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Abstract 

This study comprises of characterization of metalloproteins; human zinc transport 

protein hZnT8, FecR and FecI involved in the iron metabolism in Achromobacter 

xylosoxidans and two viral proteases (TEV and HRV 3C from Tobacco Etch Virus 

and Human Rhinovirus, respectively). In humans, zinc transport is mediated by 

Cation Diffusion Facilitator (CDF) and Zinc-Iron Permease families. A CDF family 

member, hZnT8, is known to be involved in insulin processing and as an auto antigen 

in diabetes. Moreover, an R325W mutation in hZnT8 is also linked with pathogenesis 

of Type 1 and Type 2 diabetes. Therefore, several expression constructs were 

generated to study the effect of R325W mutation on the structure and function of 

hZnT8. Native hZnT8 and hZnT8 (R325W) C-terminal domains were produced by 

recombinant means and were found to be in tetrameric state and binding to Zn
2+

 ions 

with almost similar affinity. It was also revealed by the Circular dichroism and 

Fourier-transform infrared spectroscopy techniques that R325W mutation does not 

produce any significant change in the global structure of hZnT8 domain and this 

mutation may be tolerated in diabetic patients, therefore, the mutated hZnT8 could 

provide enough amount of zinc for insulin storage/maturation and release. During 

recombinant proteins production it was observed that the TEV protease cleavage is 

not 100% successful. However, like other proteases, activity of Human Rhinovirus 3C 

(HRV 3C) protease could be affected by buffer components and additives used for 

purification and stabilization of proteins. Hence, it necessitates the comparative study 

of activities of TEV and HRV 3C proteases. The activity of Tobacco Etch Virus 

(TEV) and HRV 3C proteases were assessed at 4 °C as well as 25 °C. Furthermore, 

the effect of elution buffers used for affinity based purification, salt ions, 

stability/solubility and reducing agents, and detergents were analyzed on the activity 

of the HRV 3C protease. The results showed that the HRV 3C protease performs 

better than the widely used TEV protease. For production of recombinant FecI and 

FecR proteins from A. xylosoxidans, HRV 3C protease site was used. A. xylosoxidans 

is an opportunistic hospital pathogen that causes serious infections which could be 

fatal. The pathway of iron metabolism in such bacteria can be targeted to hinder their 
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growth. In the iron metabolism pathway of A. xylosoxidans, the FecR, at its 

cytoplasmic N-terminal, signals the interacting extra-cytoplasmic function sigma 

factors such as FecI to recruit RNA polymerase for gene expression. The FecR-FecI 

interaction in A. xylosoxidans can, therefore, be exploited to develop new 

antimicrobial drugs. Thus, using the E. coli FecI and FecR sequences, their 

homologues were identified in A. xylosoxidans’ genome and cloned in E. coli 

expression vectors. Proteins were produced by recombinant means, HRV 3C protease 

was exploited instead of TEV protease for tag removal and interaction study of FecI 

and FecR was performed. However, the preliminary study did not show interaction of 

FecR with FecI.  

The overall conclusion of this study is that R325W mutation doesn’t affect the 

structure and hence the zinc sensing capability of hZnT8, however it could be further 

confirmed by x-ray diffraction analysis of hZnT8
281-369

 and hZnT8
R325W

 crystals. 

Furthermore the HRV 3C could be the choice of protease for tag removal. Finally 

though our study regarding FecI and FecR does not report any mutual interaction, yet, 

further studies are needed under different conditions to find if there is any interaction 

between FecR and FecI. 
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1 Introduction  

1.1 The Importance of Zinc in Biological System 

Zinc is an important divalent cation metal that belongs to first transition metals of 

group IIB elements. It is one of the most essential micronutrients used by many 

organisms for their biological processes in trance amount despite its low availability. 

The importance of zinc for biological system was first recognized in common bread 

mold Aspergillus niger in 1969 by Raulin [1]. The diversified function of zinc in 

various biological processes is explained by its occurrence as an inactive redox 

species under normal physiological conditions (Table 1.1). Because of this property of 

zinc, it was very difficult to detect it and characterize its function in numerous 

biological processes in the past/initially. However, with the help of recently improved 

techniques for zinc ions detection such as Synchrotron X-ray Fluorescence, 

Inductively Coupled Plasma Mass Spectrometry, Fluorescence Microscopy, 

Fluorescent Small Molecules Sensor and Fluoresce Resonance Energy Transfer [2-5], 

the zinc biology expanded. 

1.1.1 Biochemical Implications of Zinc  

TFIIIA was the first transcription factor to be identified as a zinc protein, and was 

demonstrated to contain and require zinc for its normal function [6]. Later on, the  

repetitive domain in this protein was termed as DNA-binding finger or zinc finger 

motif [7]. More than 300 metalloproteins (proteins which require metal ions for their 

normal function or structural integrity), of 50 different types, have been known to 

contain or require zinc for their normal function [8]. However unlike iron for 

example, where most of the iron (80%) of the total 3 grams in humans is concentrated 

in heme group only, similar amount of zinc (which is considered the second most 

abundant metal of biological system after iron) is disseminated among different 

proteins [6]. The role of zinc in the development and differentiation processes of cells 

like in DNA synthesis and gene expression, enzymatic catalysis, hormone storage and 

release, neuron transmission etc. has been widely studied [6, 9-11]. Zinc also acts as a 

cellular second messenger [12]. It has been established that zinc ions are essential 



   Chapter 1: Introduction 

2 

 

structural components of many proteins. These include proteins that are interacting 

with other numerous macromolecules such as nucleic acids for their function. The 

zinc ions are very important in stabilizing the folded conformation of these proteins 

[13]. Zinc binds to proteins through coordination with atoms of nitrogen, oxygen and 

sulfur. The structural role of zinc, as an integral structural component of proteins, was 

first verified by co-crystallization of insulin with zinc [14]. Zinc is responsible for the 

release of insulin from pancreatic cells by glucose stimuli as well [15].  

The first specific biological role of zinc was recognized in 1940, when zinc 

was demonstrated to be required by an enzyme- the carbonic anhydrase, for its 

catalytic activity [16]. Followed by this, a large number of enzymes were identified 

and studied to contain and/or require zinc for their catalytic, co-catalytic and 

structural role. In fact, enzymes from all the classes have some members that contain 

or require zinc for their activity or structural stability (Table 1.1). These include 

various dehydrogenases, pancreatic carboxypeptidases, alkaline phosphatase, 

superoxide dismutase etc. Zinc is, therefore, an indispensable trace element for human 

life and its utilization in human body is shown in Figure 1-1. 

1.1.2 Zinc as Signal Mediator: 

In the recent years, zinc ions have been reported to be involved in neurobiology. The 

recent development of powerful tools for zinc detection is a hallmark for 

understanding the underlying mechanism of zinc function in neurobiology. The role 

of zinc as signaling mediator led to the notion of zinc as the calcium of the 21
st
 

century [17]. The signaling function of zinc takes place by increased concentration of 

zinc (Zn
2+

) ions when triggered by stimuli. Zinc-activated signaling is concomitant 

with pathophysiological role and thus, has potential role as therapeutics. Extracellular 

release of zinc perform a signal mediator role in endocrine, paracrine, and autocrine 

system [1]. Zinc binds to a number of receptor channels and transporters present on 

the surface of postsynaptic neurons and inflect the synaptic transmission in the 

Central Nervous System (CNS). The zinc is provided by pre-synaptic neurons and 

channeled to synaptic clefts [17, 18]. To date, a great deal of literature about 

physiology of zinc in living system is gathered and current worldwide research is 

adding to such knowledge day by day. To address the biochemical, physiological and 

molecular role of zinc in biological system is beyond the scope of this thesis. 
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However, a detailed summary about the implication of zinc in biology has been given 

in Table 1.1. 

Table 1.1 Implications of biological zinc. 

Zinc Function Comments References 

Structural 

component 

Zinc fingers motifs 
[8, 24-27] 

 

C2H2-Like finger: classical zinc finger motif, TFIIIA 

(transcriptional factor), 20-30 aa sequence 
 

Zinc ribbon; Many proteins associated with transcription 

and ribosomes. 
 

Treble clefs; Domains like RING finger, Arf-GAP, LIM, 

and FYVE domain 
 

PHD domain, MYND domain, nuclear receptor DNA-

binding, GATA, and PKC 
 

Zinc necklaces; TAZ domain in transcriptional adaptor 

proteins (CBP/p300) 
 

Catalytic factor As cofactor for enzymes of all Six classes [8, 28, 29] 

 
Oxidoreductases; Sorbitol dehydrogenase and alcohol 

dehydrogenase. 
 

 
Transferases; Major role is structural rather than 

catalytic, only 34% constitute catalytic*. 
[28] 

 
Hydrolase; Alkaline phosphatases, carboxypeptidases, 

angiotensin-converting enzyme, 
 

 Isomerases; Phosphomannose isomerase  

 Ligases; Same role as for transferase 39% are catalytic* [28] 

Signaling 

mediator 

(Zinc signaling) 

Extracellular zinc signaling 

[30] 

 Function of neuromodulation in CNS 
[17, 18, 31] 

 Activates zinc receptor, ZnR/GPR39 [32, 33] 

 Reduction of insulin secretion and suppression of hepatic 

insulin clearance 
[34, 35] 

 zinc signaling (Intracellular) 
[30] 

 Second messenger function 
[36, 37] 

 Inhibiting activity of enzymes (phosphodiesterases, 

protein tyrosine phosphatases, caspases) 
[38-42] 

 

Modulate the key signaling pathways such as PKC, ERK, 

PI3K/Akt, JAK/STAT, BMP/TGF-β, Nuclear Factor 

Kappa B (NF-KB), cAMP-CREB, B-cell receptor) 

[30, 36, 37, 

43, 44] 

 
Zinc wave; Release of zinc from perinuclear region into 

cytosol 
[12, 45] 

 
Zinc spark; ejection of zinc from oocyte, necessary for 

transition of egg to embryo [46, 47] 

Adopted and modified from Kambe et al. [1]. * percentages refer to EC number of 

enzymes of known structure [28]. 
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 The abundant yet diverse utilization of zinc by many biological systems 

explicates the evolution of specific pathways to regulate the availability of zinc to 

specific cellular sites by its effective homeostasis. This homeostatic regulation is 

achieved by an array of specific proteins called zinc transport proteins or zinc 

transporters. In animals, gain and loss of zinc is regulated efficiently. Humans, on the 

other hand, replenish about 0.1% of body zinc contents by daily diet (Figure 1-1) [19]. 

Of the total proteins encoded by human body, about 10% are zinc proteins which 

handle approximately 2-3 grams of total zinc contents present in the body. The 

distribution of the zinc inside the body is such that about 60% is present in skeletal 

muscles, 30% in the osseous tissues, 5% in skin and liver tissue and the remaining 2 

to 3% is distributed in the rest of the body tissues [20] (Figure 1-1). The duodenum 

and jejunum absorb the majority of the dietary zinc. The zinc absorption is highly 

regulated and under limited dietary zinc supply to the body, the absorption increases 

up to 90% of the total zinc intake. Whereas under the similar conditions, the intestinal 

loss of endogenous zinc from the body is reduced to about 50% [21]. However, when 

zinc is in excess in the body, it is secreted by gastrointestinal system. Other 

mechanisms of zinc removal include excretion through kidneys and mucosal cells 

through sloughing (Figure 1-1) [22, 23]. 

1.1.3 Zinc Transport Proteins 

Generally, as many as 30 different zinc proteins are responsible for the tight 

regulation and maintenance of systemic zinc homeostasis and cellular zinc 

concentrations. These proteins are also called zinc transporters because they transport 

zinc and mediate the availability/removal of zinc to/from specific sites in biological 

system. Thus, zinc moves into and out of the cells or intracellular vesicles with the 

assistance of these zinc transporters.  

In mammals, the zinc transporters are divided in two families, the Zinc (Zn
2+

) ̶ 

Iron (Fe
2+

) permease or ZIP family and the Cation Diffusion Facilitator (CDF) family. 

The ZIP family works by influxing the zinc from extracellular space and organellar 

lumen into the cytosol thereby elevating the cytosolic zinc concentration in the cell. In 

contrast, the CDF family appears to have an opposite role in the cell, that is, it 

functions in releasing zinc or sequestering zinc internally into various cellular 

compartments thereby decreasing the cellular zinc concentration. 
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Figure 1-1 Zinc absorption in human body.  

Adopted and modified from Kambe et al. [1]. The figure shows the schematic 

representation of zinc absorption in human body, the oral zinc is absorbed by small 

intestine and distributed to different tissues of the body. Of the total zinc uptake about 

60% is concentrated to the muscles, 30% in bones and 5% of the zinc is distributed to 

skin and the same amount to liver while the remaining 2 to 3% is distributed to rest of 

the tissues that include pancreas, kidney, brain etc. The zinc homeostasis is under 

tight regulation of zinc transporters (ZnT and ZIP). 

1.1.4 The ZIP Family 

The ZIP family is a broader and rather a complex family of metal ion transporters. Its 

members are present in all phylogenetic levels of organisms. It functions in transport 

of zinc, iron and/or manganese ions from extracellular space or lumen of cellular 

organelles into the cytoplasm. That is why it is logical to assume that most of the ZIP 

family members are localized to the cell membrane. However, the underlying 

biochemical mechanism, through which the transport of their substrate across the 

plasma membrane takes place, are poorly understood [48]. This is mostly because of 

the fact that to date, a very limited amount of data for three dimensional structure of 

ZIP and/or their homologues are available. Nevertheless in the light of their 

hydrophobicity analysis, it has been suggested that majority of the ZIP transporters 

are predicted to have eight transmembrane domains (TMDs) with a histidine rich loop 

between TMD 3 and TMD 4 [49]. The members of ZIP family in humans are called 
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solute carrier 39 (SLC39) where they perform similar function, i.e. transport of heavy 

metals. The ZIP family is reviewed in detail by a number of investigators [48,50-52]. 

1.1.5 The CDF Family 

The CDF family is a universal family of heavy metal-ions transporters and its 

members have been known in all the three kingdoms (Archaea, Eubacteria, 

Eukaryotes) [53]. This family is further divided into three subfamilies [54]. The 

subfamily I consists of prokaryotic members only whereas the subfamilies II and III 

are present in both prokaryotes and eukaryotes in almost similar ratios [55]. In 

addition to zinc, the CDF proteins also transport heavy metals that include cobalt, 

cadmium, iron, nickel, manganese and copper [54, 56, 57]. These transport proteins 

are secondary active transporters which utilize the proton motive force and function 

by a proton antiport mechanism [57]. The eukaryotic (mammalian) members of CDF 

family have been classified as the solute carrier family 30 (SLC30) which comprises 

of about ten transport proteins named as SLC30A1 or ZnT1 to SLC30A10 or ZnT10 

(Figure 1-2) [10]. The site of location of each ZnT with respect to the type of cell is 

shown in Figure 1-3. Their numbering is based on the order of their discovery for 

example the ZnT1 is discovered earlier than the rest. These transport proteins perform 

diversified function in various tissues/cells that include liver cells, intestinal 

epithelium, T cells and pancreas [10, 11, 54]. The ZnT members of CDF family are 

discussed as follows: 

1.1.5.1 ZnT1 

ZnT1, whose gene is mapped to chromosome 1 in both human and mice, is the first 

mammalian zinc transporter protein discovered by Palmiter and Findley [58] and is 

probably the only zinc transporter localized primarily to cell membrane (Figure 1-3). 

However, its localization may vary depending upon cell types [49, 59]. When 

localized to the cell membrane, it transport zinc from cytosol into extracellular spaces 

thereby lowering cytosolic zinc concentration. This function, which is particularly 

important under pathological conditions and cell toxicity, suggests gene regulatory 

and cell signaling role of ZnT1 for the cells. The ZnT1 may be redistributed to other 

intracellular vesicles in some cell types [60] and may directly interact with 

intracellular proteins. In the endoplasmic reticulum of keratinocytes, ZnT1 forms a 

hetero-complex with endoplasmic reticulum-bound proteins called the EVER 
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proteins. As a result of this interaction, the down regulation of transcription factors 

that are activated by c-Jun, MTF-1, and Elk, takes place in the cell. ZnT1 

endogenously inhibit the L-type calcium channel by interacting with its regulatory β-

subunit [61]. On the contrary, ZnT1 may also interact with other signaling proteins 

present in the cell to activate a signal. For example, the Ras-extracellular signal-

regulated kinase or Ras-ERK is an important intracellular pathway that is critical in 

regulating growth and development. The ZnT1 interacts with cysteine-rich N-terminal 

domain of Raf-1 protein- an important signal transducer in this pathway, and activates 

it possibly by release of zinc from the domain [62]. This interaction is inhibited in the 

presence of zinc.  

The expression level of Znt1 gene increases with increased intracellular zinc 

by dietary uptake [63], therefore, it is believed that ZnT1 protects the cells from zinc 

toxicity during pathological conditions, for instance, transient ischemia of forebrain 

[58, 64]. The lethal effect of Znt1 knockout from mice assign its crucial role in 

embryonic development [65]. 

 

Figure 1-2 The phylogenetic relationship among human zinc transport proteins-

hZnTs. 

The accession number of each protein is given in brackets. The amino acid sequences 

alignment of the ten hZnTs was done and subsequently phylogenetic tree was 

obtained using ClustalW program URL: http://www.genome.jp/tools-bin/clustalw 

which shows that the hZnT8 has greater sequence homology to the ZnT4, hZnT2 and 

hZnT3 (highlighted in blue text) that are present within the same subcellular 

organelles and hence grouped together. 

hZnT5 (NP_075053.2)

                   

hZnT2 (NP_001004434.1)

hZnT3 (NP_003450.2)

hZnT8 (NP_776250.2)

hZnT4 (NP_037441.2)

hZnT6 (NP_060434.2)

                   

hZnT10 (NP_061183.2)

                   

http://www.genome.jp/tools-bin/clustalw
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Figure 1-3 Localization of ZnTs into subcellular compartments in human body. 

As indicated by the arrow, the cytoplasmic zinc is transported out of the cell by ZnT1 

while the rest of the ZnTs are responsible for the intracellular zinc transport to 

different cellular compartments where they are localized. However, the distribution of 

these transporters may vary depending upon cell types and cellular concentration of 

zinc. The ZnT8, along with other ZnT2, ZnT4, and ZnT5, is localized to pancreatic β-

cells where it provides zinc for insulin crystallization. 

1.1.5.2 ZnT2 

ZnT2 is localized in the intracellular compartments of specific tissue’s cells that 

include small intestine, testes, kidneys, brain, pancreas and mammary cells (Figure 1-

3). The excess of zinc is transported from cytosol to the lumen of these intracellular 

compartments thereby conferring the cells with zinc resistance and zinc detoxification 

through lysosomal exocytosis [66-68]. In mammals, the ZnT2 is localized to 

endoplasmic reticulum of breast cancer cells [69] and inner mitochondrial membrane 

of mammary cells. However in humans, two ZnT2 isoforms exist; the major isoform 

and the minor isoform. These isoforms result from the alternate splicing of Znt2 

mRNA. The major isoform is localized to the subcellular vesicles while the minor 

isoform is localized to the plasma membrane. Both have distinct mechanism of zinc 

transport [70]. In mammary cells, the ZnT2 is responsible for release of zinc in the 

breast milk and any loss in function of ZnT2 leads to complications related to zinc 

deficiency in the newborns. Therefore, infants having mothers with Znt2 mutation 

should be breast fed with alternative source (foster mothers) to avoid such 

complications because the affected mothers produce zinc deficient milk [67, 71, 72]. 

The Znt2 expression may vary with aging and it was observed that the prostate glands 

of older mice have as much as about 20-folds higher Znt2 mRNA content than that of 
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the young ones [73]. The up regulation of Znt2 mRNA takes place by number of 

ways, for example, in the presence of excess cytosolic zinc; the Znt2 mRNA is up 

regulated through Metal Response Element (MRE) located at the downstream of Znt2 

transcription start site. Other mechanisms include up regulation through 

glucocorticoid receptor or prolactin that induce the signaling pathway of 

JAK2/STAT5 in mammary epithelial cells [74]. 

1.1.5.3 ZnT3 

ZnT3 is located in the brain, more precisely in the synaptic vesicles of folded grey 

matter of cerebrum (cortex) and hippocampus; the major portion of brain responsible 

for memory. In mammal’s brain, about 5 to 15% of the total body’s zinc is present in 

the synaptic vesicles of neurons [75]. Recent research has been focused on the critical 

role of zinc binding to neuron receptors, transporters, voltage-gated ion channels and 

neuronal ligands in order to understand the mechanism underlying memory and 

learning [18, 31, 76-78]. The ZnT3 accumulate a very high amount of zinc inside 

synaptic vesicles (Figure 1-3) by a mechanism not fully understood, suggesting that it 

may play critical role in signaling. However, it is reported that the chloride channel, 

found in neuronal cells, mediates the zinc transfer by ZnT3 [79]. The vesicular 

glutamate transporter Vglut1 of neuronal vesicles also potentiate the zinc transfer via 

ZnT3 (as both the Vglut1 and ZnT3 coexist at terminals of  brain nerve cells) [80]. 

The change (decrease) in expression of Znt3 during the course of aging and 

pathologic conditions such as Alzheimer’s disease or Parkinson’s disease, leads to the 

notion that ZnT3 has a potential role in preventing such cognitive loss [78, 81]. In a 

recent study performed on Znt3 knockout mice, it was demonstrated that the 

production of neuroblasts and proliferation of progenitors cells were markedly 

reduced even when inducted by hypoglycemic conditions [78]. Moreover, the 

expression pattern of Znt3 influences the expression of other genes and proteins 

involved in neurotransmission system. Such fundamental changes were observed in 

Znt3 knockout mice [81, 82].  

The regulation of Znt3 gene expression is glucose dependent i.e. expression 

increase with increase in glucose concentration [83]. The β-cells of pancreas are 

another site where ZnT3 is localized and responsible for regulating insulin production 

[83]. The down regulation of Znt3, by RNA silencing for example, causes a decreased 
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vesicular insulin secretion in INS-1E (rat derived insulinoma cell lines that are 

sensitive to glucose stimuli at biological conditions) cells [84] and consequently the 

cells die (by apoptosis) under hyperglycemic conditions [85]. 

1.1.5.4 ZnT4 

ZnT4 is another zinc transporter protein, about 430 amino acids long, that is 

homologous to ZnT2 and ZnT3. It was identified through a spontaneous mutation of 

lethal milk (lm) mouse [86]. This homozygous recessive mutation is characterized by 

zinc deficient milk production in the affected (lm/lm) dams and the pups die if fed by 

the affected mother mouse. However, when the affected pups are nurtured with 

normal fosters they do survive but display some congenital defects like deposition of 

calcium in inner ear, tail spinning and other pleiotropic abnormalities. In mice over 34 

weeks of age, the symptoms include skin lesions, dermatitis, and alopecia like 

phenotype that are typical to zinc deficiency. To date, no such Znt4 mutation has been 

reported in women with low zinc level in their milk [87]. Thus it is possible that the 

zinc release in milk is controlled by a mechanism specific to each species [1]. 

ZnT4 could be found in many cell types for example mast cells, blood, 

epithelial cells (Figure 1-3), placenta and a relatively higher expression level is found 

in brain and digestive tract [86]. Inside the cells, ZnT4 is localized in Golgi network, 

lysosomes/endosomes and cytoplasmic vesicles and its expression level changes 

during different developmental stages [88-90]. 

1.1.5.5 ZnT5 

ZnT5 was first of all identified using DNA based search of yeast ZRC1 homologue 

[91]. In addition to Golgi complex and Coat protein complex II-coated vesicles of 

early secretary pathway, a relatively high amount of ZnT5 is also localized to 

vesicular membrane of β-cells where it is associated with insulin but have very little 

involvement in insulin crystallization (Figure 1-3) [91-93]. In human, the cDNA of 

Znt5 codes for a 765 amino acids long protein which contain about 15 transmembrane 

domains spanning the membrane of secretory granules [91]. In Trans Golgi Network 

(TGN), the ZnT5 forms a unique heterodimer complex with ZnT6 (discussed below) 

and work to deliver zinc for early secretory pathway implicating a significant 

biosynthetic function of the complex [94]. For example some enzymes like alkaline 

phosphatases require zinc for their activation in certain pathways. This activation 
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occurs in two steps; firstly by stabilization of enzyme protein through proper folding, 

and secondly by conversion of apo to catalytically active holo enzyme when the zinc 

is attached to it [92, 95]. Thus, the heterodimer complex and ZnT7 (reviewed below) 

play an important role in such biosynthetic pathways by transporting zinc to these 

enzymes under zinc deficient conditions. A human ZnT5 isoform, which results from 

alternate splicing and is denoted as hZnT5B or hZTL1, is localized to the apical 

membrane of enterocytes and has an extra transmembrane helix located near its cation 

efflux domain [96]. The isoform mediate zinc traffic across the membrane in an 

opposite direction. This opposite or possibly bidirectional circulation of zinc could be 

attributed to the extra helix in the variant [97]. The ZnT5 contributes to regulate 

cellular and sub cellular signaling where it translocate protein kinase C (PKC), 

induced by Fcϵ receptor I, to plasma membrane. In bone marrow-derived mast cells, 

the ZnT5 is also required for the activation of NF-KB. This NF-KB activation is 

mediated by Fcϵ receptor I [98]. The role of ZnT5 is also reported in regulating 

secretion of growth hormone [99]. 

The expression of Znt5 is controlled by ZNTRE (zinc transcriptional 

regulatory element) and any disruption in mice Znt5 gene results in retarded growth, 

cardiac arrest by bradyarrythmia leading to the sudden death of male mice, reduced 

protein and mineral contents in bones, and impairment of delayed-type allergic 

responses that are facilitated by mast cells [98, 100]. 

1.1.5.6 ZnT6 

The ZnT6 is predominantly localized at the Trans Golgi Network (TGN) and Golgi 

apparatus (Figure 1-3) [101]. ZnT6 functionally interacts with another zinc 

transporter, ZnT5, by forming a heterodimer. This interaction is very important for 

ZnT6 because ZnT6 lacks the capability of zinc transfer to the site by itself. This is 

probably because two histidine present at Helix II and Helix V, a site for binding zinc, 

in the transmembrane region of ZnT6 are replaced with leucine and phenylalanine 

respectively [94]. Thus a serine residue present at cytoplasmic C-terminal domain of 

ZnT6 is likely to be the site of phosphorylation suggesting that ZnT6 could be a 

modulator subunit, in the ZnT5-ZnT6 heterodimer complex, for its zinc transport 

activity [102]. 
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The localization of ZnT6 to subcellular sites is dissimilar from that of ZnT5 

and in the presence of high zinc concentration, the ZnT6 is redistributed to subcellular 

compartments/cellular vesicles [101, 103]. Furthermore, the ZnT6 expresses less 

ubiquitously than ZnT5 [92] suggesting that ZnT6 may not be needed to form the 

ZnT5-ZnT6 heterodimeric complex in some cells types. Therefore, it may have 

explicit biological function. For example, it is possible that zinc-induced ZnT6 helps 

regulate the cytosolic-zinc removal either through secretory pathway or directly via 

cell membrane by its export function since its expression is not regulated by zinc 

[101]. In the TGN it may provide zinc to the zinc-requiring proteins. The presence of 

ZnT6 mRNA in liver, kidneys and small intestine and ZnT6 protein in brain and lungs 

suggests that the post translational modification plays a critical role in tissue-

specificity of ZnT6 expression. 

1.1.5.7 ZnT7 

ZnT7 is the seventh zinc transporter protein that was identified on the basis of amino 

acid sequence homology to ZnT1 in Express Sequence Tag (EST) database [104]. 

Like the zinc transporters ZnT5 and ZnT6, ZnT7 is largely localized to the 

intracellular vesicles including Golgi apparatus (Figure 1-3) that have an important 

function in the secretory pathway of early stages thereby delivering cytosolic zinc to 

Golgi apparatus [104]. This is because when ZnT7 was over-expressed in the cell 

lines of Chinese Hamster Ovary (CHO), a very high zinc accumulation was observed 

in the Golgi apparatus. ZnT7 has homology with ZnT5 at cation efflux region 

however, it has a comparatively low homology at cytoplasmic C-terminal domain 

which is the reason that it doesn’t interact with ZnT5 to form a heterodimer. It is 

required for the activation of alkaline phosphatases and works complacently with 

ZnT5-ZnT6 dimer for homeostatic control of zinc [92]. In addition, ZnT7 has a cell 

signaling function in the cells of skeletal muscles where it phosphorylates Insulin 

receptor substrate 2 or Irs2 and Protein kinase B [105]. The former is a signaling 

protein molecule involved in mediating the effect of insulin, whereas the latter is an 

important signaling molecule required in cell metabolism and survival. Any alteration 

in the Znt7 gene that leads to dysfunction of the ZnT7 causes retarded growth, 

inability to absorb dietary zinc and decreased fat deposition inside the body, however 

symptoms typical to zinc deficiency like hair loss and dermatitis are absent. These 
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symptoms indicate that ZnT7 is indispensable for regulation of zinc absorption in the 

body and adiposity. 

The organs of mouse which are detected to have Znt7 gene expression include 

liver, small intestine, kidneys, brain, heart and spleen. In small intestine where ZnT7 

protein over-expression is limited to duodenum and some part of jejunum, and liver, a 

relatively higher amount of ZnT7 protein expression is observed along with smaller 

amount of expression in cardiac tissue. In addition to the above discussed 

complications, Znt7 knockout in mice produces zinc deficiency in their body. The 

zinc deficiency in these mice is independent of dietary zinc supplements.  

1.1.5.8 ZnT8  

ZnT8 is a pancreatic β-cells specific zinc transporter that accumulates high amounts 

of zinc in the insulin granules of β-cells. In the recent past years, scientists have 

established a link between zinc trafficking mediated by ZnT8 and type 1 & 2 diabetes. 

On the contrary, some scientists have claimed to prove otherwise which makes ZnT8 

the center of attention, thus the first part of this thesis is dedicated to address this issue 

and ZnT8 has been discussed in details in Section 1.1.5.11.  

1.1.5.9 ZnT9 

All the zinc transporters discussed so far have some of the common structural features 

that explain their zinc transporter ability. These features include a transmembrane 

(TM) cation efflux region and histidine residues present in the TM region that are 

essential for zinc binding. Moreover, some zinc transporters, e.g. ZnT and ZnT6, 

interact with each another. Initially, the ZnT9 was classified as a member transporter 

of family zinc transporter (ZnT) proteins. However, it lacks the zinc transport ability 

because it does not contain the essential histidine containing zinc-binding domain. 

The ZnT9 contains a nuclear receptor motif and is frequently localized to the 

cytoplasm so its plasma membrane localized form is excluded [106]. The ZnT9 acts 

as nuclear receptor and now referred to as Glutamate Receptor Interacting Protein-

associated co-activator 63 or GRIP- associated co-activator 63 or simply GAC63 

[107]. 
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1.1.5.10 ZnT10 

ZnT10 is the most recent zinc transporter discovered so far and is mainly localized to 

early or recycling endosomes and/or Golgi apparatus (Figure 1-3) [108, 109]. The 

ZnT10 is redistributed to plasma membrane at elevated level of extracellular zinc 

[108]. Like Znt5, the Znt10 is also proposed to be controlled by ZTRE, however its 

expression is down-regulated by interleukin-6 [110, 111]. In patients with diseases 

like Parkinson and chronic liver disease, polycythemia and dystonia, high 

accumulation of manganese is caused by homozygous mutations in Znt10 gene. This 

mutation suggests that ZnT10 primarily transports manganese rather than zinc 

because the manganese homeostasis is demanding in such patients and results in 

accumulation of very high amount of manganese in liver and brain tissues in these 

patients. Normally, a very high amount of Znt10 mRNA is detected in brain and liver 

tissues which is consistent with hypermanganesic conditions in the patients [112, 

113]. The manganese transport capability of ZnT10, where it effluxes cellular 

manganese to extracellular spaces, is recently confirmed, at molecular level, by D. 

Leyva-Illades, [114]. 

1.1.5.11 ZnT8 and its Implication in Diabetes 

ZnT8 is localized to β-cells of pancreatic islets of Langerhans where a very high 

amount of zinc is accumulated (Figure 1-3) [115]. In addition to β-cells, Znt8 is also 

shown to be expressed, though in small amounts, in α-cells of pancreas [116]. The 

Znt8 expression is under tight regulation of a transcription factor known as Pdx-1. The 

Pdx-1 is predominately present in β-cells and regulate the expression of Znt8 through 

intronic enhancer [117]. In 2004, it was demonstrated that human zinc transport 

protein hZnT8 helps in accumulation of zinc into intracellular vesicles (insulin 

granules) from cytoplasm where insulin co-crystallizes with zinc [118]. Furthermore, 

with the help of GFP fusion protein, ZnT8 was shown to be co-localized in INS-1 cell 

line with secretory granules of insulin. The INS-1 cell lines are the insulin-secreting 

cells originated from rat. This observation suggests that the ZnT8 may play a crucial 

role in providing zinc for the process that involves the maturation and storage of 

insulin in β-cells. Upon external stimuli like the elevated level of glucose, the insulin 

is released from the granules by a process similar to that of exocytosis. During this 

process, the granules that contain insulin fuse with the plasma membrane of β-cells 

and release both insulin and zinc into the circulation [119]. The insulin-zinc crystals 
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formation ability is lost in the Znt8 knockout mice because of reduced zinc 

concentration in the β-cells. In addition to that, when induced by glucose, the Znt8 

knockout mice also show ZnT8 abnormality related to insulin secretion. Other 

abnormalities include glucose tolerance and body weight in the cases where the mice 

were fed with fat rich diet. However, some of these effects were highly variable 

among the mice and often subjective to age, sex and genetic background of the mice. 

In addition to β-cells specific abnormalities in the ZnT8, the non-β-cells abnormalities 

such as obesity may also contribute to development of the risk of type 2 diabetes 

[120]. 

Thus, ZnT8 is an indispensable element of pancreatic β-cells and any 

alteration leading to dysfunctionality of ZnT8 in β-cells results in an increased risk of 

type 2 diabetes. Interestingly, there is a link between zinc and diabetes (type 1 as well 

as type 2) because zinc deficiency partly elevates the oxidative stress which might in 

turn mediate various complications related to diabetes. Hydropathy analysis and 

experimental data suggest that most of the members of the CDF family have six 

transmembrane domains with a long hydrophilic C-terminal domain located in the 

cytoplasm (Figure 1-4) [58, 121-123]. 

 

Figure 1-4 A topology model of a typical Cation Diffusion Facilitator (CDF) 

family member, ZnT8. 

The figure shows a transmembrane region that consist of six helical segments 

spanning the membrane and a long intracellular C-terminal cytoplasmic domain. The 

histidine rich transmembrane helices comprising the zinc binding site is indicated by 

blue and red spots. The R325W mutation in Znt8, found to be associated with type 2 

diabetes mellitus and ZnT8 autoantibody epitope specificity in type 1 diabetes is 

shown in hydrophilic C-terminal tail which is located in the cytoplasm and indicated 

by an arrow. 
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A mutation (R325W) in C-terminal cytoplasmic domain of the human 

pancreatic beta cell specific zinc transporter, ZnT8 has been related to an increased 

susceptibility to the development of type 2 diabetes mellitus [124] and in determining 

ZnT8 autoantibody epitope specificity in Type 1 diabetes. It has been demonstrated 

that the ZnT8 autoantibodies attach to the C-terminal of the ZnT8 in the Type 1 

diabetic patients [125]. However, a homology model based structural study has 

suggested that R325W may be tolerated in case of Type 2 diabetes. The R325W 

mutation at the cytoplasmic C-terminal domain of ZnT8 is masked by three β-sheets 

planar surface present in the domain and hence, unable to disturb the zinc sensing 

capability of the domain. It, therefore, may result in passable zinc transfer to the 

correct sites in the pancreatic cells of islet of Langerhans [126]. 

The role of ZnT8 has been implicated in the formation of water insoluble 

insulin crystals [127]. Since ZnT8 is localized in insulin-secreting pancreatic beta 

cells and insulin is stored as a hexamer bound to two zinc-ions in these cells, 

therefore, it is possible that ZnT8 may provide zinc for the proper maturation, storage 

and secretion of insulin [123, 128]. In contrast to above evident observations, a recent 

rare variant association study has stipulated that the haploinsufficiency of Znt8 is 

rather protective against type 2 diabetes, where the mutation causing the inactivation 

of one copy of SLC30A8 results in reduced risk of type 2 diabetes [129]. Although 

biological experiments have highlighted the importance of ZnT8, no structural studies 

have been conducted so far; this has been addressed to some extent in this thesis. 

1.2 Rational Design for Recombinant Proteins Production 

The recent advancement of proteomics is sparked by the large-scale production of 

recombinant proteins using different model organisms both unicellular and 

multicellular. On the contrary, it could be more laborious, time consuming, and 

inefficient to isolate a protein of interest directly from the host source. Moreover, one 

has to employ different physiochemical conditions for the isolation of target proteins 

from bulk of other protein mixtures and these conditions could change the structural 

integrity of the target proteins. This step becomes more critical in the case when target 

protein is pursued for structural studies. For that reason, it becomes more convenient 

in most cases that a protein may be produced in a native conformation by using 

recombinant DNA technology method. This approach has become very well 
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established and during the recent years, different strategies have been developed in 

order to successfully overproduce the recombinant proteins in various 

uni/multicellular model organisms and various cells lines or tissues maintained in 

laboratory. One of these strategies is the use of affinity and purification enhancement 

tags for recombinant protein production. An ideal tag is the one which fulfills these 

criteria, i.e. easy detection of fused protein expression, high expression and easy 

purification as well as easy separation from the fused protein in order to get a pure 

protein in native form. Thus, different tags are available for this purpose and their use 

depends upon the nature of the target protein to be fused with. Here, we discuss some 

of these tags that are currently used by researchers. 

1.2.1 Use of Tags for Recombinant Protein Production 

The affinity and purification enhancement tags are indispensable tools that aid in the 

overexpression and downstream processing, such as purification and structural and 

functional analysis, of the recombinant proteins [130, 131]. There are many different 

types of tags each with specific properties used for specific purposes. For example 

some tags, that include His-tag, are used for affinity purification [132], others 

including small ubiquitin-like modifier SUMU, maltose binding protein (MBP) and 

NusA are intended for solubility enhancement and some, the R-tag for example, are 

used for localizing a target protein to a specific site [133]. Some of these tags can 

serve more than one function when fused with target proteins such as MBP which is 

used for increased expression, solubility as well as purification enhancement [134]. 

Although some tags do not alter the structural and functional integrity of the target 

protein; however, a large number can do and therefore, it is essential to remove them 

by proteolytic cleavage. Thus, in certain cases, the choice of tags as well as the 

rational design of the recognition sites for proteases that remove them becomes 

critical though the cleavage of the protease site could largely depend on the nature of 

fusion protein [135].  

1.2.2 A Brief Overview of Proteases Commonly Used for Tag 

Removal 

Proteases, also known as proteolytic enzymes, proteinases or peptidases are protein 

molecules with a catalytic activity that catalyzes the breakdown (hydrolysis) of 

peptide bonds (proteolysis) between the two amino acids of proteins. Different types 
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of sequence specific proteases are used in order to cleave and remove the tags from 

their fusion partners, by introducing amino acids sequence recognized by these 

proteases in between the tags and proteins. The proteases with specific recognition 

sites that are widely used by researchers include Tobacco Etch Virus (TEV) protease, 

Human Rhinovirus 3C protease (HRV 3C), Factor Xa, thrombin, and 

enterokinase/enteropeptidase [135, 136]. However, unlike Factor Xa, thrombin and 

enterokinase, the TEV protease and HRV 3C proteases are more specific in term of 

their substrate sequence recognition site. These viral proteases have never been 

reported to cleave at sites other than their target sites in the fusion proteins generated 

through genetic engineering [137]. 

1.2.3 Factor Xa Protease 

Factor Xa is a serine protease commonly used to liberate the target protein fusions 

from their tags during recombinant proteins production [138]. It is a naturally 

occurring blood coagulating factor that cleaves at its recognition site IEGR located at 

the C-terminal position of the substrate [139]. However, IGER is not the only site 

where the factor Xa cleaves. Furthermore, the proteolytic activity of this protease at 

its specific site i.e. IGER is sometimes incomplete and slow and largely depends upon 

the hydrophobicity of amino acid sequence near the C-terminal of the substrate. In 

addition to inactivation by chelating agents such as EDTA, the proteolytic activity of 

factor Xa is also affected by presence of reducing agents [131]. These reducing agents 

are quite important to keep the recombinant proteins in reduced environment. 

Therefore, it is reasonable to consider other proteases for tag removal during protein 

engineering in order to achieve complete removal of intact fusion proteins from their 

respective tags. 

1.2.4 Thrombin Protease 

Thrombin is another serine protease that has been widely used to remove N-terminal 

tags from the fusion proteins. Originally its proactive form, called prothrombin, 

converts to thrombin by a proteolytic cleavage. The thrombin then acts to convert 

fibrinogen to fibrin as well as catalyze other proteolytic reactions during blood 

clotting. To date no recombinant means have been described to produce thrombin for 

tag removal except for that produced in CHO cells for clinical purpose [140]. Thus, 

thrombin is isolated from bovine plasma, commercially available from different 



   Chapter 1: Introduction 

19 

 

companies (Novagen, Madison, WI) in biotinated form that can bind to streptavidin or 

avidin resin. Owing to its proteolytic activity, thrombin is, therefore, used as an 

important biochemical tool to cleave the tags from fusion proteins. The thrombin cuts 

frequently at LVPR/GS that is introduced in between the tag and fusion protein. 

However its activity is limited by reducing agents commonly used in the purification 

buffers and completely deactivated by phenylmethylsulfonyl fluoride (PMSF). The 

thrombin leaves behind two amino acids, glycine and serine, at N-terminal of fusion 

proteins after cleavage. The optimal temperature for thrombin to be catalytically 

active is 45 °C and retains only 20% activity at 15 °C [141] whereas most of the 

recombinant proteins are handled at much lower temperature (4 °C). These features 

together with specificity issues limit the use of thrombin for tag removal.   

1.2.5 Enteropeptidase 

The native enteropeptidase is a heterodimer each monomer is named as light and 

heavy chain of amino acids based on their molecular weight that is the light chain has 

~35 kDa while the heavy chain has a molecular weight of 115 kDa. Both the 

monomers are heavily glycosylated and linked together by disulfide linkage. It is the 

light chain that has the proteolytic activity [142]. The recombinant light chain has 

been produced in E. coli with its retained proteolytic activity and improved specificity 

[143]. The affinity tagged recombinant form of enteropeptidase is available that pose 

the possibility to facilitate its purification and removal from the cleavage mixture 

[144]. Its recognition site, where it cleaves, is DDDDK/. The main advantage of this 

protease is that it leaves a native N-terminal product when tagged to the N-terminus of 

the target protein. The major problem of enteropeptidase is its promiscuity [28, 29], 

which is predominantly bothersome when an ambiguous cleavage site is located 

within the target protein. Efforts are being made to remove this bottle neck by 

tampering with the recognition site as well as enzyme to increase specificity. 

The non-viral proteases including those discussed above have some common 

disadvantages that limit their use for tag removal. The most lethal of these 

disadvantages is their proteolytic cleavage other than the target site. This limitation 

has been overcome by employing viral proteases. Viral proteases have gained a lot of 

popularity among the researchers, during the recent years, due to their strict 

specificity. The strict specificity of viral proteases is possibly due to the low turnover 
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rate. Tobacco Etch Virus (TEV) protease and Human Rhinovirus 3C protease (HRV-

3C) are among such viral proteases that are extensively used by the researchers in the 

modern days. Their characteristics are described below. 

1.2.6 Tobacco Etch Virus Protease 

The Tobacco Etch Virus (TEV) belongs to a positive sense RNA virus family called 

Potyviridae. Seven different proteins are encoded by TEV and one of these proteins is 

a full-length protein known as Nuclear Inclusion-a (NIa; 49 kDa). The NIa has a 

catalytic domain with a molecular weight of 27 kDa and is called TEV protease. This 

protease, as mentioned earlier, has a very high site-specific protease activity which is 

exploited by researchers to cleave/remove the affinity tag from the fused protein 

during recombinant protein production. The naturally occurring TEV protease (wild 

type) had some limitations. One of these limitations was its poor solubility when 

produced in E. coli. The soluble over-expression of TEV protease was achieved using 

directed evolution and clones with improved solubility were selected using 

florescence based detection [145]. Another shortcoming was that the autoproteolysis 

at the catalytic domain of TEV protease makes it inactive. Although the conical 

recognition site of the substrate, where the TEV protease cleaves, is quite different 

from the internal site of proteolysis [146]. Therefore, using site directed mutagenesis 

in the internal recognition site of TEV protease, a number of clones were generated 

and screened for reduced auto-proteolysis without compromising the catalytic 

efficiency of the enzyme. The resultant mutant showed a two folds increase in its 

catalytic activity [147]. Accordingly, a stable form TEV protease was produced in a 

large scale (more than 12 mg/liter of bacterial culture) [148]. Nowadays, the TEV 

protease is commercially available by a number of different companies. Currently 

TEV protease is used in different laboratories across the globe. To understand the 

underlying mechanism of TEV protease function, it is imperative to study its structure 

which is described below. 

1.2.6.1 Structure of TEV Protease 

The three-dimensional crystal structure (PDB ID: 1Q31 and Figure 1-5) of TEV 

protease was solved by J. Phan et al. [137] in 2002. It provided the structural basis for 

its activity and substrate specificity. The TEV protease is a structural and functional 

homologue of picornaviral 3C protease [149] (See section 1.2.7). However, the TEV 
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protease consists of two domains with the catalytic site (discussed below) present at 

the interface of the two domains. The two domains fold into a β-barrel like structure 

(Figure 1-5) and run in an antiparallel fashion, just like a typical topology of trypsin-

like serine proteases [150]. The catalytically active structure of the TEV protease 

reveals an active site of three amino acids; a triad of histidine, aspartate, and cysteine 

located at position 46, 81 and 151, respectively, as shown in the figure 1-5. It cuts 

efficiently between glutamine, a widely chosen amino acid in the substrate 

recognition site by almost all 3C type protease, (designated as P1 position) and 

glycine (designated as P'1) in the seven amino acids long canonical recognition site 

ENLYFQ/G. Nevertheless, the glutamine at P1 is not the only key determinant of 

TEV protease specificity. It has been proven that the amino acids tyrosine and 

glutamate at position P3 and P6, respectively, in the seven amino acids recognition 

sites of substrate also play a vital role in the substrate specificity [151].  

The recombinant TEV protease works best at 25 °C [152]. In addition to the 

seven amino acids recognition site, several other features contribute to the extensive 

use of TEV protease. These features include rigorous cleavage-sequence specificity, 

post-cleavage release of the target protein with, at the most, an added glycine to the 

N-terminus [153], rapid in-house production and optimal activity in a variety of 

buffers and detergent solutions used for purification and downstream processing [136, 

153]. 

 

Figure 1-5 A general 3D structure of TEV protease (PDB ID: 1Q31) represented 

in ribbon form [137]. 

The blue and red ribbons show the β-stranded barrel like conformation. The triad of 

active site (magenta) that consist His, Asp, and Cys lie at the interface of the two β-

stranded barrels. 

Asp-81
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1.2.7 Human Rhinovirus 3C Protease 

The Human Rhino Virus (HRV) belongs to a family of viruses called picornaviridae 

whose genome is composed of a positive sense RNA molecule. Many proteolytic 

enzymes are encoded by the members of picornavirus, including the HRV that causes 

common cold in humans. The HRV genome codes for a single molecule of 

polypeptide about 2400 amino acids long and is subsequently processed into mature 

proteins that, in addition to 3C protease, include structural and non-structural proteins. 

The proteins are required by the viruses for their genome replication and assembly. 

The 3C protease cleaves itself by autocatalysis to produce mature protease. As 

mentioned earlier, several proteases are encoded by picornaviridae family, however, it 

is probably by chance that the HRV 3C protease emerged as an enzyme of choice for 

the proteolytic cleavage of affinity tag from fusion proteins [131, 154]. Moreover, 

TEV protease as well as HRV 3C protease belong to the Group IV positive sense 

single stranded RNA viruses, ((+) ssRNA) that infect hosts from bacteria, plants and 

animals and as mentioned earlier share similar structural and functional characteristics 

[155]. HRV 3C protease is commercially available in the name of PreScission™ 

protease from GE Healthcare Life Sciences (USA), in which glutathione S-transferase 

(GST) and/or polyhistidine is tagged to the protease. 

1.2.7.1 Structure of HRV 3C Protease 

The molecular weight of catalytically active HRV 3C protease is about 20 kDa and it 

cleaves the peptide bond between glutamine and glycine of eight amino acid long 

canonical site LEVLFQ/GP [130, 136, 154, 156]. Both the HRV 3C protease and 

TEV protease are similar in structural and functional features. However, unlike TEV 

protease, the HRV 3C protease leaves behind 2 amino acids; glycine and proline, at 

N- terminal side of the fused recombinant proteins after cleavage [131]. The HRV 3C 

protease share similarity with serine and cysteine proteases as well. The sequence 

alignments reveal a stretch of homologous motif of Gly-X-Ser-Gly-Gly in the 

catalytic site of serine protease, however, serine is replaced with cysteine in HRV 3C 

protease [157]. The crystal structure of HRV 3C protease (PDB ID: 2IN2) has been 

resolved and reveals a folding conformation that consists of two domains each with a 

six β-stranded barrel like structure (Figure 1-6). Both the domains are equivalent in 

topology forming a groove in between the two domains for substrate binding [158]. In 

this conformation, the catalytic/active site of protease that contains a triad of three 
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amino acids i.e. cysteine-46, histadine-40 and glutamine-71, forms a linked cluster of 

catalytically active amino acids. The triad is located in between the groove formed by 

the two domains. These amino acids constitute a transition state of tetrahedral 

intermediate, forming an overall geometry similar to that of TEV protease and the rest 

of the trypsin-like serine proteases. A similar conformation is found in most of the 

trypsin-like serine proteases of pancreas, the core protein of Sindbis virus and 

bacterial serine proteases [158]. Such mechanistic resemblance places the 3C 

proteases close to serine proteases instead of papain like cysteine proteases [159]. The 

HRV 3C protease recognizes very specific cleavage site in the polypeptide chain 

substrate. 

 

Figure 1-6 A general 3D structure of HRV 3C protease (PDB ID: 2IN2) [158]. 
Represented in ribbon form just like the TEV and other related proteases it has a similar two 

β-stranded barrel conformation indicated by red and blue color. The active site (colored as 

magenta) lie in the groove formed by the two barrels. 
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1.3 The Importance of Iron in Biology 

Iron is an important metal and vital micronutrient that is used by almost all organisms. 

Unlike zinc which is found in nature in a relatively lesser amount, iron is found in 

abundance and ranks second among the earth metals and fourth among the most 

abundant elements. Iron exists in two predominant oxidation states; the ferrous iron 

(Fe
2+

) and the ferric iron (Fe
3+

) and has a wider range of redox potential (1000 to 

−550 mV) as compared to rest of the transition elements. Iron has a unique property 

of acting as an electron acceptor as well as a donor which makes iron superior to other 

transition metals. The biological systems conveniently exploit these properties to 

adjust the chemical reactivity of iron for their physiological requirements [160]. The 

importance of iron in diverse biological systems has been well recognized long 

before. It occurs in all domains of life i.e. archaea, bacteria and eukaryotes.  

Iron is an indispensable element for the metabolic processes of unicellular as 

well as multicellular organisms. It serves as organic cofactor in the form of heme or 

inorganic cofactor in the form of Iron Sulphur Clusters (ISC) for multiple proteins. 

The proteins that require iron for their proper function are involved in various cellular 

activities such as DNA replication, transcription, DNA repair system, biosynthetic 

and biodegradation pathways, host-bacteria interaction, regulation of genes involved 

in virulence and different other enzyme activities [161, 162]. In bacteria, other lower 

organisms and plants, the essential processes that require iron for their proper function 

include Krebs cycle, oxidative phosphorylation, electron transport chain, 

photosynthesis, nitrogen fixation and biosynthesis of aromatic compounds. A recent 

role for iron has been discovered in the formation of microbial biofilm [163].  

In higher organisms including humans and other vertebrates, iron serves the 

function of oxygen transfer and storage in addition to the above-mentioned processes. 

A human body contains about 3 to 5 g of iron depending upon the gender and body 

weight [164]. Most of the body iron content (about 80%) is concentrated in 

hemoglobin of red blood cells (RBCs) and myoglobin (skeletal muscles). Despite the 

wide scale implication of iron in biological systems and its abundance in the 

environment, iron becomes a limiting factor for the growth, proliferation and for 

performing a proper biochemical function in the living organisms. For example, the 

optimal concentration of iron required for plant growth is many times higher than that 
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present as inorganic iron species in soil under aerated and basic conditions [165]. The 

main reason behind this is the low bioavailability of iron as it readily reacts with 

oxygen and forms highly insoluble oxides. Subsequently, it is not freely accessible to 

organisms for the uptake [166]. The organisms have breached this barrier 

sophisticatedly by evolving complex yet efficient and highly regulated homeostatic 

mechanisms and are able to acquire iron from the environment in biologically useful 

form. This situation becomes more critical between a pathogen (bacteria)-host 

(human) relationship during pathogenicity. 

1.3.1 Regulation of Iron Transport 

The iron homeostasis is tightly regulated in organisms because in its free state iron 

readily forms reactive oxygen species (ROS), through Fenton or Haber and Weiss 

redox reaction [167], that subsequently causes damage to the DNA and lipid bilayer 

of membrane. The organisms have evolved different mechanisms to handle iron in a 

non-toxic yet useful form. Such organisms regulate the iron homeostatic 

concentration and its redox state by encoding different iron binding proteins which 

have very high affinity for iron. In case of humans, a major portion of iron used by the 

body is the one recycled by the cells. For instance, the erythrocytes utilize about 20-

25 mg iron per day [168] which is beyond the daily intake amount. Similarly, daily 

iron loss is 1 to 2 mg and about the same amount is taken up from daily diet to 

maintain a steady level of body iron [169]. Iron homeostasis is regulated at two levels, 

the first at absorption by enterocytes and the second one is its release from the 

hepatocytic store and macrophage [170]. The bacterial cells have their analogues for 

iron transport systems in higher organisms and, therefore, homeostasis in bacterial 

systems is discussed in details in Section 1.3.3. Here we discuss iron homeostasis in 

humans as an example of higher organisms along with an overview about the key iron 

transporters. 

1.3.2 Iron Homeostasis in Higher Organisms (Humans) 

The main source of iron in higher organisms is the recycled iron in the body. The 

absorbed fraction of iron from dietary uptake varies and ranges from 5 to 35% of the 

total iron uptake and largely depends upon two factors: (i) the body requirements for 

iron and (ii) the physical and oxidation state of the iron i.e. heme/non-heme iron and 

ferric/ferrous iron [171, 172]. In either case, the absorption takes place predominantly 
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through enterocytes of small intestine (Figure 1-7). Following are some important iron 

transporters that are the key players in iron homeostasis and its regulation in higher 

organisms including humans. 

1.3.2.1 Divalent Metal Transporter 1  

The Divalent Metal Transporter 1 (DMT1) is membrane associated transporter 

proteins that are present on enterocytes of small intestine (the upper jejunum where 

most of the absorption takes place). DMT1, also known as natural resistance-

associated macrophage protein 2 (NRAMP2), belongs to solute carrier SLC11 

(SLC11A2) of membrane transport proteins. It is responsible for the absorption and 

transport of iron from intestinal lumen to the enterocytes. DMT1 also transports other 

divalent metal ions such as zinc (Zn
2+

), copper (Cu
2+

), cadmium (Cd
2+

) and 

manganese (Mn
2+

), however, the best known function is iron transport in the form of 

ferrous iron (Fe
2+

). The ferrous iron (Fe
2+

) undergoes a rapid oxidation to form 

insoluble ferric (Fe
3+

) at physiological pH whereas DMT1 has high affinity for Fe
2+

. 

So at the proximal duodenum, where pH is lower due to gastric acid, a membrane 

bound enzyme called ferric reductase reduces the Fe
3+

 to Fe
2+

. This allows the DMT1 

to bind Fe
2+ 

and transport it to the enterocytes (Figure 1-7). Subsequently, the iron is 

transferred from enterocytes via another membrane associated Fe
2+

 transporter, 

known as ferroportin, into the bloodstream. 

On the other hand, the dietary heme transport to the enterocytes is independent 

of the pH of duodenum and is more efficient as compared to the inorganic absorption. 

The actual mechanism of heme uptake by enterocytes is still under debate and there 

are two hypothesis: the heme transfer is either mediated through receptors by 

endocytosis or takes place directly by an iron binding protein called Heme Carrier 

Protein 1 (HCP-I) [173, 174]. Inside enterocytes, an enzyme called heme oxygenase 1 

(HOX-1) (also present in macrophages) liberates Fe
2+

 from the heme. Subsequently, 

iron is exported to blood plasma via ferroportin-an iron exporter specific to 

mammalian cells, where it is scavenged by transferrin (discussed below) and 

transported to cells or bone marrow for the production of red blood cells (Figure 1-7). 
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Figure 1-7 Illustration of the different transporter proteins and enzymes that are 

responsible for transport, utilization and regulation of iron. 

The dietary iron Fe
3+

 is reduced to Fe
2+

 by Ferrireductase (DcytB) prior to absorption 

by a divalent metal transporter 1 DMT1. Iron, in the form of heme, enters enterocytes 

via HCP-I (heme carrier protein-1) where Fe
2+

 is liberated by heme oxygenase 1 

HOX-1. The Fe
2+

 is then exported from enterocytes to blood plasma by Ferroportin - 

the only inorganic-iron exporter in mammals. The membrane bound Hephaestin 

oxidizes Fe
2+

 iron to Fe
3+

 which then is transported by Transferrin to different body 

parts (muscles, tissues and bone marrow). Iron Fe
3+

 is utilized in skeletal muscles and 

other body tissues but most importantly it serves the function of oxygen transport in 

the erythrocytes. From senescent erythrocytes, the heme-Iron is phagocytosed by 

macrophages in the spleen and Fe
2+

 is recovered by HOX-1. The hepatocytes secret 

iron regulating hormone called Hepcidin that control iron release into plasma during 

limited or excess supply of Iron. 

1.3.2.2 Ferroportin 

Ferroportin is a membrane-associated iron transporter and belongs to solute carrier 

family SLC40A1. The ferroportin transporter is specific to the mammalian cells and is 

located in the cell membrane of enterocytes, macrophages and hepatocytes. It binds 

Fe
2+

 with high affinity and is responsible for the cellular export of iron to blood 

plasma. The iron transport activity of ferroportin and oxidation of Fe
2+

 to Fe
3+

 is 

concerned with the activity of other enzymes like plasma ferroxidase and hepaestin. 
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The Fe
2+

, exported by ferroportin to blood serum, is oxidized to Fe
3+

 by ferroxidase 

(ceruloplasmin) and hepaestin [175] (Figure 1-7). The ferroxidase is either present in 

soluble form in the blood serum or associated with the membrane of some cells, while 

hepaestin is located on the plasma membrane of enterocytes and other cell types. Any 

disruption in the ferroportin may result in imbalance of iron levels in the serum. For 

example in humans, a mutation (in Ceruloplasmin gene located on chromosome 

23p24q) that inhibits iron efflux to plasma causes ferritin saturation and consequently 

increases the level of iron in macrophage [176].  

1.3.2.3 Transferrin 

Transferrin (Tf) is the most abundant serum protein that binds extracellular Fe
3+

 iron 

reversibly but with a significantly high affinity and transports it to different organs 

and tissues of the body (Figure 1-7) [177]. Therefore, blood plasma is the main site 

where transferrin (the powerful chelator) is found in a large quantity. Transferrin 

consists of a single polypeptide chain of about 689 amino acids (79 kDa). The large 

polypeptide forms a two lobe structure (an N-terminal lobe and a C-terminal lobe) 

each with a binding site for one iron Fe
3+

 with equal and high affinity (Kd 10
-23

/M) 

[177]. The Tf requires a synergistic carbonate anion for ferric iron binding and 

changes from apo to holo protein in which the two iron atoms are buried in the lobes 

and transported in a soluble yet redox inactive form throughout the body via 

bloodstream. In addition to transferrin, lactoferrin that binds iron intracellularly as 

well as in secretion e.g. milk, melanotrasferrin (melanoma cells) and ovotransferrin 

(egg white), belongs to the same iron binding family of homologous glycoproteins. 

Thus, in addition to iron transport and storage, these iron-binding proteins play a very 

significant role by keeping iron in a redox inactive form so as to prevent formation of 

toxic free-radicals. Secondly and most importantly, they keep the potential pathogen 

deprived of extracellular iron-an important element for bacterial growth [178]. 

1.3.3 Iron Homeostasis in Bacteria 

Bacteria like other organisms depend upon iron for their growth and normal cellular 

function. As discussed earlier, the presence of atmospheric oxygen and neutral pH of 

the environment oxidizes any freely available Fe
2+

 to Fe(OH)3 which is extremely 

insoluble and hence not bioavailable to microorganisms including pathogen. The 

bacterial pathogen or even the normal micro biota of a host is deprived of iron 
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because the host has several lines of defense to keep these bacteria away from iron. 

As first line of defense the presence of transferrin in body fluids (such as milk, tears 

and blood serum) create an iron deficient environment [179]. Thus, to get iron from 

external environment, the bacteria have been evolved to compete for their survival 

and adopt several mechanisms with the aim to acquire iron in reduced form (ferrous) 

outside or within their host’s environments [6, 180]. Since the bacterial cells face the 

same problem of iron solubility as other higher organism do, bacteria too have to 

produce different proteins to serve the function of converting iron into more soluble 

form (i.e. ferrous) and its transport across the outer/inner membrane to survive [181]. 

Generally, in most of the Gram-negative bacteria (mostly pathogenic), the Fe
3+

 uptake 

is carried by either forming a complex with dicitrate, complexes with various 

siderophores or as hemin (Figure 1-8). Whereas, a similar transport system: mediated 

by siderophores through ATP- Binding Cassette (ABC) is present in the cytoplasmic 

membrane of Gram-positive bacteria. Different mechanisms for iron uptake by 

bacteria and the key iron transporters that control the iron trafficking in the bacterial 

system are discussed as follows. 

1.3.3.1 Siderophores 

The siderophores are chelator proteins of low molecular weight which are secreted by 

bacteria and bind iron with a very high affinity (with an association constant of up to 

10
50

) thereby solubilizing iron for bacterial use. The bacterial siderophores are 

analogues of host transferrin (Section 1.3.2.3), both have a strong affinity for Fe
3+

, 

and thus compete with transferrin and lactoferrin of secretory fluids for iron 

acquisition [182]. Although some bacteria, such as Haemophilus influenzae and 

Neisseria gonorrhoeae, possess outer membrane systems that strip iron from 

transferrin and lactoferrin of their hosts and directly import ferric ions across the outer 

membrane [183]. Such iron uptake occurs via TonB-dependent outer-membrane 

siderophore transporters (TBDTs), all of which appear to be 20-strand β-barrels with a 

central plug involved in siderophore binding and an N-terminal TonB box region that 

networks with the C-terminal domain of TonB [184] (Figure 1-8). The structure of the 

latter domain, which follows a proline-rich extended region, has been solved but may 

not represent the in vivo conformation [185]. TonB spans the inner membrane once, 

and interacts with two other inner membrane proteins, ExbB and ExbD, that somehow 

exploit the inner membrane proton motive force to drive uptake across the outer 
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membrane via the TBDTs (Figure 1-8). It seems likely that ExbB forms a stable 

tetramer or hexamer [185], while ExbD may be dimeric [186]. The structure of the C-

terminal, periplasmic domain of ExbD from E. coli has been solved by NMR [187] 

but the structure of ExbB is not known as yet. 

The ferric citrate, hemin or siderophores are then transported across the inner 

membrane by ABC transporters made up of a periplasmic solute binding protein 

(SBP), two membrane-spanning permease subunits (TMDs) and two motor subunit 

ATPases, (nucleotide-binding domains, NBDs) [188, 189]. The Transport 

Classification Database (TCDB) classifies those ABC transporters involved in iron 

transport into the following classes: 

a) The Ferric Iron Uptake Transporter (FeT) Family. 

b) The Iron Chelate Uptake Transporter (FecT) Family. 

c) The Manganese/Zinc/Iron Chelate Uptake Transporter (MZT) Family. 

d) The Brachyspira Iron Transporter (BIT) Family and 

e) The Siderophore-Fe
3+

 Uptake Transporter (SIUT) Family. 
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Figure 1-8 Illustration of three different pathways for Iron uptake by bacterial 

system. 

Iron is taken in by bacteria either via siderophores, directly as hemin or as dicitrate 

complex that interacts with TBDT located at the outer membrane. The TonB box 

interacts with the c-terminal region of FecR that is located at the inner membrane 

whereas the FecR, at its cytoplasmic N-terminal, interacts with FecI. The FecI bind 

RNA polymerase to activate it for expression of genes involved in iron metabolism. 

1.3.3.2 Major Facilitator Superfamily (MFS) 

The major facilitator superfamily (MFS) consists of membrane transporters that work 

with a wide scope of substrates such as lipids, short peptides, amino acids nucleosides 

as well as organic and inorganic ions [190]. The MFS can be categorized in to three 

groups based on the substrate transport mechanism: uniporters, symporters or 

antiporters that transport single substrate, a substrate coupled with another ion 

(proton) or two substrates in opposite directions across membranes, respectively [191, 

192]. The TCDB classifies MFS family (ID 2.A.1) into 82 subfamilies containing 

about 728 annotated proteins. All the MFS transporters share a common structural 

fold (also referred as MFS fold) that comprises two distinct domains, the N domain 

T
M
D

   
 
 
 

NBDNBD

Outer membrane

Inner membrane

    

Fe3+

    

        

N-terminal extension

ExbB

TonB

ExbD

 
C

 

 

FecR

FecI

Fe2+

Siderophore

      

reductase

              

              

Fe3+

Fur

Fe3+

Bacterial ferritins/ 

bacterioferritins

   

Fe3+ / hemin     

     

N-acetyl 
transferase

Genes involved in iron metabolism

Fe3+

RNA 
polymerase

    



   Chapter 1: Introduction 

32 

 

and C domain. Each domain consists six consecutive transmembrane helices and the 

substrate binding site is located at the interface between the two domains [193]. The 

iron and citrate efflux transporter (IceT) formerly known as MdtD is proposed to be 

responsible for the export of either iron citrate or citrate alone in Gram-negative 

bacteria (Salmonella Typhimurium). The significance of the regulation of IceT along 

with its co-transcribed ABC transporter by two component system is neither fully 

understood nor its importance in the pathogenesis. However, in addition to ABC 

transporters there have been a few reports of MFS transporters acting as siderophore 

importers in the inner membrane [194] and at least one such protein does appear to be 

encoded in the A. xylosoxidans genome (peg.2074). Likewise, FiuB, a member of the 

Nucleobase Cation Symporter 1 (NCS-1) family, has been identified as a ferrichrome 

transporter in Pseudomonas aeruginosa [195]. However through database search, we 

were unable to find a close homologue of the latter in A. xylosoxidans, instead the 

closest homologue to FiuB is much more closely related to another NCS-1 family 

transporter in P. aeruginosa that has not been implicated in iron transport. 

The liberation of iron from its complex with siderophores in the cytoplasm 

appears to involve reduction by a variety of ferric reductases, typified by FhuF of E. 

coli [196]. Through the database search, we couldn’t find any close homologue of 

FhuF in A. xylosoxidans, but there are two relatively close homologues of a second E. 

coli ferric reductase YgjH [197], the peg.4302 (40% identity) and the peg.1623 (26% 

identity). Recycling of at least some siderophores appears to involve acetylation. This 

acetylation is catalyzed by enzymes such as FiuC of P. aeruginosa [195]. There are 

several homologues of FiuC in A. xylosoxidans, such as peg.4016 (31% identity). In 

the case of cytoplasmic hemin, a number of proteins have been identified that serve 

either as storage proteins or as heme-oxygenases which release iron, but the activities 

of several of these proteins such as HemS, ChuS and ChuX, remain somewhat unclear 

[198]. Despite low sequence similarities, these three proteins possess a similar fold 

[199]. The Peg 4838 of A. xylosoxidans, in an apparent operon with a number of 

hemin transport proteins, is 37% identical to the HemS of Yersinia enterocolitica.  

1.3.3.3 Regulation of Iron Transport in Cytoplasm 

The cytoplasmic iron status appears to be monitored primarily by the ferric uptake 

regulation (Fur) repressor, which when complexes with Fe
2+

 typically inhibits 
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transcription of genes involved in siderophore biosynthesis and iron transport. It also 

activates the expression of many other genes by either indirect or direct mechanisms 

[200]. There appears to be three Fur-type genes in A. xylosoxidans, which in order of 

similarity to the archetypal Fur protein of E. coli (P0A9A9) are peg.1078, peg. 2216 

and peg.3957, although the latter probably functions as a zinc uptake regulator (Zur) 

protein instead. 

1.3.3.4 Regulation of Periplasmic and Extracellular Iron 

The periplasmic and extracellular iron status of the cell appears to be monitored by 

transmembrane signaling proteins, of which the best understood is FecR of E. coli, 

which interacts with the N-terminal regions of at least some TBDTs. By an unknown 

mechanism, they signal to the interacting extra cytoplasmic function (ECF) sigma 

factors homologous to E. coli FecI which then regulate expression of genes involved 

in iron metabolism [201] (Figure 1-8). 

1.3.4 Achromobacter xylosoxidans, an Opportunistic Gram-negative 

Pathogen 

Achromobacter xylosoxidans is Gram-negative bacteria and an opportunistic pathogen 

that, in addition to bacteremia, urinary tract infection, meningitis, and pneumonia, 

causes serious infection of cystic fibrosis in hospitalized patients [202]. Formerly it 

was termed as Alcaligenes xylosoxidans and isolated from a patient of cystic fibrosis. 

Its genome has been sequenced in 2013 [203]. In the recent years, this hospital 

pathogen has gained attention among the researchers due to its ability to infect the 

immunocompromised patients [204]. Furthermore, there is no targeted drug to treat 

infection caused by A. xylosoxidans because of its resistance to antibiotics of broad 

spectrum as well as narrow spectrum such as aminoglycosides, penicillin and several 

types of cephalosporin [205-208]. Thus, in this context, the proteins involved in iron 

uptake and its metabolism, more precisely the N-terminal region of FecR and 

interacting FecI- the ECF sigma factors (Figure 1-8), could be interesting targets for 

the design of novel chemotherapeutic agents to block the pathway and treat the 

infection caused by A. xylosoxidans. This is because for many bacterial pathogens 

iron is a limiting factor for survival, growth and establishment of the infection [209]. 
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1.4 Aims and Intents of the Study 

There are three main objectives of this study which are stated as follows. 

1. The R325W mutation, discovered in C-terminal extra membranous region, 

suggests that cytoplasmic domain, if folded, plays a key role in zinc transport. If this 

hypothesis is correct, structural and functional studies on this domain may shed some 

light on the link between R325W of ZnT8 and diabetes. It is very difficult and 

challenging to clone and express full length membrane protein including ZnT8 for 

structural and functional studies. Hence, use of soluble part of the ZnT8 that includes 

the R325W for these studies could be a good strategy to investigate the role of 

R325W mutation in metal-ion transport.  

The aim of this study was to characterize, both structurally and functionally, 

the C-terminal cytoplasmic domain of human zinc transport protein, hZnT8. To 

achieve this goal, the gene for hZnT8 domain was engineered into E. coli expression 

vectors using recombinant DNA technology. Expression of recombinant hZnT8 

domain was performed in E. coli host through various strategies. Once establishing 

the protocol for soluble expression of the wild type hZnT8 domain, hereafter named 

as hZnT8WT
281-369

, the mutant hZnT8, henceforth named as hZnT8
R325W

, was 

generated using site directed mutagenesis. Then efforts were made to purify and 

further polish both the domains in native condition by employing affinity and size 

exclusion chromatography. To assess the Zn
2+

 affinity to hZnT8WT
281-369

 and 

hZnT8
R325W

 domain using spectrofluorometry, the intrinsic fluorescence of proteins 

was exploited. The native condition and oligomerization state of the two domains 

were assessed through size exclusion chromatography while monodespersity analysis 

was conducted through electron microscopy and finally secondary structure was 

analyzed through biophysical techniques like circular dichroism (CD) and Fourier 

transformed infrared spectroscopy (FT-IR). Efforts were made to obtain three 

dimensional structure of hZnT8WT
281-369

 and hZnT8
R325W

 domain by X-ray 

crystallography. It is anticipated that this study may contribute towards search of 

targets for zinc regulating drugs. 

2. During the course of recombinant protein production, the use of different 

affinity and solubility tags, in most cases, becomes essential because of their promise 

to simplify the purification steps and enhances the solubility of tagged proteins. These 
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tags are then removed by proteolytic cleavage to get the target proteins in native form. 

To date, different proteases that are used for the proteolytic cleavage/removal of tags 

from their fusion partners have been characterized. This includes more widely used 

Tobacco etch virus (TEV) and Human rhinovirus (HRV 3C) proteases. While there is 

a great deal of literature available for TEV protease, no such systematic study has 

been conducted to fully characterize the HRV 3C protease in terms of its activity in 

the presence of different buffers, additives and detergents.  

The intention behind this study was to characterize the activity of HRV 3C 

protease under various experimental conditions, and to compare its activity with that 

of TEV protease because it has been proposed that HRV 3C protease has an increased 

activity at 4 °C. For this purpose, a set of three different proteins were produced by 

recombinant means in which the TEV cleavage site or HRV 3C protease site was 

engineered in between tag and the fused protein. The fusion proteins were expressed 

in E. coli host and purified using Ni-NTA affinity chromatography technique. The 

activity of HRV 3C protease was compared to that of TEV protease at 4 °C and 25 °C 

using these fusion proteins. The activity of HRV 3C protease was further assessed in 

the presence of different buffers and additives because finding the appropriate buffer 

composition and additives (salts, sorbitol, trehalose, glycerol, arginine, proline, 

reducing agents and detergents) is the key for the extraction and the purification of 

natural and recombinant proteins and to increase their stability and solubility. The 

composition of the buffer, including any required additives, may affect the protease 

activity, either by a direct inhibition of the protease or by blocking the cleavage site. 

Thus, there is great interest in proteases that are active in a wide variety of buffer 

solutions and temperatures to enable their exploitation for the cleavage of many 

recombinant proteins from their tags.  

Finally, the effect of frequently used detergents, for the purification of 

membrane proteins, was studied on the activity of the HRV 3C protease. It is 

anticipated that the obtained results may facilitate the use of the HRV 3C protease for 

the cleavage of fusion tags in the production of recombinant proteins.  

3. This part of the study was aimed at characterizing the FecI and FecR proteins 

encoded by A. xylosoxidans so as to develop the approaches that can be fruitful to 

fight the infection caused by the pathogen. The FecI and FecR proteins were selected 
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owing to their involvement in the iron metabolism. These mutually interacting 

proteins could be potential targets for the development of antimicrobial drugs against 

the hospital pathogens that are resistant to broad spectrum antibiotics. To accomplish 

this goal, a systematic procedure has to be followed as given. Using E. coli FecI and 

FecR amino acids sequences, their homologues were searched, identified and selected 

in A. xylosoxidans genome. The corresponding genes of FecI and FecR proteins were 

amplified from the genomic DNA of A. xylosoxidans and engineered into the E. coli 

expression vectors. Soluble expression of the recombinant FecI and FecR proteins 

was done in E. coli host. The expressed proteins were purified by exploiting Ni-NTA 

affinity chromatography and the protein-protein interaction study was performed. It is 

anticipated that this study may inform on the strategies to further study FecI and FecR 

as potential drug targets. 
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2 Materials and Methods 

2.1 List of Chemical Supplier Companies 

Different chemicals, detergents, reagents and kits used in this study were procured 

from the following companies: 
  

 Biobasic, http://www.biobasic.com/ 

 Eurofins http://www.eurofins.com/ 

 Fermantas, http://www.fermentas.com/ 

 GE Health Care Life Sciences, http://www.gelifesciences.com/  

 Gibco, http://www.invitrogen.com/site/us/en/home/brands/Gibco.html?...gibco 

 Invitrogen Life Technologies, http://www.invitrogen.com 

 MERCK, http://www.merck.com/ 

 Molecular Biology Products, http://www.mbpspk.com/  

 Phytotechnology Labs http://www.phytotechlab.com/ 

 Promega, http://www.promega.com/ 

 Qiagen, http://www.qiagen.com/ 

 Riedel to de to Haen, http://www.riedeldehaen.com/ 

 Sigma to Aldrich chemical company Ltd., http://www.sigmaaldrich.com/ 

 Thermo scientific, http://www.thermoscientific.com/en/home.html  

 Vivantis, http://www.vivantechnologies.com/  

 

 

 

http://www.biobasic.com/
http://www.eurofins.com/
http://www.fermentas.com/
http://www.gelifesciences.com/
http://www.invitrogen.com/site/us/en/home/brands/Gibco.html?...gibco
http://www.invitrogen.com/
http://www.merck.com/
http://www.mbpspk.com/
http://www.phytotechlab.com/
http://www.promega.com/
http://www.qiagen.com/
http://www.riedeldehaen.com/
http://www.sigmaaldrich.com/
http://www.thermoscientific.com/en/home.html
http://www.vivantechnologies.com/
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Table 2.1 Bacterial strains and plasmid vectors used in this study. 

S. No.  Name Description Source 

1.  pET28a A C-terminal His6 tag sequence, kanamycin 

resistance (T7 promoter 5166-5190, T7 

transcription start 5164, multiple cloning sites 

(MCS), (Xho I to Cla I) 2 - 1414, His6 tag coding 

sequence 7-24, T7 terminator 92-138, lacI coding 

sequence 3681-4760, pBR322 origin 3286, Kana
R
 

Seq:726-1538, f1 origin 175-630) 

Novagen 

 

2.  pET28a-

TEV 

An N-terminal His6 tag, TEV protease cleavage 

site, an optional C-terminal His6 tag sequence, T7 

tag configuration plus and kanamycin resistance 

(T7 promoter 5161-5177, T7 transcription start 

5311, His6 tag coding sequence 5260-5277, T7 Tag 

coding sequence 5311-5343, MCS, (Xba I to Sal I) 

5208-5367, His6 tag coding sequence 21-38, T7 

terminator 106-152, lacI 3695-4775, pBR322 origin 

3286, Kana
R
 740-1552, f1 origin 189-644 and TEV 

site 52087-5307) 

Novagen 

3.  pET28a-

Pres 

A modified pET28a-TEV plasmid in which TEV 

cleavage site is replaced with HRV 3C protease site 

and His6 tag with His8 

Novagen 

4.  pTEV Kindly provided by Prof. Samar Hasnain laboratory University of 

Liverpool, UK 

5.  HRV 3C 

construct 

Kindly provided by Andreas Engel Case Western 

Reserve 

University, 

USA 

6.  pKLD116 An N-terminal His6 tag /thrombin/T7 tag sequence, 

bla Amp
R 

gene, kindly provided by Professor 

Escalante Semerena 

Department 

of 

Bacteriology, 

University of 

Wisconsin, 

USA  
7.  OmniMA

X™ 2 

T1
R
 E. 

coli  

F´[proAB+ lacIq lacZΔM15, Tn10(TetR), 

Δ(ccdAB)] mcrA Δ(mrr- hsdRMS-mcrBC), 

Φ80lacZΔM15, Δ(lacZYA to argF) U169 end 

A1recA1 supE44 thi to 1, gyrA96, relA1tonA, 

panD 

Invitrogen 

8.  E. coli 

Top 10 

F–, mcrA, Δ(mrr-hsdRMS-mcrBC), φ80lacZΔM15, 

ΔlacX74, deoR, recA1, araD139 Δ(ara-leu)7697, 

galU, galK, rpsL (StrR), endA1 nupG 

Invitrogen 

9.  E. coli 

BL21 

(DE3) 

F¯, ompT, hsdSB (rB¯, mB¯), gal dcm, λ(DE3) Novagen 

10.  E. coli 

C41 

(DE3) 

F¯ ompT, gal, dcm, hsdB (rB - mB -) (DE3) T7 

gene lacIq  
Novagen 

11.  E. coli 

Rosetta
TM

 

2(DE3) 

F¯, ompT, hsdSB (rB¯, mB¯), gal dcm, (DE3) 

pRARE2
3
 (Cam

R
) 

Novagen 
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Table 2.2 List of Oligonucleotides used in this study. 

Name  Sequence 5’ to 3’ 
Restriction 

Enzyme 
Tm °C % GC 

pMR9-F GCAGCCATATGAAGAGCCTGAA

TTACAGTGGTGTG 

Nde I 70 49 

pMR9-R GCTCGAATTCTTAGTCACAGGGG

TCTTCACAG 

EcoR I  69 50 

pMR11-F TGGAGCCACCCGCAGTTCGAAA

AAAGCCTGAATTACAGT 

- 72 49 

pMR11-R TTTTTCGAACTGCGGGTGGCTCC

ACATGGTATATCTCCTTCT 

- 73 48 

pMR19-F CAAGAGCCTGAATTACAGTGGT

GTG 

      - 62 48 

pMR19-R CATGCCATGGTTAGTCACAGGGG

TCTTCACAG 

Nde I 70 53 

pKLD116-VI-F CACCATAGCAGCGGCGCGGCGT

CCGGTAAAATCGAA 

- 76 61 

pKLD116-VI-R CGCCGCGCCGCTGCTATGGTGGT

GATGGTGATGGTGATGGCT 

- 80 64 

R325W-Znt8-F CTACAGCAGCCAGCTGGGACAG

CCAAGTG 

- 72 62 

R325W-Znt8-R CACTTGGCTGTCCCAGCTGGCTG

CTGTAG 

- 72 62 

V2-TEV-F CACCATATGTCCACGCTGGAAAG

CAGCGGCGCGGCGTCC 

- 79 67 

V2-TEV-R TTCCAGCGTGGACATATGGTGAT

GGTGGTGATGGTGATG 

- 73 51 

HRV-3C-F CTGGAAGTTCTGTTCCAGGGTCC

GGCAGGCCTTAGCAGGTGC 

- 79 62 

HRV-3C-R GCCGGACCCTGGAACAGAACTT

CCAGACTAGTGGTTGCACC 

- 77 59 

betaC1-F ACGAAGGCCTGATGACACCGAG

CGGAACAAAC 

Stu I 71 56 

betaC1-R GCTAGCTAGCTTAAACGGTGAAC

TTTTTATTG 

Nhe I 64 38 

100K-F CAATTCCATATGGAAAGCACCGC

CGA 

Nde I 64 50 

100K-R GCCGGAATTCTCAGGTCGACCAT

TCTCTGGGC 

EcoR I 73 59 

PEG407-F CAATTCCATATGATGTCGTCCAC

GGAATCC 

Nde I 66 44 

PEG407-R CGGAATTCTTACTGCCGGGCCAG

CG 

EcoR I 69 64 

V3-PEG407-F GAAGGCCTCATGTCGTCCACGGA

ATCCCTGGAACAC 

Stu I 75 58 

V3-PEG407-R CATGCCATGGTTACTGCCGGGCC

AGCGCGTACAC 

Nco I 76 65 

PEG5782-F CCCATATGATGTCCAACCTTGCG

CTT 

Nde I 64.5 50 

PEG5782-R CGGAATTCTTACATCACCGCCAT

GATG 

EcoR I 64.8 48.1 

V3-PEG5782-F TCCCCCGGGCATGTCCAACCTTG

CGCTTGCCT 

Sma I 75 66 
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V3-PEG5782-R CATGCCATGGTTACATCACCGCC

ATGATGCATTGT 

Nco I 70 49 

PEG408-F GGAATTCCATATGGCGGACAAG

ACCATCGCCGCGG 

Nde I 75 60 

V3-PEG408-F AAAAGGCCTGATGGCGGACAAG

ACCATCGCCGCGG 

Stu I 76 63 

V3/PEG408-R CCCAAGCTTTTAGCGGCGGCGCG

AGAAATGCT 

Hind III 73 59 

PEG5783-F GGAATTCCATATGCATCATGGCG

GTGATGTAAGCG 

Nde I 70 49 

V3-PEG5783-F AAAAGGCCTGATGCATCATGGC

GGTGATGTAAG 

Stu I 70 53 

V3/PEG5783-R CCCAAGCTTTTAGCGGCGGCCGG

CCAGGTC 

Hind III 76 70 

2.2 Antibiotics Stock 

The antibiotics stock solutions that included kanamycin, chloramphenicol, 

tetracycline and ampicillin were prepared as instructed by the protocol of the 

manufacturing company. The solvent for these stock solutions was milliQ water 

except for chloramphenicol for which absolute ethanol was used (Table 2.3). The 

stock solutions were filtered by using 0.22 µm filter prior to storage at -20 °C. 

Table 2.3 Antibiotic Stock. 

Name  Abbrev. Stock Conc.(mg/mL) Working Conc.(µg/mL) Solvent 

Kanamycin Kan 100  40  ddH2O 

Chloramphenicol Cam 50  25  Ethanol 

Tetracycline Tet 20  10  ddH2O 

Ampicillin Amp 100    100  ddH2O 

2.3 Media for Bacterial Growth 

Two types of media, auto-induction medium [210] and Lysogeny or Luria-Bertani 

(LB) medium [211], were used for cell growth in this study.  

2.3.1 Auto-induction Medium 

For growth and expression studies in E. coli strains BL21 (DE3), C41 (DE3) and 

Rosetta
TM

 2(DE3), auto induction medium was prepared as per recipe described 

below (Table 2.4 to Table 2.7). 
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Table 2.4 ZY–5052 Autoinduction medium composition. 

Ingredients  Quantity/50 mL Quantity/400 mL 

ZY medium (Table 2.5) 46.5 mL 372 mL 

1M MgSO4 100 µL 800 µL 

50 X 5052 (Table 2.6) 1 mL 8 mL 

20 x NPSC (Table 2.7)  2.5 mL 20 mL 

MgSO4 was added prior to addition of NPSC in order to avoid precipitation. Medium was 

autoclaved under standard conditions and antibiotics were added as per requirement. 

Table 2.5 ZY Medium components 

Ingredients  Quantity in g/100 mL 

Yeast Extract 5 

Trypton 10 

The above-mentioned components were dissolved in 1 L distilled water contained in 2 L 

flask and then autoclaved.  

Table 2.6 50X 5052 

Ingredients  Quantity in g/100 mL Quantity in g/L  

Glycerol 25 250  

Glucose 2.5 25  

- Lactose 10  100  

Ingredients, listed above, were dissolved in ¾ Vol. of dH2O. To dissolve lactose, a brief 

and gentle heat was applied and volume makeup was done. Glucose of 1 M stock was 

prepared in distilled water and filter sterilized. 

Table 2.7 20X NPSC (Low Phosphate Buffer) 

Ingredients  Quantity (g/100 mL) Quantity (g/L) Required Conc. (M) 

Na2HPO4 7.1  71  0.5   

Kh2PO4 6.8  68  0.5  

NH4Cl 5.35  53.49  1  

Na2SO4.10H2O 3.22  32.23 0.1  

or Na2SO4 1.42  14.2  0.1  

The above ingredients were dissolved in ¾ Vol. of dH2O. pH was adjusted by 10 N NaOH 

to 6.75 and was autoclaved after final volume makeup. 

2.3.2 Luria Bertani (LB) Medium 

LB medium was prepared by dissolving the constituents mentioned in Table 2.8 in 

distilled water and then autoclaved. Proper antibiotic was added where needed. 
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Table 2.8 LB Medium composition 

Ingredients  Quantity (g/L) 

Yeast Extract 5 

NaCl 10 

Trypton 10 

All the three components were dissolved in 1 L distilled water contained in 2 L flask and 

then autoclaved. 

To prepare LB agar plates, LB liquid medium (Table 2.8) and 2% 

bacteriological agar was autoclaved in a suitable glass flask. The medium was 

allowed to cool down under Laminar Air Flow Hood to around 50 ºC and then poured 

in Petri plates after adding relevant antibiotic (kanamycin, chloramphenicol, 

tetracycline or ampicillin) in a suitable concentration (Table 2.3). After complete 

solidification under sterilized condition, the plates were sealed properly with Para film 

and stored at low temperature (4 ºC) until further use within 5 days. However, the 

plates used for transformation/cloning purpose were prepared on the same day in 

order to avoid any chances of contamination that may affect the experiment. 

2.4 Molecular Biology 

2.4.1 Construction of Expression Vectors for hZnT8
281-369

  

The coding sequence for the C-terminal domain of human ZnT8 from Serine 281 to 

Aspartate 369 (hZnT8WT
281-369

) was amplified from the cDNA 

(IRCMp5012C0519D; pICMV), by ‘touch down’ PCR [212] using pMR9-F/R 

primers (Table 2.2). PCR amplified DNA product was restricted with Nde I and Eco 

RI and was cloned into the corresponding sites of pET28a (Novagen) in reading frame 

with His-6 tag and thrombin protease site to produce pMR9 (pET28a-Thrombin-

hZnT8WT
281-369

) expression vector (Figure 2-1A). 

In order to construct pMR19 (pKLD116-TEV-hZnT8WT
281-369

) expression 

vector, nucleotide sequence of hZnT8WT
281-369 

was amplified from pMR9 template 

using pMR19-F/R primers (Table 2.2) by PCR with Pfu polymerase (that produces 

blunt-ended PCR product). The PCR amplified DNA fragment was digested with only 

Nco I and cloned into Stu I (blunt end) and Nco I sites of pKLD116 vector to fuse 

hZnT8WT
281-369

 domain nucleotide sequence at the 5’ end with His6 tag, Maltose 

Binding Protein (MBP) and Tobacco Etch Virus (TEV) protease site (Figure 2-1B) 

[213, 214].  
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Each PCR reaction mixture (50 μL) contains 1-2 μL of template DNA, final 

concentrations of 0.2 mM dNTPs, 1.5 mM MgSO4, 0.5 μM of each F/R primer, 1.25 

U of Pfu DNA Polymerase and 1X Pfu buffer (200 mM Tris-Cl–HCl pH 8.8, 100 mM 

KCl, 100 mM (NH4)2SO4, 1% Triton X-100 and 1 mg/mL BSA) (Fermentas, 

Germany). 

Finally, pMR19M or pKLD116-V2-TEV-hZnT8WT
281-369

 expression vector 

(with extra linker sequences that code for His-His-Ser-Ser-Ala-Ala, between existing 

His6 and MBP sequences) and its mutant version pMR19MR325W (pKLD116-V2-

TEV-hZnT8
R325W

) (Figure 2-1C and D) were generated by modified site directed 

mutagenesis (Stratagene) using pKLD116-V1-F/R and pMR19MR325W-F/R (Table 

2.2) respectively. 

 

Figure 2-1 Strategy and graphical representation of pET28a and pKLD116-

based expression vectors. 

The figure illustrates the position of encoded purification and solubility tag sequences, 

key restriction sites, Thrombin protease site (TPS in panel [A]), Tobacco etch virus 

(TEV) protease site [B], T7 promoter and fused hZnT8 wild type domain or hZnT8 

mutant domain. In panel [C] and [D] is shown the incorporated extra sequences that 

code for His-His-Ser-Ser-Ala-Ala (colored as red) to increase affinity of the 

oligohistidine tag. 

2.4.2 Construction of TEV and HRV 3C Protease Cleavable Clones 

HRV 3C protease cleavable clone was created by modifying pKLD116 (pKLD116-

V2-TEV), generated using primers V2-TEV-F and V2-TEV-R listed in Table 2.2, 

which contains a His8-tag, an extended linker (MSTLESSGAASG), Maltose Binding 

Protein (MBP) and a TEV protease cleavable site upstream from the multiple cloning 

His8 - MBP-TEV-

pT7
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site. The nucleotide sequence that encodes for the TEV protease cleavable site 

(ENLYFQ/G) was replaced in pKLD116-V2-TEV with the sequence of the HRV 3C 

protease cleavable site (LEVLFQ/GP) using the primers HRV-3C-F and HRV-3C-R 

(Table 2.2) to generate the construct pKLD116-V2-Pres. Using pKLD116-V2-TEV 

and pKLD116-V2-Pres vectors, protease cleavable expression constructs for a 10 kDa 

soluble domain of a human zinc transport protein-Uniprot: KBQ8IWU4, (designated 

as hZnT8WT
281-369

, the pKLD116-V2-TEV-hZnT8
281-369

 here and pMR19M in 

Section 2.4.1 are the same), a 14 kDa betaC1 protein (Q91F52) encoded by beta-

satellites associated with begomoviruses were created using respective primers and 

restriction enzymes, described in Table 2.2. For an 89 kDa 100K protein (E1Y6P4) of 

fowl adenovirus, protease cleavable clones were generated by inserting the PCR 

amplified coding sequence of 100K into the multiple cloning site of pET28a-Pres and 

pET28a-TEV (Table 2.1), in reading with 5’ His8-HRV 3C or His8-TEV sequences. 

2.4.3 Generation of FecI and FecR Expression Vectors 

The following strategy was used to generate the FecI and FecR expression vectors. 

2.4.3.1 FecI Expression Vectors 

The nucleotide sequence that codes for RNA polymerase sigma-70 factor (extra 

cytoplasmic function, ECF family) of A. xylosoxidans was amplified from the 

genomic DNA of A. xylosoxidans using PEG407-F and PEG407-R primers (Table 

2.2). The PCR product was restricted with Nde I and Eco RI and cloned into 

respective sites of pET28a-Pres vector (Table 2.1) in fusion with N-terminal 

oligohistidine tag (His6) and PreScission protease site to generate pET28a-Pres-

PEG407 expression vector (Figure 2-2A). The same peg407 gene was amplified with 

V3-PEG407-F and V3-PEG407-R set of primers (Table 2.2), restricted with Stu I and 

Nco I and cloned into corresponding restriction sites of pKLD116-V3 vector in fusion 

with His8-MBP-HRV 3C site to generate pKLD116-V3-PEG407 expression vector 

(Figure 2-2C). 

The nucleotide sequence that corresponds to the heme uptake regulator FecI, 

in A. xylosoxidans, was amplified using the PEG5782-F and PEG5782-R set of 

primers (Table 2.2). The PCR product was digested with Nde I and EcoR I and cloned 

in to the corresponding sites of pET28a-Prescion vector to generate pET28a-Pres-

PEG5782 expression construct (Figure 2-2B). The same peg5782 gene was amplified 
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with V3-PEG5782-F and V3-PEG5782-R set of primers (Table 2.2), the PCR product 

was digested with Sma I and Nco I and cloned into the corresponding sites of 

pKLD116-V3 plasmid to generate pKLD116-V3-PEG5782 expression vector (Figure 

2-2D). 

 

Figure 2-2 Strategy and graphical representation of pET28a and pKLD116-

based expression vectors for FecI. 

The figure illustrates the positions of encoded purification and solubility tag 

sequences, key restriction sites, PreScission
TM

 protease (HRV 3C) cleavage site, T7 

promoter and fused PEG407 or PEG5782. 

2.4.3.2 FecR Expression Vectors 

To generate pET28a-Pres-PEG408
1-76 aa

 vector (Figure 2-3A), nucleotide sequence of 

N-terminal cytoplasmic region (Methionine 1 to Arginine 76) of Fe
2+

 dicitrate sensor 

protein was amplified from genomic DNA of A. xylosoxidans using PEG408-F and 

V3/PEG408-R primers (Table 2.2). The amplified sequence was cloned in pET28a-

Pres expression vector using Nde I and Hind III restriction sites. Likewise the same 

sequence was amplified with V3-PEG408-F and V3/PEG408-R set of primers (Table 

2.2) and cloned in pKLD116-V3 plasmid using Stu I and Hind III sites to generate 

pKLD116-V3-PEG408
1-76 aa

 expression plasmid (Figure 2-3C). 

The nucleotide sequence, that codes for FecR N-terminal sequence 

(Methionine 1 to Arginine 93) of A. xylosoxidans’s (heme uptake transmembrane 

sensor) protein, PEG5783
1-93 aa

 was amplified using PEG5783-F and V3/PEG5783-R 
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set of primers (Table 2.2). The amplified fragment was cloned in pET28a-Pres 

expression vector. Nde I and Hind III restriction sites were used for cloning in 

corresponding sites of the plasmid and the resultant vector was named as pET28a-

Pres-PEG5783
1-93 aa

 (Figure 2-3B). Similarly for the construction of pKLD116-V3-

PEG5783 (Figure 2-3D) expression vector corresponding sequence was amplified 

with V3-PEG5783-F and V3/PEG5783-R primers and cloned in pKLD116-V3 

expression plasmid using Stu I and Hind III restriction sites. 

 

Figure 2-3 Strategy and graphical representation of pET28a and pKLD116-

based expression vectors for N terminal regions of FecR. 

The figure illustrates the positions of encoded purification and solubility tag 

sequences, key restriction sites, PreScission
TM

 protease (HRV 3C) cleavage site, T7 

promoter and fused PEG408
1-76 aa

 or PEG5783
1-93 aa

. 

2.5 Confirmation of Expression Vectors 

All the constructs harboring the correct sequence for hZnT8 c-terminal domain as 

well as TEV and HRV 3C cleavable expression clones, FecR and FecI expression 

vectors used throughout this study were identified by colony PCR using T7P/T7T 

(Table 2.2) or gene specific primers followed by further confirmation by standard 

DNA sequencing at Macrogen facility (Macrogen Inc. Seoul, South Korea). 

2.6 Sodium Dodecyle Sulfate-Polyacrylamide Gel 

Electrophoresis 

Sodium dodecyl sulfate gel electrophoresis (SDS-PAGE) was used to visualize the 

electrophoretic mobility of expressed or purified proteins for further analysis. The 
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technique is based on the separation of proteins due to variation in their respective 

molecular weights [215]. 

Bio-Rad Mini PROTEAN tetra system apparatus was used to prepare 10-16% 

of separating gel (Table 2.9), poured into the gel casting assembly and very thin layer 

of ddH2O was laid over the gel to level it. The gel was allowed to polymerize 

completely before the thin layer of ddH2O was removed. A 5% stacking gel was 

prepared (Table 2.10) and poured immediately over the separating gel with a 1 mm 

thick comb inserted in the stacking gel. After the stacking gel was completely 

polymerized, the gel was transferred to the gel tank containing the running buffer 

(Table 2.11) and the comb was removed to reveal the wells of the gel. Required 

amount of the protein sample, incubated with 4% loading dye (Table 2.12), was 

loaded in each well and the apparatus was connected to a constant DC source of 120 

V for separation of the protein. 

After the complete separation of the gel which is indicated by the dye front, 

the gel was recovered from the assembly and incubated in staining solution (Table 

2.13) at room temperature for 5 to 7 hours and then de-stained with 10% acetic acid. 

The separation of protein sample in the gel was analyzed under bright light source and 

a picture was saved for future correspondence. 

Table 2.9 Composition of 10-16% separating gel 

S. No  Components   Volume required for one gel (5mL) 

1 dH2O 1-1.67 mL 

2 30% Acrylamide 2-2.67mL 

3 1.5 M Tris pH 8.8 1.25 mL 

4 20% SDS 25 µL 

5 10% Ammonium persulfate   50 µL 

6 Tetramethylethylenediamine (TEMED)  2.5 µL 

Table 2.10 Composition of stacking gel 

S. No  Components   Volume required for one gel (3mL) 

1 dH2O 1.702 mL 

2 30% Acrylamide 0.5 mL 

3 0.5 M Tris pH 6.8 0.75 mL 

4 20% SDS 15 µL 

5 10% Ammonium persulfate   30 µL 

6 Tetramethylethylenediamine (TEMED)  3 µL 
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Table 2.11 Composition of Running buffer for SDS-PAGE 

S. No  Components   Quantity (in grams) for 1 L buffer 

1 Glycine 144 

2 Tris 30 

3 SDS 1 

Table 2.12 Composition 4X sample loading buffer (10 mL) 

S. No  Components   Quantity  Final concentration 

1 Glycerol 5 g 5.4 M 

2 SDS 1 g 10% 

3 EDTA 37.2 mg 10 mM 

Dissolved in 0.5 M Tris HCl pH 6.8, bromophenol blue was added to color deep blue 

Table 2.13 Composition of 500 mL staining solution  

S. No  Components   Quantity Percentage 

1 Acetic acid 50 mL 10 

2 Isopropanol 125 mL 25 

3 Coomassie brilliant blue R-325 125 mg 0.025 

4 dH2O 325 mL - 

2.7 Production of Recombinant Proteins from Different 

Expression Vectors 

Different expression strategies were employed to achieve heterologous over-

expression of the target proteins. These strategies are described as follows. 

2.7.1 Expression Optimization for hZnT8
281-369

 Domain 

E. coli strain BL21 (DE3) competent cells were transformed with pET28a vector (as 

negative control) and pMR9 was then grown till the OD600 reached to 0.6 at 37 °C in 

LB medium supplemented with 25 µg/mL of kanamycin. Protein expression was done 

with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at both 37 °C and 22 °C 

for 5 hours. Cells were then lyzed in 20 mM Tris-Cl pH 7.5, 0.3 M NaCl, 5 mM 

Imidazole, 4 mM β-ME, using a cell disruptor (Constant Systems Ltd. UK) and 

finally pelleted at 12000 x g for 30 minutes at 4 °C. Both the soluble and the 

remaining insoluble fractions were analyzed on 15% SDS-polyacrylamide gel 

(Section 2.6).  
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The expression vector pMR9 was also used and for protein expression 

different concentrations of IPTG (0.1 mM, 0.25 mM, 0.5 mM, 0.75 mM and 1 mM) 

were tested at both 37 °C and 22 °C. The expression of pMR9 at low temperature (15 

°C) was also carried out using auto-induction medium in parallel with LB medium.  

For expression optimization, pMR19M was transformed both in E. coli BL21 

(DE3) and Rosetta
TM

 2(DE3) cells and protein expression was carried out at 

increasing concentration of IPTG (0.1 mM, 0.25 mM, 0.5 mM, 0.75 mM and 1 mM) 

at 22 °C. Analysis of expression optimization was done on 12% SDS-PAGE. Finally, 

large scale protein expression from pMR19M and pMR19MR325W was done with 

0.5 mM IPTG at 22 °C for 5 hours in E. coli BL21 (DE3). 

2.7.2 Expression of TEV Protease, HRV 3C Protease and Cleavable 

Proteins  

The following protocols were followed for expression of TEV protease, HRV 3C 

protease as well as expression of TEV and HRV 3C protease cleavable proteins. 

2.7.2.1 Expression of TEV Protease and HRV 3C Protease 

A bunch of colonies of E. coli C41 (DE3) harboring TEV protease plasmid and E. coli 

BL21 (DE3) containing HRV 3C protease plasmid were inoculated in 10 mL LB 

medium supplemented with 50 µg/mL ampicillin and allowed to grow at 37 °C 

overnight. The overnight grown cells were then diluted 1:50 in fresh LB medium 

supplemented with 50 µg/mL ampicillin and grown to raise OD600 to 0.5 at 37 °C. For 

TEV protease plasmid, the expression was induced by adding a final concentration of 

0.5 mM IPTG for 16 hours at 15 °C. While for HRV 3C protease plasmid, the 

expression was induced in the presence of 0.2 mM final IPTG concentration and cell 

growth for 16 hours at 18 °C. 

2.7.2.2 Expression of Protease Cleavables, hZnT8WT
381-369

, betaC1 and 100K   

E. coli cells BL21 (DE3), containing either protease cleavable betaC1 construct 

(pKLD116-V2-Pres-betaC1 or pKLD116-V2-TEV-betaC1) or construct (pET28a-

Pres-100K or pET28a-TEV-100K) 100K scaffolding protein of Fowl adenovirus, 

were grown overnight at 37 °C in fresh LB medium of 10 mL each. The overnight 

grown cells were diluted 1:50 with fresh LB medium, supplemented with relevant 

antibiotics (50 μg/mL ampicillin for betaC1 constructs and 25 μg/mL kanamycin for 
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100K constructs) and were subjected to further growth at 37 °C until the OD600 was 

raised to 0.5. The expression of protease cleavable betaC1 was induced by 1 mM 

IPTG for 5 hours at 37 °C. While the expression of protease cleavable 100K was 

induced by 0.5 mM IPTG for 5 hours at 37 °C. 

For the expression of hZnT8 protease cleavable expression constructs, the 

same expression conditions were used as described for expression of pMR19M and 

pMR19MR325W in Section 2.7.1. 

Cells containing the expressed proteins were harvested by centrifugation at 

4,000 rpm for 10 minutes at 4 °C, directly processed for purification or stored at -80 

°C until further use. 

2.7.3 Expression of FecI and FecR (N-terminal Region) Proteins 

For the expression of pET28a based FecI and FecR (N-terminal region) proteins the 

same expression protocol was followed as for large scale expression for pMR19M and 

pMR19MR325W (Section 2.7.1). The expression was analyzed on 15% SDS-PAGE 

(Section 2.6) and confirmed by Western blotting. The expression protocol followed 

for pKLD116 based FecI and FecR (N-terminal region) was also the same as for 

pMR19M and pMR19MR325W (Section 2.7.1). 

2.8 Western Blot 

The identity of the target protein from the rest of bacterial proteins was confirmed by 

western blotting. As a first step, separation of protein on SDS-PAGE (Section 2.6) 

was done. Then, a nitrocellulose membrane (Whatman® Protran BA83 Nitrocellulose 

(0.2 μm), 200 mm x 3m, # 11844644) and a few filter papers were cut as per gel 

dimensions. The membrane along with filter papers were soaked in blotting buffer (25 

mM Tris-Cl pH 8.3, 190 mM glycine and 20% (v/v) methanol) for 5 to 10 minutes. A 

few soaked filter papers were placed carefully on anode plate, then the membrane was 

placed, followed by the gel and finally the rest of the soaked filter papers. It was 

handled with intense care so as to avoid air bubbles and the cathode plate was fit on 

the top. For electrophoretic transfer of the bands from gel onto the membrane, a 

constant voltage of 20 V was applied to the instrument (TransBlot SD Semi-Dry 

transfer cell (Bio-Rad). 
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After transfer, membrane was washed two times with TBS (Tris buffer saline. 

20 mM Tris-Cl pH 7.5 containing 150 mM NaCl), blocking was done with TBST 

[TBS containing 3% BSA (Roth, # 80782) and 0.05% Tween-20 (Bio-Rad, #170-

6531)] for one hour at 25 °C. Extra BSA, if any, was removed from the membrane by 

washing it three times with TBST. Immuno-detection was done by treating membrane 

with primary antibody (anti-polyhistidine monoclonal antibody, Sigma, #H1029) 

solution that was prepared in 1:3000 dilutions in TBST buffer. Membrane was then 

incubated with anti-mouse IgG alkaline phosphatase (diluted 10,000 times in TBST) 

solution (Sigma, #A3562) in order to conjugate the secondary antibody. The blot was 

treated with small amount of alkaline phosphatase substrate solution (BCIP/NBT 

tablet Sigma, #B5655) to develop a purple color on the membrane at position 

corresponding to the target band on the gel. Finally, 2 mM EDTA solution was added 

to membrane to quench the reaction. 

2.9 Purification of Affinity Tagged Proteins 

This section describes the purification of recombinant proteins using affinity 

chromatography such as Ni-NTA and amylose affinity and ion exchange 

chromatographic techniques in order obtain pure proteins for subsequent studies. 

2.9.1 Purification of His8-TEV-hZnT8WT
281-369

 and His8-TEV-

hZnT8
R325W

 

2.9.1.1 Ni-NTA Affinity Chromatography 

For purification of His8-MBP-TEV-hZnT8WT
281-369 

and His8-MBP-TEV-hZnT8
R325W

 

domains (This protocol was also followed for purifying FecI and FecR proteins under 

native conditions), cells from 3 L expression culture were re-suspended in re-

suspension/lists buffer (20 mM Tris-Cl pH 7.5 containing 300 mM NaCl, 5 mM 

imidazole and 4 mM β-ME) and lysed by two passes through cell disruptor (Constant 

Systems Ltd, UK). Cell debris was removed by centrifugation at 12,000 x g for 25 

min at 4 °C. Then the supernatant was passed through 6 x 1.0 mL (bed volume) 

nickel-nitrilotiacetic acid (Ni-NTA) agarose (Qiagen Cat No. 30230) twice which was 

pre-equilibrated with 15x lysis buffer. Subsequently, column was washed with 30 x 

CV wash buffer (20 mM Tris-Cl pH 7.5, 300 mM NaCl, 30 mM imidazole and 4mM 

β-ME). Bound protein from the Ni-NTA agarose was eluted with elution buffer (20 

mM Tris-Cl pH 7.5, 150 mM NaCl, 150 mM imidazole and 4mM β-ME). 
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Concentration of the purified proteins was determined using UV spectrophotometer 

(Section 2.10.1).  

To produce the domain in native form of hZnT8WT
281-369

 or hZnT8
R325W

, Ni-

NTA affinity purified His8-MBP-TEV-hZnT8WT
281-369

 or His8-MBP-TEV-

hZnT8
R325W

 was mixed with oligohistidine tagged tobacco etch virus (TEV) protease 

in 10:1 ratio, respectively. The mixture was transferred into dialysis tubing (3.5 kDa 

MWCO) and dialyzed against 20mM Tris-Cl pH 7.5 containing 100 mM NaCl, 10% 

glycerol and 2 mM β-ME overnight at 25 °C to reduce final concentration of 

imidazole in the mixture below 10 mM. The cleaved mixture was then recovered from 

the dialysis tubing and analyzed on 15 % SDS-PAGE (Section 2.6). 

2.9.1.2 Ion Exchange Chromatography 

Ion-exchange chromatography is used for the separation of protein molecules based 

on the differential isoelectric pH of the separating protein molecules. It is a powerful 

tool to separate proteins in situations such as when the separation of proteins 

molecules by reverse-affinity is less affective as in the case of cleaved mixture of 

hZnT8WT
281-369

 or hZnT8
R325W

 with uncleaved His8-MBP-TEV-hZnT8WT
281-369

 or 

His8-MBP-TEV-hZnT8
R325W

. Therefore anion-exchange chromatography (Hi-Trap Q 

column- GE Healthcare Life Sciences) was performed in buffer 20 mM Tris-Cl pH 

7.5 containing 10 mM NaCl with most of the separation of cleaved domain from 

uncleaved and His8-MBP-TEV mixture at 50 to 700 mM of NaCl. The fractions 

containing higher amounts of hZnT8WT
281-369

 or hZnT8
R325W

 were pooled and passed 

3-4 times through 1 mL packed Ni-NTA affinity column to remove oligohistidine 

tagged proteins. This step was repeated two times using the fresh Ni-NTA affinity 

resin followed by treatment with Amylose resin (BioLabs, #E8021S) or Dextrin 

Sepharose resin (GE Healthcare Life Sciences) to remove any leftover MBP-tagged 

proteins (See below). 

2.9.1.3 Amylose Affinity Chromatography 

The wide spread use of maltose binding protein for recombinant proteins production 

has led the researchers to device affinity based purification system for maltose 

binding protein, thus the tag could be used both as solubility as well as purification 

enhancement tag. The amylose resin (BioLabs, #E8021S) has high affinity to bind 

with maltose binding protein. Therefore, the maltose binding fused proteins (such as 
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uncleaved His8-MBP-TEV-hZnT8WT
281-369

 or His8-MBP-TEV-hZnT8
R325W

 and the 

His8-MBP-Pres- as well as His8-MBP-Pres-PEG5783 used for binding assay (Section 

2.9.4) were passed through amylose resin pre-equilibrated with binding buffer (20 

mM Tris-Cl pH 7.5 containing and 150 mM NaCl and 1 mM β-ME).     

2.9.2 Purification of His6-tagged HRV 3C Protease, His6- tagged 

TEV Protease and Their Cleavable Proteins 

E. coli cells containing over-expressed HRV 3C protease were re-suspended in 20 

mM Tris-Cl pH 8.0 containing 500 mM NaCl, 5 mM imidazole and 4 mM β-ME 

(buffer A). Whereas TEV protease containing cells of E. coli were resuspended in 20 

mM Tris-Cl pH 8.0 containing 500 mM NaCl, 20 mM imidazole and 10% glycerol 

(buffer B). Re-suspended cells were broken by a Cell disruptor (Constant Systems 

Ltd, UK) at pressure of 20 kpsi and the cell lysate was spun at 12,000×g, 4°C for 30 

min to remove unbroken cells, cell debris or inclusion bodies (if any). The supernatant 

was passed twice through a Ni-NTA agarose column equilibrated with the respective 

resuspension buffers and washed with 25 column volume (CV) of their respective 

wash buffers (buffer A with 25 mM imidazole and buffer B with 20 mM imidazole). 

Proteins were eluted in their respective buffers A and B with 250 mM and 500 mM 

imidazole, respectively. Purified HRV 3C and TEV proteases were dialyzed against 

20 mM Tris-Cl pH 7.5 containing 150 mM NaCl, 50% glycerol, 4 mM β-ME and 5 

mM EDTA (storage buffer). The protein concentrations were measured by a Bradford 

assay (Section 2.10.3) [216], aliquoted (4 mg per mL) and the stored at -20°C until 

further use. 

E. coli cells containing overexpressed protease cleavable proteins His8-MBP-

HRV 3C-hZnT8WT
281-369

, His8-MBP-TEV-hZnT8WT
281-369

, His8-MBP-HRV 3C-

betaC1, His8-MBP-TEV-betaC1, His8-HRV 3C-100K or His8-TEV-100K were re-

suspended in 20 mM Tris-Cl pH 7.5 containing 300 mM NaCl, 5 mM imidazole and 4 

mM β-ME (buffer C). Re-suspended cells were broken by a Cell disruptor (Constant 

Systems Ltd, UK) at pressure of 20 kpsi and the cell lysate was spun at 12,000×g, 4°C 

for 30 minutes to remove unbroken cells, cell debris or inclusion bodies (if any). The 

supernatant was passed twice through a Ni-NTA agarose column equilibrated with the 

respective re-suspension buffers and washed with 25 column volume (CV) of wash 

buffers (buffer C with 30 mM imidazole). Proteins were eluted in buffer C containing 

150 mM imidazole and 100 mM NaCl. Purified proteins were dialyzed against 20 mM 
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Tris-Cl pH 7.5 containing 150 mM NaCl. The protein concentrations were measured 

by Bicinchoninic acid assay, BCA (Section 2.10.2), aliquoted (4 mg per mL) and 

stored at -20 °C until further use. 

2.9.3 Purification of Oligohistidine Tagged FecI and FecR (N-

Terminal Region) 

Solubilization of pET28a-based oligohistidine tagged FecI and FecR (N-terminal 

region) proteins was tested under denaturing conditions using 4 M Urea and 

detergents viz., 1% LDAO (N, N-Dimethyldodecylamine N-oxide; critical micelle 

concentration (CMC: 2 mM), 1% Sarcosine (CMC: 14.4 mM), 1% DDM (n-Dodecyl 

β-D-maltoside; CMC: 0.17 mM) and 1% Triton X100 (CMC: 0.90 mM). 

In order to purify PEG407 under denaturing condition, cells from 500 mL 

culture containing His8-HRV 3C-PEG407 were lysed in 10 mL lysis buffer (20 mM 

Tris-Cl pH 7.5 containing 5 mM imidazole, 300 mM NaCl, 1% LDAO and 4 mM β-

ME) using Cell disruptor. Lysate was equally distributed in two 50 mL falcons and 

centrifuged at 12,000×g at 4 °C for 30 minutes. The supernatant obtained was loaded 

on two separate Ni-NTA columns, one equilibrated with the same lysis buffer and the 

other with lysis buffer containing 0.1% LDAO. To remove unwanted proteins from 

Ni-NTA columns, washing was done with 30 CV of respective washing buffers 

containing 30 mM imidazole and finally elution was done with respective lysis buffer 

containing 150 mM imidazole. Each fraction was collected in separate eppendorf tube 

and analyzed on SDS-PAGE. The final LDAO concentration in the buffer containing 

His8-HRV 3C-PEG407 was reduced to ~ 0 by dialysis (Section 2.9.3.1). 

The Ni-NTA purified His8-HRV 3C-PEG408 was cleaved by incubating with 

HRV 3C protease at 4 °C for 4 hours to remove the His8-HRV 3C- tag and get the 

PEG408 in native form (See Section 2.12.1 for cleavage buffer and reaction 

conditions) and analyzed on 15% SDS-PAGE. The purification of FecI and FecR 

proteins was also performed under native condition by Ni-NTA affinity method 

described in Section 2.9.1.1. 

2.9.3.1 Dialysis of the FecI Protein 

In order to remove the 4 M urea from the buffer containing FecI (His8-HRV 3C-

PEG407 or His8-HRV 3C-PEG5782), the protein sample was transferred to a 
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pretreated dialysis tubing and sealed properly and dialysis was performed overnight. 

Similarly dialysis was performed for His8-HRV 3C-PEG407 containing 1% LDAO in 

the buffer in order to reduce the LDAO to 0.1% and then to ~ 0%.  

2.9.3.2 Cleavage Analysis of FecI Proteins 

The Ni-NTA affinity purified His8-MBP-HRV 3C-PEG407 or His8-MBP- HRV 3C -

PEG5782 was mixed with oligohistidine tagged Human Rhinovirus (HRV 3C) 

protease in 50:1 ratio. The mixture was transferred into dialysis tubing (3.5 kDa 

MWCO) and dialyzed against buffer containing 20 mM Tris-Cl pH 7.5, 150 mM 

NaCl and 2mM β-ME for overnight at 4 °C. The cleaved mixture was then recovered 

from the dialysis tubing, briefly centrifuged to remove the precipitants and analyzed 

on 15 % SDS-PAGE (Section 2.6). 

2.9.4 Protein-Protein Interaction Assay Using PEG407 of FecI and 

PEG408
1-76 aa

 of FecR 

The native PEG408
1-76 aa

 was incubated with purified His8-MBP and His8-MBP-Pres-

PEG407 protein in 1:5 and 1:7 ratio, respectively, overnight at 4 °C with continuous 

rotation (1 mM β-ME was added to each mixture to keep the proteins in reducing 

environment). The next day each of the mixtures was loaded, two to three times 

repeatedly, on a separate amylose column (BioLabs, #E8021S) that were pre-

equilibrated with binding buffer (20 mM Tris-Cl at pH 7.5 containing 150 mM NaCl, 

0.075 mM LDAO and 1 mM β-ME). The flow-through from each column was 

collected. Then each column was eluted with binding buffer containing 10 mM 

maltose. The flow-through and elution fractions were collected for analysis on 15% 

SDS-PAGE. 

2.10  Quantification of purified Protein Concentration 

The following techniques were used for the measuring the purified protein 

concentration. These techniques are described below. 

2.10.1 Using UV Absorbance at 280 nm 

For measuring the protein concentration using UV absorbance at 280 nm, a 1 to 2 µL 

of buffer as blank reference was dispensed on measurement pedestal of NanoDrop 

2000 (Thermo Scientific) and clicked the blank button. The measurement pedestal 

was cleaned with lens cleaning tissue (Whatman Cat #: 2105841) 1 to 2 µL of protein 
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sample was dispensed and measurement was tak1en by putting relevant parameters of 

the proteins such as molecular weight and ε (molar extinction coefficient in g/L). The 

parameters specific to each proteins were obtained from the URL: 

http:/www.expasy.org/tools/protparam.html. The procedure was repeated with 

different protein dilutions to validate the measurement. 

2.10.2 Bicinchoninic Acid Assay (BCA assay) 

To measure the protein concentration, BCA assay was performed following the 

manufacturer’s instructions and Bovine Serum Albumin (BSA) was used as standard. 

Triplicate of the standard and diluted protein sample solutions (dilution was done to 

keep the concentration within the range of standard protein) were prepared in 

eppendorf tube. To prepare the assay reagent, 50 parts (mL) of BCA reagent (Pierce) 

was mixed with 1 part (mL) of 4% CuSO4. To each tube, 1 mL of BCA assay reagent 

was added and incubated for 30 minutes at 37 °C and then cooled down to room 

temperature to develop a light to dark purple color depending upon protein 

concentration. The absorbance was recorded for each tube of standard and sample in 

quartz cuvette of 10 mm path length at 570 nm using NanoDrop. A linear graph was 

obtained from the absorbance of the standard against the known concentration and 

then the unknown concentration of the sample protein was evaluated from the graph. 

2.10.3 Bradford Assay 

Alternatively for protein quantification using Bradford method, known quantity of 

BSA solution was prepared in the sample buffer and serial dilutions in the range of 

0.1 to 1.0 mg/mL were prepared. The protein sample, too, was diluted to keep within 

the range of standard and then to each standard dilution and diluted sample as well as 

blank (sample buffer only) 1 mL of Bradford reagent (Table 2.14) was added and 

incubated at 25 °C for 30 minutes. The absorbance of blank and then that of standard 

dilutions was measured at 595 nm in quartz cuvette using NanoDrop 2000 (Thermo 

Scientific). A graph was plotted for each absorbance against respective dilution 

(concentration) of the standard and a standard curve was obtained. Finally, the 

absorbance of the diluted sample was measured; the value was put in the standard 

curve (Equation 2.1) which gave us the concentration of diluted sample. 
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y = ax+b Equation 2.1 

‘x’ is sample concentration in mg/mL, ‘y’ is absorbance at 595 nm, ‘a’ is the slope 

and ‘b’ is the constant y-intercept. 

Table 2.14 The composition of Bradford reagent   

S. No  Components   Quantity 

1 Coomassie brilliant blue G-250 5 mg 

2 95% Ethanol 2.5 mL 

3 85% Phosphoric acid 5 mL  

 Total volume 50.0 mL 

2.11   Analysis of hZnT8WT
281-369

 and hZnT8
R325W

 

This section describes the methods followed for the analysis of hZnT8WT
281-369

 and 

hZnT8
R325W

. 

2.11.1 Size Exclusion Chromatography 

Both hZnT8WT
281-369

 and hZnT8
R325W

 at concentration of 10 mg/mL (Section 2.10.2) 

were loaded in Superdex 75 column at a flow rate of 0.5 mL/min using ÄKTA pure 

chromatography system (GE Healthcare Life Sciences). The running buffer used was 

either 20 mM HEPES pH 7.5 containing 150 mM NaCl or 20 mM Tris-Cl pH 7.5 

containing 150 mM NaCl as per experiment requirement. In another experiment, 

hZnT8WT
281-369 

was subjected to size exclusion chromatography using the same 

conditions except for the buffer which was 20 mM Tris-Cl pH 7.5 containing 150 mM 

NaCl supplemented with either 3 mM β-ME, 8 M Urea or 5 mM EDTA as per 

experiment requirement. Standards proteins aldolase, ovalbumin, carbonic anhydrase 

and ribonuclease were used for calibration. 

2.11.2 Negative-stain EM Analysis 

Both purified hZnT8WT
281-369

 and hZnT8
R325W

 domains were concentrated to 10-20 

μg/mL (Section 2.10.2) in 20 mM HEPES pH 7.5 and 150 mM NaCl. A 3 to 4 µL 

drop of protein solution was applied to glow discharged carbon-coated copper-

palladium grids and left at room temperature for 1 minute. The Grids were then 

properly washed with ddH20, then incubated with 0.75% uranyl formate and finally 

blotted and dried. 
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2.11.3 Zn
2+

 Binding to hZnT8WT
281-369

 and hZnT8
R325W

 

The fluorescence measurements were performed on a scanning fluorimeter (Perkin 

Elmer, USA). Excitation and emission slit widths of 2 nm were used. The purified 

hZnT8WT
281-369

 or hZnT8
R325W

 domain was excited at 285 nm and the emission was 

recorded from 310 to 425 nm. In a 3 mL quartz cuvette, 2.5 mL of hZnT8WT
281-369

 or 

hZnT8
R325W

 domain in 20 mM HEPES pH 7.5 containing 150 mM NaCl was added 

and fluorescence was recorded. In the initial experiment, Zn
+2

 was added to a final 

concentration 50 mM to observe any change in the fluorescence. For measurement of 

affinity constant (Kd) for Zn
2+

, additions of Zn
2+

 (ZnCl2) to protein samples were 

made in dose-dependent manner up to about 12 µM. After each addition of Zn
2+

, 

contents of the cell were mixed thoroughly. Each data point was collected as an 

average of five measurements. Similar titrations were performed using buffer alone 

and data points were subtracted from those obtained for hZnT8WT
281-369

 and 

hZnT8
R325W

 domain. Affinity constant for binding of Zn
2+

 to hZnT8 were obtained by 

fitting the titration data to one site binding model (Equation. 2.2) using the non-linear 

curve-fitting program Origin (Version 7.5, Origin Lab Corporation). All experiments 

were performed at 25 °C. 

Fraction Fluorescence Quench (∆F) =    Equation 2.2 

∆F is change in fluorescence at given concentration of substrate X. While ∆Fmax and 

Kd are total fluorescence change and dissociation constant, respectively, for binding 

site. 

2.11.4 Characterization by CD and FTIR 

CD measurements were carried out using J-810, Jascon spectroplolarimeter at 25 °C 

with constant Nitrogen flushing. Samples (300 μL) containing the purified 

hZnT8WT
281-369

 or hZnT8
R325W

 domain at a concentration of 0.3 mg per mL (Section 

2.10.1) in 10 mM potassium phosphate buffer pH 7.4 were added into a Hellma quartz 

cuvette (1 mm path length) and scanned between 185 and 260 nm, averaging at least 

10 accumulations. Similarly, blank containing only sodium phosphate buffer was 

scanned. Spectra were recorded at a speed of 1 nm/15 sec, sensitivity 50 mdeg, 

bandwidth 1nm, resolution 1 nm and response time 15 sec. In another experiment 

∆F
max

 x X 

Kd + X 
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hZnT8WT
281-369

 and hZnT8
R325W

 were heated up to 90 °C followed by cooling to 25 

°C and then the spectra were recorded.   

For infrared spectroscopy, purified hZnT8WT
281-369

 or hZnT8
R325W

 domain in 

20 mM HEPES containing 150 mM NaCl was concentrated to ~5 to 6 mg/mL 

(Section 2.10.1). A small amount (~15 μL) of sample was placed and dried on 

platinum ATR platform (diamond crystal) to form a hydrated film. Then spectra were 

obtained using Bruker FT-IR spectrometer. Briefly, FT-IR spectra from 4000 to 500 

cm
-1

 were collected in absorbance mode at 1 nm resolution, 256 scans co-addition and 

Blackman-Harris-3-term apodization. Similarly, spectra was recorded for blank 

(buffer only) and subtracted from protein spectra to eliminate bending vibration of 

H2O that gives absorption band at around 1645 cm
-1

 in the amide I region. Subtracted 

protein spectra were manipulated by adjusting the subtraction factor until a flat 

baseline was obtained in 2000-1770 cm
-1

 region. Where necessary, subtraction of 

residual vapor absorption was also performed. 

For secondary structure analysis, second derivative of spectra corresponding to 

amide I region (1700-1600 cm
-1

) was obtained using the Origin software version 7.0 

(Origin Lab Corporation, USA) following Savitzky-Golay method using the 

parameters 3
rd

 grade polynomial, point to left/right: two and five smoothing points. 

Decomposition of the spectra into individual bands (in amide I region) was performed 

by non-linear peak fitting using Galactic PeakSolve
TM

 software (version 1.05). Band 

assignments for interpretation of spectra were done on the basis of previous 

measurements [217]. 

2.11.5 Three-dimensional Crystallization Trials of hZnT8WT
281-369

 

and hZnT8
R325W

 

Sitting drop method was used for the three dimensional (3D) crystallization trials. For 

this purpose, hZnT8WT
281-369

 or hZnT8
R325W

 was purified by following the method 

described in Section 2.9.1. The purified proteins were concentrated to 10 mg/mL 

using Millipore concentrator (3 kDa MWCO) and quantification was done as 

described in Section 2.10. 

The crystallization conditions were screened on 96 well plates using 

commercially available screens (from Hampton Research, Qiagen, Molecular 

Dimensions and others) and Mosquito Crystal
®
 robot (TTP Labtech) [218, 219]. A 
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highly pure and concentrated (10 mg/mL) protein sample of 0.2 µL was dispensed in 

each drop well of 96-well plate (Hampton, Cat #: HR3-113) followed by distribution 

of reservoir buffer, in equal volume from screen reservoir (200 µL) of 96-well plate, 

at each drop well with high accuracy using the robot. The plate was sealed 

immediately with tap (Hampton, Cat #: HR4-506) to make sure that each well is 

separated from the neighboring well. The plate was transferred to incubator (20 °C) 

and observed daily for crystal growth. 

2.12 Optimization of Cleavage Conditions and Comparison 

of HRV 3C and TEV Protease Activities 

Known quantities of the protein and HRV 3C or TEV protease were incubated for 

cleavage analysis. Further, effect of various chemicals and detergents on activity of 

HRV 3C and TEV was analyzed as described below. 

2.12.1 Optimization of Cleavage Conditions for HRV 3C and TEV 

Proteases 

Protease cleavable proteins (each 50 μg), hZnT8 (His8-MBP-HRV 3C-hZnT8 or His8-

MBP-TEV-hZnT8), betaC1 (His8-MBP-HRV 3C-betaC1 or His8-MBP-TEV-betaC1) 

and 100K (His8- HRV 3C-100K or His8 -TEV-100K) were incubated with HRV 3C or 

TEV protease (each 2 μg) at a ratio of 50:1 (w/w) in 20 mM Tris-Cl pH 7.5, 150 mM 

NaCl and 2mM β-ME in a total volume of 100 μL at 25 °C and 4 °C. After 1, 2, 4, 8 

and 16 hours interval, aliquots were removed from the cleavage reaction, mixed with 

SDS-PAGE sample loading dye (Table 2.12) and stored at -20 °C until analyzed. For 

analysis, 5 μL aliquots of cleavage reaction mixture were loaded in each lane and 

fusion proteins corresponding to hZnT8WT
281-369

/betaC1 and 100K were resolved 

using 15% and 10% SDS-PAGE (Section 2.6), respectively. 

2.12.2 Analysis of Activity of HR 3C Protease in Various Buffers, 

Additives and Detergent Solutions 

The effect on the activity of HRV 3C protease was investigated at 4 °C for a number 

of buffers and additives: (1) frequently used buffers for the elution of oligohistidine-

tagged (50 mM Na2HPO4, 0.3 M NaCl, 300 mM imidazole, pH 8.0), Maltose Binding 

Protein (MBP) -tagged (20 mM Tris-Cl pH 7.4 containing 200 mM NaCl, 1 mM 

EDTA, 1 mM DTT and 10 mM maltose), glutathione-s-transferase (GST) -tagged (50 

mM Tris-Cl, 10 mM reduced glutathione, pH 8.0) or Strep-tagged (50 mM Tris-Cl, 
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150 mM NaCl, 1 mM EDTA, 2.5 mM Desthiobiotin or biotin, pH 8.0) proteins from 

the relevant affinity resins; (2) salts (NaCl, KCl, CaCl2, MgCl2, MgSO4, ZnSO4); (3) 

protein stabilizing/solubilizing agents (sorbitol, trehalose, glycerol, arginine and 

proline); (4) denaturants (sodium dodecyl sulfate, guanidine-HCl and urea); (5) 

reducing agents (β-ME, Dithiothreitol (DTT), Tris(2-carboxyethyl) phosphine 

(TCEP)); and (6) detergents (See Table 2.15). His8-MBP-HRV 3C-hZnT8 was 

incubated with HRV 3C protease at a ratio of 1:50 (w/w) at 4 °C for 4 hours in 20 

mM Tris-Cl pH 7.5 containing 150 mM NaCl and 2 mM β-ME. The reaction was 

terminated by the addition of SDS-PAGE sample buffer and samples were stored at -

20 °C until analyzed. The HRV 3C protease cleavage efficiency was estimated 

visually from SDS-PAGE gels stained with Coomassie brilliant blue. 
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Table 2.15 List of detergents 

S. No Chemical Name Critical Micelle Concentration (CMC) 

1 ANAPOE
®
-80 1% w/v 

2 n-Tetradecyl-β-D-maltoside 0.0335 mM 

3 ANAPOE
® -C13E8 0.1% w/v 

4 C12E8 0.11 mM 

5 ANAPOE
®
-C12E10 1% w/v 

6 Sucrose monolaurate 0.3 mM 

7 n-Undecyl-b-D-maltoside 0.59 mM 

8 CYMAL
®
-6 0.56 mM 

9 n-Nonyl-b-D-thioglucoside 0.15 mM 

10 CYMAL 
®
 -5 5 mM 

11 n-Nonyl-β-D-maltoside 6 mM 

12 C8E4 8 mM 

13 C-HEGA
®
-11 11.5 mM 

14 n-Octyl-β-D-glucoside 20 mM 

15 MEGA-9 25 mM 

16 2,6-Dimethyl-4-heptyl-β-D-

maltopyrnoside 

27.5 mM 

17 C-HEGA
®
-10 35 mM 

18 HEGA
®
-9 39 mM 

19 C-HEGA
®
-9 108 mM 

20 HEGA
®
-8 109 mM 

21 CYMAL
®
-2 120 mM 

22 n-Hexyl-β-D-glucopyranoside 250 mM 

23 NDSB-195 50 mM 

24 FOS-Choline
®
-12 1.5 mM 

25 FOS-Choline
®
-8, fluorinated 2.2 mM 

26 ZWITTERGENT
®
 3-12 4 mM 

27 CHAPS 8 mM 

28 CHAPSO 8 mM 

29 n-Decyl-N,N-dimethylglycine 18 mM 

30 ANAPOE
®
-58 1% w/v 
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31 MEGA -10 7 mM 

32 CYMAL
®
-4 7.6 mM 

33 Pluronic
®
 F-68 1 % w/v 

34 HECAMEG
®
 19.5 mM  

35 Sulfobetaine 3-10 25 mM 

36 CYMAL
®
-3 34.5 mM 

37 MEGA-8 79 mM 

38 NDSB-256 50 mM 

39 DDMAB 4.3 mM 

40 FOS-MEA
®
-10 5.2 mM 

41 ZWITTERGENT
®
 3-10 40 mM 

42 FOS-Choline
®
-8 114 mM 

43 LysoFos™ Choline 12 0.7 mM 

44 LysoFos™ Choline 10 7 mM 

45 Sodium dodecanoylsarcosine 14.4 mM 

46 ANAPOE
®
-20 1% w/v 

47 n-Dodecyl-β-D-maltoside 0.17 mM 

48 TRITON
®
 X-100 0.9 mM 

49 LDAO 2 mM 

Critical micelle concentration of detergents was taken from 

http://www.sigmaaldrich.com/content/dam/sigma-

aldrich/docs/Sigma/Instructions/detergent_selection_table.pdf.

http://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/Instructions/detergent_selection_table.pdf
http://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/Instructions/detergent_selection_table.pdf
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3 Results 

3.1 Characterization of Cytoplasmic C-terminal Domain of 

Human Zinc Transport Protein, hZnT8 

The basic function of hZnT8 is the transport of zinc ions from cell cytosol into the 

cellular vesicles (containing insulin granules) of pancreatic β-cells, thus, reducing the 

zinc concentration in the cytosol and increasing zinc concentration in vesicles. Both 

the very high hZnT8 gene expression in pancreatic β-cells [127] and the presence of 

high (60-80%) ZnT8 auto-antibodies in Type 1 diabetes patients indicate its role in 

providing zinc for insulin maturation and storage [220]. In recent past, a mutation 

(R325W) in the cytoplasmic C-terminal domain of hZnT8 has been found to be 

associated with Type 1 diabetes and in the onset of type 2 diabetes [221, 222]. 

Therefore, these findings make hZnT8WT
281-369

, together with its mutated version 

hZnT8
R325W

, important target for a comparative biochemical and structural study. 

However, it is very challenging to clone and express full length membrane proteins 

including the hZnT8, therefore, instead of full length membrane protein, the 

cytoplasmic C-terminal domain of hZnT8 was selected in order to characterize its 

wild type i.e. hZnT8WT
281-369

 as well as mutant version i.e. hZnT8
R325W

. The results 

obtained from cloning heterologous expression of hZnT8WT
281-369

 and hZnT8
R325W

 

domains, and their subsequent structural and functional studies are described below. 

3.1.1 Graphical Representation and Confirmation of Expression 

Vectors Containing hZnT8 Domain  

The complete cloning strategy for the construction of different expression vectors to 

produce the hZnT8
281-369

 in soluble form is stated previously in Section 2.4.1. The 

amplified DNA fragment (of 264 bp size) coding for hZnT8
281-369

 domain was 

successfully cloned into the pET28a vector. The resultant vector, named as pMR9, is 

graphically represented in Figure 3-1A that has hZnT8WT
281-369

 fused in frame with 

His6 tag and the thrombin protease site in between the tag and hZnT8WT
281-

369
domain. The resultant pMR9 construct was confirmed by colony PCR (Figure 3-

1B) which gave a lager DNA fragment size (~534 bp) in comparison with negative 
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control (~270 bp). In the pMR19M expression vector (Figure 3-2A), the 

hZnT8WT
281-369 

domain was fused in frame with His8-MBP-TEV in pKLD116 vector. 

The clone positive for pMR19M was confirmed by colony PCR (Figure 3-2B) in 

which the amplified DNA fragments corresponding to construct positive for pMR19M 

was compared to the negative control by gel electrophoresis. The mutant 

(pMR19MR325W) generated by site detected mutagenesis was also analyzed and 

corresponding plasmid DNA is shown on the agarose gel (Figure 3-2C). 

 

Figure 3-1 Scheme for pMR9 construct. 

The panel [A] shows the schematic representation of pMR9 construct used for the 

expression of His6-Thrombin-hZnT8WT
281-369

. In the scheme, the hZnT8 domain is 

cloned in reading frame with His6-Thrombin- tag. The important elements of the 

vector labeled are kanamycin resistant gene, T7 promoter and terminator and lacI. 

While panel [B] shows the analysis of pMR9 construct on 1% agarose gel. Lane 1 

shows amplification from the negative control pET28a only (270 bp region between 

T7 promoter and T7 terminator) and Lane 2 shows the amplification from positive 

construct (264 bp (domain) + 270 bp). M is the known DNA marker used for band 

comparison. 
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Figure 3-2 Graphical representation of pKLD116-V2-TEV-hZnT8WT
281-369

 and 

pKLD116-V2-TEV-hZnT8
R325W

 constructs. 

Panel [A] shows the schematic representation of pMR19M or pMR19MR325W 

(generated by site directed mutagenesis) constructs used for the production of His8-

MBP-TEV-hZnT8WT
281-369 

or His8-MBP-TEV-hZnT8
R325W

 proteins, respectively. 

The Vector map depicts the hZnT8WT
281-369

 or hZnT8
R325W 

domain fused in reading 

frame with His8-MPB tag and TEV protease site. The other noticeable features of the 

vectors such as ampicillin resistance gene, His8 tag, f1 origin of replication, T7 

promoter and terminator sequences and lacI are labeled accordingly. The TEV 

protease cleaves at their recognition site to liberate the fused domain from the tag. In 

panel [B] the lane 1 and 2 show the DNA bands amplified from the constructs that are 

positive for pMR19M compared to the negative control in lane C (which is the 

amplified DNA fragment in between T7 promoter and T7 terminator of pKLD116 

vector. While panel [C] shows the plasmid DNA band of pMR19MR325W (Lane 1) 

generated by site directed mutagenesis. M is the DNA marker. Please note that the 

same pMR19M was used as TEV cleavable protein in Section 3.2.1. 

3.1.2 Recombinant hZnT8WT
281-369

 and hZnT8
R325W 

Production 

In the initial expression trials, the expression of His6-Thrombin-hZnT8WT
281-369

 from 

pMR9 construct (Section 2.7.1) in E. coli BL21 (DE3) strain did not yield any 

significant amount of soluble protein using standard protocol at 37 °C (Figure 3-3A) 

and at low temperature (22 °C) (Figure 3-3B). Further expression of hZnT8 domain, 

from pMR9 construct, was screened using different IPTG concentrations (0.1, 0.2, 

0.25, 0.5, 0.75 and 1 mM) both at 37 °C and 22 °C (Figure 3-4). In parallel with the 

IPTG induction, expression of pMR9 by auto-induction at low temperature (15 °C) 

using glucose/lactose was also carried out (Figure 3-5). However, none of the strategy 
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produced sufficient amount of soluble protein for downstream processes such as 

removal of oligohistidine tag from the domain by cleavage using thrombin protease 

and separation by gel filtration chromatography to get homogenous protein sample.  

 

Figure 3-3 Expression analysis of pMR9/BL21 (DE3) along with pET28a/BL21 

(DE3) as negative control on 16% SDS-PAGE. 

Insoluble (from inclusion bodies) and Soluble fractions are separated by 

centrifugation after cell lysis and loaded in equal amount in each lane which are 

represented by ‘Ibs’ and ‘S’ respectively (See Section 2.7.1). Panel [A] shows the 

expression pattern of pET28a (as negative control) and pMR9 in the absence (un 

induced) and presence (induced) of 1 mM IPTG in E. coli strain BL21 (DE3). While 

panel [B] shows expression of pMR9/BL21 (DE3) at 37 °C and at 22 °C.  As obvious 

from the gel pictures, in both cases the expression of pMR9/BL21 (DE3) did not yield 

the domain in soluble protein fraction rather the protein is expressed in inclusion 

bodies. The mobility of His6-Thrombin-hZnT8WT
281-369

, expressed in inclusion 

bodies as insoluble, is indicated by thick arrow. M denotes protein marker of known 

molecular weights. 
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Figure 3-4 Expression optimization of pMR9/BL21 (DE3) at 37 °C and  22 °C 

using different Concentrations of IPTG.  

Insoluble (Inclusion bodies) and soluble fractions are represented by ‘Ibs’ and ‘S’ 

respectively. Panel [A] shows expression pattern of pMR9 /BL21 (DE3) at 37 °C 

While [B] at 22 °C, on 16% SDS-PAGE. The expression at each temperature was 

tested against 0.1, 0.2, 0.25, 0.5, 0.75 and 1 mM of IPTG (Section 2.7.1). The 

different IPTG concentrations and induction temperature did not affect the solubility 

of His6-Thrombin-hZnT8WT
281-369 

and almost all protein is expressed in inclusion 

bodies in insoluble form as indicated by the black arrow. M shows protein marker of 

known molecular masses. 

 

Figure 3-5 Expression of pMR9/BL21 (DE3) at 15 °C using auto-induction 

medium. 

The SDS-PAGE shows expression pattern of pET28a (as negative control) and pMR9 

using auto-induction medium (Section 2.7.1) in E. coli strain BL21 (DE3). Most of 

the His6-Thrombin-hZnT8WT
281-369 

protein (black arrow) from pMR9 is expressed in 

inclusion bodies (Ibs) as compared to the soluble fraction (S). M is the protein marker 

of known molecular masses. 
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3.1.2.1 Effect of Maltose Binding Protein Solubility Tag on hZnT8WT
281-369

 

Expression and Purification 

Efforts were focused to increase the amount of domain which could be expressed 

soluble so that sufficient amount of protein can be obtained for structural and 

functional studies. For this purpose, pMR19, that contains hZnT8WT
281-369

 fused with 

8×histidine tag-MBP-TEV protease site at the N-terminal end, was expressed in BL21 

(DE3) cells of E. coli (Section 2.7.1). Results revealed that the MBP fused hZnT8
281-

369
 expressed in highly soluble form (Figure. 3.6A). On the other hand, expression 

from pMR19M expression vector that contains extended linker sequences between 

His8 residues and MBP to enhance binding to Ni-NTA resin, was also confirmed by 

SDS-PAGE which revealing that His8-MBP-TEV-hZnT8WT
281-369

 from pMR19M 

binds tightly to Ni-NTA resin and is eluted at relatively greater imidazole 

concentration as compared to the domain from pMR19 (Figure 3-6B). We further 

performed expression optimization of proteins from pMR19M in E. coli strain 

Rosetta
TM

 2(DE3) (Figure 3-7A) and BL21 (DE3) (Figure 3-7B) using different 

concentrations of IPTG. Though, these results show that a significantly high amount 

of soluble protein can be expressed in both strains of E. coli, relatively higher 

expression was observed in BL21 (DE3) strain at 0.5 mM IPTG concentration (Figure 

3-7B). Thus, we set out for the expression of His8-MBP-TEV-hZnT8WT
281-369

 and its 

mutated version His8-MBP-TEV-hZnT8
R325W

 from pMR19M and pMR19MR325W 

expression vectors, respectively (illustrated in Figure 2-1C and D respectively), in E. 

coli BL21 (DE3) at 0.5 mM IPTG. 
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Figure 3-6 Expression and purification of His8-MBP-TEV-hZnT8
281-369

 from 

pMR19 and pMR19M constructs. 

Panel [A] shows over-expression of His8-MBP-TEV-hZnT8
281-369

 from pMR19 in E. 

coli strain of BL21 (DE3). After cell lysis soluble (S) and inclusion bodies (Ibs) 

fractions of domain were separated by centrifugation and loaded in equal amounts on 

SDS-PAGE for visualization. The arrowhead indicates the overexpressed hZnT8 

domain protein.  While panel [B] shows the comparison of purified fractions of 

hZnT8 from pMR19 (left in panel B) where maximum elution takes place with buffer 

containing 100 mM imidazole and pMR19M (to the right in panel B) where 

maximum elution takes place with buffer containing 150 mM imidazole. The alphabet 

F with the number indicates the corresponding elution fraction. M denotes protein 

marker of known molecular weights. 
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Figure 3-7 Expression optimization of His8-MBP-TEV-hZnT8
281-369

 from 

pMR19M at various IPTG concentrations E. coli strains RosettaTM 2 (DE3) and 

BL21 (DE3). 

Panel [A] shows His8-MBP-TEV-hZnT8
281-369

 expression from pMR19M construct in 

100 mL culture of Rosetta
TM

 2 (DE3) cells at different concentration of IPTG and 

panel [B] in 100 ml culture of BL21 (DE3). Equal quantity of protein was loaded in 

each lane. Please note that in both cases (except at 0 mM) over-expressed protein was 

obtained in soluble form, however, approximate maximum expression was obtained at 

0.5 mM IPTG concentration in panel [B]. The black arrowhead shows over-expressed 

protein in soluble form. ‘Ibs’ indicate the fraction from inclusion bodies and ‘S’ 

represent soluble fraction. 

3.1.2.2 Removal of Affinity and Solubility Tag to Get hZnT8 Domains in Native 

Form 

The Ni-NTA affinity chromatography (Sections 2.9.1.1 and 3.1.2.1) purified His8-

MBP-TEV-hZnT8WT
281-369

 and His8-MBP-TEV-hZnT8
R325W

 proteins when treated 

with lab-made TEV protease resulted in the cleavage of hZnT8WT
281-369

 and 

hZnT8
R325W

 domains from their fusion His8-MBP-TEV counterpart (Figure 3-8), 

though the TEV protease did not yield 100% cleavage products and some portion of 

the uncleaved protein i.e. His8-MBP-TEV-hZnT8WT
281-369

 and His8-MBP-TEV-

hZnT8
R325W

 was still there as shown in the figure 3-8, lane 3 and 4 respectively.   

Reverse Ni-NTA affinity chromatography was performed to separate the 

cleaved His8-MBP-TEV tag and His8-tagged TEV protease from hZnT8WT
281-369

. 

However, despite several passes of cleavage mixture through column containing Ni-

NTA resin, it was not possible to completely remove the cleaved His8-MBP-TEV tag 

(Figure 3-9A and B, Peak 2). The presence of His8- MBP-TEV tag (42.860 kDa) and 

native hZnT8 domain (9.828 kDa) in solution corresponding to peak 2 was further 

confirmed by mass spectrometry (Figure 3-9C).  
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Figure 3-8 Purification of His8-MBP-TEV-hZnT8WT
281-369

 and His8-MBP-TEV-

hZnT8
R325W

 by Ni-affinity chromatography followed by removal of His8-MBP 

using TEV protease. 

Purified His8-MBP-TEV-hZnT8WT
281-369

 (lane 1) and His8-MBP-TEV-hZnT8
R325W

 

(lane 2) and respective cleavage products obtained upon digestion with TEV protease 

(lane 3 and 4 respectively) are analyzed by SDS-polyacrylamide gel electrophoresis. 

M denotes marker proteins of known molecular mass. 

In another strategy, Ion-exchange chromatography was applied (Section 

2.9.1.2) and a large proportion of cleaved His8-MBP-TEV tag was successfully 

separated/removed (Figure 3-10). Any leftover oligohistidine and MBP tagged 

proteins were removed by reverse Ni-NTA and amylose affinity methods (Section 

2.9.1.3). Consequently, both the cleaved native domains were obtained in highly pure 

form and large quantities (Figure 3-11, lane 8 and lane 9) which were used for further 

studies. 
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Figure 3-9 Analysis of Ni-NTA resin treated His8-MBP-TEV tagged 

hZnT8WT
281-369

 domain by size exclusion chromatography, SDS-PAGE and 

mass spectrometry. 

Fractions from peak 1 and 2 as shown in panel [A] were analyzed by SDS-PAGE (as 

shown in panel [B]) that shows uncleaved His8-MBP-TEV tagged hZnT8WT
281-369

 

domain (a) and cleaved His8-MBP-TEV tag (b) plus native hZnT8WT
281-369

 domain 

(c) respectively. The presence of cleaved His8-MBP-TEV tag (b) and native hZnT8 

domain (c) was further confirmed by mass spectrometry as shown in panel [C]. 
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Figure 3-10 Separation of TEV-cleaved products of His8-MBP-TEV-

hZnT8WT
281-369

 and His8-MBP-TEV-hZnT8
R325W

 fusions by ion exchange 

chromatography and analysis by SDS-PAGE. 

The cleaved products released upon TEV protease treatment were successfully 

separated by ion-exchange chromatography using Q HP column (GE Healthcare UK). 

Fractions from peaks 1, 2 and 3 were analyzed by SDS-PAGE that showed uncleaved 

His8-MBP-TEV-hZnT8WT
281-369

 or -hZnT8
R325W

 (a), cleaved His8-MBP-TEV tag (b), 

TEV protease (c) and hZnT8WT
281-369

 or hZnT8
R325W

 domain (d). 

 

Figure 3-11 SDS-PAGE depicting analysis of reverse Ni-NTA and amylose 

affinity method TEV-cleaved products of His8-MBP-TEV-hZnT8WT
281-369

 and 

His8-MBP-TEV-hZnT8
R325W

 fusions. 

In the picture above lane 1 and 2 show the flow through of hZnT8WT
281-369

 and 

hZnT8
R325W

, respectively, after Ni-NTA treatment, 3 and 4 show the flow through of 

the domains after amylose resin treatment, lane 5-7 show the removed contaminants 

while single band (revealing high purity of native form) could be seen in lane 8 and 9 

that corresponds to hZnT8WT
281-369

 and hZnT8
R325W

, respectively. 
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3.1.3 The hZn8WT
281-369

 and hZnT8
R325W

 Exist as Monodispersed 

Tetramer in Solution 

For both hZnT8WT
281-369

 and hZnT8
R325W

, size exclusion chromatography (Section 

2.11.1) was done under native conditions which showed a major peak with retention 

time corresponding to apparent molecular mass of 40 kDa, suggesting that both 

domains may exist in tetrameric state in solution (Figure 3-12). Monodispersity was 

checked by preliminary negative-stain electron microscopy analysis (Section 2.11.2) 

revealing that both hZnT8WT
281-369

 and hZnT8
R325W

 are free of any aggregates 

(Figure 3-13). Since the tetrameric state of the hZnT8 domain might not be as a result 

of disulfide linkage between –SH of the three cysteine residues that are present in the 

domain, size exclusion chromatography was performed under reducing conditions 

using 3 mM beta-mercaptethanol in 20 mM Tris-Cl pH 7.5 containing 150 mM Na Cl 

(Figure 3-14: dotted green peak line). SE-chromatogram was obtained similar to the 

one under native condition revealing that the tetrameric state of the domain is the 

result of specific inter-domain interactions rather than any disulfide linkage. 

Unexpectedly in denaturing 8 M Urea, the tetramer did not dissociate rather some 

aggregates were observed (Figure 3-14: brick red peak line). Ian the presence of 5 

mM EDTA, the oligomer shifted from the tetramer to the monomer (Figure 3-14, blue 

dotted line). This suggests that Zn
2+

 ions play important structural role in making the 

tetrameric state of the hZnT8 domain which is stable even at 8 M Urea. 

 

Figure 3-12 Size exclusion chromatography analysis of native hZnT8WT
281-369

 

and hZnT8
R325W

 C-terminal domain. 

About 250 µl of 4 mg per ml purified hZnT8WT
281-369

 or hZnT8
R325W

 domain (thick 

line) loaded on Superdex 75 column has an apparent molecular mass of 40 kDa 

according to calibration (dotted line) that was obtained using the protein standards: 

aldolase (158 kDa) (peak 1); ovalbumin (44 kDa) (peak 2); carbonic anhydrase (29 

kDa) (peak 3) and ribonuclease (13.7 kDa) (peak 4). Inset shows the SDS-PAGE 
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analysis of hZnT8WT
281-369

 or hZnT8
R325W

 domain purified by size exclusion 

chromatography. 

 

Figure 3-13 Monodispersity analysis of native hZnT8WT
281-369

 and hZnT8
R325W

 

C-terminal domain by electron microscopy. 

Analysis shows that both domains are monodispersed (circled) in solution and don’t 

aggregate during expression in E. coli and during the course of purification. 

 

Figure 3-14 Oligomerization analysis of hZnT8WT
281-369

 domain by gel filtration 

chromatography and SDS-polyacrylamide gel analysis. 

Gel filtration chromatography was performed using Superdex 75 (10/300 GL) 

column. In combination with calibration peaks obtained in Figure 3.12, current 

analysis in panel [A] shows that treatment of hZnT8WT
281-369

 domain with 5 mM 

EDTA has resulted in dissociation of tetrameric (~40 kDa) state of the domain into 

monomer (~10 kDa), whereas it appears to be very strange that treatment with 8 M 

urea did not dissociate the tetramer however some amount of the protein aggregates in 

the presence of urea (peak labeled as *). [B] The identity of each peak shown in panel 

A is visualized on 16% SDS-polyacrylamide gel. 
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 Both Bind Zinc
 
 

To assess the Zn
2+

 binding affinity to hZnT8WT
281-369

 and hZnT8
R325W

, the intrinsic 

fluorescence of proteins was exploited (Section 2.11.3). Initially, experiments were 

performed for any detectable change in intrinsic fluorescence upon substrate addition. 
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For this, emission spectra were recorded in the absence and presence of 50 mM Zn
2+

. 

Addition of saturating concentration of Zn
2+

 to hZnT8WT
281-369

 and hZnT8
R325W

 

samples induced a significant quenching of ~9% (Figure 3-15A and B). Similar 

experiment, only with buffer, did not produce significant quenching. The Zn
2+

 

concentration dependence of the fluorescence quenching for hZnT8WT
281-369

 and 

hZnT8
R325W

 is shown in Figure 3-15C and D. The quenching increased as a function 

of Zn
2+

 concentration with an approximately hyperbolic trend showing saturation at 

high substrate concentration. The best fit of the binding curves data was obtained 

using one binding site model as described in Materials and Methods. Kd for Zn
2+ 

of 

0.04±0.006 μM was obtained for hZnT8WT
281-369

, while 0.08±0.02 μM for 

hZnT8
R325W

. These results reveal that both the wild type and mutant domains bind to 

Zn
2+

 with high affinity and that the R325W mutation may be tolerated upon the onset 

of type 2 diabetes. 

 

Figure 3-15 Analysis of Zn
2+

 binding to hZnT8WT
281-369

 and hZnT8
R325W

 C-

terminal domain by exploiting the intrinsic protein fluorescence. 

Panels [A] and [B] show fluorescence emission spectra of hZnT8WT
281-369

 and 

hZnT8
R325W

 domain, respectively, before (continuous line) and after addition of 50 

mM Zn
2+

 (discontinuous line). Panels [C] and [D] show concentration dependent Zn
2+ 

binding affinity curves for hZnT8WT
281-369

 and hZnT8
R325W

 domain, respectively. 

Zn
2+ 

binding experiments were performed at 25 °C as described in Materials and 

Methods. The apparent affinities (Kd) for Zn
2+ 

binding  to hZnT8WT
281-369

 and 

hZnT8
R325W 

domain were obtained by nonlinear fitting of the respective 

quench/concentration curves to one site binding model (Equation is given in Section 
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2.11.3 of Materials and Methods) using the program Origin (Version 7.5, OriginLab 

Corporation). The excitation and emission wavelengths used in the experiments were 

285 nm and 350 nm respectively. Fluorescence was recorded at excitation and 

emission slit widths of 2.0. Data points and error bars represent the mean and standard 

deviation of three individual measurements. 

3.1.5 Analysis of R325W Mutation and Zinc Binding on the Global 

Structure of hZnT8 Domain 

To investigate whether hZnT8WT
281-369

 and hZnT8
R325W

 display similar structural 

features, CD analysis was performed (Section 2.11.4). The CD spectrum of 

hZnT8WT
281-369

 is almost identical to that obtained for hZnT8
R325W

,particularly in the 

region between 200 nm and 240 nm (Figure 3-16) that reflects the secondary structure 

propensities in proteins [223]. Thus, it is possible that R325W mutation did not yield 

any significant structural change in the domain. Moreover, addition of 1 mM Zn
2+

 to 

hZnT8WT
281-369

 and hZnT8
R325W

 did not produce any prominent structural change 

(Figure 3-16; red dotted line). This indicates that zinc binding does not exert any 

alteration in global structure of the wild type and mutant ZnT8 domain (Figure 3-16). 

Finally to check the thermal stability and refolding ability of both the domains, CD 

spectra after heating (un-folding) and cooling (re-folding) were also recorded for 

hZnT8WT
281-369

 and hZnT8
R325W

. These spectra showed that domains are unable to 

refold after thermal unfolding (Figure 3-16; blue dotted line). 

 

Figure 3-16 Characterization of hZnT8WT
281-369

 and hZnT8
R325W

 domain by 

circular dichroism spectroscopy. 

CD spectra of hZnT8WT
281-369

 and hZnT8
R325W

 domain (black continuous line) and in 

the presence of 1 mM Zn
2+

 (red dotted line) exhibiting similar CD signatures indicate 

that no significant change has occurred in secondary structure of wild type and mutant 

domain. CD spectra of hZnT8WT
281-369

 and hZnT8
R325W

 domain (blue discontinuous 

line) that were heated up to 90 °C followed an attempt of refolding by cooling to 25 

°C, show that domains could not be refolded after thermal unfolding. 
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3.1.6 The hZn8WT
281-369

 and hZnT8
R325W

 Folds into Similar Alpha-

helix and Beta-sheet Structure 

There are no X-ray or NMR 3D structures available for full length hZnT8 or hZnT8 

C-terminal cytoplasmic domain. Thus, to estimate secondary structures of 

hZnT8WT
281-369

 and hZnT8
R325W 

domain,  data from FT-IR spectroscopy (Section 

2.11.4) was used which indicated that both wild type and mutant domains fold into 

mixed secondary structure components (Figure 3-17). To provide quantitative 

estimates of the alpha-helical and beta-sheet contents of hZnT8WT
281-369

 and 

hZnT8
R325W

 domain, the measured amide I region of respective spectra could be 

reproduced by a fit of seven and nine components respectively. The spectra at amide I 

region is dominated by those indicative of alpha-helix and beta-sheet [217, 224]. 

Quantitative analysis of the spectra predicted the presence of ~27-29% alpha-helix 

and ~24-26% beta-sheet structures for both wild and mutant domains. These results 

also suggest that R325W mutant did not exert any major structural changes in C-

terminal cytoplasmic domain of hZnT8. 

 

Figure 3-17 Analysis of hZnT8WT
281-369

 and hZnT8
R325W

 C-terminal domain by 

FT-IR spectroscopy. 

Second derivative and amide I region of FTIR spectra of a hydrated film 

hZnT8WT
281-369

 and hZnT8
R325W

 (thick grey line), and bands obtained by 

deconvolution as described in Materials and Methods section. The dotted red line 
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shows the curve fitted using the component bands. The peak position of the spectral 

components along with their assignment is shown in the figure. 

3.1.7 Crystallization of hZnT8WT
281-369

 and hZnT8
R325W 

for X-ray 

Crystallographic Studies 

The secondary structure analysis, as stated above, gave the preliminary knowledge 

about the secondary structure of hZnT8WT
281-369

 and hZnT8
R325W

 however, the 3D 

structure of a protein offers complete insights into the structure and understanding the 

underlying mechanism of a protein function. Therefore, in order to understand the 

influence of R325W mutation, if any, on the structure (and therefore function) of 

hZnT8, 3D crystallization was followed as described in Section 2.11.5.  

The initial crystallization trials were set up using a range of crystallization 

screens such as Crystal Screen I, Crystal Screen II, JCSG Screen, Structure Screen, 

PACT Suite, PACT premier, Xtal Screen 1+2, ComPAS Suite, Natrix Screen, Index 

Screen, Classic Screen, Classic II screen, pH Clear, and Morpheus screen. Under the 

conditions of pH Clear and PACT premier, few hits were obtained (Figure 3-18A and 

B respectively), however the crystals were considerably small sized and were found to 

be salt/chemical crystals. Further trials at higher protein concentrations (more than 10 

mg/ml) and using other screening conditions are in progress in order to get any hit. 

 

Figure 3-18 Pictures of expected hZnT8WT
281-369

 and hZnT8
R325W

 crystals. 

Panel [A] and [B] show the pictures of crystals hits obtained at concentration of 10 

mg/mL during the initial crystallization trials for hZnT8WT
281-369 

and hZnT8
R325W 

These crystals were later found to be salt/chemical crystals. Further crystallization 

work, using varying concentration of proteins, is in progress at Structural Biology 

laboratory NIBGE. 

  

[A] [B]
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3.2 Analysis of Activity of Tobacco Etch Virus and Human 

Rhinovirus 3C Proteases 

The importance of affinity and solubility tags for the recombinant protein production 

has been reviewed in Section 1.2.1. Further in Section 1.2.2, a brief overview is given 

about different proteases commonly used for tag removal. Among these proteases, the 

viral proteases such as Tobacco Etch Virus (TEV) and Human Rhino Virus 3C 

proteases (HRV 3C) have more advantages over the rest because of their stringent 

substrate specificity. However, previous study performed on hZnT8 domain has 

indicated that the TEV protease was unable to completely cleave the His8-MBP-TEV 

tag from the fused hZnT8WT
281-369 

or hZnT8
R325W

 (See Section 3.1.2.2. and Figure 3-

8). This bottle neck was addressed by employing additional purification steps such as 

ion exchange chromatography (Section 2.9.1.2) and Ni-NTA/amylose affinity based 

methods (Section 2.9.1.3), and consequently complete removal of uncleaved fusion 

protein from the cleaved ones was achieved (Figure 3-10 and 3.11). Furthermore, the 

optimal temperature for the TEV protease activity is 25 °C [153] whereas most of the 

recombinant proteins, including hZnT8WT
281-369

 domain, are handled at 4 °C and at 

this temperature HRV 3C protease may have an increased activity [130]. Thus, HRV 

3C protease could be a better choice as compared to TEV protease. The TEV protease 

activity has been evaluated at various experimental conditions [153, 154, 225]. 

However, on other hand, no such systematic study has been performed on HRV 3C 

protease regardless of in-depth literature search. Besides there is no such study that 

compares the temperature-dependent activates of TEV and HRV 3C proteases. This 

led me to compare the activities of TEV and HRV 3C proteases against a set of three 

fusion proteins: i) a soluble domain of a human zinc-ion transport protein (designated 

as hZnT8WT
281-369

) [226], ii) a beta C1 protein encoded by beta satellites associated 

with begomoviruses [227] and iii) a 100K protein of fowl adenovirus [228]. These 

proteins were selected owing to their different nature and high production yield. 

Moreover, the activity of HRV 3C protease in the presence of various buffers, 

additives and detergents at 4 °C was analyzed. The results of strategies adopted for 

cloning, expression, purification and the subsequent use of protein cleavables for the 

comparative study of TEV and HRV 3C proteases are as below. 
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3.2.1 Graphical Representation of Expression Vectors and 

Production of Proteins Used in the Study  

The graphical representations of expression vectors used for production of HRV 3C 

protease and TEV protease (pTEV) are given in Figure 3-19A and Figure 3-19B 

correspondingly. HRV 3C and TEV proteases were expressed and purified as 

described in Section 2.7.2 and 2.9.2, respectively. The first set of protease cleavable 

proteins, His8-MBP-HRV 3C-hZnT8WT
281-369

 and His8-MBP-TEV-hZnT8WT
281-369

 

was expressed from pKLD116-V2-Pres-hZnT8WT
281-369

 (Figure 3-20A) and 

pKLD116-V2-TEV-hZnT8WT
281-369

 (also known as pMR19M) (Figure 3-20B), 

respectively. The second set of protease cleavable proteins, His8-MBP-HRV 3C-

betaC1 and His8-MBP-TEV-betaC1 was expressed from pKLD116-V2-Pres-betaC1 

(Figure 3-21A) and pKLD116-V2-TEV-betaC1 (Figure 3-21B), respectively. Finally, 

the third set of protease cleavable protein, His8-HRV 3C-100K and His8-TEV-100K 

was expressed from pET28a-Pres-100K (Figure 3-22A) and pET28a-TEV-100K 

(Figure 3-22B), in that order. All expression vectors were constructed and verified as 

described in sections 2.4.2 and 2.5, in turn. Recombinant proteins were produced by 

procedures described in sections 2.7.2 and 2.9.2. 

 

Figure 3-19 Map of HRV 3C protease and TEV protease expression vectors. 

The figure shows the schematic representation of HRV 3C protease construct [A] that 

was expressed in E. coli BL21 (DE3) cells and pTEV [B] expressed in C41 (DE3) 

cells. The proteases were purified by Ni-NTA affinity method (Section 2.9.2) and 

subsequently used for tag removal from the fused counterpart during activity analysis. 

His tagT7 Promoter

Lac operator

T7 Terminator

f1 origin

KanaR

HRV 3C protease

lacI

[A]

HRV 3C protease 
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Figure 3-20 Scheme for pKLD116-V2-Pres-hZnT8WT
281-369

 and pKLD116-V2-

TEV-hZnT8WT
281-369

 (pMR19M) expression vectors. 

The figure shows the schematic representation of pKLD116-V2-Pres-hZnT8WT
281-369

 

[A] or pKLD116-V2-TEV-hZnT8WT
281-369

 (pMR19M) [B] constructs used for the 

production of His8-MBP-HRV 3C-hZnT8WT or His8-MBP-TEV-hZnT8WT
281-369

 

cleavable proteins, respectively. The vector maps depict the hZnT8WT
281-369

 domain 

fused in reading frame with His8-MPB tag and HRV 3C protease site or TEV protease 

site along with the other features such as ampicillin resistance gene, His8 tag, f1 

origin of replication, T7 promoter and terminator sequences and lacI repressor. The 

HRV 3C protease or TEV protease cleaves at their recognition site to liberate the 

fused domain from the tag. 
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Figure 3-21 Scheme for pKLD116-V2-Pres-betaC1 and pKLD116-V2-TEV-

betaC1 expression vectors. 

The figure shows the schematic representation of pKLD116-V2-Pres-betaC1 [A] or 

pKLD116-V2-TEV-betaC1 [B] constructs used for the production of His8-MBP-HRV 

3C-betaC1 or His8-MBP-TEV-betaC1 cleavable proteins, respectively. The 

expression was carried out in E. coli BL21 (DE3) cells. In the scheme, the betaC1 

domain is fused in reading frame with His8-MPB- including HRV 3C protease site or 

TEV protease that upon incubation with respective protease liberates the betaC1 from 

the fused counterpart. 
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Figure 3-22 Scheme for pET28a-Pres-100K and  pET28a-TEV-100K expression 

vectors. 

The figure shows the schematic representation of pET28a-Pres-100K [A] or pET28a-

TEV-100K [B] construct used for the production of His8-HRV 3C-100K or His8-

TEV-100K protein cleavable. In the scheme, the 100K protein is cloned in reading 

frame with His8-Pres- tag that upon incubation with HRV 3C protease liberated from 

the fused counterpart. The important elements of the vector labeled are kanamycin 

resistant gene, f1 origin of replication, T7 promoter and terminator and lacI. 

3.2.2 Optimization of Cleavage Conditions for HRV 3C and TEV 

Proteases and Comparison between their Activities 

Protease cleavable proteins His8-MBP-HRV 3C-hZnT8WT
281-369

 or His8-MBP-TEV-

hZnT8WT
281-369

, His8-MBP-HRV 3C-betaC1 or His8-MBP-TEV-beta C1 and His8-

HRV 3C-100K or His8-TEV-100K have calculated molecular masses of ~ 55.2 kDa, ~ 

59.2 kDa and ~ 91 kDa, respectively. Molecular masses of proteins were calculated 

using the ExPASy Bioinformatics Portal (http://web.expasy.org/compute_pi/). The 

cleavage of target fusion proteins with the HRV 3C or TEV protease resulted in the 

release of two major protein bands of ~ 45 kDa (His8-MBP) and ~ 10 kDa 

(hZnT8WT
281-369

), ~ 45 kDa (His8-MBP) and 14 kDa (betaC1), and ~89 kDa (100K) 

and ~2 kDa (His8), correspondingly (Figure 3-23). For clarity, only the bands 

corresponding to the uncut fusion proteins and large size cut fragments of the fusion 

proteins are shown in subsequent SDS-polyacrylamide gels. 

The activities of the HRV 3C and TEV proteases towards their three target 

proteins were compared at 25 °C and 4 °C (Section 2.12.1). Our results (Figure 3-24) 
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show that, whilst TEV protease efficiently cleaves the target proteins except His8-

TEV-100K after prolonged incubation at 25 °C, it was inefficient to do so even after 

16 hours at 4 °C. In contrast with TEV protease, the HRV 3C protease efficiently 

cleaved all the three fusion proteins after 4 hours at both tested temperatures. 

Therefore, the 4 hours duration was selected as optimum incubation time for further 

analysis performed for HRV 3C protease activity. 

 

Figure 3-23 Analysis of activities of the HRV 3C and TEV proteases at 25°C 

towards their target proteins. 

Respective cleavable fusion proteins (His8-MBP-HRV 3C-hZnT8WT
281-369

 or His8-

MBP-TEV-hZnT8WT
281-369

, His8-MBP-HRV 3C-betaC1 or His8-MBP-TEV-betaC1 

and His8-HRV 3C-100K or His8-TEV-100K) were incubated with HRV 3C protease 

or TEV protease at ratio of 50:1 for 1 hour and analyzed by SDS-PAGE. ‘‘U” and 

‘‘T” represent the cleavable fusion proteins untreated and treated, respectively, with 

the HRV 3C or TEV protease, Note: in case of cleavage of 100K fusion protein, 2kDa 

band was not observed because of low %age of polyacrylamide used in SDS-PAGE. 
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Figure 3-24 Analysis of HRV 3C and TEV proteases activities towards their 

target proteins at 25 °C and at 4 °C. 

The HRV 3C protease or TEV protease were incubated with respective cleavable 

fusion proteins (His8-MBP-HRV 3C-hZnT8WT
281-369

 or His8-MBP-TEV-

hZnT8WT
281-369

, His8-MBP-HRV 3C-betaC1 or His8-MBP-TEV-betaC1 and His8-

HRV 3C-100K or His8-TEV-100K) at ratio of 1:50 and aliquots were taken at the 

indicated time and analyzed by SDS-PAGE. M denotes the molecular marker while C 

represents the cleavable fusion protein without any of protease treatment. 

3.2.3 Analysis of Activity of HRV 3C Protease in Various Buffers, 

Additives and Detergent Solutions  

3.2.3.1 Effect of Elution Buffers and Salts on HRV 3C Protease Activity 

In another experiment, the effect of buffer composition on the activity of HRV 3C 

protease was tested (Section 2.12.2). The HRV 3C protease cleaved His8-MBP-HRV 

3C-hZnT8WT
281-369

 efficiently upon 4 hours of incubation at 4 °C in each of the four 

standard buffers used for the elution of poly-His-, GST-, MBP- and Strep-tagged 

fusion proteins (Figure 3-25). The composition of four standard elution buffers tested 

in this study is described in Section 2.12.2.   

The cleavage analysis of His8-MBP-HRV 3C-hZnT8WT
281-369

 by the HRV 3C 

protease was also done in the presence of increasing concentrations of salts (Section 

2.12.2) such as NaCl, KCl, CaCl2, MgCl2, MgSO4 and ZnSO4 that are commonly used 

in buffers during extraction and purification of proteins. With the exception of ZnSO4, 
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none of the salt ions inhibited the activity of the HRV 3C protease at concentrations 

between 0.05 and 0.4 M (Figure 3-25).  

 

Figure 3-25 SDS-PAGE showing the activity of HRV 3C protease in various 

buffers and salts at 4 °C. 

The protease activity is not affected by the four elution buffers commonly used in 

affinity chromatography. Also, with the exception of ZnSO4 that inhibited the 

protease activity, none of the tested salt ions has effect of protease activity at 

concentration between 0.05 and 0.4 M. Lane C denotes the protease cleavable treated 

with protease. 

3.2.3.2 Effect of Additives and Detergents on HRV 3C Protease Activity 

Additives and detergents tested against the activity of HRV 3C protease are listed in 

Section 2.12.2 (Table 2.15). Additives like sorbitol, trehalose, glycerol, arginine and 

proline show only limited effects upon adding these molecules into the cleavage 

reaction. However, strong denaturants like SDS at tested concentration of 0.13% and 

also guanidine-HCl when present above 0.5 M severely inhibited the activity of the 

HRV 3C protease (Figure 3-26). The HRV 3C protease exhibited optimal activity 

towards the target protein in the presence of urea up to a concentration of 2 M (Fig 

3.26). HRV 3C protease activity persisted in the presence of up to 50 mM β-ME, 100 

mM DTT and 5 mM TCEP, which are either equivalent to or far above typical 

concentrations used in recombinant protein production (Fig 3.26). 

C         His    MBP  GST  Strep

NaCl

C      0.2M   0.4M   0.6M    0.8M

C       0.05M  0.1M   0.2M    0.4M

C       0.05M  0.1M   0.2M   0.4M

     

   

MgCl2

KCl

C        0.05M  0.1M   0.2M   0.4M

CaCl2

C     0.05M  0.1M  0.2M   0.4M

MgSO4

UNCUT

CUT

     

   

Elution buffers

C       0.05M  0.1M   0.2M    0.4M

ZnSO4
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Figure 3-26 SDS-PAGE showing the HRV 3C protease activity in the presence of 

additives and SDS. 

The additives and detergents are commonly used during extraction and purification of 

proteins. As shown in the figure, the SDS completely limits the protease activity 

while guanidine HCl and β-ME greatly reduce the protease activity beyond 0.5 M and 

100 mM concentration respectively. The protease has minimum activity at 7.5 mM of 

TCEP. C represents the cleavable fusion protein after protease treatment. 

Finally, the activity of the HRV 3C protease was assessed in the presence of 

different detergents at 4°C (See Section 2.12.2 and table 2.15). The His8-MBP-HRV 

3C-hZnT8WT
281-369

 was digested in the presence of various detergents at their critical 

micelle concentration with HRV 3C protease. The activity of HRV 3C protease 

towards its target is different in different detergents and is described in the Table 3.1. 

Of the forty-nine detergents tested, fourteen detergents (ANAPOE
®
-80, n-Tetradecyl-

β-D-maltoside, ANAPOE
®
-C13E8, C12E8, ANAPOE

®
-C12E10, Sucrose 

monolaurate, CYMAL
®

-6, 2,6-Dimethyl-4-heptyl-β-D-maltopyranoside, NDSB-195, 

DDMAB, ZWITTERGENT
®
 3–10, LysoFos™ Choline 10, n-Dodecyl-β-D-maltoside 

and Triton
®

 X-100) did not affect the HRV 3C protease activity and the target protein 

C      0.001M 0.01M  0.05M 0.1M
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C        1%      2%      4%     5% C        5%      10%    20%   30%
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was efficiently cleaved (~ 80 to 100%) compared to a control reaction in absence of 

any detergent (Figure 3-27). In the presence of fifteen detergents (n-Undecyl-β-D-

maltoside, n-Nonyl-β-D-thioglucoside, CYMAL
®

-5, n-Nonyl- β-D-maltoside, C8E4, 

C-HEGA
®

-11, n-Octyl-β-D-glucoside, FOS-Choline
®
-12, FOS-Choline

®
- 8 

fluorinated, CHAPS, CHAPSO, ANAPOE
®
-58, CYMAL

®
-4, Sulfobetaine 3–10 and 

LDAO) HRV 3C protease activity was reduced to ~ 50% relative to the control 

reaction and the activity decreased further, below 50%, relative to the cleavage in the 

control reaction in the presence of another twelve detergents (MEGA-9, HEGA
®
-9, n-

Hexyl-β-D-glucopyranoside, ZWITTERGENT
®
 3–12, MEGA-10, Pluronic

®
 F-68, 

HECAMEG
®
, CYMAL

®
-3, NDSB-256, FOS-MEA

®
-10, LysoFos™ Choline 12, and 

Sodium dodecanoylsarcosine) (Figure 3-27). HRV 3C protease activity was 

completely abolished in the presence of eight detergents (C-HEGA
®
-10, C-HEGA

®
-9, 

HEGA1-8, CYMAL
®

-2, n-Decyl-N, N-dimethylglycine, MEGA-8, FOS-Choline
®

-8 

and ANAPOE
®
-20) (Figure 3-27). 
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Figure 3-27 SDS-PAGE analysis of cleavage by the HRV 3C protease in the 

presence of various detergents. 

Each lane is numbered according to detergents serial number in table 3.1. The extent 

to which the HRV 3C protease has cleaved His8-MBP-HRV 3C-hZnT8WT
281-369

 in 

presence of various detergents at their critical micelle concentration as shown in 

figure 3.1 and represented here as follows ‘+++’ for cleavage ~ 80 to 100%, ‘++’ for 

~ 50% and ‘+’ for <50%, ‘0’ for almost no cleavage at all compared to control (C). M 

is the molecular marker and ‘C’ represents cleavage of the fusion protein by HRV 3C 

protease in its standard reaction buffer. 
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Table 3.1 Activity of HRV protease in the presence of detergents  

S. No Chemical Name CMC Activity 

1 ANAPOE
®
-80 1% w/v +++ 

2 n-Tetradecyl-β-D-maltoside 0.0335 mM +++ 

3 ANAPOE
®
 -C13E8 0.1% w/v +++ 

4 C12E8 0.11 mM +++ 

5 ANAPOE
®
-C12E10 1% w/v +++ 

6 Sucrose monolaurate 0.3 mM +++ 

7 n-Undecyl-b-D-maltoside 0.59 mM ++ 

8 CYMAL
®
-6 0.56 mM +++ 

9 n-Nonyl-b-D-thioglucoside 0.15 mM ++ 

10 CYMAL
®
 -5 5 mM ++ 

11 n-Nonyl-β-D-maltoside 6 mM ++ 

12 C8E4 8 mM ++ 

13 C-HEGA
®
-11 11.5 mM ++ 

14 n-Octyl-β-D-glucoside 20 mM ++ 

15 MEGA-9 25 mM + 

16 2,6-Dimethyl-4-heptyl-β-D-

maltopyrnoside 

27.5 mM +++ 

17 C-HEGA
®
-10 35 mM 0 

18 HEGA
®
-9 39 mM + 

19 C-HEGA
®
-9 108 mM 0 

20 HEGA
®
-8 109 mM 0 

21 CYMAL
®
-2 120 mM 0 

22 n-Hexyl-β-D-glucopyranoside 250 mM + 

23 NDSB-195 50 mM +++ 

24 FOS-Choline
®
-12 1.5 mM ++ 

25 FOS-Choline
®
-8, fluorinated 2.2 mM ++ 

26 ZWITTERGENT
®
 3-12 4 mM + 

27 CHAPS 8 mM ++ 

28 CHAPSO 8 mM ++ 

29 n-Decyl-N,N-dimethylglycine 18 mM 0 

30 ANAPOE
®
-58 1% w/v ++ 
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31 MEGA -10 7 mM + 

32 CYMAL
®
-4 7.6 mM ++ 

33 Pluronic
®
 F-68 1 % w/v + 

34 HECAMEG
®
 19.5 mM + 

35 Sulfobetaine 3-10 25 mM ++ 

36 CYMAL
®
-3 34.5 mM + 

37 MEGA-8 79 mM 0 

38 NDSB-256 50 mM + 

39 DDMAB 4.3 mM +++ 

40 FOS-MEA
®
-10 5.2 mM + 

41 ZWITTERGENT
®
 3-10 40 mM +++ 

42 FOS-Choline
®
-8 114 mM 0 

43 LysoFos™ Choline 12 0.7 mM + 

44 LysoFos™ Choline 10 7 mM +++ 

45 Sodium dodecanoylsarcosine 14.4 mM + 

46 ANAPOE
®
-20 1% w/v 0 

47 n-Dodecyl-β-D-maltoside 0.17 mM +++ 

48 Triton
®
 X-100 0.9 mM +++ 

49 LDAO 2 mM ++ 

The extent to which the HRV 3C protease has cleaved His8-MBP-HRV 3C-hZnT8WT
281-369

 

in presence of various detergents at their critical micelle concentration is shown in Figure 3-

27. The table shows the activity of HRV 3C protease in the presence of different detergents 

used in proteins science. The cleavage activity of HRV 3C is denoted as follows ‘+++’ for 

cleavage ~ 80 to 100%, ‘++’ for ~ 50% and ‘+’ for <50%, ‘0’ for almost no cleavage at all 

compared to control.  
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3.3 Expression, Purification and Interaction Studies of FecI 

and FecR (N-terminal region) of Achromobacter 

xylosoxidans  

The concentration of Fe
3+

 in periplasmic/extracellular space of the cell appears to be 

monitored by transmembrane signaling proteins, of which the best understood is FecR 

of E. coli (Strain K12). The FecR interacts at its C-terminal region in the periplasmic 

space with the N-terminal region of TonB-dependent transporter, TBDT. On the other 

hand the FecR, at its cytoplasmic N-terminal, signals to the interacting Extra 

Cytoplasmic Function (ECF) sigma factors such as FecI to recruit RNA polymerase 

for expression of genes necessary for iron metabolism [201] (See Figure 1.8). Such 

interaction of FecR (at its N-terminal region) with FecI can be exploited to develop 

new antimicrobial drugs. In view of pathogenicity caused by A. xylosoxidans (Section 

1.3.4) and the lack of directed antimicrobial drugs against this pathogen, it is 

worthwhile to search, select and study the close homologues of E. coli (Strain K12), 

FecI (Uniprot ID: P23484) and FecR (Uniprot ID: P23485) in A. xylosoxidans as a 

promising drug target. The genome sequence of A. xylosoxidans was not available 

online at the time of selection of FecI and FecR. Therefore, using the amino acids 

sequences of E. coli FecI and FecR, the genome sequence of A. xylosoxidans was 

searched for FecI and FecR homologues by Late Prof. Stephen Baldwin (University 

of Leeds, UK). For this purpose, the unpublished genome sequence provided by Prof. 

Samar Hasnain Laboratory (University of Liverpool, UK) was used. 

3.3.1 Identification and Selection of FecI and FecR from A. 

xylosoxidans 

3.3.1.1 Search of FecI and FecR in Genome of A. xylosoxidans Using E. coli 

Homologues 

The blast results performed using amino acids sequences of E. coli (Strain K12) FecI 

(Uniprot ID:P23484) and FecR (Uniprot ID:P23485) against genome of A. 

xylosoxidans found 22 top matches for FecI, of which the most similar sequences 

were peg407 and peg5782 (Table 3.2). Similarly, 21 top matches were found for FecR 

in which the most similar sequences were peg5783 and peg408 (Table 3.3). The 

preliminary alignment of E. coli FecR with homologues of A. xylosoxidans suggested 

that some of the sequences (i.e. sequences with accession IDs: WP_049050743.1, 

WP_050807715.1, WP_050807705.1, WP_053497565.1, WP_026382397.1) were N-

https://www.ncbi.nlm.nih.gov/protein/895972670?report=genbank&log$=prottop&blast_rank=1&RID=Y6VPSCKF014
https://www.ncbi.nlm.nih.gov/protein/915468182?report=genbank&log$=prottop&blast_rank=1&RID=Y6WVMDC9014
https://www.ncbi.nlm.nih.gov/protein/915468172?report=genbank&log$=prottop&blast_rank=1&RID=Y6X1ACX7014
https://www.ncbi.nlm.nih.gov/protein/924464842?report=genbank&log$=prottop&blast_rank=1&RID=Y6X7ARHE015
https://www.ncbi.nlm.nih.gov/protein/651247333?report=genbank&log$=prottop&blast_rank=2&RID=Y6XEURHE01R
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terminally truncated, therefore, these sequences (Shown in bold text in Table 3.3) 

were not included in further analysis (See Figure 3-29). The tables show the details of 

each sequence along with their accession ID, maximum score bits and E value. 

Table 3.2 Result of FecI blast search using E. coli homologue 

S. No 
Sequences with significant 

alignment 
Accession ID Score (bits) E value 

1 fig|762376.10.peg.407 WP_020924792.1 170 6e-44 

2 fig|762376.10.peg.5782 WP_020926597.1 159 1e-40 

3 fig|762376.10.peg.5386 WP_006385792.1 150 7e-38 

4 fig|762376.10.peg.664 WP_006389385.1 144 5e-36 

5 fig|762376.10.peg.1433 WP_006384106.1 142 1e-35 

6 fig|762376.10.peg.5710 WP_006387399.1 135 2e-33 

7 fig|762376.10.peg.51 WP_006388814.1 134 5e-33 

8 fig|762376.10.peg.1571 WP_006386389.1 132 1e-32 

9 fig|762376.10.peg.4161 WP_047993025.1 127 8e-31 

10 fig|762376.10.peg.5576 WP_006385982.1 124 4e-30 

11 fig|762376.10.peg.3139 WP_060720517.1 121 3e-29 

12 fig|762376.10.peg.411 WP_068981323.1 117 8e-28 

13 fig|762376.10.peg.2097 WP_006384896.1 64 8e-12 

14 fig|762376.10.peg.5684 AMH04980.1 60 1e-10 

15 fig|762376.10.peg.5707 WP_006387396.1 58 6e-10 

16 fig|762376.10.peg.3317 WP_006384744.1 56 2e-10 

17 fig|762376.10.peg.5331 WP_006385736.1 55 5e-09 

18 fig|762376.10.peg.2958 WP_064526411.1 52 3e-08 

19 fig|762376.10.peg.6103 WP_006383895.1 50 1e-07 

20 fig|762376.10.peg.4212 WP_054483615.1 50 1e-07 

21 fig|762376.10.peg.1752 WP_054497152.1 43 2e-05 

22 fig|762376.10.peg.5810 WP_047993313.1 39 3e-04 

  

https://www.ncbi.nlm.nih.gov/protein/529016746?report=genbank&log$=prottop&blast_rank=1&RID=Y6NGY7MX014
https://www.ncbi.nlm.nih.gov/protein/529018665?report=genbank&log$=prottop&blast_rank=1&RID=Y6NPEJCH014
https://www.ncbi.nlm.nih.gov/protein/493430178?report=genbank&log$=prottop&blast_rank=1&RID=Y6KHWS4R01R
https://www.ncbi.nlm.nih.gov/protein/493433831?report=genbank&log$=prottop&blast_rank=1&RID=Y6KPXB0S014
https://www.ncbi.nlm.nih.gov/protein/493428448?report=genbank&log$=prottop&blast_rank=1&RID=Y6KU3EYV014
https://www.ncbi.nlm.nih.gov/protein/493431812?report=genbank&log$=prottop&blast_rank=1&RID=Y6KXUZC7014
https://www.ncbi.nlm.nih.gov/protein/493433251?report=genbank&log$=prottop&blast_rank=1&RID=Y6M1WFBD01R
https://www.ncbi.nlm.nih.gov/protein/493430783?report=genbank&log$=prottop&blast_rank=1&RID=Y6M58TXX015
https://www.ncbi.nlm.nih.gov/protein/849126508?report=genbank&log$=prottop&blast_rank=1&RID=Y6NXMFJY01R
https://www.ncbi.nlm.nih.gov/protein/493430371?report=genbank&log$=prottop&blast_rank=2&RID=Y6P255J2014
https://www.ncbi.nlm.nih.gov/protein/983570227?report=genbank&log$=prottop&blast_rank=1&RID=Y6P90V0E014
https://www.ncbi.nlm.nih.gov/protein/1057713870?report=genbank&log$=prottop&blast_rank=1&RID=Y6R0PHJ001R
https://www.ncbi.nlm.nih.gov/protein/493429264?report=genbank&log$=prottop&blast_rank=1&RID=Y6R3S0V9014
https://www.ncbi.nlm.nih.gov/protein/991941778?report=genbank&log$=prottop&blast_rank=1&RID=Y6R6BKN1014
https://www.ncbi.nlm.nih.gov/protein/493431809?report=genbank&log$=prottop&blast_rank=1&RID=Y6RBERKM015
https://www.ncbi.nlm.nih.gov/protein/493429106?report=genbank&log$=prottop&blast_rank=1&RID=Y6RFE6UA014
https://www.ncbi.nlm.nih.gov/protein/493430122?report=genbank&log$=prottop&blast_rank=1&RID=Y6RWS4Y4014
https://www.ncbi.nlm.nih.gov/protein/1035682052?report=genbank&log$=prottop&blast_rank=1&RID=Y6S2USWG014
https://www.ncbi.nlm.nih.gov/protein/493428234?report=genbank&log$=prottop&blast_rank=1&RID=Y6S71J6501R
https://www.ncbi.nlm.nih.gov/protein/935636830?report=genbank&log$=prottop&blast_rank=1&RID=Y6SE15HR014
https://www.ncbi.nlm.nih.gov/protein/935672501?report=genbank&log$=prottop&blast_rank=1&RID=Y6SH55DD014
https://www.ncbi.nlm.nih.gov/protein/849127255?report=genbank&log$=prottop&blast_rank=1&RID=Y6SP0P5S014
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Table 3.3 Result of FecR blast search using E. coli homologue 

S. No 
Sequences with 

significant alignment 
Accession ID Score (bits) E value 

1 fig|762376.10.peg.5385. OMG92148.1 186 4e-48 

2 fig|762376.10.peg.5783 WP_026384616.1 181 9e-47 

3 fig|762376.10.peg.1432 WP_024068499.1 180 2e-46 

4 fig|762376.10.peg.408 WP_053499922.1 179 4e-46 

5 fig|762376.10.peg.4162 WP_047993026.1 174 1e-44 

6 fig|762376.10.peg.5711 WP_049050743.1 166 4e-42 

7 fig|762376.10.peg.5575 WP_080564227.1 153 2e-38 

8 fig|762376.10.peg.3140 AHC48467.1 152 4e-38 

9 fig|762376.10.peg.665 WP_006389386.1 127 2e-30 

10 fig|762376.10.peg.3043 WP_026384465.1 122 6e-29 

11 fig|762376.10.peg.412 WP_064522658.1 120 2e-28 

12 fig|762376.10.peg.1751 WP_020927382.1 117 2e-27 

13 fig|762376.10.peg.52 WP_054446929.1 105 6e-24 

14 fig|762376.10.peg.5685 WP_060721319.1 102 4e-23 

15 fig|762376.10.peg.5333 WP_050807715.1 93 4e-20 

16 fig|762376.10.peg.2959 WP_064526409.1 89 6e-19 

17 fig|762376.10.peg.3316 WP_050807705.1 88 1e-18 

18 fig|762376.10.peg.5708 WP_038504354.1 83 4e-17 

19 fig|762376.10.peg.2098 WP_053497565.1 59 8e-10 

20 fig|762376.10.peg.1572 WP_081397453.1 49 7e-07 

21 fig|762376.10.peg.3220 WP_026382397.1 35 0.013 

3.3.1.2 Multiple Sequence Alignment of E. coli FecI and FecR with that of A. 

xylosoxidans  

The identified protein sequences for the FecI and FecR homologues were aligned 

using ClustalX program (URL: http://www.clustal.org/clustal2/). Each alignment 

shown below was colored according to residue type i.e. positively charged RK, H; 

negatively charged ED; polar uncharged QN, ST; aromatic WFY; aliphatic AILMV; 

structurally special GP; cysteine C. In each alignment, the top line of sequence shows 

the results of a ConSeq analysis (https://conseq.tau.ac.il/overviewnextversion.htm) of 

the E. coli FecI (P23484) sequence (Figure 3-28) and FecR (P23485) sequence 

https://www.ncbi.nlm.nih.gov/protein/1133621533?report=genbank&log$=prottop&blast_rank=1&RID=Y6V3PHDP014
https://www.ncbi.nlm.nih.gov/protein/651249683?report=genbank&log$=prottop&blast_rank=1&RID=Y6V8SD7G014
https://www.ncbi.nlm.nih.gov/protein/568194135?report=genbank&log$=prottop&blast_rank=1&RID=Y6VDKCXC014
https://www.ncbi.nlm.nih.gov/protein/924473630?report=genbank&log$=prottop&blast_rank=1&RID=Y6VFWSP6015
https://www.ncbi.nlm.nih.gov/protein/849126509?report=genbank&log$=prottop&blast_rank=1&RID=Y6VKR6AY014
https://www.ncbi.nlm.nih.gov/protein/895972670?report=genbank&log$=prottop&blast_rank=1&RID=Y6VPSCKF014
https://www.ncbi.nlm.nih.gov/protein/1170994638?report=genbank&log$=prottop&blast_rank=1&RID=Y6VXSSJF015
https://www.ncbi.nlm.nih.gov/protein/566052794?report=genbank&log$=prottop&blast_rank=1&RID=Y6W16DW9015
https://www.ncbi.nlm.nih.gov/protein/493433832?report=genbank&log$=prottop&blast_rank=1&RID=Y6W59D6U01R
https://www.ncbi.nlm.nih.gov/protein/651249530?report=genbank&log$=prottop&blast_rank=1&RID=Y6W8E9TD015
https://www.ncbi.nlm.nih.gov/protein/1035678291?report=genbank&log$=prottop&blast_rank=1&RID=Y6WB4DWD015
https://www.ncbi.nlm.nih.gov/protein/529019450?report=genbank&log$=prottop&blast_rank=1&RID=Y6WEKUFG015
https://www.ncbi.nlm.nih.gov/protein/935555466?report=genbank&log$=prottop&blast_rank=1&RID=Y6WM2KHU014
https://www.ncbi.nlm.nih.gov/protein/983571029?report=genbank&log$=prottop&blast_rank=1&RID=Y6WRZ0W0014
https://www.ncbi.nlm.nih.gov/protein/915468182?report=genbank&log$=prottop&blast_rank=1&RID=Y6WVMDC9014
https://www.ncbi.nlm.nih.gov/protein/1035682050?report=genbank&log$=prottop&blast_rank=1&RID=Y6WY6NY9015
https://www.ncbi.nlm.nih.gov/protein/915468172?report=genbank&log$=prottop&blast_rank=1&RID=Y6X1ACX7014
https://www.ncbi.nlm.nih.gov/protein/740719068?report=genbank&log$=prottop&blast_rank=1&RID=Y6X44FHK015
https://www.ncbi.nlm.nih.gov/protein/924464842?report=genbank&log$=prottop&blast_rank=1&RID=Y6X7ARHE015
https://www.ncbi.nlm.nih.gov/protein/1173855408?report=genbank&log$=prottop&blast_rank=4&RID=Y6XBE0XK015
https://www.ncbi.nlm.nih.gov/protein/651247333?report=genbank&log$=prottop&blast_rank=2&RID=Y6XEURHE01R
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(Figure 3-29). The sequences were colored by residue conservation (Variable 

123456789 Conserved), to indicate the structurally and/or functionally important 

regions of the sequences. The Figure 3-28 illustrates the alignment of FecI 

homologues and shows that peg407 and peg5782 have conserved amino acid residues 

relative to query sequence. Thus, based on high sequence similarity and conserved 

residues, the peg407 and peg5782 were selected as E. coil FecI homologues in A. 

xylosoxidans genome. Similarly the peg5783 and peg408 were selected as E. coli 

FecR homologues in A. xylosoxidans genome. The N-terminal parts of peg5783 and 

peg408 (that lie upstream to the transmembrane TM region are shown in Figure 3-29) 

could be promising regions for interaction studies with FecI. 
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P23484          --RNA-LEKAYLEMLALMPEGG---APSPEERESQLETLQLLDSMLDGLNGKTREAFLLS 

P23484          --RNA-LEKAYLEMLALMPEGG---APSPEERESQLETLQLLDSMLDGLNGKTREAFLLS 

peg.5684        --RQLRREVIALDELPDADHPAH---EDPDSALRAGQLADALKAALAELPLKCQQVFLWN 

peg.5707        --RQHREQHVPLDELDERDQPVQ---ADPESPVRAARLADDLARVLAELPPKCRQAFVLN 

peg.3317        --QQVRSAAVPLHDLDEDEHPAQ---DSPEAGARTAQLSRALRQALDELPEPCAAVFAWH 

peg.4161        --RRQ-VEQAWLDSLAAQPEAY---APSPEHQALVIETLLEVGEWLGRLPGKTRTAFIQA 

peg.5576        --RRE-VEQAWLDTLATRPESF---EPSPEQRALVIETLMEIGTMLSRLPHKAATAFILA 

peg.3139        --RRE-IERVWLQTLAAQPEPL---APSPEDQALVVEALLQIGAMLGRLSQKAASAFIMA 

peg.407         --RQV-LERAWLETLAQQPEAS---AISPETQAILLETIREIDAMLHGLGDKVRRAFLMS 

peg.5782        --RRS-LERAYLDALATLPEAQ---APSPEQRLLILEALQEIDEMLAGLPLPARQAFLMA 

peg.1433        --RQA-LEIAYLEVLATLPPQQ---VPSAETQALVREALFEFDRMLDGLNPKVRQALVLS 

peg.5710        --RRA-LEDAYQAAAAQLPARE---VPSPEVRALILETLYAIDATLRTLPAKTREIFLSS 

peg.1571        --RRE-LERAYLDSLEALPHAS---VPSEEQRALVVEALMQIDRALQRLPARVRQIFLLS 

peg.664         --HAA-LEHAYLAYLADLPEAH---APSPETQAEQMQALMQLDRLLDSLPPKARSAFLLS 

peg.5386        --RRD-IERAYLDCLAAREETS---WPSPERRALALEALVRIDRLLDGLPPKARRAFLLL 

peg.51          --RRE-LERAWLDMLRIQPELV---EPSAESRYQTLQALQALDAVLDGLSSKARMAFLYS 

peg.411         --RQR-VEQAYLEAMVLAADALPQGAPSPEALMSAVQVVEQLAAALAALAPKGREAFLLH 

peg.5331        NHHQSHTDAVSDDLLENMRDLR----TAPDVHVHVRRQLARLAATLAELPVRTRQIFQLC 

peg.2958        --RRGRELNVVADYAATQPPAF---EADTLEVASANQLLRRLETALLRQPRRSLDVFVLH 

peg.1752        DARRRAEVELTGLELDHLPDFR----PTPEMIVLYRRELQRLLEAIATLPDRRREAFVLK 

peg.4212        --LAKAERAHYVGVWLPEPMLMAAPSTPEQLHELADDVSVAFLFMLERLSPDARAAFLMR 

peg.6103        RAPEQRYNFVCESALTHHACLQ----PNPEQIAAQREIMEVLTSALESLPENMREILNLA 

peg.5810        ----ASHRQAEQAGAGDLPDVP------VRATQTDHLEVRDLDRCLQGLPAEQREVLLLV 

 

P23484          QLDGLTYSEIAHKLGVSISSVKKYVAKAVEHCLLFRLEYGL------------------- 

P23484          QLDGLTYSEIAHKLGVSISSVKKYVAKAVEHCLLFRLEYGL------------------- 

peg.5684        KLEGYTQAEIAGKLGLTQSTVEKHMKRALGHIQKRLQDHAPH------------------ 

peg.5707        RIEGWTQAEVATCMGLSKNMIERYVMRAIQHVRERLREHNP------------------- 

peg.3317        RLEGWTVPEIASHMGLSVSSVEKYLTRTMRHLHTRLHAYSP------------------- 

peg.4161        QIHGLSSREIADQMGVSLRMVQKYLAQAMLHLALIDAGLN-------------------- 

peg.5576        QVDGVPYRDIARDLGVSERMVQKYIAQGMLQCALIDAGLGR------------------- 

peg.3139        QVDGMPYRAIAAQLSVSERMVKKYIAQAMLQCALIEAGRGD------------------- 

peg.407         QLEGASYAEIAARLGVTVSSIKKYMARATEHCLVYALARQ-------------------- 

peg.5782        QLEGLGHAEIAARLNVSLRSVHRYIAKGYEQCIMAVM----------------------- 

peg.1433        QFQGLPYAEIAARLDVSLRTVKNYIAQAMAHCCLAAF----------------------- 

peg.5710        QFDGMAYADIARAQRVSLATVKRHMQKALTACLIAYQAGPA------------------- 

peg.1571        QLHELTYPQIAERLGVSAITVRRGMKQAITLCVAVRLAA--------------------- 

peg.664         QLDGLTYPEIAQRLGVSVSSVQQYMVRAMSACYAAFHD---------------------- 

peg.5386        QLEGLKHGEIAERLQVSVSSVRQYLALAMRHCLASC------------------------ 

peg.51          QLDGMTHVDIAGRLDVSPTMVRKYIAQALQRCCAVFDA---------------------- 

peg.411         YLEDHSQLVVAERLGISVRMVQKYLAQGLLRCHRVLA----------------------- 

peg.5331        RVEGLSHAEAARYLDISPSSVQKHLAMALDLMRERLGDDP-------------------- 

peg.2958        RHEGLTYRAIAERFAISVSAVEKHMMRILLACDQALSA---------------------- 

peg.1752        RIEGLSYDEIAERMGTSRNTVISQVVAAMAQLDAALEPA--------------------- 

peg.4212        DVFDADYEDIAQTLDKSQAAVRQLVRRARQQLRQGTPREAVPRATLQRLLQAFADAMQRS 

peg.6103        GMENLSYEQIADILHVPMGTVRSRLSRARVALRLRMEEQGAVLPF--------------- 

peg.5810        CVEDLSYQETAQVLGVPMGTVMSRLSRARERLGALMQGQEPASRLHRVK----------- 
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Figure 3-28 Amino acids sequence alignment for FecI homologues. 

In the figure, the sequence alignment shows that the sequences of FecI (peg407 and 

peg5782 that are shown as bold text and highlighted yellow) are comprised of 

conserved amino acid residues with respect to the query sequence, FecI from E. coli. 

P23484          --------------MSDR-------ATTTASLTFES---------LYGTHHGWLKSWLTR 

P23484          --------------MSDR-------ATTTASLTFES---------LYGTHHGWLKSWLTR 

peg.5684        ------------MIDNARLLSFPVHVAMSRRPPSEK---------GWLAHYRELIGTWTR 

peg.5707        ---------------------------MSRPASSRP---------GWLACYDELIGAWSR 

peg.3317        ---------------------------MRRTRPAEH---------GWLAYYRELLGTWKR 

peg.4161        --------------MSAA--------DLPVQQDLHA---------LYSDHHGWLLGWLRR 

peg.5576        ---------------------------------MDV---------IYGDHHEWLQGWLRR 

peg.3139        --------------MSAP--------AYPYPPSLET---------LYHDHHGWLRSGLQR 

peg.407         MNAFINNDYNSHSRNSQG-------ADATAMSSTESLEHRELG-RLYRDHHGWLRGWLLR 

peg.5782        --------------MSNL--------ALACGDAVHL---------LYRAHHGWLHNWLRA 

peg.1433        --------------MKKC--------LATTACQVGG---------LYREHRGWLRNWIRG 

peg.5710        --------------MSST--------DTLPTDTVTQ---------IYREHHGWLSAWLRK 

peg.1571        --------------MSHP--------AQPTPHTAAQ---------LYEAHHPWLLEWLRR 

peg.664         --------------MSSPILSSPASCADAPATQVDG---------LYRDHRPWLFGWLRR 

peg.5386        --------------MTQS----------SPHASFED---------LYAQHQSWLRDWLRR 

peg.51          --------------MDSH---------LARNARFAS---------IYKDDHPWLERRLRD 

peg.411         --------------MTAA---------HPLVSAVKA---------LYVDHHGWLTSWLRR 

peg.5331        ---------------------------MAPQPDVER---------LYAAHAERLRRYLFL 

peg.2958        ------------------------------MSSLTD---------VFLRHYREVLGFLAM 

peg.1752        --------------------------MNAPVGDISA---------LYQAEVRRLRAIVRR 

peg.4212        -----------------------------MTDSVT----------LFDSHRPRLYAIAYR 

peg.6103        ---------MQTLTKSATTAQSGRAVTAAPDAALPAVSMNSLFNELVCEHGNRLRRFVNR 

peg.5810        -----------------------------MRADDEA---------AILACIPSLRRYARG 

  

P23484          KLQSAFDADDIAQDTFLRVMVS--------ETLST----IRDPRSFLCTIAKRVMVDLFR 

P23484          KLQSAFDADDIAQDTFLRVMVS--------ETLST----IRDPRSFLCTIAKRVMVDLFR 

peg.5684        RSGSRHDAEDAAHDVVANMLRNG-------DGAVL------DPKAYLYGASQNRLNGEVR 

peg.5707        RSGNRHDAEDAAHDAIEHLLNAD-------ASVAA------KARGYLFQVAGHRLIDRWR 

peg.3317        KGHASGDVEDTAHDAIANMLEGD-------VSAIR------NPRAYLHRSIYHGLANQYH 

peg.4161        RLGNAADAADLAHDAFLRLIVRPAP-----DGFAS----AGAARAYLRTMAQGLCTDLWR 

peg.5576        RLGNAADAADLAHDAFLRLLSKPAS-----QGFKS----FPEARGYLRAMANGLCADFWR 

peg.3139        RLGNDSDAADLAHDAFLRLLAKPVG-----REFNG----FLQARAWLRTAASGLCVDLWR 

peg.407         RLNVPAEAADLAQDTFLRLLASPAS----MAQLQG----VRQPRSFLATVAQRTLVDHIR 

peg.5782        KLGDSFDAADLAQDTFVRVLRHR-------HELD----ALREPRAYLTTIARRLVLNLHR 

peg.1433        KVRRAEDADDLLQDTFVRVLCAA-------PPLHPGPTSLREPRAYLTAVAGRLVANFYR 

peg.5710        KLGNSFDAADLAHDTFLRLMAAR-------VRAGG----GDEPRALLTHIAKGLVVDHWR 

peg.1571        RLGCRHDAADLAHDTFVRVLAGR-------PTEP-----IHEPRAFLTTLAQRTLYTFWR 

peg.664         KLGCAHRAEDLAQDVFVRVIQGR-------KTVR-----AGEARALLTTIAKGLVIDHQR 

peg.5386        KTGCPYDAADLTHDTYMKVLLRN-------EDAR----DLREPRAYLVTIAHGLLVNLFR 

peg.51          GLRNREDAQDVASETFTQLLQAP--------ALHQ----LHEPRAMLVTIARRITWRLWR 

peg.411         RLGCPEQAADLAHDTFLRLLTAR------VPPAE-----LAEPRAWLTTAARRLMLDRLR 

peg.5331        KTGEAELSADLVQECFARIVAQE-------DELPS-----DNVLAYLYAIANRLLIDHRR 

peg.2958        RTGSRDVAQDCAQDTWIKLAEFQDKTLPD------------NDRAYVFRVAANIATDWHR 

peg.1752        IVGSQGAAEDVVQQAFTNLLRMG--------AQR-----AQVNAGYITRAAHNLALNHLR 

peg.4212        MLGEVAEAEDVVQDAWLRWHGADRG-------------AIENPEAWLVTVTTRLSIDRLR 

peg.6103        RIGNEADAADIAQQAFIEASNAY-------ADFRG----DSKLSTWLYGIALNLVRNYLS 

peg.5810        LTGDPHRADDLVQDTLERAWSRY-------SRWQR----RGELRAWMFGIMHNHFIDGVR 
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P23485          ----------------------MNPLLTDSRRQALRSASHWYAVLSGERVSPQQEAR--W 

P23485          ----------------------MNPLLTDSRRQALRSASHWYAVLSGERVSPQQEAR--W 

peg.3043        -------------------------MKYAQGHPMADQVINWLLLLRSGKATAQDYND--F 

peg.52          -------------------------MSATSAAAAREAAIAWRLCLSGGAATEADQRA--F 

peg.5575        MAPPLP---NPPPGN--GAAPSPGRLQAAD-FDSLQQAADWFALLRADRVTEQDRKA--W 

peg.3140        MTDPAPGKAKRPPRSQRAAATAPAAARTKPRIQSLEQAAQWYARLRDERATDADRVA--W 

peg.4162        MTSGLS----------------------QADYESLKVAAEWYARLQNADIDARQRLA--W 

peg.5783        ----------MHHGGDVSAPWGAAGELPAVDRKVAREAARWLLRLSSERATEADVRA--C 

peg.408         ----------------------------MADKTIA-AAAQWYARLCADDVSAADLAA--H 

peg.5385        --------------------MLNRRAAAGLPDAVLQAASVWFVRLGAEDAGADDRRQ--W 

peg.1432        --------------------MTEVLPPTSAEERAVHEAARWFACLMAEDATARDRLA--W 

peg.665         -------------------MTSAVDRAAMPSEAVVREAIAWWARLQSGVADAGDREA--C 

peg.5685        --------------------------------------MHWFTRERLGTLDDAARAQ--R 

peg.5708        --------------------MTESFSRDADDPRQPASAAWWFARWHSGDMTRRERRA--F 

peg.1751        -------------------------MAAPTPDPIYLAALEWLARLHDEDATEQDRRA--F 

peg.412         ------------------------MRRVPIPDAIAEQAARWVVRLSSDDAAERDAAQREL 

peg.2959        ---------------------MSKASTPGNSATADEQASRWVIRHSGQPLDAQAQAE--F 

 

P23485          QQWYEQDQDNQWAWQQVENLR--NQLGGVP------GDVASRALHDTR---------LTR 

P23485          QQWYEQDQDNQWAWQQVENLR--NQLGGVP------GDVASRALHDTR---------LTR 

peg.3043        LAWRAADPLHENAWQQLTGTLTGSNFGRLGDAYPAGYATAAPPPLIPSAPAPAAVGVPPR 

peg.52          EAWLAASPSHQAAWHHLEAAL-GSALHAIDPRLLSASGALRRSLLRPQE---------AQ 

peg.5575        QAWLRERTEHATAWHHVQAVS--QRFEPLR-VG--GGEAALAGAAAARK------GVLKR 

peg.3140        QAWLQAP-EHQAAWACIDKVS--RKFDPLRGYGPPGTTAAVASGEAARR------AVNAR 

peg.4162        QHWFDARPEHRSAWAHVEAVS--RRFAVLRVDG--ERDAAEQAVQIASH------RPSAR 

peg.5783        AQWRASKAEHEHAWQRAQRVN--QRLGLVP------SSLGMAALNRPD--------LAGR 

peg.408         GRWLAADPEHARIWGQVERLR--GTLGAAP------ARLAADTLNRADQ------HFSRR 

peg.5385        QEWLRSDPLHQQAWERVEALG--REFGHIE------PRAGLTALDRP--------RSAGR 

peg.1432        QAWLDASATHRQAWNRLQSVR--HAFSRVP------GNVAASVLARPAR------RQLLR 

peg.665         HAWLARDPAHRKAWERLERIG--RDARRVP------AALAHAALEGPA--------MPRR 

peg.5685        DAWLAADPEHARLYRAVQATW--SVADLLPQDEMRAILERTDDAPRASS----------- 

peg.5708        ARWRREQPDAAREFDRMQQLG--QAAAQLSPDHVRDLLG--GAVPPRPG----------- 

peg.1751        AGWLEADPAHPAAYARAQALW--NRFDAVRP-----------VVDRMHR----------- 

peg.412         EAWVRQSPVHEAAARGMRLVV--DRMQDLRGSAAQSGAPARAGFEAAFAHS------GKR 

peg.2959        DAWYHADPRHAAAYDRLARVW--RRMGEID----------RGKLAARPP----------- 

                 ├──── TM region ───────┤ 

P23485          RHVMKG---LLLLLGAGGGWQLWQSETG----EGLRADYRTAKGTVSRQQLEDGSLLTLN 

P23485          RHVMKG---LLLLLGAGGGWQLWQSETG----EGLRADYRTAKGTVSRQQLEDGSLLTLN 

peg.3043        RRFLAG-SLALASAGACAAYVGNAFYPLS----NVAADAATATGERRRYILSDGSQLLLD 

peg.52          RRRLNK-LLLTAGGLVGGAVSLDRFLPLT----HVAADYLTATGQRRTVALPDGAIMELD 

peg.5575        RRLLGG--GAIVLGTSLLGWQGWRHTPLRDQALALAADHATGTGERRDLLLTDGSRIWLN 

peg.3140        RQALKV--IPGVMGLGLFALG-WRYTPLPEVVAALRADHHTGTGKRQRLVLTDGSRVWLN 

peg.4162        RRAASR--ILALSGVGMLGWLGWRFTPLPAVVTAWRSDYATGIGEQRQLVLDDGTRVWLN 

peg.5783        RAAIKT-LAALIVAGPAG-WAAWRASPF----EWS-ADYRSATGEQRRVALSDGSSMHLN 

peg.408         RAALRNGLGAVALLGVGS-LAAWRNLPM----ERMLADYRTGAGERRELRLADGTLLWLD 

peg.5385        RKLLKT---LSLAFVAGGGALAAQELPW----DAWGANVRTATGERRRLELADGSILTMN 

peg.1432        RSLLSL---TGMGLLAGSAYGVVRARDA----DAW----HTATGQRRRLQLEDGSQLYLN 

peg.665         RAILRN--VLTLAGVGMAGWAGYRHAPW----QRLAADLSTGIGERRAVAVADGLHITLN 

peg.5685        RRRLALGLGAACGLALLAGVTGPRLWAP---AAQFSASLSTAQGERGRHTLPDGSLLELN 

peg.5708        RRRIAAPLRIALACAVLALVALVAWWSLPGEAPTYTIVVGADRGERKQVTLPDGSVLEIN 

peg.1751        RRAMLGVLAAAVTVPALYALSRLHLLAD----------YRTGIGERRRIVLADGSALELG 

peg.412         RASRMLFAIGAALLVAAAGGMTLRVYPAS----YLMADVRSVTGEWRVELLEDGSRVTLA 

peg.2959        RKRHTALALALVAATGTTAYALRDFQPG--------ADYASDTQPLR-VALPDGSRAILD 
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P23485          TQSAADVRFDAHQRTVRLWYGEIAIT--TAK--DALQRPFRVLTRQGQLTALGTEFTVRQ 

P23485          TQSAADVRFDAHQRTVRLWYGEIAIT--TAK--DALQRPFRVLTRQGQLTALGTEFTVRQ 

peg.3043        ARSRVNLDFTPAYRQVRLLDGAVTVSVAP--DAR---RPFLVQTAEGTVRALGTRYMVRQ 

peg.52          ARTAASVDFSGGRRLVRLEAGAIVVRLADGADAVGGASPLRIQTAQGAVLPRSGSVLVQC 

peg.5575        ARSAMDVDYRDAARCLTLLAGEILID----TAPDPARRPFYVESRFGRMQALGTRFSVRL 

peg.3140        TRSALDVDYRRQERRLIVLGGEILVQ----TAQDKLRRPFYVDTVHGRLQALGTRYSVLL 

peg.4162        TRSAINVRLDETQRLLTLIGGEILTD----TAKDARQRPFFVDTRFGRLQALGTRYTVRQ 

peg.5783        TASAVDVLYDADLRLVCLRAGEIAVH--AVEESGAHPRPFVVRARQGEVQARAARFCMRQ 

peg.408         SASAVDVTVDAGQRRIFVHAGEILVD--TENVRSGLP-PLRVLTAHGAVRPLGTRFIVTR 

peg.5385        TDSAVDLAFDGAKRELILRRGEIHIETRPDPLR--PARPFLVSTPVGRATALGTRFDVNL 

peg.1432        TATRVTLEFNDERRRVVLRAGEILVQAHPDQAARVTRRPFIVSTPHGDILPEEARFTVRL 

peg.665         SDSALRLRLEDGARGIHLLRGEILVD----AQSRPGAPALRVDTGYGVLLAGSARFDVRR 

peg.5685        TGTRVEVALYSDRREVELTAGEALFT-----VSPDAARPFFVAAGQARLRVTGTRFNVRR 

peg.5708        GSTLAEVKFYAGRREVELQGGEILFS-----VSPEAERPFIVRAGSGDVRVTGTVFDVRR 

peg.1751        SDTALSVRFDSRQRQLTLHRGQAYFQ-----VAADATRRFSVRAGQGISTALGTQFDVKL 

peg.412         GDSAVNLRFDRQRRELELVQGQALIE-----VAKDALRPFVVRTREARLVALGTRFAVDR 

peg.2959        AHSAIAVDFGPDRREVRLLAGQALFEA---APRGAAGPAFIVVTADASATALGTRYAVAR 

 

P23485          QDNFTQLDVQQHAVEVLLASAPAQ------KRIVNAGESLQFSASEFGAVKPLD--DEST 

P23485          QDNFTQLDVQQHAVEVLLASAPAQ------KRIVNAGESLQFSASEFGAVKPLD--DEST 

peg.3043        QAQRTVVVVHEHEVVVETMAGAHG--------IVRAGTGARFDVSRIDTPRAEL--VAEA 

peg.52          AEDRSQCVALTGQAGIVSVGGQQR--------LLAEGEGAWFDAHRIDPVQAAQ--THAA 

peg.5575        AQDQVQLDVYDGEVAVRNRAGATV--------NVMAGGQARFNAERILSTERAD--PARQ 

peg.3140        GRASTRVDVFEGSTEIRTTAGRTL--------RVHNGQAATFDTQQIRALAGAD--PMRE 

peg.4162        EDHDILLAVYEGQVRIRTLSGQET--------LVRGGEQKRYTANTISEAAPAD--PARE 

peg.5783        DGAACRVSVQEGRVNLR--GGGVV------VPLA-AGEQAWLRDDAPARPEPAD--PHAA 

peg.408         QDDLTRVAVLRHAVALEPATGGAP------VILK-AGEQGTLAPAGAQAAGAIT--GEPD 

peg.5385        MGDHAQVAV-EQGAVRLEPRLAT-----HASVVVPAGMAATFDAGSATAPTAFP--PQQQ 

peg.1432        HDLATRVEVLDQTATVLPGRAAASPAAYRPAVLLHANQAVSFDGDGAGPVGVAA--ADAA 

peg.665         TPHGARLGVYEGSVALQREGLSTQ--------TADAGERLGYDDQGGVERQAAD--PDRL 

peg.5685        EGDGVTLAVEEGSVEFSAGPWWSRR-----THRLTAGYVAHYAPGGGLEAPRQENVAAIT 

peg.5708        DEDVVTVLVRSGTVEVTGGHWWNLG-----LAVLRDGHGIRVPGSGAIGVPAPADVETAL 

peg.1751        LDDIVTVSVTEHAVAVR--PRPDAP-----PVTLEAGWQMRYGVSGG-AAPARFDQAAAL 

peg.412         HDGVTKLAMIESRVRVEAAGTPPTQ-----ALVVRAGQRVAVTAQGVGPIAAVDPGQVED 

peg.2959        DRDATRVTVYTHQVAVQCLACADRQ-----PQTLDAGQRIAVSADGTVQDAAPH--ETAP 

 

P23485          SWTKDILSFSDKPLGEVIATLTRYRNG-VLRCDPAVAGLRLSGTFPLKNTDAILNVIAQT 

P23485          SWTKDILSFSDKPLGEVIATLTRYRNG-VLRCDPAVAGLRLSGTFPLKNTDAILNVIAQT 

peg.3043        AWEAGWVDARGRPLAEVIAALRPYRSG-TLRVSMAAGGLPVSGHFPLDDTDAALDALQDQ 

peg.52          AWQEGRIEVHDEPLQRVVDALARYRPG-WIRVSAAASRLRVSGLFPLDDTERALEALRHT 

peg.5575        AWSRGVVLADNLPLKTLVNELGRYRKG-YLGVAPEVADMLVMGVFPADDPDSALDLLERN 

peg.3140        AWVHGVVPADHIRLADLLAELGRYRHG-HLGVAPEVADIRVMGVFPTDDTDRALAMLEQT 

peg.4162        AWSRGVILAENLPLDDLVAELGRYHVG-HTGVDPRIAGLRVVGRYPASDLPRTLSMLERE 

peg.5783        DWTRGVLHVNAWRLDAFAAELGRYRPG-LLRCDPEVAGLRLSGAFQLHDTDAVLAALPST 

peg.408         AWTRGLLVVDNWRLDDFIARLDRYRPG-LLRCDDGVAALRLSGAFPVDDTDQALAAVTRA 

peg.5385        GWVDGMLYANGMRLDALVAALARYRPG-RLACDPAVGSLRISGAYPVDDTDRALAAIERV 

peg.1432        AWLHGRLAVVDRPLGEVIAELARYRPG-ILRCDPAVAGLKVSGVFSLRDTDEALAAISDS 

peg.665         AWVDGLVVAKDWRLDYFADYLARQRVG-LIRVDPAVAGLRLSGVFPLDDAERALKALEPA 

peg.5685        AWQRGRLEFRDAPLQQVVVELNRYLREPLRIDDAALARLRVAGTLPIDDPEAVLDVLPRI 

peg.5708        AWQTGRVVFRNAPLAEVVSEMNRYLATPLRLADSKAGRLRVSASFSLDRPEALLEALPAV 

peg.1751        AWRQDRLVFNDVPLATVLAELQRYQRGPIFLMDASVGALPVTAAFHTADPQEALRGLAET 

peg.412         AWRFHQLAARDQPLADVLEELNRHRSGRIFYDEAALAGIRMTVVLPLDDTGRALRLLAES 

peg.2959        AWSQGMLAFNNTALPEAAAQLARYTGKHILVLGELARDTRVSGTAGVADPKRALDLLLAQ 
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Figure 3-29 Amino acids sequence alignment for FecR homologues. 
The above sequence alignment shows that the sequences of peg408 and peg5783 

(shown as bold text and highlighted yellow) have conserved amino acid residues with 

respect to the query sequence, FecR from E. coli. The transmembrane region of FecR 

is labeled as TM. 

3.3.1.3 Phylogenetic Analysis of FecI and FecR 

The phylogenetic analysis was done using the information from the amino acids 

sequence alignments (See section 3.3.1.2). The analysis shows that the peg407 and 

peg5782 have evolutionary close relation to the E. coli FecI and are grouped together 

in the phylogenetic tree (Figure 3-30). Similarly, the peg5783 and peg408 are closely 

related to E. coli FecR and are grouped together in the tree (Figure 3-31). The results 

from blast search and amino acids sequences alignment together with phylogenetic 

analysis suggested that the peg407/5782 (FecI) and peg5783/408 (FecR) are suitable 

candidates to perform interaction studies as drug target. For this purpose 

corresponding nucleotide sequences coding for FecI (peg407 and peg5782) and N-

terminal cytoplasmic region of FecR (PEG408 and PEG5783) were cloned in 

expression vectors and expressed in E. coli (BL21 DE3), and purified as described 

below. 

P23485          LP-VKIQSITRYWINISPL------ 
P23485          LP-VKIQSITRYWINISPL------ 

peg.3043        MP-IHVRRYTPWFVSINVAA----- 

peg.52          QP-ITLRRFGAWLVMIDVAARQA-- 

peg.5575        LP-VRVQRPLPWWTSIVAR------ 

peg.3140        LP-IRVRRRLPWWTTVEGR------ 

peg.4162        LP-IRIQRTLPWWTTLEPK------ 

peg.5783        LP-VRVRYRSAYWVTIAPRAGQA-- 

peg.408         LP-VNIARFTRYYVRIVARR----- 

peg.5385        LP-VRADRLTRYWVTVRAR------ 

peg.1432        FP-VQTRRHTRYWVTVMARPAA--- 

peg.665         LP-IVVTRHTQYWLQVGPRTA---- 

peg.5685        AP-VIVLYPAGGGRVLAPR------ 

peg.5708        AP-VKLTPSASGVIDVTAR------ 

peg.1751        FP-IRLRVVAGYATLVYAR------ 

peg.412         VPGLTLRFASSYFVWVGRTGGEAAR 

peg.2959        TK-VRITDLPGLLILR--------- 
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Figure 3-30 Phylogenetic analysis of FecI. 

The phylogenetic analysis of the E. coli FecI (P23484) amino acid sequence (colored 

red) with respect to amino acid sequences of PEG407 and PEG5782 (colored blue) 

and other homologues in A. xylosoxidans. Please note that the PEG407 and PEG5787 

lie closed to E. coli FecI suggesting a close evolutionary relationship. 

 

Figure 3-31 Phylogenetic analysis of FecR. 

The phylogenetic analysis of the E. coli FecR (P2385) amino acid sequence (colored 

red) with respect to amino acid sequences of PEG408 and PEG5783 (colored blue) 

and other homologues in A. xylosoxidans. Please note that the PEG408 and PEG5783 

lie closed to E. coli FecR suggesting a close evolutionary relationship. 

3.3.2 Cloning Strategy and Construction of Expression Vectors for 

FecI and FecR (N-terminal Region) 

3.3.2.1 Construction of FecI (PEG407 and PEG5782) Expression Vectors 

The PEG407 and PEG5782 nucleotide sequences corresponding to FecI were 

amplified from the genomic DNA of A. xylosoxidans as described previously (Section 
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2.4.3.1). The PCR amplified product of PEG407 is 548 bp DNA fragment. Whereas 

the amplified DNA fragment size of PEG5782 is 531 bp. same fragment sizes were 

observed after PCR when analyzed on 1% agarose gel. The size of each band 

corresponding to either of the amplified DNA fragment was compared with respect to 

the DNA marker as shown in Figure 3-32A. The amplified fragments were restricted 

with restriction enzymes Nde I and Eco RI (Figure 3-32B) and ligated into 

corresponding sites of pET28a-Pres vector to obtain the resultant pET28a-Pres-

PEG407 and pET28a-Pres-PEG5782 expression vectors (See Figure 2-2A and B for 

the construction scheme of pET28a-Pres-PEG407 and pET28a-Pres-PEG5782, 

respectively and Section 2.4.3.1). The resultant expression vectors were confirmed by 

colony PCR that gave the DNA band of 818 bp for pET28a-Pres-PEG407 construct 

and 801 bp for pET28a-Pres-PEG5782 in comparison with amplified fragment of 270 

bp from pET28a-Pres vector which was taken as negative control (Figure 3-32C). 

Further confirmation was done by DNA sequencing. The whole cloning process was 

monitored by analyzing 1% agarose gel as shown in Figure 3-32A, B and C. 

To enhance solubility of FecI proteins from PEG407 and PEG5782, respective 

coding sequences were fused on the N-terminus to maltose binding protein nucleotide 

sequence. For this purpose, PEG407 and PEG5782 DNA sequences were amplified 

from pET28a-Pres-PEG407 and pET28a-Pres-PEG5782 constructs, respectively, 

using V3-PEG407-F/V3-PEG407-R and V3-PEG5782-F/V3-PEG5782-R set of 

primers (Table 2.2 and Section 2.4.3.1). Figure 3-33A shows the PCR amplified DNA 

fragments of 548 bp and 530 bp corresponding to PEG407 and PEG5782, 

respectively. The amplified fragments of PEG407 and PEG5782 were restricted with 

restriction enzymes Stu I/Nco I and Sma I/Nco I, respectively and analyzed on agarose 

gel (Figure 3-33B and C) and subsequently ligated into the corresponding sites of the 

plasmid pKLD116-V3 restricted with the same restriction enzymes to generate 

pKLD116-V3-PEG407 and pKLD116-V3-PEG5782 (The construction scheme of 

pKLD116-V3-PEG407 and pKLD116-V3-PEG5782 are illustrated in Figure 2-2C 

and D). The resultant pKLD116-V3-PEG407 and pKLD116-V3-PEG5782 plasmids 

were confirmed by colony PCR that gave the expected DNA bands of 1948 bp and 

1930 bp respectively (Figure 3-33D, lane 6 and E, lane9) followed by sequencing. 
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Figure 3-32 Construction of pET28a based FecI (PEG407 and PEG5782) 

expression constructs. 

A. xylosoxidans genome was used as template to amplify PEG407 and PEG5782 as 

described in Materials and Methods (Section 2.4.3.1). The resulted amplified 

fragment size corresponding to each gene is given in panel [A] along with the plasmid 

DNA of pET28a-Pres. While panel [B] shows the purified DNA fragments after 

restricted with corresponding restriction endonucleases such that the lane 1 and 4 

show the pET28a-Pres plasmid restricted with Nde I and Eco RI. The lane 2 and 3 

show PEG407 and PEG5782, respectively, restricted with the same set of enzymes. 

As  shown in the panel [C], the resultant expression constructs (as previously 

illustrated in Figure 2.2A and B) were screened out by colony PCR (using T7P-F (T7 

promoter) / T7T-R (T7 terminator) set of primers) where their amplified fragments (a 

fragment 818 bp including PEG407 shown in lane 1 and 3 while 1801 bp fragment 

including PEG5782 are shown in Lane 4 and 5) were compared with that of  pET28a-

Pres plasmid vector without insert (270 bp fragment in lane labeled as ‘C’). The 

mobility of each DNA band with respect to DNA marker is denoted by an arrow. M 

denotes 1 kb DNA ladder. 
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Figure 3-33 Generation of pKLD116-V3 based FecI expression constructs. 
The DNA fragments of PEG407 and PEG5782 were amplified using the pET28a-

Pres-PEG407 and pET28a-Pres-PEG5782, respectively, as template DNA and were 

analyzed on agarose gel as shown in panel [A]. Lane 1 shows a 548 bp amplicon of 

PEG407 while lane 2 shows the 530 bp fragment of PEG5782. Panel [B] showed the 

purified DNA fragments of pKLD116-V3 plasmid (Lane 1) and PEG407 (Lane 2) on 

agarose gel after restriction with Stu I and Nco I enzymes. Whereas panel [C] shows 

DNA fragments of pKLD116-V3 plasmid (Lane 1) and PEG5782 (Lane 2) after 

restriction with Sma I and Nco I enzymes. The expression constructs (also illustrated 

in Figure 2.2C and D) positive for pKLD116-V3-PEG407 (Lane 7 in panel [D]) and 

pKLD116-V3-PEG5782 (Lane 16 in panel [E]) were selected by colony PCR as 

compared to the control-the one which is the amplified sequence of 1400 bp coding 

for His8-MBP-HRV 3C (Lane 1 in panel [D]) and the negative ones in the rest of the 

lanes of panel [D] and [E]. The mobility of each band with respect to DNA marker is 

denoted by an arrow. M is 1 kb DNA ladder used as standard DNA marker. 

3.3.2.2 Construction of FecR-N Terminal Region (PEG408 and PEG5783) 

Expression Vectors 

The construction scheme for the FecR-N terminal region expression vectors is 

described in Materials and Methods (See section 2.4.3.2 and Figure 2-3). The PCR 

amplified PEG408 (N terminal region) has a fragment size of 275 bp (generated by 

two different set of primers, one set for cloning in pET28a-Pres plasmid and other for 
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cloning in pKLD116-V3 plasmid) and that of PEG5783 (N terminal region) has a 301 

bp (for cloning in pET28a-Pres plasmid) and 298 bp (for cloning in pKLD116-V3 

plasmid) as visualized on 1% agarose gel (Figure 3-34A). These fragments were 

restricted with restriction enzymes Nde I and Hind III and cloned into pET28a-Pres 

vector to generate pET28a-Pres-PEG408 and pET28a-Pres-PEG5783 expression 

constructs (See Figure 2-3A and B in Materials and Methods and Figure 3-34B and 

C). Similarly, pKLD116-V3 based constructs (pKLD116-V3-PEG408 and pKLD116-

V3-PEG5783) for MBP-fusion were generated using restriction enzymes Stu I/Hind 

III (Figure 3-34B and C). The resultant expression vectors, pET28a-Pres-PEG408, 

pKLD116-V3-PEG408, pET28a-Pres-PEG5783 and pKLD116-V3-PEG5783 were 

confirmed by colony PCR that gave the corresponding DNA bands of 545 bp, 1675 

bp, 571 bp and 1698 bp, respectively (Figure 3-34D and E). 

 

Figure 3-34 Construction of FecR (N-terminal region) expression clones and 

their analysis on 1% agarose gel. 
[A] Lane 1 is the DNA fragment corresponding to N-terminal region (Methionine 1 to 

Arginine 76) of PEG408 amplified with PEG408-F/PEG408-R primers and Lane 2 

the same region amplified with V3-PEG408-F/ V3- PEG408-F primers. Accordingly 

lane 3 is N-terminal region (Methionine 1 to Arginine 76) of PEG578 amplified with 

PEG5783-F/PEG5783-R primers and lane 4 is same fragment amplified with V3-

PEG5783-F/V3-PEG5783-R set of primers (See Table 2.2 for list of primers used) 

from the genomic DNA of A. xylosoxidans taken as template. [B] The DNA band in 
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lane 1 shows the unrestricted pET28a-Pres plasmid, Lane 2 shows pET28a-Pres 

plasmid restricted with Nde I and Hind III, lane 3 shows unrestricted pKLD116-V3 

plasmid while lane 4 shows pKLD116-V3 plasmid restricted with Stu I and Hind III. 

[C] Shows the purified DNA fragments of N-terminal region of PEG408 and 

PEG5783 after cutting with their respective restriction enzymes. The DNA band in 

Lane 1 shows PEG408 fragment restricted with Nde I and Hind III and Lane 2 with 

Nde I and Hind III. Likewise Lane 3 shows PEG5783 fragment restricted with Nde I 

and Hind III and lane 4 shows restriction with Nde I and Hind III (Also see Figure 2.3 

for cloning scheme). Panel [D] and [E] show the agarose gel analysis of colony PCR 

performed for screening positive clones. In [D] lane -C is negative control (pET28a 

without insert), lane 1 to 8 show no amplification at all meaning that they refer to 

colonies without construct while Lane 9 and 10 show clones positive for pET28a-

Pres-PEG408
1-76 aa

 and pET28a-Pres-PEG5783
1-93 aa

, respectively. Panel [E] shows 

the colony PCR generated DNA bands (1650 bp) of clones positive for pKLD116-V3-

PEG408
1-76 aa

 (Lane 1 and 2) and (1698 bp) for positive clone of pKLD116-V3-

PEG5783
1-93 aa

 (Lane 3 and 4) as compared to negative control (Lane -C), an 

amplified region between T7 promoter and terminator region of  1400 bp coding for 

His8-MBP-Pres. The mobility of each band with respect to DNA marker is denoted by 

an arrow. M is 1 kb standard DNA marker. 

3.3.3 Expression Analysis and Purification of FecI 

The polyhistidine tagged PEG407 and PEG5782 proteins (FecI) from pET28a-Pres-

PEG407 and pET28a-Pres-PEG5782 expression constructs (See construction scheme 

in Figure 2-2A and C) have calculated molecular masses of 22.3 and 21.7 kDa, 

respectively. The molecular masses of His8-MBP-HRV 3C-PEG407 and His8-MBP-

HRV 3C-PEG5782, from expression vectors, pKLD116-V3-PEG407 and pKLD116-

V3-PEG5782 (See construction scheme in Figure 2-3B and D), are 65.13 and 64.4 

kDa respectively. The strategies used for soluble expression (Section 2.7.3) and 

purification of PEG407 and PEG5782 proteins (Section 2.9.3) are described in 

Materials and Methods. 

3.3.3.1 Expression and Purification of Polyhistidine-tagged FecI Proteins 

In initial expression trials, the His8-HRV 3C-PEG407 and His8-HRV 3C-PEG5782 

proteins from pET28a-Pres-PEG407 and pET28a-Pres-PEG5782 expression 

constructs did not yield soluble proteins when expressed in E. coli BL21 (DE3) cells 

(Section 2.7.3) and majority of the proteins were expressed in inclusion bodies 

(Figure 3-35A). After preliminary expression analysis, following SDS-PAGE (Section 

2.6), a western blot (Section 2.8) was performed for both the proteins and it was 

further confirmed that both the proteins are predominantly expressed in inclusion 

bodies (Figure 3-35B and C). Thus, the polyhistidine tagged PEG407 and PEG5782 

proteins were purified (Figure 3-36A and B) by Ni-NTA affinity chromatography, 
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from the inclusion bodies under denaturing conditions (Section 2.9.3) using 4 M urea 

in purification buffers. However, the proteins were aggregated/precipitated (Figure 3-

37) during an attempt to refolding by gradual removal of urea through dialysis 

(Section 2.9.3.1). 

 

Figure 3-35 Expression of His8-HRV 3C-PEG407 and His8-HRV 3C-PEG5782 

from pET28a-Pres-407 and pET28a-Pres-5782, respectively, in BL21 (DE3) and 

their analysis on SDS-PAGE followed by western blot. 

E. coli BL21 (DE3) cells containing His8-HRV 3C-PEG407 and His8-HRV 3C-

PEG5782 proteins were lysed using cell disrupter as described previously. Soluble 

and insoluble fractions were separated by centrifugation. Panel [A] shows the 

expression in inclusion bodies (Ibs) as indicated by thick arrow in contrast to soluble 

fractions (S). In panel [B] the western blot was done for the proteins from inclusion 

bodies and showed that both the His8-HRV 3C-PEG407 (Lane 1) and His8-HRV 3C-

PEG5782 (Lane2) proteins were predominantly expressed in insoluble fraction. Panel 

[C] is the same SDS-PAGE that was used for the blot, after staining with Coomassie 

blue. C is a His8-tagged protein as positive control for the blot. M denotes protein 

molecular weight marker. 
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Figure 3-36 Purification of His8-HRV 3C-PEG407 and His8-HRV 3C-PEG5782 

under desaturation condition using 4 M urea. 

The Ni-NTA affinity purification of His8-HRV 3C-PEG407 [A] and His8-HRV 3C-

PEG5782 [B] from the inclusion bodies was performed in presence of 4 M urea in 

purification buffers. The SDS-PAGE shows highly pure protein fractions lane F1 to 

lane F7 of panel [A] and [B]. M is the protein marker of known molecular weight. 

 

Figure 3-37 Refolding of FecI (His8-HRV 3C-PEG407 and His8-HRV 3C-

PEG5782). 

The Ni-NTA purified His8-HRV 3C-PEG407 and His8-HRV 3C-PEG5782 were 

pooled separately and subjected to stepwise dialysis against Tris-HCl buffer to 

remove urea and imidazole and refold the proteins. The dialyzed proteins were 

centrifuged to remove the precipitated proteins. The lane 1 and lane 3 show the His8-

HRV 3C-PEG407 and His8-HRV 3C-PEG5782 before dialysis and lane 2 and 4 after 

dialysis, respectively. M is the known molecular weight marker. 

3.3.3.2 Hydropathy Analysis of His8-HRV 3C-PEG407 and His8-HRV 3C-

PEG5782 (FecI) 

In order to check the relative hydrophobicity of His8-HRV 3C-PEG407 and His8-

HRV 3C-PEG5782 proteins, hydropathy analysis was performed using Kyte and 

Doolittle method (URL: http://www.ebi.ac.uk/Tools/seqstats/emboss_pepinfo/). The 
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analysis showed that about half of the amino acid residues of both proteins are 

hydrophobic in nature (Figure 3-38A and B) and those may effect soluble expression 

of His8-HRV 3C-PEG407 and His8-HRV 3C-PEG5782 proteins. Hence, another 

strategy was adopted to increase the chances of soluble expression using maltose 

binding protein as a solubility tag. 

 

Figure 3-38 Hydropathy analysis of FecI (His8-HRV 3C-PEG407 and His8-HRV 

3C-PEG5782). 
The hydropathy analysis was performed using Kyte and Doolittle method in order to 

check the hydrophobicity of His8-HRV 3C-PEG407 [A] and His8-HRV 3C-PEG5782 

[B]. The analysis shows that in both the proteins, about half of the total amino acid 

residues are hydrophobic in nature.  

3.3.3.3 Use of Maltose Binding Protein Solubility Tag for Soluble Expression of 

FecI Proteins 

The soluble expression of His8-HRV 3C-PEG407 and His8-HRV 3C-PEG5782 

proteins from pET28a based expression constructs was not successful and so was the 

attempt to refold the Ni-NTA purified protein under denaturing condition from 

inclusion bodies. Therefore, both the proteins fused with MBP were over-expressed in 

E. coli BL21 (DE3) cells using pKLD116-V3-PEG407 and pKLD116-V3-PEG5782 

expression constructs. The soluble protein fractions were purified using Ni-NTA 

affinity method under native conditions as described in Section 2.9.1.1 and as a result 

highly pure protein fractions were obtained (Figure 3-39 and Figure 3-
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40).Subsequently, the His8-MBP-HRV 3C-PEG407 was treated with lab-made HRV 

3C protease, using the protocol described in Section 2.9.3.2, in order to cleave the 

fused PEG407 from the His8-MBP-HRV 3C counterpart. A similar treatment was 

done with His8-MBP-HRV 3C-PEG5782. However, in both cases, the cleaved 

proteins were precipitated/aggregated soon after cleavage from their soluble MBP 

counterpart .i.e. after 4 hours of incubation with HRV 3C protease (Figure 3-41). 

 

Figure 3-39 Expression and Ni-NTA affinity purification of His8-MBP-HRV 3C-

PEG407 from pKLD116-V3-PEG407/BL21 (DE3). 

The SDS-polyacrylamide gel picture shows the expression and purification (Section 

2.9.1) of His8-MBP-HRV 3C-PEG407 from 0.5 L cell culture. From left to right ‘Lys’ 

is cell lysate,  ‘UB’ is unbound proteins passed through Ni-NTA column, W1 to WL 

are different washes while F1 to F10 are elution fractions eluted with buffer 

containing 150 mM imidazole. M denotes protein marker of known molecular weight. 

 

Figure 3-40 Expression and Ni-NTA affinity purification of His8-MBP-HRV 3C-

PEG5782 from E. coli BL21 (DE3) cells. 

The SDS-polyacrylamide gel picture shows the expression and purification (Section 

2.9.1) of His8-MBP-HRV 3C-PEG5728 from 0.5 L cell culture. From left to right 

‘Lys’ is cell lysate, ‘UB’ is unbound proteins passed through Ni-NTA column, W1 to 

WL are different washes while F1 to F10 are elution fractions eluted with buffer 

containing 150 mM imidazole. M denotes protein marker of known molecular weight. 
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Figure 3-41 Cleavage of fusion tag from His8-MBP-HRV 3C-PEG407 and His8-

MBP-HRV 3C-PEG5782 to produce native FecI proteins. 

The Ni-NTA purified His8-MBP-HRV 3C-PEG407 (Lane 2) and His8-MBP-HRV 3C-

PEG5782 (Lane 4) and their respective cleavage products (Lane 3 and lane 5) along 

with the precipitated fractions in lane 6 and 7 were analyzed by SDS-PAGE. Lane 1 

shows the HRV 3C protease used for His8-MBP-HRV 3C-tag removal. A shows the 

mobility position of uncleaved His8-MBP-HRV 3C-PEG407 or His8-MBP-HRV 3C-

PEG5782 proteins, B shows the cleaved His8-MBP-HRV 3C-tag, C indicates the 

position of HRV 3C protease whereas D denotes the position of cleaved PEG407 or 

PEG5782. Please note that majority, if not all, of PEG407 and  PEG5782 cleaved 

fragments are present in lane 6 and 7 as precipitated fraction depicted by the thick 

band at position D. M denotes the protein marker of know molecular weight. 

3.3.3.4 Use of Different Detergents for Solubilization and Purification of FecI 

(PEG407) 

Solubilization of the FecI proteins (His8-HRV 3C-PEG407 and His8-HRV 3C-

PEG407) using 4 M urea and subsequent refolding was not successful. Furthermore, 

both the proteins precipitated as soon as the MBP tag was removed in attempt to 

produce the PEG407 or PEG5782 in native form. Therefore, we assessed 

solubilization of His8-HRV3C-PEG407 under reducing conditions using four 

detergents (1% of either Sarcosine, N, N-Dimethyldodecylamine N-oxide (LDAO), n-

Dodecyl β-D-maltoside (DDM) or Triton X100) as described in Section 2.9.3 of 

Materials and Methods. The initial solubilization screening was done for His8-HRV 

3C-PEG407 showed that all the detergents effectively solubilize the His8-HRV 3C-

PEG407 protein (Figure 3-42). Further, His8-HRV 3C-PEG407 was successfully 

purified in soluble form in the presence of 1% and 0.1% LDAO (Figure 3-43A and 

B). It was observed that presence of 0.1% LDAO (LDAO concentration close to its 

critical micelle concentration) may be required to keep the protein soluble as His8-

HRV 3C-PEG407 precipitated out when LDAO is completely removed by dialysis 
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(Figure 3-43C). Thus, it was concluded that purification of PEG407 must be carried 

out in the presence of LDAO. Considering the requirement for the use of LDAO, 

MBP fused PEG407 (His8-MBP-HRV 3C-PEG407) was purified in the presence of 

0.075% LDAO (Figure 3-44) and the purified protein fraction was selected as FecI 

candidate for the subsequent protein-protein interaction study with FecR (PEG408
1-76 

aa
) (See Section 3.3.5). 

 

Figure 3-42 Solubilization of His8-HRV 3C-PEG407 using various detergents. 

Cells from 50 mL culture containing His8-HRV 3C-PEG407 were lysed without or in 

the presence of 1% of either Sarcosine, LDAO, DDM or Triton X100 and following 

separation of soluble fraction (S) from inclusion bodies (Ibs). Soluble and insoluble 

sample from each segment of the screen was loaded in 15% SDS-PAGE. From left to 

right M is the protein marker. The solubilization effect (please see lane S) of each 

detergent was compared relative to the control (in which no detergent was used). The 

gel shows that each of the detergent have efficiently solubilized the protein and is 

evident by a thick band in lane S as compared to the thin band in Ibs. M is the protein 

marker for protein mobility. 
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Figure 3-43 Ni-NTA affinity purification and LDAO optimization for His8-HRV 

3C-PEG407. 

Cells from 500 mL culture containing His8-HRV 3C-PEG407 were lysed in the 

presence of 1% LDAO and purification was done as per Section 2.9.3 of Materials 

and Methods. In panel [A] from left to right ‘Lys’ is cell lysate, ‘UB’ is unbound 

follow-through of proteins from Ni-NTA column, W1 to WL are different washes 

while F1 to F4 are elution fractions in the presence of 150 mM imidazole and 1% 

LDA0. Panel [B] shows the same purification scheme of His8-HRV 3C-PEG407 

except for the elution was done 0.1% LDAO. The LDAO concentration was further 

reduced to  ̴ 0% by dialysis (Section 2.9.3.1), however, the protein was precipitated 

upon removal of LDAO and very less amount  of the protein was obtained after 

centrifugation in supernatant (Panel [C] lane 0%). 

 

Figure 3-44 Ni-NTA purification of His8-MBP-HRV 3C-PEG407 in the presence 

of 0.075% LDAO for protein-protein interaction study. 

The SDS-PAGE shows the purification of His8-MBP-HRV 3C-PEG407 in the 

presence of 0.075% LDAO. From left to right ‘Lys’ is the lysate, ‘UB’ is the un 

bound protein in the flow-through W1 and WL are wash fractions whereas F2 to F6 

are different elution fractions as labeled.  The mobility of protein marker is shown by 

M. 
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3.3.4 Expression Analysis and Purification of FecR (N-terminal 

Region) 

The His8-HRV 3C-PEG408
1-76 aa

 and His8-MBP-HRV 3C-PEG408
1-76 aa

 proteins from 

the corresponding pET28a-Pres-PEG408
1-76 aa

 and the pKLD116-V3-PEG408
1-76 aa

 

expression vectors (See construction scheme in Figure 2-3A and C) have molecular 

masses of 10.9 and 53.6 kDa, respectively. Whereas the His8-HRV 3C-PEG5783
1-93 aa

 

and His8-MBP-HRV 3C-PEG5783
1-93 aa

 proteins, from pET28a-Pres-PEG5783
1-93 aa

 

and pKLD116-V3-PEG5783
1-93 aa

 expression constructs (See construction scheme in 

Figure 2-3B and D) have the respective molecular masses of 12.7 and 55.5 kDa. 

His8-HRV 3C-PEG408
1-76 aa

 and His8-MBP-HRV 3C-PEG5783
1-93 aa

 proteins 

were effectively over-expressed in soluble form pET28a-Pres-PEG408
1-76 aa

 and 

pKLD116-Pres-MBP-PEG5783
1-93 aa

 expression vectors in E. coli BL21 (DE3) cells 

(Figure 3-45) using conditions as described in Materials and Methods (Section 2.7.1). 

SDS-PAGE analysis showed dense protein bands of 11 and 54 kDa corresponding to 

His8-HRV 3C-PEG408
1-76 aa

 and His8-MBP-HRV 3C-PEG408
1-176 aa

 proteins, 

respectively, in contrast to negative control (Figure 3-45A, Lanes S indicated by black 

arrowhead). Similarly, soluble expression of His8-MBP-HRV 3C-PEG5783
1-93 aa

 was 

obtained from pKLD116-V3-PEG5783
1-93 aa

 (Figure 3-45B). However, expression of 

His8-HRV 3C-PEG5783
1-93 aa

 from pET28a-Pres-PEG5783
1-93 aa

 did not yield the 

soluble protein (Figure 3-45B). Therefore, for protein-protein interaction study of 

FecR-N terminal region with FecI (His8-MBP-HRV 3C-PEG407), the His8-HRV 3C-

PEG408
1-76 aa

 protein was selected and purified (Figure 3-46 and Section 2.9.1.1). The 

purified protein fraction was incubated with HRV 3C protease (Section 2.9.3.2) and 

the cleaved His8-HRV 3C- tag was eventually removed by reverse Ni-NTA treatment. 

The difference (of ~ 2 kDa for His8-HRV 3C- tag) in the position of bands of 

uncleaved (Figure 3-47, lane 2) and cleaved (Figure 3-47, lane 3) proteins on 15% 

SDS-PAGE revealed that the tag has been removed completely. 
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Figure 3-45 Expression analysis of FecR-N terminal region in E .coli DL21 (DE3) 

cells. 

Panel [A] shows soluble expression of His8-HRV 3C-PEG408
1-76 aa

 and His8-MBP-

HRV 3C-PEG5783
1-93 aa

 proteins in comparison with pET28a-Pres as negative control 

in E .coli DL21 (DE3). In panel [B] the soluble expression of His8-MBP-HRV 3C-

PEG5783
1-93 aa

 is shown in second lane labeled as S and protein band by arrow. 

Whereas the expression of His8-HRV 3C-PEG5783
1-93 aa

 led to formation of inclusion 

bodies (Ibs). The identity of individual protein expressed either in inclusion bodies or 

in soluble fraction is indicated by black arrow. Whereas M denotes the protein marker 

of know molecular masses. 

 

Figure 3-46 Ni-NTA affinity purification of His8-Pres-PEG408
1-76 aa

 for protein-

protein interaction study. 

The purification of His8-Pres-PEG408
1-76 aa

 was done from 500 mL cell culture under 

native condition as described in details in Section 2.9.1 of Materials and Methods. 

From left to right ‘Lys’ is cell lysate, ‘UB’ is unbound follow-through of proteins 

from Ni-NTA column, W1 to WL are different washes while F2 to F6 are elution 

fractions (Section 2.9.1). M denotes the protein marker of known molecular masses. 
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Figure 3-47 SDS-PAGE analysis of FecI (His8-MBP-HRV 3C-PEG407) and FecR 

native PEG408
1-76 aa

 for protein-protein interaction study. 

Lane 1 shows the Ni-NTA purified His8-HRV 3C-PEG407, lane 2 represents the 

uncleaved His8-HRV 3C-PEG408
1-76 aa

, while lane 3 shows the HRV 3C protease 

cleaved PEG408
1-76 aa

 after complete removal of His8-HRV 3C- tag by reverse Ni-

NTA treatment. M denotes the protein marker of known molecular masses. 

3.3.5 Study of Interaction of FecI (PEG407) with FecR (PEG408
1-76 

aa
) 

To check the affinity of FecI with FecR (N-terminal region), amylose resin based 

chromatography was used. The PEG408
1-76 aa

 was incubated with MBP tagged 

PEG407 (His8-MBP-HRV 3C-PEG407) and purified MBP (His8-MBP-HRV 3C; 

negative control) in separate falcons as described in Materials and Methods (Section 

2.9.4). The PEG408
1-76 aa

 protein did not bind either to MBP tagged PEG407 or MBP 

because only MBP tagged PEG407 or MBP protein came out from the amylose 

column upon elution with maltose containing buffer (Figure 3-48A and B; lane 5 and 

onwards). On the other hand significant amount of unbound PEG408
1-76 aa

 was found 

in flow through fractions, collected from amylose column before elution (Figure 3-

48A and B; lanes 1 to 4 and 5, respectively). On the basis of these preliminary 

findings, it is suggested that FecI (PEG407) may not interact with the N-terminal 

cytoplasmic region of PEG408 (FecR). However, the native conformation of PEG407 

need to be assessed particularly in this case where the soluble expression was not 

quite successful.   
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Figure 3-48 Protein-protein interaction of the N-terminal region of FecR 

(PEG408
1-76 aa

) with FecI (His8-MBP-HRV 3C-PEG407). 

Panel [A] shows the protein-protein interaction of N-terminal region of FecR 

(PEG408
1-76 aa

) and His8-MBP-HRV 3C-PEG407. Lane 1 to 5 shows the flow-through 

containing native PEG408 and unbound His8-MBP-HRV 3C-PEG407 from amylose 

column. Whereas lane 6 to 9 show the elution from the same column with 20 mM 

Tris-Cl buffer containing 10 mM maltose. Panel [B] shows SDS-PAGE for protein-

protein interaction assay (Section 2.9.4) of PEG408
1-76 aa

 and MBP as negative 

control. Lane 1 to 5 shows the flow-through from amylose column containing 

PEG408
1-76 aa

 and unbound His8-MBP. Whereas lane 6 to 9 show the elution with 20 

mM Tris-Cl buffer containing 10 mM maltose. As obvious from the SDS-PAGE 

picture the PEG408
1-76 aa

 did not interact with the PEG407 [A] as well as well as with 

MBP in the control [B]. The mobility of individual proteins is illustrated with black 

arrow whereas M is the protein marker. 
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4 Discussion 

In 2016, the World Health Organization (WHO) released a report stating that more 

than 400 million people are affected with diabetes (both Type I and Type II) [229] 

around the world and the number of patients with this serious chronic disease is 

alarmingly increasing. Diabetes is a multifactorial and complex disease and the 

affected patients are unable to either produce or utilize insulin-a key hormone for 

glucose metabolism produced in β-cells of pancreas, in the body. Thus, for the body 

to perform normal physiological function the pancreatic β-cells must produce insulin 

in sufficient amount as well as its delivery to specific sites of the cell must be insured. 

It has been demonstrated that human zinc transport protein hZnT8 assists the accrual 

of cytosolic zinc into intracellular vesicles (insulin granules) where insulin co-

crystallizes with zinc [127, 226]. The human zinc transport protein hZnT8 is 

specifically over-expressed in pancreatic beta cells [127]. Also, the hZnT8 auto-

antibodies are present in very high amount (60-80%) in Type 1 diabetes patients 

indicating a strong role for hZnT8 in providing zinc for insulin storage [118, 220, 

230]. In 2007, a genome-wide association revealed that mutation of Arg325 to 

tryptophan in the C-terminal cytoplasmic domain of hZnT8 may be associated with an 

increased susceptibility to the development of type 2 diabetes mellitus and in 

determining ZnT8 autoantibody epitope specificity in Type 1 diabetes [124]. Later, it 

was demonstrated that the hZnT8 autoantibodies attach to the C-terminal of the ZnT8 

transporter in the Type-1 diabetic patients [125]. These findings make hZnT8 together 

with its mutated version hZnT8
R325W

 important and interesting targets for a 

comparative biochemical and structural study in order to understand the underlying 

relationship between R325W mutation and zinc transport, and ultimately the possible 

role in the development of diabetes. Since it is very challenging to over-express full 

length eukaryotic membrane proteins such as hZnT8 in prokaryotic expression 

system, therefore, a schematic procedure was adopted using recombinant DNA 

technology to work on the cytoplasmic C-terminal part of hZnT8 which contains 

R325W mutation. 
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4.1 Generation of Expression Vectors and Expression of 

hZnT8 C-terminal Domain in Soluble Form 

For the production of hZnT8 C-terminal domain, pET28a based E. coli expression 

system was used. The expression of pET28a vector system is under the strong 

influence of T7 promoter and allows addition of oligohistidine tag at either end (N 

and C terminus) of the protein of interest for affinity purification. When plasmid 

vector harboring the target gene, is transferred to an E. coli expression host that 

contains a chromosomal T7 RNA polymerase gene copy under the control of lacUV5, 

the expression is induced by IPTG or lactose and consequently the cell uses its 

metabolic machinery to express the target proteins [231]. This system is very efficient 

for producing recombinant membrane proteins; however, there are exceptions in 

which the target proteins tend to aggregate in inclusion bodies [232, 233]. Similar was 

the case with hZnT8 domain when expressed in the pET28a vector using E. coli BL21 

(DE3), almost all the protein was aggregated in inclusion bodies (See Figure 3-4A). 

This could be due to many reasons such as, being a membrane associated protein, the 

hZnT8 domain might have manifested its hydrophobic nature in the E. coli and/or the 

metabolic stress response of the cells led to the misfolding of over-expressed domain 

[234]. However, this issue could be addressed by altering expression conditions such 

as induction at lower temperature, use of different inducer concentrations such as 

IPTG, selection of other E. coli hosts that have ability to produce protein under 

reducing or oxidizing conditions in cytoplasm [235], expression of a protein in fusion 

with highly soluble protein such as Maltose Binding Protein (MBP) etc. [236]. 

In current study, systematic expression of the domain was screened initially at 

37 °C and then at lower temperature (22 °C) using a range of IPTG inducer 

concentrations (0.25 to 1 mM). Due to the fact that the protein folding is very rapid 

process and at relatively lower post induction temperature (22 °C) and inducer 

concentration, the slow growth of host cells and lower rate of recombinant protein 

production allow enough time for the protein to fold properly. Thus, solubility of the 

recombinant protein could be enhanced. However, these efforts did not help in our 

case and no soluble expression was achieved when hZnT8 domain was expressed in 

fusion with N-terminal oligohistidine tag.  
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Therefore, in another strategy the hZnT8 domain was engineered in reading 

frame with MBP using pKLD116 vector [213]. The MBP is a well characterized 

chaperon like protein that enhances the solubility of many proteins, previously 

expressed in inclusion bodies, when fused to it [214, 237] and as a consequence 

significantly high amounts of soluble hZnT8 domain was produced. The expression in 

E. coli BL21 (DE3) in parallel with Rosetta
TM

 2(DE3) was done at increasing 

concentration of IPTG (0.25 to 1 mM) in order to compare enhanced yield of the 

domain at optimal IPTG concentration. The Rosetta
TM

 2(DE3) is a well-known 

bacterial strain for its rare codon usage for seven amino acids that are present on the 

chloramphenicol resistant plasmid gene. Followed by optimization of the expression 

of hZnT8 domain at various IPTG concentrations, the mutated version (hZnT8
R325W

) 

of the hZnT8 domain was generated using a modified site-directed mutagenesis 

technique (Stratagene) and further large scale (1 to 3 L) expression of both 

hZnT8WT
281-369

 and its mutant version hZnT8
R325W

 was carried out at low 

temperature using 0.5 mM IPTG inducer concentration in E. coli BL21 (DE3) cells. 

4.1.1 Purification of hZnT8 Domain 

To characterize and pursue further studies on the hZnT8 domain, target proteins must 

be purified in native and monodispersed form, and should be free of any aggregations. 

Thus, hZnT8WT
281-369

 and hZnT8
R325W

 were purified using nickel-affinity 

chromatography (Qiagen) and the fused MBP tag was removed by proteolytic 

cleavage using Tobacco Etch Virus (TEV) protease. The hZnT8 domain is the 

cytoplasmic C-terminal tail of full length zinc transporter protein, and such 

metalloproteins show affinity with other heavy metals too such as nickel. Therefore, it 

was difficult to remove the cleaved tag by simple reverse Ni-NTA treatment. 

Furthermore, it is worthwhile to mention that the 100% proteolytic cleavage was not 

achievable even at 25 °C in our case due to which it is possible that the cleaved and 

uncleaved proteins may interact with one another in solution by inter-domain 

interaction and this issue could be resolved using protease that work more efficiently 

than TEV protease such as HRV 3C protease (Section 3.2). However, using additional 

steps of ion exchange and amylose affinity based methods; the cleaved wild type and 

mutant version of hZnT8 domain were successfully separated and purified. 
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4.1.2 Characterization of hZnT8WT
281-369

 and hZnT8
R325W

  

The native hZnT8WT
281-369

 and hZnT8
R325W

 domain were obtained in highly pure and 

monodispersed form. The monodispersity of both the domains were confirmed by 

electron microscopy following purification with gel filtration chromatography. Such a 

high-quality protein is a pre-requisite for further structural/functional studies. It was 

previously believed that the cytoplasmic C-terminal domain of zinc transport proteins 

exists in oligomeric form by coordinating with two Zn
2+

 ions. Our oligomerization 

studies revealed that both hZnT8WT
281-369

 and hZnT8
R325W

 exist as homo-tetramer 

tightly bound by inter-domain interaction and that zinc plays an important structural 

role to hold the tetramer that is surprisingly stable also in the presence of even 8 M 

urea. However, the endogenous mouse ZnT8 protein, in pancreatic cell lines, form a 

homo-dimer that require membrane components to assemble [238]. 

The intrinsic fluorescence of proteins for hZnT8WT
281-369

 and hZnT8
R325W

 were 

exploited to assess Zn
2+

 binding to both domains and confirmed their affinity for Zn
2+

 

to somewhat similar extent. The hZnT8 C-terminal domain shares 12.3% identical 

and 39.5% homologous residues that results in 51.8% of overall homology with the E. 

coli zinc transporter proteins, YiiP. The homology model predicted that amino acid 

Arg325 or Trp325, that form the part of alpha-helix, are shielded by the planar surface 

of three cytoplasmic β-sheets [126]. Therefore, the sensing/zinc
 
binding capacity of 

the domain remains unaffected. Thus, the effect of the mutation R325W on the C-

terminal domain was further probed by CD analysis in the region between 200 nm and 

240 nm and it is indicated, together with FTIR data, that there are no critical global 

structural changes associated with R325W mutation in the hZnT8 domain. Moreover, 

no noticeable changes in the CD spectra have been observed after addition of 1 mM 

Zn
2+

. These data suggest that the inherited R325W mutation in hZnT8 may be 

tolerated and may result in suitable amount of zinc into pancreatic cells. In fact, a 

recent rare variant association study has reported that the zinc transport occurs in the 

cells expressing hZnT8WT and hZnT8
R325W

 and has shown a protective 

haploinsufficiency of ZnT8 against type 2 diabetes [129]. This study further provides 

support to the claim that in the perspective of future type 2 diabetes at population 

based level, the common risk variant, including hZnT8 R325W gene variant, alone 

has low predicted value [239, 240]. It is imperative to consider the view of identifying 

adverse phenotypic characteristics in predicting the risk of type 2 diabetes, because 
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individuals with more risk alleles have higher risk for type 2 diabetes [241]. Because 

the R325W mutation may not affect the overall structure of C-terminal domain as 

speculated by analysis from CD and FT-IR and the zinc sensing/binding capability 

may not be altered as suggested by the data from zinc binding analysis. Therefore, the 

mutation may not be involved in the pathogenesis of diabetes.     

4.2 Analysis of Activity of HRV 3C Protease 

The hallmark of robust recombinant protein production is the use of various solubility 

and affinity tags that are proposed to improve soluble expression and convenient 

purification of the target proteins to which these tags are attached. However, in most 

of the cases these tags must be removed after serving their requisite purpose(s) so that 

they may not cause any potential hindrance in the subsequent downstream processes 

for the characterization of proteins [242, 243]. In such cases the role of proteases for 

proteolytic removal of tag comes into play and the choice of protease to use becomes 

critical in addition to several other considerations [136]. Though many proteases, 

specific and nonspecific, are available to serve such purpose yet the viral proteases i.e. 

Tobacco Etch Virus, TEV, protease and Human Rhino Virus, HRV, 3C protease, are 

more frequently used and that is mainly because of their rigorous specificity and high 

efficiency [152, 158, 244].  

On the other hand, different purification buffers, additives and detergents are 

employed to get recombinant proteins in native form which may greatly affect the 

efficacy/activity of the proteases. This demands the removal of such chemicals prior 

using the proteases for tag removal. The activity of TEV has been assessed in 

presence of such chemicals to categorize their mutual compatibility [153, 225]. 

However, no such study has been conducted so far for the HRV 3C protease. For this 

purpose, two sets of three different fusion proteins were engineered with either His8 or 

His8-MBP tag fused to them. In each set, either the TEV or HRV 3C protease 

recognition site was included.      

4.2.1 Activity Assay of HRV 3C Protease in Comparison with that of 

TEV Protease at Two Different Temperatures 

The activity of the HRV 3C protease was compared with that of TEV protease using 

three fusion proteins at 25°C and 4°C. The TEV protease proficiently converted the 

His8-MBP tagged proteins, except His8-TEV-100K, into their respective products. In 
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contrast, however, the HRV 3C protease efficiently cleaved all the fusion proteins 

including His8-HRV 3C-100K after 4 hours at both tested temperatures. Many 

recombinant proteins require handling at 4 °C, from protein purification to 

downstream processing, the superior cleavage properties of HRV 3C protease over 

TEV protease at 4 °C demonstrate the potential to use HRV 3C protease for 

recombinant protein production [245]. In addition, HRV 3C protease should also be 

the protease of choice at 25°C as these experiments show that its activity at higher 

temperatures is also superior to that of TEV protease. 

4.2.2 Activity of HRV 3C Protease in the Presence of Different 

Buffers, Salts and Additives 

The activity assay of HRV 3C protease in the presence of commonly used elution 

buffers for the elution of poly- His-, GST-, MBP- and Strep-tagged fusion proteins 

[130, 132, 246-248] suggests robustness of the HRV 3C activity. Furthermore, rapid 

cleavage by HRV 3C protease limits the possibility to compromise the integrity of 

target proteins. The broad cleavage efficiency of HRV 3C protease identifies it as the 

protease of choice. In situations where the protease cleavable proteins are unstable in 

the elution buffers (for example, due to a high imidazole concentration in 

purifications using Ni-NTA chromatography), exchange into a suitable buffer by 

dialysis or any other procedure may be done before cleavage is performed. Hence the 

use of HRV 3C protease for tag removal eliminates the time-consuming process of 

desalting or dialysis prior to cleavage. Salt ions affect the stability, solubility, 

structure and function of proteins in various ways [245, 249, 250]. One of these 

mechanisms is the interaction of salt ions with counter-ions on the protein, reducing 

electrostatic attraction between proteins and thereby enhancing the solubility of the 

target protein. This suggests that a defined amount of salt in buffers is required for the 

stability and solubility of proteins. Among the different salts tested, ZnSO4 was the 

only one that drastically affected the HRV 3C activity. Additives like sorbitol, 

trehalose, glycerol, arginine and proline are added during the extraction and 

purification of proteins to aid solubilization [251]. There is merely a limited effect of 

addition of these molecules into the cleavage reaction; hence, their removal is not 

necessary prior to cleavage. The SDS, a strong denaturant, at a concentration of 

0.13% and guanidine- HCl above 0.5 M strictly limited the activity of the HRV 3C 

protease. Optimal activity of HRV 3C was observed in the presence of 2 M urea. Urea 
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is commonly used for the solubilization and purification of target proteins associated 

membrane or inclusion bodies. Higher urea concentrations might impair HRV 3C 

protease activity also; however, these were not tested in this study. The reducing 

agents β-ME, DTT and TCEP are often used to maintain the activity and the stability 

of target proteins or to prevent protein aggregation. HRV 3C protease activity 

persisted in the presence of up to 50 mM β-ME, 100 mM DTT and 5 mM TCEP, 

which are up to or far above typical concentrations used in recombinant protein 

production. 

4.2.3 Activity of HRV 3C Protease in the Presence of Different 

Detergents 

The activity of the HRV 3C protease was further evaluated in the presence of diverse 

detergents at 4°C. These chemicals are used for different purposes, including the 

extraction of hydrophobic proteins from biological membranes, refolding, 

crystallization and protein stabilization. In 2011, Vergis and Weiner [136] reported a 

study on the cleavage activity of HRV 3C protease in the presence of a wide range of 

detergents at 25 °C. Although the substrates are different and half of the detergents 

tested is different, comparison of both datasets for the same detergents show that, in 

most cases, HRV 3C protease activity is preserved better at 4 °C. For example, where 

Vergis and Weiner [136] reported little or no cleavage in the presence of FOS-

choline-12, HRV 3C protease cleaves over 50% of the target protein at 4°C. In 

contrast, cleavage is better at 25°C in the presence of C8E4, HECAMEG and n-

undecyl-b-D-maltoside [136]. On the basis of structure of detergents, it has been 

observed that HRV 3C protease is inhibited to less extent by maltoside and glycol 

ether containing detergents. It is shown that HRV 3C protease activity is insensitive to 

frequently used buffers and additives in recombinant protein production. Importantly, 

these results demonstrate the superior cleavage properties of HRV 3C protease at 4 

°C, a temperature of choice for the processing of many proteins, although the dataset 

comprised of only three fusion proteins. These characteristics make HRV 3C protease 

“the protease of choice” for the removal of tags from fusion proteins. This is of 

relevance in the use of HRV 3C protease for enhancing large-scale production of 

proteins having industrial and pharmaceutical significance. 
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4.3 Achromobacter xylosoxidans FecI and FecR (N-terminal 

region) as Potential Drug Targets 

The ability of any pathogen including A. xylosoxidans to acquire iron from their host 

is the key determinant in establishing the infection in the host. Most of the pathogens, 

once inside/on the host, acquire nutrients from their hosts and hence, compete with 

the host for nutrients including iron. The host produces metalloproteins that bind iron 

with high affinity, thus, keeping pathogen deprived of iron [179]. On the other hand, 

the pathogen also produces different iron binding proteins that sequester iron from the 

host [252]. If the pathogen fails to acquire iron from the host, iron becomes the 

limiting factor for its growth and development and pathogen fails to establish 

pathogenicity. Therefore, to understand and exploit the pathway of iron metabolism, 

in pathogens such as A. xylosoxidans that are resistant to many broad as well as 

narrow spectrum antibiotics, it is important to find target for the therapeutic 

intercessions. Such approaches have been proposed by many investigators for 

pathogens like Mycobacterium tuberculosis and Yersinia pestis [253-255]. 

 In most of the Gram-negative bacteria, the transmembrane signaling proteins, 

like FecR (Uniprot ID: P23485) of E. coli sense the iron present outside the cell and 

signal to the interacting FecI protein (Uniprot ID: P23484). This interaction takes 

place in the cytoplasm where the cytoplasmic N-terminal domain of FecR passes the 

signal to FecI. The FecI, in turn, activates the RNA polymerase to express the genes 

responsible for iron uptake and metabolism [201]. In the current study, blast search 

was needed to find such metalloproteins (FecI and FecR) that interact with each other 

to control the iron uptake and its metabolism in A. xylosoxidans. Afterwards, 

interaction study between FecI and the FecR-N terminal region was aimed to 

understand the underlying mechanism of iron metabolism. 

4.3.1 Search for FecI and FecR Homologues in A. xylosoxidans  

The E. coli FecI and FecR sequences were used to search their homologues in genome 

of A. xylosoxidans [203]. The blast search generated the most similar sequences for 

each query sequence (i.e. FecI and FecR). The similar sequences for FecI homologues 

and those for FecR homologues were aligned using clustalX [256] and the ConSeq 

analysis [257] was done and finally phylogenetic analyses were performed for both 

set of homologues. The clustalX, ConSeq and phylogenetic analysis are powerful 
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bioinformatics tools that are routinely used by researchers to identify identical and 

conserved, both structurally and functionally, amino acids residues in related protein 

sequences. So, these tools were used to search, identify and select the FecI and FecR 

amino acid sequences in A. xylosoxidans. 

4.3.2 Expression of FecI and FecR (N-terminal Region) 

For the expression of FecI and FecR (N-terminal region) proteins, pET28a based E. 

coli expression system was used: This strategy was somewhat similar to the one 

adopted for the expression of hZnT8
281-369

 domain, for the same reasons as discussed 

in Section 4.1. The FecI and FecR (N-terminal region) homologues are bacterial (A. 

xylosoxidans) proteins of prokaryotic origin, therefore, their soluble expression was 

anticipated in E. coli host which is also a prokaryote. On the contrary, oligohistidine-

tagged FecI PEG407 and PEG5782 were expressed exclusively in the Inclusion 

bodies (Ibs) as insoluble aggregates [232]. Similar expression results were obtained 

by Angerer et al. [258] in which the E. coli FecI was shown to be expressed in Ibs. 

The insoluble expression of FecI proteins could be because of their hydrophobic 

nature: about half of the amino acid residues of the two proteins were hydrophobic. In 

addition to the hostile conditions (reducing or oxidizing) of the host cells for 

recombinant proteins [235], a specific interaction between the host proteins and the 

recombinant proteins produced by host cells may have led to misfolding of the 

recombinant proteins and eventually their localization in Ibs [259]. In next attempt, 

the fusion of MBP to FecI PEG407 and PEG5782 resulted in soluble expression of 

both proteins likewise which is reported earlier for many other proteins [236, 237, 

260]. 

In case of the FecR-N terminal region PEG408
1-76 aa

, soluble expression was 

obtained for both His8-tagged and His8-MBP-tagged proteins. On the other hand, 

His8-MBP-tagged FecR PEG5783
1-93 aa

 yielded soluble expression and His8-tagged 

PEG5783
1-93 aa

 was expressed in Ibs. Previously for E. coli, Enz et al. [261] has 

reported insoluble expression for the oligohistidine tagged (either at N-terminal or C-

terminal) FecR proteins. 

4.3.3 Purification of FecI and FecR (N-terminal Region) 

The formation of Ibs is a common bottleneck during recombinant proteins production 

[262]. However, the target proteins concentrated in comparatively pure form in Ibs 



  Chapter 4 : Discussion 

 

129 

 

and are protected from the proteolytic cleavage by the cell proteases [263]. Hence, 

such Ibs could offer a rich source of target proteins for purification. The target 

proteins could be purified from Ibs under denaturing conditions using chaotropic 

agents like urea or by solubilizing in detergents and then could be refolded in their 

native conformation [258, 261, 263, 264]. Therefore, to purify oligohistidine-tagged 

FecI proteins, Ni-NTA affinity purification was performed using the 4 M urea and 

attempts were made to refold FecI proteins but the proteins precipitated upon gradual 

removal of urea by dialysis. Though such dialysis refolding technique has been 

previously used for refolding of proteins like E. coli FecR [261] as well as eukaryotic 

proteins like chymotrypsinogen [265], success was not achieved in our case. 

To obtain soluble purified sample of FecI PEG407, Ni-NTA purification of 

His8-MBP tagged FecI (His8-MBP-HRV 3C-PEG407) was done in the presence of 

non-ionic detergent i.e. 0.075% N, N-Dimethyldodecylamine N-oxide (LDAO), 

because the His8-MBP-HRV 3C-PEG407 was unstable upon complete removal of the 

detergent. Whereas the His8-HRV 3C-PEG408
1-76 aa

 was purified under soluble 

conditions and His8-tag was removed by incubating with HRV 3C protease and 

subsequent reverse Ni-NTA treatment to obtain native PEG408
1-76 aa

 (FecR-N 

terminal region). Finally, the His8-MBP-HRV 3C-PEG407 as FecI and native 

PEG408
1-76 aa

 were used for protein- protein interaction study. 

4.3.4 Protein-protein Interaction Study 

FecI and FecR are proteins of iron-metabolism pathway [261]. Therefore, the physical 

interaction between these two proteins is a critical step in the protein-protein 

interaction cascade necessary for the expression of proteins involved in iron 

metabolism. To probe this, amylose resin based chromatography method was used to 

exploit the MBP present in between His8 and PEG407. The “pull down” assay is a 

straight forward technique and is largely used for protein-protein interaction studies 

[266, 267]. The preliminary interaction study revealed that the native PEG408
1-76 aa

 

protein (FecR-N terminal region) did not bind to His8-MBP tagged PEG407 (FecI). It 

is possible that the His8-MBP tag fused to FecI (PEG407) may have blocked the 

binding site for native PEG408
1-76 aa

 (FecR-N terminal region). Previously, in an 

interaction study of E. coli FecR and FecI; a C-terminal His6-tagged FecR was used 

that did bind to native FecI [261]. Therefore, assay may be repeated using a C-
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terminal His6-tagged FecR (PEG408
1-76 aa

) and native FecI of A. xylosoxidans. Also in 

our case FecI was solubilized from Ibs using the detergent LDAO whereas in the case 

of E. coli FecI, the detergent N-dodecyl-N, N-dimethyl-3-ammonio-l-

propanesulphonate was used [258] that may fold the protein in native conformation. 

Therefore, folding and structural stability of FecI (PEG407) also needs to be assessed 

in various detergents before any firm conclusion about the interaction between FecI 

and FecR of A. xylosoxidans is drawn. 

4.4 Conclusion 

From this study, it may be concluded that the mutation R325W does not affect the 

overall structure of the hZnT8 domain and the zinc sensing capability of the domain 

can remain intact. This inference may be further verified by x-ray diffraction analysis 

of the hZnT8 crystals in future studies. Moreover, the protease activity of HRV 3C is 

found to be more efficient than that of TEV, therefore, HRV 3C protease may 

preferably be used for tag removal in recombinant protein production. Furthermore, 

our data suggests that FecI and FecR of A. xylosoxidans do not interact with each 

other. This may be confirmed by a further detailed study.
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