cell is not presented. Therefore, it is not clear
from these data what proportion of urease is excreted in vesicles. The data presented
in this chapter shows urease activity is detectable in the medium but is significantly
lower than that of the cellular extract. Therefore, the detection of extracellular urease
by Rodrigues et al. is consistent with the data presented here, but does not

demonstrate that urease is an extracellular protein.

This study is the first time a metal profile assay of a eukaryote has been reported. A
consistent problem with this method was the inability to identify metal-associated
proteins by PCA. This puts a severe limitation on future studies using this method to
investigate metal binding in C. neoformans and possibly other fungi. Attempts were
made to increase the signal-noise ratio for both ICP-MS and SDS-PAGE analysis.
This included using more sample in SDS-PAGE to increase the band intensity and
running two HPLC size exclusion columns in tandem to increase the resolution but
neither resulted in increased resolution or PCA protein identification. The assay
could be refined for eukaryotic use by increasing the protein input and increasing
resolution by tandem HPLC columns to generate a higher signal to noise ratio and

greater resolution between the metal peaks.
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6. Final Discussion

6.1. Project Summary

The over-arching aim of this project was to investigate the nickel homeostatic and
urease maturation systems of C. neoformans. A primary goal was to establish
whether nickel or iron is utilised by urease in C. neoformans and to determine under
what conditions urease is activated. The aims were also to investigate the roles of the
putative nickel transporter CnNicl and the urease accessory protein CnUreG in

urease maturation and nickel accumulation.

The data presented in this thesis established that C. neoformans urease is a nickel-
binding enzyme and that both urease activity and nickel accumulation are responsive
to the available nitrogen source. CnNicl is identified as the primary means of nickel
accumulation and is proposed to be a high-affinity nickel importer. CnUreG is
demonstrated to bind nickel in vitro and evidence of in vivo nickel-binding by
CnUreG is presented. This indicated that CnUreG has dual roles of putative GTPase
and nickel chaperone to urease, in contrast to bacterial urease maturation systems

which utilise a separate nickel chaperone.

The inhibition of urease activity by cobalt was observed in vivo and profiling
experiments revealed that this was due to the binding of cobalt to urease which
prevents nickel binding. However, cobalt binds to urease in the ureGA strain which
demonstrates that cobalt does not replace nickel in the maturation process. This adds

to the very limited list of observed mis-population of a protein metal-binding site.

6.2. CnNicl as a Nickel Transporter

The NIC1 gene in C. neoformans was identified by the close homology of its
predicted product to the SpNiclp of S. pombe and HoxN of C. necator (Eitinger et
al., 1997; Eitinger et al., 2000). Nickel accumulation and urease activity were
significantly reduced in the niciA strain, although in high nickel conditions urease
activity was restored to wild-type levels. This clearly demonstrated that CnNicl is
required for nickel accumulation and may be a nickel importer. However it is not

clear where CnNicl is located in the cell, as it may be located at the cell surface and
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mediate nickel import or could be on the vacuolar membrane and mediate nickel
transport into or out of the vacuole. Localisation studies could be used to investigate
if CnNicl is at the cell surface. A fluorescent tag such as GFP or a small epitope tag
could be used to localise CnNicl microscopically. Localisation studies in live cells
could also include investigation of CnNicl regulation by exposure of the cells to high
nickel and/or different nitrogen sources to determine if the localisation changes or if
the protein is degraded. These studies, in conjunction with expression studies, could
be used to identify if C. neoformans nickel import is regulated in response to nickel
levels, the available nitrogen source or both. This would indicate if the nickel uptake
system of C. neoformans is regulated in a similar manner to the iron uptake system
of S. cerevisiae, which is responsive to both iron and glucose levels (Casas et al.,
1997; Blaiseau et al., 2001).

The requirement of CnNicl for urease activity only in low nickel conditions and the
close homology of CnNicl to HoxN and SpNiclp, both of which are high affinity
transporters, indicate that CnNicl may be a high-affinity nickel-transporter (Eitinger
et al., 1997; Eitinger et al., 2000). Comparing the rate of nickel uptake in the wild-
type and niclA strains, using a radioactive isotope of nickel, across a range of
concentrations could be used to determine the affinity of CnNicl for nickel. In
common with SpNiclp and HoxN, CnNicl contains a HX,DX motif. Mutation of
either histidine residue results in a loss of function in HoxN (Eitinger et al., 1997).
Expression of CnNicl in C. neoformans with the equivalent histidine residues
mutated could be used to investigate whether the mechanism of nickel transport is
conserved between bacteria and fungi. The other residues in the motif (HGLDAH)
are also of interest, CnNicl has a leucine as third residue compared to valine in
HoxN or phenylalanine in Nh1F, which transports both cobalt and nickel (Eitinger et
al., 1997; Degen et al., 1999; Eitinger et al., 2000; Degen and Eitinger, 2002).
Mutation studies of HoxN and Nh1F showed that this residue is important for
determining specificity of metal transported and rate of transport. SpNiclp is a
specific nickel transporter but can be inhibited by cobalt, unlike HoxN which is a
specific nickel transporter but is not inhibited by cobalt. The presence of leucine
rather than valine or phenylalanine may give rise to this combination of features in
SpNiclp. However, CnNicl also has a leucine at the third residue in the motif and is

a specific nickel transporter, as the deletion of CnNicl only affected nickel
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accumulation, but is not inhibited by cobalt, as cobalt did not abolish nickel
accumulation. CnNicl has a glycine at the second residue of the motif compared to
an alanine in each of the other transporters which may account for this difference.
Therefore, mutation of residues other than the two histidines in this motif may give
insight into how these residues control substrate specificity and affect the
susceptibility to inhibition by cobalt in the NiCoT family.

6.3. CnUreG as a Nickel Chaperone to Urease

CnUreG was identified as a protein of interest due to the N-terminal histidine rich
domain it contains which is conserved among fungal UreG proteins but absent in
bacterial UreG proteins. Histidine is a good metal ligand and therefore this domain
has the potential to bind metal physiologically. A similar domain which binds nickel
IS present in the nickel chaperones HypB protein of Bradyrhizobium japonicum and
the UreE proteins of several bacterial species which bind nickel to chaperone it to
their respective enzymes. An equivalent role for the N-terminal domain of CnUreG is
possible (Lee et al., 1993; Olson et al., 1997). This theory was supported by the lack
of a homologue to UreE in fungal genomes in the NCBI database. The metal binding
properties of CnUreG were studied in vitro and revealed that CnUreG binds nickel
with an affinity much greater than that of bacterial UreG proteins and more
consistent with bacterial UreE proteins. Profile experiments revealed a CnUreG
dependent nickel peak in vivo, however this could not be confirmed as nickel-bound
CnUreG due to experimental limitations. Likewise, binding of nickel to CnUreG
produced small changes in secondary structure that have not been previously
reported for bacterial UreG proteins but similar changes have been observed for
nickel binding to bacterial UreE (Won and Lee, 2004). These results are consistent
with CnUreG acting as the nickel chaperone to urease, assuming the difference in
nickel binding characteristics of bacterial UreE and UreG proteins is directly related
to their function. This suggests a model in which CnUreG binds nickel, imported to
the cell via CnNicl, and then binds to the urease-UreDF assembly complex. At this
point nickel is passed to the urease active site in a GTP hydrolysis dependent manner
(Figure 54). The role UreE in bacterial urease maturation systems is variable. In K.
aerogenes UreE is required to sequester and deliver nickel to the urease-UreDFG
complex, however in H. pylori a HypA-HypB complex delivers the nickel and UreE
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is required to transfer nickel to UreG (Lee et al., 1993; Olson et al., 2001). The
central binding site present in all UreE proteins is vital for urease maturation and is
thought to be required for transfer of nickel to UreG (Stola et al., 2006). Therefore,
the pivotal role for UreE is the transfer of nickel to UreG, and thereby to urease. In
C. neoformans, CnUreG may be able to transfer nickel from the N-terminal region to
the urease active site potentially via the putative C173 metal binding site.

To confirm the theory outlined above further examination of the role of the CnUreG
N-terminal domain is required, investigating the effect of deletion of this region in
vitro and in vivo. In addition, mutation studies could be used to determine if the
putative C173 metal site binds nickel in vitro and if nickel binding at this site is
required for urease activation in vivo. The other role for CnUreG, as a GTPase, has
not been addressed in this study. The GTPase activity of bacterial UreG proteins is
very low and this is thought to be due to the requirement of other urease accessory
proteins to activate the GTPase function. As the C. neoformans urease maturation
system lacks UreE, which may be the required factor to activate bacterial UreG
proteins, determination of CnUreG GTPase activity in vitro would be of interest.
Expression of CnUreG lacking the N-terminal region in vivo would also allow for the
GTPase role to be investigated separately from the chaperone role. If deletion of the
N-terminal reduced urease activity, co-expression of a bacterial UreE or addition of
excess nickel could be used to investigate if CnUreG has the same role as bacterial

UreG proteins.
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Figure 54 - The proposed model of urease maturation in C. neoformans.

The urease maturation complex is assembled by the binding to UreD and UreF to the
urease apo-enzymes in the same manner as bacteria. Nickel loaded CnUreG binds to
the urease-UreDF complex and facilitates maturation by delivery of nickel to the
active site in a potentially GTP hydrolysis dependent step.
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6.4. The Inhibition of Urease by Cobalt

The urease activity of C. neoformans was inhibited by cobalt in vivo and relatively
low levels of cobalt were able to significantly reduce activity, 1 uM of cobalt added
to the growth media reduced urease activity to approximately half that of wild-type
levels. This is very low compared to the 100 uM cobalt required to interrupt [Fe-S]
cluster biogenesis in H. pylori, although this difference may reflect the relative
concentrations of nickel and iron in the growth media of each organism (Ranquet et
al., 2007). Profile studies revealed that cobalt bound to urease and that this prevented
nickel binding, however where cobalt bound was not clear. Studies of K. aerogenes
urease in vitro have established that cobalt can bind to a cysteine residue outside the
active site and prevent maturation, therefore cobalt binding to the equivalent residue
in C. neoformans urease may be inhibiting activity (Park and Hausinger, 1996;
Yamaguchi and Hausinger, 1997). If cobalt is entering the active site of urease this is
likely to take place prior to modification of the lysine residue and loading with
nickel, as in vitro studies with K. aerogenes urease indicate that replacement of
nickel in the active site by cobalt is extremely inefficient (King and Zerner, 1997).
Therefore in the model of C. neoformans urease maturation outlined above, cobalt
may bind before nickel loaded CnUreG reaches the assembly complex (Figure 55).
The binding of cobalt to urease in preference to other potential metal binding sites in
the cell is probably due to the similarity between cobalt and nickel in binding
geometries, which would allow cobalt to occupy the site utilising the same ligands as
nickel.

A role of metallochaperones is to protect the target proteins from mis-population
with the incorrect metal. Protein-protein specific interactions allow the control of
which metal is exposed to the target protein. Profile studies with the ureGA strain
established that cobalt bound to urease via a CnUreG independent mechanism. This
supports the theory that cobalt binds to urease before maturation. However, this also
highlights that CnUreG does not prevent exposure of urease to cobalt. This indicates
that C. neoformans has not evolved in an environment where cobalt was bio-
available and so has not evolved an effective means of preventing incorporation of
cobalt into urease. Studies of K. aerogenes urease in vitro have demonstrated that
urease can be activated by exposure to carbon dioxide and nickel and that activation
is increased by binding of the accessory proteins to the apo-enzyme, therefore the
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active site is accessible by metal atoms (Carter et al., 2009). The urease of C.
neoformans may also be exposed during these stages of development and so allow

cobalt access to the active site.

6.5. Concluding Remarks

The urease maturation system of C. neoformans is of interest due to the role urease
plays during cryptococcal infection and as the first eukaryotic nickel homeostatic
system to be studied in detail and which has novel features compared to the bacterial
systems studied. In this thesis evidence has been presented and a model set out
describing how nickel is imported via the CnNicl transporter and chaperoned to the
urease assembly complex by CnUreG. The inhibition of urease by cobalt binding has
been demonstrated and this adds to an extremely short list of recorded in vivo metal
mis-population events. In addition the induction of capsule formation in response to
urea and the inhibition of the process by cobalt has been recorded. However, there
are still many areas of this project which require confirmation and further
investigation, including; the transcriptional and protein turnover regulation of the
nickel uptake system, investigation of the individual residues of the CnNic1 HX,;DH
motif, elucidation of the metal binding residues and GTPase activity of CnUreG,
confirmation of CnUreG nickel binding in vivo and determination of the cobalt

binding site on urease.
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Figure 55 - The model of C. neoformans urease inhibition by cobalt.

Urease maturation is prevented by incorporation of cobalt into urease prior to nickel
delivery by CnUreG. The cobalt enters the cell via an unknown transporter (possibly
Cramp or CorA).
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8. Appendix

8.1. The PCA of Nickel Peaks 1, 2 and 3

PCA was used to compare the distribution of nickel to protein across fractions of the
metal profiles. In the main text a 3D representation of PC1, PC2 and PC3 of each
peak was presented (Figure 43). Here 2D representations of PC1 vs. PC2, PC1 vs.
PC3. PC2 vs. PC3 and the protein gel used to quantify the protein bands are
presented for each nickel peak (Figure 56, Figure 57, Figure 58).
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Figure 56 - PCA of nickel peak 1.

Two-dimensional plots (A-C) comparing the principle components 1, 2 and 3 (PC1,
PC2 and PC3, respectively). The SDS-PAGE gel from which the protein distribution
Is measured is also displayed (D). Data are representative of 2 repeat experiments.
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Figure 57 - PCA of nickel peak 2.
Two-dimensional plots (A-C) comparing the principle components 1, 2 and 3 (PC1,
PC2 and PC3, respectively). The SDS-PAGE gel from which the protein distribution

Is measured is also displayed (D). Data are representative of 2 repeat experiments.
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Figure 58 - PCA of nickel peak 3.

Two-dimensional plots (A-C) comparing the principle components 1, 2 and 3 (PC1,
PC2 and PC3, respectively). The SDS-PAGE gel from which the protein distribution
is measured is also displayed (D). Data are representative of 2 repeat experiments.
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