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Abstract 
 

Magnesium is an essential element and the most abundant divalent cation in eukaryotic 

and prokaryotic cells, but its transport is not well understood.  Mutagenesis was used to 

study the function of the ALR1 (aluminium resistance) gene, which encodes the major 

Mg2+ uptake system in Saccharomyces cerevisiae.   

 

Random PCR mutagenesis was undertaken of the C-terminal part of ALR1 that is 

homologous to the bacterial CorA magnesium transport family.  The mutants with the 

most severe phenotype all had amino acid changes in a small region of Alr1 containing 

the putative transmembrane (TM) domains.  Eighteen single amino acid mutants in this 

critical region were classified into three categories: no, low and moderate activity. One 

‘no activity’ mutation, M762L, affected the GMN motif that is a characteristic of the 

CorA super-family genes.  Two other conservative mutations that reduced or inactivated 

uptake led me to identify Ser729 and Ile746 as critical amino acid residues in Alr1.  High 

expression of inactive mutants inhibited the capability of the wild-type Alr1 protein to 

transport magnesium, consistent with the idea that Alr1 may form homo-oligomers. The 

results confirm the classification of ALR1 as a member of the CorA family of 

magnesium transport genes 

 

Random mutagenesis was also undertaken of the critical region of Alr1 containing the 

TM domains, in order to find important residues for Al3+ toxicity.  Two types of Al-

tolerant mutants were obtained: one with increased sensitivity to Co2+ and a second with 

no change in sensitivity to Co2+ ions.  The former class was shown to have an increased 

rate of Mg2+ uptake, consistent with the hypothesis that Al3+ toxicity results from Mg2+ 

deficiency via inhibition of Alr1 activity.  The latter class of mutants was shown to have 

normal rates of Mg2+ uptake but with a reduced sensitivity to inhibition by Al3+ ions.  

The three individual mutants in the latter class were combined in all combinations and 

the results indicated that their Al3+ tolerance was likely to be additive and that the 

mutants operate independently.  The most tolerant mutant in this class, I746L, involved 

a conservative change (alteration of the relative location of methyl groups on the amino 

acid side chain), to a residue that is located within a TM and that was shown above to 

be critical for Mg2+ uptake.  Therefore, Ile746 plays a very important role in both Mg2+ 
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uptake and Al3+ tolerance in Alr1.  These results indicate that Al3+ may inhibit Mg2+ 

uptake by directly competing for binding sites within the pore of the Alr1 protein. 

 

Truncation of N-terminal extension of Alr1 showed that the N-terminal 239 amino acids 

and the C-terminal 53 amino acids are not essential for magnesium uptake.  They might 

be serving some other functions such as protein regulation.   

 

In conclusion, these mutagenesis results firmly establish ALR1 as a magnesium 

transport gene belonging to the CorA super-family and provide direct experimental 

support for the hypothesis that Al3+ toxicity in yeast occurs by direct inhibition of Mg2+ 

uptake via the Alr1 protein.   
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Chapter 1 Introduction 

1.1 Introduction 

Magnesium (Mg) is an essential mineral that is abundant in living organisms.  It is 

important for phosphate metabolism, as a central component of chlorophyll pigments 

and as a cofactor for a variety of enzymes (Silva and Williams 2001).  Magnesium has 

been referred to as a ´Cinderella element´ in biological systems because there is limited 

knowledge available due to the lack of tracking techniques (Silva and Williams 2001).  

For example, use of magnesium radioactive isotope is not feasible in most cases, due to 

its very limited availability and a short half life, while X-ray analysis is problematic due 

to the huge cellular concentration of magnesium.  Nevertheless, over the last 25 years, 

increasing progress has been made towards better understanding the biological role of 

magnesium in living organisms (Grubbs 2002).   

 

In contrast to magnesium, aluminium (Al) is a non-essential element in biological 

systems, despite its abundance on earth.  This is in part due to the limited soluble 

chemistry of the element in water or as salts (Williams 1996).  Aluminium’s unique 

chemistry is able to cause severe toxicity to animals, plants, fungi and microbes 

(Wisniewski et al. 1990, Kochian 1995, Pina and Cervantes 1996, Yokel 2000, Rout et 

al. 2001, Nayak 2002, Kochian et al. 2004).  Some of those organisms have developed 

tolerance mechanisms against aluminium toxicity.  

 

Magnesium has been suggested to be one of the most influential cations for aluminium 

interaction with living cells (Macdonald and Martin 1988).  In particular, the similar 

size of these two cations may be the critical factor that leads to aluminium competition 

with magnesium at biologically important sites of proteins.  The research in this thesis 

looks at details of one example where such competition between Al3+ and Mg2+ has 

been proposed. Saccharomyces cerevisiae or baker’s yeast was chosen as the 

experimental organism for the research because it is the best understood eukaryote, has 

a relatively simple genome and is sensitive to Al3+.  The transporter responsible for 
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Mg2+ uptake has been hypothesised to be a target for Al3+.  The approach taken here to 

examine this hypothesis was a molecular genetic one: to isolate mutants in the Mg2+ 

transporter with altered Al3+ tolerance.  Because the target Mg2+ transport gene in yeast 

was not well characterised, another major goal of the research was to isolate mutants in 

the Mg2+ transport function of the gene.  

 

The first part of this introductory chapter will review the chemistry and biochemistry of 

magnesium as well as biological transport of magnesium through the membranes.  The 

second part of this chapter describes the chemistry and biochemistry of aluminium as 

well as what is known regarding the mechanisms of aluminium toxicity and tolerance.  

The final part of this chapter focuses on the specific aims of this research. 

1.2 Overview of magnesium  

1.2.1 Mg2+ chemistry 

Magnesium is the eighth most abundant element in the earth’s crust (Cowan 1995, 

Maguire and Cowan 2002) and the second most abundant in the hydrosphere (Wolf and 

Cittadini 2003).  The levels of Mg2+ in freshwater are lower than that of seawater (<10-4 

M versus 5 x 10-2 M), indicating that organisms in freshwater therefore must pump 

Mg2+ into their cells to maintain an internal free Mg2+ concentration of approximately 

10-3 M (Silva and Williams 2001).  Bound external Mg2+ is essential to maintain the 

integrity of cell walls and membranes (Silva and Williams 2001).  Mg2+ exhibits unique 

properties in its size, hydrated form and charge density which determine its ionic 

structure, thermodynamics and reaction rates (Cowan 1995, Silva and Williams 2001).   

 

The ionic radius of Mg2+ is the smallest among the biologically important divalent 

cations (e.g. 0.65 Å for Mg2+ vs 0.99 Å for Ca2+) whereas the fully hydrated radius of 

Mg2+ with the second water shell is 5.14 Å (Markham et al. 2002).  Therefore, the 

volume of the hydrated form is nearly 400 times larger than that of the naked ion 

(Maguire and Cowan 2002)1.  In comparison, hydrated Ca2+ and K+ have volumes that 

are 25 and 4 times larger than their bare ions, respectively (Maguire and Cowan 2002).  

Mg2+ usually forms hexacoordinates with six molecules of water (bond angles close to 

                                                 
1 If only the first water shell is calculated, the radius is around 2.5 Å (Markham et al. 2002), indicating 
the volume would be 56 times than that of the naked ions.  
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90 ± 6), in comparison to Ca2+ with six to nine molecules of water (Maguire and Cowan 

2002); the bond distance between Mg and O is around 2.05 to 2.25 Å in most cases but 

that between Ca and O is 2.2 to 2.7 Å (Maguire and Cowan 2002, Silva and Williams 

2001).  Therefore, greater angular deviation of Ca2+ leads to greater flexibility in 

structures whereas limited variation of Mg2+ restricts the deviation (see Maguire and 

Cowan 2002).  

 

Because displacement of the hydration shell from Mg2+ ions is relatively slow compared 

with other divalent cations such as Ca2+, binding of Mg2+ to its ligands is fairly stable. 

However, increased stability also makes cations and ligands difficult to be discharged 

from Mg2+ in biological systems (see review in Wolf and Cittadini 2003).  For example, 

Ca2+ displays almost 104 times higher exchange rates than Mg2+ (109 s-1 for Ca2+ vs 105 

s-1 for Mg2+).  The slow exchange rate of Mg2+ allows it to neutralise anions in the 

cytoplasm.  This neutralisation is important for protecting anions from hydrolysis and 

for supporting chemical reactions (Silva and Williams 2001). Mg2+ can play a key role 

in maintaining the structure of compounds containing a water molecule because of the 

slow exchange rate.  

 

Although both Mg2+ and Ca2+ are positively charged cations, their affinities for 

negatively charged ligands (e.g. ATP4-) are quite different.  A higher charge density 

than other available cations allows Mg2+ to dominate binding to negatively charged 

ligands inside cells (Silva and Williams 2001).  In particular, the strong Lewis acid due 

to its high charge density (Cowan 1995) provides stabilisation of anion charges (as 

above) as well as polarisation of functional groups (carbonyl in amides and esters).    

 

Mg2+ preferentially binds oxygen ligands, in particular negatively charged carboxylates, 

phosphates, hydroxyls, carbonyls, and water (Cowan 1995, Kehres and Maguire 2002). 

It can also interact with nitrogen in the chlorophyll pigment for photosynthesis.  While 

Mg2+ binding to sulphur is not known to occur in biological environments (Kehres and 

Maguire 2002), sulphur-containing amino acids (cysteine, methionine) have been 

identified as having potential for Mg2+ binding, based on investigations of Mg2+-binding 

energies (Mercero et al. 2001, see also Ch. 1.4.2).   
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Because only limited technical and spectroscopic methods are available for detecting 

Mg2+ ions, other metal ions such as Ni2+, Mn2+ and Co2+ have been used as surrogates 

for Mg2+ ions in a variety of transport studies (Grubbs et al. 1989, Hmiel et al. 1989,  

Smith et al. 1995, Macdiarmid and Gardner 1998, Smith et al. 1998, Szegedy and 

Maguire 1999). In addition, cobalt (III) hexaammine (Co(III)(NH3)6: Co(III)Hex) has 

been also used as a surrogate for mimicking the hydrated form of Mg2+ (Kucharski et al. 

2000, Kolisek et al. 2003).   

1.2.2 Mg2+ biochemistry 

Magnesium is the fourth most abundant element in vertebrates and the most abundant 

divalent cation (Mg2+) in living cells (Cowan 1995, Maguire and Cowan 2002, Wolf 

and Cittadini 2003).  Total cellular Mg2+ is around 30 mM, most of which remains 

bound to its ligands.  The concentration of free intracellular Mg2+ is around 1 mM 

(Cowan 1995).  Inside the cells, Mg2+ is widely distributed into the compartmented 

organelles such as nucleus, mitochondria and endoplasmic reticulum (Romani and 

Maguire 2002, Wolf et al. 2003).  Most of the intracellular Mg2+ interacts with 

ribosomes, organelle membranes and charged macromolecules, although this binding is 

normally shared with the other cations (e.g. Ca2+); 90 % of intracellular Mg2+ binds to 

ribosomes and polynucleotides (Cowan 1995).  Interaction of Mg2+ with ATP is 

required for activating many enzymes inside the cells.  Mg2+ stabilises the P-O-P bond 

between the β− and γ− phosphates, respectively (Williams 1996).  Mg2+ is transferred to 

the site between the α− and β− phosphates in order to release γ− phosphate which can 

be bound by a protein carboxylate or other groups.   

 

Interaction of Mg2+ with nucleic acids is commonly known to assist the stabilisation of 

the base pairing and stacking structure (Cowan 1995); strong electrostatic repulsion 

between different RNA domains is alleviated by addition of micromolar concentrations 

of Mg2+ (Gonzalez Jr and Tinoco Jr 1999).  Although potassium ions (K+) dominate the 

cytosol by concentration (Cowan 1995), free Mg2+ exhibits binding to nucleic acids due 

to its more positive charge (Wolf and Cittadini 2003).  Mg2+ also plays an important 

role in translating the genetic information from mRNA into polypeptides.  Under low 

Mg2+ concentrations (<10 mM), rRNA and ribosomal proteins disassociate and Mg2+ is 

released (Cowan 1995).  In regard to DNA, Mg2+ plays a crucial role in the activation of 
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the enzymes involved in DNA replication and repair systems (Cowan 1995, see below). 

Additionally, a variety of enzymes require Mg2+ ions to activate and catalise steps in the 

biochemistry of the nucleotides (Sreedhara and Cowan 2002).  

 

The walls of both eukaryotic and prokaryotic cells, including their internal 

compartments, separate many biological functions essential for cell metabolism (Wolf 

and Cittadini 2003).  Lipids, proteins and polysaccharides dominate the composition of 

these membranes.  Biological polymers located on the membrane surfaces are 

comprised of polyanionic carboxylates or phosphates, which are bound to divalent Mg2+ 

or Ca2+ ions.  This interaction leads to the stabilisation of the membranes by 

neutralisation of the negative charge. This stabilisation is disrupted by the application of 

chelating agents such as ethylenediaminetetraacetic acid (EDTA).   

 

In addition to its role of structural stabilisation of the membrane, Mg2+ also activates 

numerous enzymes within cells, including restriction nucleases and ligases (see review 

Cowan 1998).  In one way of activation, enzymes bind to Mg2+-associated substrate 

complexes (e.g. MgATP and Mg2+-isocitrate, Black et al. 1994, Nadler et al. 2001).  In 

another way, the enzymes bind directly to Mg2+, which modifies their structure thereby 

allowing them to act as a catalyst (e.g. ribonuclease H, exonuclease, topoisomerase II). 

Other divalent cations can be often substituted for Mg2+, but typically this leads to a 

reduction in enzyme efficiency and in substrate specificity.  Because binding of Mg2+ to 

enzymes is typically weak (Ka ≤105 M-1), Mg2+ is easily detached during the isolation 

of Mg2+-associated enzymes.  Therefore, it is often necessary to add Mg2+ as a cofactor 

in vivo to recover the enzyme structure or the catalytic function of Mg2+ (Cowan 1995).  

Although there is little knowledge available as to the extracellular roles of Mg2+, an 

extracellular protein, integrin, requires Mg2+ to hold cells together and assist in the 

activation of responses inside the cells via connecting links through the membrane into 

the cell (Silva and Williams 2001).   

 

The carboxylate oxygens in glutamates are responsible for Mg2+-dependent activation in 

order to open potassium channels (Shi et al. 2002) and those in aspartates have been 

found to be Mg2+-binding sites in the bacterial chemotaxis enzyme, CheY (Lukat et al. 

1990, Stock et al. 1992).  Dudev and Lim (2003) reviewed the principles governing 

Mg2+ binding to proteins and identified several Mg-binding sequence motifs, including 
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NADFDGD2  in RNA polymerases, DNA Pol I and HIV reverse transcriptase, and 

YXDD or LXDD in reverse transcriptase and telomerase (Zaychikov et al. 1996, Joyce 

and Steitz 1994, Kanda and Saigo 1993, Lingner et al. 1997).  Besides charged ligands, 

the side chains of asparagine and glutamine are also commonly important for Mg2+ 

binding, along with the side chains of serine and threonine, histidine and tyrosine 

(Dudev et al. 1999, Dudev and Lim 2003).  

 

In an attempt to understand the biological role of Mg2+, a variety of methods for Mg2+ 

measurement have been developed to date, although many remain of limited use (see 

Ch. 1.2.1).  Atomic absorption spectrometry (e.g. Graschopf et al. 2001), stable isotopes 

(e.g. 28Mg, Grubbs et al. 1989, however, it is no longer available and prohibitively 

expensive), fluorescent indicators (e.g. Mag-Fura, Froschauer et al. 2004) and 

microelectrodes (e.g. Grubbs 2002) are commonly used, although all of them encounter 

certain technical disadvantages (reviewed in Maguire and Cowan 2002).  

1.3 Biological transport of Mg2+ 

Many mechanisms of ion transport involve recognition of the hydrated ion by a 

transport protein (Kehres and Maguire 2002, Dudev et al. 1999), followed by partial or 

complete removal of the hydration shell, prior to uptake of free ion.  Some features of 

Mg2+ chemistry, such as a small ionic radius, a large hydrated shell, a high charge 

density and slow ligand exchange rates (see Ch. 1.2.1), led researchers to speculate that 

its movement through the biological membranes may involve unusual or modified 

transport systems (Kehres and Maguire 2002).  

 

Another feature of Mg2+ transport is related to the transport number.  This refers to the 

average number of solvent molecules tightly associated with the cation and enabling 

diffusion of the ion through the solvent (Cowan 1995, Maguire and Cowan 2002).  

Mg2+ has a comparatively high transport number (12-14) 3  compared to the other 

biological cations (e.g. K+: 4-6).  This property implies the existence of hydrated Mg2+ 

molecules much larger than those of the other cations, which is likely to have an effect 

on the nature of binding sites in Mg2+ transporters or associated proteins.   

                                                 
2 The bold residues are the ones ligated to Mg2+. 
3 This is the number of water molecules in the second shell of hydrated Mg2+ ions and transported with 
the mobile in solution (Cowan 1998).    
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This section focuses on Mg2+ transport across the biological membranes.   The first part 

of this section details Mg2+ transport system in prokaryotic cells and the second part of 

the section details Mg2+ transport system in eukaryotic cells, including mammalian 

cells.   

1.3.1 Prokaryotic Mg2+ transport systems 

Primary investigations of Mg2+ metabolism (Webb 1966) suggested that it is an 

essential element for bacterial growth.  The bacteria have at least three distinct Mg2+ 

transport systems, CorA, MgtA/MgtB and MgtE which independently mediate the 

movement of Mg2+ through the cell membranes (Hmiel et al. 1986, 1989, reviewed by 

Kehres and Maguire 2002).  Although these systems are all capable of Mg2+ uptake, the 

physiological and biochemical features of the transport systems are quite distinct.  

 

 
Figure 1.1 Bacterial Mg2+ transport system   
 
Hydrated Mg2+ is indicated with the atomic ion surrounded by a large hazy cloud. 

Diagram was obtained from Moncrief and Maguire (1999).    

CorA transport system 

Silver and colleagues (Silver 1969) postulated the existence of an active Mg2+ transport 

system in the cell membrane of Escherichia coli.  Nelson and Kennedy (1971) 

supported this theory with the finding that Mg2+ and Co2+ are transported into the E. coli 

cells by the same system (see 1.2.1).  This led to the identification of the cobalt resistant 

gene CorA (Park et al. 1976) and its subsequent cloning from Salmonella typhimurium 

by Hmiel and colleagues in 1986.  CorA mediates Mg2+ transport in bacteria and was 

considered to be a novel protein in that there was no known family of homologous 

proteins (Hmiel et al. 1986).    
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CorA is ubiquitous in the Eubacteria and the Archaea (Kehres et al. 1998) and is also 

found in yeast (see Ch. 1.3.2).  CorA homologues have been found in at least 30 gram-

negative bacterial species by southern hybridization (Smith and Maguire 1995); indeed 

only a small number of bacterial species lack CorA homologues.  The CorA transport 

genes in S. typhimurium and E. coli show 98 % identity at the protein level but multiple 

alignments with distantly-related bacterial homologues show as little as 15-20 % 

identity (Kehres et al. 1998).  They were aligned based on a short motif of very 

conserved amino acids (GMN: glycine, methionine, asparagine) near the C-terminus.   

 

CorA in S. typhimurium is constitutively expressed and is essential for cell function.  Its 

promoter did not respond to any known stimuli (Tao et al. 1998).  In addition to high 

affinity influx of Mg2+, CorA also mediates uptake of Co2+ and Ni2+ into S. typhimurium 

cells (Hmiel el al. 1986, Snavely et al. 1989b, 1991).  However, its affinities for Co2+ 

and Ni2+ (Km of 30 μM and 300 μM, respectively) are lower than those of Mg2+ (Km of 

20 μM), suggesting that transport of these metals is not the main function of CorA.  

Indeed, Co2+ and Ni2+ are toxic to the cells and mutation of the CorA locus renders the 

bacteria resistant to both metals (Hmiel et al. 1989).  Ca2+, Mn2+ and Zn2+ are not 

significantly transported by CorA (Grubbs et al. 1989). CorA can also mediate Mg2+ 

efflux but only under high levels of extracellular Mg2+ (around 1-10 mM), while no 

efflux of Co2+ or Ni2+ has been observed (Snavely et al. 1989b, Gibson et al. 1991).  

Two research groups (Hantke 1997, Chamnongpol and Groisman 2002) have suggested 

Fe2+ uptake was mediated via the CorA transport system, but Papp and Maguire (2004) 

used a direct assay for Fe2+ uptake and showed that CorA is not capable of transporting 

Fe2+.   

 

The CorA gene (316 aa) in S. typhimurium encodes a 37-kDa integral membrane 

protein.  Although hydropathy analysis predicted two transmembrane (TM) domains 

near the C-terminus, experimental studies using protein fusions identified an additional 

TM domain immediately prior to the first-predicted TM domain (see Fig. 1.1, Smith et 

al. 1993).  Therefore, it may be that the CorA protein has three TM domains separated 

by very short loops near the C-terminus and a large amino terminus (235 aa) that is 

exposed to the periplasmic environment.  However, some CorA homologues contain a 

number of charged residues in regions predicted to correspond to TM1 of CorA (Kehres 

and Maguire 2002).  Multiple charge inclusions in TM domains can render them very 
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unstable (Smith et al. 1998, Kehres and Maguire 2002).  Therefore, some CorA 

homologues might have only two TM domains.  Likewise, the ZntB protein involved in 

Zn2+ efflux has been shown experimentally to contain only two TM domains (Worlock 

and Smith 2002, Caldwell and Smith 2003).  

 

The TM domains of CorA contain very few charged residues, which is not common in 

cation transport proteins (Kehres and Maguire 2002).  Only one negatively charged 

residue (glutamate) was included in TM1 domain of CorA, and mutation of this residue 

did not affect CorA function (Smith et al. 1998).   TM2 and TM3 domains possess no 

charged residues (Kehres and Maguire 2002).  However, a number of hydroxyl-bearing 

residues (tyrosine, serine, threonine) are found in TM2 and TM3 and are conserved 

among bacteria and archaea (Kehres et al. 1998).  Site-directed mutagenesis was 

employed on several conserved amino acids in TM2 and TM3 (Smith et al. 1998, 

Szegedy and Maguire 1999).  Mutations in some conserved residues inactivated uptake 

of Ni2+ (a surrogate of Mg2+), suggesting that those residues play an essential role in 

Mg2+ transport.  The critical residues included some hydroxyl-bearing residues and the 

GMN motif located near the external face of TM2 (see Fig. 3.13).  The hydroxyl groups 

are arranged such that they could line a Mg2+ pore inside both the TM2 and TM3 

domains and may be important in transporting Mg2+.  The GMN motif might be 

involved in maintaining the structure between TM2 and the loops formed between TM2 

and TM3, which were found to be important for Mg2+ uptake (Szegedy and Maguire 

1999).  

  

The structure of CorA is highly unusual; three TM domains are located in the lipid 

bilayer, with a large N-terminal region (235 aa) located extracellularly and the short C- 

terminus (6 aa) located intracellularly.  Cross-linking studies of the CorA protein 

revealed that it might form a homotetramer, with the TM segment of one monomer 

adjacent to the same TM segment of another monomer (Warren et al. 2004).  Without 

the C-terminal domain (80 aa) encompassing three TM domains, the N-terminal region 

still gave a tetrameric band but it was weaker than that observed for full-length CorA 

protein, suggesting that the transmembrane domains might be important for 

oligomerisation.   
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It has been suggested that Mg2+ might initially interact with the transport protein 

through its hydration shell (Smith and Maguire 1995).  Kucharski and colleagues (2000) 

performed an experiment to investigate this hypothesis using several cation 

hexaammines.  These have similar ionic radii to Mg2+ hydrated with its first hydration 

shell.  Mg2+ uptake by the bacterial CorA or by the archeal CorA was inhibited in the 

presence of cation hexaammines (Kucharski et al. 2000), showing that Co(III)Hex and 

other similar analogs are selective and potent inhibitors of CorA.  This suggests that the 

initial binding site in CorA might recognise hydrated Mg2+.  None of these inhibitors 

were found to affect the other bacterial Mg2+ uptake systems (e.g. MgtB, see below).  

MgtA/MgtB transport system 

In S. typhimurium, two related genes, MgtA and MgtB encode Mg2+ influx systems 

additional to CorA (Hmiel et al. 1989, Snavely et al. 1989a,b).  MgtB is a part of the 

MgtBC operon although MgtC does not play a role in Mg2+ transport (Moncrief and 

Maguire 1998).  MgtA is widespread among the Gram-negative Enterobacteriaciae but 

MgtB is only found in limited species as determined by southern blot and genomic 

sequence data (Kehres and Maguire 2002).  Both MgtA and MgtB are members of the 

class of P-type ATPases, which use the energy of ATP to mediate Mg2+ influx 

(Scarborough 1999).  They have more similarity with mammalian Ca2+ ATPase (50 % 

identity) than with bacterial ATPase proteins (Smith and Maguire 1998). 

 

MgtA and MgtB have Mg2+ affinities with Km of 5-20 μM, similar to the Km of CorA. 

However, CorA is expected to dominate the Mg2+ uptake into the cells given its greater 

capacity for uptake and the lack of constitutive expression of MgtA and MgtB (Smith 

and Maguire 1998).  The MgtA and MgtB genes appear to have evolved for Mg2+ 

uptake under very specialised conditions.  The S. typhimurium MgtA and MgtB are 

regulated by the PhoP/PhoQ signal transduction system which is essential for bacterial 

virulence (Groisman et al. 1989, Miller et al. 1989). Under high extracellular Mg2+ 

conditions, Mg2+ remains bound to PhoQ but when the extracellular Mg2+ drops, Mg2+ 

separates from PhoQ and activates the PhoP cytoplasmic regulator (Vescovi et al. 1997, 

Groisman 2001).  Therefore, during phagocytosis in the eukaryotic cell, MgtA and 

MgtB might be induced to enable the bacterium to survive under the limited Mg2+ 

conditions (Smith and Maguire 1998, Groisman 2001).   
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MgtE transport system 

During the cloning of CorA homologues from the bacterial species Bacillus firmus OF4 

and Providencia stuartii, a third class of Mg2+ transporter was isolated and designated 

as MgtE (Smith et al. 1995, Townsend et al. 1995); however, it is not clear whether 

Mg2+ uptake is its primary function.  MgtE encodes a 40-kDa protein that contains five 

or six TM domains as predicted by hydropathy analysis, and it has a large cytosolic N-

terminus (see Fig. 1.1, see review Smith and Maguire 1998).  MgtE can transport Co2+ 

and Zn2+ but possibly not Ni2+ (Smith et al. 1995).  A study from Aeromonas hydrophila 

showed MgtE might be related to biofilm formation and adherence, suggesting that 

MgtE may play a role in pathogenesis (Merino et al. 2001).  Like CorA, it lacks 

homology with any other currently-known proteins but several homologues identified 

by phylogenetic analysis are widespread in eukaryotes including human genes (see Ch. 

1.3.2).   

1.3.2 Eukaryotic Mg2+ transport systems  

Mg2+ transport in yeast  

ALR1 and ALR2 genes 

Early investigations of metal uptake in yeast suggested that several metal ions may be 

transported via the same transport system with the following affinities: Mg2+, Co2+, Zn2+ 

> Mn2+ > Ni2+ > Ca2+ > Sr2+ (Fuhrmann and Rothstein 1968).  Beeler and colleagues 

(1997) showed that yeast were able to transport Mg2+ across the vacuolar and plasma 

membrane.  Cytosolic Mg2+ in S. cerevisiae was consistently increased as external Mg2+ 

increased from 10 μM to 1 mM, but stays relatively constant as external Mg2+ ranged 

from 1 to 100 mM (Beeler et al. 1997).   

 

Two genes were isolated because their overexpression protected S. cerevisiae cells 

against Al3+ toxicity and were designated as ALR1 and ALR2 (for aluminium resistance) 

(Macdiarmid and Gardner 1998).  Both ALR1 and ALR2 encode proteins capable of 

Mg2+ uptake in laboratory strains of S. cerevisiae and they share 69 % amino acid 

identity with similar lengths of 859 aa and 858 aa, respectively (Macdiarmid and 

Gardner 1998). Both show a low degree of amino acid similarity to bacterial CorA 

proteins and were suggested to belong to the CorA super-family (see Ch. 1.3.3); they 
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were aligned based on the location of GMN motif and the predicted TM domains 

(Macdiarmid and Gardner 1998, Kehres et al. 1998).  A number of other divalent 

cations also appear to be substrates for the Alr proteins, including Co2+, Ni2+, Mn2+ and 

Zn2+ (Macdiarmid and Gardner 1998).  This supports the results from Fuhrmann and 

Rothstein (1968) suggesting that Mg2+ is taken up by an uptake system capable of 

transporting the other cations in yeast.  Although ALR1 and ALR2 were suggested to be 

functionally redundant, ALR2 was not expressed in the S288C background used as a 

laboratory strain (Macdiarmid and Gardner 1998).  The authors suggested that it might 

be in part due to silencing effect from ARS elements located near the gene (Macdiarmid 

and Gardner 1998).  Alr1 protein is localised in the plasma membrane as determined by 

membrane fractionation and green fluorescent protein (GFP) fusion assays (Graschopf 

et al. 2001).  A patch clamp study with Alr1 showed Alr1 is likely to act as a channel by 

mediating both Mg2+ influx and efflux (Liu et al. 2002).  Because overexpression of 

Alr1 conferred resistance to Al3+, Macdiarmid and Gardner (1998) hypothesised that 

Al3+ might block Mg2+ uptake via Alr1 in yeast cells (see Ch. 1.5.1 for details). 

 

The topology of Alr1 has not been determined experimentally.  Homology to the S. 

typhimurium CorA gene (316 aa) is localised in the C-terminus of the Alr1 protein (859 

aa), along with much longer extensions at both its N- and C- termini (Fig. 1.2).  The 

computer algorithm predicts two TM domains near the C-terminus, one of which 

contains the GMN motif, a signature of CorA super-family (see Ch. 1.3.3). However, 

the experimental data in CorA suggested that there is a third domain immediately 

upstream of the other two, although the same algorithm predicted two TM domains 

(Ch.1.3.1, Smith et al. 1993).  Another yeast CorA homologue (Mrs2, see next) contains 

only two TM domains as predicted, in addition to the variant of CorA (ZntB, see Ch. 

1.3.1).  Therefore Alr1 may have three TM domains with a large N-terminal domain 

located externally like CorA (see Fig. 1.1) or it may have only two TM domains like 

Mrs2 and ZntB, with the N-terminal domain located internally. 

 

Expression of ALR1 has been shown to be regulated by Mg2+ (Graschopf et al. 2001). 

Steady-state transcript levels of ALR1 mRNA varied inversely with the concentration of 

extracellular Mg2+.  In addition, the Alr1 protein is subject to internalisation and 

degradation in response to high external Mg2+; Alr1 protein regulation involves 
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ubiquitination, endocytosis and vacuolar degradation, based on its sensitivity to 

mutations in the NPI1, END3, and PEP4 genes (Graschopf et al. 2001).     

 

 
Figure 1.2 Location of CorA homology in Alr1 
 
The PRS-BLAST program in NCBI was run with the yeast full Alr1 protein (859 AA). Black lines 

represent the Alr1 with the number of amino acids above.  CorA: S. typhymurium Mg2+ transport 

protein.  Three TM domains are coloured with blue and the GMN motif is coloured with yellow.  

MNR2 gene 

Another yeast CorA homologue, MNR2 encodes a protein whose overexpression 

confers resistance to manganese (Mn2+); it also possesses the conserved GMN motif in 

one of two predicted TM domains.  The Mnr2 protein is overall 26 % similar to the Alr1 

protein but is longer in total (969 aa), despite having a very short C-terminal region 

similar to the CorA C-terminus.  Overexpression of the MNR2 gene did not confer Al3+ 

tolerance nor mediate Mg2+ uptake into the cells, suggesting that its function should not 

involve Mg2+ transport into the yeast cells.  Instead, Macdiarmid (1997) suggested that 

the MNR2 gene might be involved in the regulation of intracellular cation accumulation 

and perhaps mediating Ca2+ and Mn2+ efflux.  However, recent biochemical evidence 

showed it may play a role in Mg2+ transport through organelles such as the vacuole (C. 

Macdiarmid pers. comm.)   

MRS2 and LPE10 genes 

Bui et al. (1999) identified a yeast gene termed MRS2 (mitochondrial RNA splicing 2, 

Koll et al. 1987) that encodes the major Mg2+ uptake system in the yeast mitochondria.  

Like CorA, the Mrs2 protein is likely to mediate the uptake of Co2+ and Ni2+ because 

Mrs2-deficient strains showed increased tolerance to both metals (Bui et al. 1999).  Use 

of the fluorescent dye mag-fura 2 provided direct evidence of movement of Mg2+ into 

isolated yeast mitochondria via the Mrs2 protein (Kolisek et al. 2003).  Co(III)Hex, 

which are potent inhibitors of CorA transport (see 1.3.1), inhibited Mg2+ uptake via the 

Mrs2 protein. Cross-linking studies suggest that the Mrs2 protein might form a 

homopentamer (Kolisek et al. 2003).  A homologue of Mrs2, Lpe10, was also found to 
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be essential for preservation of intra-mitochondrial Mg2+ in yeast (Gregan et al. 2001a) 

and both LPE10 and MRS2 mutants altered the Mg2+ contents as well as RNA splicing 

activity in the organelle (Gregan et al. 2001b).  However, the two homologues do not 

fully substitute for each other (Gregan et al. 2001a), indicating that hetero-

oligomerisation is possible between them (Knoop et al. 2005).  

 

With the addition of a mitochondrial leader sequence, expression of the CorA bacterial 

gene targeted to mitochondria partially suppressed the defect of Mg2+ uptake in the 

mrs2- or lpe10- deleted strains (Bui et al. 1999, Gregan et al. 2001a).  The Mrs2 and 

Lpe10 proteins are 470 and 413 amino acids, respectively, and show 32 % similarity.  

Both proteins are distantly related to the CorA transport gene family and contain two 

membrane-spanning TM domains (Bui et al. 1999, Gregan et al. 2001a).  The 

conserved GMN motif, which is essential for Mg2+ transport in bacterial CorA protein 

(see Ch. 1.3.1), is included in the first TM domain of the proteins.  In addition, these 

proteins share a number of conserved motifs in their N-terminal domains that are not 

present in other CorA homologues (Ch. 1.3.3).   

Plant Mg2+ transport 

Current knowledge about genes that are important for the movement of Mg2+ into the 

plant cells is limited, although extensive studies on Mg2+ in plants have been made from 

a physiological standpoint.  The first candidate for a Mg2+ transport gene in Arabidopsis 

thaliana was discovered, cloned and designated as a Mg/H+ exchanger (AtMHX1, Shaul 

et al. 1999).  This gene encodes a product of 54 kDa which is localised in the vacuolar 

membrane and has 11 putative TM domains.  Most of the gene expression is found in 

the xylem parenchyma, suggesting that AtMHX1 might play a key role in xylem 

loading and be engaged in determining Mg2+ distribution between the cytosol and the 

vacuole of the root epidermis (Shaul et al. 1999).  AtMHX1 shares 36 % identity with a 

mammalian Na+/Ca2+ exchanger (NCX, Nicoll et al. 1990) but appears to have limited 

homology with any protein in microorganisms (see review Shaul 2002).  A homologue 

(XNTA) of AtMHX1 was subsequently cloned and characterised in the ciliate 

Paramecium (Haynes et al. 2002).  Interestingly, this transport protein has lost its 

exchanger function and performs Mg2+ uptake into Paramecium cells like a channel 

(Haynes et al. 2002)  
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A family of ten MRS2-like genes (see Ch. 1.3.3) located on five chromosomes of 

Arabidopsis thaliana were found by database search (Schock et al. 2000).  These genes 

have significant similarity with the yeast mitochondrial Mg2+ transport gene (MRS2) 

and are also distantly related to the CorA bacterial gene family.  All proteins are 

predicted to possess two TM domains in the C-terminus, and all but one of them contain 

the highly conserved GMN motif (Li et al. 2001b).  Several members of this family 

were demonstrated to be capable of Mg2+ transport.  For example, the AtMRS2-1 gene 

with the addition of a mitochondrial leader sequence complemented a yeast strain 

lacking either the mitochondrial Mg2+ transport MRS2 or LPE10 gene (Schock et al. 

2000).  The AtMRS2-10 gene functionally complemented a bacterial strain deficient in 

all three Mg2+ transport genes, CorA/MgtA/MgtB (Li et al. 2001b).  The most divergent 

member among the family (AtMRS2-11) suppressed a growth defect in yeast strains 

lacking both Mg2+ transport genes, ALR1/ALR2 (Li et al. 2001b, Drummond et al. 

2006).  AtMRS2-1 and -10 both showed complementation of the Mg2+ uptake defect in 

a yeast alr1/alr2 mutant; the weak nature of the complementation was attributed to 

mislocalisation (Drummond et al. 2006).   

 

Reverse transcriptase PCR (RT-PCR) revealed that most of the AtMRS2 genes are 

expressed in most tissues (Li et al. 2001b).  GFP fusion to AtMRS2-10 showed clear 

localisation in the plasma membrane of plant roots (Li et al. 2001b).  Drummond and 

colleagues (2006) showed that AtMRS2-11 protein has a predicted chloroplast leader 

peptide.  The expression of AtMRS2-11 tagged with GFP as well as the enrichment of 

protein expression in isolated chloroplasts, also confirmed its localisation in the 

chloroplast (Drummond et al. 2006).  Expression of GFP fusion to the AtMRS2 genes 

in yeast showed a range of intracellular localisation such as plasma membrane, ER, 

small vesicles, and so on (Drummond et al. 2006).  This result suggested that the 

different member of the gene family may be differentially localised in cells.  In 

addition, Schock et al. (2000) and Knoop et al. (2005) speculated that some might form 

hetero-oligomers to be functional, at least between closely related members of the 

AtMRS2 family.  The large scale amplification of the MRS2 gene family throughout the 

plants, including rice, suggests that the MRS2 gene family plays a major role in Mg2+ 

homeostasis (Gardner 2003).  The reason for the high number of MRS2 copies in plants 

is not clear.  It was proposed that different members of the family might be expressed in 
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different tissues, in different cellular compartments or in different developmental stages 

(Schock et al. 2000, Li et al. 2001b, Drummond et al. 2006). 

Mammalian Mg2+ transport 

hsaMRS2 

The human hsaMRS2 gene was found to be a homologue of the yeast and plant MRS2 

gene family, with two predicted TM domains in the C-terminal region along with the 

GMN motif. (Zsurka et al. 2001).  Expression of the hsaMRS2 gene in MRS2-defective 

yeast strain partially recovered Mg2+ concentrations in the mitochondria, suggesting that 

the hsaMRS2 should play a crucial role in Mg2+ transport into mitochondria as does the 

Mrs2 (Zsurka et al. 2001).  RT-PCR analysis with RNA samples extracted from various 

mouse tissues showed that hsaMRS2 is ubiquitously expressed at a low level in mouse 

tissues (e.g. liver, heart and lung).  Full-length hsaMRS2 genes with GFP fusion were 

transiently transfected into mouse fibroblast cells and a fluorescence study showed the 

subcellular localisation of the protein into the mitochondria.      

SLC41A1 and SLC41A2 

The SLC41A1 gene and its ten homologues in human were found to be homologous to 

the bacterial MgtE family of potential Mg2+ transporters (Wabakken et al. 2003).  Using 

heterologous expression in Xenopus oocytes and voltage-clamp analysis, Goytain and 

Quamme (2005a,b) showed that SLC41A1 and SLC41A2 mediate Mg2+ transport.  

Abundant transcripts in renal epithelial cells in response to low Mg2+ suggested that 

they might play a role in Mg2+ homeostasis in the kidney. 

TRPM6 and TRPM7 

Two members (TRPM6, TRPM74) of the melastatin-related transient receptor potential 

(TRPM) channel family were found to mediate Mg2+ transport, along with Ca2+ 

transport in mammalian cells (Nadler et al. 2001, Schlingmann et al. 2002).  Both 

proteins contain six TM domains, with both termini located in the cytosol, as do the 

other TRPM family members.  Both are closely related (overall 52 % similarity) and 

have protein kinase domains localised to their C-termini.  The kinase domains in 

TRPM6 and TRPM7 were proposed to play a regulatory role in both active and passive 

transport because they determine sensitivity to the intracellular concentration of free 
                                                 
4  Alias name is LTRPC7. see nomenclature in Harteneck et al. 2000 
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Mg2+ or MgATP (Nadler et al. 2001, Schmitz et al. 2003, Voets et al. 2004).  TRPM6 is 

mostly localised in kidney and intestine for renal Mg2+ absorption whereas TRPM7 is 

ubiquitously expressed in most cell types; the latter might be responsible for general 

import of Mg2+ in all cell types.  Electrophysiology studies of TRPM7-overexpressing 

cells revealed an inward movement of Mg2+ in addition to Ca2+ influx.  The viability of 

the cells deficient in this gene was restored by addition of extracellular Mg2+ but not 

Ca2+.  Mutations in TRPM6 cause autosomal-recessive hypomagnesemia resulting from 

magnesium deficiency in humans (Schlingmann et al. 2002).  Unlike TRPM7, TRPM6 

alone could not alter any ion current in oocytes because TRPM6 complexes were 

retained intracellularly (Chubanov et al. 2004).  Co-expression of both produced larger 

current change in oocytes but TRPM6 containing one missense mutation (S141L) 

caused loss of function when coexpressed with TRPM7 (Chubanov et al. 2004). These 

findings suggest that TRPM6 must be associated with TRPM7 as a form of 

heterooligomer in order to be functional (Chubanov et al. 2004).  

MagT1 

Recent studies using oligonucleotide microarrays identified a new human magnesium 

transport protein (MagT1) which has no similarity with any known transporter (Goytain 

and Qumme 2005c).  The gene was identified because it is induced in conditions of 

Mg2+ starvation.  MagT1 mediates Mg2+ influx when expressed in Xenopus oocytes.  

RT-PCR and Western blot analysis showed MagT1 transcripts and proteins are rich in 

kidney epithelial cells, suggesting that it might provide a selective pathway for Mg2+ 

uptake into epithelial cells.    

1.3.3 Classification of the CorA super-family 

Proteins with magnesium transport activity have been identified in bacteria, fungi, 

plants and mammals that have two or three transmembrane domain with a conserved 

GMN motif.  Both the PFAM (Bateman et al. 2004) and conserved protein (Marchler-

Bauer et al. 2002, 2003) databases, using their own algorithms, have recognised a 

loosely conserved CorA domain in these proteins.  Drummond et al. (2006) recently 

designated a CorA super-family with classification into four categories (as below).  

 

CorA-like family: these proteins are found in bacteria and contain approximately 300-

390 amino acids and the CorA domain covers upwards of 95 % of the sequence.   
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Alr1-like family: these proteins are found only in yeast.  The CorA domain is found in 

the C-terminus of the proteins.  The proteins contain a large N-terminal extension which 

is weakly conserved (10-15 % similarity) among the family.  

 

Mrs2-like family: these proteins are found in plants, yeast and mammals. The proteins 

have short N-terminal extensions and a number of short internal motifs are shared 

amongst the members but are absent in the other families.  

 

Other: these proteins contain some homology to the CorA domain, but do not contain a 

GMN motif near the C-terminus (e.g. GVN in ZntB, GAT in Neurospora crassa).   

Phylogenetic analysis using more than 360 proteins showed Met, Ile or Val commonly 

appeared between Gly and Asn of this motif (Knoop et al. 2005).  

1.4 Biological chemistry of aluminium 

1.4.1 Chemistry 

Aluminium is the most abundant metal (8.3 %) and the third most plentiful element in 

earth’s crust: (oxygen > silicon > aluminium > iron; Kochian 1995, Greenwood and 

Earnshaw 1997).  Aluminium chemistry is inescapably complicated by its solubility at 

different pH values.  At slight acidic or neutral pH (pH > 5) aluminium exists in 

solution as an aluminium hydroxide complex (Al(OH)3) which is able to redissolve as 

the tetrahedral Al(OH4)- at basic pH.  However, if the pH goes down below 5, Al(OH)3 

is repeatedly deprotonated to pentahedral Al(OH)2+, Al(OH)2
+ and hexahedral 

Al(H2O)6
3+; the latter are referred to as free aluminium ions (Al3+) which are known as a 

toxic form to living organisms.   

 

The ionic radius of Al3+ ions is 0.5 Å (Martell et al. 1996) which is similar to that of 

divalent Mg2+ cation (0.65 Å) and to those of trivalent Ga3+ and Fe3+ cations (0.62 Å 

and 0.65 Å, respectively).  Size similarity is the dominant factor for allowing metal ion 

substitution, rather than charge density (Macdonald and Martin 1988).  Therefore, Al3+ 

occasionally shares biological processes with those cations (Macdonald et al. 1987) and 

may inhibit the function of those cations by occupying binding sites (Macdonald and 

Martin 1988).   
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Aluminium ions, which are the hardest Lewis acid, prefer to interact with hard Lewis 

bases such as OH-, F-, PO4
3-, SO4

2-, CH3COO-, ROH-, RO- and RNH2
- (Yokel 2002). In 

particular, negative oxygen donors are associated with Al3+ in the most stable manner 

by the partially covalent nature of the Al-O coordinate bond (see review in Yokel 2002, 

Martell et al. 1996).  Al3+ ions prefer to form octahedral hexa-coordinate complexes 

with six molecules of water (Yokel 2002).  The bond distance between Al and O is 

around 1.87 Å (Burgess 1988).  Al3+ ions belong to the group which has the slowest 

ligand exchange rates (>10-5 s-1) in comparison to Ca2+ and Mg2+ (see Ch. 1.2.1).  

1.4.2 Biochemistry 

Despite its abundance compared to the other relevant cations, aluminium is not an 

essential element, probably due to its unique soluble chemistry, strong Lewis acid 

property and its slow ligand exchange rates as described above in Ch. 1.4.1.  The free 

Al3+ concentration in biological cells is expected to be around 10-10 M at pH 7.3 but 

increases up to 1 M at pH 4 (Macdonald and Martin 1988, Williams 2002).  At neutral 

pH, Al3+ is not harmful, whereas at low pH, Al3+ turns into a toxicant for biological 

cells, perhaps by displacing essential metal ions at functional sites (Macdonald and 

Martin 1988).  

 

In biological cells, Al3+ substitution for Mg2+ ions was proposed to occur (Ch. 1.4.1).  In 

contrast, Ca2+ ions might not be possible for direct substitution because the volume of 

Ca2+ ions in eight-fold coordination is nine times larger than that of Al3+ ions in six-fold 

coordination (Macdonald and Martin 1988).  The slow ligand exchange property of Al3+ 

ions renders the metal ions useless at the active site of enzymes or proteins including 

the kinase enzyme (Yoshino et al. 1998), consequently causing serious problems for the 

organisms.  For instance, if Al3+ replaces Mg2+ which is used for stabilisation of the 

nucleotides (see Ch. 1.2.2), Al3+ does not shift from the site between β− and 

γ− phosphates to the site between α− and β− phosphates because of its restricted 

movement (Williams 1996); Al3+ binds to ATP almost 107 times stronger than Mg2+ 

(Macdonald and Martin 1988).   

 

 



 20

An exhaustive set of studies have been conducted by Mercero and colleagues analysing 

the physical bonding of Al3+ or Mg2+ with four classes of amino acids (Mercero et al. 

1998, 2000, 2001, 2002).  Overall their results showed that the binding energy of Al3+ to 

the amino acids was much stronger than that of Mg2+.  The strongest binding occurred 

with the COO- side chains of glutamate and aspartate amino acids, followed by sulphur 

containing amino acids, cysteine and methionine (Mercero et al. 2001, Mercero et al. 

2002).  In aromatic amino acids (phenylalanine, tryptophan, tyrosine), the aromaticity 

of the carbon ring remained during interaction with Mg2+ whereas it was lost when the 

ring interacts with Al3+.  This loss was attributed to the large charge transfer to Al3+ that 

eliminates the electron density formerly available for delocalisation (Mercero et al. 

2002).   

 

Aluminium ions also interact with organic acid anions, most strongly with tricarboxylic 

acids such as citrate, malate and oxaloacetate (see review by Yokel 2002). Binding of 

those organic acids is the main factor identified for amelioration of Al3+ toxicity in 

plants (see following section).  Complexes of Al-citrate (1:1) and Al-oxalate (1:3) in the 

leaves of highly Al-accumulating buckwheat have been identified by 27Al-nuclear 

magnetic resonance (Shen et al. 2002, 2004). The stability constant of Al-citrate and Al-

oxalate is significantly higher than that of the Al-ATP complex (Ma et al. 1997a, Ma et 

al. 2001).  The Ca2+ chelator EDTA is also capable of binding and detoxifying Al3+, as 

are certain acidic polypeptides (Macdonald and Martin 1988, Konishi et al. 1988, 

Putterill and Gardner 1988).  

1.5 Al3+ toxicity in biological systems 

The importance of aluminium in biological systems has steadily increased as its toxic 

effect on the biological environment has become much clearer (Williams 1996, 

Williams 2002). Aluminium is successively solubilised in acidic condition as described 

in Ch. 1.4.1 and becomes toxic to animals (see review Domingo 1995, 2003, Golub and 

Domingo 1996), plants (Kochian 1995, Kochian et al. 2004, Kochian et al. 2005), fungi 

(Macdiarmid and Gardner 1996) and bacteria (Guzzo and Dubow 1994, Pina and 

Cervantes 1996).  The following sections review the literature on Al3+ toxicity and 

tolerance from plants and yeast. The bacteria and animal literature are much less 

detailed and will not be covered.  Intensive studies for Al3+ toxicity and tolerance have 
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been reviewed in plants (Kochian 1995, Kochian et al. 2004, 2005) whereas only a 

limited amount of research has been directed towards yeast which is the target organism 

in my thesis. 

1.5.1 Mechanism of Al3+ toxicity  

Since Al3+ can interact with extracellular and intracellular structures, a number of 

different mechanisms have been suggested for Al3+ toxicity in living organisms, 

although no compelling evidence supports any of those mechanisms (Kochian 1995).  

Those mechanisms will be largely divided into two classes: external, which includes 

Al3+ disruption of the cell surface or plasma membrane and membrane transport 

systems, and internal, in which Al3+ interacts with cellular constituents such as nucleic 

acids, calmodulin or tubulin after transported into the cell.   

External mechanisms 

The first possible explanation that has been suggested is that Al3+ might be detrimental 

to the organisms by interaction with the cell wall and cell membrane, necessarily 

preceding any transport into the cells.  For example, Al3+ ions were suggested to have 

an impact on net negative charge of the cell surface by interaction with the cell wall 

constituents such as pectins (Chang et al. 1999).  In addition, Al3+ ions could displace 

the cations (e.g. Ca2+) important for cell-wall stability (Blamey and Dowling 1995, 

Tabuchi and Matsumoto 2001).  As a consequence, structural and mechanical changes 

in the cell surface could lead to a reduction in the extensibility of the cell wall required 

for cell expansion.  Al3+ can also bind to negatively charged carboxyl groups and 

phosphate groups in the plasma membrane (Obi et al. 1989a,b, Akeson and Munns 

1989), generating structural alteration of the plasma membrane.  Al3+ substitution can 

enhance the peroxidation of plasma membranes primarily by disrupting cell membrane 

phospholipids (Gutteridge et al. 1985, Cakmak and Horst 1991, Yamamoto et al. 2001).  

Moreover, Al3+ ions have been shown to disrupt ion transport systems in the plasma 

membrane, which might change the ionic environment inside the cells (Dill et al. 1987, 

Schroeder 1988, Rengel and Robinson 1989, Rengel 1990, Rengel and Elliott 1992, 

Gassmann and Schroeder 1994, Pineros and Tester 1995, Macdiarmid and Gardner 

1998, Sivaguru et al. 2003).  However, in some cases, Al3+ inhibition on ion transport 

systems might not be a main cause of Al3+ toxicity because the effects of Al3+ on 

growth were poorly related to ion transport (Ryan et al. 1994, Reid et al. 1995, see also 
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Ch.1.5.2).  It still remains unclear whether Al3+ can interact directly with the cell 

surface or whether these changes in uptake are indirect consequences of other Al-

induced changes.  

Al3+ entry into the cells 

The process by which Al3+ enters into the cells is not known but several hypotheses 

proposed that Al3+ might pass through the cell membrane by endocytosis-mediating 

transport, by stress-induced lesions or via an ion transport system (Delhaize and Ryan 

1995).  Lazof and colleagues (1994) provided the first direct evidence of Al3+ uptake 

into the cells of soybean root tips using secondary ion mass spectrometry, suggesting 

that Al3+ entry into cells can occur in 30 min after an Al3+ exposure.  Studies using 27Al-

NMR spectroscopy showed that Al3+ enters plant cells (Ma et al. 1997a,b, Ma et al. 

1998) as well as yeast cells within minutes and continues over a period of time 

(Jagannatha Rao and Easwaran 1997).  The use of 26Al isotope has also provided 

experimental evidence of active Al3+ transport across the plasma membrane and 

tonoplast in single cells of Chara coralline, suggesting intracellular lesions might occur 

by rapid delivery of Al3+ to the protoplasm (Taylor et al. 2000).   

Internal mechanisms 

Al3+ toxicity might be due to inhibition of some essential process within the cells after 

Al3+ is transported into the cells.   Potential mechanisms for internal toxicity include 

binding to ligands such as enzymes, tubulin, ATP, GTP and DNA, thereby disrupting 

cell viability. Calmodulin, which plays an important role in cellular metabolism, might 

interact with Al3+, suggesting a possible cause of Al3+ toxicity in eukaryotic cells (see 

review Haug and Vitorello 1996).  Al-triggered modification of calmodulin changes its 

internal dynamics directly and generates a mismatch between calmodulin and its target 

proteins, phosphodiesterase (Siegel and Haug 1983a), ATPase (Siegel and Haug 1983b) 

and calpains (Zhang and Johnson 1992, Nixon et al. 1990). Many neurological diseases 

of animals associated with Al3+ create defects in the cytoskeleton.  Macdonald and 

colleagues suggested the assembly of tubulin, a key subunit of microtubules, was 

promoted by Al3+ which displaces Mg2+ at GTP and GDP receptor sites (Madconald et 

al. 1987, Macdonald and Martin 1988).  The Al-ATP complex also binds hexokinase 

more strongly than Mg-ATP complex, inducing a conformational change in the protein 

(Exley et al. 1994).  Matsumoto and colleagues detected Al3+ in purified nuclei from 
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Al-treated pea roots using staining and chemical determination of Al3+ and suggested 

that Al3+ might target phosphate groups of DNA and RNA in nuclei (Matsumoto et al. 

1988, see also review Zheng and Yang 2005).  Al3+ accumulation was higher in cell 

nuclei of Al-sensitive genotypes than those of Al-tolerant genotypes in soybean when 

they were exposed to low levels (1.45 μM) of Al3+ (Silva et al. 2000).  However, 

cytosolic toxicity by Al3+ is often dismissed because of the neutral pH in the cytoplasm 

which leads to non-toxic forms of aluminium (Ch. 1.4.1).  Also, numerous ligands in 

the cytoplasm, particularly citric acid (Ch. 1.4.2), might tie Al3+ up in non-toxic 

complexes (Kochian 1995).  Free cytoplasmic Al3+ ions were estimated to exist in the 

picomolar or nanomolar range (Kochian 1995). 

1.5.2 Al3+ toxicity in plants 

Acidic soils (<pH 5.5) make up approximately 30 % of the complete land area on earth 

and cover 40 % of the arable lands.  Soil acidification has been increased to date by 

some farming processes (e.g. ammonia fertilizers) and by acid rain.  Al3+ toxicity is the 

most important factor for limitation of agricultural use including crop yields on acid 

soils (Foy 1984, Kochian 1995). A range of plant species has evolved tolerance 

mechanisms to the acid soils, which render Al3+ ions toxic to the plants (see review Ma 

et al. 2001).   

 

In plants, the primary site of Al3+ inhibition was suggested to be the root apex (root cap, 

meristem and elongation zone), which is the site of cell expansion and elongation 

(Bennet and Breen 1991).  Bennet and Breen (1991) suggested that the root cap plays a 

role in perception for Al3+ and initiation of signals leading to the inhibition of root 

growth.  However, removal of the root cap in maize did not alter Al3+ toxicity compared 

to intact root, leading to the conclusion that the root cap does not provide the protection 

from Al3+ damage (Ryan et al. 1993).  More specifically, the distal parts of the transition 

zone within the apex were indicated as the primary target of Al3+ toxicity in wheat 

(Ryan et al. 1993) and in maize (Sivaguru and Horst 1998, Sivaguru et al. 1999).  

Nevertheless no firm consensus has been made on the mechanisms by which Al3+ 

inhibits root tip growth and root elongation. Symptoms of Al3+ toxicity in plants are 

similar to those of some nutrient deficiencies (Foy 1984, Baligar et al. 1989, 1993), 

although nutrient deficiency is only seen in long-term treatments in contrast to the 

almost immediate effect of Al3+ treatment on root elongation.   
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Genes involved in Al3+ stress 

Under toxic levels of Al3+, several genes were found to be induced in wheat (Snowden 

and Gardner 1993, Snowden et al. 1995, Hamel et al. 1998), tobacco (Ezaki et al. 1995, 

1996, 2000) and Arabidopsis (Richards et al. 1998).  They included general stress-

inducible genes involved in oxidative stress (Ezaki et al. 1995, 1996, Richards et al. 

1998), pathogen infection (Hamel et al. 1998), phosphate starvation (Ezaki et al. 1995, 

1996), heat stress (Ezaki et al. 2000), other metal stresses (Snowden et al. 1995) and 

hormone treatments (Ezaki et al. 2001).  Basu and coworkers (1994) found an Al-

inducible protein from an Al-tolerant cultivar of wheat and Hamilton and coworkers 

(2001a) identified this protein as a component of the vacuolar and mitochondrial 

ATPase synthase.   

 

Overexpression of Al-inducible genes in Arabidopsis led to the identification of four 

genes (AtBCB, parB, Ntpox, NtGDI1)5 that conferred low levels of Al3+ resistance 

(Ezaki et al. 2001).  When the parB gene or the NtPox gene was overexpressed, their 

enzyme activities were significantly increased and lipid peroxidation caused by Al3+ 

stress was diminished (Ezaki et al. 2001).  A recent paper from same group also showed 

that the AtBCB gene enhanced lignin production and gave low deposition of lipid 

peroxides in transgenic lines (Ezaki et al. 2005).  They also showed the NtGDI1 gene 

complemented the Al-sensitive phenotype of the sec19 mutant in yeast, suggesting that 

the NtGDI1 protein activates an Al3+ efflux system that protects Arabidopsis from Al3+ 

toxicity.    

 

Al-induced injuries in the shoots of the Al-sensitive als3 mutant of Arabidopsis was 

attributed to the effects of Al3+ on roots, suggesting that stress signals were generated in 

roots and transmitted to shoots (Larsen et al. 1997).  Using GUS staining of two Al-

induced, antioxidant glutathione S-transferase genes in Arabidopsis (AtGST1, 

AtGST11), Ezaki and colleagues (2004) also suggested that a signalling system between 

the root and shoot operated under Al3+ stress.    

 

                                                 
5 AtBCB (Arabidopsis blue copper-binding protein; Van gysel et al. 1993, Richards et al. 1998), parB 
(tobacco gluthathione S-transferase; Takahashi and Nagata 1992, Ezaki et al. 1995), NtPox (tobacco 
peroxidase; Ezaki et al. 1996), NtGDI1 (tobacco GDP-dissociation inhibitor; Ezaki et al. 2000) 
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Al-sensitive mutants of Arabidopsis were isolated using ethyl methylsufonate (EMS)-

induced mutagenesis (Larsen et al. 1996).  Roots of those mutants showed high morin 

and hematoxylin staining in their root tips, which indicate the presence of Al3+, 

consistent with their increased sensitivity to Al3+.  A total of nine Al-sensitive mutants 

were identified (Larsen et al. 1997) and eight of them mapped to unique loci, indicating 

that Al3+ sensitivity is genetically complex in Arabidopsis.  Rice (Oryza sativa) is one 

of the most Al-tolerant species among the small grain crops (Ma et al. 2002).  A recent 

attempt using γ-rays irradiation in rice, identified a highly Al-sensitive mutant that is 

controlled by a single recessive gene mapped to the long arm of chromosome VI (Ma et 

al. 2005).  

Cation amelioration in Al3+ toxicity 

In plants, the inhibition of root growth by Al3+ is alleviated by the addition of other 

cations, with Mg2+ and Ca2+ particularly successful.  The most commonly proposed 

mechanism for cation amelioration involves the reduction in Al3+ activity in the 

apoplasm.  Cation alleviation entails the addition of salts whose anions (generally 

chlorides) are not significant ligands for Al3+ (Kinraide and Parker 1987).  The cell 

surface represents negative charges, which are present on carboxylate groups of cell-

wall pectins, the residues of acidic amino acids in membrane proteins and the phosphate 

groups of membrane phospholipids (see Ch. 1.5.1).  The simplest elucidation of a 

mechanism for cation amelioration was proposed from a Gouy-Chapman-Stern model, 

which suggested that the increased cations in the growth media give rise to a reduction 

of cell surface negativity (Kochian 1995).  Therefore, a decrease in membrane 

negativity results in reduced activity of trivalent Al3+ cations at the cell walls and 

membranes through charge screening or charge neutralisation (see Kinraide et al. 1992, 

Ryan et al. 1994, Kinraide 1994, Kinraide et al. 1994, Kinraide 1998).  Based on this 

model, Al3+ toxicity in plants would be proportional to Al3+ activity rather than Al3+ 

concentration (Kochian 1995).  The effectiveness of cations (Mn+) in wheat genotypes 

has been proposed to show the following order: H+ > M3+ > M2+ >M1+ (Kinraide and 

Parker 1987, Kinraide et al. 1992, 1994, Kinraide 1994).  Silva and colleagues 

(2001b,c) demonstrated evidence of superior alleviation of Al3+ rhizotoxicity in soybean 

by Mg2+ compared to Ca2+.  The alleviation by Mg2+ occurred at micromolar 

concentrations, unlike Ca2+, which alleviated at milimolar concentrations.  This led 

these authors to suggest that the Mg2+ alleviation in soybean did not follow a Gouy-
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Chapman-Stern model.  This amelioration of Al3+ inhibition involved Mg-stimulated 

production and efflux of citrate by roots, leading to detoxification of Al3+ in the 

rhizosphere through formation of non-toxic Al-citrate complexes (Silva et al. 2001a) 

 

In addition to cation amelioration in plants, there have been suggestions that Al3+ might 

inhibit the uptake of specific cations at the plasma membrane (Ch. 1.5.1).  Using ion-

selective microelectrodes, Huang and colleagues (1992a,b) showed that Al3+ led to a 

reduction in Ca2+ contents and suggested that Al3+ might act as a blocker of Ca2+ 

channels at the plasma membrane.  Rengel and Elliot (1992) provided evidence that 

Al3+ binds to the verapamil-binding site on the Ca2+ channels in Amaranthus 

protoplasts.   However, Ryan and colleagues presented some experimental cases in 

which Al3+ was able to inhibit root growth in wheat without affecting Ca2+ uptake 

(Ryan and Kochian 1993, Ryan et al. 1994, 1997b).  Patch clamp studies also showed 

that Al3+ might block potassium channels (Gassmann and Schroeder 1994).  In the case 

of inhibition of Mg2+ uptake in plants, Rengel and Robinson (1989) showed that Al3+ 

competitively inhibited Mg2+ uptake by roots and concluded that Al3+ might inhibit Mg-

specific binding sites at transport proteins.  Robinson and Rengel (1991) showed that 

inhibition of Mg2+ uptake occurred within 30 minutes, suggesting that the blockage of 

uptake could be the primary cause of Al3+ toxicity.  Two Mg2+ transport proteins 

(AtMRS2-10, AtMRS2-11) in plants were also suggested to be very sensitive to 

inhibition by Al3+ (see Li et al. 2001b, also Ch. 1.6.2).  However, to date the evidence 

for specific inhibition of the uptake of particular cations in plants has not been 

convincing. 

1.5.3 Al3+ toxicity in yeast 

In spite of the excellent systems for isolating and characterizing genes for metal toxicity 

in yeast, molecular and genetic research of Al3+ toxicity and tolerance has been 

accented in yeast only over the last ten years.  Like plants (see Ch. 1.5.2), Al3+ stress in 

yeast is closely correlated with the induction of general stress-inducible genes.  For 

example, two genes, HSP150 and SED1, were shown to be induced by Al3+ stress as 

well as by oxidative stress (Ezaki et al. 1998).  The HSP150 gene was suggested to 

confer a protective role for the cells against both types of stress, while a cell surface 

glycoprotein encoded by SED1 was thought to interfere with the secretory pathway.  

Recent genetic analysis in S. cerevisiae also indicated that the PHGPX and URE2 
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genes, related to the glutathione metabolic pathway, are involved in Al3+ toxicity (Basu 

et al. 2004).  Deletion of either gene increased Al3+ sensitivity to the cells and the 

sensitivity was overcome by complementation with either gene (Basu et al. 2004).   

Deletion of the MAP kinase gene, SLT2 (Costigan and Snyder 1994, Martin et al. 1993) 

which regulates the cell cycle under cell stress, conferred sensitivity to Al3+ in yeast; it 

suggested that Al3+ stress might involve the MAP kinase signalling cascade (Schott and 

Gardner 1997, also see below).  Hamilton and colleagues (2001b) demonstrated that 

Al3+ caused the inhibition of the proton efflux via the plasma membrane-ATPase (P-

ATPase), which enhanced the counteraction of the vacuolar-ATPase (V-ATPase) to 

modulate the pH in the cytosol.  Irregular morphology in vacuole induced by Al3+ 

(Ezaki et al. 1998) was proposed to involve vacuolar perturbation with Al3+ (Hamilton 

et al. 2001b).   

 

A comprehensive analysis of the set of 4,700 yeast deletion mutants has been 

undertaken in our laboratory (R. Gardner, pers. comm.).  Nearly 5 % of yeast genes are 

needed to provide a basal level of Al3+ tolerance, because deletions of the genes 

increased sensitivity of the cells to Al3+.  Such genes include a large number of genes 

involved in a range of process including: maintaining low vacuolar pH, vesicle transport 

to the vacuole, mitochondrial function, ribosomal protein synthesis, glutathione 

production, stress responses and cation transport.  Conversely, deletion mutations in 

over 1 % of yeast genes increased basal aluminium tolerance.  More recently, a 

genome-wide screening in S. cerevisiae has identified 37 genes necessary for Al3+ 

tolerance; those mutant strains were unable to grow in the presence of Al3+ (Kakimoto 

et al. 2005).  They are largely categorised into vesicle transport genes (e.g. VPX 

complex genes), signalling pathway genes (e.g. MAP kinase pathway) and protein 

mannosylation genes (e.g. N-linked mannosyl transferase).   In particular, the most 

sensitive mutants were involved in retrograde transport from endosome-derived vesicles 

to late Golgi membranes (Kakimoto et al. 2005). The authors suggested that three 

cellular processes might be working cooperatively.   

 

Macdiarmid and Gardner (1996) established optimized conditions for stringent selection 

against Al3+ toxicity in S. cerevisiae, based on lowering the levels of pH, phosphates 

and magnesium; the media was designated as LPM (see Ch. 2.20.4).  Macdiarmid and 
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Gardner (1996, 1998) hypothesised that Al3+ toxicity in yeast is triggered by the 

inhibition of Mg2+ uptake by Al3+ (see Ch. 1.6.2 for details).   

1.6 Aluminium tolerance 

1.6.1 Tolerance mechanisms in plants 

Recently, Kochian and colleagues (2004) reviewed mechanisms of Al3+ tolerance in 

plants.  This review emphasized current knowledge of the physiological, genetic, and 

molecular basis for crop Al3+ tolerance.  Although there are a number of hypotheses for 

Al3+ tolerance in plants, this section outlines the most high profile mechanism, organic 

acid exudation, because exhaustive studies have been made in this area.  

Organic acid exudation  

One way to overcome Al3+ toxicity in plants is that Al3+ surrounding the apical root cell 

can be detoxified (Ma et al. 2001).  Plants have developed mechanisms of chelating 

Al3+ by the release of organic acids (e.g. citrate, malate and oxalate) from the roots, and 

thus preventing the detrimental effects of Al3+ on root growth  (see reviews by Delhaize 

and Ryan 1995, Ma et al. 2001, Yokel 2002, Kochian et al. 2004).  Organic acid 

secretion has to occur continuously since those acids diffuse away from the roots or are 

broken down by microorganisms (Ma et al. 2001).  Varied evidence supports the 

accumulation of Al3+ with organic acids; a) the addition of organic acids ameliorates 

Al3+ toxicity (Delhaize et al. 1993, Pellet et al. 1996, Zheng et al. 1998); b) the 

exudation of organic acids is confined to the root apex where Al3+ exerts its primary 

effect in plants (Miyasaka et al. 1991, Ryan et al. 1993, Sivaguru and Horst 1998); c) 

overexpression of the genes encoding enzymes for the organic acid pathway enhances 

exudation of organic acids as well as Al3+ tolerance (De La Fuente et al. 1997, Koyama 

et al. 2000, Tesfaye et al. 2001); d) the exudation of organic acids as well as the 

increase in the enzymes for the organic acids occurs under Al3+ stress (Pineros et al. 

2002, Li et al. 2000, Yang et al. 2001, 2004); e) Al-activated channels or transporters 

are involved in the transport of the organic acids (Ryan et al. 1997a, Zhang et al. 2001, 

Pineros and Kochian 2001, Pineros et al. 2002, Sasaki et al. 2004, Delhaize et al. 2004).   

 

The overexpression or deletion of several genes involved in organic acid metabolism 

altered the release of organic acids as well as the levels of Al3+ tolerance: citrate 
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synthase (De la Fuente et al. 1997, Koyama et al. 1999, Anoop et al. 2003), 

phosphoenolpyruvate carboxylase (Tesfaye et al. 2001) and malate dehydrogenase 

(Tesfaye et al. 2001).  However, the results have not always been consistent (Delhaize 

et al. 2001) and the changes in Al3+ tolerance obtained in this result are relatively minor.  

 

Recently two papers (Sasaki et al. 2004, Delhaize et al. 2004) provided a significant 

impact on our understanding of chelation of Al3+ by releasing organic acids.  The first 

authors isolated a membrane transport gene (ALMT1: Al-activated malate transporter) 

from wheat, which mediates Al-activated malate exudation.  Heterologous expression of 

the ALMT1 gene resulted in Al-activated malate efflux in Xenopus oocytes, in roots of 

transgenic rice and cultured tobacco cells (Sasaki et al. 2004).  Although increased 

malate efflux by ALMT1 provided Al3+ tolerance in tobacco cells, it did not occur in 

rice, a result which was attributed to the already high endogenous tolerance in this 

species (Sasaki et al. 2004).  The second authors used a transgenic approach with the 

ALMT1 gene in barley, resulting in ALMT1 expression which conferred Al-activated 

malate exudation and high levels of Al3+ tolerance, to a degree similar to that of the 

original Al-tolerant wheat (Delhaize et al. 2004).  Yamaguchi and colleagues (2005) 

indicated ALMT1 is localised in the plasma membrane for malate efflux from the 

cytoplasm to the apoplasm during Al3+ stress.  Identification of ALMT1 opens up new 

avenues of Al3+ tolerance research as a first major Al3+ tolerant gene in crop plants 

(Kochian et al. 2004). 

 

Although it is not clear how Al3+ activates anion channels, three possible models have 

been proposed (Delhaize and Ryan 1995, Ma et al. 2001, Kochian et al. 2004): a) Al3+ 

directly interacts with anion channel for activation; b) Al3+ indirectly interacts with 

anion channel by secondary messenger receptor on the cell surface; c) Al3+ enters the 

cell and triggers direct activation for channel or indirect activation of a signal cascade.   

1.6.2 Tolerance mechanisms in yeast 

In yeast, the addition of Mg2+ ions, but not Ca2+ or K+, ameliorated Al3+ toxicity in S. 

cerevisiae (Macdiarmid and Gardner 1996, 1998), suggesting that Al3+ toxicity in yeast 

might involve a specific effect on Mg2+ uptake; the results did not fit a Gouy-Chapman-

Stern model proposed in plants for the effect of cations in Al3+ toxicity (see Ch. 1.5.2). 

A significant advance in understanding the mechanism of Al3+ toxicity and tolerance 



 30

were made with isolation of the genes called ALR1 and ALR2. Macdiarmid and Gardner 

(1998) demonstrated that overexpression of these Mg2+ transport genes (ALR1, ALR2) 

conferred resistance to Al3+ and Ga3+ in S. cerevisiae.  The genes also conferred 

sensitivity to Zn2+, Mn2+, Ni2+ and Co2+ which are other substrates of the Mg2+ uptake 

system (see Ch. 1.3.2).  The authors also showed that 57Co2+ uptake was significantly 

reduced in yeast cells in the presence of Al3+, but that ALR overexpression gave 

reasonable uptake even in the presence of the inhibition by Al3+ ions.  Therefore, it was 

suggested that Al3+ toxicity in yeast is triggered by decreased transport of Mg2+ via 

Alr1. For example, the model illustrated in Fig. 1.3 suggests that the critical sites in 

Alr1 for Mg2+ uptake might be bound by Al3+, resulting in a reduction of Mg2+ transport 

to the cells.   

 

 
 

Figure 1.3 Proposed mechanism of Al3+ toxicity in yeast  
 
This illustration shows a model for how Al3+ inhibits Mg2+ uptake via the Alr1 protein in yeast. 

The effect of Al3+ on Mg2+ uptake is shown in a wild-type strain (A) and the yeast strain 

overexpressing ALR1 (B).   
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In support of this hypothesis for Al3+ toxicity in yeast, an MSc student in the laboratory, 

Kathy Fowler, showed that overexpression of two bacterial Mg2+ transporters, MgtE 

and MgtA, also conferred low levels of Al3+ tolerance in yeast (Fowler et al. 1999).  

Another MSc student showed that addition of Al3+ leads to a reduction in intracellular 

Mg2+ content, and that both Mg2+ starvation and Al3+ addition induced the same changes 

in protein synthesis in yeast (Van Kelly, MSc thesis, 2003).  Finally the activity of two 

plant Mg2+ transport genes, AtMRS2-10 and AtMRS2-11 (Ch. 1.3.2), were inhibited in 

E. coli and yeast respectively in the presence of very low levels of Al3+, indicating that 

their proteins might be the target molecule for Al3+ inhibition of Mg2+ transport (Li et 

al. 2001b). 

1.7 Aims of this research 

S. cerevisiae possesses the ALR1 Mg2+ transport gene which is responsible for the entry 

of Mg2+ into the cells of most laboratory strains of yeast (Ch. 1.3.2). Overexpression of 

this gene conferred tolerance to Al3+ in yeast cells, leading to the hypothesis that Al3+ 

inhibits yeast growth by inhibiting Mg2+ uptake (Ch. 1.6.2).   

 

This thesis describes characterization of the ALR1 gene using random PCR 

mutagenesis, as well as a truncation and chimeral approach.  The specific aims of this 

thesis were as follows:  

 

1. To identify the crucial regions of the ALR1 gene for Mg2+ transport (Chapter 3).  

Although the Alr1 protein had been experimentally established as the Mg2+ uptake 

system in yeast when this research was started, its mode of action was not well 

understood.  Knowledge of which regions of the protein and which amino acid residues 

are critical for function would help to confirm it as a full member of the CorA super-

family.  The identification of the crucial amino acids was determined by random PCR 

mutagenesis on the region of CorA homology (Fig. 1.2). The likelihood of active 

formation of oligomeric Alr1 proteins was determined by use of high expression 

(pFLN2) or low expression (pFL38) vectors expressing ALR1 mutant genes.   

 

2. To investigate whether mutations in the crucial regions of the ALR1 gene could 

confer Al3+ tolerance (Chapter 4).  The identification of amino acids capable of 
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conferring Al3+ tolerance was determined by random PCR mutagenesis, focusing on the 

critical regions for transport defined in Chapter 3.   

 

3. To investigate the necessity of the N- or C- terminal extension of Alr1 (Ch. 1.3.2) for 

Mg2+ transport (Chapter 5).  The role of N- or C- terminal extensions was determined 

by sequential truncation of these regions.  In addition, the exchangeability of CorA TM 

domains with those in Alr1 was investigated by constructing Alr1 and CorA hybrids.  
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Chapter 2 Material and methods 

2.1 Chemicals and enzymes 

Chemicals, enzymes and buffers were obtained by the following suppliers: Amersham 

bioscience, BDH chemicals New Zealand Ltd, Bethesda Research Laboratories (BRL), 

BioRad, Global Science, New England Biolabs, Promega, QIAGEN, Roche, Sigma.  

All chemicals and enzymes were of analytical grade unless otherwise. 

2.2 Buffers and solutions  

All percentages are weight per volume (w/v) unless stated.  

BLOTTO 10 % non-fat milk powder (in TBS-T) 

Buffer A 2 mM EDTA, 25 mM imidazole, adjusted to pH 7.0 

with HCl 

Chloroform/IAA chloroform : iso-amyl alcohol (24:1) 

DNA loading dye  0.04 % bromophenol blue,  0.04 % xylene cyanol, 40 

% sucrose 

Laemmli loading dye (4x) 0.03 % bromophenol blue, 1 mM EDTA, 10 % (v/v) 

glycerol, 75 mM Tris-HCl (pH 6.8), 2 % SDS, 100 

mM DTT  

LaCl3 buffer (2x) 250 mM HCl, 47 mM LaCl3 

LiAc (1x) 100 mM LiAc (pH 7.5 adjusted by HCl) 

LiAc-TE-PEG LiAc + TE + 40 % PEG4000 

Phenol/chloroform/IAA Phenol : chloroform : isoamyl alcohol (25:24:1) 

Ponceau S staining solution 0.2 % red ponceau in 1 % (v/v) acetic acid 

Resolving gel (SDS-PAGE) 375 mM Tris-HCl (pH 8.8), 0.1 % SDS, 10 % (v/v) 

acrylamide/BIS (29:1), 0.1 % ammonium persulphate 

(APS), 0.05 % (v/v) TEMED 

Running buffer (Electrophoresis) 192 mM glycine, 25 mM Tris base, 1 % SDS 

Solution I 50 mM glucose, 10 mM EDTA, 25 mM Tris (pH 8.0) 



 34

Solution II 1 % SDS (made fresh), 0.2 % NaOH 

Solution III 3 M KoAc (pH 4.8), 4.5 % (v/v) formic acid 

Stacking gel (SDS-PAGE) 125 mM Tris-HCl (pH 6.8), 0.1 % SDS, 4 % (v/v) 

acrylamide/BIS (29:1), 0.1 % ammonium persulphate 

(APS), 0.05 % (v/v) TEMED 

TBE 90 mM H3BO3, 90 mM Tris-HCl, 2 mM Na2EDTA 

(pH 8.0) 

TBS 25 mM Tris-Cl, 150 mM NaCl, pH 7.6 

TBS-T TBS + 0.1 % (v/v) Tween (20)  

TE (1X) 1 mM Tris-HCl, 0.1 mM Na2EDTA (pH 8.0) 

Transfer buffer (electro-transfer) 3.02 g Tris base, 14.42 g Glycine, 200 mL Methanol, 

0.01 % SDS to make 1L with water 

Yeast DNA isolation buffer 2 % (v/v) Triton X-100, 1 % SDS, 100 mM NaCl, 10 

mM Tris-Cl (pH 8.0), 1 mM Na2EDTA 

2.3 Antibiotics 

Name Final concentration (mg L-1) Storage Temperature (°C) 

Ampicillin (Ap) 100 -20 

Kanamycin  (Kan) 100 4 

Geneticin (G418) 200 4 

2.4 Plasmids 

2.4.1 The plasmids obtained for use in this work 

Name Description/use Reference 

pGEM-T easy  Cloning of PCR products for sequencing Promega 

pFLN2 Yeast expression vector  

(2 μ/ AmpR/URA3) 

C. MacDiarmid 

(1997) 

pFLN2-ALR1  Contains the ALR1 gene driven by 

phosphoglycerate kinase (PGK) promoter in 

PFLN2, use for PCR- mediated mutagenesis   

C. MacDiarmid 

(1997) 
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PFLN2-CorA Use for domain replacement with ALR1 K. Richard (this 

laboratory) 

pFLN2-ALR1-GFP Use for GFP fusion to ALR1 or the ALR1 

mutants  

S. Robison 

(2002) 

pFL38 Low copy episomal expression vector 

(ARS/CEN/URA3)   

Bonneaud et al. 

(1991) 

pSHA29 Contains the genomic fragment with ALR1 

driven by the ALR1 native promoter in YEP24 

C. MacDiarmid 

(1997) 

pFA6a-3HA-KanMX6 

pFA6a-KanMX6-

pGAL1-3HA 

E.coli vector with a set of yeast cassettes used 

for amplification and fusion to ALR1 

  

Longtine et al. 

(1998) 

2.4.2 The plasmids generated throughout the work  

Name Description/use 

pFL38-ALR1 Contains the genomic ALR1 gene from pSHA29 cloned 

into pFL38 vector, used for PCR-mediated mutagenesis 

or for truncation 

pFL38-ALR1-HA Contains the three repeats (3x) of HA epitope 

recombined into the C-terminus of the ALR1 gene, use 

for PCR-mediated mutagenesis  

pFL38-pGAL1-HA-ALR1 Contains  the pGAL1-HA regions recombined into the N-

terminus of the ALR1gene  

pFL38-ALR1-GFP Contains the GFP gene recombined into the C-terminus 

of the ALR1gene of pFL38-ALR1 
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2.5 Oligonucleotides 

Oligonucleotides used in this work are listed below.  Underlined bases indicate the 

homologous regions used for recombination into pFLN2-ALR1, pFL38-ALR1 or pFL38-

ALR1-HA. 

 

Name Oligonucleotide sequence (5’-3’) Use (source) 

1/5 GATTGTAGTTGTCCAACTGATG Mutagenesis (K. Richards) 

LACR TAGCGTAAAGGATGGGGAAA Mutagenesis (R. Drummond) 

1/10 CAAGGCAGGATAACGCCAGTC Mutagenesis (K. Richards) 

HM-Alr1 TTAATTAACCCGGGGATCCG Mutagenesis (this work) 

 
HM-f 
 

ATCAGTTGCAAGTCTTCCTAGTAGATATAG 
CCGCTACGACCGGATCCCCGGGTTAATTAA 

 
HM-r 
 

CCTCTGTGACTTAAATCTTCTATCTTTATC 
ACATCACTAAGAATTCGAGCTCGTTTAAAC 

 
GAHG-f 
 

GATCATCGAATATTGCTAGAAAGCGTAAA 
AGCATTTTACCGAATTCGAGCTCGTTTAAAC 

 
GAH-r 
 

AATTAGGCGATGACTCTGATGAACTTGAGG 
ATGATGACATGCACTGAGCAGCGTAATCTG 

 
HA tagging of ALR1 
(this work) 

 
GAH-del1 
 

TAATAGGACTTGCCGAGGAAGATGCGCTC 
AGCTTGGACATGCACTGAGCAGCGTAATCTG 

 
GAH-del2 
 

TATTCATACGTACTGGTTTTCTTTCCAATG 
TATCATCCATGCACTGAGCAGCGTAATCTG 

 
GAH-del3 
 

AAGTAGAGCTGGTAAACCCGATATCCTGAG 
AAACGTTCATGCACTGAGCAGCGTAATCTG 

 
GAH-del4 
 

CCTGGTAAGAGCAATACGCCGGGTCATTGG 
ATGGAATCATGCACTGAGCAGCGTAATCTG 

N-terminal truncations of ALR1 
(this work) 
 

 
HM-del5 
 

GGCCAGCTATTGGATTAAAAGAATAGACCC 
TCCTGCAACACGGATCCCCGGGTTAATTAA 

 
C-terminal truncation of ALR1 
(this work) 

1/11 GATGAAGCTAATGGTATTGG 
Sequencing of the mutagenic 
regions (this work) 

 
CorA (TM1) 
 

TCATTTGTTGACAATGTTTCAAAATTTGCTGG 
CGTAGAATCCCTGTTCCAGAAGGTGAA 

 
CorA (TM2) 
 

TAATTCTAATAATAAAGTGACAGAAATGTTGGGT
AAAGTCTCGGTGGTATCCGTGGTATT 

 
Chimeras of ALR1 with CorA 

(this work) 



 37

 
CorA (TM3) 
 

TCCATTAAATGTTATCACTGGTCTTTTCGGTATG
AATGTTGAGTTTATGCCAGAACTGAA 

 
CorA (end) 
 

CGTTAAGTGTTGCAGGAGGGTCTATTCTTTTAAT
CCAATATTACAACCAGTTCTTCCGCT 

Overlap 1 rev CCCAACATTTCTGTCACTTT 

Overlap 1 for AAAGTGACAGAAATGTTGGG 

Overlap 2 rev GATACTGGAATTCTCCCCCG 

Overlap 2 for CGGGGGAGAATTCCAGTATC 

Overlap 3 rev ACTTTCAGCGGCCTCGTTAA 

 
Combination of the single 
mutation from Al3+ tolerant 
mutants (this work) 

 
GFP1 
 

ATCAGTTGCAAGTCTTCCTAGTAGATATAGCCG 
CTACGACATGGTGAGCAAGGGCGAGGA 

 
GFP2 
 

AAGGATGGGGAAAGAGAAAAGAAAAAAATTG 
ATCGTCGACTTACTTGTACAGCTCGTCCATG 

 
GFP fusion to the mutants 
(S. Robison) 

GFP-rev CCTCTGTGACTTAAATCTTCTATCTTTATCACAT 
CACTAATTACTTGTACAGCTCGTCCA 

 
GFP fusion to the mutants 
(this work) 

HMG-alr1 GTCAAGACTGTCAAGGAGGG Sequencing of the recombined 
regions /truncation mutants 
(this work) 

1/6 CCACTTGCAGTTGAGCTAAG Sequencing of the recombined 
regions (K. Richards) 

1/8 TCCCGAAGTGGAAGTAGAGC 

1/9 CACCTGACCTACAGACAAC 

Sequencing of the truncation 
mutants (K. Richards) 

GFP1-1 CGGTGGTGCAGATGAACT 

GFP2-1 GGGCGACACCCTGGTGAA 

Sequencing of the GFP gene 
(K. Richards) 

2.6 DNA gel electrophoresis  

Agarose (0.7 % - 1 %) was prepared in TBE buffer.  DNA was mixed with the loading 

dye, loaded onto the horizontal gels and migrated by electrophoresis in a field of 1-6 V 

cm-1.  The 1 kb plus DNA ladder (GibcoBRL) or the supercoiled DNA ladder 

(GibcoBRL) was migrated for estimating the size of linear DNA or plasmid DNA, 

respectively.  The gel was stained with 0.5 mg L-1 ethidium bromide in TBE buffer for 

20-30 minutes.  The DNA was visualized by a UVP Gel Documentation 2000 System 

and printed by Imagestore 7500 version 7.12.   
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2.7 DNA gel purification 

After electrophoresis stained bands were excised from the gel using a sharp scalpel and 

transferred into 1.5-mL microfuge tubes.  The DNA was purified according to the 

instructions provided with the Prep-A-Gene DNA Purification Kit (BioRad) or the 

QIAquick Gel Extraction Kit (QIAGEN).  

2.8 Restriction endonuclease digestion 

Restriction digestion conditions followed the instruction of the manufacture’s 

(GibcoBRL or New England Biolabs).  The appropriate buffer was utilised with one 

unit of the restriction endonuclease per 1 μg DNA.  The digestion was performed at 37 

°C for 1-12 hours.  

2.9 Generation of blunt-ended DNA fragments  

The reaction mixture was prepared and performed as below at 37 °C for 30 minutes. 

The reaction was inactivated by incubation at 70 °C for 10 minutes. 

 

Linearised DNA 2 μg 

BM T4 DNA ligase buffer 1x buffer 

Klenow  0.6 U 

Polynucleotide Kinase 2 U 

T4 DNA polymerase 0.5 U 

25 mM dNTP 1.25 mM 

Total volume  30 μL 

2.10 Dephosphorylation of the vector  

The 5’ phosphates of the blunted vector were removed to prevent vector self-ligation.  

The linearised vectors were incubated with shrimp alkaline phosphatase (SAP in Roche) 

in buffer (25 mM Tris-HCL, 1 mM MgCl2, 0.1 mM ZnCl2 , glycerol 50 % [v/v], pH 7.6) 

at 37 °C for 30 minutes.  The enzyme was inactivated by incubation at 85 °C for 15 

minutes.  
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2.11 Ligation of DNA 

The purified insert was ligated into the purified linearised vector with 5 U of T4 DNA 

ligase in buffer (250 mM Tris-HCl [pH 7.6], 50 mM MgCl, 5 mM ATP, 5 mM DTT, 25 

% (w/v) polyethylene glycol 8000).  The desired combination ratios between the insert 

and the vector were derived from 1:1 molecular ratios. The ligation was performed at 16 

°C overnight.  

2.12 Polymerase chain reaction  

Polymerase Chain Reactions (PCR) were performed in a Gene Amp PCR system 2400 

machine thermal cycler using Perkin Elmer 200-μL thin-walled microAmp tubes. 

2.12.1 Use of Taq polymerase 

Standard and Mn-mediated PCR   

The standard PCR was used for optimization of random mutagenesis and general 

purposes. PCR in high Mn2+ (500 μM) or low Mn2+ (25 or 50 μM) was used for 

optimization of random mutagenesis.  The reaction mixture was prepared as below, and 

incubated at 94 °C for 5 min, followed by 30 cycles of 94 °C for 30 s, 55 °C for 30 s 

and 72 °C for 30 s, followed by 72 °C for 7 minutes.  PCR reaction buffer (10x) are 

composed of 200 mM Tris-HCl [pH 8.4] and 500 mM KCl.  For colony PCR, one 

colony was dissolved with 10 μL distilled water and 1 μL of them was used as the 

template.  In the case of yeast colony, pre-heating was adjusted to 94 °C for 20 minutes.    
 

        Mn-mediated PCR  
Standard PCR 

High Mn Low Mn 

Templates 200 pg 200 pg 200 pg 

PCR buffer 1x 1x 1x 

dNTP 200 μM (each)  200 μM (each) 200 μM (each) 

MgCl2 1.5 mM 1.5 mM 1.5 mM 

Primers 0.2 μM (each) 0.2 μM (each) 0.2 μM (each) 

Taq polymerase 2.5 U 2.5 U 2.5 U 

MnCl2 - 500 μM 25 or 50 μM 

Total volume 25 μL or 50 μL 50 μL 50 μL 
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Mn and dITP- mediated PCR 

This method was performed for optimization of random mutagenesis based on Xu et al. 

(1999). The first and second PCR (below) was incubated as above except at 5 cycles 

each.  

 First PCR Second PCR 

Templates 100 ng 2 μL of first PCR 

PCR buffer (as above) 1x  1x 

dNTP 200 μM 200 μM 

MgCl2 2 mM 2 mM 

Primers 0.2 μM (each) 0.2 μM (each) 

Taq polymerase  2.5 U 2.5 U 

MnCl2 40 μM - 

dITP - 40 μM 

Total volume 50 μL 50 μL 

2.12.2 Use of high fidelity polymerase 

Vector construction, ALR1-CorA hybrids and GFP fusion 

The following conditions were used with long primers (approximately each 60 bp).  The 

reaction was incubated at 94 °C for 5 min, followed by 25 cycles of 94 °C for 30 s, 57.5 

°C for 30 s and 68 °C for 1–2 min, followed by 68 °C for 7 min.  PCR buffer (10x) are 

composed of 50 mM Tris-HCl (pH 8.0), 50 mM KCl, 1 mM DTT, 0.1 mM EDTA, 

stabilisers, and 50 %  (v/v) glycerol.  

 

Templates 20 – 30  ng 

PCR buffer 1x 

dNTP 200 μM (each) 

MgCl2 1.75 mM 

Primers  1 μM (each) 

Pfx  high fidelity polymerase  1.25 U 

Total volume 50 μL 
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Combination for Al3+ tolerance 

The following reaction condition was used with short primers (approximately 20 bp) for 

combination of the single mutations for Al3+ tolerance.  The first- and second- PCR 

mixtures were incubated at 94 °C for 5 min, followed by 25 cycles of 94 °C for 30 s, 55 

°C for 30 s and 68 °C for 30 s, followed by 68 °C for 7 min. 

 

 First PCR Second PCR 

Templates 200 pg Each 10 ng from first PCR 

PCR buffer  1x 1x 

dNTP 200 μM (each) 200 μM (each) 

MgCl2 1.5 mM 1.5 mM 

Primers  0.2 μM (each) 0.2 μM (each) 

Pfx  high fidelity 

polymerase  

1.25 U 1.25 U 

Total volume 50 μL 50 μL 

2.13 DNA sequencing 

DNA was isolated as described in Ch. 2.18 and sent to DNA sequencing facility centre 

in University of Auckland. The sequencing was undertaken by Kristine Boxen using the 

dideoxynucleotide chain termination method with an Applied Biosystems 373A or 377 

DNA sequencer.  The electronic files were analyzed by the ABI Autoassembler 

program on Mackintosh computer. 

2.14 Bacterial growth media and condition 

All bacterial strains were cultivated at 37 °C.  Bactoagar (2 %) was used for solid media 

(L-plate). Bacterial strains were stored on solid media at 4 °C and for longer storage the 

strains were resuspended in Revco medium and kept at -70 °C. 

 

Luria broth (L-broth) 1 % peptone, 0.5 % yeast extract, 1 % NaCl (pH 7.0) 

SOC  medium 2 % peptone, 0.5 % yeast extract, 10 mM NaCl, 2.5 mM 

KCl, 10 mM MgCl2, 20 mM glucose (pH 7.0) 
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Revco medium 40 mM K2HPO4, 22 mM KH2PO4, 1.7 mM sodium 

citrate, 0.4 mM MgSO4, 30 % (v/v) glycerol 

2.15 Bacterial strains  

The Escherichia coli strains DH5α (BRL), DH10β (BRL) and RB404 (dam- strain was 

provided by P. Awarm [School of biological Sciences, University of Auckland]) were 

used for general transformation throughout the work.   In particular, the RB404 strain 

was utilised for digestion of the XbaI sites in pFL38-ALR1 and pFL38-ALR1-HA. 

2.16 Preparation of E. coli competent cells 

The E. coli strains were grown in 10 - 20 mL of L-broth overnight.  Aliquots of 3 - 6 

mL were diluted in 300 mL of L-broth and cultured for 3 hours to log phase 

(OD600=0.6-0.7).  The cultures were placed on ice for 10 min and centrifuged at 2,500 g 

for 15 min at 4 °C.  The cells were washed twice with an equal volume of distilled 

water.  The cells were resuspended in 12 mL of ice-cold 10 % (v/v) glycerol, 

centrifuged as above, resuspended in 1 mL of ice-cold 10 % (v/v) glycerol and 

transferred into 1.5 mL-microfuge tubes. The cells were again pelleted by centrifugation 

at 3,500 g for 15 min and resuspended in 250 μL of ice-cold 10 % glycerol.  Forty 

microlitres of the cells were distributed into 1.5 mL-microfuge tubes, which were kept 

at - 70 °C until used. 

2.17 Transformation by electroporation 

The Bio-Rad Pulser electroporator was used with a Bio-Rad Pulse Controller for high-

efficiency E. coli transformation.  DNA was mixed with 40-μL aliquots of competent 

cells and placed on ice for 1 min.  The mixture was transferred to the pre-cooled Gene 

Pulser cuvette.  The cuvette was placed onto the controller and electroporated with an 

electrical pulse of field strength 12.5 kV cm-1 (the Gene Pulser set at 25 mF and 2.5 kV, 

and the Pulse controller at 200 Ω).  One mililitre of SOC medium was transferred into 

the cuvette and mixed by pippetting.  The cell mixtures were transferred into a fresh 

tube and incubated at 37 °C for 1 hour.  After incubation, aliquots (50 - 200 μL) were 

spread on the L-plates containing appropriate antibiotics and incubated at 37 °C 

overnight.  
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2.18 Plasmid DNA extraction in E.coli 

2.18.1 Solution-mediated extraction 

The colony was inoculated in 10 mL of Luria broth with appropriate antibiotics and 

incubated at 37 °C overnight.  The cells were collected by centrifugation at 2,500 rpm at 

room temperature for 5 minutes.  The pellet was resuspended in 200 μL of Solution I 

containing RNase, lysed with addition of 300 μL of Solution II and mixed by inverting 

gently.  After 5 min incubation at room temperature, 300 μL of Solution III was added, 

mixed gently and the tube was incubated on ice for 10 minutes.  After centrifugation at 

high speed for 20 min at room temperature, the cleared lysates were transferred to a new 

tube.  An equal volume of isopropanol was added and mixed and the tube was incubated 

at room temperature for 10 minutes.       

2.18.2 Commercial kit mediated extraction 

The bacteria were cultured in 5 mL of a L-broth with the appropriate antibiotics and 

incubated at 37 °C overnight.  The grown cells were collected by centrifugation at 2,500 

g for 10 minutes.  The plasmid DNA was isolated as directed by the suppliers: QlAprep 

Spin Miniprep Kit Protocol (Qiagen) or High Pure Plasmid isolation Kit (Roche).  

2.19 DNA precipitation 

The DNA solution was mixed with 0.1 volume of 3 M sodium acetate (pH 5.2).  An 

equal volume of isopropanol or 2.5 volumes of 100 % ethanol was added, mixed and 

centrifuged at 15,000 g at room temperature for 20 minutes.  The pellet was washed 

with 500 μL of 70 % ethanol, mixed and centrifuged at same speed and temperature for 

5 minutes.  The pellet was dried by vacuum and resuspended with distilled water. 

2.20 Yeast growth media 

2.20.1 Complex media    

YPD medium 1 % yeast extract (Difco Bacto), 2 % peptone (Difco Bacto), 2 % 

glucose,  

YPDM medium YPD medium + 250 mM MgCl2 
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The bactoagar (2 %) was used to solidify the media before auctoclaving.  

2.20.2 Synthetic complete (SC) medium  

SC-ura medium (lacking uracil, Sherman 1991) was used for yeast growth with the 

appropriate magnesium content added.  The Major salts, Trace salts, FeCl3 and 

appropriate amino acids (Ch. 2.20.3) were mixed and autoclaved. Glucose, vitamins and 

appropriate magnesium were added into the medium after it had cooled down to 50 °C.  

Bacto agar (1.2 %) was used to solidify the media before autoclaving.  

 

Major salts (10x) 5 g L-1 (NH4)2SO4, 0.85 g L-1 KH2PO4, 0.15 g L-1 K2HPO4, 0.1 g L-1 

NaCl, 0.1 g L-1 CaCl2 

Trace salts (100x) 50 μg L-1  H3BO3, 6.25 mg L-1  CuSO4·5H2O, 10 mg L-1  KI, 44.76  

mg L-1  MnSO4·H2O, 23.3 mg L-1  Na2MoO4·2H2O, 71.2 mg L-1 

ZnSO4 ·7H2O 

Iron (1000x) 270 mg L-1 FeCl3·6H2O (filter sterilized) 

Vitamins (1000x) 2 mg L-1 biotin, 400 mg L-1 calcium pantothenate, 2 mg L-1 folic 

acid, 2 mg L-1  Inositol, 400 mg L-1 niacin, 200 mg L-1  p-

aminobenzoic acid, 400 mg L-1 pyridoxine hydrocholoride, 200 mg 

L-1  riboflavin, 400 mg L-1  thiamine hydrochloride  

Carbon sources 

(10x) 

20 % glucose; alternative carbon sources (20 % galactose, 10 % 

raffinose) were sometimes used with the inducible GAL1 promoter   

2.20.3 Amino acid supplements 

Supplements Conc. of the stock 

(g L-1) 

Volume of stock 
solution for 1 L 
medium (mL) 

Final conc. in 
medium (mg L-1) 

Adenine sulphate 2 10 20 

L-Tryptophan 2 10 20 

L-Histidine-HCl 10 2 20 

L-methionine 10 2 20 

L-Leucine  10 3 30 

L-Lysine-HCl 10 3 30 
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2.20.4 Modified minimal media  

A modified medium designated as LPM (low pH, low phosphate, low magnesium, 

Macdiarmid and Gardner 1996) was used for the metal tolerance of yeast strains.  The 

Major salts, Trace salts, appropriate amino acids (Ch. 2.20.3), FeCl2, MgSO4 and 

KH2PO4 were mixed.  Then the mixture was adjusted at pH 3.5 by diluted HCl and 

autoclaved.  Glucose (Ch. 2.20.2) , vitamins (Ch. 2.20.2) and appropriate metal ions 

(stock solutions: 40 mM Al2 (SO4), 100 mM CoCl2, 100 mM NiCl2, 1 M MnCl2, 1 M 

ZnSO4, 50 mM GaCl3) were added into the medium after it had cooled down to 50 °C.  

Agarose (1.2 %) was added for solid media because of its low Mg2+ content. 

 

Major salts (10x) 400 mM (NH4)2SO4, 50 mM KCl, 20 mM NaCl, 1 mM CaCl2,  

Trace salts (100x) 1 mM H3BO3, 20 μM CuSO4, 50 μM KI, 250 μM MnSO4, 100 

μM Na2MoO4, 150 μM ZnSO4,  

Iron (1000x) 100 mM FeCl3 (filter sterilized) 

Magenesium (500x) 100 mM MgSO4 

Phosphate (500x) 100 mM KH2PO4 

2.21 Yeast strain and growth conditions 

Strain Genotype 

CM52 MATa  his3-Δ200  ura3-52 leu2-Δ1 lys2Δ202  trp1Δ63 

CM66 MATa alr1::HIS3 alr2::TRP1 his3-Δ200  ura3-52 leu2-Δ1 lys2Δ202  trp1Δ63 

BY4743  MAT a/α his3 leu2 met15 lys2 ura3  

 

Two isogenic yeast strains (CM52, CM66) were derived from FY833 (Winston et al. 

1995) by Colin Macdiarmid (Li et al. 2001b). The deletion mutants (ΔHAC1, ΔIRE1, 

ΔEND3, ΔPEP4, ΔHIS3: inactivated by G418R) derived from the diploid strain BY4743 

were purchased from Research Genetics (Saccharomyces Genome Deletion Project).  

Yeast strains were generally cultivated in YPD (for CM52 and BY4743) or YPDM (for 

CM66). When selection for plasmid was required, strains were grown on SC-ura with 

appropriate concentrations of magnesium.  All strains were grown at 30 °C.  
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2.22 Yeast growth assays 

2.22.1 Growth on solid media 

Cells were grown to saturation (approximately OD600 = 0.9 - 1.4) in SC-ura media 

containing appropriate levels of magnesium.  For some cases using the GAL1 promoter, 

cells were grown on 0.2 % glucose, 1.8 % galactose and 0.9 % raffinose. The cells were 

serially diluted five-fold using a multi channel pipette (CappAero) or 20-fold using a 96 

-pinned device (“frog”).  Five or ten microlitres of the cells were spotted onto solid 

media containing appropriate levels of magnesium or metal ions either by a pipette or a 

96- pinned device.  The plates were incubated for 2-4 days and photographed.   

2.22.2 Growth rate measurement in liquid media 

For growth on different levels of Mg2+  

The following procedure was used for mutants with reduced Mg2+ uptake and the set of 

truncation mutants.  CM66 (alr1alr2) with wild-type and the mutant plasmids were 

grown to saturation on liquid SC-ura media with 250 mM Mg2+. The cells were 

harvested by centrifugation (800 g), washed with distilled water three times and 

resuspended in fresh SC-ura media (no Mg2+).  Aliquots of the cells were diluted (40- to 

50-fold) into SC-ura media containing different Mg2+ concentrations (20 μM, 200 μM, 

1 mM, 4 mM, 10 mM, 250 mM) to give a final OD600 = 0.05. The cultures were 

incubated at 30 °C and the OD600 was measured after 12, 24, 48 and 72 hours.    

 

In the case of the plasmid driven by the GAL1 promoter, CM66 cells were grown to 

saturation on liquid SC-ura media (with 0.2 % glucose, 1.8 % galactose and 0.9 % 

raffinose) with 250 mM Mg2+.  The cells were harvested, washed and resuspended in 

fresh SC-ura media (no Mg2+, with 0.2 % glucose, 1.8 % galactose and 0.9 % raffinose). 

Aliquots of the cells were diluted (40- to 50-fold) into SC-ura media with 2 % galactose 

and 1 % raffinose) containing 20 μM or 4 mM Mg2+ concentrations. The cultures were 

incubated at 30 °C and the OD600 was measured in the media after 24 hours. 

 

CM66 (alr1alr2) with wild-type and Al-tolerant mutant plasmids was grown to 

saturation on liquid SC-ura media containing 4 mM Mg2+. The cells were harvested, 

washed with distilled water three times and resuspended in fresh SC-ura media (no 
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Mg2+).  Aliquots of the cells were diluted (40- to 50-fold) into SC-ura media containing 

different Mg2+ concentrations (0, 1 μM, 5 μM, 10 μM) to give a final OD600 = 0.05. The 

cultures were incubated at 30 °C and the OD600 was measured after 4, 12, 24, 48 and 72 

hours.    

For growth on Al3+  

CM66 (alr1alr2) with wild-type and Al-tolerant mutant plasmids was grown to 

saturation on liquid LPM-ura media. The cells were harvested, washed with distilled 

water three times and resuspended in fresh LPM-ura media.   Aliquots of the cells were 

diluted (40- to 50- fold) into LPM-ura media containing different Al3+ concentrations 

(0, 50 μM, 100 μM, 150 μM, 200 μM) to give a final OD600 = 0.05.  The OD600 of the 

cultures was measured after 12, 24 and 48 hours. 

2.23 Transformation and recombination in yeast  

2.23.1 Preparation of single stranded carrier DNA 

Calf thymus or salmon sperm (Sigma) was dissolved in TE buffer at 10g L-1 by stirring 

overnight at room temperature.  The DNA solution was sequentially extracted with an 

equal volume of TE-saturated phenol, an equal volume of phenol:chloroform and an 

equal volume of chloroform.   The DNA was precipitated by addition of 1/10 volume of 

3 M sodium acetate (pH 6) and 2.5 volumes of ice-cold ethanol and collected by 

centrifugation at 5000 g for 20 min at 4 °C.  The pellet was washed with 70 % ethanol, 

dried by vacuum and redissolved with TE buffer to give a final concentration of 10 g L-

1.  Aliquots of DNA were distributed into 1.5 mL-microfuge tubes and kept at - 20 °C. 

2.23.2 LiAc-PEG-TE transformation/recombination  

Yeast cultures were transformed according to Gietz et al. (1995).  Cells were grown up 

at 30 °C in 50 mL of YPD or 100 mL of YPDM to log phase (OD600 = 0.6 - 0.7).  The 

cells were harvested by centrifugation at 800 g for 2 min, washed twice with 10 mL of 

distilled water and once with 10 mL of LiAC-TE.  The cells were resuspended in 1 mL 

of LiAC-TE and incubated at 30 °C for 15 minutes. In the mean time, circular/ 

linearised plasmid (200-500 ng), the amplified PCR insert (for recombination, 200-500 

ng), 300 μL of LiAC-TE-PEG and 10 μL of single stranded carrier DNA (denatured by 
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boiling at 100 °C for 10 min before use) were prepared in 1.5-mL microfuge tubes. 

Fifty microlitres of the incubated cells were added to each tube and mixed gently.  The 

mixtures were incubated at 30 °C for a further 30 min and heat shocked at 42 °C for 20 

minutes. After incubation, aliquots of the cells (80 μL – 150 μL) were plated and spread 

by glass spreader on solid media (e.g. SC-ura, LPM-ura). The colonies were counted 

after 2-4 days at 30 °C.  

2.24 Plasmid extraction from yeast 

Yeast DNA isolation was performed as described in Hoffman and Winston (1987).  A 

single yeast colony was used to inoculate 5 – 10 mL of yeast culture.  The cells were 

collected by centrifugation at 800 g for 2 min, washed once with distilled water, 

resuspended in 500 μL of water.  The cultures were transferred into 1.5-mL microfuge 

tubes and pelleted.  Then 200 μL of yeast extraction buffer, 200 μL of phenol-

chloroform and 0.3 g of glass beads (acid washed 0.45-0.5 mm, Sigma) were added into 

each tube.  The cells were vortexed at high speed for 5 min and pelleted by 

centrifugation at 15,000 g for 5 minutes. The aqueous layer (approximately 180-200 

μL) was transferred into fresh tube and ethanol precipitation (Ch. 2.19) was performed.  

The pellets were resuspended in 10 μL of distilled water.  One or two microlitres were 

used for E. coli transformation.   

2.25 Protein extraction from yeast 

The CM66 yeast strain with wild-type and mutant plasmids was grown to saturation in 

liquid SC-ura media containing 4 mM or 250 mM Mg2+, centrifuged at 800 g for 3 min 

and washed three times with distilled water.  They were then starved for a 24-h period 

in SC-ura medium without Mg2+ prior to protein analysis.  In the case of the plasmids 

containing the ALR1 gene driven by the GAL1 promoter, cells were grown for 24 h on 

SC-ura media (with 0.2 % glucose, 1.8 % galactose and 0.9 % raffinose) with 

appropriate Mg2+ (10 μM for wild-type, Del1 and Del2; 4 mM for Del3 and Del4) 

without starvation to protein analysis.   
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2.25.1 Total protein extraction  

Total yeast proteins were extracted according to Kushnirov (2000).  The cells were 

resuspended with 100 μL of water and 100 μL of 200 μM NaOH was added. Then cells 

were incubated at room temperature for 5 min, pelleted by short spin, boiled for 3 min 

in 30 – 50 μL SDS PAGE buffer (60 mM Tris-HCl pH 6.8, 5 % (v/v) glycerol, 2 % 

SDS, 4 % (v/v) β-mercaptoethanol, 0.0025 % bromophenol blue) and centriguged by 

short spin.  The supernatant was transferred into fresh tube and ready for western 

blotting. 

2.25.2 Insoluble protein extraction 

The pellet was washed with 500 μL of 400 mM sucrose in buffer A.  The pellet was 

resuspended with 250 – 500 μL of 400 mM sucrose in buffer A with protease inhibitors 

(Complete Mini, Roche). Glass beads (425 - 600 microns, Sigma) were added and the 

cells were vortexed for 5 min in a cold room.  The cells were centrifuged at 530 g for 20 

min at 4 °C.  The supernatant was transferred into fresh tube and centrifuged at 22,000 g 

for 30 minutes. The supernatant containing soluble proteins was removed. The pellet 

(insoluble proteins) was resuspended with 20 μL of 400 mM sucrose in buffer A with 

protease inhibitors (Roche).   

2.26 Measurement of Mg2+ by Atomic Absorption Spectroscopy  

This procedure is based on that of Li et al. (2001b).  All glasses and plastic ware were 

soaked with 15 % HNO3 and extensively washed with distilled water.  CM66 yeast 

strains with wild-type and mutant plasmids were grown in SC-ura containing 250 mM 

Mg2+ or LPM-ura, harvested and washed three times with distilled water. The cells were 

diluted to OD600=0.5 in fresh SC-ura (no Mg2+) or LP-ura media (no Mg2+) and starved 

by incubating them for 24 hours.  The cells were collected, resuspended and incubated 

with SC-ura with 1 mM Mg2+, LPM-ura or LPM-ura in the presence of Al3+.  Samples 

of 10 mL were taken and washed three times with distilled water, 1 mM EDTA and 

distilled water centrifuged at 800 g between washes. The harvested cells were 

resuspended in 2 mL of distilled water.  A 0.25-mL sample was taken for measurement 

of OD600 and the remaining sample (1.75 mL) were mixed with 1.75 mL of 

concentrated nitric acid. After incubation at 100 °C for 1 h, samples were mixed with 
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LaCl3 buffer (2x)  The Mg2+ contents of samples were measured with either a Varian 

1275 (Palo Alto, CA) or an Avanta (GBC, AU) atomic absorption spectrophotometer, 

using an air-acetylene flame at a wavelength of 285.2 nm.  

2.27 Protein manipulation 

2.27.1 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

Polyacrylamide gels were made up of 8 or 10 % resolving gel and 4 % stacking gel (Ch. 

2.2) in Mini-PROTEAN electrophoresis system (13.3 x 8.7 cm, Bio-Rad). The protein 

samples were loaded into each well and separated in running buffer by electrophoresis 

at 100 V until the dye migrated off the bottom of the gel.   

2.27.2 Electro-transfer 

The eletrophoresed gels were carefully detached from the glasses and placed onto the 

nitrocellulose membrane (Hybond ECL, Amersham-Pharmacia).  All apparatus and 

filter paper were pre-soaked in cold transfer buffer.  The membrane and gel were 

sandwiched by two pieces of filter paper (Whatman 3MM) and two fibre pads. The 

sandwich, held by gel-holding cassettes, was inserted into the tank containing the 

transfer buffer.  The electro-transfer was performed at 35 V overnight (12-14 h) in a 

cold room.                                                                                                                                                   

2.27.3 Ponceau S staining  

The membrane after electro-transfer was soaked with Ponceau S solution and shaken for 

5 min at room temperature.  The membrane was washed with distilled water several 

times until bands appeared. The protein pattern was photographed or scanned by 

SNAPSCAN 1212 (Agfa).  The Ponceau S was completely removed by washing with 

distilled water prior to immunoblotting.   

2.27.4 Immunoblotting 

The membrane was incubated in BLOTTO with shaking for at least 1 h, then membrane 

was washed with TBS-T for 1 minutes.  The membrane was incubated with primary 

antibody (diluted 1:2,000 for HA, 1:20,000 for Pma1) in TBS-T containing 3 % non-fat 

milk for 2 h at room temperature with gentle shaking. The membrane was vigorously 

rinsed in TBS-T for 10 min four times.  Then secondary antibody was prepared (1:3,000 
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for Goat anti-mouse, 1:5,000 for Goat anti-rabbit) in TBS-T containing 1 % non-fat 

milk.  The membrane was incubated with secondary antibody for 2 h with gentle 

shaking and again vigorously washed with TBS-T for 10 min four times. Antibody 

detection was carried out according to the ECL protocol from Amersham Bioscience.  

The membranes were exposed to Kodak X-OMAT K film and developed with AGFA 

Curix 60 developer. The membranes were stripped as described by instructions of the 

supplier, Pierce.  

2.28 GFP visualisation 

Yeast cells containing plasmids expressing GFP-fused genes were grown in SC-ura 

media containing 250 mM Mg2+, washed with distilled water and starved in SC-ura 

media without Mg2+ for 24 hours.  The starved cells were grown on SC-ura with the 

appropriate levels of Mg2+ over 3 hours.  Aliquots (10 μL) were placed onto glass 

slides, and cells were visualized using a Leica DMRE microscope and images were 

captured using a Leica DC500 CCD digital camera.  Images were saved in a TIF format 

using Adobe Photoshop 7.   
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Chapter 3 Identification of crucial regions 
for Mg2+ transport in the ALR1 gene 

3.1 Introduction 

The ALR1 gene (Aluminium resistance) encodes the major Mg2+ uptake system in yeast 

(Macdiarmid and Gardner 1998, Ch. 1.3.2).  This chapter describes the identification of 

important regions for Mg2+ transport in the ALR1 gene using random PCR mutagenesis 

of parts of the gene.  Much of the work reported in this chapter appeared in Lee and 

Gardner (2006).  

 

Random mutagenesis is a powerful tool that can be used to identify regions of proteins 

that are crucial for their activity and to investigate protein-structure relationships.  PCR-

mediated mutagenesis in particular has proved an efficient and reliable technique for 

performing such studies (O’Neill et al. 1998, Penado et al. 1998, Tapia et al. 1999). 

 

After mutagenesis of regions of ALR1, homologous recombination was used to 

introduce the mutations into the appropriate genetic context in yeast. Homologous 

recombination has been widely utilised for making gene deletions in the yeast 

chromosome (Grimm et al. 1988, Wang et al. 2004), for constructing plasmids (Ma et 

al. 1987, Oldenburg et al. 1997) and for undertaking random mutagenesis (Muhlrad et 

al. 1992, Curtis et al. 2002).  In particular, the gap repair system enables PCR-amplified 

or restriction enzyme-digested fragments to be recombined into a gapped vector 

(generated by restriction enzyme digestion) during yeast transformation.  In this 

procedure, either the amplified or the digested fragment has homology to the cut ends of 

the linear vector. 

 

The first part of the chapter describes random PCR mutagenesis on the 3’ half of the 

ALR1 gene which was overexpressed in a high copy number plasmid.  The mutated 

regions were subsequently inserted into a new vector which used the ALR1 gene tagged 
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with three tandem repeats of haemaglutinin (HA) epitopes under a native ALR1 

promoter.  A new round of mutagenesis was also undertaken on the transmembrane 

(TM) domain region of the ALR1 gene in the new vector.   

 

The second part of the chapter describes the characterisation of the mutants.  Their 

phenotype on solid media, characteristics in liquid media and rates of Mg2+ uptake in 

limited Mg2+ led to the mutants being classified into three categories: as retaining “no”, 

“low” or “moderate” activity.  Western blots using an HA antibody were performed for 

all of the mutants and three were localised using GFP fluorescence.      

 

The third part of the chapter describes experiments using the mutants to analyse the 

oligomerisation and the stability of the Alr1 protein.  Oligomerisation was assessed by 

looking at the effect of expresion of inactive mutants in the same cell as wild-type Alr1 

protein.  Alr1 protein stability was assessed by measuring the steady-state levels of 

wild-type and mutant proteins in response to a range of extracellular Mg2+ 

concentrations.    

3.2 Random mutagenesis on the 3’ half of the ALR1 gene 

3.2.1 Rationale and strategy 

Figure 3.1 describes the overall procedure for random mutagenesis of the ALR1 gene.  

The targeted region for mutagenesis was the 3’ half of the gene containing the CorA 

homology, which includes the putative TM domains near the C-terminus (see Fig. 1.2).   

 

Error-prone PCR (see Ch. 3.2.2 for details) was performed in pFLN2-ALR1 

(2μ/AmpR/URA3 expression vector), in which ALR1 is expressed from the high level, 

constitutive PGK promoter (see Ch. 2.4.1).  The primers 1/5 (in the middle of the ALR1 

gene, Ch. 2.5) and LACR (59 bp downstream of the ALR1 gene, Ch. 2.5) were used to 

amplify a 1.2-kb product (Fig. 3.1A).  The targeted region of the ALR1 gene in the 

pFLN2-ALR1 vector was digested with PstI (which cut at nucleotide position 1443 of 

the ALR1 gene) and NotI (which cut 13 bp downstream of the ALR1 gene).   The 

amplified product and the cut vector were co-transformed into the CM66 (alr1/alr2) 

mutant strain (Fig. 3.1B, see Ch. 2.21). The homologous regions (61 bp and 46 bp, 
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respectively) between the PCR product and the cut vector allowed the mutated region to 

recombine into the plasmid in vivo.   

 

 
 
Figure 3.1 Overall procedure for random PCR mutagenesis 
 
A. The pFLN2-ALR1 plasmid was digested with PstI and NotI, deleting a 1.2-kb fragment and 

leaving a 7-kb linear vector fragment. Error-prone PCR was performed on the 3’ half of the 

ALR1 gene using primers 1/5 and LACR.  B.  Purified PCR fragment and linearised vector were 
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recombined in vivo in the alr1/alr2 yeast strain, CM66. The recombinants were allowed to grow 

in media non-selective for magnesium (SCM-ura: SC-ura supplemented with 250 mM Mg2+).  

Then individual Ura+ recombinants were screened for growth on SC4-ura (SC-ura 

supplemented with 4 mM Mg2+), LPM-ura (200 μM Mg2+) and LPM-ura with aluminium, cobalt, 

nickel.  The mutants with altered phenotypes were grouped into three classes (see text).  

Plasmid DNAs were prepared from candidate mutants, transformed into E. coli by 

electroporation and verified by cleavage with EcoRI.  The plasmids were retransformed into 

CM66, retested on the same media to confirm their phenotypes and sequenced. 

 

Gap-filled plasmids were recovered after the recombination step by selection on 

synthetic complete media lacking uracil (SC-ura) containing 250 mM Mg2+.  Ura+ 

colonies were grown at 30 °C for 2-4 days.  Individual colonies were then picked to a 

master 96-well dish, replica-plated and screened for growth on low Mg2+ (both SC4-ura 

[4 mM Mg2+] and LPM-ura [200 μM Mg2+]) and on other metal ions (LPM-ura 

containing either Al3+ 70 μM, Co2+ 500 μM or Ni2+ 500 μM).  Growth of the mutants on 

media was scored and classified into three categories as described in Ch. 3.2.3.   

 

Plasmids from candidate colonies with altered phenotypes were rescued from yeast, 

transformed into E. coli and verified by cleavage with EcoRI, then reintroduced into 

CM66.  Three independent transformant colonies from each candidate were retested 

onto the same media to confirm their phenotypes.  Confirmed mutants were sequenced 

across the 1.2-kb region using the primers 1/5 and LACR.   

3.2.2 Optimization of the mutagenesis conditions  

Standard PCR introduced single amino acid changes in the 3’ half of the ALR1 

gene 

The low fidelity of Taq polymerase, which lacks 3’ to 5’ proofreading activity, provides 

5.5 x 10-4 errors per nucleotide synthesised (Invitrogen instruction manual).  The use of 

high levels of Mn2+ (500 μM) with Taq polymerase enhanced mispairing and 

misincorporation (Svetlov and Cooper 1998).  One dNTP added in excess of the other 

three also increased mutations in the targeted regions (Fromant et al. 1995).  

Substitution of dITP for one of the dNTPs during PCR reaction highly increased error 

rates (Spee et al. 1993) as did the combination of Mn2+ with dITP (Xu et al. 1999).   
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In order to optimise PCR conditions for random mutagenesis in the 3’ half of the ALR1 

gene, standard PCR (30 cycles) was compared to PCR with high Mn2+ (500 μM) or 

PCR with Mn+dITP, as described in Ch. 2.12.1.  The amplified PCR products were 

cloned directly into the pGEM-T easy vector and transformation and blue/white colour 

screening were performed (see Promega instruction manual). The plasmids from white 

colonies were isolated and the mutated regions were sequenced.    

 

Table 3.1 shows the number of base pairs and amino acids changed as a result of the 

three different PCR conditions.  Standard PCR with 30 cycles produced single base and 

single amino acid changes in two independent plasmids, whereas a high level of Mn2+ 

(500 μM) produced multiple changes.  The combination of a low level of Mn2+ (40 μM) 

with dITP (40 μM) gave rise to a relatively small number of base/amino acid changes 

(1-5 bp/1-3 aa) but still higher than standard PCR.  Single point mutations were 

favoured in order to identify important amino acid residues within the mutated ALR1 

gene.  Consequently, I decided to utilise the standard PCR with Taq polymerase (30 

cycles) for random mutagenesis of the 3’ half of the ALR1 gene.  

 

Table 3.1 Sequencing of the mutated PCR product cloned into the pGEM-
T-easy vector (Promega) 
 

Mutational method Number of bp changes/aa changes per plasmid 

Standard PCR (30 cycles) 1/1, 1/1 

High Mn2+ (500 μM) 9/7,  18/7, 15/12, 15/11, 15/11 

Mn2+ (40 μM)+ dITP (40 μM) 1/1, 2/2, 4/2, 5/3, 3/2, 3/3 

Optimization of recombination conditions 

Table 3.2 shows the results of using different ratios of insert (PCR products) and the cut 

vector to recover the products of mutagenesis.  The products amplified by standard PCR 

were co-transformed with the cut vector into a yeast strain, CM52 (ALR1/ALR2, see Ch. 

2.21).  The recombinants were allowed to grow on the medium non-selective for Mg2+ 

(SC-ura containing 250 mM Mg2+).  The number of the colonies was counted after 2 

days. Small differences in the ratio of insert : vector were not found to be critical for 

yields.  The total yield of recombinants was similar for both the uncut plasmid control 
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and the recombination mixture, indicating that the recombination process must be 

efficient.  Based on there being no significant difference between their efficiencies, I 

decided to use similar amounts of insert and cut vector (200 ng – 500 ng each) 

throughout the work.  

 

A small number of colonies grew with cut vector only; these may have derived from 

recombination with the chromosomal ALR1 gene, because they seldom appear in the 

CM66 (alr1/alr2) mutant strain (data not shown).  CM66 gave transformation 

efficiencies 50-100 times lower than those in CM52 (data not shown).   

 

Table 3.2 Number of colonies grown on SC-ura containing 250 mM Mg2+  
 

DNA transformed Molar ratios Total transformants 

Insert (121 ng): cut vector (879 ng) 1:1 1.8 x 104 

Insert (242 ng) : cut vector (758 ng) 2:1 2.2 x 104 

Insert (500 ng): cut vector (500 ng) 4:1 2.4 x 104 

Cut vector (1 μg )  NA 50 

Uncut vector (1 μg)  NA 1.2 x 104 

 
The 1.2-kb PCR product (insert) was amplified from pFLN2-ALR1 with 1/5 and LACR (see Fig. 

3.1).  The cut vector was pFLN2-ALR1 cut with PstI and NotI to give a 7-kb fragment (see Fig. 

3.1).  The PCR product and the cut vector were recombined by transformation with CM52 

(ALR1/ALR2) strain.  The ratio was calculated on the basis of 1 bp = 660 g/mole.   

3.2.3 Mutants with altered phenotype on solid media 

A total of 1,330 individual recombinant colonies in CM66 were picked and screened for 

growth on solid media.  Figure 3.2 shows an example of such a screening of a set of 96-

well plates and some of the mutants with altered phenotypes. The plasmids from 

candidate colonies with interesting phenotypes were cycled through E. coli and yeast by 

transformation, retested onto the same media to confirm phenotypes and sequenced as 

described in Fig. 3.1.   
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Figure 3.2  Phenotypic screening on 96-well plates 
 
White circle: pFLN2-ALR1 positive control, Yellow circle: mutants showing no growth on low 

Mg2+, Arrow head: mutants showing Al3+ sensitivity as well as Co2+ and Ni2+ tolerance.  The 

upper row of pictures are SC-ura plates containing 250 mM and 4 mM Mg2+  as well as LPM-ura 

(200 μM Mg2+) plates. The lower row of pictures are LPM-ura plates (hence the lack of growth of 

colonies with yellow circles) containing either 70 μM Al3+, 500 μM Co2+ or 500 μM Ni2+. 

 

I obtained twenty mutants (1.5 % of the colonies screened) that showed both a reduced 

growth phenotype on low magnesium compared to wild-type pFLN2-ALR1 and the 

presence of 1-3 amino acid changes (Table 3.3).  CM66 cells containing wild-type 

pFLN2-ALR1 showed similar growth on both SC4-ura (4 mM Mg2+) and LPM-ura (200 

μM Mg2+), whereas empty vector (pFLN2) cells showed no growth on both media.  

Cells with the wild-type plasmid were also tolerant to aluminium but sensitive to 

applied cobalt and nickel, relative to vector-only cells (see Fig. 3.2). The mutants fell 

into three phenotypic classes according to their ability for growth on solid media. These 



 59

classes are described below without presenting any data; data from a selection of these, 

and other similar mutants, is presented in Ch. 3.4.  

 

(i) No growth on low magnesium:  Eight mutants showed the most severe phenotype, 

resembling that of the empty vector.  Most importantly, these mutants showed no 

growth on both SC4-ura (4 mM Mg2+) and LPM-ura (200 μM Mg2+) plates (illustrated 

in Fig. 3.2 and designated “-“ in the first column of Table 3.3).  These mutants could 

not be scored for their growth on metal ions (Al3+, Co2+ or Ni2+) because the LPM-ura 

medium used for metal toxicity contained only 200 μM Mg2+.  All eight of these severe 

mutants had an amino acid change (shown in bold in Table 3.3) within a small region 

near the C-terminus of Alr1.  Within this region are two putative TM domains predicted 

by computer algorithm (TM2 and TM3) and also a segment immediately upstream that 

is homologous to a third putative transmembrane domain, TM1 (referred to here as 

“putative TM1”), based on similarity match between TM regions of Alr1 and CorA (see 

Fig. 3.13 for details).  Four of the eight mutants had only a single amino acid change 

(N754L and M762L in TM2, S771P in the TM2-TM3 loop, L783P in TM3).  One of 

these (M762L) contained a mutation in the highly conserved GMN motif, which was 

shown in CorA to be essential for magnesium transport activity by site-directed 

mutagenesis (Szegedy and Maguire 1999).  Two double mutants had second mutations 

(K846E, K835E) in C-terminal regions after TM domains in addition to the mutation in 

the TM domain regions (R716G, L725P respectively).  Two triple mutants had two 

additional mutations (A663T, F704S or F504L, R528G) before the TM domain regions, 

as well as TM domain mutations (F760L, L789P).  

 

(ii) Intermediate growth on low magnesium:  Two mutants showed growth on 4 mM but 

not on 200 μM plates (indicated by “+” in Table 3.3).  Again these mutants were not 

able to be characterized on metal ions for the above reason.   The two mutants in this 

class both had amino acid changes in putative TM domains. One of them had a single 

change (S729P: putative TM1) whereas the double mutant had additional mutation 

upsrteam early of the mutated regions (Q551R) in addition to T719A (putative TM1).   

Both mutants were presumed to have a small amount of residual magnesium transport 

activity.   
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Table 3.3 Mutants with reduced Mg2+ transport cluster in the 3’ end of Alr1 
corresponding to the proposed TM domains.  
 

Mutants 
Growth on 

low Mg2+ 

Growth 

on Al3+ 

Growth  

on Co2+  

Growth  

on Ni2+ 

Predicted 

TM domain

PFLN2-ALR1(wt) ++ ++ - -  

pFLN2 (empty vector) - NA NA NA  

L495P ++ + + +  

Y499C, S581P ++ + + +  

F504L, V526A ++ + + +  

F504L, R528G, L789P - NA NA NA 3 

F504L, S560P ++ + + +  

H541R ++ + + +  

Q551R,T719A + NA NA NA 1 

E583G, S817C ++ + + +  

R620G ++ + + +  

R635G, N641S, L793S ++ + + + 3 

A663T, F704S, F760L - NA NA NA 2 

I713T ++ + + + 1 

R716G, K846E - NA NA NA 1 

L725P, K835E - NA NA NA 1 

S729P + NA NA NA 1 

N754L - NA NA NA 2 

V755I ++ + - - 2 

M762L* - NA NA NA 2 

S771P - NA NA NA TM2-3 loop

L783P - NA NA NA 3 

 
The growth phenotypes are shown for control plasmids (pFLN2-ALR1, pFLN2) and mutant 

ALR1 genes expressed from the PGK promoter in the 2-micron vector pFLN2. Mutants are 

listed in order of their first amino acid change.  Proposed TM domains were derived on the basis 

of homology match between Alr1 and CorA (Fig. 3.13).  Changes in the three putative TM 

domains are shown in bold, and the TM domain changed is listed at right.  The asterisk refers to 

a change in the conserved GMN motif (see text).  The relative growth of colonies is indicated by 

symbols: wild-type (pFLN2-ALR1) growth is defined as ++ on low Mg2+ media (200 μM) and Al3+ 
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(70 μM) plates; “-“ indicates lack of growth.   NA (not applicable) indicates that colonies did not 

grow on the LPM-ura plates used for metal screening, presumably because they contain only 

200 μM Mg2+.  Cobalt and Nickel plates contained 500 μM of each metal. 

 

(iii) Wild-type growth on low magnesium:  Ten mutants showed wild-type growth on 

plates with low magnesium, but were more sensitive than the parent pFLN2-ALR1 

plasmid to growth on Al3+ (as illustrated in Fig. 3.2).  Nine of those mutants were also 

tolerant to growth on Co2+ and on Ni2+ compared with pFLN2-ALR1 plasmid.  This 

pattern of changes in cation sensitivity was expected for mutants with somewhat 

reduced activity of the Alr1 transporter, based on the converse phenotype in 

overexpressing mutants (Macdiarmid and Gardner 1998).  The tenth mutant (V755I) 

showed wild-type growth on Co2+ and Ni2+, and so might confer Al3+ sensitivity without 

altered transport of Mg2+.   These ten mutants had mutations in a range of locations 

across the mutated region. Of the five with single amino acid changes, three were 

located outside the TM domain regions, with one very early in putative TM1 (I713T) 

and another in TM2 (V755I).   

 

There was clearly the possibility for interaction between mutations in double or triple 

mutants.  However, the fact that all of the most severe growth mutants had point 

mutations in the small region (amino acid residues 716 – 789) corresponding to the 

three putative TM domains suggested that this region of ALR1 is critically important for 

Mg2+ uptake.   

 

During the course of the work I noted several primary mutants which appeared to result 

from chromosomal alterations in the original transformed colony (perhaps induced by 

transformation with the cut vector).  For example, five candidate colonies did not 

contain plasmids, based on their failure to be rescued by transformation onto E. coli 

from yeast.  Another plasmid rescued for a “no growth” phenotype colony did not have 

the appropriate size for pFLN2-ALR1, judged by cleavage with EcoRI.  These mutants 

might have resulted from chromosomal changes in the primary mutants, perhaps from 

recombination of the URA3 gene into the ALR1 locus which was in part disrupted by 

HIS3 gene in CM66 (Macdiarmid and Gardner 1998, Li et al. 2001b).  These were not 

investigated further.     
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Several inconsistent results during this research led me to suspect that the constitutive 

high expression of ALR1 might give rise to instability of the vector.  First, I obtained 

three mutants whose phenotypes were confirmed upon retransformation to yeast, but 

which had no amino acid changes in the mutated region.  Second, parallel experiments 

with pFLN2-ALR1 gave rise to a high frequency of Al-tolerant mutants, most of which 

also had no amino acid changes in the mutated region (data not shown).  Subsequent 

control experiments without any mutagenesis also gave rise to a similar high frequency 

of Al-tolerant mutants from this vector.  Based on these results, I hypothesised that the 

high level, constitutive expression of ALR1 from this vector might be detrimental to the 

cell, and might be resulting in frequent mutations of the promoter.  To circumvent this 

problem, a new low copy (pCEN) vector was constructed, as described in the following 

section.   

3.2.4 Summary 

i) Isolation of mutants.  The region of the ALR1 gene initially targeted for mutagenesis 

was the 3’ half of the gene (1.2 kb), which contains the region of CorA homology. A 

series of 20 mutants were isolated and analyzed in a high copy expression vector, 

pFLN2-ALR1. These mutants each had 1-3 amino acid changes, showed phenotypes 

with reduced growth on low Mg2+ and were classified into three categories: no, 

intermediate and wild-type growth. The eight mutants with the most severe phenotypes 

had an amino acid change within a small region of the protein containing the putative 

TM domains. This mutant screen therefore identified this localised region of the protein 

(which included amino acid residues 716 to 789), corresponding to three putative TM 

domains, as being critical for magnesium uptake.   

 

ii) Decision to change vector. During the course of mutagenesis, I noted inconsistencies 

in the data that appeared to result from variation between colonies in the level of 

expression directed from the pFLN2 vector.  I therefore decided to change the vector to 

circumvent this problem. 
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3.3 Construction of a new ALR1 vector, transfer of mutations 
and new random mutagenesis 

3.3.1 Rationale 

For the reasons discussed in the previous section, I sought to construct a yeast plasmid 

expressing the ALR1 gene from its own promoter in a low copy vector.  This section 

details the construction of the pFL38-ALR1 vector, the incorporation of an influenza 

virus haemaglutinin (HA) epitope onto the N- or C- terminus of Alr1, the transfer of the 

selected mutations from the pFLN2 vector into the new vector, and the isolation of 

further mutants for Mg2+ transport.  

3.3.2 Construction of pFL38-ALR1 plasmid 

A previous PhD student in the laboratory, Colin Macdiarmid (Macdiarmid 1997), 

selected the pSHA29 plasmid containing a genomic clone of the ALR1 gene from the 

genomic library of Carlson and Bostein (1982).  A fragment of this plasmid containing 

the ALR1 open reading frame with 1.2 kb of upstream sequence (promoter region) and 

350 bp of downstream sequence (terminator region) was prepared by digestion with 

DraI (Fig. A1.1). The DraI fragment (4.1 kb) was ligated into a centromeric pFL38 

vector (Bonneaud et al. 1991, see Fig. A1.1).  The candidate plasmid was sequenced 

and designated pFL38-ALR1.  Details of the plasmid construction are shown in 

Appendix 1.2.  

3.3.3 Fusion of HA epitope tag into ALR1  

To estimate the expression level of the Alr1 protein, the 3x haemaglutinin (HA) epitope 

tag was introduced into the ALR1 gene.  Two plasmids, pFL38-ALR1-HA and pFL38-

pGAL1-HA-ALR1, were constructed by homologous recombination as described in 

Appendix 1.3.  The former contained a C-terminal HA fusion driven by a native ALR1 

promoter whereas the latter contained an N-terminal HA fusion driven by the inducible 

GAL1 promoter.   

3.3.4 Initial screening of the new vector 

To verify the expression of ALR1 gene from the new vectors and the effect of HA 

epitope on Alr1 function, initial screening was performed on solid media.  Both pFL38-
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ALR1-HA and pFL38-pGAL1-HA-ALR1 were transformed into CM66 and eight 

independent colonies of each were replica-plated onto SC-ura containing 4 mM Mg2+, 

LPM-ura (200 μM) or LPM-ura containing different levels of Al3+ (Fig. 3.3). 

 
Figure 3.3 Initial screening of new vectors 
 
The pFL38-ALR1-HA as well as pFL38-pGAL1-HA-ALR1 were transformed in CM66 yeast 

strain.  They were grown on SC-ura containing 4 mM Mg2+ for 3 days.  Eight independent 

colonies of each were replica-plated onto SC4-ura (4 mM Mg2+), LPM-ura (200 μM) or LPM-ura 

containing 30 μM Al3+.  Glucose was used as a carbon source for all the plates.  Serial four-fold 

dilution was conducted from top to bottom. A. CM66 cells containing pFL38-ALR1-HA B. CM66 

cells containing pFL38-pGAL1-HA-ALR1.  

 

 

The cells carrying pFL38-ALR1-HA plasmid showed reduced growth on 200 μM Mg2+ 

compared with 4 mM Mg2+, along with no growth on 30 μM Al3+ (Fig. 3.3A).  In 

contrast, pFL38-ALR1 (without HA) allowed the cells to grow on 200 μM Mg2+ as well 

as 100 μM Al3+ (data not shown, see also Fig. 4.2, 4.6) in a manner similar to the wild-

type (CM52) strain (data not shown).  I concluded that the C-terminal HA fusion had 

reduced the ability of Alr1 to function on low Mg2+.  This result suggested that the C-

terminus of the gene might be structurally important for Mg2+ transport.   

 

A decrease in growth of the N-terminal fusion (pFL38-pGAL1-HA-ALR1) was also 

observed on plates containing low Mg2+ and glucose (Fig. 3.3B). Previous results from 

this laboratory with the GAL1 promoter suggest that there is a moderate level of 

expression from the GAL1 promoter under these conditions (Ezaki et al. 1999).  
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However, subsequent growth experiments using galactose as the carbon source showed 

a wild-type growth phenotype on low Mg2+, as well as on Al3+ plates (see Ch. 5.2.2 for 

details).  Although precise controls for these constructs are not available, it is likely that 

the N-terminal HA epitope did not significantly affect Alr1 activity. 

 

Figure 3.4 shows liquid growth data that confirms the slight negative effect of the HA 

insertion into the C-terminus of Alr1.  In liquid media, at the lowest level of Mg2+ (10 

μM), the cells with pFL38-ALR1-HA (Fig. 3.4B) grew more slowly over a 72-h period 

than pFL38-ALR1 (Fig. 3.4A) but showed a reasonably similar growth rate on the other 

levels of Mg2+ tested (20 μM to 250 mM Mg2+). The cells expressing the ALR1 gene 

under the GAL1 promoter also showed a slightly reduced growth rate on 10 μM Mg2+ 

(Fig. 3.4C), which might be attributed to the use of glucose, as above.   

 
 
Figure 3.4 Characteristics of new vector in liquid media 
 

CM66 cells carrying pFL38-ALR1, pFL38-ALR1-HA or pFL38-pGAL1-HA-ALR1 were grown to 

saturation on liquid SC-ura media containing 4 mM Mg2+. The cells were harvested, washed 

with distilled water three times and diluted 40- to 50-fold into SC-ura media containing different 

levels of Mg2+ (10 μM, open circles; 20 μM, solid circles; 50 μM, multiplier; 100 μM, open 

triangles; 200 μM, solid triangles; 1 mM, open diamonds; 4 mM, solid diamonds; 10 mM, open 
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squares; 250 mM solid squares) to give a final OD600=0.05. Growth rates over 72 h (4, 12, 24, 

48 and 72 h) are shown for: A. pFL38-ALR1; B. pFL38-ALR1-HA; C. pFL38-pGAL1-HA-ALR1.  

The value was taken from one independent experiment.  

3.3.5 Transfer of mutants to the new vector 

Homologous recombination was used to transfer the single point mutations in the 

critical (TM-domain containing) region from the multicopy pFLN2 vector into the new 

vector.  The transfer (illustrated in Fig. 3.5) utilised XbaI and MscI restriction sites that 

flanked the TM domain regions of pFL38-ALR1-HA.   Because the dam gene produces 

methylation on XbaI sites that inhibit cleavage by the XbaI enzyme, the pFL38-ALR1-

HA plasmid was prepared from an RB404 E. coli strain (∆dam) which disrupts 

methylation (Ch. 2.15).  The pFL38-ALR1-HA was digested with both XbaI and MscI 

and purified, generating a gap between amino acids 715 and 794 on the ALR1 gene. 

 

Twelve mutants (containing point mutations between amino acids 715 and 794 in Table 

3.3), including eight inactive mutants, were cut by ClaI and NotI, generating 890-bp 

fragments (covering amino acids 568-859).  These fragments were purified and 

recombined into the gapped vector in CM66 strain, with selection for Ura+ colonies.  

The recombined plasmids were rescued, cycled through E. coli, verified by EcoRI 

digestion and sequenced across both the recombined and transferred regions using the 

1/6 and 1/10 primers.  Several of the recombined plasmids contained unexpected 

additional mutations within the recombined regions, which led me to repeat the 

screening in these cases.  After several attempts, I eventually obtained ten plasmids with 

successful recombination that had only the expected single amino acid changes within 

the TM domain region.  Two TM domain mutations (see Table 3.3), F760L from the 

“no growth” and L793S from the “wild-type” classes of mutants, were not successfully 

transferred.   
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Figure 3.5 Transfer or isolation of the mutants using the new vector 
 
A. The fragment including the targeted mutation was prepared by excision of the mutated 

plasmids with ClaI and NotI.  The pFL38-ALR1-HA plasmid was cut with XbaI and MscI, 

generating a 240-bp gapped linear vector.  Both the fragment and the linearised vector were 

recombined into CM66 and allowed to grow on SCM-ura media (250 mM Mg2+).  The plasmids 
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from Ura+ colonies were prepared, cycled through E. coli and verified by EcoRI digestion.  

Sequencing with the primers 1/6 and 1/10 (Ch. 2.5) confirmed the successful transfer.  B.  
Error-prone PCR using Mn2+ (Ch. 2.12.1) was performed on the small region of the ALR1 gene 

including the TM domains by the primers 1/10 and HM-Alr1 (Ch. 2.5).  Cleavage of pFL38-

ALR1-HA with XbaI and MscI created the linear vector missing DNA for amino acids 715 to 794 

on ALR1.  Both the PCR fragment and the gapped vector were recombined in vivo into CM66 

yeast strain and Ura+ colonies were selected on SCM-ura (250 mM Mg2+).  Individual colonies 

were screened for growth on SC4-ura (4 mM Mg2+) and on LPM-ura (200 μM Mg2+) but not on 

metal plates (see text).  Plasmid DNAs were prepared from the colonies with reduced growth, 

transformed into E. coli by electroporation and verified by EcoRI digestion.  The plasmids were 

retransformed into CM66, retested on the same media to confirm their phenotypes and 

sequenced using the 1/11 primer (Ch. 2.5). 

3.3.6 Isolation of new mutations in the TM domain region  

Random mutagenesis in the 3’ half of ALR1 had suggested that the region containing 

the three putative TM domains is important for Mg2+ transport (Ch. 3.2.3).  Therefore, a 

new round of mutagenesis (Fig. 3.5B) was undertaken in the new vector (pFL38-ALR1-

HA), focusing on a smaller TM-domain-containing region of the gene (amino acid 

residues 715 to 794).  Random PCR mutagenesis of this smaller region required the 

addition of low levels (25-50 μM) of manganese to standard PCR conditions in order to 

attain mutation rates high enough to give single mutations per clone (data not shown).  

PCR with low Mn2+ was performed with the template (pFL38-ALR1-HA) using the 

primers 1/10 and HM-alr1 to generate a 600-bp product (Ch. 2.12.1).  The PCR product 

was recombined in vivo by co-transformation into CM66 (alr1/alr2), along with pFL38-

ALR1-HA digested with XbaI and MscI.  The recombination step was performed on 

non-selective SCM-ura (250 mM Mg2+). Individual colonies were screened for growth 

on both SC4-ura (4 mM Mg2+) and LPM-ura (200 μM) but not on metal since the 

presence of HA epitope affected cell growth on LPM-ura media (see Ch. 3.3.4).  The 

plasmids were rescued, cycled through E. coli, reintroduced into CM66, retested on the 

same media and sequenced using the 1/11 primer.  Eventually I obtained eight mutants 

(2 % of the total colonies screened) with reduced growth on low Mg2+, all of which had 

a single amino acid change.  Detailed phenotypes will be described in the next section 

(Ch. 3.4).  
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3.3.7 Summary 

i) Construction of the new vector.  A genomic ALR1 gene was cloned into a low copy 

pFL38 vector (designated as pFL38-ALR1).  C-terminal (pFL38-ALR1-HA) or N-

terminal (pFL38-pGAL1-HA-ALR1) HA fusions to ALR1 were constructed, driven from 

the native ALR1 promoter or from the GAL1 promoter, respectively.  Initial tests 

showed that the C-terminal inclusion of HA reduced growth of the cells on low Mg2+.  

 

ii) Transfer of the mutations into the new vector.  Ten single point mutations in the TM-

domain region, including eight with most severe phenotypes, were successfully 

transferred from the pFLN2 vector into the new vector (pFL38-ALR1-HA) by 

homologous recombination.     

 

iii) Isolation of new mutants.  Eight new mutants with reduced growth on low Mg2+ 

were obtained using random PCR mutagenesis of the putative TM domain regions.       

3.4  Characterisation of mutants in the low copy vector 

3.4.1 Phenotype on solid media      

Figure 3.6 shows the growth of the double mutant CM66 (alr1alr2) yeast strain carrying 

the ten mutant plasmids containing transferred mutations (Ch. 3.3.5, mutants without 

asterisks in Fig. 3.6).   

 

Most of the mutants showed the same growth phenotype in the new pFL38 vector as 

they had in pFLN2.  For example, the four single mutants (N754L, M762L, S771P and 

L783P) that had conferred a “no growth” phenotype in pFLN2 (Ch. 3.2.3) also showed 

no growth on low magnesium plates in pFL38 (that is, they showed a phenotype 

equivalent to the empty vector).  Three mutations were transferred that had been present 

as multiple mutations in pFLN2 and had conferred “no growth” (Ch.3.2.3).  All three 

(R716G, L725P, L789P) conferred “no growth” as single mutations in the pFL38 vector.  

I concluded that it was these mutations in the TM domains that had been responsible for 

the lack of activity in the original pFLN2 vector (Table 3.3).   
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Figure 3.6 The mutants show reduced growth on plates with low Mg2+ 
 
CM66 cells carrying wild-type (pFL38-ALR1-HA), empty vector (pFL38) or individual mutants 

were grown in SC-ura supplemented with 250 mM Mg2+, serially diluted 20-fold twice and plated 

on A. SCM-ura (250 mM Mg2+), or  B. LPM-ura medium (200 μM Mg2+).  The 18 mutants were 

classified as “no growth”, “intermediate growth” or “wild-type growth” (mutants in each class are 

listed in Fig. 3.7).  The mutants are arranged in amino acid order; putative TM locations are 

given in Fig. 3.13.  Asterisks indicate mutants generated by mutagenesis of pFL38-ALR1-HA.   

 

Three mutations from pFLN2 gave different results when transferred to the pFL38 

vector. One mutation (T719A) showed a less severe phenotype than previously, with 

some growth on 200 μM Mg2+ – presumably the second mutation present in the original 

pFLN2 vector (Q551R, see Table 3.3) had been contributing to the original phenotype.  

In contrast, the single mutant S729P was more severe in phenotype and was now 

classed as ‘no growth’ (on both SC-ura plates with 4 mM Mg2+, and LPM-ura plates 

including 200 μM Mg2+).  Presumably the reduced expression or the presence of the HA 

epitope in the new vector caused this modified phenotype.  Another single wild-type 

mutant (V755I in TM2, Table 3.3) also showed a more severe growth phenotype on low 

magnesium, with slightly less growth than wild-type on LPM-ura. Again, it is presumed 

that the reduced expression in the new vector gave rise to this change.  

 

The growth of eight new mutants derived from the second mutagenesis (Ch. 3.3.6) is 

also shown in Fig. 3.6 (asterisks).  Two mutants (both I746V and G758C in TM2) 

showed no growth on media with low magnesium, indistinguishable from cells 
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containing the pFL38 empty vector. Three of the new mutants showed “intermediate 

growth” (L701F, S729T, M745T) and three “wild-type” or slightly reduced growth 

(G694C, A774S, G790D). Two of new mutants (G694C and L701F) occurred in the 

region just before putative TM1, and apparently occurred as a result of changes in the 

region of crossing over in the recombination step.  

 

In addition to these 18 missense mutants, three nonsense mutations were obtained 

during the second mutagenesis.  All of these showed no growth on low magnesium 

(data not shown).  These were located at amino acids 722 and 734 within putative TM1, 

and at amino acid 769 in the loop between TM2 and TM3, confirming that at least TM3 

is critical for Alr1 function. 

3.4.2 Characteristics in liquid media  

Growth rates of the eighteen mutants were measured in liquid media containing six 

different levels of Mg2+ (Ch. 2.22.2) and the results are shown in Fig. 3.7.  The wild-

type ALR1 gene is able to confer growth in CM66 cells at essentially normal rates when 

Mg2+ is supplied at 20 μM (Fig. 3.7A).  In contrast the empty vector (pFL38) is unable 

to grow at normal rates even with 10 mM Mg2+ in the medium.   

 

Ten mutants classified as “no growth” on plates all showed growth patterns in liquid 

that were indistinguishable from cells containing the empty vector (Fig. 3.7B).  Cells 

with the N754L mutant showed a growth defect compared with empty vector even at 

high Mg; the reason for this effect on growth is unclear and it is discussed further in Ch. 

3.9.  All four mutants categorised as “intermediate growth” on plates also showed 

intermediate growth rates in liquid media for most Mg2+ levels, when compared to cells 

containing wild-type ALR1 gene (Fig. 3.7C).  The last four mutants, originally classified 

as “wild-type” growth on plates, showed growth rates similar to wild-type at higher 

Mg2+ concentrations (200 μM to 10 mM) but their growth was reduced at the lowest 

Mg2+ concentration tested (20 μM; see Fig. 3.7D).   
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Figure 3.7 The mutants show reduced growth rates in liquid medium with 
low Mg2+  
 
CM66 cells carrying wild-type (pFL38-ALR1-HA), empty vector (pFL38) or individual mutants 

were grown to saturation on liquid SC-ura media containing 250 mM Mg2+. The cells were 

harvested, washed with distilled water three times and diluted 40- to 50-fold into SC-ura media 

containing different levels of Mg2+ (20 μM, 200 μM, 1 mM, 4 mM, 10 mM, 250 mM) to give a 

final OD600=0.05. Growth rates over 72 h are shown for: A. wild-type (pFL38-ALR1-HA) and 

empty vector (pFL38); B. “no growth” mutants which showed a pattern similar to empty vector; 
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C. “intermediate growth” mutants which showed growth rates between wild-type and empty 

vector; D. “wild-type growth” mutants which showed reduced growth only on very low (20 μM) 

Mg2+. Mg2+ concentrations were: 20 μM, open circles; 200 μM, solid circles; 1 mM, open 

triangles; 4 mM, solid triangles; 10 mM, open squares; and 250 mM, solid squares. Points are 

the average (±SE) derived from three independent experiments.  

 

The classification of the mutants based on liquid media (Fig. 3.7) was therefore 

completely consistent with the solid media results (Fig. 3.6), providing additional 

evidence for the classification of the mutants into three categories. 

3.4.3 Measurement of Mg2+ uptake with the mutants 

The eighteen mutants were classified into three categories based on growth in limiting 

Mg2+ (Ch. 3.4.2).  Here I present direct evidence of altered Mg2+ uptake for three of 

these mutants.  Measurement of Mg2+ uptake was carried out using one mutant from 

each class (M762L, S729T, A774S) and compared to wild-type (pFL38-ALR1-HA) and 

to empty vector (pFL38).  Total magnesium content of the cells was measured by 

atomic absorption spectrometry (AAS, see Ch. 2.26) and changes in content were 

monitored over 2 hours (Fig. 3.8).  

 

 
Figure 3.8 The mutants show decreased uptake of Mg2+ into the cell  
 
CM66 yeast cells expressing various ALR1 genes were grown to saturation on SCM-ura (250 

mM Mg2+) and washed with distilled water three times to remove excess Mg2+.  The cells were 

incubated on SC-ura media (without Mg2+) for 24 hours.  Mg2+ uptake to starved cells was 

measured over 2 h using AAS in SC-ura media containing 1 mM Mg2+ (Ch. 2.26).  The relative 

uptake is measured as the % increase in Mg2+ content at each time point (over 2 hours) relative 

to the starting value (0 hours). pFL38-ALR1-HA (wild-type), solid squares; A774S (“wild-type 

growth” mutant), open squares; S729T (“intermediate growth” mutant), solid triangles; M762L 
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(“no growth” mutant), open triangles; empty vector (pFL38), solid circles.  Points are the 

average +/- standard error from triplicate measurements of three experiments carried out on 

different days.  

 

Since the inactive mutant required high Mg2+ to grow, all samples were grown in SCM-

ura (250 mM Mg2+).  They were thoroughly washed by centrifugation to remove excess 

Mg2+ and incubated without Mg2+ for 24 hours (Ch. 2.26).  This starvation step served 

to equalize the starting Mg2+ content in the various lines.  Starvation for 24-h period did 

not induce yeast cell death (data not shown, see also Graschopf et al. 2001 and V. Kelly, 

MSc thesis, 2003).  Mg2+ uptake into the starved cells was performed in minimal 

defined media (SC-ura) containing 1 mM Mg2+ over 2 hours.  Throughout this thesis, 

magnesium uptake will be presented as relative uptake (%), based on the ratio of Mg2+ 

content in cells after uptake over 2 hours compared to the initial starved cells.  Cellular 

Mg2+ content was slightly different in different strains after the 24-h starvation, with 

values ranging from 0.21 to 0.25 PPM/OD600.   
 

Figure 3.8 shows that the cells containing wild-type plasmid increased their Mg2+ 

content by 45 % over 2 h, while cells with empty vector apparently showed no Mg2+ 

uptake or even a slight reduction in contents.  The three mutants tested showed varying 

levels of magnesium uptake that correlated with their growth phenotype (Fig. 3.6, 3.7).  

Thus the “no growth” mutant, M762L, showed essentially no Mg2+ uptake over 2 h, 

suggesting that the alteration of this amino acid resulted in abolished Mg2+ uptake. Cells 

carrying the “intermediate growth” mutant, S729T showed intermediate rates of uptake 

of 1 mM Mg2+.  The “wild-type growth” mutant, A774S, exhibited slightly lower rates 

of uptake than wild-type plasmid.   

 

Based on this correlation between growth rates in limiting magnesium and rates of 

magnesium uptake measurement, I will refer to the three classes of mutants as “no 

activity”, “low activity” and “moderate activity”, respectively. 

3.4.4 Summary 

i)  Categorisation into three classes (“no”, “intermediate”, wild-type” growth): Eighteen 

mutants including ten transferred mutants and eight newly isolated mutants were 
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categorised into three classes on the basis of their phenotype on both solid (Fig. 3.6) and 

liquid media (Fig. 3.7).   

 

ii) The mutants show reduced Mg2+ uptake: Direct measurement of Mg2+ uptake over 2 

hours on representatives from each class confirmed that their alteration of amino acid 

caused abolished or reduced uptake of Mg2+ (Fig. 3.8).  This result suggested that the 

slow growth phenotypes reflect reductions in the Alr1 proteins´ ability to transport 

magnesium.   

3.5 Western analysis of the mutants 

 To determine if the mutations had any effect on Alr1 protein stability or steady state 

expression, Western analysis was used to monitor protein expression of the mutants.   

 

Graschopf et al. (2001) previously showed that at high external magnesium, wild-type 

Alr1 is internalised and degraded in the vacuole (Ch. 1.3.2).  Initial Western blots 

confirmed that high external Mg2+ (250 mM) reduced the amount of reactive HA 

epitope from the pFL38-ALR1-HA plasmid (data not shown).  However, to obtain 

sufficient cells of the inactive mutants for analysis, all cultures had to be grown up at 

250 mM Mg2+.  To circumvent these low levels of the proteins on high Mg2+, I 

subjected all cells to a 24-h period of starvation in SC-ura medium without Mg2+, prior 

to protein analysis.  Total proteins were extracted (Ch. 2.25.1), migrated on SDS-PAGE 

gels (Ch. 2.27.1), transferred into the membrane (Ch. 2.27.2) and probed with anti-HA 

antibody (Ch. 2.27.4).  To estimate gel loadings, the membrane was reincubated with an 

antibody to H+-ATPase (Pma1; Serrano et al. 1993) which is most abundant plasma 

membrane protein in yeast. 

 

The results, presented in Fig. 3.9, show that the wild-type and all the mutant plasmids 

expressed a band of the expected size (ca. 100 kDa).  In some cases, an additional band 

was seen at 120-kDa, whose origin is not clear.  Graschopf et al. (2001) also observed a 

larger-than-expected band that was attributed to forms of Alr1 resulting from post-

translational modification.   
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There was some variation between samples in the amount of reactive 100-kDa protein 

seen; however, 17 of the 18 mutants showed a band whose intensity was similar to the 

wild-type gene or higher (Fig. 3.9).  I therefore concluded that in these cases the loss of 

Mg2+ uptake activity was not due to a reduction of protein expression.  The exception 

was the moderate activity mutant, G790D in TM3, which had a reactive band of lower 

intensity than wild-type Alr1 protein in Fig. 3.9 (as well as in two other experiments 

where cells were grown in 4 mM Mg2+ without a starvation period).  In this case, the 

reduced activity of the mutant may be a result of a lower level of protein expression or 

perhaps mis-processing of the protein.    

 
Figure 3.9 All the mutant proteins are expressed 
 
CM66 cells containing wild-type (pFL38-ALR1-HA), empty vector (pFL38) or individual mutants 

were grown up in 250 mM Mg2+ and then starved for Mg2+ over 24 hours. Total proteins were 

prepared and Western blots were carried out to analyse HA or Pma1, as indicated. A. “no 

activity” mutants; B. “low activity” and “moderate activity” mutants.  The predominant reactive 

band against HA migrated similarly to the 100-kDa marker, while that against Pma1 migrated 

above the 190-kDa marker. 

 

Western blots of insoluble proteins from the mutants (Ch. 2.25.2) were also performed 

but degradation problems were encountered, possibly during the extraction (data not 

shown). However, all the mutants in this experiment showed at least some reactive 

bands in the insoluble fraction, while cells harbouring empty vector (pFL38) did not 

show the band.  This result confirmed that all the mutant proteins were localised at least 
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partly to membrane fractions within the cell; no experiments were specifically 

conducted with the plasma membrane fraction. 

3.6 Localisation of the mutants using GFP fusion 

One inactive mutant (M762L in the GMN motif) as well as the wild-type ALR1 gene 

was C-terminally fused to the green fluorescent protein (GFP) in the pFLN2 vector by 

homologous recombination (Ch. 2.23.2).  Cells carrying either plasmid were starved 

without Mg2+ for 24-h period to maximise the amount of the protein found in the plasma 

membrane after growth on 250 mM Mg2+.  The cells were then incubated in a range of 

Mg2+ (10 μM – 250 mM) for 3 h and examined by light microscopy (Ch. 2.28).  The 

results are shown in Fig. 3.10. 

 

 
Figure 3.10 GFP fluorescence of wild-type and mutant Alr1 fusions 
 
CM66 cells carrying pFLN2-ALR1-GFP or M762L-GFP (in pFLN2) were grown in SCM-ura (250 

mM Mg2+) and starved for Mg2+ over 24 hours.  The cells were grown in SC-ura  with a range of 

Mg2+ concentrations (10 μM, 100 μM, 4 mM, 250 mM) for 3 hours.  Ten microlitres of the cells 

were placed on microscope slides.  GFP visualisation was performed using a Leica DMRE 

microscope using a G/F/P filter and images were captured using a Leica DC500 CCD digital 

camera. A. wild-type pFLN2-ALR1-GFP; B. the M762L mutant fused to GFP. 

 

GFP expression for both wild-type Alr1 and the Alr1 mutants was detected mostly at 

the plasma membrane in both low (10-100 μM) and standard (4 mM) concentrations of 

Mg2+.  Exposure of both cells to 250 mM high Mg2+ led to significant reduction of GFP 
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expression at the plasma membrane but increased GFP localisation in sections of the 

cytosol (likely corresponding to vacuoles), although minor GFP expression still 

remained at the plasma membrane. Two more mutants (S729P, L783P) fused to GFP 

also showed indistinguishable results from M762L (data not shown).   

 

I also fused a GFP tag into the C-terminus of the wild-type ALR1 gene as well as of the 

M762L mutant in the low-copy pFL38 vector.   However, no fluorescent GFP signal 

was detected in cells containing either plasmid, presumably because of the lower level 

of GFP expression.   A similar result was found in Huh et al. (2003) in a global screen 

of yeast gene expression, where GFP fusion to the C-terminus of chromosomal ALR1 

did not give detectable expression.   

     

Nevertheless, the fact that the fluorescence of three mutants was detected at the plasma 

membrane confirms that the inability of these mutants to transport Mg2+ is not due to 

the mis-localisation of the mutant protein. This pattern of localisation to plasma 

membrane and cytoplasm on standard and high levels of Mg2+ differs somewhat from 

that observed by Graschopf et al. (2001), and is discussed in Ch. 3.9.4. 

3.7 Dominant negative phenotype of the mutants 

3.7.1 Rationale 

The CorA super-family members have been reported to have two or three 

transmembrane domains near the C-terminus (reviewed in Ch. 1.3.1, 1.3.2).  Bacterial 

CorA protein forms a homo-tetramer (Warren et al. 2004) and yeast Mrs2 protein forms 

a homo-pentamer (Kolisek et al. 2003).  In order to investigate whether Alr1 also forms 

oligomers, I utilised the idea that an inactive subunit may disrupt active subunits in 

oligomers (Yerushalmi et al. 1996).   
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Figure 3.11 Inactive mutants of Alr1 show a dominant negative phenotype 
 
A.  Four inactive mutants (S729P, M762L, S771P, L783P) and wild-type ALR1 gene, cloned in 

either a high copy vector (pFLN2) or a low copy vector (pFL38), as well as empty vector 

(pFLN2) were transformed into CM52 (ALR1/ALR2).  Cells were grown on SC-ura media 

supplemented with 250 mM Mg2+ and five-fold serial dilutions plated on media containing high 

(250 mM) or standard (4 mM) magnesium.  For comparison, CM66 with pFLN2 is shown 

(bottom).  B.  One inactive mutant (M762L) and the wild-type ALR1 gene expressed from 

pFLN2, as well as empty vector (pFLN2), were transformed into a diploid strain of yeast 

(BY4743, wild-type for ALR1 ALR2) with deletions in either the HAC1, IRE1 or HIS1 genes (the 

latter was used as a wild-type strain).  Cells were grown, diluted and plated as above.  All 

pFL38 constructs have a C-terminal HA epitope (not present in the pFLN2 constructs). 

 

3.7.2 Active form of Alr1 protein 

Four single mutants (S729P, M762L, S771P, L783P), expressed from both the pFLN2 

and pFL38 vectors, were introduced into the CM52 yeast strain containing a wild-type 

copy of ALR1.  For comparison two wild-type plasmids (pFLN2-ALR1, pFL38-ALR1-

HA) and empty vector (pFLN2) were also introduced into CM52.  Figure 3.11A shows 

the growth phenotype on media containing either 250 mM or 4 mM Mg2+.  When four 

mutants were expressed in the low copy number pFL38 vector, all four allowed the cells 

to grow on both plates to the same degree as wild-type cells.  However in the high copy 

number pFLN2 vector, four mutants severely inhibited growth of the cells at the 

comparatively high level of 4 mM Mg2+, as well as at the low level of 200 μM Mg2+ 

(data not shown).  High Mg2+ (250 mM) alleviated this inhibition, allowing a similar 
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level of growth as CM66 carrying the empty vector (bottom line).  This dominant 

negative phenotype suggests that overexpression of the mutant protein induces a 

specific negative effect on the expression or activity of the wild-type Alr1 protein, 

rather than a non-specific effect on cell growth.   Low-level expression of the mutants 

from the low copy number vector did not affect activity of the wild-type gene at 4 mM 

Mg2+. 

 

However, it is also possible that this dominant negative phenotype might result from a 

more general degradation of inappropriately folded proteins, since the dominant 

negative phenotype was only observed following overexpression.  Casagrande et al. 

(2000) showed that overexpression of a membrane protein can induce its degradation 

via the unfolded protein response (UPR) in the endoplasmic reticulum (ER).  To see if 

the dominant negative phenotype involved the unfolded protein response (UPR), I used 

ire1 and hac1 deletion mutant strains, which are both defective in the UPR (Patil and 

Walter 2001, Lee et al. 2003).  Cells that lack either Ire1 or Hac1 protein show 

increased cell death upon accumulation of unfolded protein in the ER, compared to 

wild-type cells (Casagrande et al. 2000). 

 

One mutant M762L in the pFLN2 vector was introduced into ire1 and hac1 mutant 

strains as well as into a wild-type strain (his1::kanMX insertion was used as the wild-

type strain, to provide a KanMX-containing control strain).  The same dominant-

negative growth effect was observed when the mutant was expressed in both hac1 and 

ire1 mutant strains (Fig. 3.11B).  This phenotype was completely reversed at high Mg2+ 

such that yeast growth was similar to the CM66 cells with the empty vector (Fig. 3.11A 

bottom line).  I conclude that the dominant negative effect of the Alr1 mutants occurs 

independently of the UPR.    

 

The result is consistent with the hypothesis that the active form of Alr1 might be an 

oligomer, as has been demonstrated for the CorA (Warren et al. 2004) and Mrs2 

proteins (Kolisek et al. 2003).   
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3.8 Regulation of Alr1 stability by external Mg 

3.8.1 Rationale 

Graschopf et al. (2001) previously showed that Alr1 stability is dependent on Mg2+ 

concentration (reviewed in Ch. 1.3.2).  High external Mg2+ leads to a decrease in Alr1 

protein at the plasma membrane, because it is internalised and degraded in the vacuole.  

Graschopf found that quite low external levels of Mg2+ (100 μΜ upwards) caused a 

marked reduction of the amount of Alr1 in the plasma membrane.  Similar protein 

regulation has been found with transporters of manganese (Smf1, Liu et al. 1999), 

copper (Ctr1, Ooi et al. 1996) and zinc (Zrt1, Gitan et al. 1998). 

  

The availability of an inactive mutant provided me with an opportunity to examine 

whether the mechanism that triggers degradation of Alr1 was sensing external or 

internal levels of magnesium.  Based on the results of Graschopf et al. (2001) I decided 

to monitor the amount of Alr1 present (using the HA epitope tag) at different levels of 

external magnesium.  If degradation was triggered by a mechanism that sensed internal 

magnesium, then there should be a difference in degradation between the inactive 

mutant and the wild-type protein.  However, if external magnesium concentrations were 

being sensed, then no difference should be observed. 

 

This section details the changes in Alr1 stability at a range of Mg2+ concentrations using 

Western blot experiments.  

3.8.2 Degradation of Alr1 by external Mg2+ 

In order to keep the Alr1 protein maximally localised to the plasma membrane, CM66 

cells containing either wild-type pFL38-ALR1-HA or the inactive GMN mutant 

(M762L) were both grown on the SC-ura medium with 250 mM Mg2+ (necessary for 

growth of the mutant) and then starved for Mg2+ over 24 hours.  The starved cells (in 

which the Alr1 protein should be abundant on the plasma membrane) were then grown 

in SC-ura medium containing varying levels of Mg2+ for 3 hours.  Total protein lysates 

were prepared as described in Ch. 2.25.1 and immunoblotted with HA antibody (Ch. 

2.27).   
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Figure 3.12 shows the results of Western analysis with the wild-type Alr1 and the 

mutant M762L.  Both wild-type and mutant Alr1 proteins were maintained at equal 

levels in Mg2+ concentrations from 10 μM to 50 mM, but in both cases the protein was 

reduced in 250 mM Mg2+.  Two repeated experiments showed consistent results. This 

result for the wild-type protein is in contrast to the Graschopf et al. (2001), who showed 

that the Alr1 protein was mostly degraded in 1 mM Mg2+ and completely in 10 mM 

Mg2+ after a 3-h incubation period.  My experiment was repeated with cycloheximide 

(100 μg/mL) but gave the same results as shown in Fig. 3.12 (data not shown), 

suggesting that the effect was independent of newly synthesised protein over the course 

of 3 hours.  The reasons for the difference between my results and those of Graschopf et 

al. remain unclear and are discussed in Ch. 3.9.4. 

 

 
Figure 3.12 Degradation level on a variety of Mg2+ 
 
CM66 cells carrying pFL38-ALR1-HA and the M762L mutant were grown on SCM-ura media 

(250 mM Mg2+), washed with distilled water three times and starved for Mg2+ over 24 hours.  

The starved cells were diluted into SC-ura media containing a range of Mg2+ (10 mM, 200 mM, 

1 mM, 4 mM, 50 mM, 250 mM) to give a final OD600= 0.5.  After 3 hours, total lysates were 

extracted and Western blots were performed with HA antibody.  The upper panel shows the 

Western result and the bottom panel shows Ponceau S staining to estimate loading (Ch. 

2.27.3). 

 

In conclusion, these experiments were not able to determine whether cells sense Mg2+ 

externally or internally, because the wild-type protein was unexpectedly stable at 

physiological levels of magnesium.  It is at precisely these levels that the largest 
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differences between mutant and wild-type would have been expected.  From the result 

that no difference in protein level was seen between the wild-type and the mutant, it 

might be concluded that sensing is external.  However, the mutant is clearly capable of 

some Mg2+ uptake at 250 mM Mg2+, since it grows at this concentration.  It remains 

possible that an internal sensor is operative, and that in both wild-type and mutant, 

uptake had reached a level sufficient to trigger degradation.   

3.9 Summary and discussion 

This chapter describes mutagenesis of the Alr1 gene and the characterisation of mutants 

with reduced magnesium transport.  The results have provided evidence that amino acid 

residues in the region of the protein including three putative TM domains are critical for 

Mg2+ transport.  In addition, the dominant negative phenotype of the mutants suggested 

that the active form of the Alr1 may be homo-oligomers.  These results confirm the 

classification of ALR1 as a member of the CorA super-family of magnesium transport 

genes.  

3.9.1 The critical region of Alr1 contains three putative TM domains  

Random PCR mutagenesis of the 3’ half of ALR1 gene identified a region between 

amino acids 716 and 789 (Table 3.3) as being essential for the function of Mg2+ uptake. 

Out of 20 mutants with reduced growth on low Mg2+, all eight mutants (including four 

single mutants) that showed severe growth reductions contained a mutation within this 

critical region (Table 3.3).  During this work I noted that the 2-micron vector used 

(pFLN2) produced unstable phenotypes, which led me to construct a new centromeric 

plasmid (based on pFL38) containing the ALR1 gene with a C-terminal HA fusion 

under the control of the native promoter (Appendix 1).  Point mutations from the critical 

region of ten mutants (including eight severe mutants, see Fig. 3.6 legend) were 

successfully transferred into the new vector.  A second round of mutagenesis focusing 

on the critical region created eight additional mutants, including two more with severe 

phenotypes.  Based on their growth ability on low Mg2+ and their ability to take up 

Mg2+ (Fig. 3.6 - 3.8), the 18 mutants were categorised into three groups: “no activity”, 

“low activity” or “moderate activity”.  Reduced activity of the most mutants was not 

due to a decrease of the protein (Fig. 3.9) or to mis-localisation of the mutant protein 
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(Fig. 3.10).  I therefore concluded that this C-terminal region is important for Alr1 

function in Mg2+ transport into the yeast cells.    

 

Within this critical region are two putative TM domains predicted by computer 

algorithm (TM2 and TM3), one of which contains the highly conserved GMN motif that 

is the signature of the CorA super-family of magnesium transport proteins.  The critical 

region also contains a segment immediately upstream that is homologous to a third 

putative transmembrane domain, TM1, experimentally demonstrated in the S. 

typhimurium CorA protein (Smith et al. 1993).   In addition, three nonsense mutations 

occurring in the TM domain region also confirmed the importance of at least the TM3 

domain for Mg2+ transport (Ch. 3.4.1).  Of ten inactivating amino acid changes, three 

fell in putative TM1, four within TM2, two in TM3, with the tenth (S771P) on the short 

loop between TM2 and TM3. One of the inactive mutants contained an altered amino 

acid in the conserved GMN motif; any changes to this motif in CorA inactivated uptake 

(Szegedy and Maguire 1999).   

 

The simplest interpretation of these results is that the Alr1 protein has three 

transmembrane domains and so may have a topology similar to CorA.  Although the 

presence of three charged residues (R, H, E) in putative TM1 might cause the instability 

for residing in lipid layer, a number of nickel transporters in bacteria, archaea and fungi 

contain five charged residues in their second TM domains; (Wolfram et al. 1995, 

Fulkerson et al. 1998, Fulkerson and Mobley 2000, Degen et al. 1999, Degen and 

Eitinger 2002).  A domain equivalent to TM1 is not present in two other members of the 

CorA super-family: a yeast mitochondrial Mg2+ transporter, Mrs2 (Bui et al. 1999) or in 

a variant form of CorA, ZntB (Caldwell et al. 2003). Based on the proportion of 

charged amino acids, TM1 has also been suggested to be missing in a number of other 

CorA homologues (Smith et al. 1998, Kehres and Maguire 2002).  Thus, it clearly 

remains possible that this region of Alr1 is crucial for Mg2+ transport because it forms a 

critical structure other than a TM domain.  Experimental attempts to demonstrate the 

topology of Alr1 using the “PRONASE shaving” method were inconclusive (described 

in Appendix 2).   

 

The three mutations in putative TM1 that completely inactivated Alr1 uptake were all 

non-conservative substitutions that may result in relatively gross changes of structure 
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(see below).  It is therefore not clear if the region of putative TM1 domain is involved 

directly or indirectly in Mg2+ transport.  A recent proposed topology of CorA suggested 

that the TM1 domain may assist Mg2+ transport by lying behind and sustaining the pore 

formed by TM2 and TM3 (Warren et al. 2004).   

3.9.2 Nature of the mutations 

Figure 3.13 shows an alignment of the three transmembrane domains of the bacterial 

CorA protein with the homologous regions of Alr1.  Outside of the conserved GMN 

motif, the degree of similarity within each of the TM domains is quite low.   Alr1 amino 

acid residues mutated here, as well as critical residues within TM2 and TM3 of CorA 

(Smith et al. 1998, Szegedy and Maguire, 1999) are shown in boldface.  

 

 
Figure 3.13 Alignment of the TM domains of the S. cerevisiae Alr1 and the 
S. typhimurium CorA proteins 
 
Bold amino acids represent crucial residues experimentally identified for the putative TM 

domains of either Alr1 (this chapter) or CorA (Smith et al. 1998, Szegedy and Maguire 1999); 

changes to these amino acids reduced transport activity. The mutational changes described 

here are shown by letters above the line; bolding of the mutants indicates “no activity” mutants.  

The TM domains of Alr1 were predicted by alignment with CorA. The consensus (cons) 

residues for bacterial CorA sequences are derived from the alignments of Kehres et al. (1998). 
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Proline changes suggest that the alpha-helical structure of TM1 and TM3 is 

important 

Five of the random changes that inactivated Mg2+ transport by Alr1 involved changing 

amino acid residues into proline, either in putative TM1 (L725P, S729P), in TM3 

(L783P, L789P) or in the loop between TM2 and TM3 (S771P).  Introducing a proline 

is known to disrupt the structure of alpha helices (Smith and Pease 1980, Ezquerra et al. 

1999), which are often important for the function of TM domains.  Although it cannot 

be excluded that the specific residues changed to proline are essential for Mg2+ uptake, 

it seems likely that the severity of the phenotype associated with the proline 

substitutions reflects the functional importance of alpha-helical structure in these critical 

regions. 

 Ile746 and Met762 are important residues based on conservative changes 

The other five mutated residues in the “no activity” class of mutants were located on 

either putative TM1 domain (R716G) or TM2 (I746V, N754L, G758C, M762L).  Three 

of these inactivating mutations have relatively radical changes, but two of the TM2 

mutations involve very conservative amino acid substitutions: I746V and M762L.  I 

therefore suggest that residues Ile746 and Met762 within TM2 are both critical for Mg2+ 

uptake.  In the case of Met762, this residue is part of the highly conserved GMN motif, 

which has already been shown to be essential for CorA activity in bacteria (Szegedy and 

Maguire 1999).  The GMN motif has been suggested to play a role in maintaining a 

proper loop conformation between TM2 and TM3 rather than binding to Mg2+ (Szegedy 

and Maguire 1999, Kehres and Maguire 2002).   In the case of Ile746, the inactivating 

mutation to valine provides the first indication that this residue may be critical for 

magnesium transport.  Ile746 is predicted to be located close to the cytoplasmic side of 

the TM domain.  The complete loss of function as a result of a relatively minor switch – 

isoleucine to valine involves the loss of one methyl group – is consistent with the idea 

that this amino acid plays an important role in magnesium transport.  However, unlike 

the GMN motif, this region of the protein and the Ile residue in particular, are not well 

conserved.  The other two homologous proteins in yeast (Alr2 and Mnr2) both have a 

leucine at this site (MacDiarmid and Gardner 1998, see also Appendix 3), while the 

‘equivalent’ residue in the aligned Salmonella CorA is in fact valine (Fig. 3.13).  Across 

the bacterial family, V and I are most common at this site but M, F, T, A, W and Y 
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residues are present in different genes (Kehres et al. 1998). This valine residue was not 

mutated by Szegedy and Maguire (1999). 

TM2 may be the most critical TM domain for Mg2+ transport 

Of the five inactivating mutations that did not involve a change to proline, four were 

within TM2.  Assuming an equal distribution of mutations during the PCR, this result 

suggests that the TM2 domain may be critical for magnesium transport.  One additional 

conservative change within TM2, V755I, resulted in a minor reduction in activity.   

The Ser729 is an important residue 

Two of the mutants involved independent changes to Ser729 in putative TM1; one 

showed no activity (S729P) and one had low activity (S729T).  The latter change is a 

relatively conservative mutation that exchanges one hydroxyl containing side-chain for 

another.  I therefore suggest that Ser729 in putative TM1 may also be an important 

residue for Mg2+ transport.   

TM2-TM3 loop is also important 

These results also suggest that the short loop between TM2 and TM3 is important for 

magnesium transport in Alr1.  The predicted size of this loop is slightly different 

between CorA (9 residues) and Alr1 (12 residues).  Two single amino acid mutants of 

Alr1 were obtained in this region: S771P showed no activity, and A774S showed 

moderate activity.  However, both mutants were reasonably radical changes.  At this 

stage it is not known whether this short loop region plays a direct role in transport or 

whether it plays an indirect role in maintaining the correct location and orientation of 

the two adjacent TM domains, as suggested for the region in CorA by Szegedy and 

Maguire (1999).   

CorA work suggests hydroxyl residues are important: No evidence for or against 

for ALR1 

Mutagenesis of CorA indicated that hydroxyl-bearing residues in TM2 and TM3 were 

particularly important for magnesium transport (Szegedy and Maguire, 1999, Smith et 

al. 1998).  Omitting changes that involved the introduction of a proline, I obtained three 

mutants that involved either the introduction (M745T in TM2, A774S in the TM2-3 

loop) or loss (T719A on putative TM1) of hydroxyl residues; both the TM changes were 
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in the “low activity” class, with that in the TM2-TM3 loop showing moderate activity.  

Given the high number of hydroxyl-bearing residues within each putative TM domain 

(six, three and two, respectively), this is not a particularly high hit rate.  However, PCR-

based mutagenesis is not completely random (Fromant et al. 1995).  Site-directed 

mutagenesis of particular residues is needed to determine whether hydroxyl residues are 

also important in Alr1 function. 

CorA work suggests charged residues are not important: No evidence for or 

against in ALR1 

Given the high charge density of Mg2+ ions, it might be predicted that magnesium 

transport proteins would contain negatively charged residues in the pore.  However, 

both CorA and Alr1 completely lack charged residues on TM2 and TM3.  One mutation 

(G790D) introduced a charge in TM3, and showed a minor reduction of Mg2+ uptake 

activity (but also reduced the amount of reactive protein, Fig. 3.9).  The loss of the 

glycine residue, rather than the introduction of a charge, may have been the important 

change in this instance. There are three charged residues in putative TM1 of Alr1 (two 

in CorA).  One was mutated (R716G, Fig. 3.13) and gave a protein with no activity; 

however again this is a radical change involving glycine, so that the role of the change 

in charge is again not clear.   

The N-terminal domain is important 

During the initial mutagenesis, some mutants with small reductions in activity were 

located upstream of the critical region containing the TM domains; single mutants in 

this category included L495P, H541R and R620G (Table 3.3).  Combined with the 

deletion analysis (see Ch. 5.2), these mutants provide the first evidence that specific 

residues in the N-terminal domain of CorA super-family proteins are important for 

transport.  Two further mutants were obtained immediately upstream of putative TM1: 

G694C (“moderate activity”) and L701F (“low activity”).  Both are radical changes and 

might have an indirect effect on activity by affecting the structure or location of the TM 

domains.  

3.9.3 The active form of Alr1 may be a homo-oligomer 

Four inactive mutants of Alr1 showed a dominant negative phenotype; that is, high level 

expression of these inactive forms from a 2−micron plasmid greatly reduced the activity 
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of wild-type Alr1 protein expressed from its chromosomal copy.  Yerushalmi et al. 

(1996) used similar dominant negative effects to infer an oligomeric structure for EmrE, 

a 4-TM transport protein from E. coli.  Dominant negative interactions between both 

homo- and hetero-oligomers have also been observed for combinations of ammonia 

transporters in S. cerevisiae (Marini et al. 2000) and in Aspergillus nidulans (Monahan 

et al. 2002).   

 

The dominant negative phenotype is consistent with the idea that Alr1 protein forms an 

oligomeric complex for transport, and that oligomers containing both active and 

inactive proteins are themselves inactive.  The results for the pCEN vector suggest that 

a relatively high ratio of inactive to active Alr1 may be needed for large negative 

effects; however, examination of growth of these cells in liquid medium with low levels 

of Mg2+ may have revealed some reduction in activity.   

 

ALR1 has been expressed in oocytes where it produced a Mg-dependent current (S. 

Salih, P. Donaldson and R. Gardner, unpublished).  This result suggests that the protein 

is capable of assembling into an active transport complex without the need for any 

additional yeast proteins.  It is possible that Alr1 may form heterodimers with Alr2, a 

closely related protein in yeast that is also capable of Mg2+ uptake.  However, 

heterodimer formation is clearly not essential for transporter function, since expression 

of either Alr1 or Alr2 alone complemented the alr1alr2 double mutant.  Thus the 

current evidence suggests that the most likely active structure for Alr1 is a homo-

oligomer. 

 

Structural analysis of other transport proteins with two or three TM domains have 

shown that they also form homotrimers (Ctr3, Pena et al. 2000; hCtr1, Lee et al. 2002), 

homotetramers (KcsA, Doyle et al. 1998; KirBac1.1, Kuo et al. 2003), homopentamers 

(MscL, Chang et al. 1998) or homoheptamers (MscS, Bass et al. 2002).  Two other 

members of the CorA super-family are known to form homo-oligomers: CorA, with 

three TM domains, forms homotetramers (Warren et al. 2004) and Mrs2, with 2 TM 

domains, forms homopentamers (Bui et al. 1999).  In CorA, the TM domains seem to 

be important for homo-oligomerisation.  Although the N-terminal periplasmic domain 

of CorA retains the capability to form a homotetramer it is relatively weak in the 

absence of the C-terminal TM domains (Warren et al. 2004).  It has been suggested in 
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CorA proteins that a TM domain in one monomer should be close to same TM domain 

of another monomer in a tetrarmeric form as “dimer of dimers”, like the EmrE 

membrane ion transporter (Warren et al. 2004).  

3.9.4 Unresolved issues 

The high copy plasmid (pFLN2) gave rise to inconsistent results 

Some inconsistent phenotypes were observed that were attributed to instability in the 

level of expression of the pFLN2 vector (see in Ch. 3.2.3).  It is possible that 

overexpression of the Alr1 protein is unfavourable for the cell and may have led to 

selection for a high frequency of mutations in the promoter, with consequent changes in 

both Mg2+ uptake and Al3+ tolerance.  These unstable behaviours were not seen with the 

centromeric vector.  Nonetheless, some of the mutations derived using the pFLN2 

vector were useful and conferred an inability to transport Mg2+ that was also evident in 

the new centromeric vector (pFL38).      

HA fusion to the C-terminus effects in the function of the Alr1 protein  

I note that wild-type pFL38-ALR1-HA (see Fig. 3.8) led to a much lower rate of Mg2+ 

uptake in CM66 cells (45 % over 2 hours) than previous results for wild-type ALR1 

(Graschopf et al. 2001).  The difference may in part be due to the presence of the HA 

epitope in the C-terminus, because pFL38-ALR1 without HA increased Mg2+ content by 

75 % over 2 hours in LPM-ura (200 μM) media (see Ch. 4.5.2).  The reduced uptake of 

Mg2+ by the HA fusion protein also affected tolerance to Al3+ (Ch. 3.3.4).  In contrast, 

HA inclusion at the N-terminus appeared to have minimal effect on Alr1 activity, as 

assessed by both Mg2+ uptake (Fig. 5.5) and Al3+ tolerance (see Ch. 5.2.2,).  Influence 

of the HA epitopes on protein activity was also observed in a sodium antiporter 

(Yamaguchi et al. 2003).  These effects of HA fusions will be further discussed along 

with C-terminal deletions in Ch. 5.3. 

The two sizes of the Alr1 protein may be due to post-translational modification 

A secondary cross-reacting band larger than the expected size was observed in Western 

blots (Fig. 3.9, 3.12).  This larger band was also observed previously and has been 

attributed to post-translational modification (Graschopf et al. 2001).  The band was not 

always observed and the intensity ratio of the expected and the extra band was variable 

in my experiments.  The nature of the larger band was not investigated.  Numerous 
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potential modification sites are spread throughout the Alr1 protein; some interesting 

results from protein truncation will be addressed in Ch. 5.5.      

Alr1 is degraded by high external Mg2+ (250 mM) 

The results in Ch.3.8 are consistent with the conclusion of Graschopf et al. (2001) that 

Alr1 is degraded at high external magnesium.  However, in these experiments, the 

concentration of Mg2+ at which degradation occurred was much higher than in those of 

Grachopf et al. (250 mM compared to 100 μM).  Similar results were seen using GFP 

fusions on high copy vectors (Ch. 3.6).  That is, intense GFP expression occurred on the 

plasma membrane at 4 mM Mg2+, and it was only at very high Mg concentrations (250 

mM Mg2+) that GFP expression became primarily in the vacuole.  Unfortunately, these 

concentrations coincided with the Mg2+ concentration at which alr1 mutant cells are 

able to grow.  Therefore, the experiment described in Ch. 3.5 was unable to resolve 

whether sensing of Mg2+ occurred externally or internally.  

 

The difference in Mg2+ concentrations at which degradation occurred is unlikely to be 

due to the abnormal behaviour of HA-fused protein, because both Graschopf and I used 

3x HA fusions on the C-terminus of the ALR1 gene.  My experiments used the 

expression of the ALR1 gene in plasmids rather than chromosomal fusion (Graschopf et 

al. 2001).  However, I obtained the same results using both a low-copy pFL38 vector 

(1-2 copies per cell, Bonneaud et al. 1991) in which ALR1 expression was driven by the 

native promoter (around 1 kb upstream) and a high copy plasmid with a highly 

expressing promoter (for the GFP fusions).    

 

It is possible that the 3-h incubation after starvation for 24 h was not long enough to 

trigger Mg2+ uptake into the cells (in Ch. 3.8).  However, Mg2+ uptake was clearly 

observed over 2-h period in AAS experiments using similarly treated cells (see Fig. 

3.8).  Therefore, the slightly different method for starvation from Graschopf et al. 

(2001) which used 12-h starvation with 5 μM Mg2+, is unlikely to be the reason for the 

different results.  Moreover, the Alr1 stability was not affected by the newly translated 

protein over the 3-h incubation because the use of a translational inhibitor 

(cycloheximide) also showed consistent results.  Use of a different strain (CM66: 

alr1/alr2) in my experiments also has to be noted compared to the wild-type strain 

(ALR1/ALR2) used in Graschopf et al. (2001).  Anton Graschopf (pers. communication 
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to Richard Gardner) has suggested that there may be strain differences in Alr1 protein 

stability.  

3.9.5 Conclusions 

These mutagenesis results firmly establish ALR1 as a magnesium transport gene 

belonging to the CorA super-family.  In particular, I have shown that the putative TM 

domains and the conserved GMN motif are both essential for magnesium transport by 

Alr1, which may function as a homo-oligomer.  Mutagenesis defined a critical region 

that contains the two predicted transmembrane domains, plus a third region that 

corresponds to the experimentally demonstrated transmembrane domain described in 

the CorA protein. Based on conservative inactivating mutations, I have identified two 

new residues in the TM domains as functionally important for magnesium uptake: 

Ser729 on putative TM1 and Ile746 on TM2.   
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Chapter 4 Identification of regions important 
for Al3+ tolerance in the ALR1 gene 

4.1 Introduction 

Overexpression of the yeast Mg2+ transport gene, ALR1, conferred resistance to Al3+ 

ions (Macdiarmid and Gardner 1998).  This result and evidence presented in Ch. 1.6.2, 

led to the hypothesis that Al3+ toxicity in yeast results from inhibition of magnesium 

uptake by the Alr1 protein.   

 

This chapter describes mutagenesis experiments aimed at isolating mutants of ALR1 

that show increased tolerance to Al3+ ions, in order to provide support for this 

hypothesis.  Because it was known that an overexpression phenotype can lead to Al3+ 

tolerance, it was necessary to differentiate the expected class of up-regulated mutants 

from the desired class with altered sensitivity for Al3+ ions.  This differentiation was 

initially achieved by analysing the cation tolerance of putative mutants, since ALR1 

overexpression simultaneously decreased tolerance to a range of cations, including 

Co2+, Ni2+, Mn2+ and Zn2+, which are also substrates for uptake by this transport protein 

(Fuhrmann et al. 1968, Macdiarmid and Gardner 1998). 

 

The first part of the chapter describes random PCR mutagenesis on the small region 

containing three putative TM domains of the ALR1 gene.  Mutants tolerant to 

aluminium were selected on solid media containing aluminium. The mutants were 

classified into “increased uptake” and “Al tolerance” mutants, based on both phenotypic 

analysis and characterisation in liquid media.   The second part of the chapter describes 

the combination of two and three “Al tolerance” mutants in a single gene, their 

phenotypic analysis on solid media and characteristics of the mutants on liquid media.  

The third part of the chapter describes HA fusion to the mutants and Western blot 

analysis using HA antibody for the mutants.  
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4.2 Random mutagenesis for Al3+ tolerance 

4.2.1 Background and Strategy 

A number of unsuccessful experiments were carried out to isolate Al-tolerant mutants at 

the beginning of my work.  First, mutagenesis of the 3’ half of ALR1 was undertaken in 

the vector pFLN2-ALR1 (in parallel with the mutagenesis described in Ch. 3.2.3).  

While a high frequency of stable Al-tolerant mutants was obtained from this screening 

and confirmed by reintroducing them into yeast, none had mutations in the 3’ region 

targeted for mutagenesis (see Ch. 3.2.3).  However, control experiments with non-

mutagenised plasmid also gave a high frequency of tolerance to Al3+.  It was concluded 

that changes to the promoter of the plasmid were occurring in this vector or that 

changes in the copy number of the 2 micron-based vector might have caused tolerance; 

no further studies were made using this vector.  

  

The low copy number pFL38-ALR1-HA plasmid was then constructed as described in 

Appendix 1.  It conferred consistent sensitivity to Al3+ as shown in Fig. 3.3 and was 

successfully used for mutagenesis of magnesium uptake as described in Ch. 3.3.6.  In a 

second round of experiments, this pFL38-ALR1-HA plasmid was mutated in the TM 

domain region of ALR1 and Al-tolerant plasmids were isolated and confirmed through 

the same processes as described in Fig. 3.5B.  However, the first four tolerant mutants 

obtained in this screen consisted of frame-shifted mutations located downstream of the 

critical TM-domain-containing region and upstream of the 3x haemaglutinin (HA) 

epitope (after amino acids 814, 816, 823, 845 of Alr1); thus they did not contain HA 

epitope.  The phenotype conferred by these mutants resembled that of wild-type ALR1 

cells (lacking an HA epitope); they were more tolerant to Al3+ than cells containing 

pFL38-ALR1-HA plasmid, but with increased sensitivity to Co2+ and Ni2+.  Based on the 

previous demonstration that the presence of the HA fusion at the C-terminus of Alr1 

reduced its Mg2+ transport activity (see Fig. 3.3), it was concluded that these mutants 

were likely Al-tolerant because of greater activity of their transport protein, and that the 

increase in activity probably arose by deletion of the HA epitope. The data from these 

frame-shifted mutants also indicated that the part of C-terminus in Alr1 protein is 

dispensable for Mg2+ transport (see Chapter 5).   
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Figure 4.1 illustrates the final strategy that was used successfully for random 

mutagenesis of the TM domain region of the ALR1 gene to obtain Al-tolerant mutants.  

This strategy was essentially the same as that used for mutagenesis in Fig. 3.5B, except 

for the use of the pFL38-ALR1 plasmid lacking an HA epitope, and except that direct 

selection of the mutant population was undertaken on Al3+ plates following the 

recombination step. 

 
 
Figure 4.1 Outline of random mutagenesis for Al3+ tolerance 
 
The PCR product amplified with primers 1/10 and HM-alr1 (derived from Fig. 3.5B) was 

recombined into pFL38-ALR1 cut with XbaI and MscI in the CM66 (alr1/alr2) mutant strain.  The 

recombination steps were performed on selective medium (LPM-ura) containing 40 or 50 μM 

Al3+).  The colonies were replica-plated on LPM-ura containing aluminium or cobalt, and 

classified according to their growth on these plates (see text).  Plasmid DNA from the 

candidates was prepared, transformed into E. coli, verified with EcoRI digestion and 
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reintroduced into the CM66 strain.  Three independent colonies from each candidate plasmid 

were re-tested on same media plates.  DNA sequencing with the 1/11 primer (Ch. 2.5) 

confirmed the recombination and identified the mutations.     
 

The transmembrane domain region of the ALR1 gene was mutagenised using low-Mn2+ 

PCR (Ch. 2.12.1, see also Fig. 3.5B).  The mutagenised fragment was recombined with 

linearised pFL38-ALR1 (cut with XbaI and MscI) in vivo in the CM66 (alr1alr2) mutant 

strain.  Al-tolerant mutants were selected directly by plating onto LPM-ura media 

(specially designed for Al3+ toxicity experiments; see Ch. 2.20.4) containing appropriate 

levels of Al3+ (40 and 50 μM).  Note that this strategy also required Mg2+ transport 

activity by the mutated plasmid, since LPM-ura contains only 200 μM Mg2+. Individual 

colonies grown on the media were replica-plated to confirm their growth on Al3+ (100 

μM - 200 μM), as well as tested for their Co2+ sensitivity (150 μM).  Nickel was not 

used for this experiment because it had given similar results to cobalt in the preliminary 

experiments (data not shown).  The tolerant mutants were grouped into two categories 

based on their growth phenotype on the Co2+ media (see below).  Plasmids from 

candidate colonies were rescued from yeast, transformed into E. coli and verified by 

cleavage with EcoRI, and reintroduced into CM66.  Three independent colonies from 

each candidate were retested onto the same media to confirm their phenotypes.  

Confirmed mutant plasmids were sequenced across the recombined and mutated regions 

of ALR1 using the 1/11 primer.  

4.2.2 Isolation of Al-tolerant mutants 

Aluminium selection was imposed directly on yeast cells soon after they were 

transformed with the mixture of mutagenised DNA and cut plasmid.  Concentrations of 

Al3+ used for selection of single tolerant colonies were relatively low (40 to 50 μM 

Al3+) compared to those used for the phenotypic testing of strains by plating in a “drop 

test” (100 to 200 μM, see Ch. 4.2.1).  The concentration for selection was determined 

by a series of control experiments testing CM66 cells containing wild-type pFL38-

ALR1.  Five to six percent of the wild-type colonies grew on these selection media 

(calculated compared to the number of wild-type colonies grown without Al3+).  These 

colonies were likely escapes, because they were no longer tolerant on further screening 

(data not shown).  However, higher levels of Al3+ for selection (70 μM) completely 

repressed the growth of both wild-type and mutant cells. 
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Among 7,000 recombined plasmids from two individual experiments (estimated by the 

number of colonies grown on LPM-ura without Al3+), a total of 145 individual 

recombinant colonies were grown on Al3+ selection plates and picked for further 

experiments as putative Al-tolerant candidates. I finally obtained seven Al-tolerant 

mutants (4.8 %) through the screening process (Fig. 4.1).  These mutants fell into the 

two expected phenotypic classes, as discussed below, according to their ability to grow 

on cobalt plates (Fig. 4.2). The mutants contained one or two amino acid changes and 

are listed in Table 4.1.  

 

 
 
Figure 4.2 The Al-tolerant mutants were classified into two classes 
 
CM66 cells containing wild-type pFL38-ALR1, and two classes of tolerant mutants were spotted 

onto the LPM-ura (no metal) and LPM-ura containing either aluminium (150 μM) or cobalt (150 

μM).  M739V and N733S are shown as a representative of Class1 and Class2, respectively 

(see text).  

 

Class 1. Mutants showing Al3+ tolerance but Co2+ sensitivity (see Fig. 4.2: designated as 

“increased uptake”). Three mutants conferred tolerance to Al3+ but were more sensitive 

to Co2+, compared with the wild-type pFL38-ALR1 (Table 4.1).  This phenotype was 

also found from overexpression of Alr1 because Co2+ is a substrate for the Alr1 protein 

(Macdiarmid and Gardner 1998). Thus, the amino acid changes are assumed to have led 

to an increase in uptake activity by the protein.  Two mutants had single amino acid 

changes; both (M739V, L740M) reside in the cytoplasmic loop between putative TM1 

and TM2.  The third mutant had two mutations, including one which occurred in the 

recombined region (N676S).   This mutant also contained L740M, which had alone 

conferred tolerance to Al3+, suggesting that the change of this residue was responsible 

for the phenotypic alteration, rather than the N676S mutation.   
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Class 2. Mutants showing Al3+ tolerance but wild-type sensitivity for Co2+ (see Fig. 4.2: 

designated as “Al tolerance”). Four mutants conferred tolerance to Al3+ but showed 

wild-type sensitivity with respect to Co2+, suggesting that the changes did not lead to 

increased activity, but may have an altered sensitivity for Al3+ ions (Table 4.1).  All 

mutants had a single amino acid change.  Three different mutations were found, one in 

each TM domain (N733S in putative TM1, I746L in TM2, F777Y in TM3).  The mutant 

F777Y was obtained twice from independent experiments.     

 

The “increased uptake” mutants also conferred elevated sensitivity to other metal ions 

transported by Alr1 (Ni2+, Mn2+ and Zn2+), while “Al tolerance” mutants showed wild-

type level of sensitivity to these ions (data not shown).  These results indicate that point 

mutations for tolerance did not involve changes in the relative sensitivity for specific 

metal ions among the Alr1 substrates.  

 

Table 4.1 Mutants with Al3+ tolerance 
 

Mutants Growth  

on Al3+ 

Growth  

on Co2+  

Predicted 

TM domain 

pFL38-ALR1 - +  

N676S, L740M + - TM1-2 loop 

N733S + + 1 

M739V + - TM1-2 loop 

L740M + - TM1-2 loop 

I746L + + 2 

F777Y* + + 3 

 
The growth phenotypes are shown for the control plasmid (pFL38-ALR1) and seven tolerant 

mutants expressed from the native promoter in the centromeric vector pFL38. The asterisk 

refers to a mutant which was independently selected twice from different experiments.  Mutants 

are listed in order of their first amino acid change.  Proposed TM domains were derived on the 

basis of homology match between Alr1 and CorA (Fig. 3.13).  The locations of the mutants are 

shown at right.  The relative growth of colonies is indicated by symbols: wild-type (pFL38-ALR1) 

growth is defined as “-“ for lack of growth on Al3+ media (150 μM) and “+” for normal growth on 

Co2+ plates (150 μM).   
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4.3 Characteristics of the mutants 

4.3.1 Growth rates in limiting Mg2+  

Mutants from both Al-tolerant classes were investigated for their growth phenotype in 

liquid media with limiting Mg2+.  CM66 cells carrying Alr1 mutant plasmids from each 

class were grown in media and OD600 values were measured over 72 hours (Ch. 2.22.2).  

Initial experiments indicated no difference in growth pattern between mutants in 10 μM 

Mg2+, and thus lower concentrations (0, 1, 5, 10 μM) were utilised.     

 

The results are shown in Fig. 4.3.  Two mutants from the “Al tolerance” class (N733S, 

F777Y) displayed very similar growth rates to wild-type pFL38-ALR, although F777Y 

showed a slightly slower rate of growth in 5 μM Mg2+ (Fig. 4.3A,B).  In contrast, two 

mutants from the “increased uptake” class (M739V, L740M) both showed faster rates 

of growth in all low concentrations of Mg2+ over 72 hours, compared with both wild-

type and the “Al tolerance” class (Fig. 4.3C).  In particular, the M739V mutant 

appeared to mediate faster growth on limiting Mg2+ than L740M.   

 

The behaviour of the Al-tolerant mutants in liquid media was consistent with the plate 

data and confirmed that two different classes of tolerant mutants had been isolated.  The 

cobalt-sensitive class of mutants (“increased uptake”) showed better growth on very 

low Mg2+ concentrations, consistent with their classification as having an elevated 

uptake of Mg2+.  Conversely, the “Al tolerance” class of mutants showed growth rates 

in low Mg2+ that were similar to wild-type, corresponding to the hypothesis that Al3+ 

tolerance was enhanced by those residual alteration without any significant change of 

Mg2+ uptake.   
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Figure 4.3 Two types of the tolerant mutants in liquid media 
 
CM66 cells carrying wild-type pFL38-ALR1, or mutant plasmids from the “Al tolerance” (N733S, 

F777Y) or “increased uptake” (M739V, L740M) classes were grown to saturation (OD600 = 1.2 -

1.4) on liquid SC-ura media containing 4 mM Mg2+.  The cells were harvested, vigorously 

washed with distilled water three times to remove excess Mg2+ and diluted 40- to 50- fold into 

SC-ura containing varying levels of Mg2+ to give a final OD600=0.05.  Growth rates of the cells 

were examined over 72 hours A. pFL38-ALR1; B “Al tolerance” mutant class; C “increased 

uptake” mutant class.  Points were derived from one experiment.  Mg2+ concentrations are: 10 

μM, solid squares; 5 μM, solid diamonds; 1 μM, solid triangles; 0 μM, solid circles.  
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4.3.2 The increased uptake class of mutants did not show altered 
endocytosis 

Graschopf et al. (2001) demonstrated that the Alr1 protein is degraded by the yeast 

endocytosis pathway that transfers the Alr1 protein into the vacuole at elevated levels of 

Mg2+.  Cells with deletions of either NPI1 (ubiquitin ligase), END3 (endocytosis) or 

PEP4 (vacuolar degradation), which are all defective in the endocytosis pathway, did 

not recycle Alr1 in this way (Graschopf et al. 2001).  Therefore, it is possible that the 

phenotype of the “increased uptake” class may in fact reflect a failure of degradation 

from the plasma membrane through this endocytosis pathway, resulting in enhanced 

uptake of Mg2+ by retention of high concentrations of the Alr1 protein in the plasma 

membrane.   

 

Two mutants in this class were introduced into a diploid strain of yeast (bearing a 

chromosomal ALR1 gene, see Ch. 2.21) but defective in either END3 or PEP4 (along 

with a his1 control mutant strain).  The cells containing either mutant plasmid were still 

more tolerant to Al3+ in both deletion mutants compared with those containing pFL38-

ALR1 (Fig. 4.4).   

 

 
Figure 4.4 “Increased uptake” mutants retained tolerance in strains 
defective in endocytosis and vacuolar protein degradation  

 
The pFL38-ALR1 plasmid, empty vector (pFL38) or pFL38 plasmids expressing two mutant 

ALR1 genes (M739V, L740M) was transformed into BY4743 cells with deletion mutants  in 
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END3 or PEP4 or into a control strain with the KanMX cassette inserted into HIS3.  Cells were 

grown on LPM-ura and plated on LPM-ura (without Al3+) or LPM-ura containing 200 μM 

aluminium.  The host BY4743 cells contain an active chromosomal copy of ALR1. 

 

Note that the M739V mutant was slightly more tolerant to Al3+ than L740M, consistent 

with the observation in Fig. 4.3 that the former mutant appeared to mediate faster 

growth on limiting Mg2+.  The reason for extra Al3+ tolerance evident in the PEP4 

mutant strain is not clear.   

 

I concluded that the Al3+ tolerance of these mutants was not due to an alteration of 

amino acids affecting their ability to undergo recycling and endocytosis.  Rather, the 

mutations appear to increase Mg2+ uptake by some other mechanism. 

4.4 Combination of the mutations for Al3+ tolerance 

4.4.1 Rationale 

Chapter 4.2 described two classes of Al-tolerant mutants depending on their phenotype 

on Co2+ plates.  The class of “Al tolerance” mutants, which conferred tolerance to Al3+ 

without any significant modification of Mg2+ uptake, were of particular interest, since 

the altered residues might affect Alr1’s sensitivity to Al3+ and thereby affect its 

capability to interfere with Mg2+ uptake (e.g. direct binding may occur at those residues, 

or be affected by the changes).  The three mutants occurred in all the putative TM 

domains, two near the intracellular side of the membrane (N733S in putative TM1, 

I746L in TM2) and one near the extracellular side (F777Y in TM3).  I decided to 

combine these mutations in all possible combinations, in order to test whether their 

combined effects were additive or were interactive in some more complex manner.  

This section details the construction of three double and one triple combination of the 

three point mutations in the “Al tolerance” class, the phenotype of the combined 

mutants on solid media and the characteristics of these mutants in liquid media. 

4.4.2 Combination of the “Al tolerance” mutations 

To combine the mutants, I used the existing primer (1/10) and five newly designed 

primers (overlap 1 rev, 1 for, 2 rev, 2 for and 3 rev: see Ch. 2.5) in overlapping PCR; 

location of the primers is shown as primer names in Fig. 4.5A. To introduce each point 
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mutation into the linear templates, two successive PCRs were performed using high 

fidelity polymerase (Ch. 2.12.2).  The fragments containing point mutations from three 

mutant plasmids (N733S, I746L and F777Y) were amplified by the first PCR with the 

appropriate primers (Fig. 4.5A).  The six purified fragments (a, b, c, d, e, f) containing 

single point mutations had overlapping sequence at the beginning or at the end of the 

fragments derived from the opposite complementary primers.  The fragments generated 

in first PCR were annealed, whereupon one strand acted as a “megaprimer” to extend 

the other in the second overlap PCR (Fig. 4.5B).  The addition of two flanking primers 

(1/10 and overlap 3 rev) in the second PCR enhanced the synthesis of the final product 

(Ho et al. 1989).   

 

The four PCR products, one containing the triple mutation (N733S/ I746L/F777Y) and 

three containing double mutations (N733S/I746L, N733S/F777Y, I746L/F777Y), were 

introduced by homologous recombination into pFL38-ALR1 (digested with XbaI and 

MscI) in the CM66 mutant strain (as illustrated in Fig. 4.1).  Plasmid DNA was 

prepared from Ura+ colonies, cycled through E. coli and verified by the digestion with 

EcoRI.  Successful combination of the mutations (triple or double) and accurate 

recombination were verified by sequencing with the 1/11 primer (Ch. 2.5). 
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Figure 4.5 Generation of the four combined fragment by overlap PCR  
 
A. First PCR. Three Al-tolerant mutant plasmids (N733S, I746L, F777Y) from the “Al tolerance” 

class were used as templates to amplify the regions containing the point mutations by PCR 

using high fidelity polymerase (Ch. 2.12.2).  One fragment (a) containing the N733S point 

mutation in putative TM1 was amplified by the primers 1/10 and overlap 1 rev. Three fragments 

containing the I746L point mutation in TM2 were amplified by three independent PCRs using 

the primers overlap 1 for and overlap 2 rev (b), overlap 1 for and overlap 3 rev (c) or 1/10 and 

overlap 2 rev (d). Two fragments containing the F777Y point mutation in TM3 were amplified by 

two independent PCRs using the primers overlap 2 for and overlap 3 rev (e) or overlap 1 for and 

overlap 3 rev (f).  Primers overlap 1 for and overlap 1 rev or overlap 2 for and overlap 2 rev are 
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complementary to each other in the opposite direction (see Ch. 2.5).  Asterisks refer to point 

mutations (the change of amino acids is shown on the right as N733S, I746L or F777Y) and 

bold lines represent the products amplified by two primers shown at the beginning and ending of 

the lines. Yellow box: putative TM1, green box: TM2, red box: TM3. B. Second PCR.  Three 

point mutations were combined by overlap PCR (Ch. 2.12.2) using three PCR products (a, b, e) 

derived from the first PCR as templates as well as “megaprimers” (see text).  The final product 

was amplified by the primers 1/10 and overlap 3 rev. The set of three double point mutations 

used two PCR products (a and c, a and f, d and e) with the same primers.  The name of the 

primers was shortened by omitting “overlap”.  

4.4.3 Phenotypic test on solid media  

Figure 4.6 shows the phenotype of the CM66 cells carrying either the three single 

mutants (N733S, I746L, F777Y), the three double mutants (N733S/I746L,  

N733S/F777Y, I746L/F777Y) or one triple mutant (N733S/I746L/F777Y) on solid 

media containing Al3+ or Co2+ ions.  All the single, double or triple mutants conferred 

tolerance to 200 μM Al3+ on plates and all showed wild-type phenotypes on 150 μM 

Co2+ plates, compared with wild-type pFL38-ALR1.  When the mutants were grown on 

higher Al3+ (250 μM), differences between their tolerance became evident.  Among the 

three single mutants, I746L is the most tolerant to Al3+, with the other two (N733S, 

F777Y) showing weaker tolerance on 250 μM Al3+ plates.  Combination of the latter 

two mutants conferred slightly increased tolerance than either single mutant alone was 

but still less than I746L alone, based on colony size.  When the I746L mutant was 

combined with either N733S or F777Y, both appeared to be more tolerant than I746L 

mutant alone on 250 μM Al3+.  In particular, I746L along with F777Y showed more 

tolerance than the other double mutant (N733S/I746L), and the triple mutant was 

slightly more tolerant, based on observation of these plates at earlier time points (data 

not shown).   

 

In conclusion, these results suggested that all combinations of the mutants maintained 

their Al3+ tolerance, and that the mutations appeared to be generally additive.  
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Figure 4.6 The tolerant mutants showed additive tolerance on solid media 
 
CM66 cells carrying three single, three double or one triple mutant plasmids were grown to 

saturation in SC-ura containing 4 mM Mg2+ and serially diluted 20-fold three times onto LPM-ura 

(without metals) or LPM-ura media containing 200 μM Al3+, 250 μM Al3+ or 150 μM Co2+.  For 

comparison, cells containing the wild-type plasmid pFL38-ALR1 are also shown on the bottom.  

The mutants are shown by their amino acid changes. 

 

4.4.4 Growth rates in liquid media 

The relative tolerance of the combined mutants to Al3+ was then tested in liquid media.  

The cell density (OD600) of CM66 cells expressing the wild-type ALR1 gene or the 

seven combinations of “Al tolerance” mutant genes were measured over 48 h on 

varying levels of Al3+ (as described in Ch. 2.22.2).  The results are shown in Fig. 4.7. 

 

Cell growth conferred by the wild-type ALR1 gene was inhibited in the presence of 50 

μM or 100 μM Al3+, with both concentrations showing an approximately 33 % drop of 

the final OD600 reading after 24 h, compared with growth in the absence of Al3+ (Fig. 

4.7A).  There was a considerable inhibition of the cell growth in the wild-type when 

Al3+ 150 μM or 200 μM was applied over 48 hours.   
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Figure 4.7 The tolerant mutants showed additive tolerance on liquid media 
 
CM66 cells containing plasmids expressing wild-type ALR1 gene and single, double or triple 

mutant genes were grown to saturation in liquid LPM-ura media.  Harvested cells were washed 

with distilled water three times and diluted 40- to 50- fold to give a final OD600=0.05 into LPM-

ura and LPM-ura containing varying levels of Al3+.  Growth rate of the cells were measured over 

48 hours.  A. Wild-type (pFL38-ALR1); B. Single mutants; C. Double mutants; D.Triple mutant. 

Points are the average (±SE) derived from two independent experiments.  Al3+ concentrations 

were: 0 μM, solid squares; 50 μM, open squares; 100 μM, solid triangles; 150 μM, open 

triangles; 200 μM, solid circles. E. Relative growth (%) is shown based on the ratio between 

OD600 measured without Al3+ and OD600 measured with 150 μM Al3+ after 48 hours (data is from 

the final time point shown in A-D).  
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All three single mutants (N733S, I746L, F777Y) showed faster growth of the cells than 

wild-type Alr1 at low Al3+ concentrations (50 μM, 100 μM; Fig. 4.7B); the I746L 

mutant, which had been the most tolerant on Al3+ plates among the single mutants (Fig. 

4.6), also conferred some tolerance to Al3+ at 150 μM.  The three combinations of two 

mutants each contributed to increased growth of the cells compared to either ‘parental 

mutation’ alone (Fig. 4.7C,E).  For instance, the combination of the two weakest 

mutations N733S and F777Y resulted in slightly better growth of the cells at 100 μM 

Al3+ than either single mutation alone.  In general, the results were consistent with the 

hypothesis that the mutations were additive, with no significant deviations from this 

behaviour.  The I746L/F777Y double mutant showed higher average tolerance 

compared to the N733S/I746L double mutant at Al3+ 150 μM, but this difference was 

not significant (see error bars in Fig. 4.7E).  A similar difference is apparent in the data 

from the single mutants; on average F777Y was slightly more tolerant than N733S, but 

the difference was very small and not significant.  On plates, the order was if anything 

reversed (Fig. 4.6).  Therefore, it is possible that the addition of F777Y in TM3 to 

I746L in TM2 enhanced tolerance to a degree somewhat more than just that of an 

additive affect.   

 

The triple mutant (N733S/I746L/F777Y) appeared most tolerant among the mutants, 

although the error bars show that one double mutant (I746L/F777Y) had growth rates at 

150 μM Al3+ that were not significantly different (Fig. 4.7E).  In liquid media, 200 μM 

Al3+ was too high to examine tolerance to Al3+ in the mutants, in contrast to solid 

media.  The tolerance phenotype of the mutants was also retained in a similar manner 

when they were expressed in the CM52 (ALR1/ALR2) wild-type strain, indicating that 

oligomerisation of Al3+ tolerant protein with wild-type Alr1 protein is sufficient to 

provide Al3+ tolerance to the cells (data not shown). 

 

This growth assay in liquid media is consistent with the hypothesis that Al3+ tolerance 

derived from three point mutations was largely additive when they are combined, 

although I could not exclude the possibility of small synergistic effects in some 

combinations of mutants.  The liquid media results (Fig. 4.7) are also consistent with 

the plate results (Fig. 4.6).  On the basis of the growth ability on both solid and liquid 

media, the degree of Al3+ tolerance of the mutants was assessed as follows: 
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N733S/I746L/F777Y ≥ I746L/F777Y > N733S/I746L > I746L > N733S/F777Y > 

F777Y ≥ N733S > wild-type pFL38-ALR1.  

4.5 Mg2+ uptake with Al-tolerant mutants 

4.5.1 Rationale  

Chapter 4.2 and 4.3 described two classes of Al-tolerant mutants which were selected 

on Al-containing plates.  One class called “increased uptake” (M739V, L740M), was 

deduced to have enhanced activity for Mg2+ uptake, whereas the other class called “Al 

tolerance” (N733S, I746L, F777Y) was suggested to have altered Al3+ interaction with 

the Alr1 transporter.  However, these classes were determined on the basis of growth 

phenotypes on solid or in liquid media.  Direct measurement of Mg2+ uptake in both 

mutant classes would provide a more convincing result of uptake capability for Mg2+.        

 

This section describes uptake measurement of Mg2+ in the absence or presence of Al3+ 

for one mutant of each class, as well as the triple mutant.  

4.5.2 Mg2+ uptake in the absence of Al3+ 

I conducted a time course experiment for Mg2+ uptake in limiting Mg2+ (200 μM) with 

two representative mutants (I746L from “Al tolerance” and L740M from “increased 

uptake”), the triple mutant (N733S/I746L/F777Y) and wild-type pFL38-ALR1.  CM66 

cells harbouring those plasmids were starved for Mg2+ in order to equalize internal Mg2+ 

in the cells and Mg2+ uptake was undertaken over 2 hours (Ch. 2.26, Fig. 4.8). 

 

Wild-type pFL38-ALR1 showed around a 75 % increase in Mg2+ content in LPM-ura 

(200 μM Mg2+) after a 2-h period, which was greater than that of HA-fused C-terminus 

of Alr1 described in Ch. 3.4.3.  The I746L mutant as well as the triple mutant 

(N733S/I746L/F777Y) from the “Al tolerance” class of mutants exhibited uptake 

patterns similar to wild-type.  However, the L740M from the “increased uptake” class, 

showed an increased rate of Mg2+ uptake (150 % increased content over 2 hours), 

particularly from 40 min to 120 min, compared with the “Al tolerance” mutants and 

wild-type.   
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Figure 4.8 Uptake in limiting Mg2+ 
 
CM66 cells carrying three Al-tolerant mutants (see text) as well as wild-type pFL38-ALR1 were 

grown to saturation in LPM-ura (200 μM Mg2+) and washed with distilled water three times to 

remove excess Mg2+.  The cells were incubated on LP-ura media (without Mg2+) for 24 hours.  

Mg2+ uptake to starved cells was performed over 2 h in LPM-ura (200 μM Mg2+) media, with 

measurement of Mg2+ contents after 0, 40, 80, and 120 min as described in Ch. 2.26.  L740M 

(“increased uptake” mutant), solid squares; I746L (“Al tolerance” mutant), open squares; pFL38-

ALR1 (wild-type), solid triangles; N733S/I746L/F777Y, open triangles. Points are the mean 

(±SE) derived from three independent experiments performed on different days.  

 

These results provide direct experimental evidence for a difference in Mg2+ uptake rates 

between the two classes of mutants.  

4.5.3 Mg2+ uptake in the presence of Al3+  

In addition to uptake in limiting Mg2+ (Fig. 4.8), I also measured Mg2+ uptake in the 

presence of varying levels of Al3+ after 2 hours (Ch. 2.26).  Relative uptake (%) is 

shown in Fig. 4.9.    

 

The results clearly show that uptake by the “Al tolerance” I746L mutant was much less 

inhibited by Al3+ than that of cells expressing wild-type ALR1: 21 % in Al3+ 30 μM and 

around 10 % in both 50 μM and 70 μM.  The triple mutant showed the highest tolerance 

to Al3+; the strain maintained 30 % uptake of Mg2+ in both 50 μM and 70 μM Al3+.  In 

contrast CM66 cells containing either wild-type plasmid or the “increased uptake” 

mutant plasmid (L740M) showed high inhibition of uptake of Mg2+, even by 30 μM 

Al3+.  Nevertheless, this “increased uptake” mutant still took up more Mg2+ in absolute 

terms than the wild-type in the presence of Al3+ (15 % compared to 7 % in 30 μM).  
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This result is consistent with the idea that the Al-tolerant phenotype was the result of an 

overall enhancement of total Mg2+ uptake in the presence of Al3+.  Both L740M and 

pFL38-ALR1 did not exhibit any Mg2+ uptake at the highest concentration of Al3+ (70 

μM) over 2 hours.  

 

 
Figure 4.9 The mutants showed increased uptake of Mg2+ in the presence 
of Al3+ 
 
The cells containing the indicated plasmids were grown and starved as described in Fig. 4.8 

legend.  Mg2+ uptake into starved cells was performed for 2 hours in LPM-ura media containing 

30, 50 or 70 μM Al3+.  Mg2+ contents of the cells were measured using AAS as described in Ch. 

2.26.  LPM-ura with no Al3+ (derived from the points at 120-min exposure in Fig. 4.8), open bars; 

30 μM Al3+, solid bars; 50 μM Al3+, striped bars; 70 μM Al3+, checked bars. Means (±SE) were 

calculated from three independent experiments performed on different days.    

 

In this experiment a reasonably small amount of external Al3+ (30-70 μM) caused a 

quite strong blockage of Mg2+ uptake (Mg2+ is at 200 μM in LPM-ura media).  

Previously in Fig. 4.7, the cells containing the mutant plasmids or wild-type had grown 

only slightly slower in 50 μM or 100 μM Al3+ than in the absence of Al3+.   This 

difference will be considered in more detail in Ch. 4.7.3.  

4.6 Western analysis of Al-tolerant mutants 

In order to assay protein levels, I constructed C-terminal HA fusions to nine Al3+ 

tolerance mutants (five single mutants, one triple and three double mutants) by 

homologous recombination using the method described in Appendix 1 (Fig. A1.1). All 
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of the tolerant mutants with HA fusions showed similar phenotypes (relative to wild-

type) in aluminium and cobalt compared to that described in Fig. 4.6 (data not shown).   

 

CM66 cells containing the nine Al-tolerant mutant plasmids with HA fusions, as well as 

wild-type pFL38-ALR1-HA, were grown on SC4-ura (4 mM Mg2+) media.  The cells 

were starved for Mg2+ over 24-h period to maximize expression of the mutant proteins 

on the plasma membrane. Total protein extracts were prepared from these cells (Ch. 

2.25.1).  The Western blot (Ch. 2.27) results are shown in Fig. 4.10. 

 

 
Figure 4.10 Al-tolerant proteins are expressed at similar extent 
 
CM66 cells with Al-tolerant mutant plasmids as well as wild-type pFL38-ALR1-HA were grown 

to saturation on SC-ura containing 4 mM Mg2+, harvested, washed with distilled water three 

times and resuspended with SC-ura media without Mg2+.  The cells were diluted into SC-ura 

without Mg2+ to give a final OD600=0.5 and starved for Mg2+ over 24 hours.  Total proteins (Ch. 

2.25.1) were prepared and SDS-PAGE electrophoresis, protein transfer and Western blots (Ch. 

2.27) were carried out to analyse HA or Pma1 proteins, as indicated.  The predominant reactive 

band against HA migrated similarly to the 100-kDa marker, while that against Pma1 migrated 

above the 190-kDa marker. 

 

 The results indicate that all of Al-tolerant mutant genes and the wild-type ALR1 gene 

expressed a band of the expected size (ca. 100 kDa).  Although there were differences 

in the loading in each lane, the bands appeared to have similar intensity based on their 

anti-PmaI bands.  These data suggest that the mutants have not caused any large 

changes in protein stability or expression levels.  In particular, the two mutants tested 

from the “increased uptake” class (M739V, L740M) did not show increased expression 

of their proteins, consistent with the earlier findings about degradation (Fig. 4.4). 
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4.7 Summary and discussion  

This chapter described the isolation and characterisation of two classes of Al-tolerant 

Alr1 mutants.  One class showed enhanced Mg2+ uptake, while the other class showed 

normal rates of Mg2+ uptake but an increased tolerance to Al3+.  PCR random 

mutagenesis was therefore successfully used to identify important amino acids residues 

for Al3+ tolerance in the putative transmembrane (TM) domain region of the ALR1 gene.  

Three residues within the putative TM domains were identified as being involved in Al-

related inhibition of Mg2+ uptake, and that may be interacting with Al3+ directly or 

indirectly during Mg2+ transport.  In addition, mutations in two adjacent amino acid 

residues located on a cytoplasmic loop were found to provide enhanced capability of 

Mg2+ uptake to the cells.  

4.7.1 At least three amino acids in the TM domains are important for 
Al3+ inhibition    

Three mutants (N733S, I746L, F777Y) showed Al3+ tolerance without significantly 

altering uptake of Mg2+.  These mutants in the “Al tolerance” class showed wild-type 

growth on Co2+ plates and similar growth rates to wild-type pFL38-ALR1 in liquid 

media with limiting Mg2+ (Table 4.1, Fig. 4.3).  The I746L mutant and the combined 

triple mutants (N733S/I746L/F777Y) also showed similar rates of Mg2+ uptake to wild-

type in the absence of Al3+ ions (Fig. 4.8).  However, they were capable of relatively 

larger uptake of Mg2+ than wild-type in the presence of Al3+ (Fig. 4.9).  These data 

suggest that tolerance of the mutants was not attributable to a change in the rate of Mg2+ 

uptake, but rather to a change in the sensitivity of the uptake process to Al3+.   

 

A simple explanation of these results is that the substitution of these residues may affect 

the site or sites on the Alr1 protein at which Al3+ might be interacting and/or competing 

with Mg2+. Both ions are similar in terms of ionic size (see Ch. 1.4.1) which is 

considered to be a dominant factor for metal substitution, rather than charge density 

(Macdonald and Martin 1988). One model may be that in the wild-type protein, Al3+ 

ions may directly prevent the transport of Mg2+ ions by binding to a critical site(s) in the 

Alr1 protein and remaining bound to it.  Slower ligand exchange rates of Al3+ compared 

with Mg2+ are likely to cause retention of Al3+ ions at any binding site(s) (see Ch.1.4.1).  

In an alternative explanation, substitution might cause specific structural changes in the 
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protein which could indirectly influence the binding sites for Al3+ inhibition of Mg2+ 

uptake.   

 

The mutants have presumably led to a reduction of Al3+ sensitivity for binding site(s) on 

Alr1 without significantly affecting Mg2+ uptake.  Substitution of Asn733 for serine, 

Ile746 for leucine or Phe777 for tyrosine, is assumed to have caused an increase of Mg2+ 

uptake by displacing Al3+ ions from their binding site(s).  Two of the residues are 

located in the cytoplasmic side of putative TM1 (N733S) and TM2 (I746L), whereas 

F777Y (selected twice for Al3+ tolerance in different experiments, see Table 4.1) is in 

the periplasmic side of TM3 (Fig. 4.11A).   

 
Figure 4.11 Properties of the Al-tolerant mutants 
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Blue colours represent “Al tolerance” mutants while red colours represent “increased uptake” 

mutants.  A. The location of the mutated residues.  Alr1 protein is illustrated with three TM 

domains (yellow), a periplasmic N-terminus and a cytoplasmic C-terminus. B. Polarity and size 

alteration of the mutants based on a Venn diagram taken from Betts and Russell (2003, page 

297). C. Structures of the existing or the mutated amino acids in “Al tolerance” residues. D.  
Structures of the existing or the mutated amino acids in “increased uptake” residues. 

 

All three mutants involve relatively conservative substitutions of amino acids on the 

basis of the change of size and polarity (Fig. 4.11B, C).  N733S and F777Y involve 

changes to give relatively smaller and larger amino acids, respectively; both mutants 

have slightly altered polarity (from polar to non-polar and vice versa, respectively).  

Both mutants possess hydroxyl side chains on the mutated amino acids (Fig. 4.11C) 

which have been suggested to be important for Mg2+ uptake in S. typhimurium CorA 

protein (Smith et al. 1998, Szegedy and Maguire 1999).  

 

The most tolerant mutant among three single “Al tolerance” mutants (Ile to Leu at 

amino acids 746) also involves a very conservative substitution that changed the 

location of methyl group on the amino acid (Fig. 4.11C).  It is particularly striking that 

the loss of one methyl group from this same amino acid residue - the substitution of 

isoleucine for valine in mutant I746V - led to a complete inactivation of Mg2+ uptake 

(see Fig. 3.13).   Therefore, the Ile746 residue in Alr1 must be critically important for 

both Mg2+ uptake and Al3+ toxicity.  The opposing effects of these two similar 

conservative changes in the side chain of this residue, lead me to suggest that it may be 

located in or close to the pore region. 

 

Although minor conservative substitutions generally do not have such a strong impact 

on structure and function of proteins (Mattews 1993), conservative changes (Leu -> Ile 

or vice versa) have been shown to significantly affect biological properties in other 

proteins (Sitbon et al. 1991, Vipond et al. 1996, Christoffers et al. 2002, Delye et al. 

2002, Leech et al. 2003, Wen et al. 2005, Piazza et al. 2005).  In the case of I746L, this 

minor switch at this residue might cause a significant structural change to the pore that 

does not change Mg2+ uptake but changes Al3+ interaction so that it acts as a less 

effective inhibitor of magnesium uptake. 
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Another Mg2+ transport protein, Alr2 in S. cerevisiae appeared to confer more resistance 

to Al3+ than Alr1, based both on relative tolerance levels conferred by overexpression of 

the two genes (Macdiarmid 1997) and on measurements of the inhibition of Co2+ uptake 

in the presence of Al3+ (Macdiarmid and Gardner 1998).  It is interesting to see the 

residues of Alr2, corresponding to the position 746 and 777 in Alr1, are leucine and 

tyrosine, respectively, which are the mutated amino acids in Alr1 for Al3+ tolerance. 

Therefore, Alr2 might have evolved naturally to be more tolerant to Al3+ toxicity; both 

proteins share 69 % amino acid identity with similar lengths (859 and 858 aa, 

respectively; see Ch. 1.3.2). The other yeast CorA homologue, Mnr2 (969 aa), also 

possesses leucine at its equivalent position 746, but the role of Mnr2 in Mg2+ transport 

is unclear (see Ch. 1.3.2).   

 

When the three mutations were combined, the Al3+ tolerance of the each mutant 

increased in a way that was consistent with Al3+ tolerance being additive (see Ch. 4.4.3, 

4.4.4). For example, combination of the three single point mutations 

(N733S/I746L/F777Y) conferred overall tolerance to Al3+ greater than each single 

mutant or combination of two mutants.  This additivity would suggest that the three 

mutants behave independently against Al3+ inhibition.  In the case of F777Y, it could 

not be ruled out that the mutated residue provided a more synergistic effect on Al3+ 

tolerance when combined with I746L (Ch. 4.4.4).  Because the Alr1 proteins likely 

form homo-oligomers (Ch. 3.7), it is possible that three single mutations on one 

monomer might be related to the other mutations on the other monomers to confer 

resistance to Al3+ ions.   However, the fact that the assembly of Al-tolerant Alr1 

subunits with wild-type Alr1 subunits conferred greater Al3+ tolerance than wild-type 

(Ch. 4.4.4), suggests that the Al-tolerant mutant residues in oligomers are still operative 

for Al3+ tolerance.  

 

TM1 of CorA was proposed to assist maintenance of pore-forming by TM2 and TM3 

(Warren et al. 2004).  If this supposition is right, N733S on putative TM1 might not be 

interacting with Al3+; rather the change of this residue may give rise to the slight 

conformational change which affects the function of pores.  The finding in this chapter, 

along with the results in Chapter 3, suggest that the putative TM1 domain is centrally 

involved in both Mg2+ uptake and Al3+ toxicity, in addition to TM2 and TM3.  
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In conclusion, three critical residues (Asn733 in putative TM1, Ile746 in TM2, Phe777 in 

TM3) were identified using random mutagenesis as being involved in Al3+ toxicity in 

yeast.  It seems highly possible that Ile746 is directly involved in the central pore of the 

Alr1 transport protein, given that very conservative changes can either result in loss of 

Mg2+ uptake or confer tolerance to the inhibitor Al3+.    

4.7.2 Two tolerant mutants show increased Mg2+ uptake 

Two Al-tolerant mutants (M739V, L740M) were identified that appeared to alter the 

rate of Mg2+ uptake; they showed reduced growth on Co2+ (Fig. 4.2) and increased 

growth on limiting Mg2+ (Fig. 4.3).  More direct evidence was obtained from the Mg2+ 

uptake experiment in which L740M displayed a noticeable increase of Mg2+ uptake 

compared to wild-type Alr1 (Ch. 4.5.2).  As a result of the increased activity, total Mg2+ 

uptake in the presence of Al3+ remained higher than that of wild-type.  The enhanced 

uptake of Mg2+ did not result from the decreased turnover via the endocytosis pathway 

(Fig. 4.4) or from large changes to the level of the proteins (Fig. 4.10). 

 

Both mutations are located on amino acid residues in the cytoplasmic loop between the 

putative TM1 and TM2 domains (Fig. 4.11A). Therefore, one option to explain their 

increased activity might be that the mutants are related to Mg2+ ion release immediately 

after its passage through the pore.  A faster release of magnesium to the cytoplasm 

might be expected to increase the rate of uptake. 

 

The fact that both mutant residues (M739V, L740M) are close together and in the 

cytoplasm raises a second possibility that this region of the protein might be involved in 

control of the rate of transport.  For example, it may be that a regulatory protein binds to 

Alr1 here and represses uptake, and these mutants reduce the binding and thus the 

repression, so that the rate of Mg2+ release might be increased.  Given that so little is 

known about the structure of Alr1, other options are also clearly possible.  The changes 

may affect the rate of magnesium transport by altering pore size or structure, for 

example.   

 

Like the “Al tolerance” mutants, both mutants involved very conservative substitutions 

based on their size or polarity (Fig. 4.11B) although the mutated Val739 is slightly 

smaller than the original Met739.    The hydrophobic nature of those residues (Met, Val, 
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Leu) might lead to a close proximity of this loop to the lipid layer or it may be buried in 

protein; in contrast, the other residues of this loop are hydrophilic.  

 

Both changes involve the loss (M739V) or gain (L740M) of a methionine (Fig. 4.11B). 

Although methionine contains a sulphur atom (Fig. 4.11D), it is unlikely to be involved 

in direct interaction with the metal ions since sulphur is not known to coordinate with 

Mg2+ in biological systems (Kehres and Maguire 2002).  Two mutants involving loss of 

methionines (M745T, M762L) showed reduced Mg2+ uptake in Chapter 3; the former is 

located in the cytoplasmic face of TM2 and belongs to the “low activity” class of 

mutants and the latter is in the periplasmic face of TM2 and belongs to “no activity” 

class (see Fig. 3.13).  Met762 is found in most CorA super-family within the conserved 

GMN motif, which is essential for CorA activity (Szegedy and Maguire 1999). In the 

case of Met745 in TM2, it is interesting to note the proximity with Met739 and Leu740, 

whose substitution increased Mg2+ uptake.  In CorA mutagenesis, the conserved Met299 

in TM3 (Kehres et al. 1998) was crucial for Mg2+ uptake among the bacterial and 

archaeal species; substitution for alanine or cysteine inactivated CorA function or led to 

the cation affinity change, respectively (Smith et al. 1998).   The findings suggested that 

the hydrophobic nature of methionine might be of some importance for Mg2+ uptake in 

both Alr1 and CorA.   

4.7.3 Unresolved issues 

Starvation might cause a slow uptake of Mg 

The Al-tolerant mutants conferred ability for growth in the presence of 50 μM and 100 

μM Al3+, although growth was still slower than in the absence of Al3+ (Fig. 4.7); the 

cells eventually reached stationary phase after a 24-h period.  However, relatively low 

Al3+ (30-70 μM) led to quite a slow uptake of Mg2+ over 2 hours compared to Mg2+ 

uptake without Al3+ (Fig. 4.9).  The cells expressing wild-type ALR1 stopped taking up 

Mg2+ in 70 μM Al3+ over 2 hours.  Both experiments were performed in the same 

minimal medium with 200 μM Mg2+.  It is unclear why there is such a difference in the 

two experiments in the concentrations of Al3+ needed to inhibit growth of cells or 

uptake of Mg2+.   It is possible that the difference reflects the assay used, and that very 

low levels of residual uptake of Mg2+ in the presence of Al3+ may be sufficient to allow 

reasonable rates of growth.  Another possibility is that the difference may be attributed 



 119

to the starvation period.  The starved cells may be more sensitive to Al3+ inhibition, 

because starved cells were also slightly more sensitive to Al3+ on solid plates compared 

to non-starved cells (data not shown). 

4.7.4 Conclusions 

These mutagenesis studies have identified some amino acid residues (Asn733, Ile746, 

Phe777) in the putative TM domains of the Alr1 transport protein as being important 

sites for Al3+ inhibition.  The existence of tolerance mutations located within the 

putative TM domain region provides the first evidence to suggest that there is a direct 

Al3+ inhibition of Mg2+ uptake via the Alr1 protein.  To determine whether the mutated 

residues are binding sites for Al3+ or have an indirect effect on Al3+ hindrance requires 

further site-directed mutagenesis.  Two cytoplasmic amino acids (Met739, Leu740) were 

identified as important for the rate of Mg2+ transport, in addition to the inactive mutants 

described in Chapter 3.  The results are entirely consistent with the hypothesis that Al3+ 

toxicity in yeast results from inhibition of Mg2+ uptake (discussed further in Ch. 6.5).  
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Chapter 5 Truncations of the ALR1 gene and 
CorA-Alr1 hybrids 

5.1 Introduction 

Homology to the S. typhimurium CorA protein (316 aa) is located in the carboxyl-

terminus of the Alr1 protein (859 aa).  The much longer Alr1 protein contains both a 

long N-terminal extension and a short C-terminal extension relative to CorA (Fig. 1.2).  

Mutagenesis of the 3’ half of the ALR1 gene revealed that a region containing three 

putative TM domains near the C-terminus is crucial for Mg2+ transport (Chapter 3).  It 

also indicated that some residues immediately upstream of these TM domains appeared 

to be involved in Mg2+ transport (see Ch. 3.9.2).  The first part of this chapter uses 

deletion mutagenesis to examine the role of the N- and C- terminal extensions in Mg2+ 

transport.  The construction of N- and C- terminal truncation mutants is detailed, along 

with their phenotypic analysis in limiting Mg2+, their capability for Mg2+ uptake, and an 

analysis of protein expression.  Much of the work reported for this part of the chapter 

appeared in Lee and Gardner (2006).   

 

The CorA gene partially complemented Mg2+ transport in a yeast strain lacking the 

ALR1 gene (Graschopf et al. 2001, Drummond et al. 2006).  Both Alr1 and CorA 

showed specificity for a range of divalent cations (see Ch. 1.3.1, 1.3.2).  However, in 

contrast to the reduction of Mg2+ uptake via Alr1 by Al3+ ions (Macdiarmid and 

Gardner 1998), Mg2+ uptake through the CorA protein was much less inhibited by Al3+ 

(Li et al. 2001b).  In the second part of this chapter, I explored the possibility that the 

TM domains in CorA may be functional in yeast when substituted into the Alr1 protein, 

with a longer term goal of assaying the molecular basis for the difference in Al3+ 

inhibition of the two proteins. 
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5.2 Truncation of N-terminal regions 

5.2.1 Rationale and strategy  

The S. cerevisiae Alr1 protein shares similarity with some yeast homologues which are 

designated as Alr1 family proteins, and which form a subset of the CorA super-family 

(Ch. 1.3.3).  They can all be closely aligned in the CorA homologous region of Alr1, 

including the putative TM domains with a GMN motif, a signature of the CorA super-

family.  In contrast, they appear to have only weak similarity in the N-terminal region 

(see alignment in Appendix 3). Depending on their length, some amino acids are 

missing or some are additional in the large N-terminal region of Alr1.  For example, the 

S. cerevisiae Mnr2 possesses several insertions of amino acids compared to Alr1 after 

amino acid residues 452, 509 and 600; in contrast, the homologue in Yarrowia 

lipolytica has a deletion of amino acids found at the beginning of Alr1.   

 

The region of Alr1 homology to CorA is difficult to determine precisely.  Although 

homology to the S. typhimurium CorA is localised in the 3’ half of the Alr1 protein (Fig. 

1.2), some of the larger bacterial CorA proteins appear to align with Alr1 earlier in the 

protein (see Appendix 3).  In particular, the protein in Synechocystis sp. (387 aa in 

length) exhibits some alignment starting from amino acid 326 of Alr1 (Fig. A3.1). 

However, because strict S. typhimurium CorA homology is found on the C-terminus of 

Alr1 (approximately 440 to 800 of Alr1, see Fig. 1.2), I used the front 440 amino acids 

for this analysis and will refer to this region as an N-terminal extension.  

 

In order to investigate if there is any known functional domain in the N-terminal 

extension of Alr1, the front 440 amino acids was used to search for homologous 

domains from the conserved domain database (CDD) using the NCBI (RPS-blast) 

search program.  Some amino acids within this extension were shared with other 

proteins when the value of stringency expectation was set at its lowest (data not shown). 

However, these proteins had poor alignment overall with the Alr1 N-terminal extension 

and the potential homologues did not appear to be obviously related to Mg2+ transport.  

 

The N-terminal extension (amino acids 1-440) contains very few predicted alpha helices 

(only 8%) whereas the region (amino acids 441-806) including the CorA homology has 
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nearly 60 % of amino acids forming alpha-helical structure (calculated using the 

PROTEIN PREDICTION  programme  Rost et al. 2004).  Alignment of Alr1 with the 

homologous fungal proteins indicates that although the first part of the N-terminal 

extension (until amino acid 269) has low similarity, a block of negative charged amino 

acids (D, E) are aligned in the region between amino acids 269 and 296 (see Appendix 

3).     

 

In an effort to understand the functional role of this N-terminal extension in Mg2+ 

uptake, I constructed a series of consecutive N-terminal deletion mutants (Fig. 5.1A).  

Four ALR1 deletion mutants lacking amino acids up to either position 166 (Del1), 239 

(Del2), 321 (Del3) or 396 (Del4) were generated as described in Appendix 4.  The 

deletion mutants contained an N-terminal HA fusion and were driven by the GAL1 

promoter.   

5.2.2 Phenotype on limiting Mg2+ 

Initial experiments with the full-length ALR1 gene driven by the GAL1 promoter 

(pFL38-pGAL1-HA-ALR1) showed that it was expressed sufficiently to allow growth 

under conditions where glucose was the sole carbon source (Fig. 3.2, 3.3).  In addition 

to glucose, I also used galactose to maximize HA-Alr1 and HA-∆Alr1 expression for 

phenotypic studies.  Therefore, the CM66 cells carrying either pFL38-pGAL1-HA-

ALR1, four N-terminally truncated mutant plasmids (Del1-Del4: pFL38-pGAL1-HA-

∆ALR1) or empty vector (pFL38) were tested for their ability to grow on SC4-ura plates 

(4 mM Mg2+) containing either glucose or galactose (Fig. 5.1B).  They were also plated 

onto LPM-ura (200 μM Mg2+ with galactose) containing 150 μM aluminium.     

 

The cells carrying pFL38-pGAL1-HA-ALR1 and the deleted Alr1 proteins lacking up to 

239 amino acids from the N-terminus (Del1 and Del2) were able to grow on plates 

containing 4 mM Mg2+.  Conversely, two larger N-terminal deletions (Del3 and Del4) 

abolished growth on 4 mM Mg2+; these two mutants were indistinguishable from empty 

vector and grew similarly to wild-type on 250 mM Mg2+ (data not shown).  The result 

was independent of whether the deletion mutants were grown on glucose or galactose.  

These observations suggest that first portion (amino acids 1-239) of the N-terminus is 

not needed for Alr1 function.  I conclude that effective Mg2+ uptake in yeast by Alr1 
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requires part of the region between amino acids 240 and 322, and is not achieved by the 

region of Alr1 that encompasses the CorA domain.   

 
 
Figure 5.1 The N-termini of Alr1 is not crucial for Mg2+ uptake by yeast  
 
A. Wild-type pFL38-pGAL1-HA-ALR1 and four deletion mutants (generated as described in 

Appendix 4) are presented as bars; numbers refer to the first amino acid residue present in the 

non-deleted (wt) or the deleted Alr1 protein.  Proposed TM domains are shown as solid grey 

(putative TM1) or black (TM2 and TM3) boxes near the C-terminus. B. CM66 cells carrying 

either the wild-type plasmid (pFL38-pGAL1-HA-ALR1), empty vector (pFL38), or the N-terminal 

deletion mutants (Del1  through Del4 in pFL38-pGAL1-HA-∆ALR1) were grown to saturation on 

SCM-ura (250 mM Mg2+) containing either 2 % glucose (for cells to be plated on glucose media) 

or a combination of 0.2 % glucose, 1.8 % galactose and 0.9 % raffinose (for cells to be plated 

on galactose media).  The cells were thoroughly washed with distilled water, serially diluted five-

fold four times and spotted onto plates to test for their ability to grow on SC4-ura (4 mM Mg2+) 

containing either 2 % glucose (illustrated on the left) or 2 % galactose (on the middle) and LPM-

ura (galactose) containing 150 μM aluminium (on the right). 

   

Both the Del1 and Del2 mutants conferred somewhat less tolerance to Al3+, compared 

to wild-type pFL38-pGAL1-HA-ALR1 (Fig. 5.1B).  Growth of both mutants was also 

reduced on LPM-ura media (200 μM Mg2+) without Al3+, compared to wild-type (data 

not shown).  These results suggest that deletion of the first 239 amino acids has a slight 

effect on growth capability in Alr1 function.  Alternatively, the small reduction in both 

truncations might be attributed to low pH (3.5) or low phosphate (200 μM) which was 

used for metal toxicity in LPM media (see Macdiarmid and Gardner 1996) rather than 

reduced Mg2+ uptake.  However, application of either standard pH (4.6) or standard 
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levels of phosphate (3 mM) increased growth of both wild-type and Del1 mutants 

equally (data not shown), suggesting that slow growth of the two deletion mutants could 

be attributed to reduction of Mg2+ uptake.  The first two deletion mutants (Del1 and 

Del2) did not show any distinct toxicity on the other divalent cations (Co2+, Ni2+, Zn2+, 

Mn2+) compared to wild-type, indicating that 1- 239 residues of Alr1 do not contain any 

specific sensitivity with the other substrates (data not shown). 

5.2.3 Characteristics in liquid media  

Growth capability of the N-terminal deletion mutants was examined in liquid media 

containing 20 μM or 4 mM Mg2+ (with galactose).  Figure 5.2 shows final OD600 values 

after 24 hours of growth.  In 4 mM Mg2+ (filled bars), there was again a clear difference 

between the two smallest N-terminal deletions and the two larger ones.  Del1 and Del2 

showed only slightly reduced growth compared to wild-type cells, whereas Del3 and 

Del4 were essentially inactive for Mg2+ transport at 4 mM Mg2+.  These results are 

consistent with the plating results above.  

 

 
Figure 5.2 Characteristics of the deletion mutants in liquid media 
 

The figure shows the final cell density (OD600) obtained after growth in 20 μM (open bars) or 4 

mM Mg2+ (filled bars).  CM66 cells containing the wild-type and four N-terminal deletion mutant 

plasmids were grown up in SC-ura (with 0.2 % glucose, 1.8 % galactose and 0.9 % raffinose) 

supplemented with 250 mM Mg2+. The cells were washed with distilled water three times and 

resuspended with fresh SC-ura media (2 % galactose, 1 % raffinose, no glucose, no 

magnesium).  Aliquots of the cells were diluted 40- to 50-fold into SC-ura media (2 % galactose, 

1 % raffinose) containing either 20 μM or 4 mM Mg2+ at an initial OD600=0.05. Growth was 
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measured after 24 hours.  Points are the average (±SE) derived from three independent 

experiments.  

 

When grown at low Mg2+ (20 μM, open bars in Fig. 5.2), a difference was revealed 

between the two smaller deletions, with Del2 somewhat less capable of growing on 20 

μM Mg2+ compared with Del1.  Growth of the Del3 and Del4 mutants was completely 

repressed to similar levels as empty vector (compare with pFL38 in Fig. 3.7).  The 

overall growth capability for deletion mutants on Mg2+ was:  Wild-type > Del1 > Del2 

> Del3 ≥ Del4, based on Fig. 5.1 and Fig. 5.2.   

5.3 Deletion of the C-terminus 

5.3.1 Rationale and strategy 

Alr1 has 62 residues after the predicted end of the last TM domain compared to 6 

residues in CorA (Fig. 3.13).  The other bacterial CorA homologues also possess small 

C-termini, although the gene from Synechocystis sp is slightly longer (see Appendix 3). 

In contrast to the Alr1 protein, some of the fungal Alr1 family proteins (including 

Mnr2) contain short C-termini like the bacterial CorA homologues (see Appendix 3). 

Therefore, I looked at the role of this small C-terminal extension for Mg2+ transport in 

the yeast Alr1 protein.   

 

The results in Ch. 3.3.4 had suggested that the structure of the C-terminal region might 

be important for Mg2+ uptake, because the addition of three copies of the HA epitope to 

the C-terminus of Alr1 slightly reduced Mg2+ uptake.  Homologous domain searches 

(RPS-blast) with this C-terminal extension of Alr1 showed no match to any other 

known domain (data not shown).   

 

I constructed a C-terminal deletion mutant that included the first 806 amino acid 

residues from Alr1 fused with three copies of HA epitope driven by the native Alr1 

promoter (Appendix 4, Fig. A4.1). During the course of construction, two candidate 

mutants were obtained (Fig. 5.3A).  The first deletion mutant (Del5Δ) contained an 

unexpected frame shift in the region of the homologous recombination, which generated 

a protein containing 806 residues from Alr1, with six additional amino acid residues 

(PDPRVN, see Fig. A4.3). This mutant was therefore deleted for the C-terminus, but 
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did not express the HA epitope.  The second deletion mutant (Del5) contained the 

expected construct, with 806 residues of Alr1 protein fused to the 3x HA epitope.   

5.3.2 Phenotype on limiting Mg2+ 

Figure 5.3B shows the growth ability of the two C-terminal deletions (Del5Δ, Del5) in 

the CM66 yeast strain, compared to that of wild-type pFL38-ALR1.  

 

 
 

Figure 5.3 The C-terminus of the Alr1 is not essential for Mg2+ transport by 
yeast 
 
A. Wild-type pFL38-ALR1 and two C-terminal deletion mutants (see Appendix 4) are shown as 

open bars; numbers refer to the first and last amino acid residues present in the non-deleted 

(wt) or the deleted Alr1 proteins. Proposed TM domains are shown as solid grey (putative TM1) 

or black (TM2 and TM3) squares near the C-terminus.  CorA homology (316AA) is shown by the 

black arrow.  B. CM66 cells containing either the wild-type (pFL38-ALR1) or C-terminal deletion 

mutants (Del5Δ in pFL38-∆ALR1, Del5 in pFL38-∆ALR1-HA) was grown to saturation on SC-ura 

media supplemented with 250 mM Mg2+.  The cells were thoroughly washed with distilled water, 

serially diluted five-fold four times and tested for their ability to grow on SC4-ura (4 mM Mg2+) 

media.   

 

The first frame-shifted mutant (which lacked the HA tag, Del5Δ) grew similarly to 

wild-type pFL38-ALR1 on plates containing 4 mM Mg2+ (Fig. 5.3B,) as well as on 200 

μM Mg2+ (data not shown).  The cells harbouring Del5Δ also showed a similar 

phenotype to those harbouring wild-type plasmid on the other divalent cations (Co2+, 

Ni2+, Mn2+, Zn2+), indicating that the 53 C-terminal residues are not involved in specific 

sensitivity with the other substrates (data not shown). 
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In contrast, the Del5 mutant expressing the HA epitope showed a very severe growth 

defect on 4 mM Mg2+ compared to that of the frame-shifted mutant (Fig. 5.3B).  

Addition of high Mg2+ (250 mM) in the media allowed the cells expressing this ALR1 

mutant gene to grow similarly to wild-type level (data not shown). These results support 

previous data that HA fusion to the C-terminus caused reduced Alr1 function and Mg2+ 

uptake (see Ch. 3.3.4, 3.9.4).   

5.3.3 Characteristics in liquid media  

Growth rates of the two C-terminal deletion mutants were observed in liquid media 

containing six different concentrations of Mg2+ (Fig. 5.4).  CM66 cells containing the 

frame-shifted mutant (Del5Δ) were capable of growth at all levels of Mg2+ similar to 

wild-type pFL38-ALR1 (compare Fig. 5.4A to Fig. 3.4A).  However, the Del5 mutant 

(expressing HA) exhibited repressed cell growth at 20 μM, 200 μM or 1 mM Mg2+, to a 

level which is indistinguishable from the pFL38 empty vector (compare Fig. 5.4B to 

Fig. 3.7A).  At higher concentrations of Mg2+ (4 mM, 10 mM), the cells containing the 

Del5 mutant plasmid showed some growth, at a level similar to “low activity” mutants 

(compare to Fig. 3.7C).  This mutant therefore retained a degree of Mg2+ uptake which 

is intermediate between “no activity” and “low activity” mutants described in Chapter 

3.  

 
Figure 5.4 Growth of the deletion mutants in liquid media 
 
CM66 cells harbouring either Del5Δ (A) or Del5 (B) were grown to stationary phase on SCM-ura 

(250 mM Mg2+) and washed three times with distilled water to remove excess Mg2+.  The cells 

were resuspended with SC-ura without Mg2+ and diluted 40- to 50- times to SC-ura media with 

different levels of Mg2+ (20 μM, 200 μM, 1 mM, 4 mM, 10 mM, 250 mM) to give a final 

OD600=0.05.  Growth rates were measured over 72 hours.  Mg2+ concentrations were: 20 μM, 
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open circles; 200 μM, solid circles; 1 mM, open triangles; 4 mM, solid triangles; 10 mM, open 

squares; and 250 mM, solid squares. Points are the average (±SE) derived from three 

independent experiments.  

 

The basis for the difference in phenotype between these two C-terminal deletion 

mutants is not clear.  The addition of the HA epitope to the C-terminus of wild-type 

Alr1 caused a reduction in Mg2+ uptake (Fig. 3.4), but not to the extent evident between 

these two mutants.  The high activity of the first “frame-shifted” mutant clearly showed 

that the C-terminus of Alr1 is not essential for Mg2+ uptake activity.  It appears that 

there may be some structural interaction between HA and the C-terminus of Alr1.  

Alternatively it is possible that the six extra amino acids in the frame-shifted mutant 

somehow fortuitously promote Mg2+ uptake.  This issue will be considered further in 

the discussion chapter (Ch. 5.7). 

5.4 Mg2+ uptake in CM66 with the deletion mutants 

In the section above, part of the N-terminal region as well as most of the C-terminal 

region was determined being non-essential for Mg2+ transport based on their growth 

phenotype on solid and liquid media (Ch. 5.2, 5.3).  Here I present direct evidence in 

support of the hypothesis that the growth phenotypes of the deletion mutants correlates 

with uptake capability, using measurement of Mg2+ uptake.   

    

Initial experiments with the N-terminal mutants driven by the GAL1 promoter failed to 

equalize intracellular Mg2+ after 24-h starvation for cells grown in galactose.  Two 

inactive deletion mutants (Del3 and Del4) were successfully starved to almost the same 

level as empty vector (pFL38) but the Mg2+ content in wild-type (pFL38-pGAL1-HA-

ALR1), Del1 and Del2 cells was two or four times higher than those containing the 

empty vector after starvation (data not shown). These different starting conditions 

would have made it difficult to compare uptake results directly.  The findings also 

suggested that overexpression of Alr1 might disrupt intracellular Mg2+ homeostasis 

under extracellular Mg-depleted conditions.  This observation will be discussed in Ch. 

5.7.    

 

Therefore, CM66 cells carrying wild-type (pFL38-pGAL1-HA-ALR1), four N-terminal 

deletion mutants (Del1 – Del4) or two C-terminal deletion mutants (Del5Δ, Del5) were 
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starved for Mg2+ under the condition of 2 % glucose as described in Ch. 2.26.  The 

levels of intracellular Mg2+ of the cells came down to the similar levels after 24 hours.  

Mg2+ uptake by the starved cells was undertaken over 2 h in minimal defined media 

with 1 mM Mg2+ and the relative uptake (%) is shown in Fig. 5.5.  

 

 
Figure 5.5 Part of the deletion mutants show wild-type Mg2+ uptake into 
the cell 
 

CM66 cells carrying wild-type plasmid (pFL38-pGAL1-HA-ALR1) as well as a variety of deletion 

mutants were grown to saturation on SCM-ura liquid media (250 mM Mg2+, 2 % glucose) and 

washed with distilled water three times.  The cells were starved by incubating on SC-ura liquid 

media (no Mg2+) for 24 hours.  Mg2+ uptake to starved cells was measured after 0 hours and 2 

hours in SC-ura media (2 % glucose) containing 1 mM Mg2+ using AAS (Ch. 2.26).  The column 

graph shows the relative uptake (%) measured as the % increase in Mg2+ content at each time 

point (over 2 hours) relative to the starting value (0 hours).The means (±SE) are derived from 

three independent experiments.  

 

The pFL38-pGAL1-HA-ALR1 mediated a 60 % increase on average in Mg2+ content. 

The first two deletion mutants (Del1, Del2), lacking up to 239 N-terminal amino acids, 

were able to increase intracellular Mg2+ to the same extent as wild-type pFL38-pGAL1-

HA-ALR1 despite previously showing a minor reduction in growth on solid (Fig. 5.1) 

and liquid media (Fig. 5.2).  In contrast, the other two large N-terminal deletions (Del3, 

Del4) appeared to provide minimal or no capability for Mg2+ uptake in CM66 cells.  
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These findings present direct evidence for the dispensability of the N-terminal 239 

residues in Alr1 for Mg2+ uptake.  

 

The first C-terminal deletion mutant without HA (Del5Δ, Ch. 5.3.1) also exhibited wild-

type levels of Mg2+ uptake, indicating that lack of the C-terminus did not cause any 

reduction of Mg2+ uptake.  However, the cells containing the second C-terminal mutant 

with HA epitope (Del5, Ch. 5.3.1) showed no detectable uptake of Mg2+ over 2 hours, 

confirming that the growth phenotypes observed in the preceding sections reflected 

differences in transport capability.  

5.5 Western analysis of the deletion mutants  

In order to confirm that the deletion proteins were expressed, Western analysis was 

performed.  For the N-terminal deletion mutants driven by the GAL1 promoter, 

galactose was used in the media to maximize expression of the proteins.  For the C-

terminal deletion mutants, starvation for Mg2+ was performed prior to protein extraction 

as was done for the ALR1 random mutants (see 2.25 methods).  Total lysates were 

analysed (Ch. 2.25.1) and HA antibody was used for Western blots (Ch. 2.27).    

 

Figure 5.6 shows that the proteins expressed from each of the deletions were of the 

expected size (81, 71, 64, 56, 94 kDa) compared to the wild-type (ca. 100 kDa).  In 

some cases (wild-type, Del1-Del3), an additional band 20 kDa larger than the expected 

band was also observed (see also Fig. 3.8).  The ratio of the expected band and the 

larger band was again variable.  In repeated experiments with these deletion mutants, 

cells carrying the Del4 mutant did not express the larger band (ca. 76 kDa expected), in 

contrast to the other N-terminal deletions.  If the suggestion from Graschopf et al. 

(2001) is correct, the absence of this band may be due to the cessation of post-

translational modification, suggesting that amino acids 322-396 of the Alr1 (the deleted 

region between Del3 and Del4) might be necessary for this extra band. 
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Figure 5.6 All the deletion mutants express the HA epitope as part of a 
fusion product of the expected size.   
 

The five left-most lanes are from cells expressing HA-ALR1 fusions driven by the GAL1 

promoter, and were cultured on SC-ura (with 0.2 % glucose, 1.8 % galactose and 0.9 % 

raffinose) containing Mg2+ at 10 μM (for wild-type, Del1 and Del2) or 4 mM (Del3 and Del4).  

The last two lanes contain ALR1-HA driven by the endogenous ALR1 promoter; these cells 

were cultured on standard SC-ura media with 250 mM Mg2+ and then starved for Mg2+ over 24 

hours.  The left wild-type is pFL38-pGAL1-HA-ALR1 and right wild-type is pFL38-ALR1-HA. The 

mobilities of co-electrophoresed MW markers are indicated.  The expected size of Alr1 is 100 

kDa, and the five deletion mutants are expected to be 81, 73, 64, 56 and 94 kDa respectively. 

 

Because the cells carrying the Del1 and Del2 deletion mutants were grown on 10 μM 

Mg2+ for Western blots, I repeated the Western blot with the proteins from both cells 

grown on 4 mM Mg2+ and the cells starved of Mg2+ for 24 hours.  Bands of similar size 

and intensity to those shown in Fig. 5.6 were observed (data not shown).   

 

In conclusion, the reduction in Mg2+ growth phenotype for the deletion mutants did not 

appear to be due to lack of protein expression.  

5.6 Swapping of TM domains in ALR1 with those in CorA 

Bacterial CorA complements Mg2+ uptake in the CM66 yeast strain to a small degree 

(Graschopf et al. 2001, Drummond et al. 2006).  The authors attributed the poor 

complementation to mislocalisation of the CorA protein in the cells, based on 

observation of GFP fusion proteins. Therefore, fusing CorA to Alr1 may overcome the 
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mislocalisation issues of the bacterial protein and also provide an understanding of the 

molecular basis for the difference in Al3+ inhibition of the two genes (Ch. 5.1).   

Alr1-CorA hybrids were generated by the replacement of the putative TM domains in 

ALR1 by those from CorA.  Three hybrids were constructed, replacing TM3 alone, TM2 

and TM3 together, or all three putative TM domains.  High fidelity PCR and 

homologous recombination were used to generate those hybrids (see Appendix 5).  

Because the C-terminus of Alr1 was not essential for Mg2+ transport (Ch. 5.3), all the 

hybrids contained the C-terminus of CorA.  The hybrid containing the CorA TM3 

domain also included the CorA loop between Alr1 TM2 and CorA TM3, while the 

hybrid containing CorA TM2 and TM3 included the Alr1 loop between Alr1 putative 

TM1 and CorA TM2 (see Appendix 5).  All were expressed from the low copy vector 

(pFL38) driven by the native ALR1 promoter.  All were confirmed by DNA sequencing. 

Figure 5.7 shows the functional complementation of the set of three ALR1-CorA 

hybrids in the CM66 yeast strain, compared to the two wild-type genes (pFL38-ALR1, 

pFLN2-CorA provided by Keith Richard).  None of the hybrids suppressed the growth 

defect of this strain on 4 mM Mg2+ but addition of 250 mM in the media allowed the 

cells to grow similarly to wild-type level (Fig. 5.7B).  The growth rate in liquid media 

with six Mg2+ concentrations (20 μM, 200 μM, 1 mM, 4 mM, 10 mM and 250 mM) 

also showed that the cells containing the hybrids were indistinguishable from the empty 

vector (data not shown).  

In both these plate and the liquid results, growth of cells expressing CorA also proved 

indistinguishable from that of empty vector.  This result was unexpected because CorA 

had previously been shown to complement alr1 mutants at high levels of Mg2+ (10 mM 

in plates, Drummond et al. 2006; see also Graschopf et al. 2001); no more experiments 

were undertaken to investigate the reasons for this difference.   

The findings suggest that introduction of TM domain regions from CorA into 

homologous segments of Alr1 abolished the capability of Alr1 for Mg2+ uptake.  
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Figure 5.7 All Alr1-CorA hybrids did not complement the CM66 (alr1/alr2) 
cells 
 
A. Wild-type Alr1, three Alr1-CorA hybrids (see Appendix 5) and CorA are shown as open bars; 

blue and red boxes represent Alr1 and CorA TM domains, respectively. B. CM66 cells 

possessing either Alr1, three hybrids or CorA were grown on SCM-ura (250 mM Mg2+), serially 

diluted 20-fold twice and spotted onto SC-ura media containing 4 mM and 250 mM Mg2+.  

5.7 Conclusion and discussion 

This chapter describes the characterization of N- or C- terminal deletion mutants of 

Alr1 and Alr1-CorA hybrids.  The findings showed that part of the N- or C- terminal 

extension was dispensable for Mg2+ transport, but also provided evidence that yeast 

requires a larger protein to take up Mg2+ than bacteria does.  They also provide some 

indication of a possible region involved in post-translational modification.  In addition, 

an initial domain swap experiment is described in which the TM domains of CorA were 

substituted into those of Alr1, but the hybrids provided no capability for growth on low 

Mg2+ to the yeast cells. 

5.7.1 Part of the large N-terminus is not essential for Mg2+ uptake 

To examine the role of the N-terminal extension of Alr1, I characterized the growth and 

uptake properties of a series of sequential N-terminal deletion mutants under Mg-

limiting conditions.  The results showed that amino acids 1-239 are largely dispensable 

for Mg2+ uptake, but that larger deletions (Del3 and Del4, encompassing amino acids 

240-396) abolished Mg2+ transport (Ch. 5.2-5.4).  Presumably some components of 
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amino acids 240 to 322 (the difference between Del2 and Del3) are required for 

magnesium uptake.  The first good alignment between the fungal proteins appears in 

this region (amino acids 272 to 297, in particular the negatively charged residues), 

whereas the remainder of the N-terminal extension are quite poorly aligned (Ch. 5.2.1, 

see Appendix 3). 

 

The negative charges in the first well aligned region might play a key role in Mg2+ 

transport since they are relatively conserved in ten fungal Alr1 family proteins (see 

Appendix 3).  The first two charged residues (ED), located at Alr1 272 and 273, are 

conserved in all Alr1 family proteins (see Appendix 3).  The next five negatively 

charged residues (DFDELEE, where underlining indicates negative charges) are located 

between Alr1 amino acids 290 to 296, which are part of a predicted alpha-helical 

structure.  Three of these five charged residues are completely conserved in all ten 

fungal proteins, with the central two charged residues are present in seven of the ten.  

They are absent in a subset of three of the fungal proteins (including Mnr2 from S. 

cerevisiae); this subset are the largest in overall size, and show several common 

insertions in their central region compared to the other seven (see Appendix 3).  

 

Although charges are not common in the TM regions of CorA super-family proteins, 

their N-terminal regions are highly negatively charged.  Negatively charged amino acids 

(D, E) are employed for Mg2+ binding in the potassium channel mechanism (Shi et al. 

2002), bacterial chemotaxis enzymes (Lukat et al. 1990, Stock et al. 1992) and some 

nucleotide enzymes (see Ch. 1.2.2). Therefore, it can be proposed that the large 

hydrated Mg2+ ion (Ch. 1.3) might initially bind to conserved negative residues in the 

extracellular environment and thus allow the naked Mg2+ ion to pass through the pore 

formed by TM domains.  However, the possibility that the N-terminus might be in the 

cytosol can not be excluded, if there are only two membrane-spanning domains.  If so, 

the conserved negative charge in the N-terminal region might play a role in Mg2+ 

release inside the cells after Mg2+ passes through the lipid barrier.  It is also possible 

that the N-terminal region might be involved in binding Mg2+ and thereby act as a 

signalling receptor for regulation by changes in the extra- or intra-cellular concentration 

of Mg2+.  
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Database searches showed that the bacterial protein MtrG has some homology with 

these five conserved, negatively charged amino acids.  The MtrG protein is one subunit 

of a membrane-associated complex that uses a transmethylation reaction to drive an 

energy-conserving sodium ion pump in a methylotrophic archaeon (Gottschalk and 

Thauer 2001).  However, this membrane subunit was proposed not to be directly related 

to sodium ion translocation.  No connection of Alr1 to sodium has been proposed.   

 

I also can not exclude the possibility that the inactivity of the deletion mutant might be 

somehow due to mis-localisation.  Use of GFP fusions to the inactive deletion mutants 

might give a more clear answer to this question.  The presence of extra larger band 

suggests that at least some of post-translational modification is occurring in Alr1.  Mg2+ 

transport might be also hampered by structural distortion in the absence of this region 

(240 to 322 amino acids).   

 

Elimination of amino acids 322-396 from the Del3 mutant led to absence of the extra 

band (20 kDa larger than expected), based on three repeated experiments.  This change 

might be due to the lack of a post-translational regulatory system (Graschopf et al. 

2001), suggesting that this region could be important for modification of the Alr1 

protein.  Some amino acids in this region have the potential to be involved in 

glycosylation (residues 325, 362) or phosphorylation (residues 347, 360).  Further 

elucidation of these specific possibilities could be addressed by site-directed 

mutagenesis.   

 

There was also a slight difference between wild-type and Del1, as well as between Del1 

and Del2, based on the growth on low Mg2+ (Fig. 5.1, 5.2) although the difference was 

not revealed when Mg2+ uptake was measured in 1 mM Mg2+ over 2 hours (Fig. 5.5). 

However, this small reduction of growth rates suggested that the deleted regions might 

play some very limited role in Mg2+ uptake.      

5.7.2 The small C-terminus is not essential for Mg2+ uptake 

The Alr1 protein has a short C-terminal extension (see Appendix 3, Fig. 1.2), whose 

role is not known to date.  To examine the role of this extension I characterized growth 

and uptake properties of two C-terminal deletion mutants under Mg-depleted conditions.   
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Deleting the C-terminal 53 amino acids of Alr1 suggested that this region is not 

essential for the magnesium transport function of the protein.  The major evidence for 

this conclusion came from the Del5Δ mutant, which conferred wild-type capability for 

cell growth and for Mg2+ uptake (Fig. 5.3-5.5).  The findings are also consistent with the 

absence of a C-terminal region in the other fungal proteins (e.g. Mnr2) as well as in 

bacterial CorA proteins (e.g. CorA) (see Appendix 3).  However, I could not exclude 

the possibility that the six additional residues added after Alr1 amino acid 806 (Fig. 

A4.3) might have a fortuitous positive effect on Mg2+ transport.  

 

Four frame-shifted mutants generated unexpectedly during Al3+ tolerance selection (see 

Ch. 4.2.1) support the lack of any major role for the C-terminal extension.  These 

mutants had deletions of 14, 36, 43, or 45 amino acids from the C-terminus, and all 

showed wild-type levels of Al3+ tolerance and wild-type growth on low Mg2+ (data not 

shown).  Therefore, the region between amino acids 769 (the last inactive nonsense 

mutant, see Ch. 3.4.1) and 814 (the first active nonsense mutant, see above) must 

therefore contain the C-terminal end of the essential region.  These results are entirely 

consistent with the other data presented in this thesis, in which the C-terminal boundary 

of the essential region was localised by the identification of an essential residue at 

position 789 (Ch. 3.4), and the finding that a mutant deleted for residues after 807 is 

active (this chapter).   

 

However, C-terminal deleted Alr1 tagged with the HA epitope showed a severe 

inhibition of cell growth as well as of Mg2+ uptake (Fig. 5.3-5.5), suggesting that the 

structure adopted by the Alr1 protein in the C-terminal region may be important.  Forty 

two amino acids containing 3x HA (YPYDVPDYA) epitopes might lead to structural 

distortion of the remaining C-terminal region (an estimated 9 residues from the end of 

the TM domain), which may affect pore formation by the TM domains (see Fig. 3.13).  

Addition of an epitope sequence to the short C-terminus of S. typhimurium CorA also 

inactivated its function (Szegedy and Maguire; cited in Kehres et al. 1998).  The 

negative effect of epitope insertion on protein function has been observed in critical 

regions in some other membrane proteins (Kast et al. 1996, Kast and Gros 1998, 

Yamaguchi et al. 2003, Forbes and Gros 2003).  The slightly better growth of this 

deletion mutant in liquid media than “no activity” mutants (see Fig. 3.7) suggests that 
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the protein might be functional to a small degree, even though no Mg2+ uptake was 

observed in 1 mM Mg2+ (Fig. 5.5).   

5.7.3 The TM domains of CorA are not compatible with the Alr1 protein 

An initial set of TM swap experiments were performed, with a long-term goal of 

obtaining a more highly Al-tolerant hybrid protein that might function well in yeast.  

However, replacing one, two or three of the putative TM domains in Alr1 with those of 

CorA produced an inactive hybrid in each case.   It was concluded that the three TM 

domains of CorA were not compatible with those of Alr1, based on these results.  

Overall amino acid similarity between the TM domains in Alr1 and CorA is low, except 

for the existence of the GMN motif.  Therefore, inactivity of the hybrids may be due to 

the mis-localisation of the hybrid protein, aberrant formation of TM domains in the 

plasma membrane or mis-conductance of the hybrid protein for Mg2+ uptake. However, 

clear determination is hard to make without any localisation studies (e.g. GFP 

expression).  

 

An approach focused on the analysis of chimeric transport genes provided invaluable 

information on substrate recognition sites in transport proteins including a bacterial 

nickel transporter (Degen and Eitinger 2002), Saccharomyces hexose transporters 

(Nishizawa et al. 1995) and Chlorella hexose/H+ symporters (Will et al. 1998). 

Heterologous domain swaps between human and rat nucleoside transporters were used 

to identify the major binding site for inhibition (Sundaram et al. 1998).  However, no 

successful TM domain swaps between bacteria and yeast have been reported to my 

knowledge.  The converse experiment, namely, switching of Alr1 TM domains into 

CorA TM domains might be interesting to look at the role of Alr1 TM domain regions 

for Mg2+ transport as well as Al3+ tolerance in bacteria. 

5.7.4 Unresolved issues 

Alr1 overexpression may affect intracellular Mg2+ under Mg-depleted conditions 

An unusual observation was noted in the course of Mg2+ starvation experiments in the 

presence of galactose.  Cells containing active Alr1 proteins driven by the GAL1 

promoter did not reduce their intracellular Mg2+ content during a period of 24-h 

starvation. Under equivalent starvation conditions, the intracellular content of Mg2+ was 
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reduced to similar levels for all other constructs tested. These included cells expressing 

active pGAL1-ALR1 constructs in the presence of glucose, cells expressing a wild-type 

ALR1 gene from its endogenous promoter in the presence of glucose, and cells 

expressing an inactive ALR1 gene (on either the GAL1 promoter or the endogenous 

ALR1 promoter) in the presence of either glucose or galactose.   

 

Under conditions of magnesium starvation, cells are unable to take up magnesium, and 

are expected to utilise their cellular reserves, which have been shown to be primarily 

located in the vacuole (Beeler et al. 1997).  Some cellular growth ensues, utilising the 

Mg2+ that is released from storage – the growth is typically 2-3 divisions, based on my 

OD600 measurements during starvation.  The observation above suggests that very high 

unregulated expression of Alr1 may disrupt the process of utilising these reserves in 

some way.  One possibility is that Alr1 itself is involved in the signalling of low 

external magnesium, and the overexpression blocks this signalling.  Alternatively the 

high level expression of Alr1 may result in magnesium transport into or out of a cellular 

compartment that disrupts the process of recovering stored Mg2+ from the vacuole. The 

yeast vacuole is an organelle which is often utilised both for metal detoxification and 

for metal storage for later use under deficiency conditions, such as zinc (Macdiarmid et 

al. 2000, Macdiarmid et al. 2002), copper (Bellemare et al. 2002, Rees et al. 2004) and 

iron (Li et al. 2001a).  Under metal-limiting conditions, specific metal efflux systems in 

the vacuole play a crucial role in replenishing the cytosol.  Therefore, it is possible that 

overexpression of Alr1 under Mg-depleted conditions, might block the activity or 

expression of unknown Mg2+ vacuolar efflux transporters in some way (see Ch. 6.4.3 

for details).    

A small amount of Alr1 might be sufficient for good Mg2+ uptake  

Under glucose conditions, the cells containing pFL38-pGAL1-HA-ALR1 showed a 

decreased growth phenotype in solid and liquid media (see Ch. 3.3.4).  The levels of the 

protein were also reduced as determined by Western blot analysis (data not shown).  

However, measurement of Mg2+ uptake over 2 h via this protein appeared 

indistinguishable from wild-type pFL38-ALR1 without the HA fusion (although there 

were large error bars that make clear judgement difficult; Fig. 5.5 compared to Fig. 4.8).  

The reason for the difference is unclear.  It might be due to an inherent difference in 

sensitivity between the two different assays.  That is, a reduced amount of total Alr1 
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protein may not affect measurements of overall Mg2+ uptake, even though its effects can 

be seen in growth at very low magnesium concentrations.  It may be that a small 

amount of Alr1 might be sufficient for reasonable levels of Mg2+ uptake in the assay 

conditions used here.  It should also be pointed out that higher levels of Mg2+ (1 mM) 

were used for HA-fused Alr1 than for pFL38-ALR1 (200 μM) during the uptake 

measurement.   

5.7.5 Conclusion 

I conclude that expression of an Alr1 protein possessing functional Mg2+ transport 

capability in yeast requires a region larger than the region of Alr1 that encompass the 

strict CorA homology (316 aa).  Part of the N-terminal region (1-239 aa) and the 53 C-

terminal amino acids appear to be not absolutely essential to obtain good Mg2+ transport, 

although minor reductions in growth on low magnesium were seen when these regions 

were deleted.  These regions of the Alr1 protein may play additional roles in yeast, such 

as protein degradation. An initial experiment in which the TM domains of Alr1 were 

switched with those of CorA did not provide the capability for growth on low Mg2+. 
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Chapter 6 Concluding discussion 

6.1 Introduction 

The discovery of the yeast ALR1 transport gene in Saccharomyces cerevisiae opened a 

new era in Mg2+ biochemistry and molecular biology in eukaryotic organisms 

(Macdiarmid and Gardner 1998).  Furthermore, the observation that overexpression of 

the ALR1 gene conferred Al3+ tolerance in yeast supported the proposal that Al3+ 

toxicity in yeast results from the inhibitory effect on Mg2+ uptake via Alr1 transport 

protein (Macdiarmid and Gardner 1996, 1998).  The main goals of the work described 

in this thesis were to identify crucial regions and residues in the ALR1 gene responsible 

for Mg2+ uptake as well as for Al3+ toxicity.   

 

My research led to three major findings:  

 

1. Random mutagenesis revealed a critical region near the C-terminus 

corresponding to the putative TM domains found in other CorA homologues.  

Single point mutants in the critical region confirmed the importance of the 

highly conserved GMN motif and led me to identify Ser729
 (putative TM1) and 

Ile746
 (TM2) as new critical amino acid residues in Alr1.  A dominant negative 

phenotype of the inactive mutants was consistent with the idea that Alr1 may 

form homo-oligomers.  These are perhaps the most important results of the 

thesis, and firmly establish Alr1 as a member of the CorA super-family.   

 

2. Random mutagenesis of the TM domain region in Alr1 also identified some 

critical sites whose change led to alteration of Al3+ sensitivity.  Three relatively 

conservative mutations in the putative TM domain region, affecting Asn733
 

(putative TM1), Ile746 (TM2) and Phe777
 (TM3), conferred increased Al3+ 

tolerance.  Parallel work also identified two adjacent residues (Met739, Leu740) 

whose change enhanced Mg2+ transport.  Together these results provide strong 
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experimental support for the hypothesis that aluminium toxicity in yeast results 

from inhibition of Mg2+ uptake by Alr1.   

 

3. Deletion of Alr1 showed that the N-terminal 239 amino acids and the C-

terminal 53 amino acids are not essential for magnesium uptake.  This finding 

led me to suggest that these N- and C- terminal regions of Alr1 may have 

additional functional roles, such as in regulation of Mg2+ uptake. 

6.2 A recent structure for CorA 

Interpretation of the result of mutational analysis is greatly assisted by the availability 

of structural information.  In the course of writing this concluding chapter, the first 

structural information became available for a member of the CorA super-family.  Lunin 

et al. (http://www.rcsb.org/pdb/cgi/explore.cgi?pdbId=2BBJ) reported an X-ray 

structure of a bacteria CorA protein from Thermotoga maritima at 3.9 Å resolution.  

The structure is shown in Fig. 6.1 and discussed in more detail below.  Two features of 

the structure were unexpected.  In contrast to the conclusions of Smith et al. (1993), the 

protein contains only two TM domains (those referred to previously in this thesis as 

TM2 and TM3), with the large N-terminal domain located in the cytoplasm.  In addition, 

the previous report that CorA forms a tetramer (Warren et al. 2004) also appears to have 

been incorrect, with a pentamer the correct structure.  Hence the structure of bacterial 

CorA proteins appears to resemble that reported for Mrs2. 
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Figure 6.1 Structure of Thermatoga maritima CorA  
 
Top (left) and side (right) views of CorA are shown using PyMOL RELASE 0.98 program. The 

monomers within the protein are individually coloured with magentas, yellows, greens, blues 

and tints.  A. transmembrane domains (TM1+TM2); B. the “neck region” (see text); C. large, 

cytoplasmic funnel-shaped structure.  

 

The structure of the CorA protein from Thermotoga maritima, crystallised in a closed or 

almost closed state, is shown in Fig. 6.1.  The protein consists of a homo-pentamer, with 

the pore lined by the TM1 domain.  The TM2 domain of each monomer lies within the 

membrane but does not line the pore.  The GMN motif is located on the region between 

TM1 and the periplasmic loop formed by TM1 and TM2.  The presence of a proline 

residue in the middle of TM1 leads to slight kinking and tilting of the alpha helix 

towards the conduction pathway.  The “neck region” of the complex is formed by an 

alpha helix that connects the TM domains with a large cytoplasmic funnel-shaped 

structure and might serve to extend the membrane pore in the cytoplasm.  In CorA the 

C-terminus is found immediately surrounding the alpha-helical “neck region”; the two 

final residues are missing from the structure, indicating that it is mobile or flexible 

within the X-ray crystals.  It is possible that the C-terminus protects the “neck region” 

from exposure to the hydrophilic cytoplasm by shielding the extension to the pore.  The 

pentameric N-terminal domains contain both α-helical and β-sheet structures that 

together form a large funnel-shaped structure in the cytoplasm.  The walls of the funnel 

are formed by five long helices that are extensions of the channel helices. The wall of 

the funnel is lined by negatively charged and hydroxyl-bearing residues and the authors 

suggest that they may function as “an electrostatic sink to draw Mg2+ into the cell”.  The 

X-ray structure led the authors to suggest that there is an intracellular sensing 

mechanism and that changes in cytosolic magnesium ion concentration are sensed by 

the intracellular portion of CorA and coupled to channel closing. 

 

In the remainder of this concluding discussion, it will be assumed that the structure of 

Alr1 will be found to be similar to that of this bacterial CorA protein, and the 

mutational results reported here will be re-interpreted in this light.  While it is possible 

that Alr1 will be found to have a different structure from the bacterial proteins, there is 

currently no experimental data to indicate such a difference.  Indeed, structural 
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similarity is often greater than that based on amino acid homology alone (see Grigoriev 

and Kim 1999).   

 

Based on this assumption, I will use a changed nomenclature in this discussion, as 

shown in Fig. 6.2.  I will use the term ‘neck region’ to refer to the region referred to in 

the rest of the thesis as “putative TM1”, and the terms ‘TM1’ and ‘TM2’ to refer the 

regions previously referred to as “TM2” and “TM3”, respectively.   

 

 

Figure 6.2 Proposed topology for 
Alr1 showing important amino 
acids  
 
The part of Alr1 which is critical for Mg2+ 

uptake is shown.  Boxes indicate TM 

domains. The residues at which mutations 

cause reduced Mg2+ uptake are coloured 

with brown and inactive mutants are 

indicated with bold circles. The residues 

which are important for Al3+ tolerance are 

coloured with blue.  Two residues at which 

mutations cause increased Mg2+ uptake are 

coloured with red 

 

 

6.3 Mg2+ uptake via Alr1 in yeast 

Random PCR mutagenesis of the 3’ half of ALR1 identified a region between amino 

acids 716 and 789 that is crucial for the function of Mg2+ uptake.  Within this region are 

two putative TM domains predicted by computer algorithm (TM1 and TM2) as well as 

a segment immediately upstream that is referred to here as the “neck region” (see Fig. 

6.2).  Based on the T. maritima CorA structure (Ch. 6.2), the Alr1 protein might be the 

complex of five Alr1 monomers with the pore lined by TM1 of each monomer.  TM2 

domain might be embedded in the lipid layer behind the TM1.  Although the “neck 

region” is not inside the membrane, it might be a part of an extension to the pore which 
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is also important for Mg2+ transport (Fig. 6.2).  Alr1 has a much longer C-terminal 

region than the bacterial CorA proteins (Ch. 5.3.1).  Like CorA, this C-terminal region 

in Alr1 might help to shield the “neck region” to be an extension of the pore.  

Regardless, the “neck region” appears to form a crucial structure for Mg2+ movement 

inside the cell after passage through the membrane (Fig. 6.2).  The large N-terminal 

region of Alr1 may be located in the cytoplasm, forming a funnel-shaped structure like 

T. maritima CorA.  Since an N-terminal extension only appears to be in fungal Alr1 

family, all or part of this extension might form another cytoplasmic domain distinct 

from the funnel-shaped structure and play a special role in yeast.   

6.3.1 The interaction with the periplasmic region   

The initial interaction between external Mg2+ ions and Alr1 must involve the 

periplasmic region, which in the model above consists solely of the small loop between 

TM1 and TM2.  Mg2+ ions should initially interact with their transport proteins through 

their hydration shell (Smith and Maguire 1995).  In particular, Mg2+ ions with the first 

hydration shell was suggested be an initial binding form with bacterial, archaeal, and 

yeast proteins (see Ch.1.3).  Mg2+ is heavily solvated in aqueous solutions, with a 

second shell of 12-14 waters (see Ch. 1.2, 1.3).  Thus, it is a prerequisite to remove this 

outer sphere of water; it is unclear whether CorA plays a role in this step.  The 

following mechanisms for binding to the hydrated Mg2+ via the Alr1 periplasmic loop 

can be proposed. 

 

Hydrated Mg2+ ions must directly interact with the extracellular loop between TM1 and 

TM2 of the Alr1 protein.  The periplasmic loop in the CorA super-family proteins is 

important for Mg2+ binding based on Co(III)Hex inhibition on Mg2+ uptake through the 

Mrs2 protein (Kolisek et al. 2003, see Ch. 1.3.2).  Mutagenesis of this loop in bacterial 

CorA (see Szegedy and Maguire 1999) and yeast Alr1 (see Fig. 6.2) indicates this loop 

is critical for Mg2+ uptake.  The signature motif of the CorA super-family, GMN is right 

at the junction of the periplasmic loop.  Although most of the mutations in the GMN 

motif abolished Mg2+ transport (Szegedy and Maguire 1999, Chapter 3), some variant 

GMN motifs whose methonine residue is replaced with valine (GVN) and isoleucine 

(GIN) might be associated with the transport of different divalent cations such as zinc 

and cadmium, respectively (Knoop et al. 2005).  Therefore, the methionine of the GMN 

motif might function as a main residue for the hydrated Mg2+ interaction outside the 
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cells.  Many bacterial CorA homologues possess another conserved motif (MPEL) in 

the periplasmic loop nearby the GMN motif (Szegedy and Maguire 1999).  However, 

the MPEL motif is lost in the fungal CorA super-family, suggesting that the GMN 

environment and the mechanism of Mg2+ interaction might be sometimes altered 

depending on organisms (Knoop et al. 2005).     

6.3.2 Passage through the pore formed by TM domains 

After initial binding to the large hydrated Mg2+, the Alr1 protein should induce 

dehydration steps in order to pass small Mg2+ ions through the narrow Alr1 pore.  This 

dehydration (either complete or partial) has been also proposed as the initial step to pass 

through a narrow selectivity filter located on the extracellular side of the membrane in 

the K+ channel (KcsA, Doyle et al. 1998).  In addition to this initial interaction with the 

hydrated Mg2+ outside the cells, the highly conserved GMN motif lying on the edge of 

plasma membrane might be involved in stripping the hydration shell to mobilize Mg2+ 

to the pore.    Although it is unclear how the hydration shell is removed, certain side 

chains and/or backbone carbonyl oxygens in some residues of CorA homologous 

proteins might replace water molecules and act like surrogate water, as suggested in 

crystallography analysis with the K+ channel (Doyle et al. 1998).  Alternatively, 

consecutive stripping is also possible during the passage.  Currently, it is difficult to test 

how much of the hydration shell must be removed using any known partially substituted 

cation ammines since they are unstable and hydrolyse easily (see Kucharski et al. 2000).  

Although some variable residues appear next to the GMN motif, Phe760 or Trp760 is 

common in the fungal Alr1 family proteins (see Appendix 3, Kehres et al. 1998) 

whereas Tyr276 is common in the bacterial CorA family proteins with some showing 

Trp276 or Phe276.  The loss of transport activity by mutations of this residue in both Alr1 

(but with the other two mutations, see Ch. 3.2.3) and CorA (Szegedy and Maguire 

1999) indicates that they might also be involved in Mg2+ movement or the dehydration 

step.  

 

In order to take up dehydrated Mg2+ into the cells, the Alr1 pore formed by two TM 

domains might be moving from the closed to the open state in response to some stimuli 

(maybe the level of intracellular or extracellular Mg2+) at certain sensor domains.  This 

mechanical step is common for the known channels which have to date been determined 

by crystallography (see review Doyle 2004).  In particular, membrane spanning helices 
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of Alr1 might mimic some channels by tilting (mechanosensitive MscL channel, 

Sukharev et al. 2001), rotating (nicotinic Ach receptor, Unwin 1995) or bending (K+ 

selective KirBac1.1 channel, Kuo et al. 2003) in order to allow Mg2+ movement.  

Therefore, a pore-opening step for Mg2+ uptake in response to some stimuli (see below) 

would be expected to occur before the dehydrated Mg2+ begins moving inwards.  This 

step might be regulated by the binding of ligands (e.g. Mg2+) at a site which is not a part 

of the conduction pathway; the large cytoplasmic region might be involved in this 

signalling.   

 

The completely or partially dehydrated Mg2+ is then ready to pass through the opened 

pore formed by the TM domains.  Only residues from TM1 domain of Alr1 are assumed 

to line the pore while the TM2 domain might support this conduction pathway behind 

the TM1 domain (Fig. 6.1, 6.2).  This structure is common to two other TM-containing 

membrane proteins (Chang et al. 1998, Doyle et al. 1998, Kuo et al. 2003).  Mg2+ ions 

might be moved by coordination with the negative carbonyl oxygens of critical residues 

in TM1.  Although all the residues important for Mg2+ uptake were not specified with 

site-directed mutagenesis, one critical residue (Ile746) identified in Chapter 3 has the 

potential to be involved in this step for Mg2+ transport inside the membrane pore (Fig. 

6.2).  However, the homologous amino acid (Ile297) of T. maritima CorA TM1 (see 

Kehres et al. 1998) is located facing toward the hydrophobic membrane rather than 

towards the pore (data not shown).  Therefore, Ile746 could be indirectly involved in 

Mg2+ movement inside the membrane such as playing a role in maintaining the proper 

Alr1 pore, rather than Mg2+ binding.  This Ile746 residue also appeared to play a key role 

with Al3+ sensitivity (see Ch. 6.5).  After passage through the pore formed by the TM 

domains, Mg2+ ions might be moved further down via the so called “neck region”, 

which appears to form an extension of the pore (see next). 

6.3.3 The interaction with the cytoplasmic region 

Cytoplasmic regions of Alr1 are largely composed of the “neck region”, the C-terminal 

region, and the large N-terminal region, part of which might form the funnel-shaped 

structure.  Random mutagenesis on ALR1 showed the “neck region” is also important 

for Mg2+ transport (see Chapter 3, Fig. 6.2).  In particular, two mutations to proline 

completely disrupted Mg2+ uptake, suggesting that the maintenance of an alpha helix in 

this region was critical for function.  It was therefore reassuring to find that in the 
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structure, the region is alpha-helical, and although it is not a TM domain, the five alpha 

helices of each monomer form a narrow complex that might function as an extension of 

the pore.   

       

After passing through the hydrophobic membrane pore, the dehydrated Mg2+ should 

meet the “neck region” which appears to be surrounded by the C-terminal region.  It is 

possible that this shielding might protect the “neck region” from exposure to the 

aqueous environment, helping to make it an extension of the membrane pore.  However, 

deletion studies with this C-terminal region indicate that amino acids 807 to 859 in the 

C-terminus are not absolutely required for Mg2+ uptake (Chapter 5), suggesting that any 

such shielding might not be necessary for Alr1 function.  Short C-terminal regions in 

the other fungal Alr1 proteins or bacterial CorA proteins also indicate dispensability of 

this extension for Mg2+ uptake (Appendix 3).  However, some structural importance of 

the C-terminus is manifest by significant reduction of Mg2+ transport when three repeats 

of HA epitope were attached to the end of deleted C-terminus (Chapter 5).  It is possible 

that addition of certain structure might disrupt the formation of either membrane pore or 

an extension of the pore.   

 

Two “neck region” residues (Met739 and Leu740) found immediately after passing 

through the membrane could be of some importance for interacting with the dehydrated 

Mg2+. Mutations in these residues increased Mg2+ transport (Chapter 4, Fig. 6.2, see also 

Ch. 6.5.1).  In Chapter 4, I suggested that these increases in the rate of Mg2+ uptake 

might be mediated by changes in the rate of release or by changes in binding of a 

regulatory protein.  The CorA structure, which shows this region as part of a long alpha-

helical “neck” makes these explanations, unlikely. Instead, these residues might be 

involved in the rate of Mg2+ passage from the membrane pore through the “neck region”.  

While the homologous amino acid (Val290)6 of T. maritima CorA “neck region” to 

Met739 is located facing towards the cytoplasm, the other homologous amino acid 

(Met291)6 to Leu740 faces towards the pore (data not shown).  Therefore, Leu740 might be 

a crucial part of the “neck region” pore by direct interaction with the dehydrated Mg2+.  

                                                 
6 The amino acid at this residue provided by Kehres et al. (1998) was different from the recent amino 
acids in T. maritima CorA which was used for the CorA structural study; Trp290 in Kehres et al. (1998) 
were replaced with Val290 and Met291 in the new data.   Therefore, I made an alignment of new T. 
maritima CorA amino acids with Alr1 amino acids (data not shown) and identified the two residues 
(Val290 and Met291) that are homologous to Met739 and Leu740 of Alr1.  
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The residue, Ser729, identified in Chapter 3 as a “neck region” residue critical for Mg2+ 

transport also involves Mg2+ movement further down to the pore extension (Chapter 3, 

see Fig. 6.2); the homologous amino acid in T. maritima CorA to this residue is not 

available because there is a deletion of amino acids in this region (Kehres et al. 1998, 

see Fig. A3.1). Although I assume that the “neck region” forms an extension of the 

membrane pore, I can not exclude that part of this region might be exposed to water 

molecules.  In this case, complete or partial dehydrated Mg2+ ions may obtain some 

water molecules during the movement through the “neck region”.    

 

After passing through the “neck region”, the Mg2+ ions should be rapidly and 

completely hydrated when they meet the cytoplasmic aqueous environment and are 

released into the funnel-shaped structure in the cytoplasm.  Most of the CorA super-

family proteins have a large N-terminal region forming this funnel-shaped structure.  

However, the fungal proteins (e.g. Alr1) possess much larger N-terminal region 

containing an N-terminal extension; part of this extension might form an additional 

domain (see Ch. 6.4.1).  The wall of this funnel with the negatively charged residues 

was suggested to function as an electrostatic sink to draw Mg2+ into the cell (Ch. 6.2).  

It is possible that the five conserved negative charges (between Alr1 amino acids 290 

and 296) in the N-terminal extension might play a crucial role in the inner Mg2+ 

movement through this funnel-shaped structure (see chapter 5).  However, some large 

fungal Alr1 family proteins including Mnr2 are not well matched in this region (see 

Appendix 3); first good alignment with those proteins starts from 472 to 480 amino 

acids of Alr1, the region of which was not deleted in my thesis.  Therefore, it is hard to 

make any decision about the role of five negative charges without additional truncations 

and site-directed mutagenesis.  Moreover, precise consensus between the funnel-shaped 

structures of Alr1 and CorA family proteins (Appendix 3) appeared to be only at three 

residues (Alr1 amino acids Trp456, Glu482, Glu494); it is not certain if those residues are 

involved in Mg2+ transport because they were not examined by deletion and 

mutagenesis in my thesis.    The results from random mutagenesis showed that some 

residues in the region of the funnel-shaped structure (Leu495, His541, Arg620, Gly694, 

Leu701) are also important for function and might be involved in Mg2+ movement 

(Chapter 3, Fig. 6.2).    
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6.4. Mg2+ homeostasis in yeast 

6.4.1 Alr1 regulation  

The metal ions (copper, iron, zinc, manganese) in cells are modulated via control of 

their transport proteins by certain transcription factors, post-translational control or 

rapid sequestration into the organelles such as vacuole (see review papers by Nelson 

1999, Radisky and Kaplan 1999, Van Ho et al. 2002).   

 

Mg2+ uptake in yeast is also controlled through Alr1 up- or down- regulation at the 

transcriptional or translational levels in response to the change of external level of Mg2+. 

(Graschopf et al. 2001).  The availability of mutants of Alr1 with varying levels of 

transport activity provides a new tool to study Alr1 regulation.  Unfortunately, my 

initial attempt to find whether the sensor domain for Alr1 regulation is located either 

inside or outside the cells using both wild-type and the mutant protein failed, because 

no protein regulation was observed even in relatively high extracellular Mg2+ (see Ch. 

3.8 for details).  Based on the deletion studies (Chapter 5), it is possible that part of the 

N-terminal extension (1-239 amino acids) which is dispensable for Mg2+ transport 

might involve Alr1 regulation by forming a distinct domain.  In this case, Alr1 must be 

regulated by changes of the levels of intracellular Mg2+.  Constitutive expression of 

Salmonella CorA (Kehres et al. 1998) lacking homology to the N-terminal extension of 

Alr1 might reflect essential involvement of the extension on Alr1 regulation.   

A new clue for Mg2+ homeostasis in my thesis comes from the demonstration that Alr1 

overexpression might block Mg2+ efflux via an unknown vacuolar transporter (perhaps 

Mnr2, see below) under Mg-depleted conditions (Ch. 5.7.4).  Although the regulation of 

Mg2+ influxes across the yeast vacuole was suggested (Beeler et al. 1997, Borrelly et al. 

2001), little information has been available with respect to the vacuolar Mg2+ 

transporter.  Yeast cells harbour complex regulatory systems in preparation for 

environmental alteration.  In particular, they maintain a delicate balance between need 

and toxicity of metals.  The vacuole plays a role in metal detoxification by sequestering 

metals and metal reservoirs for later use under metal depletion (see reviews by Nelson 

1999, Radisky and Kaplan 1999, Van Ho et al. 2002).  Vacuolar metal transporters 

often have functional and structural similarity with their plasma membrane transporters.  

For instance, the Ctr2 copper and Smf3 manganese transporters in the vacuole are 
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homologous to Ctr1 and Smf1 high affinity systems in the plasma membrane, 

respectively (Rees et al. 2004, Portnoy et al. 2000).  Therefore, it might be speculated 

that any vacuolar Mg2+ transporter in yeast might have some similarity with Alr1.  The 

most likely gene is MNR2 (26% similarity with Alr1).  Recent preliminary evidence 

suggested that it might be pumping Mg2+ from stores in the vacuole into the cytoplasm 

(Colin Macdiarmid, pers. comm.).  Further biochemical analysis with Mnr2 might 

provide firm evidence of not only Mnr2 localisation but also of its detailed role in Mg2+ 

homeostasis inside the cells.  The result in Ch. 5.7.4 suggests that Alr1 overexpression 

may interfere in this process.  It is possible that Mnr2 overexpression might recover its 

function for Mg2+ efflux out of the vacuole under the Alr1 overexpression as well as 

Mg-depleted conditions (see previous page).   

6.4.2 Other cation uptake via Alr1 

The Alr1 protein is also capable of transporting other cations (Co2+, Mn2+, Zn2+, Ni2+) at 

low affinity.  They are often exploited as surrogates of Mg2+ to estimate Mg2+ 

mobilization (see Ch. 1.2.1).  I attempted to find regions of Alr1 that were important for 

specific cation uptake by screening on Co2+ and Ni2+ plates in parallel with Mg2+ 

(Chapter 3).  However, all of the mutants showed indistinguishable phenotypes on both 

plates.  Subsequently, only Co2+ was used for selection or screening of the mutants.  

Neither the point mutations for Al3+ tolerance (Ch. 4.2.2) nor the deletion mutants (Ch. 

5.2.2, 5.3.2) involved changes in the relative sensitivity for specific metal ions except 

for Al3+.   If Alr1 had different substrate specificity on the cations, it would be possible 

to generate specific mutant Alr1 protein containing point mutations which confer 

affinity for the particular cations.  For example, increased uptake of Mg2+ might be 

combined with increased uptake of Co2+.  This method was successfully applied into 

Arabidopsis iron transporter (IRT1) which is also able to transport multi-ions (Rogers et 

al. 2000).  In addition, mutations of CorA with altered specificity were obtained 

(Szegedy and Maguire 1999) making it particularly surprising that no such mutants 

were obtained with Alr1.  
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6.4.3 Roles of the other yeast CorA genes 

Redundancy of ALR2  

Another yeast CorA homologous gene, ALR2, encodes a protein which also plays a role 

in Mg2+ transport (Macdiarmid and Gardner 1998).  This protein shows a high degree of 

amino acid similarity (69%) with Alr1 (see Appendix 3), and overexpression of Alr2 

also conferred Al3+ tolerance.  Functional redundancy of the two ALR genes in yeast 

was proposed (Macdiarmid and Gardner 1998) although biochemical localisation of the 

Alr2 protein is lacking.  Redundancy is quite common in the other transport systems, 

such as ammonium transport systems (MEP1 and MEP2, Marini et al. 1994), copper 

transport systems (Ctr1 and Ctr3, Pena et al. 2000) and Mg2+ transport systems (CorA, 

MgtA/MgtB, Smith and Maguire 1998).  However, given that Alr2 is not transcribed in 

certain strains (Macdiarmid and Gardner 1998), it is possible that one of them might be 

sometimes non-functional in some yeast species.  As suggested in Chapter 4, ALR2 

might have evolved to respond to extreme toxic environmental conditions.  For example 

Leu746 and Tyr777 in Alr2 are the mutated residues which conferred more tolerance to 

Al3+ than wild-type Alr1 during the course of tolerance selection (see Chapter 4).  Better 

tolerance to Al3+ in Alr2 was also indicated from the observation that overexpression of 

ALR2 conferred more tolerance than that of ALR1 in yeast (Macdiarmid and Gardner 

1998).  Computational analysis of synteny relationships in seven yeast species showed 

that Alr2 is only present in S. cerevisiae, in contrast to Alr1 which is present in most of 

the species (Byrne and Wolfe 2005, YGOB; http://wolfe.gen.tcd.ie/ygob).   Those 

findings support the idea that the presence of Alr2 in S. cerevisiae reflects the 

adaptation of a species to a certain extreme environment or ecological niche.  

Probable MNR2 Mg2+ transporter via vacuole 

The distinction in length and the shorter C-terminal segment of Mnr2 compared to Alr 

transport systems (see Appendix 3) might be in agreement with possible different 

function and localisation of this protein compared to two yeast Alr protein.  Alignment 

of Mnr2 with Alr1 and Alr2 also indicated that some long stretches of amino acids are 

inserted into the N-terminal region of the Alr proteins.  In addition, although the TM1 

domain is quite well matched, there is poor similarity in the TM2 alignment (Appendix 

3).  These differences are consistent with a different biological role for Mnr2.  At 

present, the most likely role of Mnr2 is that it transports Mg2+ from the vacuole to the 
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cytoplasm in response to changes of the concentration of intracellular Mg2+, as 

suggested in Ch. 6.4.2.   

Mitochondrial Mg2+ transporters 

Two distantly-related CorA homologues in yeast, Mrs2 and Lpe10 mediate Mg2+ influx 

into mitochondria, which is essential for the splicing of group II introns (Ch. 1.3.2).  

Both proteins show very low degree of amino acid similarity with the Alr1 protein; even 

their GMN motif is not aligned with that of Alr1 (data not shown).  In addition, they are 

lacking in the N-terminal extension which appears to be in the fungal Alr1 family 

protein.  Therefore, their mechanism and structure for Mg2+ uptake into the organelle 

might be slightly different from Alr1 although there is no doubt about the presence of 

two TM domains.  Although Mrs2 alone was suggested to form homo-oligomers, 

hetero-oligomerisation is also possible because Mrs2 and Lpe10 do not fully substitute 

for each other (Ch. 1.3.2); this result may be interesting because their plasma membrane 

homologue, Alr2 can replace Alr1 in yeast.  Currently, mutational studies on Mrs2 are 

ongoing in the Schweyen laboratory (R. Gardner, pers. comm.).   

6.5 Al3+ toxicity and tolerance in yeast 

The second major theme of this thesis involved an analysis of Al3+ toxicity.  Of many 

hypotheses suggested for Al3+ toxicity in yeast (see Ch. 1.5.3), the best supported is that 

of Macdiarmid and Gardner (1996, 1998) who suggested that Al3+ toxicity in yeast 

results from an inhibition of Mg2+ uptake.  The mutagenesis described here set out to 

confirm this hypothesis, and to show that the toxicity occurred by virtue of a direct Al3+ 

interaction with the Mg2+ transport protein, Alr1.  The first part of this section discusses 

the model for Al3+ toxicity via inhibition of the yeast Alr1 protein and the second part 

discusses possible wider mechanisms of Al3+ toxicity for other CorA super-family 

proteins.  

6.5.1 Model for Al3+ toxicity via Alr1  

In the permeation pathway formed by the TM domains of Alr1, Al3+ ions might be 

competitively interacting with the binding sites for Mg2+.  Random mutagenesis within 

the pore-forming region identified three crucial residues (see Fig. 6.2; Asn733 in the 

“neck region”, Ile746 in TM1 and Phe777 in TM2), whose change conferred Al3+ 
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tolerance without altered Mg2+ uptake to yeast (Chapter 4).  These findings support the 

hypothesis that Al3+ toxicity in yeast results from inhibition of Mg2+ uptake by the 

direct action of Al3+ ions on Alr1.  In particular, the mutation found in the most tolerant 

mutant, I746L, has a very conservative amino acid change that alters the relative 

location of methyl groups on the amino acid side chain (Chapter 4).  The alteration of 

the Al3+ tolerance of the yeast cells by such a minor change to a crucial amino acid, 

lends credence to the concept that Al3+ inhibits Mg2+ uptake by directly competing for 

binding sites within the pore of the Alr1 protein.  It therefore seems likely that the Ile746 

residue plays a central role in the process of Mg2+ transport (Chapter 3), and may form 

part of the inside of the pore.  Alternatively, Ile746 might be important with formation of 

the pore structure and can be structurally moved in response to Al3+ interaction with the 

other important residues (see also Ch. 6.3.2).   

 

Two residues whose substitution led to Al3+ tolerance by increasing Mg2+ uptake 

reconfirmed the “magnesium uptake hypothesis” for Al3+ toxicity by providing further 

correlations between an increased rate of Mg2+ uptake and Al3+ tolerance.  For example, 

both mutations (M739V, L740M) in the “neck region” resulted in a phenotype of 

increased growth as well as increased uptake of Mg2+ at limiting concentrations of 

Mg2+.  Uptake of Mg2+ by the protein remained sensitive to Al3+, but the increased rate 

of uptake meant that more Mg2+ was taken into the cell at a given Al3+ concentration.     

 

The measurements of Mg2+ uptake have provided direct evidence that magnesium 

uptake is inhibited by Al3+ in yeast; it was the first time that a direct inhibition of Al3+ 

ions of Mg2+ uptake by Alr1 has been demonstrated.  In combination with previous 

results (see Ch. 1.6.2), there is now strong physiological and genetic evidence to 

establish magnesium uptake as the likely cellular target for Al3+ toxicity in S. cerevisiae.    

6.5.2 CorA super-family for Al3+ toxicity  

CorA super-family is divided into four categories based on length and similarity 

described in Ch. 1.3.3.  Most of the characterised families play a crucial role in Mg2+ 

uptake into the cells (Alr1, CorA) or organelles (Mrs2, Lpe10) except for some CorA 

homologues such as ZntB (Zn2+ efflux).  To date, the inhibitory mechanism of Mg2+ 

uptake by Al3+ through the CorA super-family has only been observed in the yeast Alr 

transport systems (Macdiarmid and Gardner 1998 and this thesis) and for two Mrs2-like 
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plant genes, AtMrs2-10 and AtMrs2-11 (Li et al. 2001b).  However, the sensitivity of 

the latter two proteins to Al3+ ions by reduced uptake of Ni2+ and Mg2+ were indirectly 

observed in Salmonella and Saccharomyces, respectively (Li et al. 2001b).  The two 

plant proteins were suggested to be involved in Al-induced Mg2+ deficiency in higher 

plants (Li et al. 2001b).   

 

The mechanism(s) of Al3+ toxicity has been the subject of intensive investigation in 

plant cells, but no clear consensus has emerged (Kochian et al. 2004).  It remains 

feasible that, as in yeast, inhibition of magnesium transport is also the mechanism of 

toxicity in plants (e.g. Li et al. 2001b, Silva et al. 2001b).  Attempts to determine 

whether overexpression of several Mg2+ transport genes in plants confers Al3+ tolerance 

have been made by others in this laboratory in order to provide direct support for this 

hypothesis.  Three CorA super-family genes, the Saccharomyces ALR1 and ALR2 genes 

and the Salmonella CorA gene were introduced into Arabidopsis.  For ALR genes, 

numerous shortened transcripts were obtained in all the transgenic lines, indicating that 

cryptic polyadenylation splicing sites are present when it is expressed in plants (Shelley 

Robison, MSc thesis, 2001).  For CorA gene, expression in plants conferred toxicity to 

Arabidopsis when expressed from the 35S promoter (S. Robison, unpublished results).  

The Salmonella MgtA and the Pseudomonas MgtE genes, unrelated to the CorA super-

family, were also introduced into Arabidopsis.  The levels of transcript from the MgtE 

transgenic lines were barely detectable (K. Fowler, MSc thesis, 1999).  For MgtA, 

although both transcript and proteins of MgtA were detected by Northern and Western 

analysis, no distinct phenotype was observed compared to wild-type, suggesting that the 

protein might not be functional in plants (K. Richards and K. Fowler, unpublished data).  

The difficulties with expression of the yeast Alr transport genes in plants might be 

resolved with correction of the genes leading to successful gene expression in plants.  

For example, cryptic polyadenylation splicing sites that are relevant for plants in the 

ALR1 gene have been removed, and analysis of ALR1 expression in plants is ongoing 

(Shelley Robison, PhD project).  

 

In summary, while current data support the hypothesis that Al3+ toxicity is the result of 

a block to Mg2+ uptake in yeast, there is little or no conclusive evidence for the 

hypothesis in other systems.  However, there is very limited knowledge on either the 

biological role of the CorA super-family in plants, or their sensitivity to Al3+ in planta. 
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Further identification and characterisation of the CorA super-family proteins are needed 

and their tolerance to Al3+ should be examined in order to test the generality of the 

hypothesis for Al3+ toxicity.    

6.6 Outlook 

These results in yeast have contributed significantly to our understanding of how the 

super-family of CorA proteins transports Mg2+ through the hydrophobic lipid layer in 

eukaryotic cells.  In future, the data and the mutants obtained here will greatly assist in 

the conducting of the further studies of Mg2+ transport and Al3+ toxicity in yeast. 1) 

Additional site-directed mutagenesis of the important residues (e.g. Ile746) in the pore-

forming TM domains will help resolve their role for Mg2+ uptake as well as Al3+ 

toxicity.  2) Additional truncations between Alr1 amino acids 240 and 321 will help to 

define more precisely the Alr1 regions which are required for the protein to be 

functional and perhaps identify the location of specific Mg2+ binding sites in the funnel-

shaped structure.  3) Use of the deletion mutants to study Alr1 regulation could help to 

clarify if part of N-terminal extension is involved in signalling.  4) Use of “inactive” 

and “increased uptake” mutants in structural studies should be enlightening as to the 

mechanism of how they work.  5) Use of “inactive” as well as “increased uptake” 

mutants for electrophysiology can help to support whether the mutations on Alr1 can 

directly block or enhance Mg2+ uptake into the cells.  The electrophysiology experiment 

with “Al tolerance” mutants can also provide more firm evidence of Al3+ inhibition of 

Mg2+ uptake via Alr1.   

 
Although the bacterial CorA structure has recently been determined, there is still little 

information about the structure of the fungal Alr1 family proteins, particularly the large 

N-terminal extension.  Therefore, it is clearly worthwhile to look at the detailed 

structure of at least one member of the fungal Alr1 family.     

 
 
 
 
 
 

 
 



 156

References 

Akeson, M.A. and Munns, D.N. (1989) Lipid bilayer permeation by neutral aluminium citrate 
and by three alpha-hydroxy carboxylic acids. Biochimica et Biophysica Acta - 
Biomembranes, 984, 200-206. 

Anoop, V.M., Basu, U., McAlister-Henn, L., Taylor, G.J. and McCammon, M.T. (2003) 
Modulation of citrate metabolism alters aluminium tolerance in yeast and transgenic 
canola overexpressing a mitochondrial citrate synthase. Plant Physiology, 132, 2205-
2217. 

Baligar, V.C., Dos Santos, H.L., Pitta, G.V.E. and Bahia Filho, A.F.D.C. (1993) Soil 
aluminium effects on uptake, influx, and transport of nutrients in sorghum genotypes. 
Plant and Soil, 150, 271-277. 

Baligar, V.C., Dos Santos, H.L., Pitta, G.V.E., Filho, E.C., Vasconcellos, C.A. and Bahia 
Filho, A.F.D.C. (1989) Aluminium effects on growth, grain yield and nutrient use 
effeciency ratios in sorghum genotypes. Plant and Soil, 116, 257-264. 

Bass, R.B., Strop, P., Barclay, M. and Rees, D.C. (2002) Crystal structure of Escherichia coli 
MscS, a voltage-modulated and mechanosensitive channel. Science, 298, 1582-1587. 

Basu, A., Basu, U. and Taylor, G.J. (1994) Induction of microsomal membrane proteins in 
roots of an aluminium-resistant cultivar of Triticum aestivum L. under conditions of 
aluminium stress. Plant Physiology, 104, 1007-1013. 

Basu, U., Southron, J.L., Stephens, J.L. and Taylor, G.J. (2004) Reverse genetic analysis of 
the glutathione metabolic pathway suggests a novel role of PHGPX and URE2 genes in 
aluminium resistance in Saccharomyces cerevisiae. Molecular Genetics and Genomics, 
271, 627-637. 

Bateman, A., Coin, L., Durbin, R., Finn, R.D., Hollich, V., Griffiths-Jones, S., Khanna, A., 
Marshall, M., Moxon, S., Sonnhammer, E.L.L., Studholme, D.J., Yeats, C. and 
Eddy, S.R. (2004) The Pfam protein families database. Nucleic Acids Research, 32, 
138-141. 

Beeler, T., Bruce, K. and Dunn, T. (1997) Regulation of cellular Mg2+ by Saccharomyces 
cerevisiae. Biochimica et Biophysica Acta, 1323, 310-318. 

Bellemare, D.R., Shaner, L., Morano, K.A., Beaudoin, J., Langlois, R. and Labbe, S. 
(2002) Ctr6, a vacuolar membrane copper transporter in Schizosaccharomyces pombe. 
Journal of Biological Chemistry, 277, 46676-46686. 

Bennet, R.J. and Breen, C.M. (1991) The aluminium signal: new dimensions to mechanisms 
of aluminium tolerance. Plant and Soil, 134, 153-166. 

Betts, M.J. and Russell, R.B. (2003) Amino acid properties and consequences of substitutions. 
In: Bioinformatics for Geneticist. John wiley and Sons, Ltd. 

Black, C.B., Huang, H.W. and Cowan, J.A. (1994) Biological coordination chemistry of 
magnesium, sodium, and potassium ions. Protein and nucleotide binding sites. 
Coordination Chemistry Reviews, 135-136, 165-202. 

Blamey, F.P.C. and Dowling, A.J. (1995) Antagonism between aluminium and calcium for 
sorption by calcium pectate. Plant and Soil, 171, 137-140. 

Bonneaud, N., Ozierkalogeropoulos, O., Li, G.Y., Labouesse, M., Minviellesebastia, L. and 
Lacroute, F. (1991) A Family of Low and High Copy Replicative, Integrative and 
Single-Stranded Saccharomyces-Cerevisiae Escherichia-Coli Shuttle Vectors. Yeast, 7, 
609-615. 

Borrelly, G., Boyer, J.C., Touraine, B., Szponarski, W., Rambier, M. and Gibrat, R. (2001) 
The yeast mutant vps5Δ affected in the recycling of Golgi membrane proteins displays 



 157

an enhanced vacuolar Mg2+/H+ exchange activity. Proceedings of the National Academy 
of Sciences of the United States of America, 98, 9660-9665. 

Bui, D.M., Gregan, J., Jarosch, E., Ragnini, A. and Schweyen, R.J. (1999) The bacterial 
magnesium transporter CorA can functionally substitute for its putative homologue 
Mrs2p in the yeast inner mitochondrial membrane. Journal of Biological Chemistry, 
274, 20438-20443. 

Burgess, J. (1988) Ions in solution: basic principles of chemical interactions. In: Ellis 
Horwood series in inorganic chemistry, Ellis Horwood Limited, Chichester, 
England: New York. 

Byrne, K.P. and Wolfe, K.H. (2005) The Yeast Gene Order Browser: combining curated 
homology and syntenic context reveals gene fate in polyploid species. Genome 
Research, 15, 1456-1461. 

Cakmak, I. and Horst, W.J. (1991) Effect of aluminium on lipid peroxidation, superoxide 
dismutase, catalase, and peroxidase activities in root tips of soybean (Glycine max). 
Physiologia Plantarum, 83, 463-468. 

Caldwell, A.M. and Smith, R.L. (2003) Membrane topology of the ZntB efflux system of 
Salmonella enterica Serovar Typhimurium. Journal of Bacteriology, 185, 374-376. 

Carlson, M. and Botstein, D. (1982) Two differentially regulated mRNAs with different 5' 
ends encode secreted with intracellular forms of yeast invertase. Cell, 28, 145-154. 

Casagrande, R., Stern, P., Diehn, M., Shamu, C., Osario, M., Zuniga, M., Brown, P.O. and 
Ploegh, H. (2000) Degradation of proteins from the ER of S. cerevisiae requires an 
intact unfolded protein response pathway. Molecular Cell, 5, 729-735. 

Chamnongpol, S. and Groisman, E.A. (2002) Mg2+ homeostasis and avoidance of metal 
toxicity. Molecular Microbiology, 44, 561-571. 

Chang, G., Spencer, R.H., Lee, A.T., Barclay, M.T. and Rees, D.C. (1998) Structure of the 
MscL homolog from Mycobacterium tuberculosis: A gated mechanosensitive ion 
channel. Science, 282, 2220-2226. 

Chang, Y.C., Yamamoto, Y. and Matsumoto, H. (1999) Accumulation of aluminium in the 
cell wall pectin in cultured tobacco (Nicotiana tabacum L.) cells treated with a 
combination of aluminium and iron. Plant, Cell and Environment, 22, 1009-1017. 

Christoffers, M.J., Berg, M.L. and Messersmith, C.G. (2002) An isoleucine to leucine 
mutation in acetyl-CoA carboxylase confers herbicide resistance in wild oat. Genome, 
45, 1049-1056. 

Chubanov, V., Waldegger, S., Mederos y Schnitzler, M., Vitzthum, H., Sassen, M.C., 
Seyberth, H.W., Konrad, M. and Gudermann, T. (2004) Disruption of 
TRPM6/TRPM7 complex formation by a mutation in the TRPM6 gene causes 
hypomagnesemia with secondary hypocalcemia. Proceedings of the National Academy 
of Sciences of the United States of America, 101, 2894-2899. 

Costigan, C. and Snyder, M. (1994) SLK1, a yeast homolog of MAP kinase activators, has a 
RAS/cAMP-independent role in nutrient sensing. Molecular and General Genetics, 
243, 286-296. 

Cowan, J.A. (1995) Introduction to the biological chemistry of magnesium. In: Cowan, J.A. ed, 
The Biological Chemistry of Magnesium. VCH, New York. 

Cowan, J.A. (1998) Metal activation of enzymes in nucleic acid biochemistry. Chemical 
Reviews, 98, 1067-1088. 

Curtis, K.K., Francis, S.A., Oluwatosin, Y. and Kane, P.M. (2002) Mutational Analysis of 
the Subunit C (Vma5p) of the Yeast Vacuolar H+-ATPase. Journal of Biological 
Chemistry, 277, 8979-8988. 

Davis, N.G., Horecka, J.L. and Sprague, G.F., Jr. (1993) Cis- and trans-acting functions 
required for endocytosis of the yeast pheromone receptors. Journal of Cell Biology, 
122, 53-65. 

De La Fuente, J.M., Ramírez-Rodriguez, V., Cabrera-Ponce, J.L. and Herrera-Estrella, L. 
(1997) Aluminium tolerance in transgenic plants by alteration of citrate synthesis. 
Science, 276, 1566-1568. 



 158

Degen, O. and Eitinger, T. (2002) Substrate specificity of nickel/cobalt permeases: insights 
from mutants altered in transmembrane domains I and II. Journal of Bacteriology, 184, 
3569-3577. 

Degen, O., Kobayashi, M., Shimizu, S. and Eitinger, T. (1999) Selective transport of divalent 
cations by transition metal permeases: the Alcaligenes eutrophus HoxN and the 
Rhodococcus rhodochrous NhlF. Archives of Microbiology, 171, 139-145. 

Delhaize, E., Hebb, D.M. and Ryan, P.R. (2001) Expression of a Pseudomonas aeruginosa 
citrate synthase gene in tobacco is not associated with either enhanced citrate 
accumulation or efflux. Plant Physiology, 125, 2059-2067. 

Delhaize, E. and Ryan, P.R. (1995) Aluminium toxicity and tolerance in plants. Plant 
Physiology, 107, 315-321. 

Delhaize, E., Ryan, P.R., Hebb, D.M., Yamamoto, Y., Sasaki, T. and Matsumoto, H. (2004) 
Engineering high-level aluminium tolerance in barley with the ALMT1 gene. 
Proceedings of the National Academy of Sciences of the United States of America, 101, 
15249-15254. 

Delhaize, E., Ryan, P.R. and Randall, P.J. (1993) Aluminium tolerance in wheat (Triticum 
aestivum L.) (II. Aluminium-stimulated excretion of malic acid from root apices). Plant 
Physiology, 103, 695-702. 

Delye, C., Wang, T. and Darmency, H. (2002) An isoleucine-leucine substitution in 
chloroplastic acetyl-CoA carboxylase from green foxtail (Setaria viridis L. Beauv.) is 
responsible for resistance to the cyclohexanedione herbicide sethoxydim. Planta, 214, 
421-427. 

Dill, E.T., Holden, M.J. and Colombini, M. (1987) Voltage gating in VDAC is markedly 
inhibited by micromolar quantities of aluminium. Journal of Membrane Biology, 99, 
187-196. 

Domingo, J.L. (1995) Reproductive and developmental toxicity of aluminium: A review. 
Neurotoxicology and Teratology, 17, 515-521. 

Domingo, J.L. (2003) ALUMINIUM (ALUMINIUM) | Toxicology Encyclopedia of Food 
Sciences and Nutrition. In. Elsevier Ltd, Oxford, pp. 160-166. 

Doyle, D.A., Cabral, J.a.o.M., Pfuetzner, R.A., Kuo, A., Gulbis, J.M., Cohen, S.L., Chait, 
B.T. and MacKinnon, R. (1998) The structure of the potassium channel: Molecular 
basis of K+ conduction and selectivity. Science, 280, 69-77. 

Drummond, R.S.M. (2004) The AtMRS2 gene family from Arabidopsis thaliana. Ph. D. 
thesis. University of Auckland. 

Drummond, R.S.M., Tutone, A., Li, Y.C. and Gardner, R.C. (2006) A putative magnesium 
transporter AtMRS2-11 is localized to the plant chloroplast envelope membrane 
system. Plant Science, 170, 78-89. 

Dudev, T., Cowan, J.A. and Lim, C. (1999) Competitive binding in magnesium coordination 
chemistry: Water versus ligands of biological interest. Journal of the American 
Chemical Society, 121, 7665-7673. 

Dudev, T. and Lim, C. (2003) Principles governing Mg, Ca, and Zn binding and selectivity in 
proteins. Chemical Reviews, 103, 773-788. 

Exley, C., Birchall, J.D. and Price, N.C. (1994) Aluminium inhibition of hexokinase activity 
in vitro: A study in biological availability. Journal of Inorganic Biochemistry, 54, 297-
304. 

Ezaki, B., Gardner, R.C., Ezaki, Y., Kondo, H. and Matsumoto, H. (1998) Protective roles 
of two aluminium (Al)-induced genes, HSP150 and SED1 of Saccharomyces 
cerevisiae, in Al and oxidative stresses. FEMS Microbiology Letters, 159, 99-105. 

Ezaki, B., Gardner, R.C., Ezaki, Y. and Matsumoto, H. (2000) Expression of aluminium-
induced genes in transgenic Arabidopsis plants can ameliorate aluminium stress and/or 
oxidative stress. Plant Physiology, 122, 657-665. 

Ezaki, B., Katsuhara, M., Kawamura, M. and Matsumoto, H. (2001) Different mechanisms 
of four aluminium (Al)-resistant transgenes for Al toxicity in Arabidopsis. Plant 
Physiology, 127, 918-927. 



 159

Ezaki, B., Sasaki, K., Matsumoto, H. and Nakashima, S. (2005) Functions of two genes in 
aluminium (Al) stress resistance: repression of oxidative damage by the AtBCB gene 
and promotion of efflux of Al ions by the NtGDI1gene. Journal of Experimental 
Botany, 56, 2661-2671. 

Ezaki, B., Sivaguru, M., Ezaki, Y., Matsumoto, H. and Gardner, R.C. (1999) Acquisition of 
aluminium tolerance in Saccharomyces cerevisiae by expression of the BCB or NtGDI1 
gene derived from plants. FEMS Microbiology Letters, 171, 81-87. 

Ezaki, B., Suzuki, M., Motoda, H., Kawamura, M., Nakashima, S. and Matsumoto, H. 
(2004) Mechanism of gene expression of Arabidopsis glutathione S-transferase, 
AtGST1, and AtGST11 in response to aluminium stress. Plant Physiology, 134, 1672-
1682. 

Ezaki, B., Tsugita, S. and Matsumoto, H. (1996) Expression of a moderately anionic 
peroxidase is induced by aluminium treatment in tobacco cells: Possible involvement of 
peroxidase isozymes in aluminium ion stress. Physiologia Plantarum, 96, 21-28. 

Ezaki, B., Yamamoto, Y. and Matsumoto, H. (1995) Cloning and sequencing of the cDNAs 
induced by aluminium treatment and Pi starvation in cultured tobacco cells. Physiologia 
Plantarum, 93, 11-18. 

Ezquerra, M., Carnero, C., Blesa, R., Gelpi, J.L., Ballesta, F. and Oliva, R. (1999) A 
presenilin 1 mutation (Ser169Pro) associated with early-onset AD and myoclonic 
seizures. Neurology, 52, 566-570. 

Ferreira, T., Mason, A.B. and Slayman, C.W. (2001) The yeast Pma1 proton pump: A model 
for understanding the biogenesis of plasma membrane proteins. Journal of Biological 
Chemistry, 276, 29613-29616. 

Forbes, J.R. and Gros, P. (2003) Iron, manganese, and cobalt transport by Nramp1 (Slc11a1) 
and Nramp2 (Slc11a2) expressed at the plasma membrane. Blood, 102, 1884-1892. 

Fowler, K. (1999) Expression of bacterial magnesium transporter in eukaryotes. MSc thesis. 
University of Auckland. 

Fowler, K.M., Macdiarmid, C.J.W., Richards, K.D. and Gardner, R.C. (1999) Magnesium 
transport and aluminium tolerance. In: Plant Nutrition - Molecular biology and 
Genetics. Gissel-Nielsen, G. and Jensen A., ed.: Kluwer Academic Publishers, 
Dordrecht, pp. 327-332.  

Foy, C.D. (1984) Physiological effects of hydrogen, aluminium, and manganese toxicities in 
acid soil. Soil Acidity and Liming, 57-97. 

Fromant, M., Blanquet, S. and Plateau, P. (1995) Direct random mutagenesis of gene-sized 
DNA fragments using polymerase chain-reaction. Analytical Biochemistry, 224, 347-
353. 

Froschauer, E.M., Kolisek, M., Dieterich, F., Schweigel, M. and Schweyen, R.J. (2004) 
Fluorescence measurements of free [Mg2+] by use of mag-fura 2 in Salmonella enterica. 
FEMS Microbiology Letters, 237, 49-55. 

Fuhrmann, G.F. and Rothstein, A. (1968) The transport of Zn2+, Co2+ and Ni2+ into yeast 
cells. Biochimica et Biophysica Acta, 163, 325-330. 

Fulkerson, J.F., Jr., Garner, R.M. and Mobley, H.L. (1998) Conserved residues and motifs 
in the NixA protein of Helicobacter pylori are critical for the high affinity transport of 
nickel ions. Journal of Biological Chemistry, 273, 235-241. 

Fulkerson, J.F., Jr. and Mobley, H.L. (2000) Membrane topology of the NixA nickel 
transporter of Helicobacter pylori: two nickel transport-specific motifs within 
transmembrane helices II and III. Journal of Bacteriology, 182, 1722-1730. 

Gardner, R.C. (2003) Genes for magnesium transport. Current Opinion in Plant Biology, 6, 
263-267. 

Gassmann, W. and Schroeder, J.I. (1994) Inward-rectifying K+ channels in root hairs of 
wheat. A mechanism for aluminium-sensitive low-affinity K+ uptake and membrane 
potential control. Plant Physiology, 105, 1399-1408. 

Gibson, M.M., Bagga, D.A., Miller, C.G. and Maguire, M.E. (1991) Magnesium transport in 
Salmonella typhimurium: the influence of new mutations conferring Co2+ resistance on 
the CorA Mg2+ transport system. Molecular Microbiology, 5, 2753-2762. 



 160

Gietz, R.D., Schiestl, R.H., Willems, A.R. and Woods, R.A. (1995) Studies on the 
transformation of intact yeast cells by the LiAc/SS-DNA/PEG procedure. Yeast, 11, 
355-360. 

Gitan, R.S., Luo, H., Rodgers, J., Broderius, M. and Eide, D. (1998) Zinc-induced 
inactivation of the yeast ZRT1 zinc transporter occurs through endocytosis and vacuolar 
degradation. Journal of Biological Chemistry, 273, 28617-28624. 

Golub, M.S. and Domingo, J.L. (1996) What we know and what we need to know about 
developmental aluminium toxicity. Journal of Toxicology and Environmental Health - 
Part A, 48, 585-597. 

Gonzalez Jr., R.L. and Tinoco Jr., I. (1999) Solution structure and thermodynamics of a 
divalent metal ion binding site in an RNA pseudoknot. Journal of Molecular Biology, 
289, 1267-1282. 

Gottschalk, G. and Thauer, R.K. (2001) The Na+-translocating methyltransferase complex 
from methanogenic archaea. Biochim Biophys Acta, 1505, 28-36. 

Goytain, A. and Quamme, G.A. (2005a) Functional characterization of the human solute 
carrier, SLC41A2. Biochemical and Biophysical Research Communications, 330, 701-
705. 

Goytain, A. and Quamme, G.A. (2005b) Functional characterization of human SLC41A1, a 
Mg2+ transporter with similarity to prokaryotic MgtE Mg2+ transporters. Physiological 
Genomics, 21, 337-342. 

Goytain, A. and Quamme, G.A. (2005c) Identification and characterization of a novel 
mammalian Mg2+ transporter with channel-like properties. BMC Genomics, 6, 48. 

Graschopf, A., Stadler, J.A., Hoellerer, M.K., Eder, S., Sieghardt, M., Kohlwein, S.D. and 
Schweyen, R.J. (2001) The yeast plasma membrane protein Alr1 controls Mg2+ 
homeostasis and is subject to Mg2+-dependent control of its synthesis and degradation. 
Journal of Biological Chemistry, 276, 16216-16222. 

Greenwood, N.N. and Earnshaw, A. (1997) Aluminium, Gallium, Indium and thallium. In: 
Chemistry of the Elements. Butterworth Heinemann. 

Gregan, J., Bui, D.M., Pillich, R., Fink, M., Zsurka, G. and Schweyen, R.J. (2001a) The 
mitochondrial inner membrane protein Lpe10p, a homologue of Mrs2p, is essential for 
magnesium homeostasis and group II intron splicing in yeast. Molecular Genome and 
Genetics, 264, 773 - 781. 

Gregan, J., Kolisek, M. and Schweyen, R.J. (2001b) Mitochondrial Mg2+ homeostasis is 
critical for group II intron splicing in vivo. Genes & Development, 15, 2229-2237. 

Grimm, C., Kohli, J., Murray, J. and Maundrell, K. (1988) Genetic engineering of 
Schizosaccharomyces pombe: A system for gene disruption and replacement using the 
ura4 gene as a selectable marker. Molecular and General Genetics, 215, 81-86. 

Groisman, E.A. (2001) The pleiotropic two-component regulatory system PhoP-PhoQ. Journal 
of Bacteriology, 183, 1835-1842. 

Groisman, E.A., Chiao, E., Lipps, C.J. and Heffron, F. (1989) Salmonella typhimurium phoP 
virulence gene is a transcriptional regulator. Proceedings of the National Academy of 
Sciences of the United States of America, 86, 7077-7081. 

Grubbs, R.D. (2002) Intracellular magnesium and magnesium buffering. BioMetals, 15, 251-
259. 

Grubbs, R.D., Snavely, M.D., Hmiel, S.P. and Maguire, M.E. (1989) Magnesium transport in 
eukaryotic and prokaryotic cells using magnesium-28 ion. Methods in Enzymology, 
173, 546-563. 

Gutteridge, J.M., Quinlan, G.J., Clark, I. and Halliwell, B. (1985) Aluminium salts 
accelerate peroxidation of membrane lipids stimulated by iron salts. Biochimica et 
Biophysica Acta, 835, 441-447. 

Hamel, F., Breton, C. and Houde, M. (1998) Isolation and characterization of wheat 
aluminium-regulated genes: Possible involvement of aluminium as a pathogenesis 
response elicitor. Planta, 205, 531-538. 



 161

Hamilton, C.A., Good, A.G. and Taylor, G.J. (2001a) Induction of vacuolar ATPase and 
mitochondrial ATP synthase by aluminium in an aluminium-resistant cultivar of wheat. 
Plant Physiology, 125, 2068-2077. 

Hamilton, C.A., Good, A.G. and Taylor, G.J. (2001b) Vacuolar H+-ATPase, but not 
mitochondrial F1F0-ATPase, is required for aluminium resistance in Saccharomyces 
cerevisiae. FEMS Microbiology Letters, 205, 231-236. 

Hantke, K. (1997) Ferrous iron uptake by a magnesium transport system is toxic for 
Escherichia coli and Salmonella typhimurium. Journal of Bacteriology, 179, 6201-
6204. 

Harteneck, C., Plant, T.D. and Schultz, G. (2000) From worm to man: three subfamilies of 
TRP channels. Trends in Neuroscience, 23, 159-166. 

Haug, A. and Vitorello, V. (1996) Aluminium coordination to calmodulin: thermodynamic and 
kinetic aspects. Coordination Chemistry Reviews, 149, 113-124. 

Haynes, W.J., Kung, C., Saimi, Y. and Preston, R.R. (2002) An exchanger-like protein 
underlies the large Mg2+ current in Paramecium. Proceedings of the National Academy 
of Sciences of the United States of America, 99, 15717-15722. 

Hmiel, S.P., Snavely, M.D., Florer, J.B., Maguire, M.E. and Miller, C.G. (1989) Magnesium 
transport in Salmonella typhimurium: genetic characterization and cloning of three 
magnesium transport loci. Journal of Bacteriology, 171, 4742–4751. 

Hmiel, S.P., Snavely, M.D., Miller, C.G. and Maguier, M.E. (1986) Magnesium transport in 
Salmonella typhimurium: characterisation of magnesium influx and cloning of a 
transport gene. Journal of Bacteriology, 168, 1444-1450. 

Ho, S.N., Hunt, H.D., Horton, R.M., Pullen, J.K. and Pease, L.R. (1989) Site-directed 
mutagenesis by overlap extension using the polymerase chain reaction. Gene, 77, 51-
59. 

Hoffman, C.S. and Winston, F. (1987) A ten-minute DNA preparation from yeast efficiently 
releases autonomous plasmids for transformation of Escherichia coli. Gene, 57, 267-
272. 

Huang, J.W., Grunes, D.L. and Kochian, L.V. (1992a) Aluminium effects on the kinetics of 
calcium uptake into cells of the wheat root apex. Planta, 188, 414-421. 

Huang, J.W., Shaff, J.E., Grunes, D.L. and Kochian, L.V. (1992b) Aluminium effects on 
calcium fluxes at the root apex of aluminium-tolerant and aluminium-sensitive wheat 
cultivars. Plant Physiology, 98, 230-237. 

Huh, W.K., Falvo, J.V., Gerke, L.C., Carroll, A.S., Howson, R.W., Weissman, J.S. and 
O'Shea, E.K. (2003) Global analysis of protein localization in budding yeast. Nature, 
425, 686-691. 

Jagannatha Rao, K.S. and Easwaran, K.R.K. (1997) 27Al-NMR studies of aluminium 
transport across yeast cell membranes. Molecular and Cellular Biochemistry, 175, 59-
63. 

Joyce, C.M. and Steitz, T.A. (1994) Function and structure relationships in DNA polymerases. 
Annual Review of Biochemistry, 63, 777-822. 

Kakimoto, M., Kobayashi, A., Fukuda, R., Ono, Y., Ohta, A. and Yoshimura, E. (2005) 
Genome-wide screening of aluminium tolerance in Saccharomyces cerevisiae. 
Biometals, 18, 467-474. 

Kanda, T. and Saigo, K. (1993) Chimeric reverse transcriptase of Moloney murine leukaemia 
virus, having the YXDD box of a Drosophila retrotransposon, 17.6. Biochimica et 
Biophysica Acta - Protein Structure and Molecular Enzymology, 1163, 223-226. 

Kast, C., Canfield, V., Levenson, R. and Gros, P. (1996) Transmembrane organization of 
mouse P-glycoprotein determined by epitope insertion and immunofluorescence. 
Journal of Biological Chemistry, 271, 9240-9248. 

Kast, C. and Gros, P. (1998) Epitope insertion favors a six transmembrane domain model for 
the carboxy-terminal portion of the multidrug resistance-associated protein. 
Biochemistry, 37, 2305-2313. 

Kehres, D.G., Lawyer, C.H. and Maguire, M.E. (1998) The CorA magnesium transporter 
gene family. Microbical and Comparative Genomics, 3, 151-169. 



 162

Kehres, D.G. and Maguire, M.E. (2002) Structure, properties and regulation of magnesium 
transport  proteins. BioMetals, 15, 261-270. 

Kelly, V. (2003) Proteome response to aluminium toxicity and magnesium starvation in yeast. 
MSc thesis. University of Auckland. 

Kinraide, T.B. (1994) Use of a Gouy-Chapman-Stern model for membrane-surface electrical 
potential to interpret some features of mineral rhizotoxicity. Plant Physiology, 106, 
1583-1592. 

Kinraide, T.B. (1998) Three mechanisms for the calcium alleviation of mineral toxicities. Plant 
Physiology, 118, 513-520. 

Kinraide, T.B. and Parker, D.R. (1987) Cation amelioration of aluminium toxicity in wheat. 
Plant Physiology, 83, 546-551. 

Kinraide, T.B., Ryan, P.R. and Kochian, L.V. (1992) Interactive effects of Al3+, H+, and other 
cations on root elongation considered in terms of cell-surface electrical potential. Plant 
Physiology, 99, 1461-1468. 

Kinraide, T.B., Ryan, P.R. and Kochian, L.V. (1994) Al3+-Ca2+ interactions in aluminium 
rhizotoxicity. II. Evaluating the Ca2+-displacement hypothesis. Planta, 192, 104-109. 

Knoop, V., Groth-Malonek, M., Gebert, M., Eifler, K. and Weyand, K. (2005) Transport of 
magnesium and other divalent cations: Evolution of the 2-TM-GxN proteins in the MIT 
superfamily. Molecular Genetics and Genomics, 274, 205-216. 

Kochian, L.V. (1995) Cellular mechanisms of aluminium toxicity and resistance in plants. 
Annual Review of Plant Physiology and Plant Molecular Biology, 46, 237-260. 

Kochian, L.V., Hoekenga, O.A. and Piñeros, M.A. (2004) How do crop plants tolerate acid 
soils? Mechanisms of aluminium tolerance and phosphorous efficiency. Annual Review 
of Plant Biology, 55, 459-493. 

Kochian, L.V., Piñeros, M.A. and Hoekenga, O.A. (2005) The physiology, genetics and 
molecular biology of plant aluminium resistance and toxicity. Plant and Soil, 274, 175-
195. 

Kolisek, M., Zsurka, G., Samaj, J., Weghuber, J., Schweyen, R. and Schweigel, M. (2003) 
Mrs2p is an essential component of the major electrophoretic Mg2+ influx system in 
mitochondria. EMBO journal, 22, 1235-1244. 

Koll, H., Schmidt, C., Wiesenberger, G. and Schmelzer, C. (1987) Three nuclear genes 
suppress a yeast mitochondrial splice defect when present in high copy number. 
Current Genetics, 12, 503-510. 

Konishi, S., Ferguson, I.B. and Putterill, J. (1988) Effect of acidic polypeptides on 
aluminium toxicity in tube growth of pollen from tea (Camellia sinensis L.). Plant 
Science, 56, 55-59. 

Koyama, H., Kawamura, A., Kihara, T., Hara, T., Takita, E. and Shibata, D. (2000) 
Overexpression of mitochondrial citrate synthase in Arabidopsis thaliana improved 
growth on a phosphorus-limited soil. Plant and Cell Physiology, 41, 1030-1037. 

Koyama, H., Takita, E., Kawamura, A., Hara, T. and Shibata, D. (1999) Over expression of 
mitochondrial citrate synthase gene improves the growth of carrot cells in Al-phosphate 
medium. Plant and Cell Physiology, 40, 482-488. 

Kucharski, L.M., Lubbe, W.J. and Maguire, M.E. (2000) Cation hexaammines are selective 
and potent inhibitors of the CorA magnesium transport system. Journal of Biological 
Chemistry, 275, 16767-16773. 

Kuo, A., Gulbis, J.M., Antcliff, J.F., Rahman, T., Lowe, E.D., Zimmer, J., Cuthbertson, J., 
Ashcroft, F.M., Ezaki, T. and Doyle, D.A. (2003) Crystal structure of the potassium 
channel KirBac1.1 in the closed state. Science, 300, 1922-1926. 

Kushnirov, V.V. (2000) Rapid and reliable protein extraction from yeast. Yeast, 16, 857-860. 
Larsen, P.B., Stenzler, L.M., Tai, C.Y., Degenhardt, J.r., Howell, S.H. and Kochian, L.V. 

(1997) Molecular and physiological analysis of Arabidopsis mutants exhibiting altered 
sensitivities to aluminium. Plant and Soil, 192, 3-7. 

Larsen, P.B., Tai, C.Y., Kochian, L.V. and Howell, S.H. (1996) Arabidopsis mutants with 
increased sensitivity to aluminium. Plant Physiology, 110, 743-751. 



 163

Lazof, D.B., Goldsmith, J.G., Rufty, T.W. and Linton, R.W. (1994) Rapid uptake of 
aluminium into cells of intact soybean root tips. A microanalytical study using 
secondary ion mass spectrometry. Plant Physiology, 106, 1107-1114. 

Lee, J., Pena, M.M.O., Nose, Y. and Thiele, D.J. (2002) Biochemical characterization of the 
human copper transporter Ctr1. Journal of Biological Chemistry, 277, 4380-4387. 

Lee, J.M. and Gardner, R.C. (2006) Residues of the yeast ALR1 protein that are critical for 
magnesium uptake. Current Genetics, 49, 7-20. 

Lee, K., Neigeborn, L. and Kaufman, R.J. (2003) The unfolded protein response is required 
for haploid tolerance in yeast. Journal of Biological Chemistry, 278, 11818-11827. 

Leech, A., Nath, N., McCartney, R.R. and Schmidt, M.C. (2003) Isolation of mutations in 
the catalytic domain of the snf1 kinase that render its activity independent of the snf4 
subunit. Eukaryotic Cell, 2, 265-273. 

Li, L., Chen, O.S., McVey Ward, D. and Kaplan, J. (2001a) CCC1 is a transporter that 
mediates vacuolar iron storage in yeast. Journal of Biological Chemistry, 276, 29515-
29519. 

Li, L., Tutone, A.F., Drummond, R.S., Gardner, R.C. and Luan, S. (2001b) A novel family 
of magnesium transport genes in Arabidopsis. Plant Cell, 13, 2761-2775. 

Li, X.F., Ma, J.F. and Matsumoto, H. (2000) Pattern of aluminium-induced secretion of 
organic acids differs between rye and wheat. Plant Physiology, 123, 1537-1543. 

Lingner, J., Cech, T.R., Hughes, T.R., Lundblad, V., Shevchenko, A. and Mann, M. (1997) 
Reverse transcriptase motifs in the catalytic subunit of telomerase. Science, 276, 561-
567. 

Liu, G.J., Martin, D.K., Gardner, R.C. and Ryan, P.R. (2002) Large Mg2+-dependent 
currents are associated with the increased expression of ALR1 in Saccharomyces 
cerevisiae. FEMS Microbiology Letters, 213, 231-237. 

Liu, X.F. and Culotta, V.C. (1999) Post-translation control of Nramp metal transport in yeast. 
Role of metal ions and the BSD2 gene. Journal of Biological Chemistry, 274, 4863-
4868. 

Longtine, M.S., McKenzie, A., 3rd, Demarini, D.J., Shah, N.G., Wach, A., Brachat, A., 
Philippsen, P. and Pringle, J.R. (1998) Additional modules for versatile and 
economical PCR-based gene deletion and modification in Saccharomyces cerevisiae. 
Yeast, 14, 953-961. 

Lukat, G.S., Stock, A.M. and Stock, J.B. (1990) Divalent metal ion binding to the CheY 
protein and its significance to phosphotransfer in bacterial chemotaxis. Biochemistry, 
29, 5436-5442. 

Lunin, V.V., Dobrovetsky, E., Khutoreskaya, G., Zhang, R., Joachimiak, A., Bochkarev, 
A., Maguire, M.E., Edwards, A.M. and Koth, C.M. (2005) Crystal structure of the 
CorA Mg2+ transporter. http://www.rcsb.org/pdb/cgi/explore.cgi?pdbId=2BBJ. 

Ma, H., Kunes, S., Schatz, P.J. and Botstein, D. (1987) Plasmid construction by homologous 
recombination in yeast. Gene, 58, 201-216. 

Ma, J.F., Matsumoto, H. and Hiradate, S. (1998) High aluminium resistance in buckwheat: 
II. oxalic acid detoxifies aluminium internally. Plant Physiology, 117, 753-759. 

Ma, J.F., Matsumoto, H., Hiradate, S., Nomoto, K. and Iwashita, T. (1997a) Internal 
detoxification mechanism of Al in hydrangea: Identification of Al form in the leaves. 
Plant Physiology, 113, 1033-1039. 

Ma, J.F., Nagao, S., Huang, C.F. and Nishimura, M. (2005) Isolation and characterization of 
a rice mutant hypersensitive to Al. Plant and Cell Physiology, 46, 1054-1061. 

Ma, J.F., Ryan, P.R. and Delhaize, E. (2001) Aluminium tolerance in plants and the 
complexing role of organic acids. Trends in Plant Science, 6, 273-278. 

Ma, J.F., Shen, R., Zhao, Z., Wissuwa, M., Takeuchi, Y., Ebitani, T. and Yano, M. (2002) 
Response of rice to Al stress and identification of quantitative trait loci for Al tolerance. 
Plant and Cell Physiology, 43, 652-659. 

Ma, J.F., Zheng, S.J., Matsumoto, H. and Hiradate, S. (1997b) Detoxifying aluminium with 
buckwheat [12]. Nature, 390, 569-570. 



 164

MacDiarmid, C.W. (1997) Aluminium toxicty and resistance in Saccharomyces cerevisiae. Ph. 
D thesis. University of Auckland. 

MacDiarmid, C.W., Gaither, L.A. and Eide, D. (2000) Zinc transporters that regulate 
vacuolar zinc storage in Saccharomyces cerevisiae. EMBO Journal, 19, 2845-2855. 

MacDiarmid, C.W. and Gardner, R.C. (1996) A1 toxicity in yeast. A role for Mg? Plant 
Physiology, 112, 1101-1109. 

MacDiarmid, C.W. and Gardner, R.C. (1998) Overexpression of the Saccharomyces 
cerevisiae magnesium transport system confers resistance to aluminium ion. Journal of 
Biological Chemistry, 273, 1727-1732. 

MacDiarmid, C.W., Milanick, M.A. and Eide, D.J. (2002) Biochemical properties of 
vacuolar zinc transport systems of Saccharomyces cerevisiae. Journal of Biological 
Chemistry, 277, 39187-39194. 

MacDonald, T.L., Humphreys, W.G. and Martin, R.B. (1987) Promotion of tubulin 
assembly by aluminium ion in vitro. Science, 236, 183-186. 

Macdonald, T.L. and Martin, R.B. (1988) Aluminium ion in biological systems. Trends in 
biochemical sciences, 13, 15-19. 

Maguire, M.E. and Cowan, J.A. (2002) Magnesium chemistry and biochemistry. BioMetals, 
15, 203-210. 

Marchler-Bauer, A., Anderson, J., DeWeese-Scott, C., Fedorova, N., Geer, L., He, S., 
Hurwitz, D., Jackson, J., Jacobs, A., Lanczycki, C., Liebert, C., Liu, C., Madej, T., 
Marchler, G., Mazumder, R., Nikolskaya, A., Panchenko, A., Rao, B., Shoemaker, 
B., Simonyan, V., Song, J., Thiessen, P., Vasudevan, S., Wang, Y., Yamashita, R., 
Yin, J. and Bryant, S. (2003) CDD: a curated Entrez database of conserved domain 
elements. Nucleic Acids Research, 31, 383-387. 

Marchler-Bauer, A., Panchenko, A., Shoemaker, B., Thiessen, P., Geer, L. and Bryant, S. 
(2002) CDD: a database of conserved domain alignments with links to domain three-
dimensional structure. Nucleic Acids Research, 30, 281-283. 

Marini, A.M., Springael, J.Y., Frommer, W.B. and Andre, B. (2000) Cross-talk between 
ammonium transporters in yeast and interference by the soybean SAT1 protein. Mol 
Microbiol, 35, 378-385. 

Marini, A.M., Vissers, S., Urrestarazu, A. and Andre, B. (1994) Cloning and expression of 
the MEP1 gene encoding an ammonium transporter in Saccharomyces cerevisiae. 
EMBO Journal, 13, 3456-3463. 

Markham, G.D., Glusker, J.P. and Bock, C.W. (2002) The arrangement of first- and second-
sphere water molecules in divalent magnesium complexes: Results from molecular 
orbital and density functional theory and from structural crystallography. Journal of 
Physical Chemistry B, 106, 5118-5134. 

Martell, A.E., Hancock, R.D., Smith, R.M. and Motekaitis, R.J. (1996) Coordination of 
Al(III) in the environment and in biological systems. Coordination Chemistry Reviews, 
149, 311-328. 

Martin, H., Arroyo, J., Sanchez, M., Molina, M. and Nombela, C. (1993) Activity of the 
yeast MAP kinase homologue Slt2 is critically required for cell integrity at 37 °C. 
Molecular and General Genetics, 241, 177-184. 

Matsumoto, H. (1988) Changes of the structure of pea chromatin by aluminium. Plant and Cell 
Physiology, 29, 281-287. 

Matthews, B.W. (1993) Structural and genetic analysis of protein folding and stability:  Current 
Opinion in Sturctural Biology 1993, 3:589-593. Current Opinion in Structural Biology, 
3, 589-593. 

Mercero, J.M., Fowler, J.E. and Ugalde, J.M. (1998) Aluminium (III) interactions with the 
acidic amino acid chains. Journal of Physical Chemistry A, 102, 7006-7012. 

Mercero, J.M., Fowler, J.E. and Ugalde, J.M. (2000) Aluminium (III) interactions with the 
acid derivative amino acid chains. Journal of Physical Chemistry A, 104, 7053-7060. 

Mercero, J.M., Irigoras, A., Lopez, X., Fowler, J.E. and Ugalde, J.M. (2001) Aluminium 
(III) interactions with sulfur-containing amino acid chains. Journal of Physical 
Chemistry A, 105, 7446-7453. 



 165

Mercero, J.M., Matxain, J.M., Lopez, X., Fowler, J.E. and Ugalde, J.M. (2002) Aluminium 
(III) interactions with the side chains of aromatic aminoacids. International Journal of 
Quantum Chemistry, 90, 859-881. 

Merino, S., Gavin, R., Altarriba, M., Izquierdo, L., Maguire, M.E. and Tomas, J.M. (2001) 
The MgtE Mg2+ transport protein is involved in Aeromonas hydrophila adherence. 
FEMS Microbiology Letters, 198, 189-195. 

Miller, S.I., Kukral, A.M. and Mekalanos, J.J. (1989) A two-component regulatory system 
(phoP phoQ) controls Salmonella typhimurium virulence. Proceedings of the National 
Academy of Sciences of the United States of America, 86, 5054-5058. 

Miyasaka, S.C., George Buta, J., Howell, R.K. and Foy, C.D. (1991) Mechanism of 
aluminium tolerance in snapbeans: Root exudation of citric acid. Plant Physiology, 96, 
737-743. 

Monahan, B.J., Unkles, S.E., Tsing, I.T., Kinghorn, J.R., Hynes, M.J. and Davis, M.A. 
(2002) Mutation and functional analysis of the Aspergillus nidulans ammonium 
permease MeaA and evidence for interaction with itself and MepA. Fungal Genetics 
Biology, 36, 35-46. 

Moncrief, M.B. and Maguire, M.E. (1999) Magnesium transport in prokaryotes. Journal of 
Biological Inorganic Chemistry, 4, 523-527. 

Moncrief, M.B.C. and Maguire, M.E. (1998) Magnesium and the role of mgtC in growth of 
Salmonella typhimurium. Infection & Immunity, 66, 3802-3809. 

Muhlrad, D., Hunter, R. and Parker, R. (1992) A rapid method for localized mutagenesis of 
yeast genes. Yeast, 8, 79-82. 

Nadler, M.J.S., Hermosura, M.C., Inabe, K., Perraud, A.L., Zhu, Q., Stokes, A.J., 
Kurosaki, T., Kinet, J.P., Penner, R., Scharenberg, A.M. and Fleig, A. (2001) 
LTRPC7 is a MgATP-regulated divalent cation channel required for cell viability. 
Nature, 411, 590-595. 

Nayak, P. (2002) Aluminium: impacts and disease. Environmental Research, 89, 101-115. 
Nelson, D.L. and Kennedy, E.P. (1971) Magnesium transport in Escherichia coli. inhibition 

by cobaltous ion. Journal of Biological Chemistry, 246, 3042-3049. 
Nelson, N. (1999) Metal ion transporters and homeostasis. EMBO Journal, 18, 4361-4371. 
Nicoll, D.A., Longoni, S. and Philipson, K.D. (1990) Molecular cloning and functional 

expression of the cardiac sarcolemmal Na+-Ca2+ exchanger. Science, 250, 562-565. 
Nishizawa, K., Shimoda, E. and Kasahara, M. (1995) Substrate recognition domain of the 

Gal2 galactose transporter in yeast Saccharomyces cerevisiae as revealed by chimeric 
galactose-glucose transporters. Journal of Biological Chemistry, 270, 2423-2426. 

Nixon, R.A., Clarke, J.F., Logvinenko, K.B., Tan, M.K.H., Hoult, M. and Grynspan, F. 
(1990) Aluminium inhibits calpain-mediated proteolysis and induces human 
neurofilament proteins to form protease-resistant high molecular weight complexes. 
Journal of Neurochemistry, 55, 1950-1959. 

O'Neill, M., Dryden, D.T.F. and Murray, N.E. (1998) Localization of a protein-DNA 
interface by random mutagenesis. EMBO Journal, 17, 7118-7127. 

Obi, I., Ichikawa, Y., Kakutani, T. and Senda, M. (1989a) Electrophoresis, zeta potential and 
surface charges of barley mesophyll protoplasts. Plant and Cell Physiology, 30, 129-
135. 

Obi, I., Ichikawa, Y., Kakutani, T. and Senda, M. (1989b) Electrophoretic studies on plant 
protoplasts. I. pH dependence of zeta potentials of protoplasts from various sources. 
Plant and Cell Physiology, 30, 439-444. 

Oldenburg, K., Vo, K., Michaelis, S. and Paddon, C. (1997) Recombination-mediated PCR-
directed plasmid construction in vivo in yeast. Nucleic Acids Research, 25, 451-452. 

Ooi, C.E., Rabinovich, E., Dancis, A., Bonifacino, J.S. and Klausner, R.D. (1996) Copper-
dependent degradation of the Saccharomyces cerevisiae plasma membrane copper 
transporter Ctr1p in the apparent absence of endocytosis. EMBO Journal, 15, 3515-
3523. 

Papp, K.M. and Maguire, M.E. (2004) The CorA Mg2+ transporter does not transport Fe2+. 
Journal of Bacteriology, 186, 7653-7658. 



 166

Park, M.H., Wong, B.B. and Lusk, J.E. (1976) Mutants in three genes affecting transport of 
magnesium in Escherichia coli: genetics and physiology. Journal of Bacteriology, 126, 
1096–1103. 

Patil, C. and Walter, P. (2001) Intracellular signaling from the endoplasmic reticulum to the 
nucleus: the unfolded protein response in yeast and mammals. Current Opinion in Cell 
Biology, 13, 349-355. 

Pellet, D.M., Papernik, L.A. and Kochian, L.V. (1996) Multiple aluminium-resistance 
mechanisms in wheat roles of root apical phosphate and malate exudation. Plant 
Physiology, 112, 591-597. 

Pena, M.M.O., Puig, S. and Thiele, D.J. (2000) Characterization of the Saccharomyces 
cerevisiae high Affinity copper transporter Ctr3. Journal of Biological Chemistry, 275, 
33244-33251. 

Penado, K.M.Y., Rudnick, G. and Stephan, M.M. (1998) Critical amino acid residues in 
transmembrane span 7 of the serotonin transporter identified by random mutagenesis. 
Journal of Biological Chemistry, 273, 28098-28106. 

Piazza, R.G., Magistroni, V., Gasser, M., Andreoni, F., Galietta, A., Scapozza, L. and 
Gambacorti-Passerini, C. (2005) Evidence for D276G and L364I Bcr-Abl mutations 
in Ph+ leukaemic cells obtained from patients resistant to Imatinib. Leukemia, 19, 132-
134. 

Pina, R.G. and Cervantes, C. (1996) Microbial interactions with aluminium. Biometals, 9, 
311-316. 

Pineros, M. and Tester, M. (1995) Characterization of a voltage-dependent Ca2+-selective 
channel from wheat roots. Planta, 195, 478-488. 

Piñeros, M.A. and Kochian, L.V. (2001) A patch-clamp study on the physiology of aluminium 
toxicity and aluminium tolerance in maize. Identification and characterization of Al3+-
induced anion channels. Plant Physiology, 125, 292-305. 

Piñeros, M.A., Magalhaes, J.V., Carvalho Alves, V.M. and Kochian, L.V. (2002) The 
physiology and biophysics of an aluminium tolerance mechanism based on root citrate 
exudation in maize. Plant Physiology, 129, 1194-1206. 

Portnoy, M.E., Liu, X.F. and Culotta, V.C. (2000) Saccharomyces cerevisiae expresses three 
functionally distinct homologues of the Nramp family of metal transporters. Molecular 
and Cellular Biology, 20, 7893-7902. 

Putterill, J.J. and Gardner, R.C. (1988) Proteins with the potential to protect plants from Al3+ 
toxicity. Biochimica et Biophysica Acta (BBA) - General Subjects, 964, 137-145. 

Radisky, D. and Kaplan, J. (1999) Regulation of transition metal transport across the yeast 
plasma membrane. Journal of Biological Chemistry, 274, 4481-4484. 

Rees, E.M., Lee, J. and Thiele, D.J. (2004) Mobilization of intracellular copper stores by the 
Ctr2 vacuolar copper transporter. Journal of Biological Chemistry, 279, 54221-54229. 

Reid, R.J., Tester, M.A. and Smith, F.A. (1995) Calcium/aluminium interactions in the cell 
wall and plasma membrane of Chara. Planta, 195, 362-368. 

Rengel, Z. (1990) Competitive Al3+ inhibition of net Mg2+ uptake by intact Lolium multiflorum 
roots: II. Plant age effects. Plant Physiology, 93, 1261-1267. 

Rengel, Z. and Elliott, D.C. (1992) Mechanism of aluminium inhibition of net 45Ca2+ uptake by 
Amaranthus protoplasts. Plant Physiology, 98, 632-638. 

Rengel, Z. and Robinson, D.L. (1989) Competitive Al inhibition of net Mg uptake by intact 
Lolium multiflorum roots I. Kinetics. Plant Physiology, 91, 1407-1413. 

Richards, K.D., Schott, E.J., Gardner, R.C., Sharma, Y.K. and Davis, K.R. (1998) 
Aluminium induces oxidative stress genes in Arabidopsis thaliana. Plant Physiology, 
116, 409-418. 

Robinson, D.L. and Rengel, Z. (1991) Aluminium influences on magnesium uptake and on 
grass tenancy potential of ryegrass. Current Topics in Plant Biochemistry and 
Physiology, 10, 107-116. 

Robison, S. (2002) Reconstruction of the yeast gene ALR1 for expression in plants. MSc thesis. 
University of Auckland. 



 167

Rogers, E.E., Eide, D.J. and Guerinot, M.L. (2000) Altered selectivity in an Arabidopsis 
metal transporter. Proceedings of the National Academy of Sciences of the United States 
of America, 97, 12356-12360. 

Romani, A.M. and Maguire, M.E. (2002) Hormonal regulation of Mg2+ transport and 
homeostasis in eukaryotic cells. Biometals, 15, 271-283. 

Rost, B., Yachdav, G. and Liu, J. (2004) The PredictProtein server. Nucleic Acids Research, 
32, W321-326. 

Roth, A.F. and Davis, N.G. (1996) Ubiquitination of the yeast a-factor receptor. Journal of 
Cell Biology, 134, 661-674. 

Rout, G.R., Samantaray, S. and Das, P. (2001) Aluminium toxicity in plants: A review. 
Agronomie, 21, 3-21. 

Ryan, P.R., Delhaize, E., Skerrett, M., Findlay, G.P. and Tyerman, S.D. (1997a) 
Aluminium activates an anion channel in the apical cells of wheat roots. Proceedings of 
the National Academy of Sciences of the United States of America, 94, 6547-6552. 

Ryan, P.R., DiTomaso, J.M. and Kochian, L.V. (1993) Aluminium toxicity in roots: An 
investigation of spatial sensitivity and the role of the root cap. Journal of Experimental 
Botany, 44, 437-446. 

Ryan, P.R., Kinraide, T.B. and Kochian, L.V. (1994) Al3+-Ca2+ interactions in aluminium 
rhizotoxicity. I. Inhibition of root growth is not caused by reduction of calcium uptake. 
Planta, 192, 98-103. 

Ryan, P.R. and Kochian, L.V. (1993) Interaction between aluminium toxicity and calcium 
uptake at the root apex in near-isogenic lines of wheat (Triticum aestivum L.) differing 
in aluminium tolerance. Plant Physiology, 102, 975-982. 

Ryan, P.R., Reid, R.J. and Smith, F.A. (1997b) Direct evaluation of the Ca2+-displacement 
hypothesis for Al toxicity. Plant Physiology, 113, 1351-1357. 

Sasaki, T., Yamamoto, Y., Ezaki, B., Katsuhara, M., Ahn, S.J., Ryan, P.R., Delhaize, E. 
and Matsumoto, H. (2004) A wheat gene encoding an aluminium-activated malate 
transporter. Plant Journal, 37, 645-653. 

Scarborough, G.A. (1999) Structure and function of the P-type ATPases. Current Opinion in 
Cell Biology, 11, 517-522. 

Schlingmann, K.P., Weber, S., Peters, M., Niemann Nejsum, L., Vitzthum, H., Klingel, K., 
Kratz, M., Haddad, E., Ristoff, E., Dinour, D., Syrrou, M., Nielsen, S., Sassen, M., 
Waldegger, S., Seyberth, H.W. and Konrad, M. (2002) Hypomagnesemia with 
secondary hypocalcemia is caused by mutations in TRPM6, a new member of the 
TRPM gene family. Nature Genetics, 31, 166-170. 

Schmitz, C., Perraud, A.L., Johnson, C.O., Inabe, K., Smith, M.K., Penner, R., Kurosaki, 
T., Fleig, A. and Scharenberg, A.M. (2003) Regulation of vertebrate cellular Mg2+ 
homeostasis by TRPM7. Cell, 114, 191-200. 

Schock, I., Gregan, J., Steinhauser, S., Schweyen, R., Brennicke, A. and Knoop, V. (2000) 
A member of a novel Arabidopsis thaliana gene family of candidate Mg2+ ion 
transporters complements a yeast mitochondrial group II intron-splicing mutant. Plant 
Journal, 24, 489-501. 

Schott, E.J. and Gardner, R.C. (1997) Aluminium-sensitive mutants of Saccharomyces 
cerevisiae. Molecular and General Genetics, 254, 63-72. 

Schroeder, J.I. (1988) K+ transport properties of K+ channels in the plasma membrane of Vicia 
faba guard cells. Journal of General Physiology, 92, 667-683. 

Serrano, R., Monk, B.C., Villalba, J.M., Montesinos, C. and Weiler, E.W. (1993) Epitope 
mapping and accessibility of immunodominant regions of yeast plasma membrane H+-
ATPase. European Journal of Biochemistry, 212, 737-744. 

Shaul, O. (2002) Magnesium transport and function in plants: the tip of the iceberg. Biometals, 
15, 309-323. 

Shaul, O., Hilgemann, D.W., de-Almeida-Engler, J., Van, M.M., Inze, D. and Galili, G. 
(1999) Cloning and characterization of a novel Mg2+/H+ exchanger. EMBO Journal, 18, 
3973-3980. 



 168

Shen, R., Iwashita, T. and Ma, J.F. (2004) Form of Al changes with Al concentration in 
leaves of buckwheat. Journal of Experimental Botany, 55, 131-136. 

Shen, R., Ma, J.F., Kyo, M. and Iwashita, T. (2002) Compartmentation of aluminium in 
leaves of an Al-accumulator, Fagopyrum esculentum Moench. Planta, 215, 394-398. 

Sherman, F. (1991) Getting started with yeast. Methods in Enzymology, 194, 3-21. 
Shi, J., Krishnamoorthy, G., Yang, Y., Hu, L., Chaturvedi, N., Harilal, D., Qin, J. and Cui, 

J. (2002) Mechanism of magnesium activation of calcium-activated potassium 
channels. Nature, 418, 876-880. 

Siegel, N. and Haug, A. (1983a) Calmodulin-dependent formation of membrane potential in 
barley root plasma membrane vesicles: A biochemical model of aluminium toxicity in 
plants. Physiologia Plantarum, 59, 285-291. 

Siegel, N. and Haug, A. (1983b) Aluminium interaction with calmodulin. Evidence for altered 
structure and function from optical and enzymatic studies. Biochimica et Biophysica 
Acta, 744, 36-45. 

Silva, I.R., Smyth, T.J., Israel, D.W., Raper, C.D. and Rufty, T.W. (2001a) Magnesium 
ameliorates aluminium rhizotoxicity in soybean by increasing citric acid production and 
exudation by roots. Plant and Cell Physiology, 42, 546-554. 

Silva, I.R., Smyth, T.J., Israel, D.W., Raper, C.D. and Rufty, T.W. (2001b) Magnesium is 
more efficient than calcium in alleviating aluminium rhizotoxicity in soybean and its 
ameliorative effect is not explained by the Gouy-Chapman-Stern model. Plant and Cell 
Physiology, 42, 538-545. 

Silva, I.R., Smyth, T.J., Israel, D.W. and Rufty, T.W. (2001c) Altered aluminium inhibition 
of soybean root elongation in the presence of magnesium. Plant and Soil, 230, 223-230. 

Silva, I.R., Smyth, T.J., Moxley, D.F., Allen, N.S., Carter, T.E. and Rufty, T.W. (2000) 
Aluminium accumulation at nuclei of cells in the root tip. Fluorescence detection using 
lumogallion and confocal laser scanning microscopy. Plant Physiology, 123, 543-552. 

Silva, J.J.R.F.D. and Williams, R.J.P. (2001) The biological chemistry of the elements: the 
inorganic chemistry of life. In The biological chemistry of the elements: the inorganic 
chemistry of life. Oxford University Press. 

Silver, S. (1969) Active transport of magnesium in Escherichia coli. Proceedings of the 
National Academy of Sciences of the United States of America, 62, 764-771. 

Sitbon, M., d'Auriol, L., Ellerbrok, H., Andre, C., Nishio, J., Perryman, S., Pozo, F., 
Hayes, S.F., Wehrly, K., Tambourin, P., Galibert, F. and Chesebro, B. (1991) 
Substitution of leucine for isoleucine in a sequence highly conserved among retroviral 
envelope surface glycoproteins attenuates the lytic effect of the Friend murine leukemia 
virus. Proceedings of the National Academy of Sciences of the United States of 
America, 88, 5932-5936. 

Sivaguru, M. and Horst, W.J. (1998) The distal part of the transition zone is the most 
aluminium-sensitive apical root zone of maize. Plant Physiology, 116, 155-163. 

Sivaguru, M., Horst, W.J., Baluska, F., Volkmann, D. and Felle, H.H. (1999) Impacts of 
aluminium on the cytoskeleton of the maize root apex. Short-term effects on the distal 
part of the transition zone. Plant Physiology, 119, 1073-1082. 

Sivaguru, M., Pike, S., Gassmann, W. and Baskin, T.I. (2003) Aluminium Rapidly 
Depolymerizes Cortical Microtubules and Depolarizes the Plasma Membrane: Evidence 
that these Responses are Mediated by a Glutamate Receptor. Plant and Cell Physiology, 
44, 667-675. 

Smith, J.A. and Pease, L.G. (1980) Reverse Turns in Peptides and Proteins. CRC Critical 
Reviews in Biochemistry, 8, 315-399. 

Smith, R.L., Banks, J.L., Snavely, M.D. and Maguire, M.E. (1993) Sequence and topology 
of the CorA magnesium transport systems of Salmonella typhimurium and Escherichia 
coli. Identification of a new class of transport protein. Journal of Biological Chemistry, 
268, 14071-14080. 

Smith, R.L. and Maguire, M.E. (1995) Distribution of the CorA Mg2+ transport system in 
gram-negative bacteria. Journal of Bacteriology, 177, 1638-1640. 



 169

Smith, R.L. and Maguire, M.E. (1998) Microbial magnesium transport: unusual transporters 
searching for identity. Molecular Microbiology, 28, 217-226. 

Smith, R.L., Szegedy, M.A., Kucharski, L.M., Walker, C., Wiet, R.M., Redpath, A., 
Kaczmarek, M.T. and Maguire, M.E. (1998) The CorA Mg2+ transport protein of 
Salmonella typhimurium. Mutagenesis of conserved residues in the third membrane 
domain identifies a Mg2+ pore. Journal of Biological Chemistry, 273, 28663-28669. 

Smith, R.L., Thompson, L.J. and Maguire, M.E. (1995) Cloning and characterization of 
MgtE, a putative new class of Mg2+ transporter from Bacillus firmus OF4. Journal of 
Bacteriology, 177, 1233-1238. 

Snavely, M.D., Florer, J.B., Miller, C.G. and Maguire, M.E. (1989a) Magnesium transport in 
Salmonella typhimurium: expression of cloned genes for three distinct Mg2+ transport 
systems. Journal of Bacteriology, 171, 4752-4760. 

Snavely, M.D., Florer, J.B., Miller, C.G. and Maguire, M.E. (1989b) Magnesium transport 
in Salmonella typhimurium: 28Mg2+ transport by the CorA, MgtA, and MgtB systems. 
Journal of Bacteriology, 171, 4761–4766. 

Snavely, M.D., Gravina, S.A., Cheung, T.T., Miller, C.G. and Maguire, M.E. (1991) 
Magnesium transport in Salmonella typhimurium. Regulation of MgtA and MgtB 
expression. Journal of Biological Chemistry, 266, 824-829. 

Snowden, K.C. and Gardner, R.C. (1993) Five genes induced by aluminium in wheat 
(Triticum aestivum L.) roots. Plant Physiology, 103, 855-861. 

Snowden, K.C., Richards, K.D. and Gardner, R.C. (1995) Aluminium-induced genes. 
Induction by toxic metals, low calcium, and wounding and pattern of expression in root 
tips. Plant Physiology, 107, 341-348. 

Spee, J.H., Devos, W.M. and Kuipers, O.P. (1993) Efficient Random Mutagenesis Method 
with Adjustable Mutation Frequency by Use of Pcr and Ditp. Nucleic Acids Research, 
21, 777-778. 

Sreedhara, A. and Cowan, J.A. (2002) Structural and catalytic roles for divalent magnesium 
in nucleic acid biochemistry. BioMetals, 15, 211-223. 

Stock, J.B., Surette, M.G., McCleary, W.R. and Stock, A.M. (1992) Signal transduction in 
bacterial chemotaxis. Journal of Biological Chemistry, 267, 19753-19756. 

Sukharev, S., Betanzos, M., Chiang, C.S. and Robert Guy, H. (2001) The gating mechanism 
of the large mechanosensitive channel MscL. Nature, 409, 720-724. 

Sundaram, M., Yao, S.Y., Ng, A.M., Griffiths, M., Cass, C.E., Baldwin, S.A. and Young, 
J.D. (1998) Chimeric constructs between human and rat equilibrative nucleoside 
transporters (hENT1 and rENT1) reveal hENT1 structural domains interacting with 
coronary vasoactive drugs. Journal of Biological Chemistry, 273, 21519-21525. 

Svetlov, V. and Cooper, T.G. (1998) Efficient PCR-based random mutagenesis of sub-genic 
(100 bp) DNA fragments. Yeast, 14, 89-91. 

Szegedy, M.A. and Maguire, M.E. (1999) The CorA Mg2+ transport protein of Salmonella 
typhimurium. Mutagenesis of conserved residues in the second membrane domain. 
Journal of Biological Chemistry, 274, 36973-36979. 

Tabuchi, A. and Matsumoto, H. (2001) Changes in cell-wall properties of wheat (Triticum 
aestivum) roots during aluminium-induced growth inhibition. Physiologia Plantarum, 
112, 353-358. 

Takahashi, Y. and Nagata, T. (1992) parB: An auxin-regulated gene encoding glutathione S-
transferase. Proceedings of the National Academy of Sciences of the United States of 
America, 89, 56-59. 

Tao, T., Grulich, P.F., Kucharski, L.M., Smith, R.L. and Maguire, M.E. (1998) Magnesium 
transport in Salmonella typhimurium: biphasic magnesium and time dependence of the 
transcription of the mgtA and mgtCB loci. Microbiology, 144, 655-664. 

Tapia, M.I., Mourez, M., Hofnung, M. and Dassa, E. (1999) Structure-function study of 
MalF protein by random mutagenesis. Journal of Bacteriology, 181, 2267-2272. 

Taylor, G.J., McDonald-Stephens, J.L., Hunter, D.B., Bertsch, P.M., Elmore, D., Rengel, 
Z. and Reid, R.J. (2000) Direct measurement of aluminium uptake and distribution in 
single cells of Chara corallina. Plant Physiology, 123, 987-996. 



 170

Tesfaye, M., Temple, S.J., Allan, D.L., Vance, C.P. and Samac, D.A. (2001) Overexpression 
of malate dehydrogenase in transgenic alfalfa enhances organic acid synthesis and 
confers tolerance to aluminium. Plant Physiology, 127, 1836-1844. 

Tong, A.H., Evangelista, M., Parsons, A.B., Xu, H., Bader, G.D., Page, N., Robinson, M., 
Raghibizadeh, S., Hogue, C.W., Bussey, H., Andrews, B., Tyers, M. and Boone, C. 
(2001) Systematic genetic analysis with ordered arrays of yeast deletion mutants 
(supplementary material). Science, 294, 2364-2368. 

Townsend, D.E., Esenwine, A.J., Georgei, J.I., Bross, D., Maguier, M.E. and Smith, R.L. 
(1995) Cloning of the MgtE Mg2+ transporter from Providencia stuartii and the 
distribution of MgtE in gram-negative and gram-positive bacteria. Journal of 
Bacteriology, 177, 5350-5354. 

Unwin, N. (1995) Acetylcholine receptor channel imaged in the open state. Nature, 373, 37-43. 
Van Gysel, A., Van Montagu, M. and Inze, D. (1993) A negatively light-regulated gene from 

Arabidopsis thaliana encodes a protein showing high similarity to blue copper-binding 
proteins. Gene, 136, 79-85. 

Van Ho, A., Ward, D.M. and Kaplan, J. (2002) Transition metal transport in yeast. Annual 
Reviews of Microbiology, 56, 237-261. 

Vescovi, E.G., Ayala, Y.M., Di Cera, E. and Groisman, E.A. (1997) Characterization of the 
bacterial sensor protein PhoQ. Evidence for distinct binding sites for Mg2+ and Ca2+. 
Journal of Biological Chemistry, 272, 1440-1443. 

Vipond, I.B., Moon, B.J. and Halford, S.E. (1996) An isoleucine to leucine mutation that 
switches the cofactor requirement of the EcoRV restriction endonuclease from 
magnesium to manganese. Biochemistry, 35, 1712-1721. 

Voets, T., Nilius, B., Hoefs, S., van der Kemp, A.W., Droogmans, G., Bindels, R.J. and 
Hoenderop, J.G. (2004) TRPM6 forms the Mg2+ influx channel involved in intestinal 
and renal Mg2+ absorption. Journal of Biological Chemistry, 279, 19-25. 

Wabakken, T., Rian, E., Kveine, M. and Aasheim, H.C. (2003) The human solute carrier 
SLC41A1 belongs to a novel eukaryotic subfamily with homology to prokaryotic MgtE 
Mg2+ transporters. Biochemical and Biophysical Research Communications, 306, 718-
724. 

Wang, L., Kao, R., Ivey, F.D. and Hoffman, C.S. (2004) Strategies for gene disruptions and 
plasmid constructions in fission yeast. Methods, 33, 199-205. 

Warren, M.A., Kucharski, L.M., Veenstra, A., Shi, L., Grulich, P.F. and Maguire, M.E. 
(2004) The CorA Mg2+ transporter is a homotetramer. Journal of Bacteriology, 186, 
4605-4612. 

Webb, M. (1966) The utilization of magnesium by certain Gram-positive and Gram-negative 
bacteria. Journal General Microbiology, 43, 401-409. 

Wen, Z., Baudry, J., Berenbaum, M.R. and Schuler, M.A. (2005) Ile115Leu mutation in the 
SRS1 region of an insect cytochrome P450 (CYP6B1) compromises substrate turnover 
via changes in a predicted product release channel. Protein Engineering Design & 
Selection, 18, 191-199. 

Will, A., Grassl, R., Erdmenger, J., Caspari, T. and Tanner, W. (1998) Alteration of 
substrate affinities and specificities of the Chlorella Hexose/H+ symporters by 
mutations and construction of chimeras. Journal of Biological Chemistry, 273, 11456-
11462. 

Williams, R.J.P. (1996) Aluminium and biological systems: an introduction. Coordination 
Chemistry Reviews, 149, 1-9. 

Williams, R.J.P. (2002) Recent aspects of aluminium chemistry and biology: a survey. 
Coordination Chemistry Reviews, 228, 93-96. 

Winston, F., Dollard, C. and Ricupero-Hovasse, S.L. (1995) Construction of a set of 
convenient Saccharomyces cerevisiae strains that are isogenic to S288C. Yeast, 11, 53-
55. 

Wisniewski, H.M., Moretz, R.C., Sturman, J.A., Wen, G.Y. and Shek, J.W. (1990) 
Aluminium neurotoxicity in mammals. Environmental Geochemistry & Health, 12, 
115-120. 



 171

Wolf, F.I. and Cittadini, A. (2003) Chemistry and biochemistry of magnesium. Molecular 
Aspects of Medicine, 24, 3-9. 

Wolf, F.I., Torsello, A., Fasanella, S. and Cittadini, A. (2003) Cell physiology of magnesium. 
Molecular Aspects of Medicine, 24, 11-26. 

Wolfram, L., Friedrich, B. and Eitinger, T. (1995) The Alcaligenes eutrophus protein HoxN 
mediates nickel transport in Escherichia coli. Journal of Bacteriology, 177, 1840-1843. 

Worlock, A.J. and Smith, R.L. (2002) ZntB is a novel Zn2+ transporter in Salmonella enterica 
serovar Typhimurium. Journal of Bacteriology, 184, 4369-4373. 

Xu, H., Petersen, E.I., Petersen, S.B. and el-Gewely, M.R. (1999) Random mutagenesis 
libraries: optimization and simplification by PCR. Biotechniques, 27, 1102-1104, 1106, 
1108. 

Yamaguchi, M., Sasaki, T., Sivaguru, M., Yamamoto, Y., Osawa, H., Ahn, S.J. and 
Matsumoto, H. (2005) Evidence for the plasma membrane localization of Al-activated 
malate transporter (ALMT1). Plant and Cell Physiology, 46, 812-816. 

Yamaguchi, T., Apse, M.P., Shi, H. and Blumwald, E. (2003) Topological analysis of a plant 
vacuolar Na+/H+ antiporter reveals a luminal C terminus that regulates antiporter cation 
selectivity. Proceedings of the National Academy of Sciences of the United States of 
America, 100, 12510-12515. 

Yamamoto, Y., Kobayashi, Y. and Matsumoto, H. (2001) Lipid peroxidation is an early 
symptom triggered by aluminium, but not the primary cause of elongation inhibition in 
pea roots. Plant Physiology, 125, 199-208. 

Yang, Z.M., Yang, H., Wang, J. and Wang, Y.S. (2004) Aluminium regulation of citrate 
metabolism for Al-induced citrate efflux in the roots of Cassia tora L. Plant Science, 
166, 1589-1594. 

Yang, Z.M., Nian, H., Sivaguru, M., Tanakamaru, S. and Matsumoto, H. (2001) 
Characterization of aluminium-induced citrate secretion in aluminium-tolerant soybean 
(Glycine max) plants. Physiologia Plantarum, 113, 64-71. 

Yerushalmi, H., Lebendiker, M. and Schuldiner, S. (1996) Negative dominance studies 
demonstrate the oligomeric structure of EmrE, a multidrug antiporter from Escherichia 
coli. Journal of Biological Chemistry, 271, 31044-31048. 

Yokel, R.A. (2000) The toxicology of aluminium in the brain: a review. Neurotoxicology, 21, 
813-828. 

Yokel, R.A. (2002) Aluminium chelation principles and recent advances. Coordination 
Chemistry Reviews, 228, 97-113. 

Yoshino, M., Murakami, K. and Kawano, K. (1998) Interaction of aluminium ion with ATP. 
Mechanism of the aluminium inhibition of glycerol kinase and its reversal by spermine. 
BioMetals, 11, 63-67. 

Zaychikov, E., Denissova, L., Martin, E., Kozlov, M., Markovtsov, V., Kashlev, M., 
Nikiforov, V., Goldfarb, A., Mustaev, A. and Heumann, H. (1996) Mapping of 
catalytic residues in the RNA polymerase active center. Science, 273, 107-108. 

Zhang, H. and Johnson, P. (1992) Differential effects of aluminium ion on smooth muscle 
calpain I and calpain II activities. International Journal of Biochemistry, 24, 1773-
1778. 

Zhang, W-H., Ryan, P.R. and Tyerman, S.D. (2001) Malate-permeable channels and cation 
channels activated by aluminium in the apical cells of wheat roots1. Plant Physiology, 
125, 1459-1472. 

Zheng, S.J., Ma, J.F. and Matsumoto, H. (1998) Continuous secretion of organic acids is 
related to aluminium resistance during relatively long-term exposure to aluminium 
stress. Physiologia Plantarum, 103, 209-214. 

Zheng, S.J. and Yang, J.L. (2005) Target sites of aluminium phytotoxicity. Biologia 
Plantarum, 49, 321-331. 

Zsurka, G., Gregan, J. and Schweyen, R.J. (2001) The human mitochondrial Mrs2 protein 
functionally substitutes for its yeast homologue, a candidate magnesium transporter. 
Genomics, 72, 158-168. 



 172

Appendix1 Plasmid construction 

A1.1 Introduction 

To overcome the instability issues with the use of pFLN2-ALR1 described in Ch. 3.2.3, 

I constructed a low copy vector (pCEN) expressing the ALR1 gene from its own 

promoter.  This centromic vector was designed to express the ALR1 gene to a similar 

extent as the chromosomal ALR1 gene.  To monitor the expression level of the Alr1 

protein, I incorporated the influenza virus haemaglutinin (HA) epitope into the ALR1 

gene.  This appendix describes cloning of a genomic ALR1 gene under the native 

promoter in a low copy plasmid and incorporation of the HA epitope into the ALR1 

gene.  An outline of the plasmid construction in this appendix is shown in Fig. A1.1. 

A1.2 Cloning of the genomic ALR1 gene into pFL38 vector 

The pSHA29 plasmid, containing a genomic clone of the ALR1 gene in YEP24, was 

selected by Colin Macdiarmid (1997) from the genomic library of Carlson and Bostein 

(1982).  DNA of pSHA29 was digested with DraI and NruI restriction enzymes 

(Invitrogen); NruI enzyme was used to eliminate an extra band of a similar size to the 

desired ALR1-containing DraI fragment.  This DraI fragment was purified after gel 

electrophoresis.  The targeted fragment (4.1kb) contained the ALR1 gene with 1.2 kb of 

upstream promoter region and 350 bp of downstream terminator sequence.   

The low copy pFL38 vector (ARS/CEN/URA3) was constructed by Bonneaud et al. 

(1991). This vector (4.5 kb) was digested with SmaI and SphI (SphI used for eliminating 

some restriction sites in the multiple cloning site) and purified.  The cohesive ends 

generated by SphI  were made blunt-ended with Klenow (Invitrogen) as described in 

Ch. 2.9.  The linearised vector was dephosphorylated with shrimp alkaline phosphatase 

(Roche) as described in Ch. 2.10. 

The genomic ALR1 insert and the cut pFL38 vector were ligated at 16 °C overnight in a 

1:1 molar ratio. After transforming the ligated mixture into E. coli by electroporation, 

24 individual ampicillin-resistant colonies were subjected to colony PCR, using the 

ALR1 1/5 and 1/6 primers (Ch. 2.5) to identify colonies with the ALR1 insert (Fig. 

A1.2). 
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Figure A1.1 Outline of plasmid construction 
 
Plasmid pFL38-ALR1 (8.6 kb) was constructed by the ligation of a DraI fragment containing the 

ALR1 gene under its endogenous promoter and the centromic pFL38 vector cut with SmaI and 

SphI.  Fusion of HA into ALR1 gene was performed by homologous recombination, generating 

pFL38-ALR1-HA and pFL38-pGAL-HA-ALR1.   
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Three colonies (C3, C21, C22) showed a PCR product of the expected size (813 bp), 

suggesting that they had the ALR1 insert.  Plasmid DNA from these colonies was 

extracted. 

 

Figure A1.2 PCR 
analysis of colonies 
resistant to Amp 
 
Twenty four E. coli 

colonies were resistant to 

ampicilin. A PCR reaction 

using ALR1 1/5 and 1/6 

primers was performed 

with these colonies, plus 

pFLN2-ALR1 and pSHA29 

as positive controls.  The 

PCR products were 

fractionated on 1 % 

agarose gels and visualized by staining.  A 1 kb plus DNA ladder (GibcoBRL) is shown on both 

ends. The expected PCR product size is 813 bp.  

 

To verify that the inserts were correctly cloned into the vector, the plasmids (C3, C21, 

C22) were mapped with various restriction enzymes. The expected band sizes for clones 

in both directions are shown below (the ´forward´ direction refers to the orientation in 

which the DraI-cut end upstream of the ALR1 gene is joined to the SmaI cut end of the 

vector, the ´backward direction´ vice versa).   

RE Digestion Forward direction Backward direction 

PstI / KpnI 2.6 kb, 6 kb 1.5 kb, 7.1 kb 

EcoRI 3.5 kb, 5.1 kb 650 bp, 8 kb 

HincII 6 kb, 1.2 kb, 1.2 kb, 130 bp 5.9 kb, 1.4 kb, 1.2 kb, 130 bp 

Figure A1.3A shows the results of PstI/KpnI or EcoRI digestion.  All three plasmids 

showed bands of the expected size to be recombinants cloned in the forward (C22) or 
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backward direction (C3, C21); however, C3 had additional unexpected bands, whose 

origin is not clear, and was discarded.   

Excision of two candidate plasmids (C21, C22) with the HincI restriction enzyme 

resulted in more detailed information (Fig. A1.3B).  C21 (backward orientation) was 

missing a 130-bp band whose region might have been deleted during the ligation, but 

C22 (forward) showed all three expected bands (6 kb, two 1.2 kb, 130 bp), suggesting 

that this plasmid had the correct genomic ALR1 insert.  Sequencing using the HMG-alr1 

primer confirmed the expected sequence across the ligated region of this plasmid, which 

was designated pFL38-ARL1.   

 

Figure A1.3 Digestion 
mapping of three 
candidates 
 
Three colonies (C3, C21, 

C22) were digested with 

restriction enzymes, 

fractionated on 1 % agarose 

gels and visualized by 

staining.  The band size was 

estimated by comparison to 

the 1 kb plus DNA ladder, which was loaded on first lane of each gel.  The positions of the 1 kb, 

3kb and 5 kb bands are indicated.   A. Digestion with PstI/KpnI or EcoRI. B. Digestion with 

HincII (see text). 

A1.3 Fusion of HA epitope tag into ALR1  

To monitor the expression level of the Alr1 protein, I incorporated three copies of the 

influenza virus haemaglutinin (HA) epitope into the ALR1 gene. Two plasmids were 

obtained from Mark Longtine (Longtine et al. 1998, Ch. 2.4.1): pFA6a-3HA-KanMX6 

and pFA6a-KanMX6-pGAL1-3HA.  The former was used for constructing a C-terminal 

HA fusion with the ALR1 gene driven by its native promoter.  The latter was used to 

construct an N-terminal HA fusion driven by the GAL1 promoter.  Homologous 

recombination was used to make both HA fusions, as illustrated in Fig. A1.1.  The KanR 
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gene in the vector confers resistance to both G418 (geneticin) in yeast and kanamycin in 

E. coli (Longtine et al. 1998).  

The 3HA-KanMX6 or KanMX6-pGAL1-3HA cassettes were amplified by high-fidelity 

PCR (Ch. 2.12.2) using primers HM-f and HM-r (for the former) or GAHG-f and GAH-

r (for the latter).  Either 3HA-KanMX6 or KanMX6-pGAL1-3HA was recombined in 

vivo into the ALR1 gene by co-transforming the PCR product with circular DNA of 

pFL38-ALR1 into CM66 strain.  Ura+/G418R colonies were selected on SCM-ura (250 

mM Mg2+) containing geneticin (200 mg L-1).  The pFL38-ALR1 plasmid was also 

transformed as a negative control. I obtained 24 candidate colonies for the C-terminal 

fusion and 44 colonies for the N-terminal fusion.  However, I noticed that geneticin 

(G418) selection was not functional in the media because the pFL38-ALR1 also grew on 

the geneticin plates.  In the beginning I reasoned the high Mg2+ content of their plates 

significantly might have ameliorated the geneticin function but I subsequently 

discovered that minimal media (SC-ura) is unreliable for geneticin seletion (Tong et al. 

2001).  In addition, YPD plates with high Mg2+ (250 mM) were also unreliable (data not 

shown) 

Individual colonies from minimal plates were streaked onto standard YPD media 

containing geneticin.  Two (HA-15, HA-18) out of 24 candidate colonies and two 

(GHA-10, GHA-26) out of 44 candidate colonies proved to be geneticin-resistant and 

the plasmids from these clones were rescued and transformed into E. coli.  The GHA-10 

plasmid appeared to be a deletion derivative that was ampicillin-sensitive.  The other 

three plasmids gave ampicillin-resistant colonies whose plasmids were mapped using 

EcoRI (Fig. A1.4).  The HA-15 and -18 candidates for the C-terminal fusion showed the 

three expected bands (see Fig. A1.4A), as did the GHA-26 for the N-terminal fusion 

(see Fig. A1.4B).  Sequencing using the primer HMG-alr1 confirmed the successful 

recombination of the 3x HA epitope in all three cases; the resulting plasmids were 

designated as pFL38-ALR1-HA (HA-15 was used throughout this work) and pFL38-

pGAL1-HA-ALR1 (GHA-26), respectively.  
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Figure A1.4 Digestion mapping of HA fusion candidates 
 
Three plasmids (HA-15 and HA-18 for the C-terminal fusion, and GHA-26 for the N-terminal 

fusion) were prepared from E. coli.  All were digested with EcoRI, fractionated on 1 % agarose 

gels and stained for visualization.  The pFL38-ALR1 plasmid cut with EcoRI was also cut for 

comparison and 1 kb DNA plus ladder was loaded on the first lane of each gel.  The expected 

sizes are indicated on the left. A. Digestion of HA-15 and HA-18. B. Digestion of GHA-26. 
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Appendix 2 Topology of the yeast Alr1 protein 

A2.1 Introduction 

Based on computer algorithms, Alr1 has two TM domains near the C-terminus, with 

both termini located in the cytoplasm.  However, random mutagenesis identified critical 

regions which are equivalent to two predicted TM domains and another putative TM 

domain immediately upstream.  To test whether Alr1 has two or three TM domains and 

to determine the orientation of the both termini, I carried out ‘protein shaving’ 

experiments with the PRONASE protease, which enters the yeast periplasmic space but 

does not cross the plasma membrane (Davis et al. 1993, Roth and Davis 1996).   Full-

length ALR1 (pFL38-pGAL1-HA-ALR1) and an active deletion mutant (Del1: pFL38-

pGAL1-HA-∆ALR1) were used for this experiment; both proteins contain an HA fusion 

to the N-terminus.  If the N-terminus is located in the periplasm, the protease is 

expected to clip the HA epitope and Western analysis would not show a reactive band 

with HA antibody.  However, if the N-terminus is located in the cytoplasm, the protease 

can not traverse the membrane and remove the HA epitope and the PRONASE-treated 

sample should still show a creactive band.  Parallel experiments, were also performed 

with the C-terminally tagged Alr1 protein.       

A2.2 Materials and Methods 

The treatment of intact yeast cells with PRONASE protease (Merck) were based on the 

protocol from Davis et al. (1993). CM66 (alr1/alr2) cells containing either pFL38-

pGAL1-HA-ALR1 or the Del1 mutant plasmid (see details in Chapter 5) were grown to 

exponential phase in SC-ura containing 4 mM Mg2+.  Cells (6 x 108) were collected by 

centrifugation, resuspended in 1 mL digestion buffer (DB: 1.4 M sorbitol, 25 mM 

Tris/Cl pH 7.5, 10 mM sodium azide, 10 mM potassium fluoride, 2 mM magnesium 

chloride) with 0.5 % β-mercaptoethanol and incubated at 37 °C for 30 minutes.  One 

half of each sample (500 μL) was treated with protease, with addition of a one-quarter 

volume (125 μL) of 2,500 U/mL for 60 min at 37 °C.  The other half was incubated in 

parallel except for lacking protease.  Protease was twice washed from the cells with 200 

μl DB with 1 mM PMSF.  Insoluble proteins (Ch. 2.25.2) were prepared and SDS-
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PAGE electrophoresis, protein transfer and Western blots (Ch. 2.27) were carried out to 

analyse HA or Pma1 proteins. 

A2.3 Alr1 may have three TM domains  

Figure A2.1 shows a Western result of the proteins expressed by the pFL38-pGAL1-

HA-ALR1 and Del1 mutant plasmids after treatment with PRONASE protease.  Both 

proteins without protease treatment showed reactive bands of the expected size, while 

protease treatment led to loss of bands by removing the HA epitope. In contrast, the 

levels of Pma1 expression were not significantly affected although a slight change of 

mobility was observed in the case of protease-treated samples; Pma1 protein contains 

ten membrane segments with short periplasmic loops and with both termini in the 

cytosol (Ferreira et al. 2001).         

 

 

 

 

 

 

 

 

 

Figure A2.1 Topological orientation of the yeast Alr1 protein 
 

CM66 cells carrying Alr1 (pFL38-pGAL1-HA-ALR1) and the Del1 (pFL38-pGAL1-HA-∆ALR1) 

mutant plasmid were grown, and cell were treated with PRONASE (+) or without PRONASE (-).  

Insoluble protein extraction, SDS-PAGE electrophoresis and Western analysis were conducted 

as described in Ch. 2.25.2 and Ch. 2.27.  Molecular mass is indicated on the right. 

 

Experiments using a C-terminally fused HA epitope revealed that, in addition to the 

expected 100-kD band, a set of smaller bands were present even in cells that were not 

PRONASE treated (data not shown). This result suggested that some degradation and/or 

turnover of the C-terminus occurs within normal yeast cells.  Protease treatment 

reduced the intensity of both the full-sized product and these degradation products. 
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The loss of the HA epitope by PRONASE digestion in the periplasm occurred for both 

the N-terminal.  It is possible that the loss of the bands by PRONASE digestion is the 

result of periplasmic degradation of Alr1 at internal amino acids that are accessible 

within the periplasm, followed by intracellular degradation of the remainder of the 

protein during the PRONASE incubation and/or washes.  In this case, the HA would be 

expected to be lost regardless of whether it was located either externally or internally to 

the cell.  The failure of digestion of Pma1 under the same conditions is presumed to 

reflect a different structure and different accessibility to the protease.  
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Appendix 3 Alignment of CorA super-family 
 
The CorA super-family (Ch. 1.3.3), which is widespread among prokaryotes or 

eukaryotes, is largely divided into four categories (Drummond et al. 2006): CorA-like 

family, Alr1-like family, Mrs2-like family and others.  Here I display an alignment of 

ten yeast Alr1-like proteins with four CorA-like bacterial proteins (Fig. A3.1). 

Interestingly, three yeast proteins that are larger than Alr1 (including Mnr2) have short 

C-terminal regions which are more similar to the smaller bacterial CorA proteins.  

 
Candida            MNNESSSPSPLTSIPQLLQNQETNSVDASNSDSQPIPRRPKPMKHRISDSSMPMGSSFSN 60 
Ashbya             MSDKASGEL---AVPLLHESTGQNGKHAKKKKGR---RRSVFQHSSPDDG---------- 44 
Mnr2               MSTDNSQKD--EGVPLLSPYSSSPQLRKKKRNQK--RRKDKFVGHLKSDSRRPT------ 50 
Debaryomyces       MSDNESFRSVSPSREILHRAANTGEVLNDHRNQLPSLPIRGTGGGMGQSS---------- 50 
Alr1               MSSSSSSSESSPNLSRSNSLANTMVSMKTEDHTGLYDHRQHPDSLPVRHQ---------- 50 
Alr2               MSSLSTSFDSSSDLPRSKSVDNTAASMKTGKYPKLENYRQYSDAQPIRHE---------- 50 
Eremothecium       MSNPKERND-DGRLSPCASVEPSLMSTRTEDHNDLYDHRQHPVAIARKQS---------- 49 
Kluyveromyces      MSDDKSVDSGEHEISRTTSAAHSLASLKTEEHTKLYDHRQQHDYVSHNPG---------- 50 
Aspergillus        MSES----PKSEKYMCLTRFSTPVPELDDHRFQLDSPPRIEATADISLSR---------- 46 
Yarrowia           ----------------MASPNHFEDKLGSDTHFDHYDD-------PHRHS---------- 27 
Kineococcus        ------------------------------------------------------------ 
Synechocystis      ------------------------------------------------------------ 
Chlorobium         ------------------------------------------------------------ 
CorA               ------------------------------------------------------------ 
 
Candida            DFDNTDSLGILHEAETQYEVGIRQTEEEEEDENHGAAEREENIDNTDNTDALEHAVNAET 120 
Ashbya             -------------------------CDGGPTGPAVYAKDFGKPEVWG---MLHDS----- 71 
Mnr2               -----------------------QLLHDNLQHNHGQITDFDQIDSWG---MLHES----- 79 
Debaryomyces       ------------------------AVSDDDDDDYQSSRSMQDAQYQQ------------- 73 
Alr1               ------------------------PPTLKNKEIAKS-TKPSIPKEQK------------- 72 
Alr2               ------------------------ALALKVDETKDSRHKFSSSNGEN------------- 73 
Eremothecium       ------------------------VADDSGPMGRNVLTNPRGSSEKQ------------- 72 
Kluyveromyces      ------------------------PAAP-AAAARNPMQGPNLGSYSN------------- 72 
Aspergillus        ------------------------QNTAQHAYHQETPQRPDLLSIQD------------- 69 
Yarrowia           ------------------------LEERDHRPSRKSSSRRGLPGFVQ------------- 50 
Kineococcus        ------------------------------------------------------------ 
Synechocystis      ------------------------------------------------------------ 
Chlorobium         ------------------------------------------------------------ 
CorA               ------------------------------------------------------------ 
 
Candida            EWKTKVNSAQHNISVTNGRGGRGSYLDHR-KNSILETRPLTFAKKN--------RPKKTE 171 
Ashbya             -------DEDSTMGRRASGGAGASFIDHRQSMAVMDAAASSQNAASGCMNSIWRRPSTMP 124 
Mnr2               ------DSTSNDIIKSEDPSLKGAFIDHRPSMSQPREGPQSVSSTV--------QPQPIM 125 
Debaryomyces       ------SQQQQPQPFHPQLQGSRSVDESQFPKAKQQGPSQPYRSSKNAYMNNLRRDFYLK 127 
Alr1               ------SATRYNSHVDVGSVPSRGRMDFEDEGQGMDETVAHHQLRASAILTSNARPSRLA 126 
Alr2               ------SGVENGGYVEKTNISTSGRMDF--EGEAEAEAVKRYQLRSFALLSSNARPSRLA 125 
Eremothecium       ------KSREENSQARLGRIRSGKLVDESQDEYPEHV---RPIPRATVSKSSAGWPARAP 123 
Kluyveromyces      ------SLGVTGSGSREGAAGLTGVSGINFDGDSDDD---LSLP----NPGSNTYVPIGP 119 
Aspergillus        ------ALREAGSLSR---DFEQAILDDDRSGKDINTLGRRFSVDPNGNVRHGRTWSRTH 120 
Yarrowia           ------QLRN-------------AVMDSDDEAVEEED----------------------- 68 
Kineococcus        ------------------------------------------------------------ 
Synechocystis      ------------------------------------------------------------ 
Chlorobium         ------------------------------------------------------------ 
CorA               ------------------------------------------------------------ 
                                                            Del1 
Candida            KNDKSEQKKKQRAFSMNADVLKPRLSRTGGRIDPGADYPED--LKARLAASYNTRNYDPY 229 
Ashbya             RNSTPGAMSMEG---------TARQGRETSFRDPFGAHSQDDSRPRRRRHSSKASLRDPE 175 
Mnr2               KFSTPSYKK------------------------PAGLRPSD--QNRSLVSDLSPSELESW 159 
Debaryomyces       NDDDDNERFYVPS------KNPQPLQSSSIPVGRGSGGMTGAPKQSRGRFRSQSFSGQAK 181 
Alr1               HSMPHQRQLYVESNIHTPPKDVGVKRDYTMSSSTASSGNKSKLSASSS---ASPITKVRK 183 
Alr2               KSETHQKQIHVESIAPSLPKNAALERGHDTALPAGTSSNRCNLEASSS---ARTFTSARK 182 
Eremothecium       HSASQQTLYGFP------------RERADTEKDAGVSGTDGGLKSRRG---SRTLSIVDT 168 
Kluyveromyces      SNSSKLGKLKVP------------GSHSAAHYSKSYS-DGSQPHSRRG---SHSLGIP-- 161 
Aspergillus        QELANMSRESSP--------------------SARSSSPPNSVEAFAD------------ 148 
Yarrowia           ------------------------------------------------------------ 
Kineococcus        ------------------------------------------------------------ 
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Synechocystis      ------------------------------------------------------------ 
Chlorobium         ------------------------------------------------------------ 
CorA               ------------------------------------------------------------ 
 
Candida            LSSTGTPPVINGFR-------------KSPLHRRDTLIPNGNDVVIDVDELMRHVKHKGT 276 
Ashbya             RAAGGQDYGSLSTF-------------PDKLSQSPLARDRRADVVIDMDKLMEHVKMK-- 220 
Mnr2               LKRRKSVHKSFVDE-------------NSPTDRRQSNANN--DVVIDVDALMNHVNNNAS 204 
Debaryomyces       SDGQDEVRRHQSIAAAPPFGGILMKSDNPSKKSKRSNSMINDTLEADLAAPMTKSKTNES 241 
Alr1               SSLVSPVLEIPHESKSDTH-------SKLAKPKKRTYSTTSAHSSINPAVLLTKSTSQKS 236 
Alr2               ASLVSAIFETSAESEHGTH-------PKQAKLKRRTYSTISTHSSVNPTTLLTRTASQKS 235 
Eremothecium       G---------------------------LRRKMSRAQSETSSQG--GNLHFLSRTFSHKS 199 
Kluyveromyces      ----------------------------LIKKKSRSSSNTSIKG--NPLTRTVSSKSQSS 191 
Aspergillus        ------------------------------PRRRERANTLESHATPDLEAILQRTVSGGT 178 
Yarrowia           ---------------------------------EEAGGILLNQPALEKATITTTTS---- 91 
Kineococcus        ------------------------------------------------------------ 
Synechocystis      ------------------------------------------------------------ 
Chlorobium         ------------------------------------------------------------ 
CorA               ------------------------------------------------------------ 
                              Del2 
Candida            HKKKGHQDDRHSRRSYPSSSASYSTSTRSTDVFQSDMEDEDEDEYNSRPSSRRSSNNSSL 336 
Ashbya             --------REQEQLRDPFSSDAHSDRPS--------------DEYNSQPSSRRSSESSSL 258 
Mnr2               TGVNDNSKRRKKKRGSDDSSNKNSKSTS------SDSNDE-EDEYNSRPSSSLSSNNSSL 257 
Debaryomyces       MTSEAQNNNKRERRPSRTSID------------------------SEADSHASRSSQETE 277 
Alr1               DADDDTLERKPVRMNTRASFD------------------------SDV-SQASRDSQETE 271 
Alr2               DMGNDTRRIKPLRMDSRVSFH------------------------SEI-SQASRDSQETE 270 
Eremothecium       ---QDSGLVN-VRRNRRMSAD------------------------SDD-SNASRESQETE 230 
Kluyveromyces      ---QKSRELR-RRLTRNASID------------------------SDN-SQVSHLSQETE 222 
Aspergillus        -----------HPRRPTFSNA------------------------SAIRPQPGDIQLEPN 203 
Yarrowia           --------------RRRSIIA------------------------DDIDDTGSQVSMDHD 113 
Kineococcus        ------------------------------------------------------------ 
Synechocystis      ------------------------------------------------------------ 
Chlorobium         ------------------------------------------------------------ 
CorA               ------------------------------------------------------------ 
                                                                        Del3         
Candida            DDVCLVLEDEDENLDKMWPDVAVLEEFSKEETEKLRRQAIRDAEAFHFQYDEDEEPYVNN 396 
Ashbya             DDVCLPIDEVDEDGYKEWPDVSVLEEFSKEEIQRLKREALSDAEDFHFRYEDEDD----- 313 
Mnr2               DDVCLVLDDEGSEVPKAWPDCTVLEEFSKEETERLRSQAIQDAEAFHFQYDEDEE----- 312 
Debaryomyces       EDVCFPMLR--EHVRVKGIDFDEIEEFIRDEKE-NEMHLKEEQQMIAERTAMRVD----- 329 
Alr1               EDVCFPMPPQ-LHTRVNGIDFDELEEYAQFANAEKSQFLASLQVPN-EQKYSNVS----- 324 
Alr2               EDVCFPMFRL-LHTRVNGVDFDELEEYAQISNAERNLSLANHQRHS-ERTYNHTD----- 323 
Eremothecium       EDVCFPMQQP-EHTRINGIDFDELEEFAQESLRANLTMNINVGVSKGDDVDMKCS----- 284 
Kluyveromyces      EDVCFPIQKR-EHTRINGIDFDELEEFTAQEKAINNSHLYSHPAVTTQNTFGQHS----- 276 
Aspergillus        DESCVPTYE--QPGRIPVIDYEELEEFVALSRQMKPSTSR-------------------- 241 
Yarrowia           DDVCLPVEE-----GSGGIDFEEIDDYVQQQRRGSNATR--------------------- 147 
Kineococcus        ------------------------------------------------------------ 
Synechocystis      ------------------------------------------------------------ 
Chlorobium         ------------------------------------------------------------ 
CorA               ------------------------------------------------------------ 
                                                                                
Candida            DFDDQSFPDANDRYTKAESSSGIFFSKPIVTNIDVPELGNKRVNEAEQLN-------TGR 449 
Ashbya             --DDTADSMQNN---------GIAFLHPIITNIDMPELGNTRVNETEQLR-------KGR 355 
Mnr2               --DGTSNED------------GILFSKPIVTNIDVPELGNRRVNETENLK-------NGR 351 
Debaryomyces       --------------------TGHGSARDVGPSKN--ALKYTPSNILGKASFGKFGRKNTY 367 
Alr1               --------------------QDIGFTSSTSTSGSSAALKYTPRVSQ-----------TGE 353 
Alr2               --------------------QDTGFTNSASTSGSSAALKYTPEISR-----------TLE 352 
Eremothecium       --------------------GSPGSSTGTSTSISSAAMKYTPKGNF-----------KQK 313 
Kluyveromyces      --------------------GKPPSSTDSSTSSSSAALKYTPR----------------- 299 
Aspergillus        --------------------RKQSLSSQSRGPRVFYDLRPGLR----------------- 264 
Yarrowia           --------------------TGTALNKEEDFSTDETDARFNPH----------------- 170 
Kineococcus        ------------------------------------------------------------ 
Synechocystis      ----------------------MPQTQPGIEDFLLRQLRHPQE----------------- 21 
Chlorobium         ------------------------MKLKKKAEHDGRSMVIPAK----------------- 19 
CorA               ------------------------------------------------------------ 
                                                               Del4               
Candida            LRPRRLAPWHLTQNKHQGFQSAPGMSPVNPAIPGNS-ELRDNFLVGRNIQYPSHIISSNP 508 
Ashbya             LRPKKLTPWHLKRGS---FDLPGLNAAGKPTTRDLSGHGRGDLLAGRNIKYPPHIISNNP 412 
Mnr2               LRPKRIAPWHLIQRP----MVLGSNSTKDSKSRIQS-GLQDNLLVGRNIQYPPHIISNNP 406 
Debaryomyces       AGDIMSSSGINISERAQSDSSTVTDDSASRRYNEKILGDDDISTENVKFGGTRINDNDSA 427 
Alr1               KSESTNETEIHEKKEDEHEKIKPSLHPGISFGKNKVEGEENENIPSNDPAYCSYQGTDFQ 413 
Alr2               KNCSVNEMYVSENNESVREDDKPDLHPDVTFGRNKIEGEKEGNDSSYSRAYYTLQNTEYQ 412 
Eremothecium       DSSNETAPGISFGNNK--------VETGEYLPMNDLSSYANESAAYDTMDNGNIPADNYK 365 
Kluyveromyces      --PEAVAQGISFGNNK--------VEPDEYDEDDIKKMNSNYTSTVPPIPEQTTPFD--- 346 
Aspergillus        -KSDVEGEKRSSSADR----------SSSDLMDADLKTADKVYANVVDEKDIVEKLQNEN 313 
Yarrowia           -ADDVHLSNLEPMRTR---------DSDRSRRRRSSVGGAGIPQMSRPS----------V 210 
Kineococcus        -------------------------MPSRPSPRRPAPPSPATAPGTSAALTELPVVACKL 35 
Synechocystis      -------------------------EEEEEDYFDYFYDEPGSEPGTLSIEPDAPPSR--I 54 
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Chlorobium         -------------------------KVNRN-----LSGKVGQPAGTLYHTGRQKTERPVI 49 
CorA               ----------------------------------------------------------ML 2 
                                                                                
Candida            EHFRFTYFRIDLDATVHSPTISGLLQPG---QKYQDLFVASIYADQRGS----------- 554 
Ashbya             ETFRFTYFREDLDSTIHSPTISGLLQPG---QRFEELFVGSVYSNSGGDRAGSNNANGTA 469 
Mnr2               EHFRFTYFRVDLDSTVHSPTISGLLQPG---QKFQDLFVASIYSQDNSA----------- 452 
Debaryomyces       LPERFSFFCSESEETIHAPDIPSLVKPG---QSVSD-FRNGE------------------ 465 
Alr1               IPNRFSFFCSESDETVHASDIPSLVSEG---QTFYELFRGGE------------------ 452 
Alr2               IPSRFSFFRSESDETVHASDIPSLISEG---QTFYELFKGGD------------------ 451 
Eremothecium       IPDRFSFFCSEAGETVHAPDIPSLVQDG---ETFRELFRDGA------------------ 404 
Kluyveromyces      APNRFAYFSSDVSETLHAPDLSSLVKPY---QSFRQLFNDGA------------------ 385 
Aspergillus        EPTRFGFFSSESQSTVHAAELGDLVLPG---DTFRDLFQLGPEG---------------- 354 
Yarrowia           FQDRFTFFTADSEATLRGQSMKSLLEQDPSRSTYKELFEGNS------------------ 252 
Kineococcus        YRADGRQRTVSRSDADLDAALETARADG-------------------------------- 63 
Synechocystis      VLVDYSPSHAVRKSDISPNALRPYLGTN-------------------------------- 82 
Chlorobium         TVFGYDEKRFFYRNVTTLQECEQYKEQF-------------------------------- 77 
CorA               SAFQLEKNRLTRLEVEESQSLID------------------------------------- 25 
                                                                                
Candida            --SNFSG-ANTPLN-TKANT-------PSHSNSHLIKNPSNMSNSASGTHLGSNA----- 598 
Ashbya             AVSHAPGNINPKVHGAPSNANLANLGAPANNENSTQHAPNHPSVAAAGMNAGTGSGTPVE 529 
Mnr2               --GHIKTHPNSPTPGIKAET-------VSQLQGLTAKNPSTLSSMS-------------- 489 
Debaryomyces       ------------------------------------------------------------ 
Alr1               ------------------------------------------------------------ 
Alr2               ------------------------------------------------------------ 
Eremothecium       ------------------------------------------------------------ 
Kluyveromyces      ------------------------------------------------------------ 
Aspergillus        ------------------------------------------------------------ 
Yarrowia           ------------------------------------------------------------ 
Kineococcus        ------------------------------------------------------------ 
Synechocystis      ------------------------------------------------------------ 
Chlorobium         ------------------------------------------------------------ 
CorA               ------------------------------------------------------------ 
                                                                                
Candida            --------------ADLEVDLDEVAPFWLDVVNP-TEEEMKILSKAFGIHPLTTEDIFLG 643 
Ashbya             TQASTPVQPASTAQQSGSWDMPDPQPFWLDVLNP-TEEEMKVLSKAFGIHPLTTEDIFLG 588 
Mnr2               -----------------VANIEDVPPFWLDVSNP-TEEEMKILSKAFGIHPLTTEDIFLG 531 
Debaryomyces       ------------------------GTWWLDCVCP-TDAEMKMVAKAFGIHPLTAEDIRMQ 500 
Alr1               ------------------------PTWWLDCSCP-TDDEMRCIAKAFGIHPLTAEDIRMQ 487 
Alr2               ------------------------PTWWLDCSCP-TDDEMRCIAKTFGIHPLTAEDIRMQ 486 
Eremothecium       ------------------------VTWWLDCSCP-TDEEMRCIAKAFGIHPLTAEDIRMQ 439 
Kluyveromyces      ------------------------PTWWLDCSCP-TDEEMRCLTKTFGIHPLTSEDIRMQ 420 
Aspergillus        ------------------------GVWWLDVLNP-TEEEVAALSRAFSIHPLTTEDILTQ 389 
Yarrowia           ------------------------DTWWLDCYNP-TDGEVKMLSKAFGVHPLTSEDIRTQ 287 
Kineococcus        ------------------------GFVWIGLRGT-SARDLERLAVTFRLPALAVEDAINA 98 
Synechocystis      ------------------------TVSWMDIEGLGSEEVLKEVGEIFKLHPLLLEDIVNV 118 
Chlorobium         ------------------------KVLWVNIDGLHEVQVIEEAGQLFGIHPLTMEDILHT 113 
CorA               -------------------------AVWVDLVEPDDDERLRVQSELGQSLATRPELEDIE 60 
                                              *:.         :          .   *      
Candida            ETREKVELFKDYYFICFRSFDIIAEKHVLRQKRNK------------------YNEDTG- 684 
Ashbya             EVREKVELFRDYYLVCFRSFDIVAERSTRKKKRQQQ-----------------FQENAG- 630 
Mnr2               EVREKVELFRDYYLICFRSFDIVAEKHVRRRRKEKQESATLDHESISRRKSQAYGATMSN 591 
Debaryomyces       ETREKVELFRNYYFVCFHTFEG-------------------------------------- 522 
Alr1               ETREKVELFKSYYFVCFHTFEN-------------------------------------- 509 
Alr2               ETREKVELFKSYYFVCFHTFEN-------------------------------------- 508 
Eremothecium       EPREKVELFKSYYFVCFHTFEN-------------------------------------- 461 
Kluyveromyces      ETREKVELFKNYYFICFHTFEN-------------------------------------- 442 
Aspergillus        EAREKVELFKQYYFVCFRTFYQL------------------------------------- 412 
Yarrowia           ESREKVEIFKSYYFVTFNTYEQ-------------------------------------- 309 
Kineococcus        HQRPKFEQYPDLTFAVLKPVRY-------------------------------------- 120 
Synechocystis      PQRAKVEDYNDHVMVIAHRVRP-------------------------------------- 140 
Chlorobium         VQRPKIEEFDAYLFLVLKALEL-------------------------------------- 135 
CorA               ASARFFEDEDGLHIHSFFFFED-------------------------------------- 82 
                        .*      :                                               
Candida            -TNADRDSVSHRSNRRGWLSSFFRKRRRSSNDIKRGGAEQSLYSSSLHHKADKQRLKMIE 743 
Ashbya             --SGAEESSAEEDSKAGWFSRFRKMRRRSS-----AKNAAGSSTSSYQRRIKK---KIEE 680 
Mnr2               ESNANNNNSTSNASRSKWLPSILRARRRSS-----ANRTTNTSSSSYKRRVKSEKKKMEE 646 
Debaryomyces       ------------------------------------------------------------ 
Alr1               ------------------------------------------------------------ 
Alr2               ------------------------------------------------------------ 
Eremothecium       ------------------------------------------------------------ 
Kluyveromyces      ------------------------------------------------------------ 
Aspergillus        ------------------------------------------------------------ 
Yarrowia           ------------------------------------------------------------ 
Kineococcus        ------------------------------------------------------------ 
Synechocystis      ------------------------------------------------------------ 
Chlorobium         ------------------------------------------------------------ 
CorA               ------------------------------------------------------------ 
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Candida            ERNRKRKSGDRHKPREGELQPLNVYIIVFRTGVLTFHFAPTPHPIN----VRRRARLLKD 799 
Ashbya             NEKYKKKSGDRRKPRDGELEPLNVYIIVFRTGVHNLPLCAHPHPIN----VRRRARLLKD 736 
Mnr2               NEKFKRKSGDRHKPREGELEPLNVYIIVFRTGVLTFHFAPTPHPIN----VRRRARLLKD 702 
Debaryomyces       -----------DQESEDYLEPINFYIVVFREGVLSFHFSPILHPAN----VRRRVRQLRD 567 
Alr1               -----------DKESEDFLEPINVYIVVCRSGVLTFHFGPISHCAN----VRRRVRQLRD 554 
Alr2               -----------DKESENYLEPINVYIVVFRSGVLTFHFDPISHCAN----VRRRVRQLRD 553 
Eremothecium       -----------DPESADFLEPINMYIVVFRNGVLTFHFSPVSHSAN----VRRRVRQLRD 506 
Kluyveromyces      -----------DMESEDFLEPINVYMVVFANGILTFHFNPISHCAN----VRRRVRQLRD 487 
Aspergillus        -----------DKTDERFMEPVNFYMVVFRDGVLSFSFTENPHAAN----VRKRIGKLRD 457 
Yarrowia           -----------DWESEDYLDPVPVYMLVFKEGIITVHFSPFQHFAN----VRRRIRQLRE 354 
Kineococcus        ------------VDHDEVVDVSEVAVFVGAHFVITVRHGESSVVADVRAELDAPELDPAD 168 
Synechocystis      ------------NREEDGFESEQVSFVLGKRYLLTFQEGHIIDCFNP---LRERIRTNQG 185 
Chlorobium         ------------DAGSGNVAEEQISMVIGSNYVLSFQE-KPGDMFDA---TRDRIRNEGT 179 
CorA               --------------AEDHAGNSTVAFTIRDGRLFTLRERELPAFRLYR--MRARSQAMVD 126 
                                          . . :    : ..                         
Candida            YLN--------------------VTSDWIAYALIDDITDAFGPMIELIEDEVYDIEDAIL 839 
Ashbya             YLN--------------------VTADWIAYALIDDITDAFAPMIELIEDEVYDIEDAIL 776 
Mnr2               YLN--------------------VTSDWIAYALIDDITDAFAPMIELIEDEVYEIEDAIL 742 
Debaryomyces       YVD--------------------VSADWICYALIDDITDGFAPVITGVEYEADAIEDSVF 607 
Alr1               YVN--------------------VNSDWLCYALIDDITDSFAPVIQSIEYEADAIEDSVF 594 
Alr2               YVS--------------------VNSDWLCYALIDDITDSFAPVIQSIEYEADSIDDSVF 593 
Eremothecium       YVD--------------------VNSDWICYALIDDITDSFAPVIQTIEYEADVIEDCVF 546 
Kluyveromyces      YVG--------------------VNSDWICYALVDDITDSFAPVIQSIEYEADAIEDSVF 527 
Aspergillus        YVS--------------------LSSDWICYAMIDDIVDSFGPVIREIEIESEAIEDLVF 497 
Yarrowia           YVN--------------------VTPDWICYAIIDDITDSFVPVSHEIEVETEVIEESVF 394 
Kineococcus        LAGLGLDDTDVDLDVPLPPGPHAPSPASVLYRLLDHVVDGYGAVVEDIAVDVEDIEEQVF 228 
Synechocystis      KVCQ-------------------QGADYLCYLLIDMLIDEYFPLLEDYEERIEALEDTII 226 
Chlorobium         AIRK-------------------RGADYLAYTLIDAVVDHYFTILEHFESRIEQLDTNLS 220 
CorA               G-----------------------NAYELLLDLFETKIEQLADEIENIYSDLEKLSRVIM 163 
                                            .  :   :.:   :               :.  :  
Candida            KMHHTYDDSDSDSSDSDSDSDYGDDNESTFSVRGANKSSGGENTRLLFDKRSKKAGSIRG 899 
Ashbya             NMHHIDDSSDDD---SDAEDCSDDDG------------------SFPFDRHSRST----- 810 
Mnr2               KMHQSDDSSDSDSSDSDSDSGASDED------------------AFPFDVYSKKT----- 779 
Debaryomyces       AARQVG------------------------------------------------------ 613 
Alr1               MARDMD------------------------------------------------------ 600 
Alr2               MTRDMD------------------------------------------------------ 599 
Eremothecium       MTGDLD------------------------------------------------------ 552 
Kluyveromyces      MTRDMN------------------------------------------------------ 533 
Aspergillus        IARVDD------------------------------------------------------ 503 
Yarrowia           DARDDD------------------------------------------------------ 400 
Kineococcus        SGGEDE------------------------------------------------------ 234 
Synechocystis      RNPNSS------------------------------------------------------ 232 
Chlorobium         ETVGHD------------------------------------------------------ 226 
CorA               EGHQGDE----------------------------------------------------- 170 
                                                                                
Candida            SIGRRSFETRSSRSYNTFSSRTRSSSSSSRSSDSSLSSINPNIIGWKKKGDMLRRIGECR 959 
Ashbya             -----------------AFSRGSKSTGTSRSSSSTESTINANIMGWKKKGDMLRRIGECR 853 
Mnr2               ------------------SYSSAKSSVSSRSMSTSEASFNANLIGWKRKGDMLRRIGECR 821 
Debaryomyces       ------------------------------------------------FSTMIQRIGESR 625 
Alr1               ------------------------------------------------FAAMLQRIGESR 612 
Alr2               ------------------------------------------------FAAMLQRIGESR 611 
Eremothecium       ------------------------------------------------VSRMLQTIGEGR 564 
Kluyveromyces      ------------------------------------------------FAVMLQRIGEGR 545 
Aspergillus        ------------------------------------------------FESFLPRIGGLR 515 
Yarrowia           ------------------------------------------------FSLMLRRIGKAR 412 
Kineococcus        ---------------------------------------------------HAERIYKLK 243 
Synechocystis      ---------------------------------------------------LMEEIYHIR 241 
Chlorobium         ---------------------------------------------------MFQAMYSLK 235 
CorA               ------------------------------------------------YDEALSTLAELE 182 
                                                                          :   . 
Candida            KRVMSILRLLGWKADVIKGFAKRYNEQWD------------------------------- 988 
Ashbya             KRVMSVIRLLGSKADVIKGFAKRCNEQWE------------------------------- 882 
Mnr2               KRVMSILRLLGSKADVIKGFAKRYNEQWE------------------------------- 850 
Debaryomyces       RKVMTLMRLLSGKADVIKMFAKRCQDEAANNQINIFQAHPNMNGMGNYYSQTSGNASQSH 685 
Alr1               RKTMTLMRLLSGKADVIKMFAKRCQDEAN--------------GIG-------------- 644 
Alr2               RKTMTLMRLLSGKADVIKMFAKRCQDETN--------------GIG-------------- 643 
Eremothecium       RKTMTLMRLLSGKADVIKMFAKRCQDEAN--------------GIG-------------- 596 
Kluyveromyces      RKTMTLMRLLSGKADVIKMFAKRCQDDIN--------------GIG-------------- 577 
Aspergillus        KKVMSLMRLLGGKADVIRGFSKRCNEQYS------------------------------- 544 
Yarrowia           SKTLTMMRLLSGKADVVRMFAKRCTEGLG------------------------------- 441 
Kineococcus        REVLEFRRAVVPLVNPLQRLVDGGPTGPS------------------------------- 272 
Synechocystis      RELLALRRLIWPLRHVMNVLLRDTTNSIVT------------------------------ 271 
Chlorobium         KDLIHLRKSIWPLREIINSLSREQYRTLDG------------------------------ 265 
CorA               DIGWKVRLCLMDTQRALNFLVRKARLPGG------------------------------- 211 
                        .   :      :. :                                         
Candida            ------------------------------------------------------------ 
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Ashbya             ------------------------------------------------------------ 
Mnr2               ------------------------------------------------------------ 
Debaryomyces       THSGSYTHGYNNESPYPQGYNNNSNPGYNNNSNPQGYNNNSNPQGYSNNPNPQGYNQGGP 745 
Alr1               -------------------------PALTSQIN------IANLQARQDNASHIKNN---- 669 
Alr2               -------------------------PVLKSQTN------MVNLQAEQENVNQNNSN---- 668 
Eremothecium       -------------------------PALTSEIN------IANLQASGHDPLSARLG---- 621 
Kluyveromyces      -------------------------PALTSQVN------IANLQFK----MPPDSA---- 598 
Aspergillus        ------------------------------------------------------------ 
Yarrowia           ------------------------------------------------------------ 
Kineococcus        ------------------------------------------------------------ 
Synechocystis      ------------------------------------------------------------ 
Chlorobium         ------------------------------------------------------------ 
CorA               ------------------------------------------------------------ 
                                                                                
Candida            ----------------------------FGPQSEIGIYLGDIQDHIVTMVASLNHYEKLL 1020 
Ashbya             ----------------------------VAPRSEIGMYLGDIQDHIITMVASLNHYEKLL 914 
Mnr2               ----------------------------ASPQSEIAMYLGDIQDHIVTMVSSLNHYEKLL 882 
Debaryomyces       GVTFGPGPGVSNNMIDPGAFYMKTQPDRTQPRADIALYLGDIQDHVVTMFQNLVAYEKIF 805 
Alr1               ---------------SSTTVPNNYAPTTSQPRGDIALYLGDIQDHLLTMFQNLLAYEKIF 714 
Alr2               ---------------NQISLSNSYMQTTSQPRGDIALYLGDIQDHLLTMFQNLLAYEKIF 713 
Eremothecium       ---------------SNIQHHH---VQRTQPRADIALYLGDIQDHVLTMFQNLLSYEKIF 663 
Kluyveromyces      ---------------PSIE-------KRQQPRADIAMYLGDIQDHIVTMFQNLSSYEKIF 636 
Aspergillus        ----------------------------VTPRGDIGLYLGDIQDHVVTMMSNLAHFEKML 576 
Yarrowia           ---------------------------EGAPKGHISLYLGDIQDHIVTMYQNLIAYEKIL 474 
Kineococcus        ---------------------------ATAVAEEKRPYYRDVLDHLLRAADAIDGYDRLL 305 
Synechocystis      --------------------------------ADVRIYFRDCYDHIIQVLDIIEAYRELA 299 
Chlorobium         --------------------------------ALIHPFFRDVYDNIILIIESVESYRDIV 293 
CorA               -------------------------------------QLEQAREILRDIESLLPHNESLF 234 
                                                           :  : :      :     :  
Candida            SRSHSNYLAQINIDMTRVNNDMNDVLGKITILGTIVLPMNVITGLWGMNVIVPG--QFNE 1078 
Ashbya             SRSHSNYLAQINIDMTKVNNDMNDVLGKITILGAIVMPMNIITGLWGMNVIVPG--QQQD 972 
Mnr2               SRSHSNYLAQINIDMTKVNNDMNDVLGKITILGTIVLPMNVITGLWGMNVIVPG--QYRD 940 
Debaryomyces       SRSHSNYLAQLQVESFNSNYKVTAMLSNVTMIGTVFFPLNVITGLFGMNVVVPGQGDDHP 865 
Alr1               SRSHTNYLAQLQVESFNSNNKVTEMLGKVTMIGTMLVPLNVITGLFGMNVKVPG---ENS 771 
Alr2               SRSHANYLAQLQVESFNSNNKVTEMLGKVTMLGTMLVPLNVITGLFGMNVKVPG---RNG 770 
Eremothecium       SRSHGNYLAQLQVESFRCNNRVTEMLGKVTMIGTMLVPLNLVTGLFGMNVTVPG--EATG 721 
Kluyveromyces      SRSHANYLAQLQVESFNSNNKVTEMLGKVTMIGTMLVPLNVITGLFGMNVRVPGQPDGEG 696 
Aspergillus        SRSHTNYLAQLNVTNLVLGNHVNKVLSKVTLIATMLVPMNLICGLFGMNVRVPG--EGQE 634 
Yarrowia           SRSHTNYLAQLQVQSVDANHRVTDTLGKVTVVGTILIPMNLVTGLFGMNVRVPG--QDGT 532 
Kineococcus        TDVLQAHLTQVSVRQNRASARQNEDMRKISAWAAIALVPTAIAGIYGMNFEHMP--ELST 363 
Synechocystis      SSLMEVYMTAMS-------NKMNEVMKFLTVISTIFIPLTFIAGVYGMNFKEMP--ELNS 350 
Chlorobium         IGMHDTWLAVVN-------NRMNEIMKVLTIIATVFMPLSFIAGVYGMNFHYMP--ELEW 344 
CorA               QKVNFLMQAAMG----FINIEQNRIIKIFSVVSVVFLPPTLVASSYGMNFEFMP--ELKW 288 
                           : :           .  :  .:  ..: .  . : . :***.           
Candida            SLNWFMSIVAFMFCLAYGAYVYTKKRFDF------------------------------- 1107 
Ashbya             SLTWFVSIALSMLILAYIAYTYMRRRFGF------------------------------- 1001 
Mnr2               SLTWFIGIVLFMCMLACSAYMYTKRRFGF------------------------------- 969 
Debaryomyces       GLGWFFGIVGVMCAIVIVAVVSARIWILRVT-ERTYDEENTK--KSIKSYGLKTRTKEAA 922 
Alr1               SIAWWFGILGVLLLLAVLGWFLASYWIKRIDPPATLNEAAESGAKSVISSFLPKRNKRFN 831 
Alr2               SIAWWYGILGVLLLLAVISWFLASYWIKKIDPPATLNEAAGSGAKSVISSFLPKRDKRFN 830 
Eremothecium       ELHWFFGILAILVGSAVGLWFLSSWWISKANSPRSLNDTVMSGTRSILN--FARR-NRND 778 
Kluyveromyces      TFGWFFGILGFIFLFAAGSLVFSSYWLSRINPPTTLNEAATSGTKSIIN--FKSRSLKNP 754 
Aspergillus        GLGWFFGIVGVIAAVIVLSGIAARYYKLV------------------------------- 663 
Yarrowia           NLGWFFGILGFLLVVVLTGTLLARWWLKAMAKKISGN-FRNVGAPSVRTMRRVETIRTTG 591 
Kineococcus        RYGYFVVLAVIVSACVSLYVVFRAKKWL-------------------------------- 391 
Synechocystis      RWGYYITWIVMLLIAGGSLYFFWRKGWLSPSYDLGEK----------------------- 387 
Chlorobium         HWGYFSVLGGMAVIFAGMMRYFHTKRWF-------------------------------- 372 
CorA               SFGYPGAIIFMILAGLAPYLYFKRKNWL-------------------------------- 316 
                      :                                 Del5                       
Candida            ----------------------------- 
Ashbya             ----------------------------- 
Mnr2               ----------------------------- 
Debaryomyces       --------------KSIISFPN----KYD 933 
Alr1               DRSKNINVRAGPSNKSVASLPS-RYSRYD 859 
Alr2               DDSKNGNARVGVRRKSTVSLPS-RYSRYN 858 
Eremothecium       QCRP-------EGNKSVISCPS-KYARYY 799 
Kluyveromyces      QFNQPT-----KSNKSMLSFSTNKMGRYE 778 
Aspergillus        ----------------------------- 
Yarrowia           FPQHR-------EHNSEFSMV-------- 605 
Kineococcus        ----------------------------- 
Synechocystis      ----------------------------- 
Chlorobium         ----------------------------- 
CorA               ----------------------------- 
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Figure A3.1  Alignment of fungal and bacterial CorA proteins 
                                               
Parts of fungal and bacterial CorA family protein are aligned using the CLUSTAL W (1.82) 

program from EMBL Eurpoean Bioinformatics website (http://www.ebi.ac.uk/clustalw/). 

Alignment sequencing is ordered from the top by the length of the protein.  The number of 

amino acids is indicated in the right where relevant. Amino acids are coloured based on the 

following physiochemical criteria: Red-small (small hydrophobic), Blue- acidic, Magenta- basic, 

Green- hydroxyl+Amine+Basic.  The consensus symbols are: ‘*’- identical or conserved 

residues in all sequences in the alignment, “:”- conserved substitutions. “.” - semi-conserved 

substitutions. Grey boxes indicate predicted three TM domains in fungal proteins based on 

alignment with identified TM domains in Alr1 (see Fig. 3.13); bacterial proteins are not applied 

due to poor similarity.  Arrows towards Alr1 represent the first amino acids in the N-terminal 

deletion mutants (Del1 – Del4) and the last amino acid in the C-terminal deletion mutant (Del5) 

(see also Appendix 4).  [Accession number for sequences are as follows: Fungal proteins- 

Candida glabrata: XP44919, Ashbya gossypii: AAS50862, Mnr2 in Saccharomyces cerevisiae: 

CAA81901, Debaryomyces hansenii: CAG89451, Alr1 in Saccharomyces cerevisiae: 

AAT92781, Alr2 in Saccharomyces cerevisiae: P43533,  Eremothecium gossypii: NP983925,  

Kluyveromyces lactis: XP454276,  Aspergillus fumigatus: EAL92011,  Yarrowia lipolytica: 

XP552236.  Bacterial proteins:  Kineococcus radiotolerans: ZP00618884, Synechocystis sp: 

Q55481, Chlorobium limicola: ZP00512252,  CorA in Salmonella typhimurium: AAF33440.]  
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Appendix 4 Construction of the deletion mutants 

A4.1 Introduction 

Compared to S. typhimurium CorA protein (316 aa), the S. cerevisiae Alr1 protein (859 

aa) has a long N-terminus with CorA homology located in the C-terminus (see Fig. 5.1).  

In order to determine whether the N-terminal region plays a role in Mg2+ transport, I 

constructed four N-terminal deletion mutants.  In addition, the small portion of the C-

terminus located after the TM domain regions was also deleted.  This appendix 

describes the generation of five deleted ALR1 mutants which contained a 3x HA fusion 

epitope either upstream (for the N-terminal deletion) or downstream (for the C-terminal 

deletion).  The N-terminal deletion mutants were driven by the GAL1 promoter and the 

C-terminal deletion mutant by the native ALR1 promoter.  An outline of the strategy 

used for making the deleted ALR1 constructions is shown in Fig. A4.1. 

A4.2 Generation of the truncated ALR1 

I previously constructed a low copy vector expressing the ALR1 gene from its own 

promoter, designated pFL38-ALR1 (Appendix 1).  To create the truncated ALR1 genes, 

two plasmids that had been used for constructing HA fusions with the ALR1 gene 

(Appendix 1) were also utilised here: pFA6a-KanMX6-pGAL1-3HA and pFA6a-3HA-

KanMX6 (Ch. 2.4.1).  The former was used for constructing four N-terminal deletions 

and the latter a C-terminal deletion.  High fidelity PCR and homologous recombination 

were used to make these deletions, as illustrated in Fig. A4.1. 

Four individual KanMX6-pGAL1-3HA cassettes were amplified by high-fidelity PCR 

(Ch. 2.12.2) using the primer GAHG-f along with either the primer GAH-del1, GAH-

del2, GAH-del3 or GAH-del4.   The 3HA-KanMX6 cassette for the C-terminal deletion 

was amplified with HM-del5 and HM-r.   Each primer (60 bp) was designed to contain 

20 bp of homology to the above plasmids with the other 40 bp targeted to recombine 

with the appropriate ALR1 region in the pFL38-ALR1 plasmid.  For instance, GAH-del1 

had 20 bp homologous to HA to amplify the KanMX6-pGAL1-3HA cassette and 40 bp 

homologous to a region within the ALR1 gene in order to delete the front part of the 

coding region (amino acids 1-167, see Fig. 5.1A).  
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Figure A4.1 Outline of ALR1 truncated construction 

Four PCR products for N-terminal truncation were prepared with the GAHG-f primer, along with 

either GAH-del1, GAH-del2, GAH-del3 or GAH-del4 primer (Ch. 2.5).  One PCR product for C-

terminal deletion was also prepared with HM-r and HM-del5 (Ch. 2.5).  Those products were 

recombined into pFL38-ALR1 vector, generating Del1, Del2, Del3, Del4 and Del5 truncated 

ALR1 mutants.      

The amplified KanMX6 cassettes were recombined in vivo into the ALR1 gene by co-

transforming the PCR products with circular DNA of pFL38-ALR.  This recombination 

step was performed in the wild-type CM52 (ALR1/ALR2) strain to allow the cells to 
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grow on standard Mg2+ levels, for geneticin selection (see Appendix 1.3).  The 

recombination steps were performed onto SC-ura containing 10 mM Mg2+ as well as 

geneticin (200 mg L-1); plates were cultivated for an extended period of five or six days 

to allow the selection to operate.  Colonies were confirmed on YPD media plus 

geneticin. Colony PCR was conducted with candidate colonies to ensure that 

recombination had occurred in the right place; a successful result for each clone is 

shown in Fig. A4.2.  Plasmid DNA was prepared from these colonies, passed though E. 

coli and verified by EcoRI digestion (data not shown).  The recombined regions of the 

truncated ALR1 gene were sequenced with the primers 1/8 (Del1, Del2), 1/9 (Del3, 

Del4) and 1/11 (Del5) (Ch. 2.5).  The four N-terminally deleted ALR1 genes were 

correctly constructed and designated as Del1, Del2, Del3 and Del4 (see Fig. 5.1A).   

 
Figure A4.2 Colony PCR analysis with Ura+/G418R colonies  
 
Colony PCR analysis (Ch. 2.12.1) were conducted with Ura+/G418R colonies using HMG 

primer, along with 1/8 (Del1), 1/9 (Del2, Del3, Del4) or 1/10 (Del5) primer (see Ch. 2.5).  The 

PCR products were fractionated on 1 % (left panel for Del1, Del4 and Del5) or 0.8 % (right 

panel for Del2 and Del3) agarose gels and visualized by staining.  A 1 kb plus DNA ladder is 

shown on first lane on both panels and 1 kb as well as 1.65 kb is indicated. The expected PCR 

product size is 1.3 kb (Del1), 1.63 kb (Del2), 1.3 kb (Del3), 1.2kb (Del4) and 0.9 kb (Del5).  

However, in the case of the C-terminal deletion mutants, two candidate mutants were 

obtained.  The first C-terminal mutant contained an unexpected frame shift in the region 

of the homologous recombination, which resulted in a protein containing 806 residues 

from Alr1, with six additional amino acid residues (from the out-of-frame HA epitope) 

followed by a stop codon (Fig. A4.3, this mutant therefore did not express the HA 

epitope).  The second mutant contained the expected construct, with 806 residues of 

Alr1 fused to the HA epitope (Fig. A4.3). Both mutants were designated as Del5Δ 

(frame shift) and Del5.    
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Figure A4.3 Sequencing 
of the deletion mutants 
Italics represent the end of the 

C-terminal deletions. Underline 

shows an insertion in the 

regions of recombination.  
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Appendix 5 Construction of the ALR1-CorA hybrids 

A5.1 Introduction 

The yeast Mg2+ transport gene, ALR1, and the bacterial Mg2+ transport gene, CorA, each 

encode proteins with three putative TM domains near the C-terminus.  The essential 

requirement of both the TM2 and TM3 domains for Mg2+ transport by CorA was 

determined by site-directed mutagenesis (Szegedy and Maguire 1999, Smith et al. 

1998). Random PCR mutagenesis of ALR1 (this thesis) suggested that all three putative 

TM domains are critical for ALR1 activity.  This appendix details the construction of the 

ALR1 hybrid proteins containing CorA TM domains; the hybrids were generated by 

high fidelity PCR and homologous recombination.  Four primers were designed to the 

CorA gene as shown in Fig. A5.1A.  The primers amplified 1-3 TM domains from the 

C-terminus of CorA, including the loops between TM domains.  The detailed structure 

of the recombinants is illustrated in Fig. A5.1A.  

 

 
Figure A5.1 Outline of the hybrid construction 
 
A. The bacterial CorA protein and the Alr1-CorA hybrids are shown, with red (CorA) or blue 

(Alr1) solid boxes representing the three putative TM domains at the C-terminus.  Four primers 

are shown; horizontal arrowed lines represent homology to the CorA region and angled lines 

represent sequences which match the ALR1 gene.  B. Amino acids at the junction between part 

of Alr1 and that of CorA in the hybrids.  Ten amino acids are shown in both Alr1 and CorA. 
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A5.2 Generation of the ALR1 hybrids 

Three PCR products containing targeted CorA TM domains were prepared by high-

fidelity PCR using the following primers: CorA (TM1), CorA (TM2) or CorA (TM3), 

each with CorA (end) (Fig. A5.1A).  Each fragment included the region upstream of the 

targeted TM domain regions from CorA.  All primers also contained 40 bp of homology 

to appropriate region of ALR1 for the subsequent recombination step.  

 

The targeted TM domain regions were recombined in vivo into the ALR1 gene by co-

transforming the PCR products along with pFL38-ALR1 linearised by MscI digestion 

into the CM66 (alr1/alr2) strain.  The recombinants were allowed to grow on SCM-ura 

media (250 mM Mg2+) so that no selection for function of the hybrid transporters was 

imposed.  Plasmid DNA was prepared from Ura+ colonies and passed through E. coli.  

EcoRI digestion of the hybrid plasmids verified successful elimination of an EcoRI site 

located near the 3’ end of ALR1 by recombination with the CorA products; in contrast 

the wild-type pFL38-ALR1 plasmid was cut twice (Fig. A5.2). Successful 

recombination was confirmed by sequencing each plasmid with the 1/11 primer.  The 

ALR1-CorA hybrids were designated as ALR1-TM3, ALR1-TM23 and ALR1-TM123 

(Fig. A5.1A). Part of amino acid sequence expected to be expressed from each hybrid 

gene are shown in Fig. A5.1B. 

 

 

Figure A5.2 Digestion mapping of the ALR1-CorA 
hybrids 
 
Three candidates as well as pFL38-ALR1 were digested with 

EcoRI, fractionated on 1 % agarose gels and visualized by 

staining with ethidium bromide.   
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