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Abstract  

Studies in Rhizobium sp. str. NT-26 have shown that arsenite oxidation is 

regulated by a two-component signal transduction system comprised of a 

histidine kinase (AioS) and a response regulator (AioR). A third protein, AioX, 

is now thought to be involved in the signaling pathway. AioX is a periplasmic 

binding protein (PBP) whose gene is located upstream and in the same 

operon as aioS and aioR. The hypothesis is that AioX binds arsenite and 

activates transcription of the arsenite oxidase (aioB and aioA) operon.  

 

The recombinant AioX protein was expressed in Escherichia coli, purified and 

crystallised. The crystal structure of AioX was solved by single-wavelength 

anomalous dispersion (SAD) to 1.78 Å resolution and found to contain 

phosphate in its binding pocket. The structure of AioX shows a similar 

topology to the PBP’s that consist of two globular regions connected by a 

hinge, forming a groove between them. The apo-AioX and arsenite-bound 

structures were also solved by X-ray to a resolution of 1.74 Å and 2.44 Å, 

respectively. The ligand-binding site of AioX is located at the centre of the 

protein in a pocket formed between the two domains. The oligomeric state of 

the protein with and without ligand was analysed by size exclusion 

chromatography (SEC) and small angle X-ray scattering (SAXS).  

 

Isothermal titration calorimetry (ITC) was used to confirm arsenite binding and 

residues involved in ligand binding were confirmed by site-directed 

mutagenesis followed by ITC. The thermodynamic properties revealed the 

recombinant AioX WT had a KD of 170 nM whereas C106S and Y88F mutants 

showed no binding. A Y88A mutant showed reduced binding with a KD of 1.4 

mM. These results suggest that the hydroxyl group of Y88 and C106 are 

essential in binding arsenite. 
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1.1 Arsenic  

Arsenic (As) is a toxic metalloid element that is found in group five of the 

periodic table. It is the 20th most abundant element on Earth, constituting 

0.0001% of the Earth’s crust (Nriagu et al. 2002). Arsenic is predominantly 

(estimated 99%) found in the lithosphere as a component of rocks and 

minerals, where Arsenopyrite (FeAsS) is the most common As-containing 

mineral. The distribution of the remaining 1% throughout soil, sediments, 

atmosphere, hydrosphere (rivers and oceans) and biosphere (Bissen and 

Frimmel et al. 2003). Arsenic is cycled between these spheres mainly as a 

result of natural processes. Natural events such as volcanic eruptions can 

release arsenic into the atmosphere, eventually the arsenic is transported to 

land and water via precipitations (Francesconi and Kuehnelt et al. 2002; 

Santini and Ward et al. 2012). The erosion of rocks and minerals by rainfalls 

and/or wind also contributes to the release of arsenic into the environment. 

Geothermal water sources such as geysers and springs can also be rich in 

arsenic which it accumulates as it percolates up through the crust (Bissen and 

Frimmel et al. 2003). 

 

Anthropogenic activity also contributes to the release and spread of arsenic 

into different environments. Even though anthropogenic activity is responsible 

for a minor part of the arsenic released, it is still significant. For decades 

arsenic has been used in agrochemicals (i.e. pesticides, herbicides) and as 

wood preservatives. Although nowadays use of products containing arsenic is 

restricted, their use still contributes to pollution. Moreover, a variety of 

industrial processes are also a source of arsenic, like the production of plastic 
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(Angerer and Schaller et al. 1991). Another activity that contributes to the 

cycling of arsenic is metal mining, as certain metals such as copper and gold 

are associated with rocks and minerals that contain arsenic. The separation of 

these metals from the rock requires smelting and roasting to extract the 

desired metal, but produces arsenic residues as a byproduct which cause 

local contamination of soil, aquifers and rivers (Bissen and Frimmel et al. 

2003). However, the main human activity affecting arsenic cycling is the 

petroleum industry (Han et al. 2003). 

 

Historically the toxic effect of arsenic is well known being used as a method of 

homicide in the middle ages and as a chemical weapon in the Great War 

(Nriagu et al. 2002). Presently, most cases of arsenic poisoning come from 

chronic exposure through the consumption of arsenic containing water; the 

world health organization (WHO) (Flanagan et al. 2012) has a maximum 

contaminant level of 10 µg/l. Chronic exposure to water that exceeds this level 

of arsenic, has been associated with an increase in the incidence of cancer as 

well as with other pathologies such as skin lesions, hyperkeratosis and 

hyperpigmentation (Cantor et al. 2006). In Bangladesh 70 million people are 

exposed to arsenic levels higher than 50 µg/l (Government limit in 

Bangladesh) in their drinking water, due to an arsenic shallow aquifer 

(Flanagan et al. 2012). High concentrations of arsenic have been also found 

in drinking water in China, Mexico, Argentina Chile, China, Hungary, West 

Bengal (India) and Vietnam (Smedley and kinniburgh et al. 2002).  
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1.2. Soluble arsenic: toxicity and mobility  

Different species of organic and inorganic arsenic can be found in the 

environment. The organoarsenic compounds such as methylarsonic acid 

(MAA), trimethylarsine oxide (TMA), arsenobetaine and arsenosugars are 

commonly found in organic environments (Frankenberger and Arshad et al. 

2002, Oremland and Stolz et al. 2003). The soluble inorganic forms of 

arsenic, arsenite (As+3) and arsenate (As+5) are highly toxic. Although both 

are toxic to organisms, their toxicity is due to different mechanisms. Arsenite 

can enter the cell through the glycerol transport system (GlpF) (Meng et al. 

2004) where it interacts with the sulfhydryl groups of proteins inhibiting 

function. Arsenate is considered less toxic than arsenite, with its toxicity 

attributed to it having an analogous structure to phosphate. It can enter cells 

through phosphate transport systems (PstS or Pit) where it uncouple oxidative 

phosphorylation, inhibiting the production of ATP (Hughes et al. 2002).  

 

The solubility and mobility of both arsenate and arsenite make arsenic one of 

most problematic metalloids in the environment (Santini et al. 2000). The 

oxidation state of inorganic arsenic is dependent on both biotic and abiotic 

processes. The biological activity of bacteria can affect the speciation and 

hence the mobility of arsenic (Rhine et al. 2005), but chemical factors, such 

as pH, oxygen presence and redox potential can also have an impact (Meng 

et al. 2004). In reducing conditions, such as those found in mud and 

sediments, arsenite is more predominant, whereas in oxidising conditions the 

arsenate form is more prevalent (Smedley and Kinniburgh et al. 2002). 
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1.3 Arsenic and microorganisms 

Microorganisms have been shown to play an important role in arsenic cycling 

by changing the speciation of arsenic (Qin et al. 2006; Santini et al. 2000; 

Inskeep et al. 2007). Phylogenetically diverse prokaryotes have been isolated 

from environments contaminated with arsenic, the first report was in 1918 by 

Green, who isolated a bacterium named Bacillus arsenoxydans in South 

Africa that oxidise arsenite (Green et al. 1918). Since then, Archaea, Gram-

positive and Gram negative bacterial isolates have been shown to transform 

arsenic (Oremland and Stolz et al. 2003). These microorganisms can survive 

in high concentrations of arsenic not only as a resistance or detoxification, but 

also metabolizing arsenic to generate energy from oxidation or reduction 

reactions. They can also perform the methylation and demethylation of 

arsenic (Frankenberger and Arshad et al. 2002).  

 

Arsenate reduction to arsenite can be performed by an arsenic resistance 

mechanism (as a detoxification) by the Ars system, and also by an arsenate 

respiratory reduction by the Arr system, where the arsenate is used as a 

terminal electron acceptor in anaerobic respiration. The arsenate resistance 

mechanism works by reduction of arsenate by an Arsenate reductase (ArsC) 

in the cytoplasm and the arsenite formed is then pumped out of the cell. 

(Rosen et al. 2002). The genes encoding for the arsenate resistance 

mechanism (Ars) can be either plasmid borne or chromosomal. The proteins 

involved in the Ars system are ArsR, ArsB and ArsC. ArsC is the arsenate 

reductase that reduces arsenate to arsenite, ArsB is a membrane protein that 

pumps the arsenite out of the cell at an energetic cost to the organism, and 
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lastly ArsR regulates of the arsRBC operon expression  (Wu and Rosen et al. 

1991). ArsA and ArsD are also present on some operons, where the ArsD 

acts as a repressor and ArsA is an ATPase that produces energy to pump 

arsenite out of the cells (Rosen et al. 1988).  

 

Respiratory arsenate reduction is catalysed by the dissimilatory arsenate 

reductase (Arr) that is encoded by two genes, arrA and arrB, genes have 

been shown to be upregulated under anaerobic conditions and in the 

presence of low concentrations of arsenate and arsenite. The arrA gene was 

determined to be conserved in almost all arsenate respiring bacteria 

(Malasarn et al. 2004). 

 

The oxidation of arsenite to arsenate is another process performed by 

microorganisms that also has an impact on the cycling of arsenic. This has 

been reported to occur in both anaerobic and aerobic conditions where 

oxygen, chlorate or nitrate can act as terminal electron acceptors (Stolz et al. 

2006; Sun et al. 2010). In chemolithoautotrophic bacteria, organisms can use 

arsenite as the sole electron donor for their electron transport chains to 

generate energy and fix inorganic carbon (Madigan et al. 2000; Oremland et 

al. 2002). The oxidation of arsenite to arsenate is carried out by an arsenite 

oxidase, which is a heterodimer consisting of two subunits encoded by aioBA 

genes, where AioA is the large catalytic subunit and AioB is the small subunit 

(Ellis et al. 2001).  
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1.4 Bacterial arsenite oxidation  

As mentioned previously, many microorganism have been reported that are 

capable of arsenite oxidation, transforming arsenite into the less toxic 

arsenate. This mechanism was initially believed to be a detoxification 

mechanism but since, been shown to be a respiratory process, which can be 

used to generate energy in some microorganisms (Lloyd et al. 2006). 

 

The oxidation of arsenite to arsenate takes places in the periplasm and it is 

performed by an arsenite oxidase (Aio), an enzyme that belongs to the 

dimethylsulfoxide reductase (DMSO reductase) family of molybdoenzymes. 

Aio is a heterodimer containing two subunits: a large catalytic subunit AioA 

(~90 kDa) and a small subunit AioB (~15 kDa). The active site in AioA is 

comprised of a single molybdenum atom (Mo), which is bound to four sulphur 

atoms of bis- molybdopterin guanine dinucleotide (bis-MGD). It also contains 

a 3Fe-4S cluster bound by a C-X2-C-X3-C-X70-S motif and consists of four 

domains, I-IV: Domain I binds the 3Fe-4S cluster and the AioB subunit while 

domains II-IV bind the bis-MGD cofactor. Domains I, II and III form a cavity 

leading to the Mo center which binds arsenite. The crystal structure suggests 

that, His199, Glu203, Arg419 and His 423 residues constitute the arsenite-

binding site of the enzyme (Duquesne et al. 2008). AioB contains a Rieske-

type 2Fe-2S cluster bound by a C-X-H-X15-C-X2-His motif (Santini et al. 2000; 

Ellis et al. 2001). The Rieske subunit of Aio has been investigated and it was 

found that the Rieske protein of Aio shared many properties with the Rieske 

subunit of bc1 complexes in terms of its structure (Duval et al. 2010). 



!
23!

Aio is exported to the periplasm via the Twin Arginine Translocation (Tat) 

pathway. The signal peptide is located in the small subunit which has a 

conserved sequence ((S/T)-R-R-X-F-L-K) among the arsenite oxidisers (Ellis 

et al. 2001). This mechanism is commonly found in prokaryotes and is used to 

export folded enzymes from the cytoplasm (Natale et al. 2008). The Tat signal 

peptide of Aio is the only one that is not located in the catalytic subunit like 

others in the DMSO reductase enzymes family (Dubini and Sargent et al. 

2003, Santini et al. 2004). Aio has been purified and characterised from 

several arsenite-oxidising bacteria and has been found to be located in the 

periplasm generally associated with the cytoplasmic membrane (Ellis et al. 

2001). 

 

The proposed mechanism for Aio is that the Mo, at the active site, is reduced 

by two electrons taken from arsenite, which are then transferred to the 3Fe-4S 

cluster and the Rieske cluster and then finally to an electron acceptor such as 

azurin or cytochrome c (Ellis et al. 2001; Santini et al. 2007). 

 

Arsenite oxidation has been observed in a diverse range of microorganisms 

including aerobes and anaerobes isolated from arsenic-contaminated 

environments (Stolz et al. 2006). Arsenite oxidation can occur 

heterotrophically, where the microorganisms require an organic carbon source 

for growth. This process had previously been considered to mainly occur for 

detoxification purposes, as organic material is still required. More recently it 

has also been shown that microorganisms can gain energy from this 

oxidation, in a similar manner to chemolithoautotrophic organisms. In 
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Alcaligenes faecalis it was observed that when grown in the presence of 

arsenite, a decrease in the duplication time was exhibited and there was 

increase in the final number of cell. This indicates that these organisms also 

gain energy from arsenite oxidation (Anderson et al. 1992). The 

chemolithoautotrophic mechanisms differ from the heterotrophic ones in terms 

of the carbon source, bacteria that can grow chemolithoautotrophically use an 

inorganic carbon source such as CO2 and get energy by using arsenite as the 

electron donor (Osborne and Santini et al. 2012). An example of chemolitho-

autotrophic arsenite-oxidizing microorganisms is Rhizobium sp. str NT-26, 

which is the microorganism study in this thesis, was isolated from a gold mine, 

in Australia (Santini et al. 2000). It is an aerobic arsenite oxidizer that uses O2 

as a terminal electron acceptor. 

 

Biological arsenite oxidation can also be anaerobic and be associated with the 

reduction of nitrate or chlorate. Nitrate coupled arsenite oxidation, was 

detected in a chemolithoauthotroph Alkalimnicola ehrlichii st MLHE-1, 

whereas chlorate reduction was observed in the autotrophs, Dechloromonas 

sp. and Azospira sp. (Oremland et al. 2002; Zargar et al. 2012; Sun et al. 

2010). MLHE-1 possesses a different arsenite oxidase, not related 

phylogenetically to Aio. This arsenite oxidase, Arx, is more related to Arr and 

consequently is thought to have evolved from this group (Richey et al. 2009). 

Arx has only be shown experimentally to oxidase arsenite in Alkalimnicola 

ehrlichii str MLHE-1. However, homologues of Arx have also been described 

in some arsenite oxidisers (Zargar et al. 2012). 
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1.5 The aio gene cluster and regulation of its expression 

The Aio enzyme is encoded for by the aioA and aioB genes, respectively, with 

aioB located upstream of aioA. Figure 1.1 shows the diversity of genes 

associated with arsenite oxidation in the most studied organisms.  

 

Figure 1.1 Organization of aio gene cluster in some arsenite-oxidising 

bacteria. Each letter represents microorganisms that possess the cluster 

organization. a: Sinorhizobium sp. str. M14, Rhizobium sp str NT-26, 

Agrobacterium tumefacies str. 5A; b: Alcaligenes faecalis; c: Achromobacter 

sp. str. SY8; d: Herminiimonas arsenicoxydans str. ULPAs1; e: Thermus 

thermophilus str. HB8 (Modified from Van Lis et al. 2013). 

 

The regulation of aio cluster expression is still not well understood, despite 

numerous studies focusing on different arsenite-oxidising microorganisms. 

The aioA and aioB genes have been identified in numerous phylogenetically 

varied arsenite oxidising bacteria, but its regulation seems to be different, in 

some bacteria, like Thermus thermophilus str. HB8 that does not posses the 

XSR system (Figure 1.1).  

 

The regions immediately upstream of aioB and downstream of aioA have 

been sequenced in several arsenite-oxidising bacteria. In some 

Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria arsenite 
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oxidizers, genes downstream of aioA have been identified and include a c-

type cytochrome (cytC) and a molybdenum cofactor biosynthesis gene 

(moeA) (Figure 1.1) (Santini et al. 2007; Branco et al. 2009).  

 

The genes upstream of aioB have been shown to be involved in regulation of 

arsenite oxidation; aioS encodes for a sensor histidine kinase (AioS) and 

aioR, encodes for a transcriptional response regulator (AioR). These two 

proteins (AioS and AioR) function as a two-component signal transduction 

regulatory system (Sardiwal et al. 2010). In the Alphaproteobacteria, aioR and 

aioS are immediately upstream of aioB and are transcribed in the same 

direction as the aio genes while in the Betaproteobacteria; these genes are 

transcribed in the opposite direction as shows Figure 1.1. 

 

In some arsenite-oxidizing microorganisms, regulation involves arsenite 

exposure, quorum sensing and a two-component signal transduction system 

(Kashyap et al. 2006).  A two component system (aioS and aioR) has been 

shown to be essential for the transcription of the aioA and aioB genes in some 

organisms including H. arsenicoxydans sp. str. ULPAs1, Rhizobium sp str NT-

26 and A. tumefaciens str. 5A (Kashyap et al. 2006; Koechler et al. 2010; 

Sardiwal et al. 2010). Most signal transduction in prokaryotes is performed by 

two-component regulatory where the sensor histidine kinase senses the 

signal and activates the histidine kinase domain causing autophosphorylation 

of the specific histidine residue (H). The phosphoryl group (P) is then 

transferred to a conserved aspartate residue (D) in the receiver domain of a 

response regulator (Figure 1.2). The phosphorylation of a response regulator 
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produces conformational changes of its output domain that often contains 

DNA binding domains producing an up-regulation or down-regulation of 

specific genes and also can participate in protein–protein interactions (Gao et 

al. 2007).  

 

 

Figure 1.2 Basic scheme of the two-component phosphotransfer consisting 

the phosphoryl transfer from the histidine kinase to the response regulator. 

 

In Polaromonas sp. str. GM1, an aerobic psychrotolerant, heterotrophic 

member of the Betaproteobacteria, the genes involved in the regulation of 

arsenite oxidation, aioS and aioR, were not detected by PCR. Moreover, the 

aioBA operon is constitutively expressed, while in bacteria that contain aioSR, 

like Rhizobium sp str. NT-16, the aioBA operon expression is induced with 

arsenite (Osborne et al. 2013). 

 

In H. arsenicoxydans str. ULPAs1, transposon mutagenesis has been used to 

identify several genes that are essential for arsenite oxidation, such as, aioS, 

aioR, rpoN which code for proteins involved in transcriptional regulation of aio 

genes (Koechler et al. 2010).  

 

In A. tumeaciens 5A, it was revealed that aioB, aioA, cytC and moeA are 

transcribed together (Kashyap et al. 2006) and in Rhizobium sp str. NT-26 
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aioA and cytC were shown to be transcribed in the same operon when 

Rhizobium sp str NT-26 is grown with arsenite (Santini et al. 2007). For some 

arsenite oxidisers such as Polaromonas sp. str GM1, Halomonas sp. str. 

HAL1, Pseudomonas sp. str. TS44 and Pseudomonas xanthomarina sp. str. 

S11, AioR and AioS don’t control the expression of aioBA as they do not 

possess the aioS and aioR (Cai et al. 2009; Koechler et al. 2015; Osborne et 

al. 2010). This suggests that aioBA regulation is controlled by other 

mechanism or these are constitutively expressed. A transcription factor, AioF, 

has been described for Thiomonas arsenicoxydans 3A (Moinier et al. 2014). 

This protein is an ArsR/SmtB metalloid regulator that can bind arsenite and 

arsenate, and it is thought that it regulates the expression of both aioBA and 

aioXSR by playing a role in transcription interference between aioX and aioB 

(Moinier et al. 2014).  

 

The second mechanism that has been shown to be involved the regulation of 

aioBA expression is quorum sensing. In this mechanism bacteria sense a 

specific molecule that is produced when a specific number of bacteria of one 

species (or/and others) is reached in a given environment that allows to 

response to the environmental signals (Miller et al. 2002). Quorum sensing 

has been associated with aioBA regulation in Chloroflexus aurianticus as it 

has a luxR gene upstream of the aioBA genes, which encodes for a 

transcription activator (LuxR) that responds to cell density (Van Lis et al. 

2013). In A. tumefaciens str. 5A, quorum sensing has also been found to be 

involved in regulation of aioA and aioB, suggesting that there is a correlation 
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between expression levels of arsenite oxidase genes (aioAB) and the growth 

phase (Kashyap et al. 2006).  

 

1.6 Regulation of aio gene expression in Rhizobium sp. str NT-26. 

Rhizobium sp. str. NT-26, an alphaprotobacterium, was isolated from the 

Granites goldmine, Northern Territory, Australia. It has been classified as a 

chemolithoautothroph which gains energy, by oxidising arsenite to arsenate. 

Arsenite can be used as an electron donor for growth and its oxidation to 

arsenate can be coupled to the reduction of O2 as a terminal electron acceptor 

(Santini et al. 2000).  

 

The expression of aioBA in NT-26 occurs when it is grown with arsenite. In 

the absence of arsenite, no transcript for aioBA is produced. The aioB, aioA, 

cytC and moeA1 genes are transcribed together when the organism is grown 

with arsenite (Santini et al. 2007; Sardiwal et al. 2010). The regulation of aioB 

and aioA expression in NT-26 has been shown to be regulated by a two-

component signal transduction system (TCS), consisting of AioS and AioR 

whose genes are located upstream of aioBA (Sardiwal et al. 2010) (Figure 

1.2). Studies using mutagenesis to disrupt aioS and aioR, and RT-PCR 

experiments show that in NT-26, aioS and aioR are necessary for arsenite 

oxidation producing an aioBA transcript (Sardiwal et al. 2010).  

 

AioS is a sensor histidine kinase (HK), which transfers a phosphoryl group to 

the response regulator AioR resulting in the transcription of aioA and aioB. It 

is suggested that AioR regulates transcription through interaction with RNA 
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polymerase in sigma 54 systems. A sigma 54 promoter, also known as RpoN 

region is located upstream of aioB (Figure 1.1) (Sardiwal et al. 2010).  

 

It is not clear how all the mechanisms that regulate aioBA expression are 

activated. The AioS of Rhizobium sp. str NT-26 does not contain any cysteine 

residues which has been shown to be required for arsenite binding in other 

proteins (Sardiwal et al. 2010). Two possible mechanisms that regulate aio 

are proposed in NT-26; i) AioS binds arsenite directly or ii) AioS binds a 

protein that binds arsenite directly. The second mechanism is most probable 

in NT-26 as a third gene aioX is located upstream of aioS (Sardiwal et al. 

2010). In Agrobacterium tumefaciens str. 5A it was shown that an AioX, 

homologous to that of NT-26, can bind arsenite (Liu et al. 2012) and this 

protein is exported to the periplasm via a twin-arginine signal peptide (Tat), 

and that mutating a cysteine residue located at position 108 is essential in 

arsenite binding. Liu (2012) demonstrated that the AioX of A. tumefaciens str. 

5A is associated with the cytoplasmic membrane by the Tat signal peptide. 

 

The aioX, aioS and aioR genes are co-transcribed both in the presence and 

absence of arsenite in NT-26 (Corsini and Santini, unpublished data). 

Moreover, mutation of the aioX that is located upstream of aioSR, results in a 

loss of arsenite oxidation in NT-26 (Andres et al. 2013). Figure 1.3 shows a 

scheme of the two possible mechanism of how the arsenite oxidation genes 

are regulated in NT-26. The first mechanism proposed is that the AioS binds 

the arsenite, possibly using different residues that cysteine producing 

autophosphorylation of the sensor Histidine Kinase (AioS) and transferring the 
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phosphoryl group to the response regulator (AioR). The AioR is thought to 

interact with sigma-54 to recognize the promoter sequence of aio genes and 

activate their expression. The second mechanism differs from the first one in 

that this it involves an auxiliary protein, AioX, which binds arsenite producing 

a conformational change in AioX that leads to the interaction with AioS. This 

way produces the autophosphorylation and activates the aio transcription 

system. 

 

Figure 1.3 Overview of arsenite oxidation mechanism in Rhizobium sp. str. 

NT-26. Dashed lines represent putative interactions.  

 

Therefore, the regulation of the aioBA genes in NT-26 appears to be 

controlled by a three-component signal transduction system (aioXSR). 

 

1.7 The component signal transduction systems  

Microorganisms must sense and adapt to external signals to survive in wide-

ranging environments. The external signals are detected by sensory-response 
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systems, which is how the microorganisms respond to changes in their 

environments. Once the signal is detected, the microorganism can control a 

wide variety of physiological changes, metabolism and/or gene expression. As 

it is known, cellular processes can promote or inhibit the expression of a given 

gene product. This can occur through the action of different types of signaling 

proteins, including the two-component system (TCS), as well as individual 

transcription factors (or ‘‘one-component’’ signal transduction proteins) or a 

“three-or-more-component” signal transduction system (which includes an 

auxiliary protein) (Keating et al. 2007).  

 

However, most of the signal transduction in prokaryotes is performed by two-

component regulatory systems. These TCSs function as a result of 

phosphotransfer between two proteins: HK and a RR. The HK is comprised of 

two conserved domains; a histidine phosphotransfer domain (DHp), which 

possess a conserved histidine residue, which is the site where 

autophosphorylation and phosphotransfer reactions occurs, and the other one 

is the ATP-binding (CA) domain (Mascher et al. 2006).  

 

The histidine kinase is positioned in the cellular membrane. The sensor 

domain of the histidine kinase is connected to the DHp via two or more 

transmembrane helices. The topology and dynamic of these helices can be 

essential in signalling as this connects the cytoplasm and the periplasm of the 

bacteria. Most of the histidine kinases function as dimers that receive a signal 

through an extracellular input (action at an N-terminal) linked to the catalytic 

fragment of the kinase protein (Capra et al. 2012). 
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The sensory inputs of the histidine kinases are diverse, which reflects the 

wide range of possible stimuli that sensory systems can respond to. The 

variety of signals detected by different histidine kinases is due to the fact that 

the sensing domains are very diverse. Hundreds of histidine kinases have 

been compared and a common input domain of 250 amino acids has been 

identified. However, the percentage of sequence comparison between them is 

low, commonly sharing <25% of sequence identity (Mascher et al. 2006).  

Despite the low sequence identity of the sensory input domains of histidine 

kinases, analyses at the structural level suggests that they possess a similar 

motif to the Per-Arnt-Sim (PAS) that is involved in signalling (Mascher et al. 

2006; Szurmant et al. 2007). Several histidine kinases that are associated 

with protein-protein interaction or bind directly to the ligand possess a PAS-

like motif that is located in the periplasmic sensing domain (Mascher et al. 

2006). Structural determination has revealed that these motifs are involved in 

binding diverse ligands (Szurmant et al. 2007). PAS domains are often 

located in the N-terminal regions of sensor proteins, and have not been 

detected in response proteins. PAS domains can also be found in the 

cytoplasmic domain of the histidine kinase sensor where it was first 

considered to be restricted, but now it is known that most PAS domains are 

located in periplasmic domains of sensors (Möglich et al. 2009). 

 

The response regulator, like the histidine kinase is also a multi-domain 

protein. RRs possess a conserved receiver domain that contains a conserved 

aspartate residue, which receives the phosphoryl group transferred from the 

histidine kinase DHp domain. The other domain, known as the effector or 
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output domain is a very variable domain, less conserved, much like the 

sensory input domain of the histidine kinase. This imparts the characteristic of 

being a specific response to a stimulus. The most common response of the 

RR is that they bind DNA regulating expression (Mascher et al. 2006). 

 

A new theme in the field of signal transduction is the discovery of auxiliary 

proteins, which are different from the histidine kinase and the response 

regulator and serve to activate the sensory system (Keating et al. 2007). 

These proteins have been described to be cytoplasmic or periplasmic, 

depending on where the signal comes from. The role of these auxiliary 

proteins is that they can interact with the sensing or transmembrane domains 

of the histidine kinase having an effect on HK activity. Moreover, these 

auxiliary proteins a two-component system to other sensory systems in the 

cell or can result in the regulation of the sensory system (Keating et al. 2007). 

There are numerous examples of proteins interacting with two-component 

regulatory systems that have been broadly studied. However, a particular type 

of modified two-component system displays interesting mechanisms; instead 

this is carried out by an auxiliary protein. In this instance, the histidine kinase 

is activated through protein-protein interactions between the auxiliary protein 

and the sensor domain (Keating et al. 2007; Li et al. 2007; Buelow and Raivio 

et al. 2010). 

 

Generally, the auxiliary proteins exhibit very low or no amino acid sequence 

identity between them, which makes it difficult to identify new proteins solely 

on the basis of their primary structure (Keating et al. 2007). In prokaryotes, 
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the periplasmic auxiliary proteins that interact with the histidine kinase have 

been shown to have a similar structure to the substrate-binding proteins 

(SBPs) (Li et al. 2007; Buelow and Raivio et al. 2010).  

In Rhizobium sp. str. NT-26 it is thought that aio regulation is controlled by a 

three-component transduction system, as presented in section 1.6, where the 

third protein involved is AioX. Sequence analysis by BLAST has revealed that 

AioX is homologous to periplasmic binding proteins (PBP), a family of the 

SBP, one of the most diverse groups of protein in sequences, function and 

size with a range of 25 to 70 kDa (Berntsson et al. 2010).  

 

1.8 Periplasmic binding proteins  

PBPs can be found in Gram-negative and Gram-positive bacteria, archaea 

and eukaryotes constituting one of the widest diversity of protein families. 

They include, G-protein coupled receptors, ATP-independent periplasmic 

transporters and ion channels (Montecinos et al. 1997).  

 

In general, the PBPs have very low amino acid sequence identity between 

them, which makes it difficult to identify new proteins. Most of them typically 

share <20% pairwise sequence identity (Buelow and Raivio et al. 2010). 

Despite the difference in sequence homology between PBPs, analyses of the 

three dimensional structures have shown that proteins of this group share an 

overall similar structure. In all cases, they show similar characteristics of being 

monomers with two globular domains connected by a hinge region. The hinge 

region forms a groove between the globular domains that constitutes the 

ligand binding site (Berntsson et al. 2010; Ausili et al. 2013). 
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Periplasmic binding proteins, in Gram negative bacteria, can be involved in 

transport systems transferring substrates in the periplasm to a 

transmembrane transporter or can be auxiliary proteins interacting with TCSs. 

Gram-positive bacteria also possess PBPs, but they are connected to 

membrane-anchored lipoprotein (Buelow and Raivio et al. 2009). 

 

1.9 Classification of PBPs 

Two different classifications methods of PBPs have been reported so far. The 

first classification was made based on the amino acid sequence and the three 

dimensional structure which consists of three classes. Class I PBPs have 

consists of six β-strands in the order β2 β1 β3 β4 β5 β6 where the two domains 

are connected by three peptide hinges (Figure 1.4a). Class II PBPs are made 

up of 5 β-strands in the order β2 β1 β3 β5 β4 with two linked segments between 

the two domains (Figure 1.4b) (Fukami-Kobayashi et al. 1999). Finally, Class 

III proteins are characterised by the connector, a single long helix between the 

two domains (Figure 1.4c) (Dwyer and Hellinga et al. 2004; Berntsson et al. 

2010; Ausili et al. 2013).  
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Figure 1.4 The PBP structures representing the three structural classes. a, 

class I is represented by arabinose-binding protein ABP (pdb id: 9ABP), b, 

class II by histidine-binding protein HBP (pdb id: 1HSL) and c, class III by 

BtuF, vitamin B12 (pdb id: 1N2Z). 

 

The second classification method is based on features of the three 

dimensional structures and type of ligand they can bind, which was performed 
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using the superposition of all substrate binding proteins (SBPs) structures 

(including periplasmic and cytoplasmic binding proteins). This classification is 

further divided into six clusters from A to F (Figure 1.5). According to the first 

classification, cluster A includes only proteins from class III, cluster B includes 

proteins from Class I and clusters C-F includes proteins from Class II 

(Berntsson et al. 2010).  

 

 

Figure 1.5 The different clusters of SBPs are shown with their distinct 

structural features. A, contains a single connection between the two domains 

in the form of a rigid helix. B, contains three interconnecting segments 

between the two domains. C, contains an extra domain and are significantly 

A B 

C D 

E F 

N-term 
N-term 

N-term 

N-term 

N-term 

N-term 

C-term 

C-term 

C-term 
C-term C-term 

C-term 



!
39!

larger in size when compared with the others. D, contains two relatively short 

hinges. E, contains PBPs associated with tripartite ATP-independent 

periplasmic transporters (TRAP) which all contain a large helix functioning as 

a hinge region. F, contains two hinges similar to D, however, these hinges 

have almost double the length (Figure modified from Berntsson et al. 2010). 

Pdb codes of the structures used in the figure from A-F; 1N2Z, 1DRJ, 3DRF, 

2ONR, 3FXB and1HSL, respectively.  

 

The structure of the PBP proteins allows them to assume two different 

conformations, closed and open form, depending on the presence or absence 

of the ligand, respectively. The two domains move closer to each other 

adopting a closed form when bound to the ligand. The open form is generally 

the unbound form (no ligand) and its organisation leaves the residues that 

form the binding site positioned at the surface of their domains and the ligand 

is placed within these two domains.   

 

1.10 Auxiliary proteins as signal sensors 

In bacteria, the auxiliary regulator proteins that are similar in structure to 

periplasmic binding proteins (PBPs) have been shown to interact with 

histidine kinases. There are just a few studies of auxiliary proteins that interact 

with the histidine kinases (Gelvin et al. 2006; Lin et al. 2007). 

 

In Vibrio harveyi an auxiliary protein has been shown to be involved in 

regulating bioluminescence genes, which are induced by Quorum sensing. 

Quorum sensing permits bacteria to detect and response to certain their cell 

density. Bacteria release extracellular signalling molecules or autoinducers 

(AI) that are detected by histidine kinases in order to regulate gene 
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expression. In Vibrio harveyi the production of bioluminescence is controlled 

by the proteins LuxQ, a histidine kinase and LuxP, a periplasmic-binding 

protein that binds auto inductor AI-2 (furanosyl borate diester) (Neiditch et al. 

2006). The binding of LuxP with AI-2 thereby activates LuxR a response 

regulator that controls the expression of the luciferase operon (that produce 

bioluminescence). The complex LuxP-LuxQ has been described as not being 

dependent on AI-2 ligand concentrations as they are bound at all AI-2 

concentrations (Neiditch et al. 2006). Nonetheless, differences in the complex 

were observed when it was crystallised with and without AI-2. Figure 1.6 

shows the holo form (bound form) of LuxP-LuxQ (closed with the ligand 

bound) where a dimer comprised of two LuxQ is observed. Each LuxQ 

possess a bound LuxP that binds the AI-2. In the presence of the ligand AI-2, 

when the cell density is high, LuxP binds the AI-2 that triggers a 

conformational change in LuxP, having an effect on LuxQ that allows for the 

transcription of LuxR and the production of bioluminescence.  

 

Figure 1.6 The holo form LuxP-LuxQ forming an asymmetrical complex. In 

orange is the LuxQ, light-blue is LuxP and cyan is AI-2. a. The full view of the 
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holo (LuxP-LuxQ) complex in the presence of AI-2. The top view of the holo 

LuxP-LuxQ (structure taken from pdb id: 2H9J). 

 

In the absence of ligand (AI-2) the LuxQ forms a symmetrical homodimer that 

facilitates the autophosphorylation of the LuxQ, where the phosphate is then 

transferred to LuxU, which then transfers the phosphate to LuxO, resulting in 

an inhibition of LuxR. Without LuxR, the luciferase operon is not expressed, 

and bioluminescence is not produced (Neiditch et al. 2006). 

 

A second example is the regulation trimethylamine-N-oxide (TMAO) 

reductase (Tor) in Escherichia coli and Vibrio parahaemolyticus that also use 

a TCS to regulate TMAO reduction. In this instance, three proteins are 

involved in the regulation of the torCAD operon, which are TorT, a 

periplasmic-binding protein, TorS a histidine kinase and TorR a response 

regulator. The ligand TMAO is detected and bound by TorT, which activates 

TorS producing autophosphorylation of its histidine residue. A phosphoryl 

group is transferred from TorS to TorR activating TorR, which up-regulates 

transcription of the torCAD operon (Ansaldi et al. 2000). 

 

The TorT-TorS complex has been solved by X-ray crystallography with and 

without TMAO present. In both the presence and the absence of the ligand it 

has been suggested that TorS remains bound to TorT. However, in contrast to 

to LuxQ-LuxP, TorT-TorS shows symmetry when the ligand is bound and 

asymmetry in its unbound state.  
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Figure 1.7 shows the topology of TorT-TorS in the presence of the ligand 

(TMAO). The TorS histidine kinase is fully alpha helical, and diverges 

significantly from the structure of LuxQ histidine kinase. In contrast, TorT 

exhibits similar topology to the periplasmic-binding proteins, as does LuxP, 

consisting of two domains connected by a hinge. However, unlike other PBPs, 

TorT has 26 residues at the C-terminal that are essential for binding to TorS 

(Ansaldi et al. 2000). 

 

Figure 1.7. The holo form of TorT-TorS and TMAO bound to TorT (structure 

taken from pdb id: 3O1H). Violet: TorS; cyan:TorT ; yellow: TMAO. A. A full 

view of the symmetrical TorS (homodimer) and TorT, B, A top view of the 

symmetrical TorS (homodimer) connected to a TorT (Moore and Hendrickson 

et al. 2012). 

 

The general mechanism of Tor sensory system starts when TMAO is bound to 

TorT, (that forms part of the asymmetrical TorT-TorS complex). This produces 

!
! !
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a conformational change to a symmetrical conformation. For this 

transformation to occur it is necessary that the two TorT are in a bound state. 

As determined from crystal structures the bound and unbound forms exhibit 

differences, when TMAO binds to TorT, the two TorT closed form generating 

a symmetrical pair of TorS subunits (Baraquet et al. 2006).  

 

Aims of study 

The principle aim of this study is to determine the role of AioX in regulating 

arsenite oxidation in Rhizobium sp. str NT-26. Analysis by X-ray 

crystallography will be performed to determine the structure of the protein and 

its putative arsenite-binding site. Isothermal titration calorimetry (ITC) will be 

used to investigate the thermodynamics of the AioX-arsenite interaction. 

 

 

!
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Chapter 2 

 

 

Solving the AioX structure by X-Ray Crystallography 
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2.1 INTRODUCTION 

Rhizobium sp. str. NT-26 is an Alphaproteobacterium that oxidises arsenite 

(As+3) to arsenate (As+5). The oxidation is carried out by an arsenite oxidase 

(Aio), whose genes expression is controlled by a two-component sensory 

system (TCS). This system consists of the proteins, AioS, a histidine kinase 

(HK), and AioR, a response regulator (RR) (Sardiwal et al. 2010). In a typical 

TCS, the signal is detected by the sensor histidine kinase that then 

autophosphorylates at a specific histidine (H) residue and the phosphate 

group is then transferred to a specific aspartate (D) residue in the response 

regulator, resulting in the regulation of gene expression (Laub et al. 2007). 

  

The majority of sensory systems consist of two components: a HK and its 

cognate RR. However, in some systems, an auxiliary protein is required to 

activate the sensory system. In this case a ligand is bound directly by the 

auxiliary protein in the periplasm or cytoplasm causing a conformational 

change that facilitates interaction with the sensor histidine kinase resulting in 

signal transduction (West and Stock et al. 2001). 

 

In Rhizobium sp. str. NT-26, a third substrate-binding protein (sub-group 

periplasmic-binding protein according to primary structure analysis), AioX is 

also involved in the regulation of aio gene expression. The aioX gene is 

located upstream of aioS and is co-transcribed with aioS and aioR in the 

aioXSR operon (Corsini-Madeira and Santini, unpublished data). In 

Agrobacterium tumefaciens str. 5A, purified AioX has been shown to bind 

arsenite, and Cys 108 has been shown to be essential for binding (Liu et al. 
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2012). To understand how arsenite oxidase gene expression is regulated in 

organisms that contain the aioXSR genes characterization of AioX by X-ray 

crystallography was undertaken. 

 

X-ray crystallography is a technique used to determine the three-dimensional 

structure of macromolecules, which involves obtaining an electron density 

map of the molecule that allows an atomic model to be built. X-ray’s are used 

as the wavelength electromagnetic range of about 1 to 10 Å, which makes it 

suitable for obtaining the electron scattering of macromolecules. The 

diffraction of a single macromolecule would be too weak to be measurable 

and difficult to detect above the noise formed by air or water scattering. For 

this reason, protein needs to be crystallised to increase the signal. The crystal 

consists of ordered repeated unit cells that makes the molecules adopt the 

same orientation (Figure 2.1) and the crystal acts as an amplifier  (Wlodaver 

et al. 2008). 

                       

Figure 2.1 Scheme of a crystal lattice composed of identical repeating unit 

cells. 
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Once the protein is crystallised, single crystals are exposed to the X-ray 

beam, which result in an X-ray diffraction pattern (reciprocal space). This 

scattering is collected as images by a detector while the crystal is rotating. 

The several images of diffraction patterns represent the X-ray wave diffracted 

by the electrons of the molecules located in the crystal (Figure 2.2). The 

resulting diffraction images are processed, to get information about the crystal 

packing symmetry and the size of the repeating unit cell that forms the crystal. 

Subsequently, the images are scaled and merged into a final list of indexed 

reflection intensities. 

 

Figure 2.2 Scheme of X-ray crystal scattering being exposed to an X-ray 

wavelength and the scattering collected by a detector.  

 

Once the reflections are merged, the next step is to obtain the electron 

density. This is reconstructed based on the diffraction pattern obtained from 

the X-ray scattering. Prior to achieving this it is necessary to transform the 

reciprocal space of the data into a real or crystal space transforming this data 

into a Cartesian coordinates (xyz) (Taylor et al. 2003). A Fourier 

X-ray  
detector 

Scattered  
X-rays 

!

Crystal sample 

X-ray 
beam 
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Transformation (FT) is used to make this transformation (see equation Figure 

2.3). 

 

Figure 2.3 Function defining the electron density in a point of the unit cell 

given by the coordinates (xyz). (hkl) represents the resultant diffracted beams 

of all atoms contained in the unit cell in a given direction. ϕ (hkl) represent the 

phases of the structure factor (Patterson et al. 1934). 

 

The function above is comprised of the structure factors, amplitude and phase 

of each reflection on the reciprocal space (hkl), but this transformation cannot 

be solved directly. From each reflection or spot it is possible to determine the 

amplitude {F(hkl)} but the phase {ϕ (hkl)} of the wave that formed the spot is 

lost. The phase (ϕ) is represented in an example in Figure 2.4 showing two 

waves with different phases. Once the phase is solved a 3D image of the 

electron density map can be obtained. Determining the right phase is crucial 

in obtaining a correctly solved model (Taylor et al. 2003) 

 

Figure 2.4. Composition of two scattered X-ray waves showing the same 

amplitude but different phases (Φ). 

! !
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amplitude 
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As the phase cannot be solved straightforwardly from the diffraction pattern, 

different methods are used to get it. These are isomorphous replacement 

(MIR), anomalous dispersion (SAD/MAD) and molecular replacement (MR). A 

general description of these methods is given. The Multiple Isomorphous 

Replacement (MIR) is based on soaking a protein crystal with a heavy metal 

(e.g., copper and mercury), then scattered and the heavy metal position is 

determined. The requirement of this method is to get the same crystal 

parameters from the native data and from crystal soaking (Pannu et al. 2003).  

 

Another method is Single or Multiple wavelength anomalous diffraction (SAD 

or MAD), which also uses a heavy metal/metalloid (e.g., selenium) (Dodson et 

al. 2003: Taylor et al. 2010). In this instance, the protein is labelled with the 

metalloid (e.g., by using seleno-methionine) and the crystal is exposed to a 

different energetic X-ray wavelength, commonly at the edge of the Selenium 

scatter (depending on the metal or metalloid used). This type of scattering 

reduces the normal scattering factor, producing a 90° absorption advanced in 

phase. This anomalous scattering causes difference in the diffraction pattern 

that differs from the rest producing unequal amplitudes in the Friedel pairs 

(ƒ’’). Figure 2.5 represents a vector diagram of the structure factors causing a 

breakdown of Friedel’s law, where FP correspond to the protein, FH is the 

heavy atom and FPH is the anomalous derivative from protein-heavy atom 

complex (Taylor et al. 2010).  
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Figure 2.5 Anomalous scattering causing a breakdown of Friedel’s law.  

The anomalous difference (ΔF±)  [ΔF ± = |FPH(+)| − |FPH(−)|] is then used to 

find the arrangement of anomalous scatterers and enable direct or Patterson 

methods to be used to derive the positions of the heavy-atom substructure. 

Once the heavy-atom arrangement is known the calculated amplitude and 

phase of this contribution can be drawn (FH) (Figure 2.6) (Taylor et al. 2003). 

 

Figure 2.6 The Harker construction for a single reflection from a SAD 

experiment where the heavy atom position is determined (FH). 
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The other method used is Molecular replacement (MR), which is probably the 

most commonly used. This method requires having a known crystal structure 

of a homologous protein to solve the phase. Here the structure factors from 

the known homologous structure coordinates and phases are taken and then 

used to calculate the structure factors of the new molecule. Before solving the 

phase, the model must be placed into the unit cell at the exactly same position 

and orientation as the new molecule, then rotation functions and secondly 

translation functions are applied to fit the position of the new molecule 

accurately (Scapin et al. 2013). 

 

Once the phase is solved, an electron density map is obtained and a model of 

the molecule of interest is built. After the model is built several steps of 

refinement are done to improve the model, which involves obtaining the best 

fit of the observed reflections and those calculated from the model (Taylor et 

al. 2010). In summary, a diagram of general steps that are involved in solving 

the crystal structure of a molecule is shown in Figure 2.7. 
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Figure 2.7 Diagram showing the general process of molecular resolution by 

X-ray diffraction.   

 

This chapter describes the heterologous expression and purification of AioX, 

the AioX crystal structure and characterization of its binding site.  
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2.2 MATERIALS AND METHODS 

2.2.1 Isolation of Rhizobium sp. str. NT-26 genomic DNA   

DNA was isolated from a culture of 3 ml of Rhizobium sp. str. NT-26 grown to 

late log-phase (OD600=0.2) in a minimal salts medium (MSM) containing 

sodium bicarbonate (0.05%), yeast extract (0.04%) and sodium arsenite 

(NaAsO2) (5mM) see Table 2.1 (Santini et al. 2000). The Wizard® SV 

genomic DNA Purification kit (Promega) was used to extract genomic DNA. 

The protocol was followed as per the manufacturer’s instructions. 

 

Table 2.1. Composition of solution A and B incorporated in the Minimal Salt 

Medium. 

 
Final concentration used 1X.  
 

 
2.2.2 PCR amplification of the aioX gene   

The genomic DNA of Rhizobium sp. str. NT-26 was used as a template for 

PCR amplification of aioX. Primers were designed to amplify aioX without the 

Tat leader sequence for expression of the protein in the cytoplasm. Restriction 

sites were added to the forward and reverse primers; BamHI and EcoRI, 

respectively. Primer sequence (restriction sites are underlined in bold): 

Solution A 100X Solution B 100X 

Na2SO4 10H2O 

KCl 

MgCl2 6H2O 

CaCl2 2H2O 

0.35g 

0.25g 

0.2g 

0.25g 

KH2PO4 

KNO3 

(NH4)2SO4 

 

0.85g 

0.77g 

0.5g 
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AioXFPROEX forward: 5′- GCGGATCCACTGTCGGGCTTACCGCATTG -3′ 

AioXRPROEX reverse: 5′- GCGAATTCCTCATCCCAGCCTCCGCACGCG - 

3′ 

 

The PCR reaction was made to a final volume of 25 µl. The constituents were 

as follows: 10 µl 5x Phusion GC Buffer, 1 µl forward primer (50 µg/µl), 1 µl 

reverse primer (50 µg/µl), 1 µl template DNA (100 ng/µl), 1 µl dNTPs mix (10 

mM), 2.5 µl DMSO, 0.5 µl Phusion® HF DNA polymerase and 8 µl sdH2O. All 

components were mixed by gentle pipetting and placed in a thermal cycler. 

The PCR cycle was set to 1 cycle of 98°C for 30 s then, 35 cycles of 98°C for 

10 s, 55°C for 30 s and 72°C for 1 min followed by a final extension at 72°C 

for 10 min.  

 

2.2.3 Agarose gel electrophoresis  

Agarose gel electrophoresis was carried out to check and separate the cloned 

PCR product using 1% agarose (Promega), dissolved in 1X TBE buffer (89 

mM Tris; 89 mM boric acid; 2 mM EDTA; pH 8). A final concentration of 1X 

loading buffer (Invitrogen) was added to the DNA. A final concentration of 0.5 

µg/ml ethidium bromide was added to the agarose solution to facilitate 

visualisation of the DNA on a transilluminator.  

 

2.2.4 Restriction endonuclease digestion  

Prior to the endonuclease digestion the PCR product of aioX was purified 

using the PCR cleanup kit (QIAGEN), as per the manufacturer’s instructions 

and the DNA eluted in 30 µl of elution buffer (10 mM Tris, pH8). The 
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concentration of the DNA was determined using a Nanodrop 

spectrophotometer (Nanodrop® ND-1000). The purified aioX gene (150 ng/µl) 

and plasmid vector pPROEX-HTb (Invitrogen®) (Appendix B) (50 ng/µl) were 

digested separately with BamHI and EcoRI. The reactions were carried out 

using 1X multi-coreTM buffer (Promega) and 1U of each restriction enzyme 

(BamHI and EcoRI) in a total volume of 20 µl and incubated at 37°C for 2 

hours.  

 

2.2.5 DNA ligation 

The digested vector (pPROEX-HTb) and PCR fragment (aioX) were 

separated by agarose gel electrophoresis and purified from the gel using the 

QIAquick® gel extraction kit (QIAGEN) to according the manufacture’s 

instructions. The concentrations of insert and vector DNA were determined 

using a Nanodrop spectrophotometer (Nanodrop® ND-1000). The ligation 

mixture contained 1 X ligation buffer and 1U of T4 DNA ligase (Promega) in a 

total volume of 15 µl with a 1:3 ratio of vector to aioX insert. The reaction was 

incubated at 4°C overnight, and the ligated DNA transformed by 

electroporation into the electrocompetent Escherichia coli str. JM109 cells. 

 

2.2.6 Electrocompetent Escherichia coli str. JM109 cells preparation  

E. coli str. JM109 (recA1 endA1 gyrA96 thi hsdR17 supE44 relA1 �lac-

proAB+ [F′ traD36 proAB lacIq lacZΔM15] λpir) cells were grown in 2 ml Luria 

Broth medium (LB) (1% (w/v) tryptone (Oxoid); 0.5% (w/v) yeast extract 

(Oxoid); 1% (w/v) NaCl; pH 7.0) and incubated at 37°C overnight on a shaker 

(250 rpm). The 2 ml cell culture was inoculated into 200 ml LB medium of a 1 
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L Schott bottle and grown with shaking (250 rpm) at 37°C until an OD600nm of 

0.5-0.7 was reached at which time they were incubated on ice for 30 min. All 

of the following procedures were carried out at 4°C. The cells were harvested 

by centrifugation at 5,500 x g for 10 minutes and all solutions were ice-cold. 

The supernatant was discarded and the pellet was suspended in 200 ml of 

sterile water and incubated on ice for 10 min. The cells were centrifuged for 

10 minutes at 5,500 x g at 4°C, the supernatant was discarded and the cells 

were suspended in 200 ml of sterile water and left on ice for 10 min. A third 

centrifugation was carried out where the supernatant was discarded and the 

cells were suspended in the remaining liquid by gentle swirling. Approximately 

40 ml of 10% glycerol was added to the cells, which were incubated on ice for 

30 min.  The cells were centrifuged at 5,500 x g for 10 min at 4°C and the 

supernatant discarded. The cells were suspended in 10% glycerol using the 

same volume as the remaining liquid (i.e., 500 µl). The cells were dispensed 

into 1.5 ml tubes (100 µl per tube), snap frozen and stored at -80°C. 

 

2.2.7 Transformation by electroporation and clone selection 

E. coli str. JM109 electrocompetent cells were defrosted on ice prior to use. A 

Gene Pulser™ cuvette (0.2 cm electrode gap, Bio-Rad, UK) was chilled on ice 

before use. The DNA ligation reaction was microdialysed for 45 min at room 

temperature (~21°C). Once the electrocompetent cells had thawed, the DNA 

ligation reaction was added, mixed by gentle pipetting. The mixture was 

added to the cuvette and subjected to one pulse at 2.5 kV using a Bio-Rad 

PulserTM. Following electroporation, 1 ml of SOC (20 g/l tryptone, 5 g/l yeast 

extract, 4.8 g/l MgSO4, 3.603 g/l glucose, 0.5 g/l NaCl, 0.186 g/l KCl) medium 
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was added to the cells, mixed and placed into a 50 ml tube and incubated for 

1h at 37°C with 170 rpm shaking. The cells were plated onto LB agar 

containing ampicillin (100 µg/ml) and incubated at 37°C overnight. 

Transformants were picked and streaked for single colonies onto the same 

solid medium. Transformants were then screened for pPROEX-HTb 

containing aioX by plasmid isolation and restriction endonuclease digestion. 

Plasmid DNA was isolated from 3ml LB cultures (containing ampicillin) using 

the QIAprep® Spin Miniprep purification Kit (Qiagen), as per the 

manufacturer’s instructions. Restriction digestions were performed using 

BamHI and EcoRI (as described above). The product was visualised on a 1% 

gel and screened for 2 bands (aioX 0.85 kb insert and pPROEX-HTb 4.7kb). 

 

2.2.8 Sequencing of the aioX clone 

Sequencing of the recombinant pPROEX-HTb-aioX construct was done at the 

Wolfson Institute for Biomedical Research, University College London. The 

DNA template and primers were prepared according to instructions using 100 

ng/µl of plasmid, 5 pmol of each primer (M13 and AioXRPROEX) in a total 

volume of 10µl. 

 

Primers:         M13: 5′- AGCGGATAACAATTTCACACAGG - 3′ 

      AioXRPROEX: 5′- GCGAATTCCTCATCCCAGCCTCCGCACGCG - 3′ 

 

2.2.9 Heterologous expression of AioX in E. coli 

 AioX was expressed in E. coli str. JM109. The cells carrying the plasmid 

construct were grown in 3 mL LB medium, containing 100 µg/ml ampicillin at 
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37°C with shaking at 170 rpm until mid-log phase (OD600 0.5-0.7). Then, 1 ml 

of the culture was transferred into 50 mL LB containing 100 µg/ml ampicillin 

and grown overnight with shaking (170 rpm) at 21°C.  The 50 ml culture was 

transferred into a 1L LB (5 L flask) containing 100 µg/ml Amp and grown with 

shaking at 170 rpm at 21°C. The culture was grown for 4 hours until it 

reached an OD600 of 0.5-0.7. AioX expression was induced by the addition of 

0.5 mM IPTG (isopropyl β-D-1-thiogalactopyranoside) and the culture was 

incubated at 21°C for 20 hours with shaking (170 rpm). 

 

2.2.10 Purification of recombinant AioX 

The AioX purification protocol was modified from that of Warelow (2013). After 

induction E. coli str. JM109 cells were centrifuged at 5,500 x g for 10 min at 

4°C. The pellet were suspended in 30 ml binding buffer (20 mM phosphate, 

0.5 M NaCl, 20 mM imidazole, pH 7.3) and centrifuged at 15,000 x g for 10 

min at 4°C. The pellet was weighed and suspended in 10 ml binding buffer 

per 1 g of pellet. The cells were lysed using an ultra high pressure 

homogenizer (Stansted Fluid Power) at 20,000 psi and centrifuged at 30,000 

x g for 30 min at 4°C to remove cell debris. The supernatant was collected 

and passed through a 1 ml His GraviTrap column (GE Healthcare). The 

column was washed with 120 ml of binding buffer and the protein eluted using 

5 ml elution buffer (20 mM phosphate, 0.5 M NaCl, 0.5 M imidazole pH 7.3). 

The eluent was collected and concentrated to 0.5 ml using an Amicon Ultra 

centrifugal filter (10,000 Da, MWCO) (Merck Millipore). The sample buffer was 

then changed to 20 mM Tricine pH 7.5 using a PD-10 desalting column (GE 

Healthcare) and the eluent was then concentrated to ~200 µl. Size exclusion 
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chromatography was used and the sample passed through a Superdex 75 gel 

filtration column (GE Healthcare) in 20 mM Tricine pH 7.5 at a flow rate of 0.5 

ml/min at room temperature (~21°C). The protein was monitored by analyzing 

the absorbance at 280 nm. The fractions containing AioX were collected and 

concentrated to ~100 µl.  

 

2.2.11 Protein determination  

NanoDrop® was used to determine the concentration of AioX measuring the 

absorbance of aromatic amino acids at 280 nm (UV light). The extinction 

coefficient for AioX (40,000 M-1 cm-1) with a molecular weight of 33.1 kDa that 

included the histidine-tag was estimated using ProtParam server (Gasteiger et 

al. 2005). 

 

2.2.12 Protein gel electrophoresis  

SDS polyacrylamide gel electrophoresis (SDS-PAGE) was performed to 

confirm protein size and purity. A PhastSystem (Separation and Control unit 

GE Healthcare) using pre-cast polyacrylamide gel and buffer strip was used 

for SDS-PAGE. Protein samples were prepared by boiling for 5 min in 1 X 

loading buffer (2.5 % (w/v) SDS, 5% (v/v) 2-β mercaptoethanol and 0.01% 

(w/v) bromophenol blue), with 1 µl of sample applied to a 12.5% pre-cast 

polyacrylamide gel. The protein was stained with Coomassie blue using the 

PhastSystem (Development unit) (GE Healthcare), as per the manufacturer’s 

instructions.  
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2.2.13 Removing the His-tag from AioX 

The His-tag was removed from AioX using AcTEV protease. The protease 

reaction was performed in 1 X TEV buffer (50 mM Tris-HCl, 0.5 mM EDTA, 

pH 8.0,) and 1 mM DTT with AcTEV protease (Invitrogen) and 3 mg of AioX 

fusion in 5 ml at 30°C for 1 hour. After cleavage of the fusion protein, the 

AcTEV protease was separated from AioX by affinity chromatography using a 

nickel column. AioX was collected in the flow-through fraction. 

 

2.2.14 Selenomethionine labeling of the recombinant AioX using the 

non-methionine auxotrophic E. coli str JM109 

The sulfur atoms of methionine residues in AioX were replaced with selenium 

by providing selenomethionine in the growth medium during expression. The 

protocol was modified from Van Duyne (1993). E. coli harboring the 

recombinant pPROEX-HTb-aioX was grown at 37°C overnight in 50 ml of M9 

medium (Table 2.2) with ampicillin (100 µg/ml). The whole culture was then 

transferred into 1 L of fresh medium incubated at 37°C and shaking with 170 

rpm. Cells were grown until OD600nm ~0.5, then an amino acid mix, consisting 

of 100 mg each of lysine, threonine, phenylalanine; 50 mg each of leucine, 

isoleucine, valine and 60 mg of L-selenomethionine was added to the medium 

to inhibit the metabolic pathway of methionine and methionine be replaced by 

the modified one (Van Duyne et al. 1993). Once the amino acid mix was 

added the cells were grown for a further 15 minutes prior to induction with 0.5 

mM IPTG (final concentration). AioX purification was performed as previously 

mentioned (section 2.2.10) with one modification all buffers contained 5mM of 

DTT. 
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Table 2.2 Composition of M9 salt medium. 

      Components                                     Final concentration  

M9 salt solution (10X) 

pH 7.4 

 

 

Na2HPO4 

KH2PO4 

NaCl 

Glucose 

NH4Cl 

MgSO4 

CaCl2 

100x BME vitamins 

Trace elements 

33.7 mM 

22.0 mM 

8.55 mM 

0.4 % 

0.1% 

1 mM 

0.1 mM 

1X 

1X 

100X BME vitamin (Sigma-Aldrich) 

 Trace elements (Cabrita et al. 2009) 

 

2.2.15 Crystallisation and diffraction data collection of AioX 

For crystallisation, the recombinant NT-26 AioX was concentrated to 20 mg/ml 

in 100µl final volume. The crystallisation trials were carried out using various 

commercial screens (Table 2.3) at 16°C.  

 

Table 2.3 Commercial crystallisation screens used to crystallise the 

recombinant NT-26 AioX. 

Screen Manufacturer 

 

Index 

Structure screen I + II HT-96 

PACT premier HT-96 

JCSG-plus HT-96 

Hampton Research 

Molecular dimension 

Molecular dimension 

Molecular dimension 

 

The screens consisted an MC 96-well plate where each well has different 

crystallisation conditions. Two different volumes of protein solution, 0.1 µl and 
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0.075 µl were added to the well solution for a final droplet volume of 0.15 µl 

(Figure 2.8).  

 

Figure 2.8 Crystallisation MC 96 well plate. Blue marker, contained 0.1 µl 

AioX, Red marker, and contained 0.075 µl of AioX. 

 

AioX and selenomethionine-AioX (SeMet-AioX) were crystallised using the 

sitting drop vapor diffusion technique, where a drop composed of a mixture of 

sample and reagent is placed in vapor equilibration with a liquid reservoir of 

reagent. The drop contains a lower reagent concentration than the reservoir 

and this way the water vapor leaves the drop increasing the supersaturation in 

the sample, which allows for crystal formation. Single crystals were collected 

and stored using various cryoprotectant agents (sucrose saturated (75%); 

glycerol 25 %; glycerol 30%; ethylene glycol 25%; ethylene glycol 30%). 

SeMet-AioX data using single-wavelength anomalous diffraction (SAD) using 

0.9795 Å wavelength and AioX data from X-ray rotating anode were collected 

from the Synchrotron and processed with CCP4 software (Winn et al. 2011). 

 

2.2.16 Structure determination and refinement 

The diffraction images collected were processed using iMOSFLM (Battye et 

al. 2011) to integrate the reflections and to get a MTZ reflection file. 

Subsequently, the MTZ file was scaled and merged using SCALA (CCP4) 
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(Winn et al. 2011), which basically merged the intensities and produced a file 

that contains averaged intensities for each reflection (Evans et al. 2005). 

Attempts at structure solution through molecular replacement (MR) with the 

Protein Data Base (PDB) id: 3N5L (a binding protein component of ABC 

phosphonate transporter in Pseudomonas aeruginosa) and 3P7I (a PhnD in 

complex with 2-aminoethyl phosphonate of Escherichia coli) using the initial 

native data (X-ray rotating anode) were carried out. The Phaser MR tool was 

used to get the AioX model structure (McCoy et al. 2007).   

 

The SAD data collected were processed with CCP4 using different programs. 

The MTZ reflection file obtained was used to determine the position of five 

selenium atoms through SHELX C/D/E (CCP4). BUCCANEER was used to 

generate the model. Interactive cycles of building and refinement in 

REFMAC5 were followed by a final round of 10 cycles. Molecular graphics 

were made with PyMOL (Delano et al. 2002) and QtMG (McNicholas et al. 

2011).  
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2.3 RESULTS  

2.3.1 Cloning of the Rhizobium sp. str. NT-26 aioX in Escherichia coli 

The aioX gene without the Twin-arginine translocation (Tat) leader sequence 

(Appendix A) that encodes for Tat leader was amplified using AioXPROEX 

primers. The primers were designed with BamHI and EcoRI and ligated into 

the expression vector pPROEX-HTb (Figure 2.9 a). The fragment was cloned 

in frame with the expression protein including His-tag and TEV protease site 

(Figure 2.9 b). Sequencing of the aioX confirmed the gene was in frame with 

the poly-(His)6-tag of the vector. 

 

Figure 2.9 Cloning strategy for NT-26 aioX. a) pPROEX-HTb plasmid vector 

containing the promoter region (trc), histidine-tag, TEV protease cleavage 

site, multiple cloning site (MCS), with restriction enzymes to allow insertion of 

the aioX gene, and an ampicillin resistant cassette (Ampr). b) Vector 

sequence information showing the ribosome binding site (RBS), start codon, 

poly-(His)6-tag, spacer region and TEV cleavage site are located upstream of 

the cloned aioX. The restriction sites are in bold and underlined. The 
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nucleotide encoding for the first amino acid residue of the expressed AioX 

(excluding the Tat leader sequence) is marked in red. 

 

The recombinant plasmid pPROEX-HTb-aioX was transformed into 

Escherichia coli JM109λpir by electroporation. Confirmation that the aioX 

gene was cloned into pPROEX-HTb was obtained by digesting the plasmids 

with BamHI and EcoRI, resulting in two fragments, one corresponding to the 

vector size (4.77 kb) and the other the insert (0.85 kb). 

 

Figure 2.10 Agarose gel photo showing pPROEX-HTb-aioX digested with 

BamHI and EcoRI. Lane 1, Molecular weight marker (1kb plus GeneRulerTm); 

Lane 2 digested pPROEX-HTb-aioX. 

 

2.3.2 Expression and purification of the recombinant Rhizobium sp. str. 

NT-26 AioX in E. coli 

Heterologous expression of the NT-26 AioX was performed in E. coli as was 

explained in section 2.2.9. Purification of the recombinant NT-26 AioX with His 

tag was done using with nickel affinity column chromatography followed by gel 

filtration chromatography. A total of 8 mg of protein per g of cells was 

1         2 

       5kb 
  
  
  
 
       1.5kb 
  
          
           1kb 
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obtained. The purified AioX can be seen in Figure 2.11 (lane 2) and its mass 

equated to 33.1 kDa which was as expected.  

                                                   

 

Figure 2.11 SDS polyacrylamide gel of the recombinant NT-26 AioX. Lane 1, 

Molecular weight marker (Low Molecular Weight Marker, Ge Healthcare) (size 

in kDa, ), Lane 2, purified AioX with its His-tag. 

 

2.3.3 Crystallisation and data processing of AioX  

Prior to crystallisation the poly-His(6)-tag was removed from AioX using AcTev 

(section 2.2.13). AioX was then concentrated to 20 mg/ml and crystallisation 

trials were set up. After 2 days, crystals grew in an Index screening plate 

(Hampton Research) well G8 containing 0.49 M NaH2PO4 and 0.91 M 

K2HPO4, incubated at 16°C. The small crystals grown under these conditions 

were confirmed to be protein and not salt crystals using a UV detector at 280 

nm.  

 1       2  

94 
 
87 
 
 
43 
 
 
 
30 
 
 
20 
 
 
14 
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Optimisation of the crystallisation conditions was undertaken to obtain suitable 

crystals for full X-ray data collection. This was carried out by sequentially 

varying the concentration of NaH2PO4 and K2HPO4 distributed across a 96 

well plate. A large crystal of 0.2 x 0.2 x 0.3 mm grew after 1 week in 0.5 M 

NaH2PO4 and 1.2 M K2HPO4 (Figure 2.12) and once again this was confirmed 

to be a protein crystal (Figure 2.12). The crystal of 0.3 mm was collected in 

cryoprotectant (25% glycerol), and stored in liquid nitrogen. This crystal was 

exposed to rotating anode X-ray collecting data to a maximum resolution of 

2.7Å. 

                        

Figure 2.12 Crystals of the recombinant NT-26 AioX in NaH2PO4 and K2HPO4 

conditions with a concentration of 20 mg/mL of protein, a) AioX crystals, b) 

AioX crystals UV-280 nm. The images were taken through a CrystalTrak 

robot. 

 

A complete X-ray data set of 560 images with 0.5° oscillation totaling 280° 

was collected using a charge-coupled device (CCD) detector. A sample 

diffraction pattern of the protein crystal is shown in Figure 2.13.  
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Figure 2.13 Diffraction patterns of diffracting AioX crystal at the start position 

(oscillation degree 0.5º) collected at home rotating-anode (Birkbeck College, 

University of London). 

 

The data was processed and scaled using the iMosflm and SCALA (CCP4) 

programs. The crystal belongs to a tetragonal space group P41212, with unit 

cell dimensions of a = 124.9 Å, b = 124.9 Å, c = 47.8 Å and α = 90° β= 90° 

and γ = 90°. The molecular weight of AioX (31100 daltons, without the His 

tag) was used to determine the Matthews coefficient (VM) (Matthews et al. 

1968), which is the crystal volume per unit of protein molecular weight. This 

number is used to determine the numbers of molecules in the asymmetric 

unit. The resulting was one molecule with a solvent content of 57.8 %. The 

data processing statistics are provided in Table 2.4. 

 

Table 2.4 X-ray data collection statistics. Values in parenthesis correspond to 

the highest resolution shell 

Statistics  AioX 

Wavelength (Å) 

Space group 

1.5 

P41212 
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Unit-cell parameters (Å) a, b, c 

Mosaicity (°) 

Molecule in asymmetric unit 

Matthews coefficient (Å3 Da-1) 

Crystal-to detector distance (mm) 

Resolution range (Å) 

Exposure time per image (s) 

No. of observed reflections 

Completeness (%) 

Rmerge (%)  

Mean I/σ(I) 

Mean CC (1/2) 

Multiplicity 

Solvent content (%) 

a = 124.9 b = 124.9 c = 47.8 

0.4 

1 

3 

50 mm 

28-2.7 (2.9-2.7) 

120 

252269 

99.9 (99.8) 

7.4 (49.8) 

26.2 (7.5) 

0.998 (0.954) 

14.7 

57.8 

 

2.3.4 Structure solution by Molecular Replacement 

Attempts at AioX structure solution using molecular replacement were carried 

out. Two protein crystal structures were used as molecular replacement 

templates.  A Basic Local Alignment Search Tool (BLAST) search was carried 

out using the RCSB PBD (Protein Data Bank) website. The AioX sequence 

(Appendix A) was put into the server, seeking sequence similarities in proteins 

with known crystal structures. The first two results were chosen and these 

were pdb id: 3N5L and 3P7I. These proteins are phosphonate-binding 

proteins isolated from E. coli (3P7I) and Pseudomonas aeruginosa (3N5L), 

respectively. These proteins only share 25% (65% query) and 31% (51% 

query) sequence identity to AioX. Amino acid alignments using structural 

information were made using T-COFFEE server, EXPRESSO (Figure 2.14). 

The resulting alignment shows that overall the two structures share good 

structural homology with AioX; amino acids shaded in pink indicate that the 
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secondary structures are similar. In both cases, the good alignment is located 

in the center of the protein covering around 50% percent of the whole 

sequence. Also, it shows that not many gaps are presented in the core of the 

protein alignment, which might be useful as a template structure solution. 

                 a. 

 

              b. 

 

Figure 2.14 Structural alignment of AioX and homologous proteins using T-

COFFEE (EXPRESSO). a. alignment with 3P7I and b. alignment with 3N5L. 

(blue and green colour low similarity, from yellow to pink high similarity). 
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The data reduction of images was carried out with iMosflm and merged with 

SCALA (CCP4). Six ensemble models were built using Chainsaw (CCP4), 

three from 3N5L and three from 3P7I. The first model contained all atoms; the 

second model contained all atoms but a truncated C-terminal and the third 

model-contained poly-alanine. The truncated C-terminal was made according 

to the structural alignment results (Figure 2.14), which shows a large gap 

between the protein templates.  

 

The models obtained from the protein templates were used in molecular 

replacement (MR) performed by Phaser MR (CCP4). In the six cases, no 

phases were solved. As molecular replacement was unsuccessful in solving 

the structure of AioX, SAD was used with the protein labelled with seleno-

methionine (SeMet).      

 

2.3.5 Purification and crystallisation of the recombinant NT-26 SeMet-

AioX   

The recombinant AioX was labeled with Se by substitution of the sulphur atom 

from methionine for SeMet. The recombinant NT-26 AioX contains six 

methionine residues (M3, M23, M90, M196, M243, M276) (Appendix A). The 

M3 is encoded in the sequence originating from pPROEX-HTb. The 

substitution was performed using a non-methionine auxotrophic growth of E. 

coli. Prior to the crystallisation, the poly-His(6)-tag was removed from SeMet-

AioX (31100 daltons). 
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Crystallisation screening of SeMet-AioX were carried out as described 

previously (section 2.2.3). After 25 days, crystals of 0.3 mm in size had grown 

in 0.60 M NaH2PO4 and 1.3 M K2HPO4 (Figure 2.15). The crystals grew as a 

cluster but single crystals were collected and stored in different cryoprotectant 

as described previously (section 2.2.15). The crystal stored in 25% glycerol 

was exposed to the synchrotron (Diamond Light Source Synchrotron, 

beamline I02) and diffraction data collected to a resolution of 1.78Å. 

 

 

Figure 2.15 Crystals of the SeMet-AioX in NaH2PO4 and K2HPO4 conditions. 

a) SeMet-AioX crystal, b) SeMet-AioX crystal UV (280 nm). 

 

A complete SAD data set of 1600 images of 0.1° oscillation was collected up 

to 1.78 Å resolution using a Pilatus 6M detector. Diffraction data were 

collected at 100 K with a total of 1060 images (Figure 2.16).  
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Figure 2.16 X-ray diffraction pattern of SeMet-AioX in high resolution. The 

pattern of spots (reflections) and different strength (intensities) are given in 

black dots.  

 

2.3.6 Solving the AioX structure 

The phase problem was solved with the SAD method. The position of only five 

selenium atoms as the 6th was removed with the His tag was determined and 

phasing solved by SHELX_CDE pipeline (CCP4). BUCCANER was used to 

generate the initial model. Interactive cycles of building and refinement were 

performed using REFMAC5 software.  

 

Data collection statistics are given in Table 2.5. The space group belongs to 

the tetragonal space group P 43 21 2 with unit cell dimensions of a = 124.6 Å, 

b = 124.6 Å, c = 48.0 Å and α = 90° β= 90° and γ = 90°. Using the molecular 

weight of 31100 daltons, the Matthews coefficient (Matthews et al. 1968) was 

calculated resulting in 3 Å3/Da, corresponding to one molecule in the 

asymmetric unit and a solvent content of 59.75 %.  
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Table 2.5 Results of data processed diffraction of AioX. Values in parenthesis 

correspond to the highest resolution shell. 

Statistics                          SeMet-AioX 

Wavelength (Å) 

Space group 

Unit-cell parameters (Å) a, b, c 

Mosaicity (°) 

Number of molecules 

Matthews coefficient (Å3 Da-1) 

Resolution range (Å) 

Total number of observation 

Total number unique  

Completeness (%) 

Rmerge (%) 

Mean I/σ(I) 

Mean CC (1/2) 

Multiplicity 

Solvent content (%) 

0.97 

P 43 21 2 

a = 124.6 b = 124.6 c = 48.0 

0.5 

1 

3 

44 - 1.78 (1.8-1.78) 

603454 

36718 

99.8 (99.8) 

6.8 (42.8) 

23.7 (7.8) 

0.999 (0.964) 

16.4 

59.75 

 

The structural model that was built contains a total of 263 amino acids 

residues from 22 to 284. The residues corresponding to the N-terminus from 1 

to 21 were not possible to refine, as this region seems to be disordered. Table 

2.6 shows the refinement data.  

 

Table 2.6 Statistics of the refinement process of AioX. 

Refinement Statistics SeMet AioX 
Number of atoms     

Number of residues 

Number of chains    

Completeness  

2012 

263 

1 

96.54% 
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R factor 

Free R factor 

Rmsd bond length (Å) 

Rmsd bond angle (°) 

Rmsd chiral centre 

B-factor (all atoms (˚A2)) 

0.1834 

0.2143 

0.0189 

1.896 

0.1249 

33 

 

The protein model obtained was validated using parameters such as 

geometry, R-factor, and overall average of B-factor. The geometry of the 

protein model was evaluated using Ramachandran plots, which determine the 

φ (Phi) and ψ (Psi) torsion angles of the polypeptide backbone. A high 

geometry quality of the structure was obtained as is shown in Figure 2.17 in 

which only one residue is an outlier (Tyr165). More than 98% of the amino 

acids are in the preferred region. Additionally, in a good structural solution, the 

difference between the R-factor and free R-factor should be less than 7% and 

in this study the difference was 3% (Table 2.6). This R-factor measures the 

agreement between the model and the experimental X-ray diffraction data. 

 

Figure 2.17 A Ramachandran plot generated from SeMet-AioX contains both 

β-sheets and α-helices. The pink and yellow areas are the allowed regions, 

and grey region is the outlier, according to Coot 0.8.2 (CCP4). 

Tyr 165 
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2.3.7 Analyzing the AioX structure  

The protein structure of AioX shows a similar topology to that of monomeric 

substrate-binding proteins (SBP), consisting of two globular regions 

connected by a hinge region, which forms a groove between them (Figure 

2.18). In AioX, the hinge that connects the two domains consists of two short 

strands (transdomain). The first strand connects domain I towards domain II, 

and the second from domain II to I. The AioX crystal model also contains a 

total of 151 water molecules as part of the solvent content (Appendix C). 
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Figure 2.18 Three-dimensional cartoon representation of AioX. There are two 

structural regions: domain I, and domain II. In pink showing the β-sheet and 

blue the α-helix. 

 

The soluble monomer AioX has the dimensions 56 X 60 X 27 Å. Domain II 

consists of residues 112- 216. Domain I consists of residues 22-107 and 221-

284 and a transdomain consists of residues 108-111 and 217-220. The two 

domains exhibit a similar fold pattern consisting of a central core of pleated β-
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sheets surrounded by helices. Domain II includes five α-helices and five β-

sheets and domain I consists of six α-helices and six β-strands (Figure 2.19).  

 

 

Figure 2.19 Cartoon diagram of the AioX structure colour-coded by domain 

organization, with region I coloured green and region II blue. (a) topology 
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diagram of the AioX coloured as in (b), with arrows representing β-sheet and 

cylinders representing α-helices.  

 

The electron density map calculated from the SeMet-AioX showed the 

existence of a well-defined ligand in the structure, which was identified as 

phosphate. The phosphate presumably an artifact of the crystallisation 

conditions (0.60 M NaH2PO4 and 1.3 M K2HPO4) used. The phosphate-

binding site of AioX like in all periplasmic-binding proteins is located at the 

center of the protein and the phosphate is buried in the pocket formed 

between the two domains, as shown in Figure 2.20. 

 

 

Figure 2.20 Ribbon structure of AioX with a bound phosphate group. The 

phosphate (stick images) is located in the center of the protein.  
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In the AioX-phosphate complex, a total of 6 hydrogen bonds are identified, 

that involve residues Y88, Y131, S161, S163 and H192; four from domain I, 

one from domain II, and one from the transdomain strand. In addition, 

residues C106, N162, D210 and P240 are at distances up to 4 Å from the 

phosphate group, to form electrostatic interactions (Figure 2.21). 

 

Figure 2.21 The binding site of AioX a) Shows the amino acids in AioX that 

bind-phosphate b) Close-up view of the AioX-binding site. The maximum 

distance between some amino acids and the ligand are up to 4.0 Å. In black 

dashes the hydrogen bounds; red dashes the electrostatic interactions. 
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2.3.8 Structural comparison with other proteins (phosphonate-binding 

protein) 

Once the crystal structure of AioX was determined, a comparison between 

AioX and the two homologous proteins with resolved crystal structures (3N5L 

and 3P7I) was made. These proteins were used because were the only ones 

closed to AioX with a crystal structure known. The crystal structures of 3P7I 

and 3N5L were superimposed onto that of AioX with the objective to 

determine the structural difference between them. This was made using TM-

align, which generates a residue-to-residue alignment based on structural 

similarity. The results are given the Cα root-mean square deviation (r.m.s.d) of 

the overall alignment. The superimposed structures of AioX against 3P7I 

show an alignment of 20% of the amino acids with a r.m.s.d of 2.3 Å and AioX 

against 3N5L shows an alignment of 21% of the amino acids and a r.m.s.d of 

2.01 Å (Figure 2.22 a/b) (TM-align Server). Also, the TM-align score was 

determined that scores the structural similarity between 0 and 1, with a value 

higher than 0.5 meaning they share the same fold. In this study the scores for 

3P7I and 3N5L were 0.772 and 0.7217, respectively indicating that in both 

cases the protein structures shares possibly the same fold. The two structures 

of 3P7I and 3N5L which are similar to AioX are composed of two lobe 

domains connected by a double stranded hinge (Figure 2.22). The structure of 

domain I is the most conserved between all three proteins and there are 

similarities in structure between 3P7I, 3N5L and AioX. Despite a very similar 

overall topology, domain II shows some heterogeneity with 3P7I and 3N5L 

containing a longer C-terminus consisting of an extra α-helix.  



!
82!

 

Figure 2.22 Three-dimensional structure overlay of AioX against two 

phosphonate-binding proteins a) pink, AioX; green, pdb id 3P7I - b) pink, 

AioX; orange, pdb id 3N5L. 

a 

b 
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The AioX binding-site was also compared to 3P7I and 3N5L to determine 

whether the amino acids involved in phosphonate-binding were similar to 

those found in the phosphate-binding site of AioX. The main difference 

between phosphate and phosphonate is that the latter contains is an 

organophosphorous compound. As can be seen in Figure 2.23, the binding 

pocket of the phosphonate-binding proteins is located in the center of the 

protein between the two domains as is the case for AioX. 
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Figure 2.23 Three-dimensional structure of AioX (pink), 3P7I (green) and 

3N5L (orange) showing their ligand displayed in stick format. 

!



!
85!

The AioX ligand-binding site was compared to those of 3P7I and 3N5L by 

overlaying the crystal structures separately, selecting the amino acids 

surrounding the ligand to a maximum distance of 4 Å. The amino acids 

involved in the binding pocket of both proteins selected were labelled 

according to AioX sequence numbers. Figure 2.24 shows the amino acids 

involved in phosphate and phosphonate-binding from AioX, 3P7I and 3N5L. 

The residues involved in phosphonate-binding are the same in both 3P7I and 

3N5L, which are Tyr47, Tyr93, Ser127, Thr128, Ser129, His157, Glu177 and 

Asp205 for 3P7I and Tyr70, Tyr116, Ser150, Thr151, Ser152, His181, Glu201 

and Asp229 for 3N5L. 

 

The superimposed binding-sites revealed that there are some identical 

residues in the binding pockets of AioX and the phosphonate-binding proteins 

i.e., Tyr88, Tyr131, Ser161, Ser163 and His192. These residues are located 

in the phosphate-binding region. There are however three different amino 

acids in the phosphate-binding region of AioX: Asn162 is a threonine in 3P7I 

and 3N5L and the two residues located in the organic region of the 

phosphonate are a glutamate and aspartate instead of Asp210 and Pro240 in 

AioX. Also, Cys106 is found in the binding pocket of AioX but not in the 

phosphonate-binding proteins. 
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Figure 2.24 Overlaid model of the AioX ligand-binding pocket against binding 

pockets of the phosphonate-binding proteins. a) superimposed structure of 
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AioX (white) and 3P7I (green); b) superimposed structure of AioX (white) and 

3N5L (orange). The ligands are located in the center and displayed in sticks. 

 

The amino acids sequence alignment revealed identical residues involved in 

binding phosphate (i. e. Y88, Y131, S161, S163, H192), but not those 

involved in binding the organic part of phosphonate, as this is an 

organophosphorous compound (Figure 2.25). 

 

 

Figure 2.25 ClustalW alignment of 3N5L, AioX and 3P7I (ExPASy) with the 

amino acids involved in the binding site are highlighter. In red; conserved 

amino acids, yellow; an amino acid present only present in AioX, blue; a non-

conserved amino acid located in the same sequence position, green and 

orange; different amino acids located in a different sequence position.  
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2.3.9 Crystal structure of AioX including the his-tag 

New crystals were grown using 20 mg/ml of AioX with the His-tag. There were 

two reasons for doing this. The first was to determine whether the His-tag 

affects protein-folding which was important for subsequent functional studies 

and the second was to see if it was possible to obtain an electron density map 

of the N-terminal amino acids (21 aa) that were unresolved in the previous 

SeMet-AioX structure. The AioX with the his-tag (AioX-His) was crystallised 

under the same conditions as the SeMet-AioX (NaH2PO4 and K2HPO4) 

(Figure 2.26). The crystal grew as a cluster, but it was possible to be separate 

the cluster and collect a single crystal. 

 

                 

Figure 2.26 Crystals of the recombinant NT-26 AioX-His in NaH2PO4 and 

K2HPO4 conditions. a) NT-26 AioX-His crystal, b) NT-26 AioX-His crystal UV 

(280 nm). 

 

The single crystal was exposed to X-rays and a complete data set of 1600 

images of 0.1° oscillation was collected up to 1.55 Å of resolution using a 

Pilatus 6M detector at ESFR Synchrotron, beamline ID30B (Figure 2.27). 
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Figure 2.27 X-ray diffraction pattern of AioX (His-tag). The pattern of spots 

(reflections) and different strength (intensities) are given in black dots.  

 

2.3.10 Solving the AioX-His structure 

The phase problem was solved by the Molecular Replacement method 

(PHASER MR) CCP4 using the previous Se-Met obtained AioX crystal 

structure as the template. Refinement was performed using REFMAC5 

software (CCP4).  

 

Data collection statistics are given in Table 2.7. The space group belongs to 

the tetragonal space group P 43 21 2 with unit cell dimensions of a = 125.0 Å, 

b = 125.0 Å, c = 47.7 Å and α = 90° β= 90° and γ = 90°. Using the molecular 

weight of 33100 daltons, the Matthews coefficient (Matthews et al. 1968) was 

calculated resulting in ~3 Å3/Da, corresponding to one molecule in the 

asymmetric unit and a solvent content of 60.25 %.  
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Table 2.7 Results of data processed diffraction of AioX-His. Values in 

parenthesis correspond to the highest resolution shell. 

Statistics              AioX-His 

Wavelength (Å) 

Space group 

Unit-cell parameters (Å) a, b, c 

Mosaicity (°) 

Number of molecule 

Matthews coefficient (Å3 Da-1) 

Resolution range (Å) 

Total number of observations 

Total number unique  

Completeness (%) 

Rmerge (%) 

Mean I/sd(I) 

Mean CC (1/2) 

Multiplicity  

Solvent content (%) 

0.997 

P 43 21 2 

a = 125.0 b = 125.0 c = 47.7 

0.35 

1 

3 

42 - 1.55 (1.6-1.55) 

678454 

55461 

99.8 (99.7) 

7.8 (46.8) 

28.9 (6.8) 

0.991 (0.973) 

17.2 

55.25 

 

 

A total of 263 amino acids residues from 22 to 284 could be modelled. No 

improvements were made using the AioX-His and amino acids corresponding 

to 1 to 21 of the N-terminus could still not be resolved. Table 2.8 shows the 

refinement data.  

 

Table 2.8. Statistics of the refinement process of AioX. 

Refinement Statistics AioX-His 

Number of atoms     

Number of residues 

Number of chains    

2185 

263 

1 
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Completeness  

R factor 

Free R factor 

Rmsd bond length (Å) 

Rmsd bond angle (°) 

Rmsd chiral centre 

B-factor (all atoms (˚A2)) 

99.8% 

0.1965 

0.2207 

0.0218 

2.003 

0.1365 

27 

 

Looking at one of the structure validations using the Ramachandran plot, one 

can see that most of the residues are located in the preferred and allowed 

region with (98.03%) and (1.57%), respectively. But, there is still one residue 

outlier as in the SeMet structure, Tyr165 (0.39%), where the correct geometry 

could not be achieved even after several refinement cycles (Figure 2.28). 

 

Figure 2.28 A Ramachandran plot generated from AioX-His contains both β-

sheets and α-helices. The pink and yellow areas are the allowed regions, and 

grey region is the outlier, according to Coot 0.8.2 (CCP4). 

 

The crystal structure of the AioX-His solved by molecular replacement shows 

an identical structure to the SeMet-AioX (Figure 2.29). A total of 110 water 

molecules were detected and built in this model. 
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Figure 2.29 Ribbon structure of AioX-His with a bound phosphate. The 

phosphate is displayed in stick, located in the center of the protein. Red dots 

show the water molecules.  

 

The structures of AioX-His and SeMet-AioX were superimposed to determine 

whether there were any differences between these structures. This was made 

using TM-align server. The results gave a Cα root-mean square deviation 

(r.m.s.d) of 0.42 Å and a TM-score of 0.9954. The result reveals that the 

overlay shows just a small difference at the C-terminus (Figure 2.30). No 

differences were observed in either the main core or at the N-terminus of the 

protein.  
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Figure 2.30 Crystal structure overlay of SeMet-AioX against AioX-His a) pink, 

SeMet-AioX and green, AioX-His. 

 

Importantly, it appears that the His-tag doesn’t interfere with the binding 

pocket as the phosphate ligand is in an identical position and binding with the 

identical amino acids to that in the SeMet-AioX structure (Figure 2.31). 
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Figure 2.31 The binding-site of AioX-His, a) shows the amino acids in AioX-

His that bind-phosphate b) close-up view of the AioX-binding site. The amino 

acids selected were within a maximum distance of 4.0 Å from the ligand. In 

black dashes the hydrogen bounds; red dashes the electrostatic interactions. 
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Ser 161 
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Tyr 131 
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2.4 DISCUSSION 

2.4.1 Cloning and expression of AioX 

The AioX sequence has a signal peptide (RR) that is recognized by the Twin-

arginine translocation (Tat) pathway, the function of which is to export folded 

proteins to the periplasm (Palmer et al. 2012). For expression of the protein in 

the cytoplasm aioX was cloned without its Tat signal peptide into a poly(6)his-

tag pPROEX-HTb vector. Upstream of the multiple cloning site is a strong trc 

promoter (Terpe et al. 2006). Expressing a recombinant protein at a high level 

could have some disadvantages, such as incorrect folding of the protein or 

unviability if the protein is toxic to the host, but this was not the case for AioX 

expression. In fact, 20 mg/ml of AioX was purified from a 1L JM109λpir culture 

(equivalent to 2.5 g of cells).  

 

AioX was purified to homogeneity (Figure 2.11) and was found to be soluble 

suggesting that the protein was folded correctly. Nonetheless, high solubility 

doesn’t indicate that the protein is well folded, as it may be soluble even in an 

unfolded state (Pace et al. 2004). The high level of folding was essential to 

continue with further experiments.  

 

2.4.2 Crystallisation of the recombinant NT-26 AioX 

Protein crystallisation is widely considered to be challenging as it is not 

possible to predict how a protein will react under different crystallisation 

conditions such as pH, temperature, ionic strength. Nonetheless, we can 

control some parameters, such as purity and homogeneity of the protein. 
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These parameters have been considered crucial for successful crystallisation, 

although they do not guarantee success.  

 

Crystallisation requires the protein to be concentrated as much as possible, 

usually between 2-50 mg/ml to bring the protein to a supersaturated level 

without causing precipitation (Cudney et al. 1994: Dessau and Modis et al. 

2011). This allows nucleation, which leads to crystal growth. Consequently, 

the recombinant AioX was concentrated to 20 mg/ml because at higher 

concentrations the protein started to precipitate.  

 

The crystallisation was set up using several commercial screenings that cover 

a wide range of different conditions (e.g. salt concentrations, buffer 

precipitants) with the objective of increasing the probability of obtaining 

crystals. The employed method of protein crystallisation was vapor diffusion. 

This is one of the most used methods and consists of slow changes of 

concentration between the protein and precipitant. This method was selected 

because it allows the production of well-ordered crystals (Dessau and Modis 

et al. 2011). 

 

2.4.3 Solving the NT-26 AioX crystal structure by molecular replacement  

Molecular Replacement (MR) was chosen to solve the crystal structure of 

AioX, which requires a homologous protein with a known crystal structure. 

Even when solving the structure seems straightforward several factors can 

prevent a structure from being obtained. In this study, MR couldn’t solve the 

crystal structure of AioX and some potential explanations are given below. 
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The main failure that happens when using MR occurs when the sequence 

homology between the template structure and the protein of interest is low. 

Homologous proteins to AioX were found using BLAST (RCBS). Two template 

proteins were selected (PDB id: 3N5 and 3P7I), which only share 25% and 

31% of sequence identity with AioX, respectively. These percentages are 

considered to be relatively low as most of the structures solved by MR share 

at least 35% identity with their structural homologues. This percentage 

corresponds to a Cα r.m.s.d of around 1.5 Å, where it is suggested that the Cα 

r.m.s.d between the model and the structure to be solved must be less than 2 

Å (Abergel et al. 2013). In this study, the AioX and the homologous were 

greater than 2 Å as revealed by the TM-align. 

 

Sequence identity has been described as important in MR, but not essential. 

Some structures were obtained from homologues with sequence identity 

below 35%. In those cases, the three-dimensional structure was very 

conserved. However, low flexibility should also be considered. Flexibility is 

another factor to consider when using MR because a crystallised protein can 

have a different conformation to its crystal homologues. Here, different 

strategies can be used to remove the possible flexible regions, such as using 

a truncated template to build the models. One truncated protein was made on 

the C-terminal, and the side chain of each amino acid was removed producing 

a poly-alanine model. Another possible strategy, which was not applied, is 

solving the structure using the domains separately. The template structures 

consist of two domains connected by a hinge which makes the proteins quite 

flexible where present different conformational states between the open and 
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closed forms. For this reason, separating the two domains of the template and 

performing MR using each domain sequentially to get the whole structure 

would be a possible solution. 

 

Another very important factor to be considered is the data reduction, 

especially when enantiomorph exists in the space group. In this instance, a 

chiral (mirror hands) occurs and it is not possible to obtain a structure by MR 

when the data are processed in the wrong enantiomorph group. The main 

issue is that if the structure to be solved cannot be rotated to align with the 

template structure, then they can’t be superimposed. It is therefore necessary 

to test multiple different enantiomorphic groups (Evans et al. 2008). Perhaps, 

this was why MR was unsuccessful. Here, MR was attempted using only the 

space group P41212 (shown Table 2.3), whose enanthiomorph is P43212.  

Once the AioX structure was solved by the SAD method, the final space 

group was P43212 instead of P41212.  

 

2.4.4 Solving the SeMet-AioX crystal structure by SAD 

As solving the AioX structure with MR was unsuccessful, another method of 

phasing to solve the structure was applied. Single-wavelength anomalous 

diffraction (SAD) is a simple and direct method to get the phase and solve the 

structure. The crystal structure of AioX was solved using this method. But like 

every method, SAD has disadvantages. The protein needs to have a heavy 

metal or metalloid incorporated, which makes it difficult to predict whether this 

would have an impact on the structural conformation. Another limitation is the 

substitution of sulfur by selenium in methionines residues, in that at least one 
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selenium atom is required for each 75 amino acids of the protein. When this is 

not achieved a doubled labeling (using seleno-cysteine and seleno-

methionine) is an option, where cysteine is also labelled, but this could be an 

issue, especially if the cysteine residues are important for structural 

conformation e.g. disulphide bridges (Strub et al. 2003; Salgado et al. 2011). 

In this study, single labeling with SeMet was adequate to collect good data. 

The recombinant NT-26 AioX contains enough methionine residues (M23, 

M90, M196, M243, M276), one per 57 amino acids, to make good data 

collection possible.  

 

The substitution of sulfur by selenium is generally performed in an auxotrophic 

methionine strain (Van Duyne et al. 1993). Here, this was carried out in a non-

methionine auxotrophic E. coli str. JM109 by blocking methionine 

biosynthesis, inhibiting aspartokinases, and replacing it with 

selenomethionine.  

 

The SeMet-AioX purification and crystallisation was set up using a reducing 

agent (DTT) to avoid radiation damage. Even though, it has been reported 

that oxidized SeMet can improve the anomalous signal, it can be more 

sensitive to radiation. Also, treatment with 0.1% hydrogen peroxide (oxidizing 

agent) would not be beneficial to the protein (Sharff et al. 2000). However, in 

both cases the SeMet state needs to be uniform or it will affect the Se K edge. 
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2.4.5 Structure validation 

The crystal structure model of AioX was validated by measuring the quality of 

the experimental diffraction data and structure quality (R factors, 

Ramachandran plot and others). Validation using Rmerge indicates if the scaling 

and merging of all reflection is correct (Wlodawer et al. 2008), with a measure 

higher than 10% indicating poor quality. In this study, the Rmerge was 6.8% for 

SeMet-AioX and 7.8% for AioX-His. Also, a good completeness of 99.8% was 

obtained for both structures. The structure quality was validated by 

determining the R factor and Rfree where the R factor should be <20% and 

Rfree should not exceed the R factor by more than 7% for a well-refined 

structure (Brünger et al. 1992; Wlodawer et al. 2008). The R factors for 

SeMet-AioX and AioX-His were 18% and 19%, respectively and the Rfree 21% 

and 22% suggesting a well validated structure. 

 

Another parameter, root-mean-square deviation r.m.s.d for bond lengths, was 

determined, which should be around 0.02 Å for a good quality high resolution 

structure (Wlodawer et al. 2008). The r.m.s.d for SeMet-AioX was 0.0189 Å 

that for AioX-His was 0.021 Å. 

 

Finally, Ramachandran plot and geometry were considered, which show how 

well the φ and ψ angles are located. More than 98% of the residues were in 

the preferred region. According to Coot software only tyrosine 165 was an 

outlier in both structures, which is located on the surface forming part of an α-

helix (Figure 2.32). Nonetheless, discrepancy was found using a validation 

PDB server, which indicate there are not residues outliers, all of them are 
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located in preferred and allow region (data not shown). Overall both structures 

were of good quality. 

 

a)                                                                                    b) 

 

Figure 2.32 a) Scheme of torsion angles φ, ψ and ω of a residue and tyrosine 

165, b) electron density map.  

 

2.4.6 Structure and ligand-binding pocket of AioX 

The overall crystal structure of AioX is similar to proteins in the substrate-

binding protein (SBP) superfamily and the periplasmic-binding protein (PBP) 

family. The three-dimensional structure consisting of two domains connected 

by a hinge region is highly conserved in this group even when they show a 

low level of sequence identity. This structural conformation has been 

described to be strictly related to a ligand-binding function for all the PBPs, 

where the substrate binding takes place between the two domains (Dwyer et 

al. 2004; Berntsson et al. 2010).  

 

The topology of AioX has been revealed to be more related to class II SBPs, 

according to Fukami’s classification, with the polypeptide chain crossing over 
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the two lobes twice, but domain II is comprised of six β-strands instead of five 

as the classification indicates (Figure 1.4). According to the Berntsson 

classification, AioX has a topology related to cluster D (Figure 1.5). The 

principal feature of these proteins is that the hinge region consists of two short 

strands, 4-5 amino acids long. This cluster is sub-divided into four sub-

clusters according to the substrate specificity. The D-I proteins bind only 

carbohydrates, D-II proteins bind polyamine binding, D-III proteins bind 

tetrahedral oxyanions (sulfate, phosphate and molybdate) and the D-IV 

proteins bind iron. Although, AioX can bind phosphate (tetrahedral-shape) it 

can’t be classified as a D-III, because it can bind arsenite (trigonal-shape) too 

(chapter 3)  (Dwyer et al. 2004; Berntsson et al. 2010). Based on this 

classification system, AioX would represent a new sub-cluster in the D-cluster.  

 

The binding pocket of AioX showing the binding of phosphate may be an 

artifact of the crystallisation condition used which 1.2 M of phosphate present 

in crystallisation. This result was however not unsurprising as the sequence 

alignment with 3P7I and 3N5L (Figure 2.25) reveals that AioX possesses 

most of the residues involved in phosphonate binding. In terms of function, it’s 

difficult at this stage to say whether phosphate binding has a physiological 

role.  

 

2.4.7 Structural and functional comparison of AioX with homologous 

proteins 

The first comparison was made at the sequence level of AioX by searching for 

homologues using BLAST (RCSB). The alignment result showed that AioX is 
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related to two proteins of known structure, 3N5L and 3P7I that belong to the 

type 2 family of periplasmic-binding proteins. This group of proteins have 

similar tertiary structures consisting of two globular subdomains connected by 

a flexible hinge, but differ in size and ligand specificity. Most of the proteins 

belonging to this family are the periplasmic component of an ABC transporter, 

similar to the phosphonate (PnhD) binding protein. Most of these proteins are 

not related phylogenetically, but their three-dimensional structure is conserved 

(Berntsson et al. 2010). 

 

In this study, AioX was related to PBP, phosphonate-binding proteins, but its 

function seems to be different. A phosphate group was found in the binding 

pocket of AioX, although this doesn’t mean that it is biologically relevant. The 

bound phosphate group could be present because most of the residues 

involved in phosphonate binding are also present in AioX. Furthermore, a 

clear difference between these two structures is observed, as is shown in 

Figure 2.33. The hydrophobic loop moves toward the binding site in the 

phosphonate-binding protein 3N5L and 3P7I, but this not the case in the 

phosphate-bound AioX structure. Although, it is not know whether AioX binds 

phosphonate this is unlikely as the residues involved in binding the organic 

part of phosphonate are not conserved in AioX. Moreover, another residue 

located in the loop is conserved only in the phosphonate binding protein and 

is not present in AioX.  
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Figure 2.33 Superimposed structures of AioX against 3N5L and 3P7I. Pink; 

AioX, green; 3P7I and coral; 3N5L. 

 

The residue shown in Figure 2.34 is an Isoleucine (Ile). There is no literature 

suggesting that this residue is involved in the binding pocket, it is located 3.9 

Å from the ligand, and perhaps has an effect in the movement of the loop that 

goes up.  

 

In summary, the overall structures of AioX compared to the phosphonate-

binding proteins are very similar. The main differences are located in the 

binding site where not all of the residues involved in phosphonate binding are 

conserved in AioX. Moreover, AioX posses a cysteine in the binding pocket 

that 3N5L and 3P7I doesn’t have, which may give the protein the ability to 

bind arsenite. This will be discussed in detail in the next chapter. 
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Figure 2.34 Overlay of the binding-site of phosphonate-binding proteins. 

Green; 3P7I and orange; 3N5L. 

 

2.4.8 Comparison of AioX structure, with and without the his-tag.  

AioX was crystallised with the his-tag with the purpose of improving the 

electron density map of the missing residues from the N-terminus. In this 

study, these residues seem to be flexible. Moreover, the AioX-His electron 

density map wasn’t improved because the N-terminus still appears to be 

flexible and hence disordered. Here, the electron density is smeared over 

multiple conformational states of the disorder region of the structure. At low 

resolution, the smeared diffraction may be hidden in the noise and at higher 

resolution they may be appear as alternative positions (Wlodawer et al. 2008). 
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The overall structure of AioX wasn’t affected by the his-tag with only slight 

variations at the C-terminus (Figure 2.30).  

 

It has been suggested that the crystallisation of proteins with tags generally 

has no significant effect on the native structure with only a slightly increase in 

the overall B factor (Carson et al. 2007). Here, the reverse was observed 

where the B factor is slightly higher without the his-tag, possibly because the 

SeMet-AioX contains Se atoms that could cause a major displacement 

increasing the B factor. Also, a better resolution was obtained in the structure 

that contained the his-tag.  
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2.5 CONCLUSIONS 

 

• The crystal structure of AioX was solved using the SAD method, where 

the sulfur of methionine residues was replaced by selenium.  

 

• The crystal structure of AioX has a similar topology to the periplasmic-

binding proteins that are composed of two domains connected by a 

hinge. AioX is most close related to class II PBPs where two domains 

are connected by a double hinge. 

 

• The binding pocket of AioX is located between the two domains. 

 

• The phosphate located in the binding pocket could be present as most 

of the residues involved in phosphonate binding in PBPs are also 

present in AioX. 

 

• The crystallisation of AioX-His does not have an impact in the overall 

structure of AioX or the binding site. 
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Chapter 3 

 

  

The crystal structure of AioX with and without 

arsenite 
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3.1 INTRODUCTION 

The function of a protein-ligand complex can be studied by several 

biochemical and or biophysical techniques but understanding of a protein-

ligand interaction can only be obtained by combining biochemical data with 

the three-dimensional structure. Therefore, the study of proteins and their 

ligands in structural biology is an important area not only for drug discovery 

but also as a part of structural genomics (Zheng et al. 2015). 

 

X-ray crystallography is one of the most commonly techniques used to 

determine molecular structures, including protein-ligand complexes. This 

technique basically involves obtaining the crystal structures of the bound 

(holo) and unbound (apo) forms to visualize the conformational changes 

induced by the ligand (Hassell et al. 2007). 

 

It is known that in substrate-binding protein (SBP) complexes the ligand 

produces a conformational change that allows the interaction with other 

proteins, generally membrane proteins (Berntsson et al. 2010). The SBPs 

have been described as a large group covering diverse functions. For 

example, they are involved in transport systems, sensory systems and DNA 

binding. Also, these proteins interact with their associated proteins in different 

manners; some interact through their N-terminus or C-terminus, while others 

interact through electrostatic or hydrophobic surface contact. Even, the 

oligomeric state can vary when the protein is in contact with the ligand, for 

example, some DNA-binding proteins are only functional as a dimer and it is 

the presence of the ligand that triggers their dimerization. However, most of 
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the SBPs are reported as monomers in their protein-ligand complex form 

(Dwyer et al. 2004). 

 

To understand how the protein functions it is important to know the oligomeric 

state of the protein in the presence of the ligand and this is important to know 

in terms of functionality, this can be observed in crystal structures and in 

solution. An X-ray method to confirm the oligomer formation in solution is 

Small-Angle X-ray Scattering (SAXS). This method provides information on 

the size, shape and distribution of the macromolecule in solution that makes it 

possible to study conformational changes and oligomeric state, but finer 

details are not possible because the average resolution is 15 Å (Perkins et al. 

1998). The small-angle scattering experiments involve exposure of the 

sample in solution X-rays and collection of the scattering in a 2D detector that 

records the intensities (I (q)) as a function of momentum transfer q 

(q=4πsinθ/λ), as shown in Figure 3.1.  

 

Figure 3.1 Scheme of SAXS steps of data collection, showing the X-ray beam 

passing through the sample generating the scattered X-ray beam that is 

imaged by a detector. 
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SAXS experiments also require measurement of the scattering from the buffer 

that is subtracted from the sample data. After data collection, the images are 

integrated to the scattering intensity, as a 1D function of q. Figure 3.2a shows 

a 1D scattering curve with the buffer subtracted. This curve is used to 

determine the quality of the sample data using Guinier analysis of I(q), where 

it is necessary to have a homogenous sample with no aggregates. The radius 

of gyration, Rg, is also measured, which characterizes the degree of 

elongation of the macromolecule that represents the average distance of the 

scattering from the center of the macromolecule (Perkins et al. 2005). This 

curve represents the macromolecule in reciprocal space. To get information 

about the overall shape and maximum dimension of the macromolecule, the 

data in the reciprocal space are converted into real space by Fourier 

transform which gives a new curve of pair distance distribution function called 

(P(r)). This calculates the Dmax, which is the largest scattering vector 

measured in the macromolecule (Figure 3.2b). A relation between the shape 

of the curve and the macromolecule shape is observed, for instance the blue 

curve in Figure 3.2 is typical of macromolecules with a solid sphere shape 

(Perkins et al. 2005). 
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Figure 3.2 Scattering representations of SAXS in the reciprocal and real 

space. a. 1D scattering curve reciprocal space, b. Pair distribution function 

showing the curves and their respective macromolecule shapes, in blue; solid 

sphere, red; hollow sphere, yellow; dumbbell, green; flat disk, orange; long 

rod. 

 

The P(r) distribution gives a general view of the shape of macromolecules. 

For this, a 3D structure reconstruction is required to see the details. Several 

programs are use to get an ab initio shape model of the macromolecule (Fang 

et al. 2009). Generally, an ab initio dummy atom model is built using 

DAMMIN. This program constructs several models with diameters equal to the 

maximum macromolecule size (Dmax) and fills the model with beads 

(Svergun et al. 1999; Petoukhov et al. 2012). A final model is built with 

DAMAVER, which aligns ab initio models building an average model (Volkov 

et al. 2003). 

 

In Rhizobium sp. str. NT-26, the crystal structure of AioX, a substrate 

periplasmic-binding protein, was solved by the SAD method (shown in chapter 

2). It is known that AioX binds arsenite (Liu et al. 2012) but this has not been 
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studied at the molecular level. It was necessary to determine the arsenite-

bound and unbound forms of AioX to provide information on any 

conformational changes that could occur. Determining whether there are any 

conformational changes in AioX with and without arsenite is critical to be 

understanding of how AioX-arsenite could interact with the periplasmic part of 

the histidine kinase sensor (AioS). 

 

This chapter describes the holo and apo crystal structures of AioX to 

investigate how the binding of AioX’s ligand, arsenite, affects its structure. 

SAXS and size-exclusion chromatography were also performed to determine 

whether the holo form could dimerize in solution in the absence or presence 

of arsenite. 
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3.2  MATERIALS AND METHODS  

3.2.1 Co-crystallisation of AioX-arsenite complex 

AioX was purified as described in section 2.2.5 concentrated to 20 mg/ml and 

used in co-crystallisation experiments with arsenite. Prior to co-crystallisation, 

the 20 mg/ml of AioX was pre-incubated with 1 mM arsenite for 30 min. The 

concentration of arsenite used was determined according to the AioX KD 

(dissociation constant) of arsenite (shown in chapter 4, section 4.3.1). The co-

crystallisation was carried out using several screening kit: Index, Structure, 

JCSG, PACT (Molecular Dimensions). The technique applied was vapor 

diffusion (sitting drop) and the trays were incubated at 16°C. Optimisation was 

carried out with the objective of obtaining bigger crystals suitable for X-ray 

diffraction. The optimisation was carried out by sequentially varying the 

concentration of PEG 3350 (from 15% to 30%) and Tris-HCl pH (from 7 to 9). 

Single crystals were collected and stored using a cryoprotectant agent 

(glycerol 25 %).  

 

3.2.2 Crystallisation of AioX with no ligand 

AioX was crystallised using different conditions that did not contain 

phosphate, to achieve crystals of the apo protein form. Optimisation was 

carried out by sequentially varying the concentration of PEG 3350, sodium 

malonate and Bis-Tris propane pH. The crystal was collected and mounted in 

a nylon cryo-loop using glycerol 25% as a cryo-protectant and stored in liquid 

nitrogen. 
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3.2.3 Data collection  

The data from the co-crystallisation crystal was collected at the I2 beam line, 

Diamond Light Source, Synchrotron. The data for unbound AioX was 

collected at Soleil Synchrotron, beamline proxima 1. Both beam lines were 

provided with a Pilatus 6M detector.  

 

3.2.4 Structure determination and refinement 

The structures of arsenite-bound and -unbound AioX, were determined using 

molecular replacement with the previously solved structure of AioX 

(phosphate bound, chapter 2) used as the template. The data reduction was 

processed using imosflm and SCALA (CCP4). The phase was solved using 

PhaserMR (CCP4). Refinement of the new structure was processed through 

REFMAC5 (CCP4). Molecular graphics were produced with PyMOL and 

QtMG (Delano et al. 2002). 

 

3.2.5 Size-exclusion chromatography coupled with small-angle X-ray 

scattering  (SEC-SAXS) 

SEC-SAXS experiments were performed at Diamond Light Source (Didcot, 

UK) synchrotron, B21 beam line in collaboration with Dr Robert Rambo. SEC 

was performed using a Superdex column controlled by an Agilent HPLC. The 

samples were loaded into a temperature controlled cell capillary for X-ray 

scattering measurements. The X-ray scattering data was recorded using a 

Pilatus 2M detector to a distance of 4100 mm, using 1.2 Å wavelength X-rays. 

The scattering pattern was recorded using a sample concentration of 10 

mg/ml in 20 mM Tricine, 150 mM NaCl, pH 7.5. Twenty successive frames of 



!
116!

1 second per sample and buffer were collected. The corrected buffer 

scattering was subtracted from the corresponding sample scattering using 

SCÅTTER software. The images were integrated, background subtracted, 

and screened for radiation damage using SasTool (Smolsky et al. 2007). A 

solution of 5 mg/ml bovine serum albumin (BSA, 66 kDa) was used as a 

control, and as a standard to determine the molecular mass of the protein 

using SAXS MoW2 server (Fisher et al. 2010). Also, experiments were 

performed adding the arsenite ligand to the buffer to a final concentration of 

0.5 mM. 

 

3.2.6 Bead (Ab initio) modelling based on SAXS data  

Ab initio modelling based on SAXS data were performed to obtain a low-

resolution model of AioX. Guiner analysis was performed using AutoRG, 

distance distribution functions determined with GNOM (SCÅTTER) and ab 

initio approach was made using the dummy atoms modeling method. The 

dummy atoms bead model was processed using DAMMIN, and DAMAVER to 

get the final model using the ATSAS package (Petouknov et al. 2012).  

 

3.2.7 His-tag modeling using PHYRE2 server 

The Homology 3D model was calculated by the Protein homology / analogy 

recognition engine, Phyre2 v.2.0 (Kelley et al. 2015). The single sequence 

(HHHHHHDYTDIPTTENLYFQGAMGSTVGLTALKVSGETLS) corresponding 

to the N-terminal region of the recombinant AioX: His-tag (black), residues of 

pPROEX vector (green), and residues of AioX (red) were used in modeling. 

Briefly, the server scans the query searching for homologous sequences and 
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the multiple sequence alignment is used to predict secondary structure with 

PSIPRED. This fold prediction is scanned against a database of proteins with 

a known 3D structure. The high score alignments between the query and 

template are used to construct a backbone model. Then a stage of loop 

modelling is performed to correct wrong torsions, and finally the side chain of 

each amino acid is added to generate the final model  (Kelley et al. 2015). 

 

3.1.8 Size exclusion chromatography 

Analytical size exclusion chromatography was carried out using a HiLoad 

16/600 mm Superdex 75 (GE Healthcare) in a buffer containing 20 mM 

Tricine, 150 mM NaCl, pH 7.5 at room temperature (i.e. ~21°C), at a flow rate 

of 0.5 ml/min. Table 3.1 shows the standard used for the calibration curve. 

Prior to sample injection the protein of (1 µM) was incubated at room 

temperature with sodium arsenite 20 µM for 30 min, then exchanged into 20 

mM Tricine, 150 mM NaCl, pH 7.5 without arsenite. The protein-arsenite 

mixture was passed through a desalting column PD-10 (GE Healthcare) that 

had been pre-equilibrated with 20 mM Tricine, pH 7.5. All chromatography 

was performed using an AKTA FPLC (GE Healthcare).  

 

Table 3.1 Elution profile and calibration curve 

Protein/compound Mr (103) Elution Vol (ml) 

Thyroglobulin 

G-Globulin 

Aldolase 

Albumin 

670 

158 

158 

67  

8.41 

8.82 

9.03 

9.6 
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Ovalbumin 

Chymotrypsinogen A 

Myobiobullin 

Ribinuclease A 

Vitamine B-12 

44 

25 

17 

13.7 

1.35 

10.53 

12.44 

12.68 

13.55 

18.35 
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3.3 RESULTS  

3.3.1 Co-crystallisation (AioX-arsenite complex) and data processing  

Prior to co-crystallisation, AioX was incubated for 30 min with 1 mM arsenite 

at ~21°C to get the AioX arsenite bound form. The co-crystallisation was 

performed and after one week crystals grew at 16°C in the 25% PEG 3350, 

0.1 M Tris-HCl, pH 7.6 Index screen (Hampton Research).  These conditions 

were optimised (section 3.1.1) and after 3 weeks two crystals about 1 mm 

grew with a cubic shape (Figure 3.3). The crystals were confirmed to be 

protein crystals as shown by UV fluorescence in Figure 3.3. 

 

                  

Figure 3.3 Crystals of the recombinant NT-26 AioX co-crystallised with 1 mM 

arsenite. a) image of AioX-arsenite complex crystal, b) image of AioX-arsenite 

complex crystal under UV (280 nm)  

 

A complete X-ray data set of 1060 images was collected using a Pilatus 6M 

detector (Diamond Light Source Synchrotron). The highest resolution of the 

data collected was 2.4 Å, and a sample diffraction pattern is shown in Figure 

3.4.  

 

0.2mm 
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Figure 3.4 Diffraction pattern of the diffracting AioX-arsenite complex crystal 

collected at Diamond.  

 

3.3.2 Solving the AioX-arsenite complex structure 

The 1060 images collected were processed using XDS and SCALA (CCP4). 

These data were used in solving the phase problem (as explained in chapter 

2) through molecular replacement (PhaserMR), where the SeMet-AioX 

structure was used as the template. In contrast to the SeMet-AioX structure, 

the space group in AioX-arsenite complex forms part of the trigonal group P 

32 2 1 with a unit cell dimensions of a= 117.0 Å, b= 117.0 Å, c= 137.0 Å and α 

= 90° β= 90° and γ = 120°. Using the molecular weight of 33100 daltons 

(including the His-tag), the Matthews coefficient was calculated resulting in ~3 

Å3/Da, which corresponds to two molecules in the asymmetric unit. 
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Table 3.2. Results of data processed of the AioX-arsenite complex with a 

resolution of 2.44 Å. Values in parenthesis correspond to the highest 

resolution shell. 

 

Data reduction statistics AioX-arsenite complex  

Wavelength (Å) 

Space group 

Unit-cell parameters (Å) a, b, c  

Mosaicity (°) 

Molecule in asymmetric unit 

Matthews coefficient (Å3 Da-1) 

Resolution range (Å) 

Total number unique  

Completeness (%) 

Rmerge (%) 

Mean I/sd (I) 

Mean CC (1/2) 

Multiplicity  

Solvent content (%) 

0.917 

P 3 2 2 1 

a = 117.0 b = 117.0 c = 137.0 

0.5 

2 

3 

58.50 - 2.44 (2.53-2.44) 

66584 

99.4 (99.5) 

8.8 (50.2) 

22.8 (5.9) 

0.998 (0.93) 

14.4 

58.75 

 

The AioX-arsenite complex structure model contains two chains (A and B), 

which corresponds to the two molecules in the asymmetric unit. A total of 436 

residues have been modelled with each chain containing 263 residues. It is 

still not possible to generate an electron density map for residues 1 to 21 

which corresponding to the N-terminus because the region appears to be 

flexible and disordered, which results in diffuse scattering around reflection 

positions. During the refinement of these two chains (chain A and B) different 

tools were applied with the objective of improving the model. All refinements 

were made using non-crystallography symmetry (NCS). 
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Table 3.3. Statistics of the refinement process of AioX-arsenite complex. 

Refinement statistics AioX-arsenite complex 

Number of residues 

Number of chains 

R factor 

Free R factor 

Rmsd bond length (Å) 

Rmsd bond angle (°) 

Rmsd chiral centre 

B factor (all atoms (Å2)) 

436 

2 

0.2150 

0.2539 

0.0167 

1.5833 

    0.2484 

    72 

 

 

The AioX-arsenite complex structure was also validated using parameters 

such as geometry and R-factor. The geometry of the protein model was 

evaluated using Ramachandran plots. A good geometry quality of the 

structure was obtained as shown in Figure 3.5, where only two residues are 

outliers corresponding to Tyr 165 of chain A and a Tyr of 165 chain B, same 

as the structures solved in chapter 2 (Figure 3.5). 94% of the amino acids are 

in the preferred region. Also, in a good structural solution, the difference 

between the R-factor and the free R-factor should be less than 7% and in this 

study the difference was 3.8% (Table 3.3) (Brünger et al. 1992; Wlodawer et 

al. 2008). Nonetheless, the average of the B-factor in comparison to that 

obtained in the SeMet-AioX structure is higher with an average of 72 Å2. 
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Figure 3.5 A Ramachandran plot generated from AioX-arsenite complex 

contains both β-sheets and α-helices. The pink and yellow areas are the 

allowed regions as defined by Coot 0.8.2 (CCP4). 

 

3.3.3 AioX-arsenite complex structure 

Figure 3.6 shows a monomeric (chain A) view of the AioX-arsenite complex of 

dimensions (Å) x: 59.9 y: 47.5 z: 30.1. Here it is possible to see that the AioX-

arsenite complex structure, like the AioX-SeMet-phosphate bound structure, is 

composed of two domains connected by a double strand hinge. Also, shown 

is the arsenite bound (ligand), which is located in the middle of AioX between 

the two domains. Figure 3.6 b shows a positive Fo-Fc map in green indicating 

that a portion of the structure is absent. In this case corresponds to the ligand 

(arsenite).   
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Figure 3.6 AioX-arsenite structure a) Ribbon-surface structure of AioX chain 

A with arsenite bound. The arsenite is displayed in sticks, located in the 

centre of the protein. b) Shows the 2fo-fc map in blue corresponding to the 

ligand site and the +fo-fc map in green showing the density of the ligand 

(As+3). c) Shows the final refined structure including the ligand (As+3).  

  

By examining the arsenite-bound structure of AioX it was observed that 

residues Y88, Y131, S161, S163 and H192 were at suitable distances 

Cys10
6 

Y8
8 

b c 

Cys10
6 

Y8
8 

As
+3
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between 2.6 to 3.5 Å to form H-bonds with the arsenite and are therefore 

binding residues (Figure 3.7). Residues V56, D210 and P240 were at 

distances between 3.5 and 4.0 Å and may also be involved in arsenite binding 

via electrostatic interactions. The residue C106 forms a covalent bond with 

the arsenite with a bond length of 2.38 Å. Because of the short distance, the 

C106 had to be replaced by a modified amino acid to improve the geometry 

during the refinement. In this instance, CZ2 taken from model pdb id: 1SJZ 

was used, which basically is an arsenite fused to a cysteine (Figure 3.8).  

 

 

Ser 161 

Cys 106 

Tyr 88 

His 192 

Tyr 131 

Ser 163 

Asn 162 

Asp 210 

Pro 240 

Val 56 

a 

b 
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Figure 3.7 The arsenite-binding site of AioX a) Shows the amino acids in 

AioX that are involved in binding arsenite b) Close-up view of the AioX-binding 

site. The maximum distance between residues and the ligand is up to 4.0 Å. 

In black dashes the hydrogen bounds; red dashes the electrostatic 

interactions. 

 

Figure 3.8 Two-dimensional structure of the modified cysteine (monomer 

code: CZ2). 

 

Figure 3.9 shows chains A and B of the AioX-arsenite complex, which 

correspond to the two molecules in one asymmetric unit. Both chains A and B 

are in the form of a dimer. A PISA tool server was used to determine whether 

this dimer is biologically relevant or if it is due to crystal contact. This server 

gives a prediction of protein-protein interfaces by measuring the ΔG energy, 

hydrophobicity, hydrogen-bonding salt bridges across the interface and 

interface area. The PISA interface results revealed an area of 504.7 Å2, ΔG of 

-2.5 kcal/mol, and only two possible hydrogen bonds between chain A and B 

were found (Figure 3.10). This analysis suggested the dimer formed from 

chain A and B is a crystal contact rather than a biological dimerization, 

suggesting that this protein is not forming dimers in solution. 
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Figure 3.9 Ribbon and transparent surface of AioX-arsenite complex. Chain A 

and B are shown in blue ribbon and the arsenite in spheres.  

 

 

 

 

Chain A  Chain B  
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Figure 3.10 Electron density map and surface dots show the interface area of 

the AioX dimer. 

 

However, it was necessary to confirm the result of the PISA prediction with in 

solution experiment. For this, the AioX-arsenite complex was analyzed using 

small-angle X-ray scattering (SAXS) (see section 3.3.6). 

 

3.3.4 Determining the AioX crystal structure without ligand  

New crystals of AioX were made without adding arsenite or containing any 

phosphate in the crystallisation condition. After 2 weeks crystals were grown 

in 0.2 M sodium malonate, 0.1M Bis-Tris propane, 20% PEG 3350, pH 8.5, 

PACT screen (Molecular Dimension). Optimisation was carried out to obtain 

bigger and single crystals. The new crystal grew after a month, but as part of 

R126%B 
Q278%A 

E205!A 
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a cluster (Figure 3.11). Single crystals were obtained by breaking the root of 

the cluster using the same loop used to collect it.  

 

 

Figure 3.11 Crystals obtained after optimisation of the recombinant NT-26 

AioX in the absence of ligand a) recombinant NT-26 AioX crystal, b) 

recombinant NT-26 AioX crystal UV (280 nm). 

 

3.3.5 Solving the AioX apo structure  

A complete X-ray data set of 1600 images with 0.1° oscillation was collected 

using Pilatus 6M detector at Soleil Synchrotron. The highest resolution was 

1.74 Å. A sample of the diffraction pattern is shown in Figure 3.12.  
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Figure 3.12 Diffraction pattern of the diffracting AioX apo complex crystal 

collected at Diamond.  

 

The data reduction was processed using XDS and SCALA (CCP4). The 

phase problem was solved through molecular replacement (PhaserMR) using 

the previously solved SeMet-AioX structure as the template. The space group 

corresponds to that of the SeMet-AioX (P43  21 2). 

 

Table 3.4. Data reduction of AioX apo structure at 1.74 Å resolution. Values in 

parenthesis correspond to the highest resolution shell. 

Data collection AioX (open form) 

Wavelength (Å) 

Space group 

Unit-cell parameters (Å) a,b,c  

Mosaicity (°) 

Molecule in asymmetric unit 

Matthews coefficient (Å3Da-1) 

Resolution range (Å) 

Total number unique  

0.9184 

P 4 3 2 1 2 

a = 124.8 b = 124.8 c = 47.7 

0.3 

1 

3 

47.74 - 1.74 (1.78-1.74) 

38474 
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Completeness (%) 

Rmerge (%) 

Mean I/ sd(I) 

Mean CC (1/2) 

Multiplicity  

Solvent content (%) 

98.9 (99.9) 

9.8 (41.3) 

27.8 (7.2) 

0.994 (0.962) 

15.8 

57.75 

 

 

Apo-AioX was solved successfully with good overall statistics refinement 

results, with a 2% difference between the R-factor and free R-factor and B-

factor of 27 Å2 (Table 3.5). No improvement of the electron density map for 

those missing residues of the His-tag and N-terminus was obtained with still 

only 263 residues observed as was found for the previous AioX structures. 

 

Table 3.5  Statistics of the refinement process of apo-AioX. 

Refinement statistics       AioX unbound 

Number of residues 

Number of chains 

R factor 

Free R factor 

Rmsd bond length (Å) 

Rmsd bond angle (°) 

Rmsd chiral centre 

B factor (all atoms (Å2)) 

263 

1 

0.1789 

0.1998 

0.0199 

1.8905 

    0.1433 

    27 

 

The geometry of the protein model was evaluated using Ramachandran plots. 

The residue (Y165) is still in the outlier region, which is the same as found in 

the previous structures (Figure 3.13).  
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Figure 3.13 Ramachandran plot obtained for the 3D structure of apo-AioX. 

The 98.31% of the amino acids are in preferred regions and 1.30% in allowed 

regions and 0.39% in the outlier region.      

 

The AioX-unbound structure is displayed in ribbon (Figure 3.14). The unbound 

structure, which is supposed to be the open form (apo), looks very similar to 

the closed form (holo) of the AioX-arsenite complex (Figure 3.16). 

Nonetheless, small differences are observed that are explained in section 

3.2.6. 
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Figure 3.14 3D cartoon representation of AioX with no ligand to 1.74 Å 

resolution. 

 

The binding-site of the unbound structure as shown in Figure 3.15, is filled by 

water molecules. None of the compounds of the crystallisation conditions 0.2 

M sodium malonate, 0.1 M Bis-Tris propane, 20% PEG 3350 are present in 

the binding site and it can be inferred they have not interfered with the crystal 

structure, in contrast to the previous structures of AioX solved in chapter one 

where a phosphate group was found in the binding pocket. 

 



!
134!

        

 

Figure 3.15 The binding-site of AioX a) Shows the binding site of apo-AioX is 

filled with water molecules b) Close-up view of the AioX binding site (red balls; 

water molecules).  
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3.3.6 Comparison of AioX-arsenite, AioX-phosphate and apo-AioX 

structures. 

Comparisons of the three-dimensional structures of the three solved AioX 

structures were made. First, the three structures were superimposed over 

each other to identify differences in their backbones. Figure 3.16 shows that in 

the presence of arsenite a loop located in domain I constituted for G52 L53 

T54 P55 V56 F57 L58 S59 (Figure 3.16 square) moves 15 Å closer toward 

the binding site in contrast to the AioX-unbound (blue) and AioX-phosphate 

(pink). Also, the N-terminus of the AioX-arsenite complex is located in a 

different position, possibly caused by the movement of the loop or because it 

exists in another space group. No differences in the backbones of the apo-

AioX and AioX-phosphate were observed (Figure 3.16).  

         

Figure 3.16 Superimpose of AioX backbone structures obtained under 

different conditions. In pink; AioX-phosphate complex, light blue; AioX-

arsenite complex, blue; AioX-unbound. 

I II 
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N-term 

C-term 
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A more detailed view at the molecular level shows one difference between the 

phosphate-bound and unbound (no ligand) structures, namely Y88 is flipped 

90° in the presence of phosphate. The same amino acid is also flipped 90° in 

the presence of arsenite and this is in the identical position as that in AioX- 

phosphate structures (Figure 3.17). 

                  

Figure 3.17 Electron density map showing the differences between a) AioX-

unbound, b) AioX-phosphate complex, and c) AioX-arsenite complex. The 

circle highlighters are showing the loop’s movement. 
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The main difference between the AioX-phosphate and AioX-arsenite 

structures is the loop that moves close to the ligand in the AioX-arsenite 

structure. The residues that compose the loop are hydrophobic (G52 L53 T54 

P55 V56 F57 L58 S59) and V56, which also seems to be involved in binding 

arsenite (Figure 3.7) which is located at a distance of 3.89 Å from the arsenite 

(Figure 3.18). 

                  

Figure 3.18 Superimposed structures of the AioX-arsenite and AioX-

phosphate structures. In pink; AioX-phosphate complex, light blue; AioX-
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arsenite complex. Ligands are displayed in stick, phosphate (PO43-) and 

arsenite (As+3). 

 

A comparison of the ligand-binding sites of the AioX-arsenite and AioX 

phosphate structures was also made and a few differences were observed. 

First, the ligands are not located in exactly the same position; the arsenite is 

closer to the cysteine 106 forming a covalent bond (2.03 Å). In the presence 

of phosphate the cysteine is 3.89 Å away, possibly forming an electrostatic 

interaction (Figure 3.19). Alternately, C106 may not interact with the 

phosphate and is in this position because of the overall movement of the 

molecule. Another difference is the Val 56, which maybe involved in binding 

only in the presence of arsenite and not in the presence of phosphate. 

 

Figure 3.19 Superimposed binding site of the AioX-arsenite and the AioX 

phosphate structures, showing the amino acids involved. 
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Analyses of the electrostatic surface potential of the unbound, phosphate 

bound and arsenite-bound structures were also carried out. Examining 

changes in the electrostatics of the surface could provide information on the 

site of a possible pocket of interaction with the periplasmic part of AioS. The 

results show a small difference in the electrostatic potential of the AioX-

arsenite bound with respect to the other two structures (Figure 3.20). The 

difference is observed in the hydrophobic loop (highlighted by a square in 

Figure 3.20c), which is exhibit major electronegative that in the apo-AioX and 

AioX-phosphate bound structures. In contrast, no difference is observed in the 

electro-potential between the unbound and the phosphate-bound structures. 

This may suggest that the phosphate binding is not biologically relevant.  
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Figure 3.20 Electrostatic surface potential of a) AioX-unbound, b) AioX-

phosphate complex, and c) AioX-arsenite complex. red colour: negative 

charged, blue: positive charge and white: neutral. 

 

3.3.7 His-tag modelling by Phyre server 2.0 

Prior to undertaking the SAXS experiments, the residues that form part of the 

N-terminus (including the His-tag) were modelled. The Phyre server 

generates a series of models. The chosen model has high confidence and 

coverage of the query sequence.  

 

Here an analysis of Cα-Cα distance is made and corrected. Also, regions that 

are not covered by the templates are handled by ab initio, where residues are 

added to fill the gaps. Once the Cα backbone was approved, the side chains 

were built. Here, the finalised structure was modelled with 57% of residues 

with more than 90% confidence (Figure 3.21). 

                            

Figure 3.21 Three-dimensional model of a portion of the AioX N-terminusd. 

Model dimensions (Å) x: 20.9 y: 35.8 z: 30.399. 
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3.2.8 SAXS data analysis 

After collecting the data, buffer data was subtracted from the sample data to 

confirm that the sample was monodispersed (i.e., with no aggregates), which 

allows further analysis. The sample data was analyzed to determine the 

radius of gyration (Rg), which describes the mass distribution of the 

macromolecule around its center of gravity. This was calculated by the 

Guinier approximation. As the Guinier approximation curve data are in 

reciprocal space a transformation into real space is required to continue.  

 

The p(r) function is the pair distribution function through an indirect Fourier 

Transformation of the scattering data into real space. Also, the Rg from p(r) 

function and Dmax (maximum dimension of molecule) were determined. 

Figure 3.22 shows p(r) with Guinier curve function of BSA used as the 

scattering control and mass marked. The p(r) plot shows the overlay curves of 

BSA scattering in blue and the crystal structure of BSA in red. Both molecules 

are similar with a Dmax 84 Å. 

 

 

Figure 3.22 Guinier curve functions and P(r) from Bovine BSA with Rg of 

27.32 Å.  
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The p(r) function provides values from the scattering intensity (I) that allows 

the molecular mass to be estimated. The molecular mass was determined by 

comparison of the extrapolated value of the intensity (I) with the sample 

scattering data with that from BSA. The mass estimation for AioX in the 

presence and absence of arsenite was 33.1 kDa., which corresponds to the 

mass including the his-tag (33.1 kDa). This result corresponds to the 

monomeric form of AioX, which indicates that in the presence of arsenite the 

protein is a monomer.  

 

The p(r) function was also determined for AioX is the absence of arsenite, 

which shows a Dmax of 82 Å (Figure 3.23 in violet). The apo-AioX crystal 

structure revealed a Dmax of 59 Å (Figure 3.23 in red). Here, there is a 

discrepancy in the Dmax of 23 Å, which may correspond to the His-tag. As 

seen in figure 3.21, the N-terminal model built that includes the His-tag is 

about 20 Å in dimension, which explains the discrepancy.  

 

 

Figure 3.23 Guinier curve functions and P(r) from AioX-unbound (no ligand) 

with Rg of 24.15 Å. 
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Analyzing the p(r) of AioX-arsenite complex showed a Dmax of 79 Å (Figure 

3.24 in green) and about 59 Å for its crystal structure (Figure 3.24 in red). 

Here, there is also a difference of 20 Å, which could one again correspond to 

the missing N-terminus.  

 

  

Figure 3.24 Guinier curve functions and P(r) from AioX-arsenite complex with 

Rg of 22.94 Å. 

 

The AioX-arsenite complex was modelled ab initio. The modeling method 

used dummy atoms that provide a bead model, which is calculated from the 

intensities fitted in p(r) GNOM, SAXS curve. The program applied to obtain 

the bead model was DAMMIN, ATSAS software. Here, the low-resolution 

beads model made from p(r) GNOM AioX-arsenite complex data is presented 

(Figure 3.25). The crystal structure of AioX-arsenite was overlaid into the 

bead model to determine the agreement of the model in terms of volume and 

shape. Despite the crystal structure fitting well into the bead model, a portion 

is still incomplete. The missing portion corresponds to part of the AioX N-

terminus (including the His-tag), whose model was also overlaid into the bead 
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model. The oligomeric state of the AioX-arsenite complex was also 

determined, which indicates that AioX behaves as a monomer in solution. 

 

 

Figure 3.25 Superimposition of AioX-arsenite complex crystal structure in a 

low-resolution beads model of the AioX-arsenite complex. Models constructed 

using the ab initio modeling program DAMMIN and DAMAVER. Light blue 

bead model; AioX-arsenite complex, blue ribbon; AioX-arsenite complex 

crystal structure, yellow; ribbon AioX N-terminus model (including the His-tag). 

 

3.3.9 Size exclusion chromatography of AioX 

Size exclusion chromatography was used as another method to study the 

oligomeric state of AioX in the absence and presence of arsenite. The 

chromatography was performed in the same buffer as was used in the SAXS 

experiments (i.e., 20 mM Tricine, 150 mM NaCl, pH 7.5). Prior to the 
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chromatography, AioX was incubated with arsenite to achieve a homogenous 

sample of arsenite-complexed AioX. Figure 3.26 shows the chromatograph of 

AioX in the presence and absence of arsenite. A slight increase in size was 

observed when it was incubated with arsenite. The result supports the SAXS 

data showing that AioX remains as a monomer when bound to arsenite.  

 

 

Figure 3.26 Size exclusion chromatography of AioX performed with 20 mM 

Tricine,150 mM NaCl, pH 7.5, incubated with and without arsenite. The line 

represents AioX without arsenite, and the dashed line shows AioX incubated 

with 20 µM arsenite. 
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3.4 DISCUSSION 

3.4.1 Crystallisation of AioX-arsenite complex 

One question that arises during crystallisation of the protein-complex is when 

the ligand should be added. Different strategies have been described to get 

crystals of protein-ligand complexes, such as (i) co-expression of the protein 

with the ligand, (ii) adding the ligand at any step of protein purification, (iii) co-

crystallisation or (iv) soaking the protein’s crystal with the ligand. Among the 

four strategies, soaking is the only one that required having the protein 

crystallised. This could be an advantage, but some inconveniences can occur 

once the ligand is added, such as disruption of the crystal lattice or destroying 

the crystal (Hassell et al. 2006). The other three strategies have the 

disadvantage that they do not guarantee crystal growth. Nonetheless, co-

crystallisation was chosen because it is one of the most common strategies 

used to obtain crystals of a protein-ligand complex and because it is used in 

proteins that are stable and soluble like AioX. The other two strategies, co-

expression of the protein with the ligand and adding the ligand during protein 

purification, are frequently used when the protein is not stable and/or soluble 

and needs to be stabilized as a protein-ligand complex.  

 

Ligand concentration has been described to be crucial to success in getting 

crystals. It is known that an application of a too low concentration of a ligand 

can produce a non-homogeneous protein solution, which could prevent 

crystallisation. In this instance, not all of the protein molecules are bound with 

the ligand, which can also produce, if the crystal grows, a low level of 

occupancy that causes an undefined electron density map where the ligand 
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cannot be placed and can even make structure solution impossible. Excess 

ligand can interfere with the crystallisation conditions (e.g. by changing the 

pH, concentration of the components, etc), inhibiting crystal formation. For this 

reason, in co-crystallisation it is important to know the KD (dissociation 

constant) so that the correct ligand concentration is used (Hoeppner et al 

2013). For this purpose, the kD of AioX for arsenite was determined by 

isothermal titration calorimetry (ITC) (shown in chapter 4) so that AioX would 

be saturated with the ligand.  

 

Another factor to be considered is the incubation of the protein with the ligand 

to get a homogenous sample prior to setting up the crystallisation screens 

(Hassell et al. 2006). In this study, AioX was incubated for 30 min at 21°C 

using a 2 mM of protein and 1 mM arsenite (pH 7.5), which was 2-fold about 

the kD for arsenite. In summary, AioX was successfully co-crystallised with 

arsenite and AioX-arsenite crystal structure solved. 

 

3.4.2 Structure and binding site of the AioX-arsenite complex and AioX 

unbound (ligand-free) 

The topology of AioX has been described in chapter 2; it can be classified as 

a Class II of the substrate-binding protein, according to Fukami’s classification 

(Bertenson et al. 2010), with the polypeptide chain crossing over the two 

lobes twice only that domain II is composed of six β-strands instead of five as 

the classification indicates. According to Berntsson classification (as it was 

shown in chapter 1, section 1.9) AioX has a topology related to cluster D, but 

possibly forming a new sub-cluster D as the sub-cluster (DI, DII, DIII, DIV) 
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does not bind a ligand with a trigonal shape like arsenite (Dwyer et al. 2004; 

Berntsson et al. 2010). 

 

The binding site of AioX was revealed by chance described in chapter 2, as a 

phosphate group from the crystallisation condition was found bound to AioX. 

Even when most of the residues involved in binding are similar, a difference is 

observed in the behaviour of Val 56, which forms part of the binding-site only 

in the presence of arsenite and not in the presence of phosphate. This residue 

is possibly involved in the movement of the hydrophobic loop toward the 

binding pocket. Something similar is seen in the phosphonate-binding protein 

(pdb id: 3P7I) in the presence of ligand (phosphonate), where an isoleucine 

located in its hydrophobic loop moves through the binding-site (Alicea et al. 

2011). 

 

3.4.3 Analyzing the apo (ligand-free) and holo (ligand-bound) forms of 

AioX 

Structural studies of AioX have revealed that it exhibits a fold with bilobal 

organization connected via a linker region, like all the substrate-binding 

proteins (SBP). It has been reported that this kind of topology can adopt 

different types of conformational states because of the flexibility caused by the 

hinge region. Four main conformations of SPBs proteins have been 

described, I) unliganded-open form (ligand-free), II) ligand-closed form 

(ligand-bound), III) unliganded-closed form (ligand-free), and IV) unliganded-

semi-open form (ligand-free) (figure 3.27) (Hoeppner et al. 2013). 
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Figure 3.27 The four conformational states of SBPs. The numbers (I) (III) (IV) 

shows a ligand-free forms and (III) a ligand-bound form. 

 

In the open conformational state, the two domains are separated from each 

other, forming a deep gap where the substrate-binding site is located (Figure 

3.27, I). In the presence of ligand, both domains move towards each other 

through a hinge motion or rotation, resulting in the closed conformation 

(Figure 3.27, II). Several crystal structures of SBP have been published in 

their open-unliganded (apo) and closed-liganded (holo) conformation 

revealing the differences between the two conformational states. For 

example, the case of PhnD that binds 2-aminoethylphosphonate (2-AEP) 

where the closed conformation shows that the two lobes turn around a hinge 

by ~70° in comparison to the open conformation (Alice et al. 2011). In this 

study, the crystallisation of the unliganded form of AioX does not exhibit an 

open conformation. In fact, it looks like an unliganded-closed conformation 

(Figure 3.27, III), very similar to the liganded-closed conformation (Figure 

3.27, II). Nonetheless, like most of the SBP, the binding pocket of AioX is also 

located in the core of the protein with the ligand completely buried. In the apo-

! !

! ! !! ! !

I 

II III IV 
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AioX structure there is no space for the ligand to enter the pocket so that AioX 

must exist at some point in a open conformation to allow for ligand binding.  

 

It is known that the SBPs are in equilibrium when they are in the absence of 

ligand exhibiting the forms of unliganded-open and unliganded-closed. This 

equilibrium has been described in SPBs that mainly exist as an unliganded-

open conformation with a few as the unliganded-closed conformation. 

Nonetheless, it is impossible to predict what conformation would be the 

predominant one under a specific condition. The equilibrium possibly varies 

depending on different factors e.g. type of buffer, temperature, pH, etc. It is 

possible that in the buffer conditions used in this study the equilibrium for AioX 

lies in favour of the unliganded-closed conformation. Furthermore, the 

equilibrium described in solution can also occur during the crystallisation, but 

here the equilibrium tends to move toward one conformation. This happens 

especially when the conformational states between open and closed forms 

are considered that could interfere with the crystal lattice and in the crystal 

growth (Hoeppner et al. 2013). Diverse factors have been described that can 

alter the equilibrium movement; where in this case of AioX is possible that the 

buffer conditions favoured a closed conformation that could be crystallised. 

 

Of several SPBs structures described, just a few have been crystallised in the 

unliganded-closed form, most of these structures were not crystallised on 

purpose (Tang et al. 2007; Bermejo et al. 2010). An example of this is the 

choline-binding protein ChoX from Sinorhizobium melioti, which was 

crystallised in the absence of ligand to gain structural insight into the open 
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conformation (Loh et al. 2001, Oswald et al. 2008, Oswald et al. 2009). 

Attempts to get crystals of open form were not successful, but instead a 

closed form of unliganded (ligand-free) structure was obtained, which are 

similar to the results obtained in the AioX crystal structure of unliganded 

(ligand-free).  

 

In contrast with the unliganded crystallisation form, liganded-closed 

conformation is the most crystallised form of SBPs. It is thought that the 

substrate-bound protein complex adopts a more compact conformation which 

is believed to be more stable while also reducing flexibility (Hoeppner et al. 

2013).  

 

It has been found that the closed and open forms crystallise in different 

condition. This is expected because the open and closed forms in the SBPs 

have a considerable conformational change that is reflected in changes in the 

crystal parameters (e.g. different unit cell and/or space group) (Hoeppner et 

al. 2013). In this study, it was found that the unliganded-closed and ligand-

closed forms have crystallised in different conditions presenting different 

space groups and unit cells even though they possess similar conformations. 

Here, the ligand-bound conformation crystallised in P3221 presenting 2 

molecules per asymmetric unit and unliganded-closed form crystallised 

P43212 presenting 1 molecule per asymmetric unit.  

 

In general, crystal structures of the open and closed forms need to be 

determined in more than one crystal, especially in the open conformation, 
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which have been described to be more unstable. An example showing the 

unstable open conformation is the crystallisation of the ribose-binding protein 

in which the three crystal structures determined of the open conformation 

vary. The angle of rotation between the two domains has been shown to vary 

between 43° and 63° in the ribose-binding. It is not possible however to 

ensure that 63° is the final open conformation and perhaps the complete open 

conformation has not been crystallised (Hoeppner et al. 2013). In this case, 

having different unliganded-open states suggests that crystal packing could 

influence these differences. In crystal packing the physical mechanism that 

influences the conformational change could be due of the nature of the crystal 

itself like the unit cell and space groups, but it can also be due to 

environmental variables like pH or ionic strength. Crystal packing however will 

not change the overall three-dimensional structure of a macromolecule, as it 

may vary the conformational state of flexible areas like loops and side chains 

(Jacobson et al. 2002). In AioX, because the hinge that connected the two 

domains is quite flexible perhaps the packing is having an effect on the apo 

conformation.   

 

Another possibility is that AioX would behave the same as TorT, which does 

also not show a large conformation change between the bound and unbound 

form (chapter 1, section 1.10) (Neiditch et al. 2006). It is possible that this 

open conformation is restricted to the PBP involved in the sensory system, 

rather than transport system, moreover, in the two sensory systems that have 

their crystal structure described, LuxQ-LuxP and TorT-TorS, the periplasmic-

binding proteins is bound to the sensor histidine kinase, both in the presence 
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and in the absence of the ligand and do not display a large conformational 

change. 

 

In conclusion, the crystallisation of different conformational states seems to be 

a “trial-and-error”, especially when the aim is an unliganded-open 

conformation and/or unliganded-closed conformation. 

 

3.4.4 Comparison between different conformations of AioX structures 

and its function  

As mentioned previously, the ligand-bound and ligand-unbound crystal 

structures of AioX are very similar, and no change is observed in the angle of 

the hinge region. Therefore, in the two structures, the domains have a closed 

form. Nonetheless, a small difference was observed as is shown in Figure 

3.16, where a hydrophobic loop moves toward the binding pocket in the 

presence of arsenite therefore able to interact with AioS. This difference may 

be important in function, making it active when it binds arsenite. A similar 

structural state occurs when the phosphonate-binding protein (pdb id: 3P7I) is 

activated through its ligand (phosphonate) (Alicea et al. 2011). 

 

A comparison of the AioX structure with a bound phosphate group was made 

(Figure 3.17). As it was reported in chapter 2, section 2.3.8, the phosphate 

came from the crystallisation conditions. It is not clear whether the phosphate 

has an effect on protein function, but presumably because the structure is 

identical to that of the apo-AioX phosphate binding probably has no biological 

relevance because the structure is identical to the unliganded-closed form 
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(ligand-free), and possibly the only functional structure of AioX is when this 

binds arsenite.   

 

3.4.5 Interaction with other proteins 

In chapter 1, section 1.6 a possible mechanism for AioX in regulation of 

arsenite oxidase gene expression has been proposed. AioX is activated when 

it binds arsenite allowing producing a conformational change that allows it to 

interact with the periplasmic region of AioS, a sensor histidine kinase. 

Presently there is no evidence that these two proteins interact. However, 

scanning the surface of bound and unbound crystal structures of AioX can 

provide insight the site of interaction as this would likely exhibit changes in 

electrostatics. This electrostatic plays an important role in many biological 

processes of molecular recognition, e.g. protein-ligand or protein-protein 

interaction, and in enzymatic processes (Hildebrandt et al. 2006). 

 

Protein-protein or protein-ligand electrostatic interactions are due to attraction 

between positive and negative charges. For example, the binding pocket of 

the DNA-binding protein is positively charged, which helps it to bind DNA that 

is negatively charged due to its phosphate groups. In this instance, looking at 

the surface electrostatic potential of AioX-arsenite bound and AioX-unbound 

(ligand-free) it was observed that differences in surface electrostatic potentials 

do exist between the two. In the arsenite bound structure, a difference in the 

surface area where the loop is located turns more electro negative in 

comparison to the unbound structure. This might indicate a possible site of 

interaction with AioS. A comparison with the phosphate-bound structure was 
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also made, which revealed no difference in electrostatic potential to the apo-

AioX structure. This result supports the idea that phosphate bound to AioX is 

not biologically relevant and may be an artifact caused by the crystallization 

conditions. 

 

3.4.6 Oligomeric state of AioX-arsenite complex  

It has been reported that some proteins in the presence of the ligand can 

change their oligomeric state, e.g. from a monomer to dimer. An example is 

the DNA-biding proteins that dimerize in the presence of DNA (Zhang et al. 

2010). In this study, it was found that the crystal structure of the AioX-arsenite 

complex exhibits two molecules in an asymmetric unit (dimer). The PISA tool 

server, which calculates the area of interfaces and deltaG between two 

molecules, suggests that AioX does not dimerize in solution, because the 

interface area is <1000 Å2 and deltaG is smaller than 5 kcal/mol (Krissinel and 

Henrick et al. 2007). Experimental techniques were used to probe this further.  

 

Small-angle X-ray scattering (SAXS) and size exclusion chromatography were 

used to determine whether AioX forms a dimer in solution in the absence and 

presence of arsenite. SAXS gives information about the size, shape and 

flexibility of proteins (Putnam et al. 2007). The results obtained indicate that 

AioX behaves as a monomer in the absence or presence of arsenite. This 

experiment however was only performed once and needs to be repeated 

using a different protein preparation. Nonetheless, size exclusion 

chromatography corroborates the PISA analysis and SAXS showing AioX as 

a monomer in the absence or presence of arsenite. 
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On the other hand, analyzing the p(r) value indicates that the Dmax of the 

holo form in solution and the crystal structure are different with a 79 Å and 59 

Å, respectively. The missing part as is shown in the ab initio model 

corresponds to approximately 15% of the molecular weight of AioX. This 

missing part is thought to correspond to the N-terminal his-tag. A similar result 

was found in RIG-I, where the model built contains an N-terminal his-tag, 

which corresponds to 11% of the molecular weight (Cui et al. 2014). Cui 

(2007), suggested the additional density is contributed by the presence of N-

terminal his-tag, where the his-tag is removed the density disappears. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



!
157!

3.5 CONCLUSIONS 

 

• The AioX was successfully co-crystallised using 1mM of arsenite and 

the structure of the AioX-arsenite complex was solved by molecular 

replacement. 

 

• The arsenite-binding site is located between the two domains and the 

residues involved in binding are Y88, Y131, S161, S163, H192, which 

form H-bonds with the arsenite, C106 forms a covalent bond and V56, 

D210, P240 forming electrostatic interaction. 

 

• The crystal structure of the apo-AioX, corresponds to the unliganded-

closed conformation. 

 

• Differences in the arsenite-bound and apo-AioX are observed. The Y88 

is flipped 90° and the loop is shifted towards the binding site when the 

arsenite is present. 

 

• The dimerization of the crystal structure of AioX-arsenite complex is 

caused by crystal contact. Thus, the holo form of AioX behaves as a 

monomer in solution.  

 

 
 
 
 



!
158!

 
 

 

 

 

 

Chapter 4 

 

 

Site-directed mutagenesis and thermodynamic 

parameters of the AioX ligand-binding site 
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4.1 INTRODUCTION 

Sensory proteins are an important group of macromolecules that are involved 

in several biochemical processes in the cell. These proteins achieve their 

biological function through interactions with other molecules such as other 

proteins, DNA, and small particles such as metal ions. These interactions 

occur through a molecular recognition that leads to the formation of a protein-

ligand complex (Du et al. 2016). 

 

The binding interaction of the protein-ligand complexes can be studied at the 

structural level with high-resolution crystal structures, which provide 

information about the surfaces of the ligand and protein that are interacting 

and also reveal their orientation. However, they cannot give information about 

the affinity of the interaction (Ma et al. 2002). 

 

Some proteins have been described to bind different ligands and can also be 

linked to different signalling pathways. In these cases, it’s important to know 

what the affinity for these ligands is in order to have a better understanding 

about its function (Lodish et al. 2000). Therefore, it can be established that a 

higher concentration of weakly interacting ligand cannot replace the effect of a 

low concentration of ligand interaction with a high affinity. 

 

Isothermal titration calorimetry (ITC) is a technique that can be used to 

measure the energy that is released or consumed by a biochemical reaction. 

This technique works by measuring the heat produced (exothermic) or 

consumed (endothermic) during a reaction. By measuring the heat change of 
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a cell over successive titrations it is possible to determine thermodynamic 

parameters like the binding enthalpy (ΔH), binding affinity constant (Ka) and 

the stoichiometry (N) i.e. the ratio of ligand to protein binding (Holdgate et al. 

2013). These parameters allow the determination of the free energy (ΔG), and 

also the entropy (ΔS) as is shown in equation below, where T is the absolute 

temperature and R is the gas constant: 

 

1.!!ΔG = !RTlnka = ΔH− T ∗ ΔS  

 

The dissociation constant (kD) can be determined from the Ka with equation 

below: 

 

2.!!!!D = 1
!"! 

 

ITC is the simplest experiment to determine thermodynamic parameters as it 

does not require any labelling of the ligand or protein (Bronowska et al. 2011). 

ITC consists of titrating a protein sample (in the sample cell, Figure 4.1) 

followed by a series of ligand injections (as shown in syringe, Figure 4.1), and 

the consumed/released heat is recorded using a computer. Upon injection of 

the ligand into the sample cell, the instrument detects the heat by measuring 

the energy needed to maintain a constant temperature (isothermal) conditions 

between the sample cell and the reference cell. In an endothermic reaction, 

the temperature of the power circuit increases in order to maintain the 

temperature, as the endothermic reaction consumes energy (reflected in a 

decrease of temperature). In contrast, the exothermic reaction, the 
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temperature decreases to maintain a constant temperature (Holdgate et al. 

2013). 

 

                        

Figure 4.1 General scheme of an isothermal titration calorimetry instrument, 

consisting of a syringe containing ligand, sample cell containing protein and a 

reference cell.  

 

 

In chapters 2 and 3 it was revealed that the crystal structure of AioX binds to 

arsenite, but phosphate was also found in the ligand-binding site. Even 

though the crystal structure of the phosphate-bound AioX does not exhibit 

major differences to the crystal structure compared to the apo-AioX, it is 

necessary to use another technique to demonstrate whether AioX can bind to 

phosphate in solution. In this instance, if AioX binds phosphate in solution it 

would be necessary to determine the protein’s affinity to phosphate and 

arsenite to provide an insight into whether AioX could be involved in a 

regulatory pathway involving phosphate pathway as well as arsenite. ITC was 

used to study the binding of ligands to AioX. 

!

! !

! !

!
!

syringe 

Reference cell  
Sample cell 
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This chapter describes the thermodynamic parameters of AioX titrated with 

arsenite and phosphate, and also describes the thermodynamic parameters of 

ligand-binding site mutants. 
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4.2 MATERIALS AND METHODS 

4.2.1 Isothermal titration calorimetry 

Titration experiments were carried out using a VP-ITC, Microcalorimeter of 

MicroCal in the Biophysics laboratory at Birkbeck College, University of 

London. The concentration of protein and ligand were 50 µM of AioX and 500 

µM of sodium arsenite or sodium phosphate (ligand/titrant) both in the same 

buffer (20 mM Tricine pH 7.5). The reaction was made with constant stirring of 

300 rpm at 25°C. Once a stable baseline was achieved the injection was 

started. The injection sequence consisted of an initial injection of 3 µl to 

prevent artifacts arising from the filling of the syringe, followed by injections of 

10 µl each at 120 s intervals until saturation was reached. The resulting heat 

peaks were integrated using Origin 7.0 MicroCal software, using a one 

binding site model with a ratio of 1:1 ligand/protein. Once the model was 

fitted, estimation of N value, ka, ΔH, and ΔS were given.  

 

4.2.2 Isolation of the pPROEX-HTb AioX construct 

E. coli str JM109 containing the pPROEX-HTb AioX cloned were grown 

overnight at 37°C with shaking (200 rpm). The plasmid was extracted and 

purified from a 3 ml LB culture using a QIAprep® Spin Miniprep Kit for 

plasmid DNA purification (Qiagen), according to the manufacturer’s 

specifications.  Plasmid DNA was eluted with 40 µL of sterilized distilled 

water.  The DNA was quantitated using a Nanodrop spectrophotometer 

(Nanodrop® ND-1000) and the purity was visualized on a 0.8% agarose gel 

following electrophoresis.   
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4.2.3 Site-direct mutagenesis and primer design 

Mutations in residues involved in arsenite binding were performed on aioX 

using a QuickChange II XL site-directed mutagenesis Kit (Aligent), following 

the manufacturer’s instructions. The purified pPROEX-HTb containing the 

aioX (chapter 2, section 2.2.10) was used as the template for the PCRs. 

Forward and reverse primers containing the mutation of interest were used to 

amplify aioX (Figure 4.2). The primers were designed to make the following 

substitutions: tyrosine 88 includes the codon change in brackets to alanine 

and phenylalanine codon change in brackets cysteine 108 to alanine, serine 

and methionine (Table 4.1). 

 

Figure 4.2 Overview of the mutagenesis by substitution using a double DNA 

strand and primers containing the mutation of interest producing a new 

plasmid containing the mutation. 
  

!! ! !X  X  

! ! X  X  

pPROEX-HTb aioX 

pPROEX-HTb aioX mutated 
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Table 4.1. The primers are shown below in red writing indicates the codon 

that encodes for the residue that is exchanged. 

 
Mutation Primers 

C106 (TGC) changed to A106 

(GCA) 

 

C106 (TGC) changed to S106 

(TCG) 

 

C106 (TGC) changed to M106 

(ATG) 

 

Y88 (TAT) changed to A88 (GCA) 

 

Y88 (TAT) changed to F88 (TTT) 

 

AioXF-C106A   5’ GAGGCCGCCTGGATCGCAGGCTATCCCTTCATG 3’ 

AioXR-C106A   5’ CATGAAGGGATAGCCTGCGATCCAGGCGGCCTC 3’ 

AioXF-C106S    5’ GAGGCCGCCTGGATCTCGGGCTATCCCTTCATG 3’ 

AioXR-C106S    5’ CATGAAGGGATAGCCCGAGATCCAGGCGGCCTC 3’ 

AioXF-C106M   5’ GAGGCCGCCTGGATCATGGGCTATCCCTTCATG 3’ 

AioXR-C106M   5’ CATGAAGGGATAGCCCATGATCCAGGCGGCCTC 3’ 

AioXF-Y88A   5’ ATAACCCAGCGCACCGCACAGGAGGTCACGGCA 3’ 

AioXR-Y88A   5’ TGCCGTGACCTCCTGTGCGGTGCGCTGGGTTAT    3’ 

AioXF-Y88F   5’ ATAACCCAGCGCACCTTTCAGGAGGTCACGGCA 3’ 

AioXR-Y88F   5’ TGCCGTGACCTCCTGAAAGGTGCGCTGGGTTAT   3’ 

 

The new PCR products were digested with 1U DpnI at 37°C for 1.5 h and 

then transformed into E. coli competent cells (supplied in the kit) as per the 

manufacturer’s instructions and then plated onto LB agar containing 100 

µg/ml ampicillin and grown overnight at 37°C. Recombinant plasmid were 

isolated and mutations confirmed by sequencing and then transformed into E. 

coli str. JM109 by electroporation for subsequent expression.  

 

4.2.4 Sequencing of aioX mutants 

The aioX mutants were confirmed by sequencing at GATC (Biotech) services. 

The concentration of DNA template and primers were prepared according to 

GATC (Biotech) service specifications using 100 ng/µl of plasmid and 5 pmol 

of each primer (M13 and AioXRPROEX) in a total volume of 10µl (2.2.8). 

 



!
166!

Primers:                M13: 5’- AGCGGATAACAATTTCACACAGG - 3’ 

             AioXRPROEX: 5’- GCGAATTCCTCATCCCAGCCTCCGCACGCG -3’ 

 

4.2.5 Expression and purification of the AioX and mutants  

AioX WT and AioX mutants were expressed in E. coli str. JM109 and purified 

as described chapter 2, section 2.2.8 with modification of instead using 

phosphate was used Tris-HCl. 

 

4.2.6 Protein gel electrophoresis  

SDS polyacrylamide gel electrophoresis (SDS-PAGE) was performed to 

determine the sample’s purity as described chapter 2, section 2.2.12. 

 

4.2.7 Protein determination  

NanoDrop® was used to determine concentration of AioX following the 

protocol described in chapter 2, section 2.2.11. 

 

4.2.8 Circular dichroism spectroscopy 

Circular dichroism (CD) spectroscopy was undertaken to confirm whether the 

AioX mutants were properly folded when compared to the WT protein. This 

was carried out in a JASCO J-815 spectropolarimeter instrument in the 

Biophysics Laboratory, Birkbeck College, University of London. The 

experiments were performed in 10 mM phosphate buffer using 0.1 mg/ml 

AioX WT or mutants in a 200 µl quartz cuvette with a path length of 1 mm. 

Control scans were performed to determine the 10 mM phosphate buffer 

conductivity. The spectra for each protein were collected in triplicate from 260 
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nm to 185 nm at 25°C. The three CD spectra were averaged and corrected 

for the buffer signal using the CDtool program (Lees et al. 2004). The 

Dichroweb server was used to de-convolute the spectra and determine the 

secondary structure (Whitmore and Wallace et al. 2008). Once it was 

determined that the mutants were correctly folded, ITC experiments were 

performed, as described in section 4.1.1, to check if the mutations had an 

effect on AioX’s ability to bind arsenite. 
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4.3 RESULTS 

4.3.1 Thermodynamic parameters of AioX measured by isothermal 

titration calorimetry  

Isothermal titration calorimetry was used to determine the thermodynamic 

parameters of AioX in binding arsenite and phosphate. Titration experiments 

were carried out using 50 µM of AioX protein, 500 µM of sodium arsenite or 

phosphate (as ligand), stirred at 300 rpm at 25°C. Prior to running the assay, 

different controls were performed like the titration of water into water to 

confirm that the cell and syringe were clean and the injection system was 

working. Others controls involved, buffer against buffer, ligand titrated into 

buffer and AioX titrated into buffer. The procedure consisted of serial 

injections where the ligand was titrated into the protein. An initial injection of 3 

µl was made to prevent artifacts arising from the filling of the syringe and then 

was followed by 10 µl injections at intervals of 120 s. 

 

Figure 4.3 shows the ITC experiments performed in AioX titrated with 

arsenite. As shown in the upper panel of the thermograph, each peak 

represents an injection and over time with each injection the energy measured 

in heat decreases due to an increase of protein saturated with the ligand. The 

negative peaks indicate the reaction is exothermic, i.e. it releases energy 

when binding arsenite. As the energy is released into the system it is 

necessary to reduce the energy input into the reference cell to maintain the 

isothermal conditions. Therefore, each negative peak represents the energy 

that the system spends in maintaining the temperature. 
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To determine the thermodynamics parameter, all peaks were integrated and a 

1:1 (equation 3) binding model was used, assuming there is one arsenite 

bound per AioX molecule. This assumption was justified by looking at the 

binding site crystal structure of the AioX-arsenite complex, which has only one 

arsenite molecule per binding site (Figure 4.3 b). The lower panel shows the 

peaks integrated with respect to the time against the molar ratio and the upper 

panel shows the raw data of the heat peaks per injection. All thermodynamic 

parameters determined where made in duplicated (Table 4.2) (Appendix E). 

where a kD of 170 nM was calculated and its stoichiometry was nearly to 0.98 

(1:1). 

 

                                                  

(M, macromolecule; L, ligand) 

 

 

3. M+ L       ML    ⇌ 
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Figure 4.3 ITC of AioX conducted in 20 mM Tricine, pH 7.5 at 25°C. In this 

experiment 500µM sodium arsenite in the injection syringe and 50 µM of AioX 

in the sample cell were applied. a) shows the raw data result of ITC b) shows 

the residues involved in arsenite binding. 
 

Table 4.2. Thermodynamic parameters of arsenite binding to AioX at 25°C 

   LIGAND N KD (µM) Ka (M-1) ΔH (kcal/mol) ΔS(kcal/mol/K) 

arsenite 0.980±0.023 0.17±0.04 6,4e6±0.004 -1.95e4±0.03   -34.5±0.8 

 

ITC assays were also carried out using AioX titrated against phosphate in 20 

mM Tricine pH 7.5 to determine if AioX binds phosphate in solution. Figure 

4.5 shows the titration of phosphate against AioX. No thermodynamic 

parameters for phosphate could be determined under these conditions.  
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Figure 4.4 ITC of AioX conducted in 20 mM Tricine, pH 7.5 at 25°C. In this 

experiment 500 µM phosphate (Na2HPO4) in the injection syringe was titrated 

into the sample cell containing 50 µM of AioX. a) shows the graph result of 

ITC b) shows the residues involved in arsenite site on AioX. 

 

4.3.2 Expression and purification of AioX mutants. 

The AioX mutations were confirmed by sequencing and all mutations made 

were successfully done. An amino acid mutated was C106, which has been 

described to be essential in arsenite-binding and Y88 that flip 90° in the 

presence of ligand. Amino acid substitutions of these residues were made to 

determine whether they are required for arsenite binding. Both high yield and 

purity of AioX WT and Y88 mutants were obtained but this was not the case 

for the C106 mutants. Figure 4.5 shows a photo of an SDS polyacrylamide 

gel, the bands corresponding to AioX WT and AioX mutants exhibit a mass 

equated to 33 kDa which was as expected. A total of 8 mg of AioX WT (per g 
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wet weight cells) was purified, 6 mg the Y88 mutants and 1.5 mg C106S 

mutant. 

 

 

Figure 4.5 SDS-polyacrylamide gel showing AioX WT and AioX mutants 

purified. Lane 1, shows molecular weight ladder (Low Molecular Weight 

Marker, Ge Healthcare) (size in kDa). 

 

As can be seen in Figure 4.5, the C106A and C106M mutants were barely 

visible in the gel. To determine why the expression of these mutants was not 

comparable to C106S further expression and purification attempts were 

made. The pellet after cell disruption and the soluble fraction were compared. 

The pellet was homogenized with binding buffer and 1µl was analysed in 

SDS-polyacrylamide gel.  Figure 4.6 shows the soluble and pellet fractions 

collected during the C106S and C106M purifications. The lanes 2 and 3 

correspond to C106A (soluble and pellet fraction, respectively) and lanes 4 

and 5 to C106M (soluble and pellet fraction, respectively). In both mutants, 

          1           WT        WT         C106A     C106S      C106M        Y88A       Y88F          
8 

31 kDa 
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there was a band with the expected size of the protein (33 kDa) only in the 

pellet fraction, which suggests the protein was well expressed but insoluble.  

 

Figure 4.7 SDS-polyacrylamide gel showing purified AioX WT and AioX 

mutants purified. Lane 1, molecular weight ladder; lane 2, AioX mutant C106A 

soluble fraction; lane 3, AioX mutant C106A pellet fraction: lane 4, AioX 

mutant C106M soluble fraction; lane 5, AioX mutant C106M pellet fraction.  

 

4.3.3 Circular Dichroism spectroscopy 

Circular dichroism (CD) spectroscopy was used to compare the secondary 

structures of the AioX WT protein with the mutants in solution. This technique 

measures the difference in absorption of left-handed and right-handed 

circularity-polarised light caused by the chirality of the peptide sample. The 

spectra are measured over a range of wavelengths in the UV, and the far-UV 

(<260 nm) to detect the amide group of the protein backbone. It is possible to 

determine the secondary structure elements such as the α-helices and β-

sheets and predicts their percentage using algorithms (Kelly et al. 2005; 

Whitmore and  Wallace et al. 2007). 

31 kDa 

        1         2           3            4             5 
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To determine whether differences exist in the secondary structures of AioX 

WT and mutants (C106S, Y88A, Y88F), CD spectra of all proteins were 

collected. The CD experiments were carried out in 20 mM phosphate buffers 

as it has lower conductivity that leads results in a high signal to noise ratio. 

The CD spectra were recorded in millidegrees that represents the angle 

between left and right-handed polarised light.  

 

Figure 4.7 shows the spectra of AioX WT and the AioX mutants (C106S, 

Y88A, Y88F). Each spectrum shown is averaged from three repeats. When 

comparing the shape of the spectra, one can see that the mutants Y88A 

(green) and Y88F (violet) are similar to the AioX WT (light-blue) spectrum, but 

that the C106S mutant (red) is not. It appears that the cysteine mutation has 

an effect on the protein conformation. 

 

To analyze the spectra, an online server (www.dichroweb.cryst.bbk.ac.uk) 

was used that processed the spectra using different programs that de-

convolute the data and determine the relative abundance of a secondary 

structure like an α-helix and β sheet in a protein.  
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Figure 4.7 Circular dichroism (CD) spectra of AioX WT and mutants using 20 

mM of phosphate buffer, pH 7.5. Light-blue line represents the AioX WT, red 

line is the C106S mutant, green line is the Y88A mutant, and violet line is the 

Y88F mutant. 

 

The spectra were analysed using different algorithms on the Dicroweb server. 

Using the CDSSTR method that uses a SVD algorithm to assign the 

secondary structure was possible to obtain a prediction of helices, sheets and 

turns of the protein (Table 4.3) (Sreerama and Woody et al. 2000). Using the 

SELCON3 program that compares the conformation with a structure 

database, was possible to predict that all molecules have a similar three-

dimensional structure comparable to D-galactose-binding periplasmic protein 

(MglB), which is also a periplasmic-binding protein like AioX (Sreerema et al. 

1999), even the C106S seems to have similar folding. 
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Table 4.3. Composition of the secondary structure of AioX and AioX mutants 

determined by CDSSTR (Dicroweb). 

 Helix 1 Helix 2 Sheet 1 Sheet 2 Turns Others Total 

AioX  0.50 0.10 0.09 0.08 0.07 0.16 1 

C106S 0.39 0.09 0.13 0.11 0.08 0.19 0.99 

Y88A 0.46 0.13 0.12 0.09 0.08 0.22 1 

Y88F 0.44 0.10 0.10 0.11 0.09 0.15 0.99 

 

 

4.3.4 Isothermal titration calorimetry carried out on the AioX mutants 

ITC experiments were conducted with the AioX mutants with arsenite as the 

ligand. Titration experiments were made in duplicate and carried out as the 

same as AioX WT, section 4.3.1.  

 

The results of the ITC experiments with the C106S mutant titrated with 

arsenite can be seen in Figure 4.8. As is shown in the upper panel of the 

thermograph, under the conditions of the experiment no significant released 

or absorbed heat was detected when arsenite was injected into the C106S 

mutant cell. It was not possible to apply any model to determine the 

thermodynamic parameters indicating that a mutation in cysteine 106 

prevents arsenite binding.  
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Figure 4.8 ITC of AioX C106S mutant conducted in 20 mM Tricine, pH 7.5 at 

25°C. In this experiment 500 µM sodium arsenite in the injection syringe and 

50 µM of AioX in the sample cell were applied. a) shows the graph result of 

ITC b) shows the residues involved in arsenite site and the C106S mutated to 

a Ser. 

 

ITC was also carried out on two Y88 mutants. The first was Y88A and the 

procedure and conditions used were as was done for the WT protein. In the 

upper panel of Figure 4.9 an exothermic reaction of arsenite binding occurs. 

In this mutant, the Y88A mutation doesn’t eradicate arsenite binding. 

Nonetheless, a comparison of the thermodynamic parameters with that AioX 

WT (section 4.3.1) exhibit differences, i.e the kD of the mutant is 27-fold higher 

(4.54 µM) and also differences are observed in ΔH (Table 4.4) that indicates 

the binding to arsenite is less strong when compared to WT.  
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Figure 4.9 ITC of AioX Y88A mutant conducted in 20 mM Tricine, pH 7.5 at 

25°C. In this experiment 500 µM sodium arsenite in the injection syringe and 

50 µM of AioX in the sample cell were applied. a) shows the graph result of 

ITC b) shows the residues involved in arsenite binding and the tyrosine 

mutated to alanine. 

 

Finally, ITC was also carried out with the Y88F mutant. As can be seen in 

Figure 4.10 no interaction of the protein with arsenite could be detected, as 

was the case for the C106S mutant. 
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Figure 4.10 ITC of AioX Y88F mutant conducted in 20 mM Tricine, pH 7.5 at 

25°C. In this experiment 500 µM sodium arsenite in the injection syringe and 

50 µM of AioX in the sample cell were applied a) shows the graph result of 

ITC b) shows the residues involved in arsenite binding and the tyrosine 

mutated to a phenylalanine.  

 

A summary of the results can be seen in Table 4.4 comparing WT and mutant 

proteins. AioX C106S and Y88F mutants showed no binding of arsenite under 

the conditions tested. In contrast, the AioX Y88A mutant does not lose the 

ability to bind arsenite however the binding is affected with the affinity 27-fold 

lower than that of WT and the ΔS is positive which indicates that this 

interaction produces an unfavorable conformational change. All duplicate are 

shown in Appendix E. 
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Table 4.4. Summary of the thermodynamic parameters of arsenite binding to 

AioX WT and mutants at 25°C using ITC. 

 N KD (µM) Ka (M-1)  ΔH          

(kcal/mol) 

ΔS 

(kcal/mol/K) 

AioX WT 0.980±0.023 0.17±0.04 6.4e6±0.004 1-1.95e4±0.03 -34.5±0.8!
C106S - - - - - 

Y88A 

Y88F 

0.909±0.018 

- 

4.54±0.09 

- 

2.2e5±0.01 

- 

-2.41e3±0.08 

- 

16.4±09 

- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



!
181!

4.4 DISCUSSION  

4.4.1 Isothermal titration calorimetry (ITC) 

ITC is a technique that is mainly used to determine affinity for 

macromolecules and ligand interaction. This technique has no limitation on 

protein and ligand size and also does not require the labeling or 

immobilization of the ligand or protein. From a single experiment it is possible 

to measure the thermodynamic parameters of the binding interaction. A few 

requirements are necessary to get good results, for example having high 

solubility of protein and ligand; both need to be soluble in the same buffer and 

the range of the kD has to be between 1 nM to 10 mM (Saboury et al. 2006). 

 

4.4.1.1 ITC carried out on AioX to determine the arsenite and phosphate 

binding parameters  

ITC was used to corroborate that AioX binds arsenite in solution and to also 

determine that the thermodynamic parameters such as the kD that indicates 

the concentration of a ligand that makes the saturation fraction take a value of 

0.5. For the WT AioX protein a KD for arsenite of 170±4 nM was obtained 

using 20 mM Tricine, pH 7.5 at 25°C. In contrast the kD for arsenite of a 

homologous AioX from Agrobacterium tumefaciens str. 5A, a bacterium that is 

also involved in arsenite oxidation, was 2.4 µM which is around 14-fold 

different (Liu et al. 2012). It is known that the kD values are strictly dependent 

on the experimental conditions, such as pH, ionic strength, and temperature 

which can influence on the structure and conformation of proteins (Chilom et 

al. 2004). For that would be necessary to explore the thermodynamic 

parameter under more condition, like using different buffers and pHs. A. 
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tumefaciens, the kD determination was done using a fluorescence 

spectroscopy using 20 mM Tris-HCl buffer pH 8.0 (Liu et al. 2012). Overall, 

under the conditions evaluated it appears that the AioX from NT-26 displays a 

lower kD for arsenite therefore higher affinity for the ligand than the A. 

tumefaciens protein.  

 

It was not possible to determine the phosphate binding thermodynamic 

parameters under the conditions used in this (20 mM Tricine, pH 7.5, 25°C), 

which indicates that under these conditions AioX does not bind phosphate. In 

this case, it is necessary to perform the ITC experiments under different 

conditions because it is possible that the heat released is too low to be 

detected and a change in the experimental temperature by at least 10°C or an 

increase in the sample concentration could lead to an improvement (Perozzo 

et al. 2004). In this instance, an ITC experiment using double the 

concentration of AioX (100 µM) was attempted but the ITC was unsuccessful 

as the protein aggregated at such concentrations. The temperature change 

was not attempted so this may be an important experiment to attempt in the 

future. It may be also worth running the ITC experiment at 16°C which is the 

temperature at which the AioX-phosphate crystals were grown. Furthermore, 

no detected binding may be due to low heat release, which may be because 

the phosphate does not form a covalent bond with the 106 cysteine of AioX, in 

contrast to the AioX-arsenite complex, where the covalent bond formed may 

have a large contribution to the heat released (Berg et al. 2003). Also, another 

aspect to be considered is the limit of instrument detection, as was mention 

above the range of the kD has to be between 1 nM to 10 mM, probably the kD 
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for phosphate binding is higher than these values, as the crystallisation 

conditions of AioX-phosphate bound had 1.2 M of Na2HPO4. 

 

Also, another parameter to be considered that is related to low heat is the C 

value (C= N*K*M), where N is the stoichiometry, M is the protein 

concentration and K is the binding constant. It is recommended that the value 

between 10 and 500 and if this value is lower than 10 it indicates a very low 

affinity and the isotherm will have a shape close to a horizontal line. If the C 

value is the limiting factor then another technique to determine binding should 

be applied. One such technique is Nuclear Magnetic Resonance (NMR) or 

any other biophysics technique such as fluorescence spectroscopy. Altering 

the concentration of the protein is another possibility to detect binding but this 

was not successful in this study as the protein precipitated.   

 

 

Figure 4.14 Graph showing different shape curves according to the c value. 
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Another possible reason for not detecting phosphate binding is the 

protonation effect that the buffer pH can have on the ∆H enthalpy, as some 

reactions of ligand and protein are associated with proton release or 

absorption. When this happens, the binding enthalpy depends on the 

ionization enthalpy of the buffer and the ka of the pH (Chilom et al. 2004). 

Thus it is important to also try the ITC using different pHs. An attempt was 

made to perform the ITC in citrate buffer pH 5.0, but this was unsuccessful as 

the protein precipitated at this pH as the pI value is 5.5. 

 

4.4.1.2 ITC conducted in the AioX mutants and arsenite as the ligand 

In this experimental the cysteine 106 and tyrosine 88 that are located in the 

binding site were mutated. Three mutations were made changing Cys106 into 

alanine, serine and methionine however only the C106S mutant was soluble. 

These results suggest that this cysteine is important for maintaining the folded 

structure. Although expressed and soluble a lower yield of C106S was purified 

when compared to the WT protein. It has been described that cysteine 

residues are essential in protein structure stabilization. For example, mutation 

of cysteines to alanine or serine residues in different part of NpAD structure 

indicates that the cysteines play a role in maintaining the structure stability 

and activity of aldehyde deformylating oxygenase (AD) (Hayashi et al. 2015). 

 

ITC experiments with the C106S mutant showed no detectable arsenite 

binding, which indicates the cysteine is essential for ligand binding. The same 

result was obtained for the AioX from A. tumefaciens str. 5A where the 
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Cys108 mutated to serine also resulted in no arsenite binding, suggesting this 

is essential to bind arsenite.  

 

ITC experiments were performed on the tyrosine 88 mutants. The Y88F 

mutation showed no arsenite binding but the Y88A mutant did bind arsenite 

albeit with a higher kD indicating the protein has a lower affinity for the ligand. 

Moreover, this interaction produced a positive ΔS, which also indicates that 

the bonds formed are not the same as the WT. A positive ΔS indicates that 

the binding is by hydrophobic interactions and also can cause a minimal loss 

of conformation (Luque and Freire et al. 2002). Even when this mutation 

allows AioX to bind arsenite this change in type of binding may make the 

protein non functional. In the case of the Y88F mutation, which now lacks the 

tyrosine hydroxyl group no binding is detected which suggests that the 

hydroxyl group is essential for ligand binding. 

 

4.4.2 Circular dichroism 

Circular dichroism (CD) is a widely used technique study protein folding, 

conformational changes and secondary structure of proteins in solution 

(Wallace et al. 2002). This method uses a different computational algorithm 

that compares the spectra of soluble proteins with a database of spectra and 

three-dimensional structure. In this study, CD was used to determine the AioX 

mutants were folded properly prior to undertaking the ITC experiments.  

 

Overall, the spectra of AioX and all mutants except C106S looked similar to 

the WT. The composition of secondary structure varies showing a lower 
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percentage of helix compared to the other proteins. Another algorithm 

(SELCON3) was used which predicted that AioX WT and all mutants have the 

same three-dimensional structure, which is comparable to galactose-binding 

periplasmic protein (MglB). The result obtained is related to the AioX 

structure, as this is also a periplasmic binding protein (Whitmore et al. 2004). 

 

Another limitation of CD is that even when it gives accurate estimations of the 

secondary structure in proportions of α-helices, β-sheets and β-turns, it does 

not indicate what part of the protein is of that structural type. In addition, 

comparisons between wild type and mutants always gives differences in 

terms of percentage; even when these differences are not statistically 

significant they could have an impact on the binding site or on a relevant area 

(Whitmore et al. 2004). In conclusion, CD does not help to obtain details from 

the spectra in structural terms; hence it is not possible to get a detailed insight 

of the tertiary structure of the protein (Kelly et al. 2000). NMR would be a 

technique to be used in this instance. 
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4.5 CONCLUSION 

 

• Through ITC it was shown that AioX binds arsenite in solution with a kD 

of 170 nM. 

 

• Under the conditions tested the phosphate binding to AioX was not 

detected using ITC. 

 

• Mutating C106 indicates that this residue is essential for arsenite 

binding and possibly in preserving the structural conformation of the 

protein. 

 

• Mutating Y88 to phenylalanine also prevent arsenite binding indicating 

that the hydroxil group plays a role in arsenite-binding.  

 

• A Y88A mutant was still able to bind arsenite but with a 27-fold higher 

KD. 
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Chapter 5 

 

Concluding remarks 
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5.1 Thesis overview 

Rhizobium sp. str. NT-26 can oxidise arsenite (As+3) to arsenate (As+5) via an 

enzyme (Aio) that is a product of two genes aioB and aioA. The expression of 

these genes is regulated by a two-component system (AioSR) and by a 

periplasmic-binding protein AioX whose gene is co-transcribed in the same 

operon with aioS and aioR (aioXSR). The mechanism proposed for the 

regulation of aio expression is as follows, AioX binds arsenite and interacts 

with the sensor histidine kinase (AioS) activating its autophosphorylation and 

transferring the phosphoryl group to the response regulator (AioR) permitting 

the aioBA be expressed. 

 

The focus of this thesis was to characterise AioX from NT-26 in order to get a 

better understanding of its function in regulating arsenite oxidation. In this 

study the crystal structure of AioX was solved using single-wavelength 

anomalous diffraction (SAD) and was revealed to have a similar topology to 

substrate-binding proteins composed of two domains connected by a hinge. A 

phosphate group was found bound in the structure but it is not clear whether 

this is biologically relevant (Chapter 2). Also, was determined that AioX bind 

arsenite and revealed its binding-site. The apo-AioX and arsenite-AioX 

structures were also studied and small differences between these two were 

observed such as the hydrophobic loops that move toward the binding site 

and tyrosine 88 that flips 90° in the presence of arsenite (Chapter 3). 

Mutations were made at C106 and Y88 residues involved in arsenite-binding 

to determine whether they have an effect on arsenite binding. The mutation 
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made at the C106 was revealed to be essential to arsenite binding (Chapter 

4).  

 

5.2 General conclusions 

5.2.1 Overall structure of AioX and its binding site 

The overall crystal structure of AioX was determined to be related to the 

substrate-binding protein superfamily and the periplasmic-binding protein 

family (Berntsson et al. 2010). In this study, AioX was similar in structure to 

the PBP family and in particular was closely related to the phosphonate-

binding proteins. Within the crystal structure of AioX phosphate bound was 

found in the binding pocket. This could have happened because most of the 

residues involved in phosphonate binding are also present in AioX (Tyr88, 

Tyr131, Ser161, Ser163 and His192), however this does not necessarily 

mean that it has a biological function. Moreover, AioX homologues possesses 

a cysteine in the binding pocket that phosphonate-binding proteins do not 

have (Figure 5.1) and as it can be seen in chapter 2, Figure 2.20. 

 

Structural analysis shows that Val56 forms part of the binding-site only in the 

presence of arsenite and not in the presence of phosphate. This residue is 

possibly involved in the movement of the hydrophobic loop toward the binding 

pocket in the presence of arsenite. Also, Val56 is present in AioX but not in 

phosphonate binding proteins. Looking at the phosphonate-binding proteins 

structures this amino acid corresponds to an isoleucine. 
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Figure 5.1 Sequence alignment of AioX homologues from arsenite-oxidising 

bacteria showing that all residues involved in binding -arsenite are conserved. 
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5.2.2 The crystal structure of AioX with and without arsenite 

This thesis describes the crystal structure of AioX in its apo (unbound) and 

holo (arsenite-bound) conformation in order to explore differences between 

them that may indicate a possible interaction with the sensor AioX. Most of 

the crystal structures of PBP described in the literature display a large 

conformational change between their open and closed form (Chu and Vogel 

et al. 2011), but in AioX this was not the case. In AioX a small changes can be 

observed between the unbound and bound form. It is possible, as explained in 

chapter 3 that the conformation of the open form could be due of the crystal 

packing or perhaps there is not much change between them like TorT which 

does not show a large conformation change when bind its ligand (Neiditch et 

al. 2006).  

 

Electrostatic potential was used to establish whether it was any interaction 

between proteins and it was revealed that there was not much difference 

between the arsenite-bound AioX and the apo-AioX (ligand-free). It is 

possible, like TorT and LuxP that AioX also remains bound to the AioS sensor 

both in the presence and in the absence of the ligand (arsenite) and the 

activation of AioS is through the conformational change produced when AioX 

binds arsenite. 

 

5.2.3 Thermodynamic parameters of AioX  

AioX was confirm to bind arsenite in solution with a kD of 170 nM, and 

compared with a homologous AioX from Agrobacterium tumefaciens str. 5A, a 

bacterium that is also involved in arsenite oxidation, was kD of 2.4 µM which is 
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around 14-fold different (Liu et al. 2012). Mutations made at C106 showed to 

be essential in arsenite-binding, similar to AioX of Agrobacterium tumefaciens 

str. 5A also resulted in no binding. 

 

ITC experiments were performed on tyrosine 88 mutants. Mutation of the 

tyrosine 88 into phenylalanine showed that AioX was unavailable to bind 

arsenite, but not when it was mutated to alanine. 

 

5.3 Future work 

The work presented in this thesis could continue in different directions. The 

main course could be to determine whether AioX can interact with the sensor 

histidine kinase AioS and determine the mechanism of interaction. There are 

not many studies that show that the auxiliary protein is interacting with a 

sensor histidine kinase (Baraquet et al. 2006; Neiditch et al. 2006). As it was 

made in the TorS-TorT interaction, AioX could be co-expressed with the 

soluble portion of AioS and AioX-AioS could be crystallised in the presence 

and absence of arsenite to determine differences between the bound and 

unbound forms.  

 

As most of the residues involved in arsenite binding are present in AioX 

homologues it should be interesting to determine what amino acids are 

essential to binding arsenite, phosphate and phosphonate. An example could 

be creating a mutation at the valine 56 of AioX, therefore establishing whether 

this is essential in arsenite binding as this was found in the loop that moves 
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towards the ligand in the presence of arsenite and not in the presence of 

phosphate.  

The thermodynamic parameter of the mutants needs to be repeated, as the 

protocol was carried out only twice. It needs to be investigated whether AioX 

can bind phosphate in solution. As it was not possible to determine this by ITC 

another technique, like nuclear magnetic resonance (NMR) could be used. 

Another ligand that could be interesting to determine whether AioX can bind, 

is phosphonate, as AioX was related to phosphonate-binding proteins and 

possesses most of the residues involved in phosphonate-binding. 
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APPENDIX A 

METTKCGQGAFGHRLSRRAVIGGTLATVGLTALKVSGETLSEPMRPGVIRF

GLTPVFLSNDLEVLDELQAYLTQAVGQEVQLITQRTYQEVTALLVSGNLEAA

WICGYPFMKFRDELDLVATPLWRGKPVYQSYLIVGRDRDIAGFEDCQGDIH

AFSDPDSNSGYLVTKTYLAERGVSEEGFFRKSFFTYGHRNVIRAVASGLAD

SGSVDGYVWEVMKTTEPELVAKTRVLVKSGWHGFPPVAAAAGQRKSQAV

ARIRSALLDMNQEVLGRSVLTRLQLDGFVETTAESYDSIAANMERVRRLG* 

Sequence of NT-26 AioX. Red marker: N-terminal amino acids corresponding 

to the Tat leader sequence. 

 

HHHHHHDYDIPTTENLYFQGAMGSTVGLTALKVSGETLSEPMRPGVIRFGL

TPVFLSNDLEVLDELQAYLTQAVGQEVQLITQRTYQEVTALLVSGNLEAAWI

CGYPFMKFRDELDLVATPLWRGKPVYQSYLIVGRDRDIAGFEDCQGDIHAF

SDPDSNSGYLVTKTYLAERGVSEEGFFRKSFFTYGHRNVIRAVASGLADSG

SVDGYVWEVMKTTEPELVAKTRVLVKSGWHGFPPVAAAAGQRKSQAVARI

RSALLDMNQEVLGRSVLTRLQLDGFVETTAESYDSIAANMERVRRLG* 

Sequence of the recombinant NT-26 AioX including the his-tag. Blue marker: 

amino acids from the pPROEX-htb,  

 

GAMGSTVGLTALKVSGETLSEPMRPGVIRFGLTPVFLSNDLEVLDELQAYLT

QAVGQEVQLITQRTYQEVTALLVSGNLEAAWICGYPFMKFRDELDLVATPL

WRGKPVYQSYLIVGRDRDIAGFEDCQGDIHAFSDPDSNSGYLVTKTYLAER

GVSEEGFFRKSFFTYGHRNVIRAVASGLADSGSVDGYVWEVMKTTEPELVA

KTRVLVKSGWHGFPPVAAAAGQRKSQAVARIRSALLDMNQEVLGRSVLTRL

QLDGFVETTAESYDSIAANMERVRRLG 

Sequence of the recombinant NT-26 AioX without his-tag. Blue marker: amino 

acids from the pPROEX. 
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APPENDIX B 
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M13 _pUC_rev_primer 
NarI (337) 
NcoI (340) 
BamHI (345) 
EcoRI (352) 
StuI (362) 
SalI (368) 
SacI (378) 
NotI (388) 
EagI (388) 
BstBI (397) 
XbaI (402) 
PstI (414) 
Xhol (417) 
KpnI (433) 
HindIII (436) 
pTrcHs_rev_primer 
pBAD_rev_primer 

Ampicillin !!

!

!!

4779 

ORF frame 3 

1195 3685 

2390 

pBR322_origin 

lac I 

ORF frame 1 

!

!

!

Amp R_promoter 

!!

pPROEX HTb 
     4779 bp 

rmM_teeminator 
rmB_T1_terminator 
rmB_T2_terminator 
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APPENDIX C 

 

 

AioX model showing the solvent content comprised of water molecules. The 

red dot denotes the water molecules. 
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APPENDIX D 

a. Nucleotide sequence of AioX  

ATGGAGACAACAAAATGCGGTCAGGGTGCCTTTGGGCATAGACTGTCGC

GGAGAGCGGTGATCGGCGGAACTCTGGCGACTGTCGGGCTTACCGCAT

TGAAGGTAAGCGGTGAGACCCTTTCCGAACCGATGCGGCCGGGCGTCA

TCCGCTTTGGCCTGACACCCGTTTTTCTGTCTAATGACCTCGAAGTGCTG

GATGAATTGCAGGCCTATCTCACGCAAGCCGTGGGTCAGGAGGTTCAGC

TCATAACCCAGCGCACCTATCAGGAGGTCACGGCACTCTTGGTATCGGG

CAATCTCGAGGCCGCCTGGATCTGCGGCTATCCCTTCATGAAGTTCCGC

GACGAGCTGGACCTGGTTGCCACGCCACTCTGGCGTGGCAAGCCCGTT

TACCAGTCCTACCTCATCGTCGGCCGGGATCGCGACATCGCGGGCTTC

GAAGACTGCCAAGGGGACATTCACGCCTTTTCCGATCCCGATTCCAATT

CCGGCTATCTCGTCACCAAGACCTATCTTGCCGAGCGCGGCGTCTCGGA

AGAAGGCTTCTTCCGCAAATCGTTCTTCACCTATGGGCACCGCAATGTG

ATCCGGGCGGTGGCCTCGGGCCTTGCCGATTCCGGCAGCGTCGACGG

CTATGTCTGGGAGGTCATGAAAACGACTGAACCGGAACTGGTCGCCAAG

ACCCGGGTGCTCGTCAAATCCGGCTGGCACGGCTTCCCACCGGTGGCA

GCCGCCGCAGGACAGAGGAAGAGCCAGGCGGTCGCCCGGATCAGGAG

TGCCCTCCTGGACATGAACCAGGAAGTTCTCGGACGCTCGGTGCTCACC

CGATTGCAGCTCGACGGCTTCGTCGAAACCACGGCCGAAAGTTACGACA

GCATCGCTGCCAACATGGAACGCGTG CGGAGGCTGGGATGA 

 

b. Amino acid sequence of AioX 

METTKCGQGAFGHRLSRRAVIGGTLATVGLTALKVSGETLSEPMRPGVIRF

GLTPVFLSNDLEVLDELQAYLTQAVGQEVQLITQRTYQEVTALLVSGNLEAA

WICGYPFMKFRDELDLVATPLWRGKPVYQSYLIVGRDRDIAGFEDCQGDIH

AFSDPDSNSGYLVTKTYLAERGVSEEGFFRKSFFTYGHRNVIRAVASGLAD

SGSVDGYVWEVMKTTEPELVAKTRVLVKSGWHGFPPVAAAAGQRKSQAV

ARIRSALLDMNQEVLGRSVLTRLQLDGFVETTAESYDSIAANMERV 

 

 
 
!
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APPENDIX E 
 
 

 
Figure. Showing the replicates of AioX wild type titrated with arsenite. 
 
 

 
 
Figure. Showing the replicate made for AioX mutants on ITC. a, C106S; 

b,Y88A; c, Y88F. 

 
 
 

a b 

!!

a b c 
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