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Abstract 

Salmonella enterica serovar Typhi, a human adapted pathogen, causes severe systemic 

infection, known as typhoid fever. Typhoid fever has high prevalence in South Asian 

countries. In spite of higher disease burden in developing countries, many aspects of 

failure of anti-typhoid therapy are yet unknown. One of such aspects is proposed to be the 

involvement of multidrug efflux transporters, which renders the bacterium resistant to 

antimicrobials by extruding them from inside the cell to outside. Multidrug resistance 

mediated by efflux transporters is a well-known mechanism, because of its capacity to 

confer resistance against many diverse antimicrobials/drugs. Although much work has 

been carried out to characterize multidrug efflux pumps belonging to various pathogenic 

bacteria like Staphylococcus aureus, Pseudomonas aeruginosa, Mycobacterium 

tuberculosis, such information is still lacking for many deadly pathogens like Salmonella 

Typhi. 

The aim of this study was to gain insight into the substrate specificity of 

previously uncharacterized transporters expressed in Salmonella Typhi and to 

characterize one of the most promising efflux pumps as an example. Salmonella Typhi 

genes encoding putative efflux transporters of the major facilitator superfamily were 

cloned and overexpressed in Escherichia coli, and tested for substrate specificity of 25 

antibacterial compounds, including representative antibiotics of various classes, 

antiseptics, dyes and detergents. Of the 15 tested transporters, STY0901, STY2458 and 

STY4874 exhibited a drug resistance phenotype. Among these, STY4874 was chosen for 

further investigation due to its particularly broad substrate profile.  

A cell-based real time functional study showed that STY4874 functions as a H
+
-

dependent efflux transporter. Mutation of the highly conserved residue Asp25 and 

Arg111 to alanine abolished the transport of substrate. Circular dichroism and Fourier 

transform infrared spectroscopy revealed that the purified wild-type and D25A mutant 

proteins are predominantly α-helical and properly folded in the detergent dodecyl 
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maltoside. Further, direct binding studies demonstrated that purified STY4874 has 

nanomolar substrate affinity, and that the D25A mutation does not affect substrate 

binding.  

 

To determine the X-ray structure of STY4874, 3D crystals of the protein were 

obtained, which diffracted in the range of 4.5 Å - 9 Å. To improve the diffraction, 

crystals of a conformationally less-flexible mutant (D25A) and C-terminally truncated 

versions of STY4874 were grown, but none of them diffracted to higher resolution. Some 

improvement was observed in the case of truncated STY4874, where the diffraction 

pattern was less anisotropic.  

 

It is anticipated that studies targeting characterization of efflux transporters will 

contribute towards development of specific inhibitors through rational drug designing. 

Such inhibitors can be used in combination with antibiotics, hence rendering the 

transporter inactive, leading to increased intracellular antibiotic concentration eventually 

killing the pathogen. 
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1 Introduction and Review of Literature 

1.1 Salmonella enterica serovar Typhi; Causative Agent of 

Typhoid Fever 

Salmonella enterica serovar Typhi (S. Typhi) is human-adapted bacterial pathogen, 

which causes typhoid fever, a systemic infection [1]. Typhoid fever is contracted by 

consuming food or water contaminated with S. Typhi; however sewage water remains the 

major source of typhoidal infections [2]. After the ingestion, S. Typhi invades the gut 

epithelia. The membrane of epithelial cells is modified to facilitate the entry by the action 

of Salmonella pathogenicity island I [3]. Once Salmonella arrive in lamina propria, they 

are taken up by macrophages, some bacteria remain within macrophages, whereas a 

proportion of them is drained into mesenteric lymph nodes, where they multiply and enter 

into blood stream [4]. 

Incubation period of S. Typhi in the body is reported between 7 to 14 days 

depending upon the number of ingested bacteria [5]. In some cases, this can be as short as 

from 12 h to 72 h [6], suggesting that the infecting dose might have exceeded the mean 

infective dose i.e. 10
3
 to 10

8
 bacteria [7]. This dose can easily be acquired since an 

asymptomatic carrier could excrete as many as 10 billion typhoid bacteria per gram of 

feces [8]. It is, therefore, not surprising that one asymptomatic S. Typhi carrier can easily 

cause outbreak of the disease [9]. 

The conclusive diagnosis of typhoid fever depends on the isolation or detection of 

S. Typhi from patients specimen like blood, bone marrow or a specific anatomical lesion 

[4]. The presence of characteristic typhoid fever symptoms or the detection of antibody 

response is suggestive of typhoid fever but not definitive [4]. S. Typhi, when cultured on 

MacConkey agar are distinguishable from other enterobacteriaceae, forming clear or 

colorless colonies [6]. 
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Globally, as far as typhoid fever disease burden is concerned, there are 216,000 

deaths and about 21 million cases occur annually as a result of  S. Typhi infections [10]. 

Disease burden is much higher in non-developed countries, especially in South Asian 

countries. Pakistan, Bangladesh and India together account for about 85% of the world‘s 

typhoid fever cases [10] (Figure 1.1), and have been categorized as ‗high‘ risk areas with 

reference to typhoid fever. 

  

Figure 1.1. Geographical distribution of typhoid fever across the globe, Source: the 

lancet, [10] 

Typhoid fever is a disease of true poverty, for this reason, this disease remains a 

major public health concern in the developing countries with very poor estimates of 

morbidity and mortality. Research on the different aspects of disease like epidemiology 

and ecology of typhoid fever as well as, diagnosis, treatment and prevention of the 

disease can most optimally be pursued in the endemic regions, however, due to lack of 

resources, funding support and institutional infrastructure, it is not being done efficiently 

[11]. Another major reason of this neglect is the scarcity of information available to 

governmental organizations about the magnitude of the typhoid fever burden. 

Since, infections like typhoid fever are water-borne, one way to counter the 

problem is the provision of safe water and basic sanitation to the masses, which can 

High (>100 per 100,000 per year)

Medium (>10-100,000 per year)

Low (<10 per 100,000 per year)



Chapter 1                                                                                           Introduction and Review of Literature 

3 

 

ultimately bring down the incidence of the disease but this solution is hampered by the 

massive capital investment [10]. Another method to control typhoid fever is through 

vaccination. Two safe and effective anti-typhoid vaccines are now available. One vaccine 

is based on subunit antigens, vi capsular polysaccharide (viCPS) vaccine, whereas the 

other is whole-cell live attenuated bacteria, Ty2la vaccine [4]. Subunit antigen vaccine is 

injected in a single dose subcutaneous or intramuscular. The live oral vaccine is available 

in capsules [12] or liquid formulation and recommended dose is three doses on an empty 

stomach, each dose taken two days apart [4]. 

Antibiotics are recommended treatment once patient has contracted fever. The 

former first-line anti-typhoidal drugs, viz. chloramphenicol, ampicillin and trimethoprim-

sulfamethoxazole are no longer in use [11]. Nowadays, the fluoroquinolones are 

generally regarded as antibiotics of choice for the treatment of typhoid fever [13]. 

However, in recent years, multidrug resistance (MDR) in pathogenic bacteria is an 

emerging issue and multidrug resistant S. Typhi (MDRST) strains have been spreading 

rapidly [14]. Drug resistance, formerly found only in Asia, has recently appeared in 

Africa [10]. 

The main barriers to control typhoid fever include vaccines that are not 

immunogenic in young children and the emergence of MDRST strains, which threaten 

efficacy of anti-typhoidal therapy. A coordinated effort is needed involving clinicians, 

microbiologists, and epidemiologists, so that shifting trends in typhoid fever could be 

taken into account for managing typhoid fever disease burden. 

1.2 Genome of Salmonella Typhi 

S. Typhi is a serovar of Salmonellae enterica (S. enterica), which is serologically O 

(lipopolysaccharide) type 09, 012; H (flagellin) type d; and Vi (extracellular capsule) 

positive as well as Vi negative [15, 16]. S. Typhi has many unique characteristics when 

compared to other S. enterica serovars, like; it is host specific, restricted to humans only 

and has the ability to spread to the deeper tissues such as liver, spleen, bone marrow, 

forming biofilm in the gallbladder (S. Typhi carriers) that enables it to evade the immune 

system [17], whereas other Salmonellae serovars are not only having diverse host range, 
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invade only intestine and contained by the immune system. Some of these unique 

attributes have been answered by the S. Typhi genome sequence. 

The genome of S. Typhi (CT18) was sequenced in 2001 [16]. It harbors ∼5 

million base pairs, 4,599 coding sequences, of which 204 are pseudogenes, revealing the 

presence of multiple insertions and deletions compared with the Escherichia coli (E. coli) 

and Salmonella Typhimurium (S. Typhimurium) genomes [16] (Figure 1.2.).  

 

Figure 1.2. BLAST(n) between each genome (i.e. E. coli, S. Typhi, S. Typhimurium), 

red bars with the colour intensity proportional to the degree of similarity, Source: 

supplementary information Parkhill et al. [16] 

There are 1,505 unique genes in 290 blocks in S. Typhi relative to E. coli [16]. 

Several of the large insertions present in Salmonella carry genes that are important for 

survival in the host [18] and termed as Salmonella pathogenicity islands (SPIs). SPIs are 

believed to be of recent horizontal acquisitions, self-mobile [16], and carry genes 

encoding virulence factors such as adhesions, toxins, and invasions.  

Among insertions of smaller gene blocks include putative efflux pumps [16]. 

These genes unique to S. Typhi with respect to E. coli have been studied in this research 

work (Table 1.1). 

S. Typhimurium

S. Typhi

E. coli
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Table 1.1. Unique genes in S. Typhi with respect to E. coli 

Gene Functional 

classification 

Start 

(bp) 

End 

(bp) 

Function 

STY0278 1.4.3 294737 295912 putative drug efflux protein 

STY0414 1.4.3 427110 428309 possible efflux pump 

STY1491 

(smvA) 

1.4.3 1447243 1448730 methyl viologen resistance protein 

SmvA 

STY1517 1.4.3 1472365 1473606 putative multidrug efflux protein 

STY2509 1.5.0 2342844 2344034 putative transmembrane transport 

protein 

Source: Supplementary information Parkhill et al. [16] 

When compared to S. Typhimurium, there are 601 unique genes in 82 blocks in S. 

Typhi [16]. Apart from these unique genes, host specificity between S. Typhi and S. 

Typhimurium is explained by the pseudogenes. S. Typhi is having 145 pseudogenes 

which are intact genes in S. Typhimurium [16] and this inactivation of intact genes may 

explain the host restriction of S. Typhi relative to other Salmonellae serovars. 

Multidrug resistant S. Typhi also harbors two plasmids that are pHCM1 and 

pHCM2 [16]. pHCM1 is conjugative, belong to the incompatibility group H, subclass I 

(IncHI1) [19] and confers resistances to all first-line anti-typhoidal drugs. Global 

collection of serovar Typhi IncHI1 plasmids revealed that the IncHI1 plasmids contain 

truly conserved and dynamic regions that share a conserved backbone of 163 core genes 

of multiple antibiotics resistance. These plasmids are thus pooling up different alleles of 

the same resistance genes in response to typhoid fever treatment [20]. pHCM2 is 

phenotypically cryptic and shares ~56% of its sequence with the Yersinia pestis 

virulence-associated plasmid pMT1 [16]. 

1.3 Multidrug Resistance (MDR) in Salmonella Typhi 

Chloramphenicol was the first antibacterial prescribed for the treatment of typhoid fever 

in 1948 [21] and just after two years the first chloramphenicol resistant S. Typhi isolate 

was identified in the UK [22]. However, the first major outbreak of chloramphenicol 

resistant typhoid fever occurred in 1972 [23]. Thereafter, resistance against 

chloramphenicol was spread very quickly. Ampicillin and trimethoprim-

sulfamethoxazole (TMP-SMX; also termed as co-trimoxazole) then became treatments of 
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choice. However, in the late 1980s, S. Typhi developed resistance to all then existing 

antibiotics [24] leading to the emergence of MDRST strains. 

An MDRST strain is defined as ―S. Typhi strain which is resistant to all three 

first-line recommended drugs for treatment of typhoid fever, i.e. ampicillin, 

chloramphenicol, and trimethoprim-sulphamethoxazole (TMP-SMX)‖ [25]. Typhoid 

fever, caused by MDRST, has become a significant cause of morbidity and mortality in 

the world, especially in Indian subcontinent and Africa [26]. 

After the failure of first-line anti-typhoidal drugs, fluoroquinolones like 

ciprofloxacin became the drug of choice for the treatment of MDRST worldwide. 

Unfortunately, this was soon followed by worldwide reports of S. Typhi, showing 

resistance to ciprofloxacin [4, 27, 28], the first case was reported in 1992 in the UK [28]. 

Among other fluoroquinolones used for the treatment of typhoid fever include ofloxacin, 

levofloxacin and gatifloxacin. In clinical bacteriology laboratories, susceptibility of S. 

Typhi to fluoroqinolones is evaluated by the disc diffusion method using nalidixic acid, 

the predecessor of the quinolone family [29]. The nalidixic acid resistant S. Typhi 

(NARST) is interpreted as having reduced susceptibility to fluoroquinolones (having 

either partial or total resistance). It must be noted that nalidixic acid itself is never used 

for the treatment of typhoid fever, since routine use of fluoroquinolone antibiotics in 

minimum inhibitory concentration (MIC) methods is expensive, resistance to nalidixic 

acid has been used as an indirect evidence of fluoroquinolone resistance [30].  

Ciprofloxacin continues to be used as anti-typhoidal drug in areas, where disease 

is not endemic, but clinicians need to be aware that patients infected with NARST may 

not respond adequately [31] and clinical response of NARST against fluoroquinolones is 

significantly worse compared to that with NASST (nalidixic acid susceptible S. Typhi) 

[4]. In such circumstances, cephalosporin such as oral cefixime or ceftriaxone may be 

given to patients. In another study, gatifloxacin and azithromycin have also been 

prescribed for the treatment of NARST [32]. Azithromycin is especially useful compared 

to fluoroquinolones. It has been found to reduce the clinical failure rate and duration of 

hospital stay and in comparison to cephalosporin relapse rate was found to decrease in 

MDRST strains, when treated with azithromycin [33]. In conclusion, optimal antibiotic 
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therapy of patients suffering from typhoid fever requires detailed information about the 

local profile of antimicrobial resistance of S. Typhi isolated from the individual patient. 

As far as mechanism of drug resistance in S. Typhi is concerned, there are two 

main mechanisms of multidrug resistance in S. Typhi. The first is plasmid-mediated 

mechanism [24, 26, 34, 35]. MDR plasmid, pHCM1 in S. Typhi is an important vector of 

antibiotic resistance in S. Typhi and was found to confer resistance to chloramphenicol, 

tetracycline, streptomycin, and sulphonamides [36]. The presence of antibiotic resistance 

genes on pHCM1 plasmid have been detected by DNA microarray [37]. 

The chromosomal-mediated drug resistance against fluoroquinolones has been 

reported as a result of selective pressure on the bacterial population due to their 

uncontrolled use. In NARST strains, resistance to the fluoroquinolones has been 

attributed to single or multiple mutations in the genes encoding subunits of DNA gyrase 

or DNA topoimerase IV enzymes, located within the quinolone resistance-determining 

regions (QRDRs) of the chromosomes [38]. Three novel mutations in each gyrA 

(Leu55Trp, Asp87Ala, and Gln106Arg) and parC (Glu84Lys, Trp106Gly, and 

Tyr128Asp) have been reported in ciprofloxacin resistant S. Typhi [39]. In addition to 

this, decreased membrane permeability and active efflux pump also contribute to 

ciprofloxacin resistance [40, 41].  

Salmonellae possess multidrug efflux systems belonging to different families, 

including the major tripartite efflux system i.e. AcrAB-TolC system [42, 43]. None of 

these efflux systems from S. Typhi have been characterized to date. Among other 

Salmonellae serovars, S. Typhimurium efflux pumps have been studied in detail. An 

MDR S. Typhimurium isolated from a patient treated with ciprofloxacin showed an 

increased expression of AcrAB [44]. S. Typhimurium strains recalcitrant to 

fluoroquinolone therapy have shown the increased expressions of various efflux pumps 

i.e. AcrAB, AcrEF, EmrBD and MdlB [45]. A complementary study further verified that 

in the absence of AcrB and TolC efflux system, ciprofloxacin-resistant S. Typhimurium 

mutants are difficult to isolate [46]. It has been observed that efflux of antimicrobials 

from the cell is one of the major mechanisms for the adaptive resistance of Salmonellae 



Chapter 1                                                                                           Introduction and Review of Literature 

8 

 

spp. to erythromycin, benzalkonium chloride and triclosan [47]. Among the other 

multidrug pumps, identified in S. Typhimurium include EmrAB, MdfA and MdtK [48]. 

Resistance due to altered outer membrane permeability is another mechanism for 

fluoroquinolone resistance in S. Typhi, outer membrane porins expression i.e. OmpA and 

OmpC was reduced in the MDRST isolates, whereas expression of OmpF and OmpD was 

lost [49]. 

1.4 Typhoid Fever in Pakistan; Disease Burden and Research 

Pakistan is among those countries where typhoid fever is endemic. Typhoid fever has 

high incidence rate among young children in Pakistan, especially in children less than 2 

years of age. Among children of age group 5 to 15 years, the annual typhoid fever 

incidence in endemic areas of Pakistan has been estimated to be 412.9 per 100,000 

person, which is the second highest among five endemic countries i.e. Pakistan, India, 

Viet Nam, Indonesia and China [50]. In a recent study, it has been found that MDRST 

isolates have high emergence rate in Pakistan [51]. A considerable amount of research 

work and surveillance studies have been carried out to understand the disease 

epidemiology, drug resistance profile and vaccination outcomes in different areas of 

Pakistan. Some salient findings of typhoid fever research carried out in Pakistan have 

been highlighted in Figure 1.3. 

In Pakistan, MDR S. Typhi was first reported in 1988 [52] and  thereafter, MDR 

in S. Typhi has reached to ~90% [53, 54]. After emergence of MDRST strains, the 

fluoroquinolones have been the drug of choice for treatment of typhoid fever. The first 

case of fluoroquinolone resistant S. Typhi was reported in 1993 in Pakistan [55] and after 

that fluoroquinolone resistant typoid fever has been reported from different cities of 

Pakistan [56]. For fluoroquinolone resistant S. Typhi, clinicians recommended the use of 

cephalosporins. However, the precise duration of therapy of cephalosporins is uncertain. 

Particularly, failure of short-course ceftriaxone chemotherapy in children has been 

observed [57]. A comparative study of cefixime and chloramphenicol in pediatric typhoid 

fever patients revealed that cefixime was effective clinically in 93.3% of patients as 

compared to that with chloramphenicol which was only effective in 45% patients [58].  
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In a study conducted on MDRST isolates of Pakistan, it was found that mutation 

in gyrA, tetB, catP, temβ-lactamase, sulII, and blt genes are likely to be associated with 

ciprofloxacin, tetracycline, chloramphenicol, ampicillin, sulfonamide, and cephalosporins 

resistance, respectively [59]. 

 

Figure 1.3. Typhoid fever scenario in Pakistan 

Morbidity due to typhoid fever is quite high in Pakistan. Hot months have higher 

incidence rate of the disease [60]. The factors leading to occurrence of typhoid fever 

perforation have been described as lack of basic sanitation facilities, poverty, in-efficient 

primary health care system, ultimately resulting in delayed diagnosis, atypical 

presentation of typhoid fever and antibiotics failure due to the spread of MDR strains of 

S. Typhi [61].  

A study in endemic communities revealed that children are at high risk of 

multidrug resistant typhoid fever because of lack of appropriate diagnosis and treatment 

[62]. Risk factor assessment study has indicated that the risk of contracting typhoid fever 

was lower with increasing age and consumption of clean drinking-water source, whereas 

Higher prevalence of the 

disease in hot summer

Enhanced detection rate in children 

in densely populated areas

Prevalence of MDR S. Typhi strains

Ciprofloxacin treatment failure

Rawalpindi
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it was higher in densely populated areas [63]. For managing typhoid fever in Pakistan, 

studies have shown that the viCPS vaccine provide significant total protection in 

children, which is in agreement with other studies of viCPS vaccination conducted in 

endemic areas of the world. These studies have come up with the conclusion that viCPS 

vaccination of school-going children can provide a safe way to immune the children of 

urban and endemic areas against typhoid fever [64].  

Taken together, improving basic sanitation and hygiene as well as vaccination of 

school going children should be included in typhoid fever control efforts [65]. 

Environmental, social and biological interventions are needed to control the continued 

epidemiological and economic impact of typhoid fever in endemic areas of Pakistan [63]. 

Moreover, considerable efforts are needed to understand the pattern of resistance of anti-

typhoidal drugs to control the disease in endemic areas. 

1.5 Types of Antibiotic Resistance 

Antibiotic resistance can be categorized as intrinsic, acquired, and/or adaptive resistance. 

Intrinsic resistance comprises all of the natural immunity conferred by the genomic 

content of a particular microorganism [66]. In acquired resistance, an originally 

susceptible strain becomes resistant either by acquiring resistance determinants through 

horizontal transfer or as a result of mutations. Intrinsic and acquired resistance is stable 

and transferred from generation to generation. 

Adaptive resistance involves a temporary increase in the ability of pathogenic 

bacteria to cope with an antibiotic attack due to alterations in protein expression. In sharp 

contrast to intrinsic and acquired resistance, adaptive resistance is transient in nature [67]. 

1.6 Mechanisms of Multidrug Resistance (MDR) 

Premature cessation of antibiotic therapy, inappropriate prescription based on 

inappropriate diagnosis of bacterial infections as viral infection and self-medication, 

especially in developing countries, have resulted in emergence of MDR pathogens. The 

mechanisms by which pathogenic bacteria develop resistance to antimicrobials are 

extraordinarily diverse (Figure 1.4). 
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In the past decade, MDR has been found toward all available antibiotics, 

presenting one of the biggest threats to public health. 

 

Figure 1.4. Mechanism of multidrug resistance in bacteria, Source: Allen et al. [68] 

Several well-known mechanisms are responsible for these resistance phenotypes 

(Figure 1.4.), including; alteration of drug target protein; enzymatic 

inactivation/modification of the drug [69, 70]; changes in membrane permeability [71]; 

and an increase of antibiotic efflux. 

1.6.1 Alteration of Drug Target Protein 

Alteration of antimicrobial target protein is a very well-known mechanism of resistance. 

An interaction between an antibiotic and a target molecule is so specific, even small 

changes in a target molecule can influence antibiotic binding to a target (Figure 1.5.). 
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Figure 1.5. Alteration of drug target protein 

Target site changes often result from spontaneous mutation of a gene and 

selection in the presence of the antibiotic [72], for example, fluoroquinolone resistance is 

mainly due to mutations in the target enzymes, DNA topoisomerases [73].  

Some well-known examples of bacterial resistance due to target site modification 

are: 

 Reduced affinity of β-lactam antibiotics due to alteration in penicillin-binding 

proteins : methicillin resistant Staphylococcus aureus [74, 75]  

 Decreased activity of vancomycin due to the modifications in vancomycin 

precursors: Enterococcus faecium and Enterococcus faecalis [76] 

 Minimized activity of fluoroquinolones because of alterations in subunits of DNA 

gyrase and subunits of topoisomerase IV in many Gram-negative [75, 77] and 

Gram-positive bacteria, particularly Staphylococcus aureus and Streptococcus 

pneumonia [77] 

 Changes in RNA polymerase resulting in reduced activity of rifampicin: 

Mycobacterium tuberculosis [72, 76] 

 

ALTERED
RIBOSOME

RIBOSOME Protein synthesis is blocked

Protein synthesis is not blocked

Target site is accessible by 

antibiotics

Target site is inaccessible by 
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1.6.2 Enzymatic Modification/Inactivation of the Drug 

This is the most common resistance mechanism for aminoglycosides and β-lactams 

(penicillins, cephalosporins, and carbapenems) antibiotics. Aminoglycoside antibiotics 

are modified by aminoglycoside-modifying enzymes, for example, aminoglycoside 

phosphoryltransferase, aminoglycoside acetyltransferase or aminoglycoside 

adenyltransferase [48]. These enzymes act by reducing net positive charge on 

polycationic antibiotics [78, 79]. 

β-Lactam antibiotics include all of the drugs which contain a β-lactam ring in 

their structure, are inactivated due to hydrolysis by β-lactamase. β-lactamase include a 

vast majority of enzymes such as TEM (named after a patient, Temoneira in Athens, 

Greece) β-lactamases, SHV (sulfhydryl variable) β-lactamases, CTX (cefotaxime)-M β-

lactamases, ampC β-lactamases and OXA (oxacillin) β-lactamases [48, 80]. The first 

plasmid encoded β-lactamase was found to have a mutation of a single nucleotide 

compared to the gene encoding SHV-1. After that, additional β-lactamases were 

discovered such as TEM-1 and TEM-2, found to confer resistance against broad spectrum 

cephalosporins and referred as ESBLs (extended spectrum β-lactamases) [40]. There is 

no precise definition of ESBLs, commonly used definition is that the ESBLs are β-

lactamases capable of hydrolyzing penicillins, first, second, third, and sometimes even 

fourth generation cephalosporins and are inhibited by β-lactamase inhibitors such as 

clavulanic acid [80]. Total number of ESBLs exceeds 200. β-Lactams with a new 

nucleus, such as carbapenems (e.g., imipenem), still remain quite effective, but it is 

apprehended that their misuse may ultimately result in the increased prevalence of β-

lactamases capable of hydrolyzing these compounds [81].  

1.6.3 Changes in Cell Membrane Permeability 

Changes in cell membrane permeability are attained by regulating the expression of 

porins in outer membrane. Outer membrane porins create channel which provide a path to 

small hydrophilic antibiotics, such as β-lactams, tetracycline, chloramphenicol, 

fluoroquinolones [82] and cephalosporin to pass through the outer membrane. Any 

mutation which affects the expression and/or function of porin has an ultimate impact on 

the susceptibility of bacteria to that particular antimicrobial which passes through that 



Chapter 1                                                                                           Introduction and Review of Literature 

14 

 

porin or channel. Mutations in porin genes can have different effects, such as loss of 

porins, decrease in the conductance of porins, or lower expression level of porins (Figure 

1.6.), resulting in limited and slower diffusion of the antimicrobials into the cell and, 

consequently, reduced bacterial killing. 

In particular, porin-related mutations can substantially reduce influx of β-lactams, 

fluoroquinolones, cephalosporins, and chloramphenicol [66]. For example, in E. coli 

OmpC and OmpF are related to β-lactams resistance [83]. Whereas in S. enterica, OmpC 

is concerned with cephlosporins resistance [84] and OmpF is related to chloramphenicol 

[85] and imipenem resistance [86]. 

  

Figure 1.6. Examples of different mechanisms of acquisition of mutational resistance 

associated with porins, Source: Fernandez and Hancock [66] 
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1.6.4 Multidrug Resistance (MDR) Efflux Transporters 

Involvement of active efflux for antibiotic resistance was first reported in 1980 [87]. 

Efflux systems are now considered a well-established mechanism in bacterial multiple 

drug resistance [43, 88, 89]. 

Some efflux pumps are specific for a given set of structurally related substrates, 

known as substrate specific transporters, many transporters are able to extrude a range of 

structurally diverse antibacterials, conferring an MDR phenotype [43, 90]. Efflux pumps 

not only extrude natural or synthetic antibacterials, they let bacteria to survive and 

proliferate in host by effluxing natural substances produced by host, as part of natural 

immunity including bile salts and hormones in the intestinal tract [43, 91-94]. Thus, the 

pumps are likely to affect the interaction of bacteria with the host animals and plants. 

Genes encoding MDR pumps mostly have constitutive expression and are, 

therefore, involved in the phenomenon of intrinsic resistance [73, 95, 96]. Expression of 

other efflux pump genes that is not detected in wild-type strains can be detectable after 

the acquisition of regulatory mutations or exposure of wild type strains to elevated 

concentration of antibiotics. It has been observed that overexpression of efflux pumps can 

enhance the minimum inhibitory concentration of a resistant strain two to eight folds 

compared to a susceptible strain [73, 97]. 

1.7 Classification of MDR Efflux Transporters 

Bacterial drug efflux transporters have been categorized into five families (Figure 1.7.); 

these five families have been grouped together into two classes based on their energy 

source i.e. primary transporters and secondary transporters. Primary efflux transporters 

are represented by only one superfamily i.e. the ATP-binding cassette (ABC) 

superfamily; as their name indicates, transport is facilitated by the hydrolysis of ATP 

(adenosine triphosphate) which is primary source of energy [98].  

Secondary transporters include the major facilitator superfamily (MFS) [99], the 

resistance nodulation division (RND) superfamily [100-102], the multidrug and toxic 
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compound extrusion (MATE) family [103] and the small multidrug resistance (SMR) 

family [104]. 

 

Figure 1.7. Classification of MDR transporters, Source: Piddock, L. [105] 

1.7.1 Primary Efflux Transporters 

The primary efflux transporters are represented by only one superfamily i.e. ATP binding 

cassette (ABC) transporters. ATP efflux transporters are extremely important with 

reference to different types of cancers. 

1.7.1.1 ATP Binding Cassette (ABC) Superfamily 

ATP binding cassette (ABC) transporters are membrane systems, distributed in all three 

kingdoms of life; i.e. archae, prokaryotes and eukaryotes [106]. In humans, P-

glycoprotein is well characterized MDR ABC transporter, which is capable of effluxing 

out many cytotoxic drugs used in different forms of cancer chemotherapy [107]. 

ABC transporters are usually specific for a particular substrate or a group of related 

substrates. However, the MDR ABC transporters can transport many diverse substrates. 
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Among the substrates for MDR ABC transporters include sugars, amino acids, vitamins, 

antibiotics and chemotherapeutic agents of synthetic origin [106, 108]. The minimal 

structural architecture of an ABC transporter consists of four domains, i.e. two 

cytoplasmic nucleotide binding domains (NBDs), also called ATP hydrolyzing domain 

and two hydrophobic transmembrane domains (TMDs). In most cases, ATP binding is 

required to obtain the dimerization state of isolated NBDs [109].TMDs of various ABC 

transporters have relatively little sequence identity. It reflects substrates diversity 

transported by this superfamily. NBD is highly conserved in all ABC systems, which is 

characterized by three short sequence motifs; these include Walker A (G-X-X-G-X-

KS/T) and Walker B (h-h-h-h-D, where ―h‖ is a hydrophobic residue) motifs (Figure 

1.8.) [110], and the ABC signature (L-S-G-G-Q), also called the ―C‖ loop, unique to 

ABC proteins [111]. ―C‖ loop or ABC signature also interacts with ATP. Other 

characteristic motifs include the Q loop [112] and the H loop [113] (also called as switch 

region). Structurally diverse region (SDR) is important for the interaction of ABC 

transporters with their membrane partners [114]. In the context of the ABC dimer, the 

―D‖ loop (Figure 1.8.) makes contacts with Walker motif A of the other monomer. 

 

Figure 1.8. Diagnostic motifs of ABC proteins, Source: Davidson et al. [114]  

1.7.2 Secondary Efflux Transporters 

Secondary efflux transporters use the counter movement of ions to transport specific 

substrates across membranes, this movement is usually against the concentration gradient 

of substrates [115]. Secondary efflux transporters are further classified into four families, 

which are described here: 
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1.7.2.1 Resistance Nodulation Division (RND) Superfamily 

The resistance nodulation division (RND) superfamily is commonly found in gram-

negative bacteria and almost always chromosomally encoded [116]. Gram negative 

bacteria can have multiple RND pumps, where they exhibit complex patterns of 

regulation, for example in E. coli, there are seven RND efflux pumps [117]. 

RND system is tripartite system, consisting of an efflux protein, residing in the 

inner membrane, an accessory protein, located in periplasm and an outer membrane 

channel [118]. Different species have similar organizations of genes encoding RND 

transporters. Typically, an operon specifies the RND system: in this operon, the regulator 

gene is present next to the gene transcribing into periplasmic accessory protein, next is 

the gene transcribing into the efflux transporter, at the end of operon is the gene which 

encodes the outer membrane protein (OMP). The periplasmic accessory protein and the 

efflux pump protein are usually co-transcribed [105]. In some RND systems belonging to 

different bacteria, the OMP is not co-located with the other RND genes, e.g., in E. coli, 

AcrAB-TolC system is not having TolC transporter gene next to AcrAB [119] and 

similarly in P. aeruginosa OprM is not located next to MexXY [120]. The RND pumps 

are proton antiporters that use the proton gradient across the membrane to efflux 

substrates, usually exchanging one H
+
 ion for one drug molecule [121]. 

Major RND transporter i.e. AcrAB-TolC of E. coli and S. enterica share 

significant homology and so it is assumed that much of the information obtained for E. 

coli AcrAB-TolC is directly relevant to S. enterica [116]. Similarly, MarRAB and SoxRS 

operons of S. enterica have significant homology with those of E. coli, suggesting that 

regulation of efflux and influx occurs in Salmonellae similar to that which occurs in E. 

coli [122]. This was later confirmed in post therapy MDR S. Typhimurium, which 

showed an elevated expression of the MarA with increased expression of multiple RND 

transporters i.e. AcrB, AcrD, and AcrF [123].  

1.7.2.2 Small Multidrug Resistance (SMR) Family 

Like many efflux transporters, small multidrug resistance (SMR) efflux transporters use 

the proton motive force to facilitate the removal of various substrates across the 
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biological membrane [117, 124-127]. However, unlike other MDR proteins, the SMR 

proteins transport only lipophilic compounds, primarily quaternary ammonium 

compounds as well as a variety of antibiotics, commonly used antiseptics, and detergents 

[124]. 

SMR transporters are relatively small and comprised of ~110 amino acids 

residues that form four transmembrane segments (α-helices) with short connecting loops 

[128]. SMR efflux transporters usually function as dimers, although higher order 

oligomerization has also been proposed [127, 129-132]. The dimerization propensity per 

se of SMR transporters is centered at transmembrane segment TMS4 via a 

90GLXLIXXGV98 motif [133, 134]. 

EmrE from E. coli is the most extensively studied SMR family member and 

structure of EmrE has been resolved by X-ray crystallography [135], cryo-electron 

microscopy [136] and nuclear magnetic resonance (NMR) spectroscopy [137, 138]. 

1.7.2.3 Multidrug and Toxic Compound Extrusion (MATE) Family 

In multidrug and toxic compound extrusion (MATE) transporters, efflux of antibacterial 

is coupled to the influx of Na
+
 or H

+
 [139]. This family is represented by ~900 MATE 

transporters that can be classified into three subfamilies based on amino acid sequence 

similarity; the NorM, DinF (DNA-damage inducible protein F) and eukaryotic 

subfamilies [103, 140, 141]. Members of the NorM and DinF subfamilies can utilize 

either the Na
+
 or H

+
 electrochemical gradient to extrude their substrates [142-145], 

whereas eukaryotic MATE transporters are typically H
+
 coupled [146, 147]. Members of 

NorM and DinF subfamilies share rather low amino acid sequence homology [139]. 

In particular, human MATE transporters, hMATE1 and hMATE2, are H
+
 coupled 

antiporters [147, 148], whereas many bacterial MATE proteins, including NorM from 

different bacteria i.e. Neisseria gonorrheae, Vibrio cholerae and Vibrio parahaemolyticus 

are Na
+
 dependent [142, 144, 149]. MATE substrates exhibit highly diversified chemical 

structures, although they are typically polyaromatic and cationic [150]. Among 

structurally known MDR MATE transporters include member of NorM subfamily [149, 

151] and DinF subfamily [139] 
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1.7.2.4 Major Facilitator Superfamily (MFS) 

Major facilitator superfamily (MFS) is the largest and most diverse known superfamily of 

secondary carriers found in the biosphere. It is ubiquitously distributed in all recognized 

phyla [152]. In prokaryotes, this family is represented by about 25% of all known 

membrane transporters [153]. The MFS contains 74 distinct families [152] 

(www.tcdb.org), with about 5000 sequenced members identified to date 

(www.membranetransport.org) [99, 153, 154], a number that expected to increase as 

more and more genomes are sequenced. 

Kinetically, MFS transporters follow three mechanisms: (i) uniporters transport 

only one type of substrate; (ii) symporters transport two or more substrates in the same 

direction simultaneously; and (iii) antiporters transport two or more substrates in opposite 

directions across the membrane. MFS proteins typically consist of 400-600 amino acids 

and can be sub-divided on the basis of hydropathy profiles into groups of either 12 or 14 

transmembrane segments (TMSs) [155]. Individual transporters within the MFS are 

highly specific for a particular substrate (except MDR transporters), yet as a group, MFS 

transporters translocate many diverse substrates including; ions, sugars, drugs, 

neurotransmitters, nucleosides, amino acids and peptides etc. [156].     

Within any subfamily, sequence similarity is highly significant [99]. However at 

the level of the superfamily, individual MFS members share low sequence identity or 

similarity. Motif A (GxLaDrxGrkxx(x)l), motif B (lxxxRxxqGxgaa) and motif C 

(gxxxGPxxGGxl) have been found to be shared by both 12 and 14 TMSs MFS 

transporters. Whereas motif D2 (lgxxxxxPvxP) and motif G (GxxxGPL) are shared by 

only 12 TMSs MFS transporters and motif D1 (lDxTvxnvAlP), motif E (DxxGxxL), 

motif F (lgxxxGxavxgxl) and motif H (WxwxFllNvPig) are shared by 14 TMSs 

transporters [157]. Conserved signature sequences, DRXXRR, at equivalent positions in 

the N- and C-terminal halves of the proteins, in loops that join TMS2 to TMS3 and 

TMS8 to TMS9, respectively have also been found in MFS transporters [156, 158]. 

Conservation of this signature sequence reveals that the diversity of substrate specificity 

seen in the MFS is a result of changes of residues in the substrate-binding site and 

translocation pathway [156]. For substrate translocation via MFS transporters, an 
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alternating-access mechanism has been proposed. According to this mechanism, three 

conformation switching (inward-open conformation, intermediate state and outward-open 

conformation) are believed to accomplish a transporter cycle [159].  

Among the well characterized MDR efflux transporters from the major facilitator 

superfamily include QacA, MdfA, Bmr and LmrP transporters. QacA of Staphylococcus 

aureus having 14 TMSs (514 residues) [160], confers resistance to a wide range of 

structurally dissimilar monovalent and bivalent cationic antimicrobial compounds [161]. 

MdfA from E. coli, a 12 TMSs MDR transporter, is another well characterized MDR 

MFS transporter [162-168]. MdtM is a homologue of E. coli MdfA and has recently been 

characterized [169, 170]. Bmr of Bacillus subtilis (B. subtilis) has substrate recognition 

profile that includes rhodamine, ethidium bromide (EtBr), tetraphenylphosphonium 

(TPP
+
), norfloxacin and chloramphenicol [171, 172]. The B. subtilis Blt is also a 12 

TMSs MDR MFS transporter, very similar to Bmr [173]. LmrP is another well-

characterized Lactococcus lactis MDR determinant of the MFS family [174].  

1.8 MDR Transporters in Salmonella Typhi  

It has been estimated that ∼5 to 10% of all bacterial genomes are involved in transport of 

solutes across the membrane and a large proportion of these encode efflux pumps [175, 

176]. The MDR efflux transporters from the major facilitator superfamily (MDR MFS) 

are among the most prevalent and have diverse substrate specificities [157]. 

S. Typhi genome was sequenced in 2001 [16] and bioinformatics analysis 

predicted the presence of 346 membrane transporters. Of these 69 belong to major 

facilitator superfamily, (http://membranetransport.org/) [177], constituting the largest 

superfamily of secondary active transport proteins. Out of 69 MFS transporters, 46 have 

been annotated as MDR transporters in S. Typhi which are listed in Table 1.2. 

 

 

 

http://membranetransport.org/
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Table 1.2. Putative MFS multidrug efflux transporters in S. Typhi 

Transporters TMSs 
Predicted 

function 
Transporters TMSs 

Predicted 

function 

STY0278 12 multidrug efflux 
STY2342 

(mdtD/yegB) 
13 

multidrug efflux 

STY0387 10 multidrug efflux STY2371 12 
multidrug efflux 

STY0414 10 multidrug efflux STY2443 12 multidrug efflux 

STY0475 12 multidrug efflux STY2458 (bcr) 12 Bicyclomycin 

STY0637(ybdA) 12 multidrug efflux STY2509 12 antibiotic efflux 

STY0727 12 multidrug efflux STY2603 12 multidrug efflux 

STY0899 (mdfA) 12 multidrug efflux STY2637 12 multidrug efflux 

STY0901 12 multidrug efflux STY2801 12 multidrug efflux 

STY0966 (ycaD) 12 multidrug efflux STY2847 12 multidrug efflux 

STY1169 12 multidrug efflux STY2938 12 sugar/drug 

STY1191 

(mdtG/yceE) 
11 multidrug efflux STY2941 (emrB) 13 multidrug efflux 

STY1204 10 multidrug efflux STY3036 12 multidrug efflux 

STY1491 (smvA) 14 multidrug efflux STY3115 12 multidrug efflux 

STY1517 11 multidrug efflux STY3152 (ygeD) 12 multidrug efflux? 

STY1544 12 
multidrug efflux 

STY3268 12 multidrug efflux 

STY1579 12 
multidrug efflux 

STY3519 14 multidrug efflux 

STY1694 (ydhC) 11 
multidrug efflux 

STY3936 (yidY) 12 multidrug efflux 

STY3946 12 multidrug efflux STY4194 12 multidrug efflux 

STY3981 (emrD) 12 multidrug efflux STY4230 12 multidrug efflux 

STY3990 12 multidrug efflux STY4323 (yhfC) 12 Sugar/drug 

STY3994 12 multidrug efflux STY4489 12 multidrug efflux 
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Table 1.2. cont. 

Transporters TMSs 
Predicted 

function 
Transporters TMSs 

Predicted 

function 

STY3995 12 multidrug efflux STY4872 12 multidrug efflux 

STY4008 12 Sugar/drug STY4874 (mdtM) 12 multidrug efflux 

‗TMSs‘ and ‗TC‘ represent ‗transmembrane segments‘ and ‗transporter classification‘ respectively. Name 

of transporters shown in bold text, were analyzed in this PhD thesis. 

None of the multidrug transporters of S. Typhi, listed in Table 1.2 have been 

characterized before, although several bacterial homologues of these putative multidrug 

transporters have been studied. Among the well characterized bacterial MDR MFS 

transporter include E. coli MdfA and only structurally known MDR MFS transporter, E. 

coli EmrD. 

E. coli MdfA (homologue of STY0899 in S. Typhi) is biochemically very well 

characterized. Cells expressing MdfA from a multicopy plasmid exhibited extra ordinary 

broad substrate recognition profile including (i) lipophilic cations such as ethidium 

bromide (EtBr), tetraphenylphosphonium (TPP
+
), and benzalkonium; (ii) zwitterionic 

drugs such as ciprofloxacin, and (iii) neutral compounds such as chloramphenicol and the 

sugar isopropyl-1-thio-β-D-galactopyranoside (IPTG) [178], catalyzing both electrogenic 

and electroneutral transport reactions [179]. MdfA is able to bind dissimilar substrates 

simultaneously (i.e. chloramphenicol and TPP
+
) and two binding sites are closely related 

[180], one in the cytoplasmic leaflet of the membrane and the other in the periplasmic 

leaflet [162]. MdfA exchanges monovalent cationic substrates for protons with a 

stoichiometry of 1, which means that it translocates only one H
+
 per antiport cycle and 

that‘s why not having any divalent cationic compounds among its substrate [181]. MdfA 

transporter in Shigella flexneri strain exposed to fluoroquinolones was found to 

overexpress along with TolC and YdhE [182]. However, in another study, in E. coli 

clinical strains, fluoroquinolone resistance did not correlate with expression of MdfA 

[183]. In two separate studies for S. flexneri and E. coli, the MdfA deficient strain 

(∆mdfA) were somewhat more susceptible to fluoroquinolones than the parent strain 

having intact MdfA [184, 185]. E. coli MdfA has been purified in the presence of β-
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dodecyl maltopyranoside (DDM) using a 6X His tag by affinity chromatography and size 

exclusion chromatography. The results showed that E. coli MdfA is a monomer. 

Furthermore, an investigation of two-dimensional crystals by electron crystallography 

and 3D reconstruction [186] support the notion that MdfA may also be monomeric in 

reconstituted proteoliposomes [167].  

YbdA (homologue of STY0637 in S. Typhi) of E. coli have been studied for its 

regulatory architecture [187] but there is no report of its efflux pump activity.  MdtG 

(homologue of STY1191 in S. Typhi) has been identified as a new member of the marA-

soxS-rob regulon in E. coli, in a study carried out on a fluoroquinolone-resistant strain. 

mdtG gene is inducible by superoxide-generating agents such as paraquat (PQ), sodium 

salicylate (SAL), and a bile salt, decanoate  (DIP) [188]. Overexpression of MdtG, also 

named as YceE, has resulted in increase of fosfomycin and deoxycholate resistances by 

four and two fold, respectively [117]. 

SmvA (homologue of STY1491 in S. Typhi) of S. Typhimurium has been named 

as methyl viologen resistant protein [189]. Although, S. Typhi has the SmvA gene, unlike 

all other Salmonellae serotypes, it is missing the adjacent the most abundant outer 

membrane porin, OmpD and an inner membrane protein, YddG, which participates in the 

export of aromatic amino acids in E. coli [190] and methyl viologen in S. Typhimurium 

[191]. For this reason, SmvA gene is nonfunctional with reference to resistance 

contribution towards methyl viologen in S. Typhi. However, it has not been shown before 

whether, SmvA of S. Typhi has similar behavior towards other substrates S. 

Typhimurium, SmvA. Furthermore, it has also been reported that SmvA, and not AcrB, is 

the major efflux pump for acriflavine and related compounds in S. Typhimurium [192]. 

YgeD (homologue of STY3152 in S. Typhi), has been analyzed for point 

mutations in fluoroquinolones resistance in clinical isolates of Chlamydia trachomatis 

along with QRDRs (gyrA and parC). The results revealed that several silent mutations 

and mutations resulting in amino acid substitutions were observed in the ygeD 3' region 

of two isolates resistant to high fluoroquinolones concentrations and in one isolate with 
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the intermediate fluoroquinolones resistance level [193]. Interestingly there was no 

mutation in QRDRs of fuoroquinolone resistant isolates.  

E. coli EmrD (homologue of STY3981 in S. Typhi) is an MDR pump that 

participates in a low energy shock adaptive response [194] by effluxing uncouplers of 

oxidative phosphorylation, and restoring proton motive force. It was later observed that 

EmrD could also transport detergents such as benzalkonium and sodium dodecylsulfate 

[117]. E. coli EmrD has been the only structurally characterized MDR MFS transporter 

[195]. Structure is available in occluded conformation which shows a hydrophobic 

interior and two long loops extending into the inner leaflet side of the cell membrane. 

This region can serve to recognize and bind substrate directly from the lipid bilayer. It is 

proposed that multi-substrate specificity, substrate binding, and transport are facilitated 

by these long loops and the internal cavity [195]. However, since structure is available in 

only one conformation and apo-form, substrate translocation and binding mechanisms are 

needed to verify with other structural conformations, i.e. inward open, outward open and 

substrate bound etc.  

E. coli Bcr (homologue of STY2458 in S. Typhi), bicyclomycin resistance protein 

was named based on the observation that when present in a high-copy-number plasmid, 

confers resistance to the diketopiperazine antibiotic, bicyclomycin. Disruption of open 

reading frame (ORF) of Bcr gene resulted in the loss of bicyclomycin resistance [196]. In 

another study it was confirmed that along with conferring bicyclomycin resistance, Bcr 

confers resistance to kanamycin, fosfomycin and acriflavine, when overexpressed from 

high copy number plasmid in drug hypersensitive E. coli strain [117]. E. coli Bcr protein 

has been purified and circular dichroism (CD) spectrum was obtained for the purified 

Bcr-His6 protein which revealed high α-helix content [197]. 

E. coli MdtM (formerly known as YjiO; homologue of STY4874 in S. Typhi) has 

recently been characterized, functional study revealed its role in intrinsic resistance of E. 

coli cells to the antimicrobials ethidium bromide and chloramphenicol [169]. MdtM also 

contributes to resistance of E. coli against quaternary ammonium compounds [170].  

MdtM plays a role in alkaline pH tolerance [198] and is part of a network that protects E. 
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coli from bile salt stress [199]. MdtM can be purified using detergent DDM and its 

functional unit was found to be monomer [169].  

1.9 Overexpression and Purification of Efflux Transporters 

In nature, membrane proteins (MPs) are usually expressed at low levels, insufficient to 

purify from natural sources. Their heterologous expression and purification is always the 

bottleneck for MPs research, especially for structural study [200]. In heterologous 

expression, MPs result in relatively low yield of intrinsically stable and folded protein. 

Moreover, MPs are susceptible to proteolytic degradation; sometimes missing in post-

translational modifications, resulting in inactive protein and mistargeted to membrane 

such as accumulation of plasma membrane proteins in internal membrane [201].  

However, an elevated number of MPs structures in the past few years can be 

attributed to advances in DNA recombinant technologies, such as highly efficient 

expression systems, and downstream processing including purification techniques using 

affinity based and size based chromatography, stabilization of conformational flexibility, 

automation of structural determination techniques, data collection and the use of 

microfocus beam lines at synchrotrons. 

1.9.1 Overexpression by Recombinant Means 

MPs are of particular interest as they are targets of 50% of drugs, although representing 

only 1% of total cellular proteins [202]. Insufficient and inefficient expression of MPs is 

the first major bottleneck on the route to functional and structural study of MPs. Since it 

is impossible to predict whether a protein of interest will express well, be easy to purify 

or be active [203], it is often necessary to test various expression constructs in parallel. 

For cloning of MPs in tandem with affinity tags, topology based cloning is 

productive. MPs, if predicted to be having cytoplasmic N- and C- termini, C-terminal 

polyHis tagging by recombinatorial cloning yields functional protein comparable to that 

achieved by conventional cloning. In contrast, MPs predicted to be having one or both 

termini located on the periplasmic side of the membrane do not sufficiently overexpress; 

His- amino acids having positive charge hinder insertion of recombinant protein into 
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negatively charged cell membrane. However, Strep-tag II peptide when present at 

periplasmic termini results in high-level expression of fusion proteins. C-terminal Lumio 

fluorescence tag has been found to be compatible with both periplasmic and cytoplasmic 

locations [204]. 

Expression constructs can be generated by traditional molecular cloning 

procedures, using a range of expression vectors such as pET, pTTQ18 and pBAD vectors 

etc. However, traditional cloning methods to generate multiple expression constructs are 

time consuming. Therefore, for massively parallel strategy of screening multiple 

expression vectors, several recombinatorial cloning systems have been developed, over 

the past few years. These systems facilitate cloning of hundreds of genes and constructs 

in parallel [203, 205, 206]. Among these include the Gateway technology [207], Creator 

[208] and the fragment exchange (FX) cloning [209].  

The Gateway Technology is based on λ recombination system, which facilitates 

transfer of DNA sequences (flanked by modified att sites) between vectors (Figure 1.9.). 

att sites are DNA recombination sequences, whereas recombination reaction is mediated 

by enzymes such as clonase. In Gateway Technology, the recombination proteins 

involved in the reaction differ depending upon whether λ utilizes the lytic or lysogenic 

pathway. The lysogenic pathway is catalyzed by the bacteriophage λ integrase and E. coli 

―integration host factor‖ proteins (BP Clonase) (Figure 1.9), while the lytic pathway is 

catalyzed by the bacteriophage λ integrase and ―excisionase‖ proteins along with the E. 

coli ―integration host factor‖ protein (LR Clonase) (Figure 1.9). 
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Figure 1.9. Recombinational cloning using Gateway technology, Source: 

Invitrogen’s Gateway technology user guide 

Once the expression vectors are obtained, expression of the target proteins can be 

optimized in different prokaryotic and eukaryotic expression systems [205, 210, 211]. 

There are many expression systems available for MPs. Each system has certain 

advantages in relation to cost, ease of use, and their post-translational modification 

profiles. 

 E. coli is the most widely used recombinant protein expression host. Its short 

multiplication time, low cost and ease of handling make it an ideal candidate [212]. 

However, there are some limitations of E. coli expression systems. In particular, after 

overexpression, many MPs form aggregates or inclusion bodies. However, somehow this 

problem can be addressed by using E. coli expression strains like C41, C43 [213] or 

Lemo21 [214], which are to some extent tolerant to the toxicity of MPs overexpression. 

Introduction of tandem tags like green fluorescent protein (GFP) [215], maltose binding 
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proteins (MBP) [5], glutathione S-tranferase (GST) [216] can also facilitate and improve 

MPs expression [202].  

Lactococcus lactis (L. lactis), is a nonpathogenic, non-invasive gram-positive 

bacterium. Recombinant protein expression in L. lactis can be performed using the Nisin-

Inducible Controlled gene Expression (NICE) system. In NICE system, nisin, an 

antimicrobial peptide, is used to promote the expression of gene of interest, which is 

positioned under the control of the nisin-inducible promoter PnisA [217]. MPs 

overexpression has been studied in L. lactis, it was found that MPs when cloned in 

tandem with Mistic [218], expression levels increased up to 4.4% and 45.2 % for 

eukaryotic and prokaryotic MPs respectively [219]. Mistic is a 13 kDa protein 

from Bacillus subtilis, which, spontaneously associates with the inner membrane. 

Yeast expression systems have proven to be extremely useful for the 

overexpression of eukaryotic MPs, and are ideally suited for large-scale production. 

Yeast expression systems offer advantage of eukaryotic membrane targeting machinery 

and the potential for post-translational modifications [220, 221]. Among the most 

commonly used yeast expression systems are Sacchromyces cervisiae (S. cervisiae) [222, 

223] and Pichia pastoris (P. pastoris) [224]. Both systems have their own advantages and 

disadvantages. For S. cerevisiae expression system, numerous expression strains and 

plasmids are available [223]. On the other hand, the strong preference of P. pastoris for 

respiratory growth greatly facilitates its culturing at high-cell densities relative to 

fermentative yeasts [225]. Vectors that integrate into the host chromosome are most 

widely used [226] because of their mitotic stability. Yeast expression vectors typically 

contain a strong promoter/terminator and selectable marker cassette, of yeast origin. To 

facilitate cloning in E. coli, yeast expression vectors also contain an E. coli replication 

origin and ampicillin selectable marker. Yeast expression vectors facilitate the cloning of 

a gene downstream of an efficient secretion leader (i.e. mating factor) that directs a 

heterologous protein to become secreted from the cell [227]. 

Insect cell expression systems have been widely used for the production of 

recombinant proteins [228]. Although more expensive and time-consuming, this system 

is more compatible with eukaryotic proteins [229, 230] because of similar membrane 
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composition and protein processing machinery, providing better expression levels [202, 

228]. For expression in insect cells, target genes are cloned with N- or C- terminal 

affinity tags and downstream of the strong polyhedron or p10 promoter [231]. Briefly, the 

baculovirus system is dependent on the infection of insect cell lines usually Sf9, Sf21 

[232] or High Five [233]) by recombinant viruses encoding the gene of interest. 

Mammalian expression systems provide the highest level of expressed active 

protein for many membrane targets [234, 235]. Mammalian expression systems can 

introduce protein folding, necessary post-translational modifications as well as protein 

assembly [236]. For heterologous genes expression in mammalian cells, usually vectors 

derived from mammalian viruses are used, such as simian viruses 40 (SV40) [237], 

polyomavirus [238], and herpesvirus [239]. A number of mammalian cell lines have been 

utilized for protein expression, the most widely used are HEK293 (Human embryonic 

kidney) [240] and CHO (Chinese hamster ovary) cell lines [241]. The limitation of using 

mammalian expression systems is that these systems are usually very expensive [236]. 

1.9.2 Purification of Efflux Transporters 

Following overexpression in sufficient amount, recombinant protein is extracted from 

membrane using initially high concentrations of detergent. MPs can then be purified to 

homogeneity in the presence of relatively low concentrations of detergent. 

Detergent solubilization is first step for isolation of MPs from hydrophobic 

biological membranes and their subsequent purification strategy, therefore, the 

importance of detergents in MPs purification cannot be underestimated [242]. Detergents 

belonging to maltoside family such as n-Dodecyl ß-D-maltoside (DDM) and n-decyl ß-

D-maltoside (DM) have been extensively used for MPs isolation and purification [243, 

244]. DDM is particularly useful in MPs purification as DDM help solubilize MPs with 

retention of functional properties [245, 246]. However, there are other detergents 

available for purification like, ionic detergent such as sodium dodecyl sulphate (SDS), 

nonionic detergent such as octyl glucoside (OG), bile salt detergents such as sodium 

deoxycholate, sodium cholate and zwitterionic detergents such as 3-[(3-

Cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) and 3-([3-
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Cholamidopropyl]dimethylammonio)-2-hydroxy-1-propanesulfonate (CHAPSO) [247]. 

The selection of an appropriate detergent remains challenging, increasing experience can 

help focus on a given set of detergent for a given application [242]. 

The amount of detergents used during extraction and purification of MPs is 

chosen based on the CMC (critical micelle concentration) of each detergent, but the 

detergent concentration should not exceed 2%, if protein is to be purified by Ni-NTA 

affinity chromatography, since the maximum concentration of detergent recommended 

for Ni-NTA agarose purification is 2% [243], so once protein is extracted initially in high 

detergent concentration, its concentration must be decreased. 

Detergent solubilization of MPs passes through a number of intermediate states. 

MPs solubilization with detergent usually starts by destabilization of the lipids 

surrounding the MPs, resulting in the fragmentation of membrane. As an excess of 

detergent is used in solubilization process above the CMC point of detergent, these 

detergent molecules form micelles and fragments of membrane releasing membrane 

proteins and lipids are surrounded by these detergent-shielded micelles. As MPs are 

completely solubilized by detergent, they are present as protomers having the membrane 

embedded segments covered by detergent molecules as shown in Figure 1.10 [242]. 

  

Figure 1.10. Solubilization of integral membrane proteins, Source: 
http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1988/illpres/crystals.html  
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The efficient solubilization depends on extent of detergent molecule with which 

they are able to penetrate and cross the membrane [242]. Detergent solubilization of MPs 

is followed by the removal of excess detergent which can disrupt further experimental 

work. Excessive detergent can be removed during course of purification by affinity and 

gel filtration chromatography or by buffer exchange. These methods take advantage of 

the properties of the particular detergent being used, for example; the CMC, the charge or 

the aggregation number [247]. 

For affinity purification, different tags are co-expressed with protein under study 

either at C- or N- terminal or both termini. Among the most commonly used tags are poly 

His6-10 tag, strep tag and maltose binding protein (MBP) tag. The properties of an 

overexpressed protein are affected by the type and position of purification tags [248]. 

His-tag is the simplest and the most widely used affinity tag for protein 

purification, has been used in a number of expression systems like E. coli, S. cerevisiae, 

P. pastoris, insect and mammalian expression systems, with six or more consecutive 

histidine residues [249, 250]. Histidine residues coordinate with Ni
+2

 or Co
+2

 

immobilized on resin for purification during the course of immobilized metal affinity 

chromatography (IMAC). PolyHis tag, having small size minimizes interference with 

target protein. In a study carried out on E. coli AqpZ (aquaporin-Z) in pET expression 

vectors with 6 or 10 polyHis tag at C- or N- terminal, it was found that: (1) expression 

level had no effect on tag length and position, (2) with reference to yield, tag length was 

found to have greater effect than tag position, (3) tag length and tag position had no effect 

on detergent solubilization of the protein, (4) oligomerization behavior of the purified 

protein is affected by the length of the tag and (5) in affinity chromatography, 

purification property of the proteins change with the length of the tag and position of tag 

[248]. Glutathione S-transferase (GST, 26 kDa eukaryotic protein), another affinity tag 

promotes protein solubility when present at N- terminal. Glutathione resin binds to GST 

and allows GST tagged proteins to be purified by affinity purification [216]. 

In simple two steps MPs purification strategy, affinity chromatography is 

followed by gel filteration chromatography [228]. Gel filtration separates molecules of 

different dimensions based on their relative penetration abilities in gel resin. Resin 
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usually consist of porous particles in aqueous solution, packed into a column e.g. 

superdex 75 and superdex 200 made up of agarose/dextran and superpose 6 made up of 

agarose [251]. The pore diameter controlling the separation is selected based on the 

relative size of the protein to be purified [252]. The average or maximum effective pore 

size defines the fractionation range or exclusion limit of resin. In superdex 75, 

fractionation range is 3 to 70 kDa, in superdex 200, fractionation range is 10 to 600 kDa 

[251]. Based on the principle of gel filteration, molecules smaller than the pore size enter 

the pores of the resin and are eluted in the total volume while larger molecules pass 

through the spaces among resin molecules and are eluted in the void volume [252]. 

1.10   Characterization of Efflux Transporters 

Membrane transport proteins constituting ~10% of most proteome catalyze various 

transport processes. For direct functional and structural studies of MPs, it is essential that 

MPs must be extracted and solubilized in appropriate detergent, initially in high detergent 

concentration, which is followed by purification of MPs by chromatographic techniques 

in the presence of lower detergent concentration. Once transporter is reconstituted in 

optimum amount of detergent in active form, it is taken up for functional and structural 

studies (Figure 1.11.). 

  

Figure 1.11. Monitoring membrane transport proteins outside of the membrane, 

Source: modified from Quick and Javitch, [253]  
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1.10.1 Fluorescence Spectroscopy 

Fluorometry is an analytical technique, based on excitation of the substance with a beam 

of visible or UV light and detection and measurement of the characteristic wave length of 

fluorescent light emitted [254]. Fluorometry can be used to monitor real time transport of 

solutes by membrane transport proteins [201].  

In the process of fluorescence there are several steps. First the molecule absorbs 

light; this absorption brings the molecule to an excited (an excited electronic state) high 

energy state [255], which is unstable state. Before rapidly relaxing to the lowest energy 

level, molecule first undergoes vibrational relaxation (Figure 1.12.). Then, molecule goes 

back to the ground state by emitting energy of certain wavelength characteristic of that 

fluorescence molecule or fluorophore [255]. 

  

Figure 1.12. Jablonski diagram specific for fluorescence, Source: Lakowicz, [256] 

A fluorophore is a fluorescent molecule that emits light upon excitation. 

Important features for a fluorophore is that its fluorescence (intensity) increases or 

decreases upon binding to the biological macromolecule [257]. For example, ethidium 

bromide when bound to DNA has higher excitation maxima compared to free ethidium 

bromide [258]. In contrast to ethidium, the addition of DNA to an acriflavine solution 

decreases the fluorescence intensity [143]. 
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Proteins are the most extensively studied natural fluorescent molecules. Protein 

fluorescence properties reside in three residues: tryptophan (Trp), tyrosine (Tyr) and 

phenylalanine (Phe) [259]. The illumination of proteins at wavelengths 295–305 nm 

allows for the selective excitation of mostly Trp residues. Tryptophan (Trp) residues in 

proteins and polypeptides have been used extensively as absorption, fluorescence, and 

phosphorescence probes for studying structure, dynamics, interactions, and local 

environments [260-262]. Fluorescence signal is environmentally sensitive, thus can be 

used to distinguish native and misfolded states of proteins by following the emission 

spectrum of the indole side chain of tryptophan, which is very sensitive to the polarity of 

its environment [256]. 

1.10.2 Fourier Transform Infrared (FTIR) Spectroscopy 

Infrared (IR) spectroscopy relies on absorption of IR radiation by biological molecules 

such as proteins. The absorption of infrared radiation excites vibrational transitions of 

molecules and the strength of absorption increases with increasing polarity of the 

vibrating bonds [263]. The most common application of IR spectroscopy in protein 

science is the estimation of secondary structure [264-266], based on a correlation 

between the peak frequencies and specific secondary structural elements [265, 267-270] 

(Table 1.3).  

Table 1.3. Assignment of amide I band positions to secondary structure 

Secondary structures 
Band position in H2O; cm

-1
 Band position in D2O; cm

-1
 

Average Extremes Average Extremes 

α-helix 1654 1648-1657 1652 1642-1660 

ß-sheet 

Parallel 1633 1623-1641 1630 1615-1638 

Antiparallel 1684 1674-1695 1679 1672-1694 

Turns 1672 1662-1686 1671 1653-1691 

Disordered 1654 1642-1657 1645 1639-1654 

Source: Barth and Zscherp, [271] 
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Modern IR spectrometers are usually Fourier transform infrared (FTIR) 

spectrometers. In FTIR spectrometer, Fourier transformation is initially generated by an 

interferometer, like the Michelson interferometer, which has a fixed and a movable 

mirror and measures the light intensity relative to the position of the movable mirror. A 

second Fourier transform performed by a computer converts the measured data back into 

a spectrum. In total, a Fourier transform spectrometer performs two Fourier 

transformations: one by the interferometer, one by the computer [263]. 

Secondary structure analysis of proteins is nearly exclusively done using the 

amide I band, but the amide II [272] and amide III [273-275] have also been shown to be 

useful. The amide I vibration, absorbing near 1650 cm
−1

, arises mainly from the C=O 

stretching vibration and depends on the secondary structure of the backbone [276]. The 

fundamental mechanism behind the amide I vibration sensitivity to secondary structure is 

transition dipole coupling (TDC) [277-280] which is a resonance coupling between the 

oscillating dipoles of neighboring amide groups [263].  

One drawback of IR spectroscopy of aqueous solutions is the absorbance of water 

in the mid-IR spectral region (near 1645 cm
−1

) overlapping the amide I band of proteins 

[281]. This problem can be addressed by using D2O instead of H2O [263]. Moreover, as 

water absorbs in the IR regions in which proteins absorb, FTIR is particularly suited for 

the study of MPs because bulk water can normally be removed without any deleterious 

effects when studying MPs, but not from their water-soluble counterparts [282]. 

1.10.3 Circular Dichroism (CD) Spectroscopy 

Circular dichroism (CD) spectroscopy serves a powerful tool in structural biology for 

determining the conformational changes of protein, stability of wild type vs. mutant 

proteins and especially secondary structures of proteins [283]. CD spectrum of protein is 

an average of CD signals from all individual conformations in secondary structure of a 

protein and reflects the variability in the secondary structure [284]. The origin of CD 

signal is related to the differential absorption of plane polarized light. Plane polarized 

light is made up of two circularly polarized components of equal magnitude, one rotating 

counter-clockwise and the other clockwise. CD refers to the differential absorption of 
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clockwise and counter clockwise circularly polarized light [285]. A CD signal will be 

observed when circularly plane polarized light passes through a chromophore, which is 

chiral (optically active). A molecule is said to be optically active or having chirality when 

a C atom in molecule is attached with four different substituents, or having disulphide 

bond which is chiral because of the dihedral angles of the C–S–S–C chain of atoms [286]. 

In proteins, the most important chromophores for CD spectroscopy is the peptide bond 

(absorption below 240 nm) [286]. 

The different types of regular secondary structure found in proteins give rise to 

characteristic CD spectra in the far UV (Figure 1.13.).  

 

Figure 1.13. CD spectra associated with various types of secondary structures, 

Source: Kelly et al. [286] 

As shown in figure above, structural class of protein can be assigned by simple 

inspection of CD spectrum [287]. Substantial α-helical content in protein structures result 

in two prominent negative bands at 222 and 208 nm and a positive band between 190 and 

195 nm. Proteins having separate α-helices and β-sheets regions in secondary structure 

have the 208 nm band larger than that at 222 nm, whereas  proteins having intermixed α-

helices and β-sheets regions in secondary structure have the smaller 208 nm band than 

that at 222 nm [288]. Proteins with substantial β structure lack the characteristic 222/208 

peaks [289]. 
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CD spectrum is interpreted by several algorithms to provide an estimate of the 

secondary structure content of proteins. Most commonly used algorithms include 

SELCON (self-consistent) [290], CDSSTR [291], K2d [292], and CONTIN [293]. An 

online server DICHROWEB (http://www.cryst.bbk.ac.uk/cdweb) [294] has also been 

developed for secondary structure estimation from CD data. In addition, CD spectrum 

can also be used to assess the stability of protein [284, 286], conformational changes over 

a range of ligand concentrations, the extent of these changes in the protein and the speed 

at which such changes occur can be studied using time-resolved CD spectroscopy [286]. 

1.10.4 Electron Microscopy 

Light microscopes use visible light for illuminating specimen under observation and 

transparent lenses and let to see object as small as about one micrometer. Electron 

microscopes (EMs), use a beam of electron for illuminating object under study and use 

electromagnetic/electrostatic lenses to focus the resultant beam of electrons and in this 

way, provide a means to observe an object as small a tenth of a nanometer, such as 

individual atoms [295, 296]. Using cryo-electron microscopy data on high resolution 

electron microscopes, a molecular envelope can be extracted by Single Particle Analysis 

[297]. 

In EMs, electron guns generate a beam of electrons under high vacuum, which is 

directed towards the specimen. Metal aperture and electromagnetic lenses help focus 

electron beam [298] resulting in a focused, monochromatic beam, interacting with the 

sample. These interactions between electron beam and irradiated sample and ensuing 

effects are detected by CCD camera and transformed into an image [299]. All EMs, 

generate and focus electron beam on the sample in the similar manner regardless of the 

type [300]. The most common type of EMs are transmission electron microscopes 

(TEMs) and scanning electron microscopes (SEMs). Simple differences between TEM 

and SEM have been indicated in Figure 1.14.  

http://www.cryst.bbk.ac.uk/cdweb
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Figure 1.14. Simple differences between scanning (SEM) and transmission (TEM) 

electron microscopes, Source: Bozzola and Russell, [301] 

Thin specimen sections are needed for TEMs, resulting image is a projection of 

the entire sample. Brightness of image is directly proportional to the quantity of electrons 

that penetrate the sample. SEMs usually generate image obtained by the emission of 

secondary electrons, therefore for SEMs, a surface of metal stain is applied to facilitate 

the emission of secondary electrons. As secondary electrons are emitted off the specimen, 

the resulting image provide the detail about the surface structure of the specimen (Figure 

1.14) [300, 301].  

Negative staining is widely used technique in electron microscopy. This technique 

is used to prepare biological material for imaging. Compared to other staining techniques, 

negative staining is simple and rapid, and generates reliable structural information [302]. 

Negative staining is called so because instead of staining the biomolecules themselves, 

heavy metal stain is used to stain the spaces around and within the biomolecules. The 

property of heavy metal atoms e.g., U, V, W, Au to scatter electrons much more strongly 

than elements comprising the biomolecules (i.e. C, H, O, N, P, S), results in much higher 

contrast of negatively stained specimens compared to unstained specimens. In addition, 

the heavy metal salts stabilize the specimen against collapse and distortion [303]. 

In MPs purification, detergents are added to prevent aggregation. Detergents 

breaks the surface tension, so droplets of protein suspended in buffers with detergents 

spread out and a minimum volume should be used to cover the relevant center of the grid. 

[302]. Washing the grids afterwards with 5 to 6 droplets of distilled deionized water can 
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improve the background substantially, but if it does not happen, the background becomes 

very grainy, as if detergent micelles are fully covering the grid [304].  

1.10.5 X-ray Crystallization 

Crystallization is a complex process, which involves multiple equilibria among different 

states of the crystallizing species i.e. protein, precipitating agent, salts and buffer system 

[305, 306]. There are three stages of crystallization, i.e. nucleation, crystal growth and 

cessation of growth. Supersaturation of solution is prime requirement for nucleation, 

which occurs by evaporation of solvent or salting out. Once solution gets supersaturated, 

molecules come close to each other because of their random motion and nucleation 

occurs (Figure 1.15). During nucleation, molecules arrange themselves in three 

dimensions to form a stable crystal lattice infrastructure, which is termed as critical 

nucleus. These critical nuclei further assemble molecules, so that crystals increase size. 

Both nucleation and crystal growth occurs in supersaturation zone. 

Crystal growth ceases when crystal lattice reaches a certain size, crystal growth 

cessation can be due to depletion of protein molecules, any strain destabilizing the lattice, 

or sometimes the growing crystal is poisoned by impurities [307].  

 

Figure 1.15. Schematic illustration of a protein crystallization phase diagram, 

Source: Chayen and Saridakis, [308] 
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The adjustable parameters (Figure 1.15) can be concentration of precipitating 

agent, pH and temperature. In major crystallization methods, viz; (i) microbatch, (ii) 

vapor diffusion, (iii) dialysis, and (iv) free interface diffusion (FID), each method adopts 

a different route to reach the nucleation and metastable zones. Assuming the adjustable 

parameter is the concentration of precipitating agent in  phase diagram (Figure 1.15), the 

filled black circles represent the system at the start. After passing through the nucleation 

zone, system reaches the metastable zone. For FID and dialysis, there are two starting 

points because the undersaturated starting solution may contain either protein alone or 

protein with a low concentration of precipitant [308, 309].  

In vapor diffusion method of setting 3D crystallization trials, a drop composed of 

a mixture of precipitant and protein solutions is placed in equilibrium with reservoir of 

pure precipitant. In microbatch method, the protein molecules are taken directly into the 

nucleation zone by mixing protein with precipitant under a paraffin/mineral oil mixture to 

prevent the evaporation of water out of the drop. In FID method, protein and precipitant 

solution are carefully superimposed and left to slowly mix diffusively. Dialysis makes 

use of ionic strength of solution. Protein solution is added in microdialysis cassettes 

called button, sealed with semipermeable membrane and suspended in crystallizing 

solution [310, 311]. Proteins are inherently flexible, so more conformations exist as well 

as different crystals shape [309]. 

For crystallographic studies, protein must be purified to homogeneity. 

Homogeneous preparation of the sample results in crystals which are stable and diffract 

to high resolution [312]. For crystallization, the supersaturation of protein is achieved by 

concentrating it to the highest possible level (2 to 50 mg/mL) without causing 

precipitation. Mixing of the protein sample to precipitating agent promotes the nucleation 

of protein crystals in the solution, resulting in large three-dimensional (3D) crystals 

[313]. 

1.11  Objective of the Study 

The objective of the study was to get an insight into the substrate specificity of putative 

multidrug efflux transporters belonging to major facilitator superfamily of S. Typhi and 
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based on the results of substrate specificity, the detailed characterization of one of the 

MDR transporters was to be pursued.  

To pursue this objective, a systemic approach was followed as described here: 

putative multidrug efflux transporters were selected based on available literature and 

bioinformatics analysis. Cloning of putative transporter genes was carried out using 

bacterial expression vector (pTTQ18). E. coli drug hypersensitive strain was used to 

identify substrate of each putative transporter. One of the broad substrate spectrum 

transporters was taken for detailed characterization study by various biophysical and 

biochemical means. Biophysical approaches like CD and FT-IR spectroscopies helped to 

study the protein stability and secondary structure content of protein under study. 

Biochemical techniques like fluorescent substrate interaction study facilitated probing the 

mechanism of transport. As membrane proteins are notorious target for structure 

determination, efforts were made to obtain three-dimensional crystals and to solve X-ray 

structure of the most promising MDR transporter.  
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2 Materials and Methods 

2.1 Reagents Suppliers 

Chemicals and molecular biology reagents used in the study were obtained from the 

following manufacturers: 

 Affymetrix, Buckinghamshire, United Kingdom 

 Bio-Rad Laboratories, Sharjah, UAE 

 GE Healthcare, Buckinghamshire, United Kingdom 

 Genewiz, Massachusetts, USA 

 New England Biolabs Ltd. Hertfordshire, United Kingdom 

 MBI Fermentas, New York, USA 

 Merck, Darmstadt, Germany 

 Macrogen, Seoul, South Korea 

 Merck Millipore (Novagen), Massachusetts, USA 

 Qiagen, Hilden, Germany 

 Sigma-Aldrich Chemical Company Ltd., Dorset, United Kingdom 

 Promega, Wisconsin, USA 

 Stratagene Ltd., Cambridgeshire, United Kingdom 

 Roche Diagnostics, Lahore, Pakistan 

 Invitrogen Life Technologies, Deutschland, Germany 

 Thermo scientific, Leicestershire, United Kingdom 

 Melford Laboratories Ltd.  Ipswich, United Kingdom 

 VWR International Ltd. (also for BDH chemicals supplies), Pennsylvania, USA 
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2.2 Bacterial Strains and Plasmids Used in the Study 

Bacterial strains and plasmids used for cloning and expression in this study have been 

listed in Table 2.1. 

Table 2.1. Bacterial strains and plasmids used in the study 

Bacterial 

strains/plasmids 

Strains genotype/Plasmid description Source 

E. coli OmniMax 2-T1 F
–
,[proAB

+
lacI

q 
lacZΔM15, Tn10(TetR), Δ(ccdAB)], 

mcrA, Δ(mrr-hsdRMS-mcrBC), φ80(lacZ)ΔM15, 

Δ(lacZYA-argF), U169 endA1, recA1, supE44 thi-1, 

gyrA96, relA1, tonA, panD, (Confer resistance to T1 and 

T5 phage) 

NIBGE 

stock/Invitrogen 

E. coli Top10 F
–
 ,mcrA, Δ(mrr-hsdRMS-mcrBC), φ80lacZΔM15, 

ΔlacX74, deoR,recA1, araD139 Δ(ara-leu)7697, galU, 

galK, rpsL (Str
R
), endA1 nupG 

NIBGE 

stock/Invitrogen 

E. coli KAM42 Derivative of E. coli K-12 (ΔacrB, ΔtolC, ΔydhE) [314]  Prof. Tomofusa, 

Okayama 

University, Japan 

E. coli BL21 F
–
, ompT, hsdS(rB

-
,mB

-
), gal, dcm NIBGE 

stock/Lucigen 

E. coli BL21(DE3) F
–
, ompT, hsdS(rB

-
,mB

-
), gal, dcm, λ(DE3) NIBGE 

stock/Lucigen 

E. coli C41(DE3) Derivative of E. coli BL21(DE3) F
–
, ompT,  hsdS(rB

-
,mB

-
), 

gal, dcm, λ(DE3) [213] 

NIBGE 

stock/Lucigen 

Salmonella Typhi 

(NIBGE-AS1) 

A clinical strain [315] NIBGE stock 

pTEV-His8 Ap
r
 (pTTQ18 vector having TEV protease gene sequence 

in tandem with His8 tag at N-terminal) 

University of 

Liverpool, UK. 

pMR3 Ap
r
 (pTTQ18 vector having His8 tag and TEV protease 

cleavage site at 5‘ end of multiple cloning site) 

SBL, NIBGE 

pMR4 Ap
r
 (pTTQ18 vector having His8 tag at 3‘ end of multiple 

cloning site) 

SBL, NIBGE 

Glycerol stocks for each strain and plasmids transformed in E. coli cells were prepared by mixing E. coli 

cultures (liquid growth; 800 L) with glycerol (80%, (w/v); 200 L), flash frozen in liquid nitrogen and 

stored at -70 °C. 
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2.3 Oligonucleotides Used in the Study 

For amplification of genes encoding the selected putative MFS pumps, primers were 

designed from the genome data of the MDR strain of S. Typhi C18 (Table 2.2). Specific 

restriction sites (underlined in the primer sequences in Table 2.2) were incorporated at 

the 5‘ and 3‘ ends of the amplified DNA to clone the fragments into the same sites in the 

pMR4 or pMR3 expression vectors.  

Table 2.2. Oligonucleotides used in the study 

 

 

Ser. 

No. 

Gene name 

(size) 

Primer Name Primer sequence 

1. STY0278 

(1.176 kb) 

F_pMR4-STY0278 5'-CCGGAATTCTATGCCTCTCGCTTTATTTGCACTGA-3' 

 R_pMR4-STY0278 5'-AAACTGCAGCTCCAGAGCAATGCGCACAGGTTTATC-3' 

2. STY0414 

(1.200 kb) 

F_pMR4-STY0414 5'-GCGATCAATTGTATGGAATCCTGGAAAGTTAATCT-3' 

 R_pMR4-STY0414 5'-AAACTGCAGTTGGCCTTTCGCTTTTTGCGCGTTA-3' 

3. STY0901 

(1.212 kb) 

F_pMR4-STY0901 5'-CCGGAATTCTATGACCGTCCTCTCCTCACGTAA-3' 

 R_pMR4-STY0901 5'-AAACTGCAGTGCGTTATGCTCCATCACCGGTTG-3' 

4. STY0966 

(1.149 kb) 

F_pMR4-STY0966 5'-GCGATCAATTGTATGTCCATCTATACCCGTCCCGTCATGCTT-

3' 

 R_pMR4-STY0966 5'-AAACTGCAGGATGTGGGCGACAGGATTAGGCGT-3' 

5. STY1204 

(1.209 kb) 

F_pMR4-STY1204 5'-CCGGAATTCTATGTCGCGCGTCTCGCAGGCGAG-3' 

 R_pMR4-STY1204 5'-GTATCAAACTGCAGGGCGCCGGGT-3‘ 

6. STY1491 

(1.488 kb) 

F_pMR4-STY1491 5'-CCGGAATTCTATGTTTCGTCAGTGGTTAACG-3' 

 R_pMR4-STY1491 5'-AAACTGCAGTCGGCGTTGGGCTTTTGCCAGGCTG-3' 

7. STY1517 

(1.242 kb) 

F_pMR4-STY1517 5'-CCGGAATTCTATGAATACTAATGTCTATGAG-3' 

 R_pMR4-STY1517 5'-AAACTGCAGTTCTGTTTCTGGTTTCGCTATTAG-3' 

8. STY1544 

(1.188 kb) 

F_pMR4-STY1544 5'-CCGGAATTCTATGAATCCAGGATTGAGACGT-3' 

 R_pMR4-STY1544 5'-AAACTGCAGACAGGTGATAGCCTGTTGCGTA-3' 

9. STY2458 

(1.191 kb) 

F_pMR4-STY2458 5'-CCGGAATTCTATGGACCACCCGGCAGCACTC-3' 

 R_pMR4-STY2458 5'-AAACTGCAGCCGTTTTTTGGGACGGCTGGCG-3' 

10. STY2509 

(1.191 kb) 

F_pMR4-STY2509 5'-GCGATCAATTGTATGAAAGAAAAATTATGGACGA-3' 

 R_pMR4-STY2509 5'-TCGAGTCGACGTGCAACTCGCTGGTGGAAACCAAC-3' 

11. STY2603 

(1.179 kb) 

F_pMR4-STY2603 5'-CCGGAATTCTATGACAGCAGTTAGCCAAAAAAC-3' 

 R_pMR4-STY2603 5'-AAACTGCAGACCGCGCCGGAACGATAATATCG-3' 

12. STY2938 

(1.185 kb) 

F_pMR4-STY2938 5'-CCGGAATTCTATGACGAAACCCACTCAT-3' 

 R_pMR4-STY2938 5'-AAACTGCAGATTTACGGCTTCCTGTCGGTGAA-3' 
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Table 2.2 cont. 

Underlined sequences represent restriction sites used for cloning. ‗F‘ and ‗R‘ stands for ‗forward‘ and 

‗reverse‘ respectively. Bold letters represent mutated nucleotides.*fliC gene primers were used for PCR 

based diagnosis of S. Typhi [316]. †tac promoter based primer were used for confirmation of clones by 

colony PCR and sequencing purposes. 

Ser. 

No. 

Gene 

name 

(size) 

Primer Name Primer sequence 

13. STY4230 

(1.218 kb) 

F_pMR4-STY4230 5'-CCGGAATTCTATGCCCGAACCCGTCGCTGAA-3' 

 R_pMR4-STY4230 5'-AAACTGCAGCGACGATGATGCGGCCTCCGGCAGT-3' 

14. STY4323 

(1.182 kb) 

F_pMR4-STY4323 5'-CCGGAATTCTATGACTAACAGCAACCGCATCAAG-3' 

 R_pMR4-STY4323 5'-AAACTGCAGATGCGCCGCTGGCGAACTA-3' 

15. STY4872 

(1.185 kb) 

F_pMR4-STY4872 5'-CCGGAATTCTATGGTTCATGCTCAGAGCGCTTCA-3' 

 R_pMR4-STY4872 5'-AAACTGCAGTTCACGTATCACAAACCGTT-3' 

16. STY4874 

(1.242 kb) 

F_pMR4-STY4874 5'-CCG GAATTC TATGCAACGGATTATTC-3' 

 R_pMR4-STY4874 5'-AAA CTGCAG CTTCTCAGCGGCCAGTTCTGC-3' 

  F_pMR3-STY4874 5'-CCG GAATTCATGCAACGGATTATTC-3' 

  R_pMR3-STY4874 5'-AAACTGCAGTTACTTCTCAGCGGCCAGTTC-3' 

  F_pMR4-STY4874-TEV-His8 5'-GAAAACCTGTATTTTCAGGGTAGCCATCATCACCATC-3' 

  R_pMR4-STY4874-TEV-His8 5'-ACCCTGAAAATACAGGTTTTCCTGCAGCTTCTCAGCG-3' 

  F_pMR4-STY4874(D25E) 5'-CTGATTTTGTACGAATTTGCCGCCTAT-3' 

  R_pMR4-STY4874(D25E) 5'-ATAGGCGGCAAATTCGTACAAAATCAG-3' 

  F_pMR4-STY4874(D25A) 5'-CTGATTTTGTACGCGTTTGCCGCCTA-3' 

  R_pMR4-STY4874(D25A) 5'-ATAGGCGGCAAACGCGTACAAAATCAG-3' 

  F_pMR4-STY4874(R111K) 5'-TTTCTGGTTGCCAAATTTGTGCAGGGC-3' 

  R_pMR4-STY4874(R111K) 5'-GCCCTGCACAAATTTGGCAACCAGAAA-3' 

  F_pMR4-STY4874(R111A) 5'-TTTCTGGTTGCCGCGTTTGTGCAGGGC-3' 

  R_pMR4-STY4874(R111A) 5'-GCCCTGCACAAACGCGGCAACCAGAAA-3' 

  R_pMR4-STY4874(Δ13) 5'-AAACTGCAGGCGCTGTAATAATGTCG-3' 

  R_pMR4-STY4874(Δ9) 5'-AAACTGCAGATGCTGGCGCACGCGCTGT-3' 

 fliC* F_fliC 

R_fliC 

5'-TATGCCGCTACATATGATGAG-3' 

5'-TTAACGCAGTAAAGAGAG-3' 

 
ptac-F† 

ptac-R† 

F_Ptac 5'-TTGACAATTAATCATCGGC-3' 

 R_Ptac 5'-CGCCAGCTGGCGAAAGGGG-3' 
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2.4 List of Putative MDR Transporter Constructs Generated 

in the Study 

For initial substrate identification study, all pMR4 based constructs of respective MDR 

transporter genes have been generated by molecular cloning (section 2.6) (strategy has 

been described in detail in chapter 3) [317]. 

The vector used to express proteins with a C-terminal, tobacco etch virus (TEV)-

protease cleavable oligohistidine tag (pMR4-STY4874-TEV-His8) was constructed by 

introducing the nucleotides encoding a TEV protease cleavage site into the pMR4-

STY4874 vector preceding the nucleotide sequence for the His8 tag, using the primers F-

pMR4-STY4874-TEV-His8 and R-pMR4-STY4874-TEV-His8 (Table 2.2) by in vitro 

site directed mutagenesis (section 2.6.13) (strategy has been described in detail in chapter 

4). The vector with an N-terminal, TEV-cleavable His8 tag (pMR3-His8-TEV-STY4874) 

was constructed following traditional cloning procedures using the primers F-pMR3-

His8-TEV-STY4874 and R-pMR3-His8-TEV-STY4874 (Table 2.2). In vitro site directed 

mutagenesis was also used to create point mutations in STY4874-constructs viz. pMR4-

STY4874(D25A)-TEV-His8, pMR4-STY4874(D25E)-TEV-His8, pMR4-

STY4874(R111A)-TEV-His8, pMR4-STY4874(R111K)-TEV-His8 (section 2.6.13) using 

primers listed in Table 2.2 (strategy has been described in detail in chapter 5). All 

constructs were verified by DNA sequencing and have been listed in Table 2.3. 

Table 2.3. Putative MDR transporter constructs generated in the study 

Gene 

name 

Construct 

name 

Protein Accession No. 

(Size kDa) 

TMSs 

Topology 

Study/Assay carried 

out 

STY0278 pMR4-STY0278 NP_454860.1 (40) i(12) MIC assay 

STY0414 pMR4-STY0414 NP_454977.1 (43) i(10) MIC assay 

STY0901 pMR4-STY0901 NP_455030.1 (42) i(12) MIC assay 

STY0966 pMR4-STY0966 NP_455456.1 (41) i(12) MIC assay 

STY1204 pMR4-STY1204 NP_455659.1 (44) i(10) MIC assay 

STY1491 pMR4-STY1491 NP_455922.1 (52) i(14) MIC assay 

 

 

http://www.ncbi.nlm.nih.gov/protein/NP_454860.1
http://www.ncbi.nlm.nih.gov/protein/NP_454977.1
http://www.ncbi.nlm.nih.gov/protein/NP_455030.1
http://www.ncbi.nlm.nih.gov/protein/NP_455456.1
http://www.ncbi.nlm.nih.gov/protein/NP_455922.1
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Table 2.3. cont. 

Gene 

name 
Construct name 

Protein Accession 

No. (Size kDa) 

TMSs 

Topology 
Study/Assay carried out 

STY1517 pMR4-STY1517 NP_455940.1 (42) i(10) MIC assay 

STY1544 pMR4-STY1544 NP_455964.1 (43) i(12) MIC assay 

STY2458 pMR4-STY2458 NP_456779.1 (43) i(12) MIC assay 

STY2509 pMR4-STY2509 NP_456823.1 (40) i(12) MIC assay 

STY2603 pMR4-STY2603 NP_456914.1 (42) i(12) MIC assay 

STY2938 pMR4-STY2938 NP_457210.1 (41) i(12) MIC assay 

STY4230 pMR4-STY4230 NP_458340.1 (42) i(12) MIC assay 

STY4323 pMR4-STY4323 NP_458429.1 (43) i(12) MIC assay 

STY4872 pMR4-STY4872 NP_458941.1 (41) i(12) MIC assay 

STY4874 pMR4-STY4874 NP_458943.1 (44) i(12) MIC assay, Efflux assay, 

expression optimization, 

purification 

 pMR3-His8-TEV-STY4874   Expression optimization, 

purification 

 pMR4-STY4874-TEV-His8   expression optimization, 

purification, 

 pMR4-STY4874(D25E)-

TEV-His8  
  MIC assay 

 pMR4-STY4874(D25A)- 
TEV-His8  

  MIC assay, expression 

optimization, purification 

 pMR4-STY4874(R111K)-

TEV-His8  
  MIC assay, 

 pMR4-STY4874(R111A)-

TEV-His8  
  MIC assay, expression 

optimization, purification 

 pMR4-STY4874(Δ13)-
TEV- His8  

  expression optimization, 

purification 

 pMR4-STY4874(Δ9)-TEV- 
His8  

  expression optimization, 

purification 

‗‗TMSs‘‘ stands for transmembrane segments, ―i‖ refers to cytosolic N- and C- termini of protein, and 

number within the brackets (  ) means transmembrane segments. 

http://www.ncbi.nlm.nih.gov/protein/NP_455940.1
http://www.ncbi.nlm.nih.gov/protein/NP_455964.1
http://www.ncbi.nlm.nih.gov/protein/NP_456779.1
http://www.ncbi.nlm.nih.gov/protein/NP_456823.1
http://www.ncbi.nlm.nih.gov/protein/NP_456914.1
http://www.ncbi.nlm.nih.gov/protein/NP_457210.1
http://www.ncbi.nlm.nih.gov/protein/NP_458340.1
http://www.ncbi.nlm.nih.gov/protein/NP_458429.1
http://www.ncbi.nlm.nih.gov/protein/NP_458941.1
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2.5 Growth/Expression Media and Conditions 

Cells of S. Typhi were revived in Tryptic Soy broth (TSB; Table 2.4). For this purpose, 

50 µL culture of S. Typhi was taken from glycerol stock and inoculated in 3 mL of TSB 

media. Cultures were then incubated overnight at 225 rpm at 37 °C. Overnight grown 

culture was further streaked on MacConkey (Table 2.4) agar plates. McConkey agar is a 

differential medium recommended for isolation and differentiation of lactose fermenting 

bacteria from non-lactose fermenting bacteria. A well isolated bacterial colony from the 

MacConkey agar plate was used for its biochemical identification on Triple Sugar Iron 

agar (TSI; Table 2.4) slants before proceeding for molecular cloning. 

Table 2.4. Media used for E. coli and S. Typhi 

Media Composition (g/L) Used for 

LB (Luria Bertni) 

Broth 

Tryptone 

Yeast extract 

NaCl 

10.0 

5.0 

10.0 

Cloning, minimum inhibitory 

concentration assay and protein 

expression in E. coli 

Tryptic Soy broth (Cat. #: 

1.00800, Merck) 

Pre-formulated 3.0 Revival of S. Typhi 

MacConkey agar (Cat. #: 

1.05465, Merck) 

Pre-formulated 5.0 Distinguishing Lac+ bacteria from Lac- 

bacteria 

Triple Sugar Iron agar 

(Cat. #: 1.03915, Merck) 

Pre-formulated 6.5 Biochemical identification of S. Typhi 

LB agar was prepared by adding 15 g/L agar in LB broth before autoclaving. 

For expression of STY4874, autoclaved LB agar and LB broth were supplemented with 1% and 

0.2% glucose respectively from filter sterilized 40% glucose stock solution. 

LB broth/agar, TSB and TSI were sterilized by autoclaving at 15 psi, 121 °C for 15 min. 

Growth media were prepared using distilled water. Where necessary, ampicillin or 

carbenicillin was used at a concentration of 50 g/mL in cloning and expression media.  

Stock solutions of ampicillin and carbenicillin were prepared in water at a concentration 

of 100 mg/mL, sterilized by filtration through 0.2 m filters and stored at -20 °C as 0.5 

mL aliquots. 
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LB-agar plates were prepared by autoclaving LB liquid medium containing 1.5% 

agar. After cooling down the medium to around 50 °C, the relevant antibiotic was added 

as required.  After pouring into petri dishes under sterile conditions, the medium was 

allowed to set by standing at room temperature. The plates were sealed with parafilm, 

stored at 4°C and used within five days. However, in cloning experiments, freshly 

prepared plates were used to circumvent the growth of false positive and satellite 

colonies. 

2.6 Molecular Cloning 

General procedures for cloning and DNA manipulations were performed as described by 

Sambrook et al. [317] with some modifications and according to the product 

manufacturer‘s instructions. All initial/basic DNA manipulations and vector construction 

experiments were performed using E. coli OmniMax 2-T1 or E. coli Top10 strain (Table 

2.1). 

2.6.1 Revival of Salmonella Typhi and its Identification 

S. Typhi strain (NIBGE-AS1) was obtained from stocks of Enteric Pathogen Laboratory 

at NIBGE, Faisalabad. The strain was revived using TSB medium (3 mL), followed by 

streaking on MacConkey agar plates with the help of sterile wire loop. A well isolated 

colony was taken for biochemical identification on TSI agar slants. TSI agar slants were 

prepared according to the manufacturer‘s instructions (Merck). Glass tubes, containing 3 

mL TSI agar medium were autoclaved. The molten agar was solidified in a 30° angle 

position to form a slant. The proportion of slant and butt was kept equal. A single 

bacterial colony was picked from MacConkey agar plate and inoculated into the triple 

sugar iron agar slant with stab and streak method. The tubes were incubated at 37 °C for 

16 h and observations were made. PCR based diagnosis of S. Typhi was carried out 

targeting fliC gene using F_fliC and R_fliC primer pair [316] (Table 2.2). 
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2.6.2 Extraction of Genomic DNA 

Genomic DNA was extracted either using Fermentas kit (Cat. #: K0512) or cetyl 

trimethyl ammonium bromide (CTAB) extraction method [318]. Genomic DNA was 

used as template for the amplification of various genes encoding MDR pumps. 

2.6.2.1 Kit Method 

Following steps were performed for the extraction of genomic DNA. 

S. Typhi (NIBGE-AS1) cells were grown in 3 mL TSB medium overnight and 

collected by centrifugation for 5 min at 6,000 x g. The pellet was resuspended in 200 µL 

of TE buffer (10 mM Tris-Cl (pH 7.4) and 1 mM EDTA (ethylene diamine tetra acetate) 

and lysis solution (40 µL) was added into it, incubated at 65 °C for 5 min. Then, 

chloroform (600 µL) was added and tube was inverted several times. To separate the two 

layers (organic and aqueous) tube centrifuged for 2 min at 12,000 x g. Upper aqueous 

phase containing DNA was transferred carefully into a fresh tube. Then, precipitation 

solution (800 µL) was added into the aqueous layer and mixed for 1 to 2 min, precipitated 

genomic DNA was harvested by centrifugation at 12,000 x g for 5 min. Supernatant was 

removed completely by inverting the tube for 30 to 40 min at room temperature. DNA 

pellet was dissolved in NaCl solution (100 µL) then pre-chilled ethanol (300 µL) was 

added and incubated at -20 °C for 30 min. Precipitated DNA was recovered by 

centrifugation at 12,000 x g for 5 min. Pellet was washed twice with 1 mL of ice chilled 

70% ethanol. Finally, DNA pellet was resuspended in 50 µL TE buffer or water and 

analyzed by agarose gel electrophoresis, described in section 2.6.4. 

2.6.2.2 CTAB Extraction 

S. Typhi (NIBGE-AS1) cells were grown in 3 mL TSB medium overnight and collected 

by centrifugation for 5 min at 6,000 x g. The pellet was resuspended in 200 µL of TE 

buffer (10 mM Tris-Cl (pH 7.4) and 1 mM EDTA) and incubated for 30 min in boiling 

water.  Then lysozyme (50 µL; concentration 10 mg/mL) was added and the mixture was 

incubated for 1 h at 37 °C. To the resultant mixture, proteinase K (75 µL; 20 mg/mL) was 

added and thoroughly mixed by inversion. CTAB/NaCl solution (100 µL; 1:1 ratio) pre-

warmed to 65 °C was added, mixed by inverting tubes followed by the addition of  
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chloroform/isoamyl alcohol (750 µL; 24:1 ratio) and mixed by inversion. The mixture 

was centrifuged at 12,000 x g for 5 min to separate the aqueous and organic layers. The 

upper aqueous phase was transferred to a new tube. To precipitate the DNA, isopropanol 

(450 µL) was added and placed on ice or at -20 °C for 30 min and then centrifuged at 

13,000 x g for 10 to 15 min. The supernatant was carefully decanted and the pellet was 

washed twice with 1 mL of ice chilled 70% ethanol. The DNA pellet was resuspended in 

50 µL TE buffer (10 mM Tris-Cl (pH 7.4) and 1 mM EDTA) and analyzed by agarose 

gel electrophoresis as described in section 2.6.4. 

2.6.3 Isolation of Plasmid DNA 

E. coli cells harbouring the relevant plasmid were grown overnight in 5 mL LB broth in 

50 mL Falcon tubes at 37 °C at 200 rpm and collected by centrifugation (6,000 x g, 4 °C, 

10 min).  Plasmid DNA was isolated from the cells using the Fermentas kit (Cat. #: 

K0503) following the manufacturer‘s instructions and stored at -20 °C until needed for 

the next application. Following steps were performed during plasmid DNA extraction. 

Bacterial pellet resuspended in re-suspension solution (250 L) and vortexed to 

dissolve pellet thoroughly. Lysis solution (250 L) was added and tubes inverted 5 to 6 

times. Then, neutralization solution (350 L) was added and tubes again inverted 5 to 6 

times. The resulting cellular debris and plasmid DNA was removed by centrifugation for 

5 min at 12,000 x g. Clear solution was carefully transferred to DNA binding column 

supplied with the kit and again centrifuged for 2 min at 12,000 x g. Wash solution (500 

L) was added and again centrifuged for 30 to 60 sec at 12,000 x g. This step was 

repeated twice. Flow-through discarded and empty column was centrifuged to get rid of 

any residual wash solution. Plasmid DNA was collected in an eppendorf with elution 

buffer (50 L) at 12,000 x g and stored at -20 °C for cloning purposes. 

2.6.4 Electrophoretic Separation of DNA on Agarose Gel 

Agarose gel electrophoresis was performed using a Bio-Rad apparatus. Agarose gels 1% 

to 2.5% were prepared by adding the agarose (Hi-Spec grade was used for gel 

purification of DNA fragments and Molecular Biology grade was used for general 

purpose, Helena Biosciences Ltd.) in 50 mL 1X TAE buffer (Table 2.6), in a 250 mL 
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conical flask and the agarose was melted in a microwave oven. After allowing to cool 

down slightly, ethidium bromide (2.5 L, 10 mg/mL, Table 2.5) was added with mixing 

(final concentration 0.5 g/mL), before pouring into the gel apparatus. The gel was 

allowed to set with the desired well comb at room temperature for at least 30 min. DNA 

samples and marker DNA mixed with 5X DNA sample buffer (Table 2.7) were loaded 

on the agarose gel. Gels were electrophoresed at constant voltage of 80-90 V for 30 min 

to 1 h in TAE buffer (Table 2.6) and then visualized by illumination under UV light. 

The amount of DNA in samples was estimated by comparing its fluorescence 

intensity with that of known amounts of 1 Kb DNA marker (Fermentas; SM0313). 

Table 2.5. EDTA and ethidium bromide solutions preparation 

Solutions Molecular weight 

(g/mol) 

Amount Final 

concentration 

EDTA. 2H2O (pH 8.0)* 372.24 18.61 g/100 mL H2O 0.5 M 

Ethidium Bromide† 394.294 1.0 g/100 mL H2O 10 mg/mL 

 

*EDTA (ethylene diamine tetraacetate) initially dissolved in 70 mL distilled H2O, pH 

adjusted with 10 N NaOH. Finally, volume was made up to 100 mL with distilled H2O. 

 

†Ethidium bromide was stirred on magnetic stirrer for several hours, bottle wrapped in 

aluminium foil and stored at room temperature. 

 

Table 2.6. TAE Buffer composition 

Composition of 50X TAE (1 L) Working solution (1X TAE) 

Components Amount/Volume (g/L) Final concentration 

Tris-base 

Glacial acetic acid 

EDTA (0.5 M, pH 8.0)* 

242.0 g 

57.1 mL 

100.0 mL 

40 mM Tris-acetate 

1 mM EDTA 

*0.5 M EDTA stock solution was prepared as described in Table 2.5. 

2.6.5 The Polymerase Chain Reaction (PCR) 

MDR pumps were amplified using touchdown PCR and oligonucleotides listed in Table 

2.2. The final composition of constituents in typical PCR reaction mixture (25 μL) was: 

Primers: 0.6 pmol, dNTPs: 0.2 mM, KOD buffer: 1X, MgSO4: 1.5 mM, KOD hot start 
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enzyme: 0.5 units per 25 μL reaction mixture (Novagen, Cat. #: 71316) and template 

genomic DNA: 80-100 ng, volume make up was carried out with PCR grade water. 

Following thermal cycler reaction conditions were used for amplification of MDR 

pumps: 

Polymerase Activation   = 95 °C (02:00 min) 

1. Denaturation conditions = 95 °C (00:20 min) 

2. Annealing conditions     = 59 °C–50 °C (00:20 min)  

(1 °C decrease in each step, 30 cycles at 50 °C) 

3. Extension conditions      = 72 °C (00:30 min) 

Total cycles from denaturation to extension (1 to 3): 30 

To analyze the reaction products, 2 to 3 μL samples from the PCR reaction mix 

were removed and added to DNA sample loading buffer (Table 2.7). The sample was 

loaded and separated through an appropriate concentration agarose gel containing 0.5 

μg/mL ethidium bromide (section 2.6.4) and DNA bands were visualized by illumination 

under UV light. For amplification of STY2458 and STY4230, annealing temperature was 

changed. Touchdown PCR was carried out, starting from 65 °C to 55 °C, with 1 °C 

decrease in every cycle and repetition at 55 °C for 30 times. 

Table 2.7. DNA sample buffer composition (5X); 10 mL 

Components Amount/Volume Final concentration 

Glycerol 

EDTA (0.5 M, pH 8.0) * 

Bromophenol blue 

5 mL 

10 mL 

5 mg 

50% (w/v) 

50 mM 

0.05% (w/v) 

*0.5 M EDTA stock solution was prepared as described in Table 2.5. 

2.6.6 Restriction Digestion of Plasmid DNA and PCR Product 

Restriction digestion of plasmid and PCR amplified DNA fragments was performed as 

instructed by the restriction enzyme manufacturers (Fermentas). 

For cloning purposes, a typical restriction reaction mixture (50 µL) contained 10 

µg of plasmid DNA or PCR-amplified DNA, 10 to 20 units of restriction enzyme and the 
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appropriate amount of digestion buffer and filter-sterilized milliQ water. For restriction 

analysis of clones, a reaction digestion of 20 µL final volume was set up and the amounts 

of reagents were adjusted accordingly. The reaction mixture was mixed thoroughly and 

incubated at the optimal temperature for 16 h. The restricted fragments were separated by 

agarose gel electrophoresis and visualized under UV light. 

2.6.7 Purification of DNA Fragments 

DNA fragments from restriction enzyme digestions and PCR reactions were purified by a 

gel extraction protocol (QIAquick gel extraction kit protocol) or PCR purification 

protocol (QIAquick PCR purification kit protocol) using the Qiagen kit (Cat. #: 28704). 

PCR product from 3 to 4 PCR reactions (70-100 µL) were pooled down and 5 volumes of 

PB buffer were added to the product. Whereas for gel extraction, low melting agarose 

was made in 1X TAE and agarose gel electrophoresis was carried out as described in 

section 2.6.4. Required DNA bands were excised under UV light with a clean sharp 

scalpel. Gel slice were weighed and 3 volumes of QG buffer was added to 1 volume of 

gel (100 mg of agarose gel = ~100 µL of QG buffer). Gel was dissolved by incubating at 

50 °C, until it was completely dissolved in QG buffer. A spin column was placed in a 2 

mL collection tube and PCR reaction mix in PB buffer or dissolved gel slice in QG buffer 

was loaded on column and centrifuged at 11,000 x g for 30 to 60 sec. Flow-through was 

discarded and placed the column back into the same tube, 750 µL PE Buffer was added to 

the column and centrifuged at 11,000 x g for 30 to 60 sec. Flow-through was discarded 

and column was inserted back in the same tube. Empty column was further centrifuged 

for 60 sec at 11,000 x g and transferred to a clean 1.5 mL eppendorf tube. Elution buffer 

(50 µL) was added to the center of the column and let it incubate for 1 min. Finally, the 

DNA was eluted by centrifugation at 11,000 x g for 2 min. 

2.6.8 Dephosphorylation of Restricted Plasmid DNA 

Dephosphorylation of linearized plasmid DNA to be used in cloning reactions is useful to 

prevent recircularization and self-ligation by removing phosphate groups from 5'-termini. 

Dephosphorylation reactions were performed as instructed by the manufacturer of calf 

intestinal alkaline phosphatase (CIAP; Promega, Cat. #: M1831). A typical 

dephosphorylation reaction (50 μL) was set up by mixing the amount of DNA 
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corresponding to 10 pmol of 5' ends, calculated from Promega Biocalculator 

(http://www.promega.com/a/apps/biomath/index.html?calc=pmolends), (Equation 2-1). 

                     
    

     
 
     

   
 
 

 
   

  

      
 

(Equation 2-1) 

Where, ‗N‘ is the number of nucleotides (in kb), ‗660 pg/pmol‘ is the average 

molecular weight of a single nucleotide pair, ‗2‘ is the number of ends in a linear DNA 

molecule, ‗kb/1000 bp‘ is a conversion factor for kilobases to base pairs. 

A typical dephosphorylation reaction (50 μL) was set up by mixing the amount of 

DNA corresponding to 10 pmol of 5' ends, based on Equation 2-1, 5 μL of 10X reaction 

buffer and 5 μL of diluted CIAP (1 unit/μL). Subsequently the dephosphorylation 

reaction was incubated for 1 h at 50 °C followed by inactivation of CIAP for 15 min at 65 

°C. Dephosphorylated DNA was purified by the PCR reaction purification method 

(Qiagen) and quantified described in sections 2.6.7 and 2.6.4. 

2.6.9 Ligation of DNA Fragments 

For ligation reaction, molar ratio of vector to insert was determined from Promega 

Biocalculator (http://www.promega.com/a/apps/biomath/index.html). These calculations 

are based on Equation 2-2. 

                                         

 
            

            
               

(Equation 2-2) 

A typical ligation reaction was set up by taking molar insert: vector ratios of 1:1 

and 3:1. Ligation was performed in a 20 µL reaction volume using the T4 DNA ligase 

(Promega) for overnight at 16 °C as instructed by the manufacturer. 

2.6.10  Preparation of E. coli Chemically Competent Cells 

Competent cells were prepared by CaCl2 and MgCl2 treatment method. All solutions were 

prepared as described in Table 2.8.  

http://www.promega.com/a/apps/biomath/index.html?calc=pmolends
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E. coli cells were streaked from glycerol stock on LB agar plates having 

appropriate antibiotics. Plates incubated at 37 °C for overnight. Pre-culture was prepared 

by inoculating single colony from the plate into LB broth having appropriate antibiotic, 

incubated at 37 °C for 16 h at 225 rpm. 1% inoculum from pre-culture was used to 

inoculate LB medium (50 mL, having relevant antibiotic). After inoculation, medium 

incubated at 37 °C on shaking at 225 rpm, until OD600 reached 0.4 to 0.45. Cells 

harvested at 2,000 x g at 4 °C for 5 min. Bacterial pellet was treated with 0.1 M MgCl2 

(Initially, pellet was dissolved in 2 mL solution. Finally, volume was made up to 20 mL), 

resuspended pellet was kept on ice for ½ h. Cells harvested at 2,000 x g at 4 °C for 5 min. 

Pellet was treated with 0.1 M CaCl2 (Initially, pellet was dissolved in 2 mL solution. 

Finally, volume was made up to 20 mL), resuspended pellet was kept on ice for ½ h, 

again centrifuged at the same conditions as described earlier. Pellet resuspended in 2 mL 

of 0.1 M CaCl2, having 15% (w/v) glycerol. After resuspending pellet, aliquots of 200 µL 

of competent cells were prepared and stored at -70 
o
C. 

Table 2.8. Solutions for E. coli competent cells preparation 

Solutions Molecular 

weight (g/mol) 

Amount Final concentration 

CaCl2. 2H2O 147.02 1.47 g/100 mL 0.1 M 

MgCl2. 6H2O 203.3 2.03 g/100 mL 0.1 M 

CaCl2 + Glycerol 0.147g/10 mL (CaCl2) 

+ 1.5 mL/10 mL (glycerol) 

0.1 M CaCl2 + 

15% (w/v) glycerol 

2.6.11 Transformation of E. coli Competent Cells 

A 200 µL aliquot of chemically-competent cells was thawed on ice and equally divided 

into two 1.5 mL microcentrifuge tubes. Approximately 100 ng plasmid DNA or 5 µL 

ligation mixture containing 70-100 ng DNA was added to 100 µL of competent cells and 

mixed gently. The cells were incubated on ice for 30 min and then heat shocked at 42 °C 

for 45 sec in pre warmed water bath and subsequently incubated on ice for 2 min. In the 

transformation mixture 500 µL of LB medium was added and incubated at 37 °C for 1 h 

at 200 rpm. A 200 µL aliquot of the transformation mixture was plated on a pre-warmed 

LB agar selective plate containing the appropriate antibiotic. The inverted plate was 

incubated overnight at 37 °C. Positive control and negative control were included along 
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with sterility control. Colonies were selected and analyzed by colony PCR or plasmid 

isolation followed by restriction analysis and sequencing. 

2.6.12  Colony PCR 

Colony PCR was performed to select the colonies of E. coli containing recombinant 

plasmids. For this purpose, colonies of E. coli cells transformed with respective 

recombinant plasmid were picked from LB agar plates, after 16 h of incubation at 37 °C 

and flush into PCR reaction mixture (20 µL) which was prepared by mixing DeamTaq 

master mix (Fermentas, Cat. #: K1072) to final 1X concentration, pTACF/R primers to 

final 0.6 pmol concentration and required amount of nuclease free water. Colonies from 

transformed cells were used as template. After flushing colony into PCR reaction 

mixture, the same colony was spotted on already graded LB agar plate for back up and 

plates were incubated at 37 °C for overnight. Following thermal cycler conditions were 

used for colony PCR: 

Initial denaturation      = 95 °C (03:00 min) 

1. Denaturation conditions = 95 °C (00:20 min) 

2. Annealing conditions     = 59 °C–50 °C (00:20 min)  

(1 °C decrease in each step, 30 cycles at 50 °C) 

3. Extension conditions      = 72 °C (01:30 min) 

Total number of cycles from denaturation to extension (from step 1 to 3) : 30 

Final extension      = 72 °C (10:00 min) 

PCR reaction mixture (15 to 17 L) was loaded and separated through an agarose 

gel of 1 to 1.5% concentration containing 0.5 μg/mL ethidium bromide (section 2.6.4) 

and DNA bands were visualized by illumination under UV light. 

2.6.13  Site Directed Mutagenesis 

In vitro site directed mutagenesis was performed using the QuikChange® PCR method 

(Stratagene). It was used to generate C-terminal tag cleavable construct pMR4-STY4874-

TEV-His8 by introducing TEV cleavage site in pMR4-STY4874-His8 construct and to 



Chapter 2   Materials and Methods 

59 

 

generate point mutations in pMR4-STY4874-TEV-His8 construct (i.e. pMR4-

STY4874(D25A)-TEV-His8, pMR4-STY4874(D25E)-TEV-His8, pMR4-

STY4874(R111A)-TEV-His8, pMR4-STY4874(R111K)-TEV-His8). Primers used for in 

vitro site directed mutagenesis have been listed in Table 2.2. 

The PCR reaction was prepared as described in Section 2.6.5, using 100-150 ng 

plasmids as template. 

Following thermal cycler conditions were used: 

Initial denaturation      = 95 °C (03:00 min) 

1. Denaturation conditions = 95 °C (00:20 min) 

2. Annealing conditions     = 59 °C–50 °C (00:20 min)  

(1 °C decrease in each step, 30 cycles at 50 °C) 

3. Extension conditions      = 72 °C, 30 sec per kb of template DNA 

Total number of cycles from denaturation to extension (1 to 3) : 30  

Final extension: 72 °C (10:00 min) 

A 2 to 3 L aliquot of the reaction mix was analyzed by ethidium bromide dye 

agarose gel electrophoresis and a 20 to 22 L aliquot from the remaining reaction 

mixture was treated with 10 units of DpnI at 37 °C for 1 to 2 h to degrade the parental 

methylated (5' Gm
6
ATC 3') and hemi-methylated DNA. E. coli Top 10 or OmniMax 

competent cells (50 µL) were used to transform 1 to 2 L of DpnI-treated reaction 

mixture. These were plated onto LB agar plates containing ampicillic or carbenicillin (50 

g/mL) to select for the presence of the plasmids. The plates were then incubated at 37 

°C, overnight. Colonies harbouring putative mutant plasmids were isolated, grown 

overnight in 5 mL LB medium and DNA minipreps were performed as described in 

Section 2.6.3. The presence of the mutation was confirmed by DNA sequencing by 

submitting samples to Macrogen or GENEWIZ.    
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2.7 Determination of Minimum Inhibitory Concentration 

(MIC) 

Minimum inhibitory concentration (MIC) of various compounds was determined 

following Clinical and Laboratory Standards Institute guidelines (http://www.clsi.org/). 

MIC assay was carried out using two fold agar dilution method [319].  

For MIC assay by agar dilution method, LB agar was prepared (Table 2.4) and 

autoclaved using the parameter 121 °C, 15 min, 15 psi. It was allowed to cool down to 

moderate temperature, then 0.01 mM isopropyl-β-D-thiogalactoside (IPTG) (stock 1 M 

IPTG see Table 2.10), 50 µg/mL ampicillin and various antimicrobials (Table 2.9), each 

at two fold serial dilutions was taken in approximately 20 mL LB agar, mixed well by 

swirling and poured in one 15 x 100 mm petri dish. The surface of the agar plates was 

dried in a laminar air flow hood for 30 min with the lid ajar. Agar plates were 

preferentially used on the same day or stored at 4 °C and used within one week. 

An E. coli strain (KAM42) deficient in acrB, tolC and ydhE [314] was used to test 

drug susceptibility of each transporter. Competent cells of E. coli KAM42 were prepared 

as described in section 2.6.10. Plasmids containing respective putative transporter genes 

were transformed in E. coli KAM42 as described in section 2.6.11. 

A fresh pure culture was prepared by taking 4 to 5 morphologically similar 

colonies in 5 to7 mL LB medium, incubated at 37 °C at 225 rpm. The density of the cell 

suspension was assessed by taking OD625 and compared with the McFarland 0.5 standard 

(i.e. BaSO4 turbidity standard) (section 2.7.1), which is equal to 1 to 2 x 10
8
 cfu/mL. 

Once the bacterial suspension was adjusted, 1:10 dilution was made with LB medium and 

used within 30 min to avoid changes in the cell number. From 1:10 dilution, 1 μL was 

taken to put a spot on test plates having test compound. For each transporter, spot was 

placed in triplicate. A sterility control (plate without any antibiotic) was included to 

monitor culture suspension. Bacterial inoculum was further checked by making serial 

dilutions (10
-3

, 10
-4

, and 10
-5

) of bacterial suspension and plating them on LB agar. 
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Plates having MIC determination spots and inoculum verifying culture were 

incubated at 37 °C for 20 to 24 h. MIC was examined visually and defined as the lowest 

concentration that prevented visible growth of bacteria. 

2.7.1 Preparation of BaSO4 Turbidity Standard 

For the preparation of BaSO4 turbidity standard, equalizing the McFarland 0.5 standard, 

1.175% (w/v) BaCl2 and 1% (v/v) H2SO4 solutions were prepared. 0.5 mL of the 1.175% 

(w/v) BaCl2 solution was added to 99.5 mL of the 1% (v/v) H2SO4 solution with constant 

stirring to get a suspension. The optical density of the turbidity standard was measured 

using a spectrophotometer at 625 nm and was found to be 0.11. The aliquots of standard 

(4 to 6) were made, wrapped in aluminum foil and stored at room temperature. Standards 

were stable for at least a month. 
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Table 2.9. Antibiotics used in MIC assay 

Antibiotics/detergents/ 

biocides/dyes 

Stock 

solutions 

(mg/mL) 

Solvent 
Ranges tested for MIC 

determination (g/mL) 
A

n
ti

b
io

ti
cs

 

Ciprofloxacin 10 H2O 0.001-0.5 

Levofloxacin 10 Water 0.001-0.5 

Nalidixic acid 50 
Water and 0.1 M NaOH 

dropwise to dissolve 
1-128 

Norfloxacin 50 
Water + 10 µL glacial acetic 
acid 

0.03-64 

Doxycycline 10 Water 0.03-64 

Tetracycline 10 Water 0.25-128 

Kanamycin 100 Water 0.03-128 

Streptomycin 100 Water 0.03-128 

Gentamycin 50 Water 0.03-128 

Chloramphenicol 100 Ethanol 0.03-64 

Erythromycin 50 Water 0.03-64 

Neomycin 10 Water 0.03-64 

Trimethoprim 50 
Water + 10 µL glacial acetic 

acid 
0.03-64 

Amoxicillin 10 DMSO 0.03-64 

Rifampicin 10 DMSO 0.03-64 

Cefixime 10 Water 0.0125-64 

Cefotaxime 10 Water 0.0125-64 

D
et

er
g

en
ts

 

Cetyl trimethyl 

ammonium bromide 
100 Water 0.06-128 

Deoxycholate 100 Water 0.06-128 

Sodium dodecyl sulphate 100 Water 0.06-128 

B
io

-

ci
d

es
 

Benzalkonium chloride 100 Water 0.06-128 

Methyl viologen 50 Water 0.06-128 

D
y

es
 

Acriflavine (antiseptic) 10 Water 0.06-128 

Ethidium bromide 50 Water 0.06-128 

Rhodamine 6G 50 Water 0.06-128 

All stock solutions were filter sterilized through 0.2 m filters (Sigma; CLS431229) and stored at -20 °C or 

4 °C.  
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2.8 Expression and Purification of Proteins 

2.8.1 Expression and Purification of Tobacco Etch Virus (TEV) 

Protease  

Oligohistidine-tagged TEV protease was expressed in E. coli expression cell line BL21-

C41(DE3) [213] and purified by Ni-NTA affinity chromatography [320].  For expression, 

E. coli C41(DE3) cells were transformed with oligohistidine-tagged TEV protease 

construct (pTEV-His8) and selected on LB agar containing carbenicillin (50 μg/mL), 

incubated at 37 °C for overnight. Morphologically similar, 3 to 4 colonies from the LB 

agar plate were inoculated into 5 mL LB medium containing carbenicillin (50 μg/mL) in 

the morning and then in the afternoon 100 mL LB medium supplemented with 

carbenicillin (50 μg/mL) was inoculated with 1% freshly grown culture in 500 mL flask. 

Cultures were grown overnight at 37 °C at 225 rpm. 1% overnight grown cultures was 

used to inoculate to 1 L LB medium having carbenicillin (50 μg/mL), placed in incubator 

at 37 °C with shaking at 225 rpm until OD600 reached 0.8. Then placed this cultured 

medium on ice for 15 to 20 min or at 4 °C to lower the temperature to ~15 °C whereby, 

TEV protease expression was induced by the addition of IPTG to a final concentration of 

0.5 mM. Cultures were then grown for further 14 to 16 h at 15 °C with shaking at 225 

rpm. Finally, cells were centrifuged at 4,000 x g for 20 min at 4 °C and stored at -20 °C 

until purification performed. 

For purification, cell pellet from 1 L culture was resuspended in 200 mL TEV 

protease resuspension buffer (Table 2.11), homogenized well with homogenizer and 

passed twice through the cell crusher (15 kpsi at 4 °C). Cell debris was removed by 

centrifugation at 12,000 x g for 30 min at 4 °C. Supernatant containing TEV protease was 

proceeded for purification. For affinity purification, supernatant was divided into five 

aliquots of equal volume, each aliquot was passed through Nickel-nitrilo triacetate (Ni-

NTA) resin (1 mL of 50% Ni-NTA slurry) pre-washed with 10X column volume (CV) of 

milliQ H2O and equilibrated with 20X CV of TEV protease resuspension buffer (Table 

2.11). Unbound material was collected as flow through. Ni-NTA resin was then washed 

with 30X CV of TEV protease resuspension buffer and bound TEV protease was eluted 

with 10X CV of TEV protease elution buffer (Table 2.11) in 0.5 mL fractions and 
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quantified as described in section 2.8.9. Concentration of TEV protease was adjusted to 

~4 mg/mL and aliquots of 0.5 mL TEV protease were flash frozen in liquid nitrogen and 

stored at -70 °C.   

Table 2.10. Stock solutions preparation for recombinant protein expression and 

purification 

Solutions Molecular  weight 

(g/mol) 

Amount Final conc.  (M) 

IPTG¹ 238.3 2.38 g/10 mL 1.0  

Tris. Base² (Tris-Cl buffer) 121.14 121.14 g/L 1.0  

NaCl 58.44 233.76 g/L 4.0  

Imidazole 68.077  68.08 g/L 1.0  

PMSF³ 174.19  1.742 g/100 mL 0.1  

DDM - 10 g/100 mL 10% (w/v) 

¹IPTG was filter sterilized through 0.2 m filters and stored at -20 °C. 

²Required pH was adjusted with HCl and buffer name was used as Tris-Cl. 

³PMSF stock solution was prepared in isopropanol. 

 

Table 2.11. Composition of TEV protease resuspension and elution buffers 

TEV protease resuspension buffer TEV protease elution buffer 

Stock solutions Volume 

(mL) 

Final conc. 

(mM) 

Stock solutions Volume 

(mL) 

Final conc. 

(mM) 

1 M Tris-Cl (pH 

8.0)  

10.0  20  1 M Tris-Cl (pH 

8.0) 

0.6  20  

4 M NaCl 62.5  500  4 M NaCl 2.25  300  

1 M Imidazole 10.0  20  1 M Imidazole 9.0  300  

Glycerol 50.0  10% (w/v) Glycerol 6.0  20% (w/v) 

Total Volume 500   Total Volume 30   

Stock solutions were prepared as described in Table 2.10. 
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2.8.2 Overexpression of STY4874 

Expression of STY4847 from constructs pMR4-STY4874, pMR3-His8-TEV-STY4874, 

pMR4-STY4874-TEV-His8, pMR4-STY4874(D25A)-TEV-His8, pMR4-

STY4874(R111A)-TEV-His8, pMR4-STY4874(Δ13)-TEV-His8 and pMR4-

STY4874(Δ9)-TEV-His8 (Table 2.3) was performed in E. coli expression cell line 

C41(DE3). 

For expression, few colonies of E. coli C41(DE3) cells transformed with 

respective expression vectors were inoculated into LB medium containing 50 µg/mL 

carbenicillin or ampicillin and 1% glucose and were grown overnight at 37 °C, 250 rmp. 

Overnight culture was then diluted 100 times in fresh LB medium (for small scale, total 

volume: 50 or 100 mL; for pilot scale, total volume: 6 or 12 L) supplemented with 0.2% 

glucose and 50 µg/mL carbenicillin or ampicillin. Cells were grown up to an OD600 of 0.6 

at 37 °C, whereby temperature was lowered to 30 °C and cells were shaken for another 1 

h until OD600 reached 0.8 to 1.0, protein expression was then induced by adding 0.1 mM 

IPTG in final concentration and cells were grown for additional 3 h. Finally, cells were 

harvested by centrifugation at 4,000 x g at 4 °C for 20 to 30 min. 

2.8.3 Preparation of Bacterial Inner Membrane 

2.8.3.1 By Water Lysis Method 

Membranes from 50 to 100 mL cell culture were prepared by water lysis method. Cells 

expressing respective MDR pumps were harvested by centrifugation at 6,000 x g at 4 °C. 

Bacterial pellet was resuspended in 200 mM Tris-Cl, pH 8.0 (10 mL). Resuspended pellet 

was shaken at 200 rpm at 25 °C for 30 min. At zero time, sucrose buffer (4.85 mL; 1 M 

sucrose and 1 mM EDTA dissolved in 200 mM Tris-Cl of pH 8.0) was added. At 1.5 

min, lysozyme (65 µL; concentration 10 mg/mL, freshly prepared in the sucrose buffer) 

was added. Resuspension was vortexed briefly. At 2 min, deionized water (9.6 mL) was 

added. Resuspension was again vortexed for a short time and left at moderate shaking for 

another 20 min to allow spheroplast formation. Spheroplasts were collected by 

centrifugation at 45,000 x g for 20 min at 4 °C and the supernatant (periplasmic fraction) 

was decanted. Spheroplasts were resuspended in deionized water (15 mL), using a 
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syringe needle (1 x 150 mm). Shaken for 20 min at room temperature and membranes 

were collected by centrifugation at 45,000 x g for 20 min at 4 °C. 

Bacterial membranes were washed twice with 15 mL of 0.1 M sodium phosphate 

buffer, pH 7.2 (Table 2.12). After each washing, pellet was collected at the same 

conditions as described above. Finally, membrane pellet was resuspended in 0.1 M 

sodium phosphate buffer (0.2 to 0.4 mL; pH 7.2), mixed well with the help of syringe 

needle (0.45 x 13 mm) until suspension became homogeneous. Membranes were stored at 

–70 °C until purification. Protein concentration in membrane was measured as described 

in section 2.8.9.  

Table 2.12. Preparation of 0.1 M sodium phosphate buffer at 25 °C 

pH Volume of 1 M Na2HPO4 (mL) Volume of 1 M NaH2PO4 (mL) 

6.8 46.3 53.7 

7.0 57.7 42.3 

7.2 68.4 31.6 

7.4 77.4 22.6 

7.6 84.5 15.5 

Combined 1 M stock solutions were diluted up to 1 L with distilled H2O 

Na2HPO4 • 2H2O, M. wt. 178.05; 1.0 M solution contains 17.805 g/100 mL. 

Na2HPO4 • 12H2O, M. wt. 358.22; 1.0 M solution contains 35.822 g/100 mL. 

NaH2PO4 • H2O, M. wt. 138.01; 1.0 M solution contains 13.80 g/100 mL. 

NaH2PO4 • 2H2O, M. wt. 156.03; 1.0 M solution contains 15.60 g/100 mL. 

2.8.3.2 By Cell Homogenizer 

For membranes preparation from 6 or 12 L, cells were resuspended in 20 mM Tris-Cl 

buffer (pH 7.5) containing 0.5 mM EDTA, 1 mM phenylmetyl sulfonyl fluoride (PMSF) 

plus 2-tablets of cocktail protease inhibitor (Roche, Cat. #: 05892953001), disrupted by 

passing 2 to 3 times through Avestin homogenizer at 15 kpsi, at 4 °C. Cell debris and 

unbroken cells were removed by centrifugation at 12,000 x g for 30 to 45 min at 4 °C and 

membranes from the supernatant were collected by ultracentrifugation at 100,000 x g for 
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one and half h at 4 °C. Membranes were then washed using 20 mM Tris-Cl (pH 7.5) 

buffer and collected as described above and stored at -70 °C. 

2.8.4 Solubilization of E. coli Membranes Containing STY4874 

Detergent solubilization of protein (STY4874) was optimized in different zwitterionic 

and non-ionic detergents (Table 2.13). 

For optimization experiment, E. coli cell membranes (at final concentration of 3 

mg/mL proteins) were resuspended in 20 mM Tris-Cl buffer (pH 7.5), containing 

different detergents at varying concentrations (see Table 2.13), 100 mM NaCl, 2 mM β-

mercaptoethanol (βME), 5 mM imidazole and 1 mM PMSF for 1 h with shaking at 125 

rpm, at 25 °C. Unsolubilized material was removed by centrifugation at 100,000 x g for 1 

h at 4 °C (for stock solution preparation of Tris-Cl, NaCl, imidazole and PMSF, see 

Table 2.10). Solubilized and unsolubilized fractions were run on SDS polyacrylamide 

gel, followed by Western blotting as described in sections 2.8.10 and 2.8.11. 

For purification of protein from different constructs of STY4874 (Table 2.3), 

aiming at functional and structural studies, 1% (w/v) DDM was used. After 

overexpression of any particular protein, E. coli cell membranes (at final concentration of 

3 mg/mL proteins) were solubilized in final concentration of 20 mM Tris-Cl buffer (pH 

7.5), containing 1% (w/v) n-dodecyl-β-D-maltopyranoside (DDM), 100 mM NaCl, 2 mM 

β-mercaptoethanol (βME), 5 mM imidazole and 1 mM PMSF for 1 h with shaking at 125 

rpm, at 25 °C. Unsolubilized material was collected by ultracentrifugation at 100,000 x g 

for 1 h at 4 °C.  

Table 2.13. Detergents used for STY4874 solubilization 

Common 

name 

Chemical name CMC 

(mM/H2O) 

Detergent concentration used 

for solubilization (%, w/v) 

DDM n-dodecyl-β-D-maltopyranoside  0.17 0.5, 1.0, 1.5 

LDAO n-Lauryl-N, N-dimethylamine-N-

oxide 

1-2 0.5, 1.0 

OG n-Octyl-β-D-glucopyranoside 19 0.5, 1.0, 1.5 

10% (w/v) stock solutions of all detergents were prepared in milliQ H2O. 

CMC = critical micelle concentration 
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2.8.5 Purification of STY4874 by Affinity Chromatography 

Solubilized proteins i.e. supernatant was incubated with gentle shaking for 1:30 h at 4 °C 

with Ni-NTA (1 mL of 50% slurry; Qiagen; Cat. #: 30210), pre-equilibrated with 

washing buffer (Table 2.14). Ni-NTA agarose bound to the His8-tagged STY4874 was 

packed into a 1 mL column and washed with 50X column volumes wash buffer (Table 

2.14) to remove non-specific proteins. Finally, the His8-tagged STY4874 protein was 

eluted using 6X column volumes of elution buffer (Table 2.14) in 0.5 mL fractions. 

Protein concentration was determined by measuring the absorbance (A280 nm) and/or 

bicinchoninic acid (BCA) assay using Pierce BCA kit (section 2.8.9).  

Table 2.14. Composition of STY4874 wash and elution buffer 

STY4874 wash buffer STY4874 elution buffer 

Stock solutions Volume 

(mL) 

Final conc. 

(mM) 

Stock solutions Volume 

(mL) 

Final conc. 

(mM) 

1 M Tris-Cl (pH 7.5)  10.0 20  1 M Tris-Cl (pH 7.5) 0.6 20  

4 M NaCl 12.5 100  4 M NaCl 0.75 100  

14.4 M βME 0.069 2  14.4 M βME 0.004 2  

1 M Imidazole 12.5 25  1 M Imidazole 9.0 300  

10% (w/v) DDM 5.0 0.1% (w/v) 10% (w/v) DDM 0.12 0.04% (w/v) 

Total Volume 500  Total Volume 30  

Stock solutions were prepared as described in Table 2.10. 

2.8.6 Cleavage of His8 Tag from STY4874 

Affinity purification was followed by cleavage of His8-tag from the purified 

oligohistidine-TEV-tagged STY4874 protein. For this, purified protein was mixed with 

TEV protease (expressed and purified as described in section 2.8.1) in the ratio of 1:0.25 

respectively and dialyzed against TEV cleavage/dialysis buffer (Table 2.15) in a dialysis 

cassette (3.5 kDa cutoff) for 16 h at 4 °C. 
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Table 2.15. Composition of TEV cleavage/dialysis buffer 

Stock solutions Volume (mL) Final concentration (mM) 

1 M Tris-Cl (pH 7.5)  10.0 20  

4 M NaCl 12.5 100  

Glycerol 50.0 10% (w/v) 

1 M DTT* 0.5  1.0  

10% (w/v) DDM  2.0 0.04% (w/v) 

Total Volume 500   

Stock solutions were prepared as described in Table 2.10. 

*Fresh DTT (dithiothreitol) solution was prepared by taking 0.154 g of DTT in 1 mL of 

dist. H2O. 

2.8.7 Purification of His8-tagged Cleaved STY4874 Protein 

The His8-tag cleaved protein was separated from the uncleaved His8-TEV-tagged 

STY4874 and oligohistidine-tagged TEV protease by incubating the dialyzed mixture 

(see section 2.8.6) with Ni-NTA resin (i.e. 400 µL of 50% slurry), equilibrated with gel 

filteration buffer (Table 2.16) for 30 min with gentle shaking at 4 °C. Ni-NTA resin 

bound to oligohistidine-tagged proteins was collected by centrifugation at 1000 x g 

briefly at 4 °C. This step was repeated twice to ensure complete removal of uncleaved 

His8-TEV-tagged STY4874 and oligohistidine-tagged TEV protease. 

Table 2.16. Gel filtration buffer 

Stock solutions Volume (mL) Final concentration (mM) 

1 M Tris-Cl (pH 7.5)  10.0 20  

4 M NaCl 12.5 100  

10% (w/v) DDM 2.0 0.04% (w/v) 

Total Volume 500   

Stock solutions were prepared as described in Table 2.10. 
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2.8.8 Purification of STY4874 by Gel Filtration 

Un-tagged STY4874 protein was concentrated to approximately to 10 mg/mL using 50 

kDa cutoff concentrator at 4 °C and further purified by gel filtration chromatography 

using the gel filtration buffer (Table 2.16) and column superdex-200. Purified protein 

was quantified by BCA method. 

2.8.9 Protein Quantification 

2.8.9.1 By Bicinchoninic Acid (BCA) Assay 

Protein concentration was determined by the bicinchoninic acid (BCA) assay (Pierce) 

using test-tube procedure according to the manufacturer‘s instructions and bovine serum 

albumin, (BSA; Sigma) as a standard. Protein samples were diluted where necessary to 

fall within the standard protein concentrations range (2 to 10 µg). Standard and sample 

solutions were taken in duplicate followed by the addition of 1mL assay reagent. The 

assay reagent was prepared by mixing 50:1 of BCA reagent (Pierce) and 4% CuSO4. The 

test tubes were then incubated at 37 °C for 30 min to allow color development (purple). 

Samples and standards were allowed to cool down to room temperature. The absorbance 

was measured at 570 nm using a spectrophotometer (Thermo Scientific). The protein 

concentration of unknown samples was measured from the linear graph which was 

obtained by plotting the known standard concentrations against relevant absorbance. 

2.8.9.2 By UV at 280 nm 

Protein concentration for purified protein was also measured using the UV absorption 

method at 280 nm with NanoDrop 2000 (Thermo Scientific). A 2 µL of blank buffer was 

read as a reference. Various dilutions of protein samples were prepared (ideally, to give 

absorbance values at A280 below 2) and read as sample. Extinction coefficients of proteins 

were obtained using a bioinformatics program from the ExPASy website 

(http://www.expasy.org/tools/protparam.html) and protein concentrations were measured 

using the Beer‘s Law, equation 2-3: 

       Equation 2-3 
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Where, ‗‘ is molar extinction coefficient (g/L), ‗c‘ is concentration in the units 

corresponding to , ‗l‘ is the length of light path (cuvette) i.e. 1 cm. 

2.8.9.3 By Bradford Assay 

Bradford assay was carried out taking BSA as standard. BSA was dissolved in the same 

buffer the protein was in. Serial dilutions of BSA (0.1 to 1.0 mg/mL) were made to 

generate a standard curve.  Protein samples were diluted where necessary to fall within 

the standard protein concentrations range (2 to 10 µg). 10 to 20 µL of the protein extract 

and standards were taken in 1 mL of the Bradford reagent (Table 2.17) and mixed well 

with repetitive pipetting. Samples and standards were incubated for ½ h at room 

temperature. The absorbance was measured at 595 nm using a spectrophotometer 

(Thermo Scientific), after blanking the instrument with the buffer used for making 

standard and protein dilutions. 

The protein concentration of unknown samples was measured from the linear 

equation which was obtained by plotting the known standard concentrations against 

relevant absorbance, and given below (equation 2-4). 

          Equation 2-4 

Where, ‗ ‘ is the concentration of unknown protein in mg/mL, ‗Y‘ is the 

absorbance of protein + Bradford reagent at 595 nm, and the constant ‘a’ determines 

the slope or gradient of that line and constant ‗ ‘ is the y-intercept. 

Table 2.17. Bradford reagent composition 

Components Amount or Volume 

Coomassie brilliant blue G-250 5.0 mg 

95% Ethanol 2.5 mL 

85% Phosphoric acid 5.0 mL 

Total volume 50.0 mL 
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2.8.10 Protein Separation by SDS-polyacrylamide Gel Electrophoresis 

SDS-PAGE was performed using a Bio-Rad Mini PROTEAN II apparatus. A 12% 

separating gel (Table 2.18) was prepared in Erlenmeyer flask and poured in gel casting 

apparatus, overlaid with distilled water and allowed to set for at least 30 min. The overlay 

was poured off from the top of the separating gel, washed several times with distilled 

water to remove any unpolymerized acrylamide and then any remaining water was 

removed with the edge of paper towel. 

A 5% stacking gel (Table 2.18) was prepared taking all the components in the 

order shown, swirled the mixture rapidly and poured the stacking gel directly onto the 

surface of already polymerized separating gel. A clean Teflon (10-lane; 0.75 mm) comb 

was inserted immediately into the stacking gel solution, adding more stacking gel 

solution to fill the spaces of the comb completely and allowed to set for at least 30 min. 

After polymerization was complete, comb was removed carefully. The gel was mounted 

in the electrophoresis apparatus, which was filled with running buffer (Table 2.19). 

Membrane samples containing 15 to 20 g total protein were diluted to 15 L 

using the same buffer, protein was already in.  Sample loading buffer (5 L) (Table 2.19) 

and βME (1 L) were added with brief vortexing; the solutions were then held at room 

temperature for 30 min before loading into lanes of the gel. Electrophoresis was 

performed at constant voltage (100 V) using the running buffer (Table 2.19) until the dye 

front reached the bottom of the gel. 

Protein bands were visualized by Coomassie Blue staining. The gel was soaked 

sequentially on an orbital platform in staining solution (Table 2.20) for ~20 h, and then 

several changes of destaining solution (Table 2.20) until the background was clear. 
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Table 2.18. Composition of SDS-polyacrylamide gel 

Components 12% Separating gel (mL) 5% Stacking gel (mL) 

 1 Gel 2 Gels 1 Gel 2 Gels 

H2O 1.67 3.34 1.7 3.4 

30% acrylamide mix. 2.0 4.0 0.5 1.0 

1.5 M Tris-Cl (pH 8.8) 1.25 2.5 - - 

1.5 M Tris-Cl (pH 6.8) - - 0.75 1.5 

10% (w/v) SDS 0.05 0.1 0.03 0.06 

10% Ammonium persulphate 0.05 0.1 0.03 0.06 

TEMED ⃰ 0.0025 0.005 0.003 0.006 

Total volume 5.0 10.0 3.0 6.0 

⃰ TEMED: Tetramethylethylenediamine 

 

 

Table 2.19. Composition of sample loading (4X) and running buffer (10X) 

Sample loading buffer 4X (10 mL) Running Buffer 10X (1L) 

Components Amount Final conc. Components Amount (g) Final conc. 

Glycerol 4.0 mL 10% (w/v) Glycine 144 190 mM 

SDS 1.0 g 2% (w/v) Tris-Cl (pH 8.0) 30.0 25 mM 

EDTA 37.2 mg 10 mM SDS 10.0 0.1% (w/v) 

Tris-Cl (pH 6.8) 3.153 g 50 mM    
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Table 2.20. Composition of staining and de-staining solution 

Staining solution De-staining solution 

Components 
Volume 

(mL) 

Final conc. 

(%) 
Components 

Volume 

(mL) 

Final conc. 

(%) 

Acetic acid 50 10 (v/v) Acetic acid 50 10 (v/v) 

Isopropanol 125 25 (v/v) Dist. H2O 450  

Coomassie blue R 250 0.125g 0.025 (w/v) 

Total volume 500   Total volume 500  

2.8.11 Western Blotting 

For Western blot, protein samples were run on SDS-PAGE, then transferred from the gel 

to the polyvinylindene fluoride (PVDF)/nitrocellulose membrane using either wet or 

semi-dry blotting procedure. 

2.8.11.1 Semi Dry Blotting 

To this end, gel was transferred into transfer buffer (Table 2.21), soaked for 5 min. 

PVDF or nitrocellulose membrane and filter papers were cut according to the size of the 

gel. PVDF membrane was soaked into methanol for 1 min before soaking into transfer 

buffer, whereas for nitrocellulose membrane this step is not required and membrane was 

directly soaked into transfer buffer. Filter papers were also dipped into transfer buffer 

until they are wet thoroughly. 

For Semi dry transfer, Bio-Rad trans-blot semidry (SD) cell was used. Sheets of 

buffer soaked filter papers (4 per gel) were placed on platinum anode, pressed gently to 

remove air bubbles. Membrane was placed on filter paper, again pressed gently to 

remove any entrapped air bubble. 

On the membrane, gel was placed. Sheets of presoaked filter paper (4 per gel) 

were placed at the top of gel, again pressed with the help of glass rod. At the end, cathode 

was placed on the stack, and then safety cover. Proteins were transferred on PVDF/nitro 

cellulose membrane by applying a current of 300 mA for a period of 2 h. Prestained 

protein marker (Fermentas; Cat. #: SM0671 or Bio-Rad; Cat. #: 161-0363) was used as 
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an indicator of transfer of proteins from SDS-PAGE gel on to PVDF or nitro cellulose 

membrane.   

After transferring, membrane was developed to visualize the proteins. For this, 

membrane was washed twice with 10 mL Tris buffered saline, TBS (Table 2.21) for 10 

min each, followed by blocking with 3% (w/v) BSA (Roth; Cat. #: 80782) solution 

prepared in TBS Tween (10 mL; TBS + 0.05% (v/v) Tween-20 (Bio-Rad; Cat. #: 170-

6531)) for 1 h with continuous agitation. Then, membrane was washed three times with 

10 mL TBS Tween (10 mL; TBS + 0.05% (v/v) Tween-20) for 10 min each at room 

temperature, followed by washing with 10 mL TBS (Table 2.21). In order to couple with 

primary antibody, membrane was incubated with anti-His monoclonal antibody (Sigma, 

Cat. #: H1029), diluted up to 1:3,000 in 10 mL TBS Tween for 1 h and then membrane 

was washed again with TBS Tween-20 (3 x 10 mL), followed by single washing with 10 

mL TBS, each for 10 min. PVDF or nitrocellulose membrane was incubated with 

secondary antibody (10 mL, anti-mouse IgG alkaline phosphatase conjugate, Sigma; Cat. 

#: A3562), diluted up to 1:10,000 in TBS Tween, for 1 h at room temperature with 

continuous agitation. Finally, membrane was washed with TBS Tween-20 (4 x 10 mL), 

each for 10 min. Alkaline phosphatase substrate solution (prepared by dissolving 1 tablet 

of BCIP/NBT (Sigma, Cat. #: B5655) in 5 mL of deionized water immediately before 

use) was added on the membrane, and incubated (3 to 5 min) until purple color developed 

on the membrane. Finally, reaction was quenched by adding 2 mM EDTA (10 mL) and 

membrane dried in the air.  

Table 2.21. Composition of transfer buffer and tris-buffered saline (TBS) 

Transfer buffer Tris buffered saline (TBS) 

Components Amount Final conc. Components Amount Final conc. 

Tris base 1.51 g 25 mM Tris-Cl (pH 7.5) 1.576 g 20 mM 

Glycine 7.13 g 190 mM NaCl 4.383 g 150 mM 

Methanol 100 mL 20% (v/v) Tween-20 250 µL 0.05% (v/v) 

Total volume 500 mL  Total volume 500 mL  
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2.8.11.2 Wet Blotting 

For wet blotting, protein was separated as described in section 2.8.10. For wet transfer, 

Bio-Rad Mini trans-blot cell was used and following steps were performed. 

PVDF or nitrocellulose membrane and filter papers were cut to the dimensions of 

the gel. Gel was equilibrated by putting in transfer buffer (Table 2.21) and membrane, 

filter paper, and fiber pads were soaked in transfer buffer for 5 to 10 min. 

The transferring gel sandwich was assembled as follows: the cassette was placed 

on a clean surface with the gray side down then one pre-wetted fiber pad was placed on 

the gray side of the cassette. A sheet of filter paper was placed on the fiber pad. Transfer 

buffer equilibrated gel was placed on the filter paper; on top of gel the pre-wetted 

nitrocellulose membrane was placed. The gel sandwich assembly was completed by 

placing a piece of filter paper and last fiber pad on the membrane. Sandwich assembly 

was pressed gently with the help of glass rod to remove air bubbles. The assembled 

transferring sandwich was put into module with the black side on the back. Ice pack was 

placed into the apparatus to control temperature during transfer. Transfer buffer was 

poured into the transferring tank to cover the sandwich. A standard stir bar was added to 

help maintain even buffer temperature and ion distribution in the tank. Maximum speed 

was set to keep ion distribution even. 

Blot was run at 100 V, 400 mA and at 100 W for 2 h. After running the system for 

2 h, membrane was developed as described in section 2.8.11.1, and protein bands were 

detected using horseradish peroxidase (HRP)-chemiluminescence detection. For HRP 

based chemiluminescent substrates, a stable peroxide solution and an enhanced luminol 

solution (Thermo Scientific; Cat. #: 32106) were mixed together in equal volumes in 

order to make a working solution. When incubated with a blot on which HRP-conjugated 

antibodies are bound, a chemical reaction produces light that was detected exposing the 

membrane to film (CL-XPosure Film, Thermo Scientific, Cat. #: 34090) which was 

developed using conventional procedures. 
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2.9 Characterization of STY4874 

2.9.1 Ethidium Bromide/Acriflavine Efflux Assay 

Acriflavine and ethidium bromide efflux assays were carried out as described before 

[143, 321] with minor modifications. For efflux assays, E. coli KAM42 cells transformed 

with pMR4 and pMR4-STY4874 were grown and expressed by inducing expression with 

0.1 mM IPTG for 1 h at 37 °C and 225 rpm. Cells were harvested at 2,500 x g at 4 °C, 

washed with 1X phosphate buffered saline (PBS) (Table 2.22) and resuspended in 1X 

PBS buffer containing 0.1 µM or 2.5 μM of acriflavine or ethidium bromide (assay 

buffer), respectively. Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) in final 

concentration of 40 µM was added and cells were incubated at 37 °C for 20 min on 

constant shaking at 225 rpm. After incubation, cells were collected at 2,500 x g at 4 °C, 

washed twice with the assay buffer containing either 0.1 µM acriflavine or 2.5 μM 

ethidium bromide. The washed cells were resuspended in the respective assay buffer and 

fluorescence was measured immediately using Perkin Elmer LS45 fluorescence 

spectrophotometer at excitation and emission wavelength of 425 nm and 535 nm, and, 

510 nm and 595 nm for acriflavine and ethidium bromide, respectively. The slit width for 

excitation and emission was 10 nm. After ensuring that substrate influx and efflux is at 

constant level, glucose (0.5%, w/v) was added as energy source to generate proton 

gradient and induce efflux activity. Assays were monitored until efflux reached at 

constant level and 40 µM of CCCP was added to disrupt proton gradient and efflux 

activity. 

Table 2.22. Composition of PBS buffer 

1X PBS (1 L; pH adjusted to 7.4 with HCl and autoclaved) 

Components Amount (g/L) Final concentration (mM) 

NaCl 8.0  137  

KCl 0.2  2.7  

Na2HPO4 1.44  10  

KH2PO4 0.24  10  
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2.9.2 Structural Analysis of STY4874 by Circular Dichroism (CD) 

Spectroscopy 

Circular dichroism (CD) spectra were taken using J-810, Jascon spectro-ploarimeter at 25 

°C. Purified STY4874, STY4874(D25A) or STY4874(R111A), 300 µL each at a 

concentration of 0.02 mg/mL in 10 mM phosphate (pH 7.4) buffer having 0.04% (w/v) 

DDM were added into a Hellma quartz cuvette of 1 mm path length. Each protein sample 

was scanned between 185-250 nm, averaging 10 accumulations. Similarly, blank sample 

of buffer used to resuspend protein was scanned. CD spectra were analyzed using 

different softwares and servers, namely, protein concentration independent method at 

web based server http://perry.freeshell.org/raussens.html and DichroWeb server at 

http://dichroweb.cryst.bbk.ac.uk/html/home.shtml [322] and program CONTIN/reference 

set 3 [323]. 

For thermal stability analysis, the purified STY4874 protein at a concentration of 

0.02 mg/mL in 10 mM phosphate (pH 7.4) buffer with 0.04% (w/v) DDM was scanned at 

222 nm by the heating the protein from 15 to 90 °C at a rate of 1 °C/min. Similarly for 

refolding analysis, denatured protein was cooled down from 90 to 15 °C at a rate of 1 

°C/min. Response time was adjusted to 15 sec for each run of heating and cooling. 

2.9.3 Structural Analysis of STY4874 by Fourier Transform Infrared 

(FTIR) Spectroscopy 

For infrared spectroscopy, ~15 μL purified STY4874 at a concentration of 2 to 3 mg/mL 

in 10 mM phosphate buffer at pH 7.4 having 0.04% (w/v) DDM was dried on platinum 

ATR (attenuated total reflectance) platform (diamond crystal) to form a hydrated film. 

Spectra were taken using Bruker FTIR spectrometer. 

For FTIR spectrum, sample was scanned from 4000 to 500 cm
-1

 in absorbance 

mode at 1 nm resolution, 256 scans co-addition and Blackman-Harris-3-term apodization. 

Similarly, blank (buffer alone) was scanned under the same conditions and subtracted 

from protein spectra. The resulting protein spectrum was manipulated by adjusting the 

subtraction factor until a flat baseline was obtained in the region from 2000 to 1770 cm
-1

. 

http://dichroweb.cryst.bbk.ac.uk/html/home.shtml
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For secondary structure analysis, spectrum was smoothened using 2 adjacent 

points. Second derivative of spectrum in the amide I region (1700–1600 cm
-1

) was 

determined using the Origin software version 7.0 (OriginLab Corporation, USA) 

following Savitzky-Golay method. Decomposition of the spectrum into individual bands 

in the amide I region was carried out by non-linear peak fitting using Galactic 

PeakSolve™ software (version 1.05). For interpretation of spectrum, band assignments 

were done on the basis of previous measurements [265]. 

2.9.4 Monodispersity Analysis of STY4874 by Electron Microscopy 

(EM) 

For electron microscopy analysis by negative staining, concentration of purified 

STY4874 protein and STY4874(D25A) and STY4874(R111A) mutant proteins were 

adjusted to ~10 μg/mL in 20 mM Tris-Cl (pH 7.5) having 100 mM NaCl and 0.04% 

(w/v) DDM. Two (2) μL of each protein sample was adsorbed to glow discharged carbon 

coated copper grids (QUANTIFOIL, Germany) and incubated at room temperature for 30 

sec. Grids were washed with 5 to 6 drops of distilled deionized water to ensure removal 

of detergent, blotted and dried. Finally, grids were stained by incubating with 0.75% 

(w/v) uranyl formate for 30 to 40 sec, blotted and dried by vacuum aspiration to remove 

excess stain solution from the grid. Negatively stained grid was visualized using a Philips 

CM10 TEM operating at 100 kV. 

2.9.5 Substrate Binding Analysis by Exploiting Intrinsic Tryptophan 

Fluorescence of STY4874 

Intrinsic tryptophan fluorescence quenching was used to determine substrate binding 

affinity of purified and DDM solubilized STY4874 and STY4874(D25A). Fluorescence 

experiments were performed in triplicate at excitation and emission wavelengths of 290 

nm and 325 nm, respectively, in a Fluoromax-4-fluorometer (Horiba) at 25 °C. 

Freshly purified protein in DDM detergent solution was titrated with different 

substrates in increasing concentrations until maximal fluorescence quenching was 

obtained. Similarly, blank sample (buffer only) was titrated with different substrates in 

the same increasing concentrations and subtracted from the protein titration 

measurements. The resulting data underwent nonlinear regression analysis. The apparent 
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dissociation constant, Kd for binding of substrates to the protein were determined, using 

equation 2-5. 

                               (  )  
         

     
 

Equation 2-5 

Where, ‗ΔF‘ is the change in fluorescence for a given concentration of substrate, 

‗ΔFmax‘ is the total fluorescence change, ‗Kd‘ is dissociation constant for binding site and 

‗x‘ represents the substrate concentration. 

2.9.6 Three Dimensional (3D) Crystallization Trials 

Three dimensional (3D) crystallization trials were carried out using hanging drop vapour 

diffusion method. For setting crystallization, protein was purified as described in section 

2.8. Purified proteins were concentrated up to 10 to 12 mg/mL. 

Initial screening of crystallization conditions was performed on 96-well plates. A 

Mosquito Crystal® robot (TTP Labtech) was used to dispense 0.5 μL of concentrated 

purified protein, from a 25 μL syringe (Hamilton, Cat. #: 7804-03) and needle (Hamilton, 

Cat #: 7654-01) clamped on dispensing arm of robot, to the drop wells of the plate. An 

equal volume of reservoir buffer from screens, preloaded on the 96-well plates using 

disposable micropipettes, was added to the protein solution. At each solution dispensing, 

the needle of the robot is automatically changed, ensuring zero cross contamination.  

For automated sitting drop set-up [324], the mosquito deck was loaded with 96-

well flat bottom plate (Hampton, Cat. #: HR3-113), each well preloaded with screen 

buffers. Protein sample was taken by a syringe clamped on dispensing arm of the robot. 

The Mosquito‘s X, Y and Z axes are accurately calibrated and driven by a stepper motor 

to dispense protein and reservoir buffer droplets with a high degree of accuracy in the 

center of the drop wells of flat bottom crystallization plate. Protein droplets of 0.5 μL 

were dispensed first in the drop wells, followed by an equal amount of reservoir solution, 

each taken from the corresponding preloaded reservoir well. Plate was sealed with 

sealing tape (Hampton, Cat. #: HR4-506), and a sealing paddle (Hampton, Cat. #: HR4-

413) was used to ensure isolation of each well from the neighboring. In automated 

hanging drop set-up [324], the protein drops were dispensed by the robot on an  adhesive, 
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hanging drop plate (Hampton, Cat. #: HR3-507). In the protocol used, Mosquito 

dispensed off equal volumes, i.e. 0.5 μL of protein sample and screening buffer, from a 

96-well reservoir plate (Hampton, Cat. #: HR3-195) preloaded with screen buffers, in all 

the 96 positions on the hanging drop plate. In the Mosquito protocol, each screening 

buffer is dispensed in a mirroring position compared to the 96-well reservoir plate. The 

hanging drop plate was then inverted and sealed on the 96-well reservoir plate, in such a 

way that each droplet covered its respective well. 

For subsequent crystallization trials, in 24 well plate (Hampton, Cat. #: HR3-306), 

500 μL of reservoir buffer was taken in each well. To generate protein drop, 1.0 μL of 

purified protein was taken and mixed well with the same volume i.e. 1.0 μL of reservoir 

buffer by repetitive pipetting on an inverted cover slip (Hampton, Cat. #: HR8-074), 

which was then placed above the reservoir buffer. Cover slip was pressed gently to 

ensure complete sealing of droplet and reservoir environment, so that gradual equilibrium 

could be established.  

Plates were observed every day for the growth of the crystals. For data collection, 

crystals were harvested using appropriate sized loop, flash frozen in liquid nitrogen and 

sent to synchrotron facility. Advanced Photon Source (APS) synchrotron at Argonne 

National Laboratory (Illinois, USA) was used for x-ray data collection. Data were 

collected remotely using ‗ADSC software‘ on 24-ID-E beamline 

(http://necat.chem.cornell.edu/). 

For initial screening, different commercial screens were tried. These included 

screens available with Molecular dimensions, Hampton research, and Qiagen 

crystallization screens i.e. MemStart/MemSys, PEG ION/PEG ION II, 

MemPlus/MemFac, MemGold, CryoI/CryoII, MB class and MB class II. Different 

buffers in the pH range of 4.0 to 8.0 were screened, along with detergent and additive 

screens (Hampton research) and different polyethylene glycol (PEG 400) concentration 

range from 27 to 48% (w/v) were tried, simultaneous screening of protein concentration 

range from 10 to 15 mg/mL. 

http://necat.chem.cornell.edu/
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Following optimized conditions were obtained for further crystallization study of 

STY4874; 0.1 M MES (pH 5.5-6.5), PEG 400 (27-30%, w/v), 0.1 M NaCl, 0.1 M 

Li2SO4, purified protein in the concentration range of 10-12 mg/mL. For co-

crystallization, substrates were mixed with the purified protein in the concentration 

indicated in Table 2.24. Protein-ligand mixture was incubated in ice for ~10 min before 

setting up the crystallization drops. In principle, the concentrations of substrate can range 

between 10 to 1000 times above the Kd [325], therefore, a relatively safe concentration 

was selected. 

Table 2.23. Stock solutions preparations for crystallization 

Solutions Molecular weight (g/mol) Amount Final conc. (M) 

MES† 206.73 4.1346 g/20 mL H2O 1.0  

PEG 400 - 10 mL/20 mL H2O 50% (w/v) 

NaCl 58.44 1.1688 g/20 mL H2O 1.0  

Li2SO4 109.94 2.1988 g/20 mL H2O 1.0  

†MES buffer initially dissolved in 10 mL distilled H2O, pH (5.5-6.5) was adjusted by 

adding 10 N NaOH solution dropwise while dissolving the buffer on magnetic stirrer, 

finally volume made up to 20 mL with distilled H2O.  

Note: After preparation, all stock solution, except PEG 400 were filtered using 0.22 μm 

filter to ensure the removal of any residual solid particle. 

 

 

 

 

 

 

 



Chapter 2   Materials and Methods 

83 

 

Table 2.24. Crystallization conditions tested in the study 

Protein Drop description ٭ Temperature† Reservoir buffer 

W
il

d
 t

y
p

e
 

Only protein (STY4874) 19 °C 0.1 M MES (pH 5.5-6.5), 

PEG 400 (27 - 30%, w/v), 

0.1 M NaCl, 

0.1 M Li2SO4 

STY4874 + 0.5 mM kanamycin 

STY4874 + 0.5 mM ciprofloxacin 

STY4874 + 0.5 mM norfloxacin 

STY4874 + 0.5 mM reserpine 

STY4874 + 0.5 mM Berberine chloride 

STY4874 + 1 mM Gentamycin 

STY4874 + 0.5 mM benzalkonium chloride 

Only protein (STY4874) 4 °C 

Only protein (STY4874; low conc.) 

STY4874 + 0.5 mM Berberine chloride 

STY4874 + 0.5 mM reserpine 

STY4874 + 0.5 mM reserpine 25 °C 

STY4874 + 0.5 mM Berberine chloride 

STY4874 + 0.5 mM Berberine chloride 4 °C 0.1 M MES (pH 5.5-6.5), 

PEG 400 (31-34% w/v), 

0.1 M NaCl, 

0.1 M Li2SO4 

STY4874 + 0.5 mM reserpine 

⃰ for co-crystallization, protein was mixed with the substrates and inhibitors in the indicated 

concentrations; equal volume of reservoir buffer was added to protein drop.  

 

†Incubation temperature varied as indicated. 
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Table: 2.24. cont. 

Protein Drop description ⃰ Temperature Reservoir buffer 

M
u

ta
n

t 
S

T
Y

4
8

7
4

 (
D

2
5

A
) 

STY4874 (D25A) 19 °C MemStart/MemSys 

STY4874 (D25A) 
MB Class II 

STY4874 (D25A) 

0.1 M MES (pH 5.5-6.5), 

PEG 400 (27- 30%, w/v), 

0.1 M NaCl, 

0.1 M Li2SO4 

STY4874 (D25A) + 1 mM 

Gentamycin 

STY4874 (D25A) + 0.5 mM 

benzalkonium chloride 

STY4874 (D25A) + 1 mM 

Gentamycin 4 °C 

STY4874 (D25A) + 0.5 mM 

benzalkonium chloride 

T
ru

n
ca

te
d

  

9
 A

A
 Only protein 19 °C 

0.1 M MES (pH 5.5-6.5), 

PEG 400 (21 - 32%, w/v), 

0.1 M NaCl, 0.1 M Li2SO4 

T
ru

n
ca

te
d

  

1
3

 A
A

 

Only protein 19 °C 

⃰ for co-crystallization, protein was mixed with the substrates and inhibitors in the indicated 

concentrations; equal volume of reservoir buffer was added to protein drop.  
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3 Characterization of Putative Multidrug 

Resistant MFS Transporters Expressed in 

Salmonella Typhi 

3.1 Introduction 

Salmonella Typhi is the causative agent of typhoid fever, a human adapted pathogen [16], 

which poses serious health threats in developing countries, especially to young children 

[50]. There are reports of the emergence of multidrug resistance strains of S. Typhi, 

especially from South Asian countries, including Pakistan, where this disease is endemic 

[10, 51].  

Drug resistance in S. Typhi is mediated by several mechanisms. In case of 

plasmid-borne mechanism [24, 26, 34, 35], MDR plasmid, pHCM1 is an important vector 

of antibiotic resistance in S. Typhi and was found to confer resistant to chloramphenicol, 

tetracycline, streptomycin, and sulphonamides [36]. The chromosomally conferred 

fluoroquinolones resistance has been attributed to mutations in the genes encoding 

subunits of either DNA gyrase or DNA topoimerase IV enzymes [38]. Resistance due to 

decreased outer membrane permeability is another mechanism for fluoroquinolone 

resistance in S. Typhi, outer membrane porins expression i.e. OmpA and OmpC was 

reduced in the MDRST isolates, whereas expression of OmpF was lost [49]. In addition 

to this, active efflux pumps also contribute to fluoroquinolone resistance [40, 41].  

Salmonellae possess multiple drug efflux systems including the tripartite efflux 

system; AcrAB-TolC system [42, 43]. None of these efflux systems from S. Typhi have 

been characterized to date. Among other Salmonellae serovars, various efflux pumps 

from S. Typhimurium have been studied in detail. Fluoroquinolone-resistant S. 

Typhimurium strains showed increased expressions of various efflux pumps i.e. AcrAB, 

AcrEF, EmrBD and MdlB [45]. Among other multidrug pumps, identified in S. 

Typhimurium include MdfA, EmrAB, and MdtK [48]. It has been observed that efflux of
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antimicrobials from the cell is one of the major mechanisms for the adaptive resistance of 

Salmonellae spp [47]. 

Keeping in view the prevalence of this disease in Pakistan, and presence of 

uncharacterized efflux transporters in S. Typhi, this study was designed to probe into the 

functionality of previously uncharacterized or poorly characterized transporters, so that 

they could be used as potential target for rational drug designing. For this, multidrug 

efflux transporters belonging to major facilitator superfamily (MFS) have been selected 

due to obvious reasons as this family comprised of the highest number of putative MDR 

efflux pump candidates. After selection of putative MDR transporters and cloning, they 

were expressed in the drug-hypersensitive E. coli strain KAM42 [314], and the cells were 

assayed for their resistance to a set of 25 antimicrobials to characterize the substrate 

specificity of the expressed transporters. Functionality of one of the promising MDR 

pump STY4874 was further probed by fluorescence based real time assay. The functional 

cloning strategy used here to characterize putative MFS-type MDR transporters of S. 

Typhi using E. coli as a non-pathogenic host can easily be extended to transporters from 

other pathogenic bacteria.  
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3.2 Results 

3.2.1 Revival of Salmonella Typhi and Extraction of Genomic DNA 

S. Typhi was revived as described in section 2.6.1 and genomic DNA was extracted 

(section 2.6.2). After extraction of genomic DNA, PCR based confirmation (section 

2.6.5) of S. Typhi was carried out using fliC gene primers [316] (Table 2.2).  

Amplification of a PCR product of 495 bp corresponding to nucleotides from 1,035 bp to 

1,530 bp in the flagellin gene of S. Typhi has confirmed the identity of a locally isolated 

strain of S. Typhi (Figure 3.1). The flagellin gene of S. Typhi has unique nucleotide 

sequences in the hypervariable region of the gene and the PCR test, based on the unique 

sequence in the flagellin gene of S. Typhi, has been used to detect S. Typhi specifically in 

the clinical specimens [316]. Identity of fliC gene was further confirmed by submitting 

the PCR product for sequencing, analyzing the sequenced file, and hence confirming the 

identification of S. Typhi. The genomic DNA of S. Typhi isolate was later used for 

amplification of genes of selected putative MDR MFS pumps (section 2.6.5).  

 

Figure 3.1. PCR amplification of fliC gene from S. Typhi genomic DNA; DNA 

fragments were separated on a 1.5% agarose gel and stained with ethidium bromide. In 

lane 1, required amplified band at 495 bp was visible, representing a region of fliC gene 

(1,035 bp to 1,530 bp). Lane 2 was negative control in the PCR reaction. ‘M‘ denotes 1kb 

DNA ladder for size estimation (Fermentas; SM0313). 
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3.2.2 Selection of Putative MDR MFS Transporters  

TransportDB, a data bank of the predicted membrane transport proteins in organisms for 

which complete genome sequences are available (http://www.membranetransport.org/), 

predicts many putative and partially characterized MDR MFS transporters in S. Typhi 

(Table 1.2) [177]. However, a study by Nishino and Yamaguchi demonstrated that many 

of the MFS homologs in E. coli with predicted MDR transport function did not confer 

resistance to any of the antimicrobials they tested [117]. This study, therefore, sets out to 

functionally characterize the putative MDR MFS pumps in S. Typhi, which are having 

less or partially characterized efflux transporters as homologues. The amino acid 

sequence of the putative MDR MFS pumps was analyzed with ClustalX [326], and with 

the exception of STY2603 and STY4230, only targets with less than 20% sequence 

identity between them were selected for further analysis (Figure 3.2). The 

transmembrane helices of the selected targets were predicted using the hidden Markov 

topology predictor TMHMM (Table 2.3) [327], and the primary sequences were 

analyzed for the presence of motifs conserved in MFS proteins [157, 328]  (Table 3.1). 

The presence of specific MFS motifs has confirmed that selected targets are members of 

major facilitator superfamily. 
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Figure 3.2. Relationships among various selected MDR MFS transporters of S.  

Typhi; The amino acid sequences of selected putative transporters had less than 20% 

identity except STY4230 and STY2630 (eclipsed). The phylogenetic tree was derived 

from alignments of amino acid sequences of proteins (see Table 2.3 for accession 

number of proteins) using the program ClustalX, version 1.83 and drawn using the 

TreeView program. The scale bar indicated an evolutionary distance of 0.1 amino acid 

substitutions per site. 
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Table 3.1. Sequences of conserved motif of selected MDR MFS transporters 

Conserved 

Motifs 

Description 
Motif A Motif B Motif C Motif D2 Motif G Motif D1 Motif E Motif F Motif H  Functional variant of 

motif A  Shared by both 12 and 14 TMS,MFS transporters Shared by 12 TMS transporters  Shared by 14 TMS transporters 

Location 

In cytoplasmic loop 

between TMS-II and 

TMS-III 

TMS-IV End of TMS-V End of TMS-I 
End of TMS-

XI 

End of 

TMS-I 

T

MS-VII 

T

MS-

XIII 

TMS-VI 

Within the putative 

loop between TMS-II 

and TMS-III 

Conserved 

motif 

sequence 

GxLaDrxGrkxx(x)l lxxxRxxqGxgaa GxxxGPxxGGxl LgxxxxxPvxP GxxxGPL 
lDxTvxnv

AlP 

DxxGxx

L 

lgxxxG

xavxgxl 
WxwxFllNvPig ExPxxxxxDxxxRK 

Selected 

Targets 

STY0278 G63RLPRKQLLVAL74 L94IAARLLTG102   G306NVPGL311     P56VLTALTGRLPRK68 

STY0414 G67SLADRKGRKLMLL80  G146VIGGPLMGG155  G348NVVGPL354     P64MWGSLADRK73 

STY0901 G63ILCSAWLVKRFGT76  G150TLAGAGVGMAL161        

STY0966 G62YLIKRIGFNRSYYL76          

STY1204 G54LRQFIQQGL63  L84MRAAGFATMGIA96        

STY1491 G62ALGDRIGFKRLL74  G143AAFGPLIGGIL154   
I20DATVL

HVAAP30 

G187RRD

QPL193 
 W160GSVFLINVPI178  

STY1517 G76HLSDRVGRKRIL88 L112LARTLFG119 G146ILTGCIGLGG156       P73LIGHLSDRVGRK85 

STY1544 G64ILADKFDKKRYML77  G144WTVGPPLGTL154        

STY2458 G61QLIYGPMADSL72    G354AIVGAL360     P67MADSLGRK75 

STY2509  L100LFIRVLHG108 A145MVVGPWIGL154        
STY2603 G72RLADQYGAKRSAL85   V31GLPLPVIP39 G352VIGPL357      

STY2938 G62LLFLVPLGDMFERRTL78 L148LARTVAG155   G348GAAGSL354      

STY4230 G74RYADVLGPKKIVVFGL90 L117GLGRVILG125   G354VIGPL359     P71HAGRYADVLGPK83 

STY4323 G55ILISIFLNAWLMEIVPL72          

STY4872 G66SLLFSFGLFHLPSRL81   
V29GRFLYTPM

LP39 
G344QILGPL350      

STY4874 G72PLSDRIGRRPVL84 L108VARFVQG115 A152PVIGPLSGAAL163        

The motifs were identified on the basis of previous data [157, 328]. The sequences Motif A and motif C assigned for STY0278, STY0901, STY4323 and STY0901, respectively 

were not much similar to already identified conserved sequences. Each sequence of conserved motifs for selected MFS transporter is labeled with start and end positions of amino 

acids. Transmembrane to each transporter was assigned, using the topology predictor TMHMM, web based program [327]. 
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3.2.3 Generation of Expression Vectors of Selected MDR MFS 

Transporters 

Expression vectors of selected putative MDR MFS pumps were generated, taking into 

account the effect of transmembrane topology on their expression while expressing in 

fusion with oligohistidine-tag. It has been studied that fusion of oligohistidine-tag to the 

N- or C-terminus of membrane proteins located in the cytoplasm yielded protein at levels 

which is substantially greater to those where oligohistidine-tag is fused to the termini 

positioned in the periplasm of E. coli [204]. Considering, the importance of topology-

based oligohistidine tagging for expression of selected targets, the location of their N- 

and C-termini were predicted using the transmembrane predictor TMHMM (Table 2.3) 

[327]. 

Moreover, wherever possible, the location of N- and C-termini of putative pumps 

was also identified using the experimental data of homologues from E. coli that was 

obtained using a combination of C-terminal tagging with alkaline phosphatase and green 

fluorescent protein and a hidden Markov model topology predictor [329, 330]. The C-

terminal of all putative pumps under study was predicted to lie in the cytoplasm (Table 

2.3). Therefore, it was decided to fuse oligohistidine-tag to the C-terminus of proteins for 

detection and downstream applications such as purification by metal-affinity 

chromatography. pTTQ18 derived pMR4 vector was used for cloning having His8 tag at 

C-terminal (Figure 3.3). 

For cloning of sixteen putative multidrug efflux transporters, pMR4 vector was 

digested with RI (EcoRI) and RII (PstI or SalI) restriction enzymes (Figure 3.3). Putative 

MDR genes were amplified using primers listed in Table 2.2. Amplified MDR genes 

were digested either with the same enzymes (EcoRI and PstI or SalI), if not having 

enzyme sequences within the gene or different enzyme generating the compatible 

restriction overhangs i.e. MfeI in place of EcoRI. After purification of restricted plasmid 

and PCR product, they were ligated in the presence of T4 DNA ligase (Promega; Cat. #: 

M1801), resulting in expression constructs of all putative transporters, which were named 

according to their respective gene names (section 2.4). 
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Figure 3.3. Cloning strategy for expression constructs of MDR MFS transporters; 

RI and RII represent different restriction sites such as EcoRI or MfeI and SalI or PstI 

respectively. His8 represent nucleotide sequences encoding for oligohistidine tag. MCS is 

multiple cloning sites. pMR4 vector is pTTQ18 derived vector (Figure 3.4), which is 

having ‗tac‘ promoter, an IPTG inducible promoter. pMR4 vector is ampicillin resistant, 

having lacI
Q
 allele of the lac repressor gene to ensure minimization of leaky expression. 
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Figure 3.4. pMR4, pTTQ18 derived vector map; EcoRI and PstI or SalI restriction 

sites were used for generation of all MDR expression vector in this study. The tac 

promoter, a hybrid promoter, has the -35 region of the trp promoter, fused to the lacUV5 

-10 region and lac operator sequences [331, 332]. ‗rbs‘ represents the ribosome binding 

site. The lacI
Q
 allele of the lac repressor gene in pTTQ18 derived vector ensures maximal 

repression of tac promoter in the absence of inducer [333]. 
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3.2.3.1 Isolation and Confirmation of the pMR4 Vector 

To generate expression constructs, plasmid DNA (pMR4) was isolated (section 2.6.3) 

and analyzed on 1% agarose gel (section 2.6.4). Unrestricted vector showed different 

fragments on agarose gel due to differential movement of supercoiled, nicked and linear 

plsmid DNA. Exact size of pMR4 vector was confirmed after restriction of vector with 

EcoRI restriction enzyme, which was 4,590 bp (Figure 3.5). After isolation of plasmid, 

for cloning purposes, it was restricted (section 2.6.6) using EcoRI and PstI restriction 

enzymes, dephosphorylated (section 2.6.8), which was followed by ligation (section 

2.6.9). 

3.2.3.2 Amplification of Putative MFS Transporters Genes 

Amplification of selected MDR pump genes were carried out using gene specific primers 

(Table 2.2) and KOD hot start DNA polymerase (Novagen, Cat. #: 71316), using 

touchdown PCR profile as described in section 2.6.5. PCR amplified products were 

analyzed on 1% agarose gel (Figure 3.6). 

All selected putative MDR genes could be amplified using gene specific primer, 

designed in the study (Table 2.2), resulting in amplification of required gene fragments 

as major band (Figure 3.6). Non-specific amplifications were removed by excising the 

required size DNA band from gel and doing purification as described in section 2.6.7. 

Purified DNA fragments were restricted (section 2.6.6) and then taken for ligation 

(section 2.6.9) along with restricted dephosphorylated plasmid DNA i.e. pMR4. After 

ligation, E. coli cloning strains i.e. E. coli OmniMax 2-T1 or E. coli Top10 (Table 2.1) 

were transformed with ligated mixture. 

3.2.3.3 Confirmation of Positive Clones 

Transformed colonies were then verified by colony PCR (section 2.6.12) using F_pTAC/ 

R_pTAC primer pair (for sequence of primers see Table 2.2). Positive clones were 

grown further in LB broth, cells harvested and plasmid DNA of expression clones was 

isolated by kit method (section 2.6.3) and presence of cloned genes in corresponding 

expression constructs was verified by double digestion using restriction enzymes EcoRI 

and PstI. Double digestion resulted in the release of cloned genes fragments (Figure 3.7). 
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In case of expression constructs STY0414 and STY0966, which were having EcoRI 

restriction site within the gene sequence, restriction with EcoRI, restricted within the 

gene and hence resulted in shorter fragments of 365 bp and 635 bp, respectively (Figure 

3.7). All constructs were also verified by DNA sequencing and have been listed in Table 

2.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3  Characterization of Putative MDR MFS Transporters from S. Typhi 

96 

 

 

 

 

  

Figure 3.5. pMR4 vector DNA analyzed on 1% agarose gel; pMR4 is a 4,590 bp 

vector having inducible promoter, isolated using kit method (Fermentas; Cat. #: K0503). 

[A] Different fragments of plasmid DNA on agarose gel represent different 

conformations of unrestricted pMR4 plasmid i.e. supercoiled, nicked and linear plasmid 

DNA fragments. [B] After restriction with EcoRI enzyme, single linear DNA fragment at 

4,590 bp was obtained, pointed by the arrow. ‗M‘ denotes DNA ladder for size estimation 

(Fermentas; SM0313). 
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Figure 3.6. PCR amplification of coding sequences of putative MDR MFS 

transporters; Analysis of PCR amplified products on 1 % agarose gel stained with 

ethidium bromide showed that all MDR transporter genes could be amplified using gene 

specific primer as the major band. All putative transporters ranged in size from 1,100 bp 

to 1,250 bp, except STY1491 which was 1,488 bp (Table 2.2). DNA bands present in the 

range of 250 bp to 750 bp (various genes) and ~2,000 bp (STY2509) represented the non-

specific amplifications. Non-specific amplifications were removed by excising the 

required size DNA band from gel and doing purification. ‗M‘ denotes the 1 kb DNA 

marker (Fermentas; SM0313) for size comparison of amplified genes. 
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Figure 3.7. Double digestion of generated MDR expression vectors; DNA fragments 

were separated on a 1% agarose gel and stained with ethidium bromide. pMR4-STY0414 

and pMR4-STY0966 were generated using EcoRI/PstI sites in vector and MfeI (produce 

EcoRI compatible overhang) / PstI site in MDR pump gene as EcoRI site was present in 

the gene; so double digestion with EcoRI/PstI results in restriction of fragment inside 

coding region of gene, hence smaller fragment was obtained, 365 bp and 635 bp for 

STY0414 and STY0966 respectively. All other generated plasmids released required size 

fragment, when digested with EcoRI/PstI. ‗M‘ denotes the 1 kb DNA marker (Fermentas; 

SM0313) for size comparison of amplified genes. 
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3.2.4 Expression Analysis of Selected MDR MFS Transporters 

Expression of selected MDR-MFS pumps was performed as described before (section 

2.8.2). Briefly, E. coli host strain KAM42 was transformed with respective MDR MFS 

plasmid. Expression of putative transporters was induced with 0.1 mM IPTG at 37 
o
C at 

225 rpm, cells were collected after 3 h of induction. Membranes were prepared by water 

lysis method (section 2.8.3.1). Protein concentration was determined by Bradford assay 

(section 2.8.9.3). Equal amount of proteins (in membrane) was loaded on SDS-PAGE 

(section 2.8.10), and Western blot was developed (section 2.8.11.1). 

Western blot revealed that all proteins expressed to a detectable level in 

membrane, with the exception of STY1204, which failed to express under all tested 

conditions and was, therefore, dropped from further investigation (Figure 3.8). 
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Figure 3.8. Expression analysis of selected MDR MFS transporters; Western blotting 

confirmed that all putative genes had detectable expression after induction with IPTG, 

except STY1204. Molecular weights of protein have been listed in Table 2.3. Membrane 

proteins usually migrate at 65% to 75% of their true molecular weight, as depicted on 

Figure 3.8, due to their hydrophobic nature and high binding of SDS, accelerating their 

passage through the gel [200]. 
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3.2.5 Optimization of IPTG Concentration for Substrate Profiling 

Assay 

Before starting substrate profiling assay, it was necessary to find the optimum IPTG 

concentration at which all transporters could express and manifest efflux activity. 

For this varying concentrations of IPTG were tested i.e. 0.01 mM - 0.1 mM 

(Table 3.2) by minimum inhibitory concentration (MIC) assay (section 2.7) [334]. For 

IPTG optimization by MIC assay, E. coli host strain KAM42 harboring respective MDR 

expression constructs was grown in LB medium having ampicillin (50 μg/mL) at 37 
o
C at 

225 rpm. Growth was continued until cell density, OD625 reached between 0.08 - 0.13, 

this cell density was comparable with the McFarland 0.5 standard (i.e. BaSO4 turbidity 

standard section 2.7.1), having 2 x 10
8
 cfu/mL. By normalizing cell growth with cfu/mL, 

it is possible to reconfigure the MIC test to a colony counting mode. Cell growth was 

diluted up to 10 times with LB medium and used within 30 min to avoid changes in the 

cell number. From 1:10 dilution, 1 μL was taken to put a spot on test MIC plates. Each 

spot was placed in triplicate and plates were incubated at 37 
o
C for 20-24 h. Visible 

growth on test plates was observed and results were interpreted. 

Results of IPTG concentration optimization assay revealed that transporters 

showed varied patterns of growth. STY0901, STY0966, STY1491, STY1544, STY2630 

and STY4230 showed growth up to 0.1 mM IPTG, the highest concentration tested in the 

study. STY1517 and STY4874 could grow at the lowest concentration tested in the study 

i.e. 0.01 mM IPTG concentration. However, since all transporters showed visible growth 

at 0.01 mM IPTG on LB agar, so this concentration was used throughout the assay for the 

determination of substrate specificity of the putative efflux transporters (Table 3.2). 

However, for those transporters which had growth at high concentration of IPTG, results 

were verified at higher concentration i.e. at 0.1 mM IPTG and 0.05 mM IPTG and it was 

observed that results did not alter by increasing the IPTG concentration. 
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Table 3.2. Optimization of IPTG concentration for substrate profiling assay 

Selected putative MDR 

MFS Transporters of S. 

Typhi 

Maximum IPTG concentration for the growth 

of E. coli KAM42 cells transformed with 

respective plasmid (IPTG concentration range 

tested; 0.01 mM - 0.1 mM) 

STY0278 0.03 

STY0414 0.03 

STY0901 0.1 

STY0966 0.1 

STY1491 0.1 

STY1517 0.01 

STY1544 0.1 

STY2458 0.05 

STY2603 0.1 

STY2509 0.05 

STY2938 0.03 

STY4230 0.1 

STY4323 0.03 

STY4872 0.05 

STY4874 0.01 

E. coli drug hyper-susceptible strain KAM42 (ΔacrB, ΔtolC ΔydhE) [314] harboring respective MDR 

plasmids was used for IPTG optimization by MIC assay. LB agar plates were supplemented with varying 

concentration of IPTG for expression induction ranging from 0.01 mM to 0.1 mM and 50 µg/mL 

ampicillin. All transporters had visible growth at 0.01 mM IPTG, therefore, this concentration was used for 

MIC assay (section 3.2.6). 
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3.2.6 Substrate Profiling of Selected MDR MFS Transporters 

Substrate specificity of selected transporters was evaluated by MIC assay as described in 

section 2.7 [334]. KAM42 drug hypersensitive strain of E. coli that lacks the major 

multidrug efflux system AcrB-TolC and a MDR pump YdhE [314] was transformed with 

expression constructs (Table 2.3) and vector only control (pMR4) and MIC was 

determined for a set of 25 different compounds which include antibiotics from various 

classes, antiseptics, fluorescent dyes and detergents (Table 2.9).  

Results revealed that STY0901 was an efflux transporter for benzalkonium 

chloride as it rendered 2 fold resistance (Table 3.3) to this commonly used ingredient of 

biocides compared to that exhibiting control (E. coli KAM42 cells harboring empty 

vector; pMR4). STY2458, a bicyclomycin (Bcr) homologue of E. coli was found to be 

resistant against tetracycline (2 fold resistance), doxycyline (2 fold resistance) and 

kanamycin (2 fold resistance) (Table 3.3). STY2458 also conferred 2-fold resistance to 

methyl viologen but results were not reproducible. On the other hand, STY4874, a 

homologue of MdtM or YjiO, MDR pump of E. coli exhibited increased MICs for nine 

different compounds that belong to different classes of antibiotics and dyes (Table 3.3). 

Therefore, STY4874 turned out to be the most promising MDR efflux pump in this study, 

conferring drug resistance to acriflavine (2 fold, a fluorescent dye), ciprofloxacin (4 fold, 

a fluoroquinolone antibiotic), levofloxacin (2 fold, a fluoroquinolone), nalidixic acid (2 

fold, a quinolone), norfloxacin (4 fold, a fluoroquinolone antibiotic), ethidium bromide (4 

fold, a fluorescent dye), chloramphenicol (2 fold, an amphenicol), gentamycin (2 fold, an 

aminoglycoside antibiotic), kanamycin (4 fold, an aminoglycoside antibiotic), 

streptomycin (4 fold, an aminoglycoside antibiotic). Fluoroquinolone and aminoglycoside 

are the major classes of antibiotics, effluxed by STY4874.  

STY4874 is also predicted to be glycosylated transport protein 

(www.membranetransprot.org). Considering this prediction, while conducting MIC 

assays, it was observed that STY4874 might have efficient sugar transport capabilities 

such as for IPTG which was supported by the fact that 0.01 mM was the highest 

concentration of IPTG that could be used for the growth of E. coli KAM42 cells 

harboring the plasmid pMR4-STY4874 (section 3.2.5). Concentration of IPTG more than 

http://www.membranetransprot.org/
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0.01 mM proved to be lethal for KAM42/pMR4-STY4874 cells and resulted in complete 

inhibition of growth. Similar results were obtained for LB-broth experiments. However, 

this observation may be completely wrong as IPTG induces the expression of STY4874 

gene and use of increasing concentrations of IPTG usually relates to strong induction of 

promoter (tac) to produce the protein of interest, and in many cases it has been observed 

that overexpression of the protein itself become lethal to cells [213, 335].   

The remaining MFS transport proteins did not show resistance against any 

compound tested in this study (Table 3.3). It is hypothesized that these may have some 

physiological role(s), for example, in the colonization and persistence of bacteria in the 

host etc. [105] or having different substrate profile or may act as efflux transporters under 

different physiological/expression conditions than the one employed in this study. These 

proposed facts need to be investigated further. 
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Table 3.3. Antimicrobial resistance of E. coli KAM42 cells harboring expression vectors carrying selected MDR MFS 

transporters ORFs (open reading frames) 

Antibiotics/ 

Biocides/ 

Detergents/ 

Dyes 

MIC (μg/mL) 

Putative MDR MFS transporters 

pMR4-

STY0278 

pMR4-

STY0414 

pMR4-

STY0901 

pMR4-

STY0966 

pMR4-

STY1491 

pMR4-

STY1517 

pMR4-

STY1544 

pMR4-

STY2458 

pMR4-

STY2509 

pMR4-

STY2603 

pMR4-

STY2938 

pMR4-

STY4230 

pMR4-

STY4323 

pMR4-

STY4872 

pMR4-

STY4874 

pMR4 

(control) 

A
n

ti
b

io
ti

cs
 

 

Ciprofloxacin 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.008 0.002 

Levofloxacin 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.008 0.004 

Nalidixic acid 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 1 0.5 

Norfloxacin 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.125 0.03 

Doxycycline 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.25 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.125 

Tetracycline 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.5 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 

Kanamycin 1 1 1 1 1 1 1 2 1 1 1 1 1 1 4 1 

Streptomycin 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 2 0.5 

Gentamycin 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.5 0.25 

Erythromycin 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
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Table 3.3. cont. 

Antibiotics/ 

Biocides/ 

Detergents/ 

Dyes 

MIC (μg/mL) 

Putative MDR MFS transporters 

pMR4-

STY0278 

pMR4-

STY0414 

pMR4-

STY0901 

pMR4-

STY0966 

pMR4-

STY1491 

pMR4-

STY1517 

pMR4-

STY1544 

pMR4-

STY2458 

pMR4-

STY2509 

pMR4-

STY2603 

pMR4-

STY2938 

pMR4-

STY4230 

pMR4-

STY4323 

pMR4-

STY4872 

pMR4-

STY4874 

pMR4 

(control) 

A
n

ti
b

io
ti

cs
 

Neomycin 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 

Chloramphenicol 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 1.0 0.5 

Trimethoprim 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.125 

Amoxicillin 128 128 128 128 128 128 128 128 128 128 128 128 128 128 128 128 

Rifampicin 
16 16 16 16 16 16 16 16 16 16 16 16 16 16 

1

16 16 

Cefixime 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Cefotaxime 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 

B
io

ci
d

e 

Benzalkonium 

chloride 
4 4 8 4 4 4 4 4 4 4 4 4 4 4 4 4 

Methyl viologen 128 128 128 128 128 128 128 128 128 128 128 128 128 128 128 128 
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Table 3.3. cont. 

Antibiotics/ 

Biocides/ 

Detergents/ 

Dyes 

MIC (μg/mL) 

Putative MDR MFS transporters 

pMR4-

STY0278 

pMR4-

STY0414 

pMR4-

STY0901 

pMR4-

STY0966 

pMR4-

STY1491 

pMR4-

STY1517 

pMR4-

STY1544 

pMR4-

STY2458 

pMR4-

STY2509 

pMR4-

STY2603 

pMR4-

STY2938 

pMR4-

STY4230 

pMR4-

STY4323 

pMR4-

STY4872 

pMR4-

STY4874 

pMR4 

(control) 

D
et

er
g

en
ts

 

Cetyl trimethyl 

ammonium 

bromide (CTAB) 

6 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 

Deoxycholate 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 32 

Sodium dodecyl 

sulphate (SDS) 
16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 16 

D
y

es
 

Acriflavine 

(antiseptic) 

4 4 4 4 4 4 4 4 4 4 4 4 4 4 8 4 

Ethidium 

bromide 
8 8 8 8 8 8 8 8 8 8 8 8 8 8 32 8 

Rhodamine 6G 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 

All putative transporters were cloned under the control of tac promoter, E. coli drug hypersusceptible strain KAM42 (ΔacrB, ΔtolC ΔydhE) was used for MIC 

assay [314]. LB agar plates were supplemented with 0.01 mM IPTG for expression induction and 50 µg/mL Ap
r 

for maintaining plasmid along with test 

compound at two fold serial dilutions. MIC was defined as the lowest concentration of the test compound, which inhibited the visible growth of bacteria on the 

LB agar plate.                                        
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3.2.7  Real Time Functional Study of STY4874 

To ascertain that the antimicrobials resistance in MIC cell based assay was a result of 

efflux of tested compounds by STY4874 and not due to other factors such as decrease 

permeability of the outer membrane of E. coli, fluorescence properties of ethidium 

bromide and acriflavine that were shown to be substrates for STY4874, were exploited 

(Table 3.3). These molecules can intercalate with DNA and change optima of 

fluorescence wavelength, in response to this intercalation when compared in free 

solution. Ethidium bromide when bound to DNA in E. coli cells shows enhanced 

fluorescence compared to unbound form  [336] whereas, acriflavine
 
binding to DNA 

results in quench of fluorescence [143]. This phenomenon allows real time monitoring of 

these substrates in live cells without the need of sampling, cell disruption and antibiotic 

quantification [321]. 

Efflux of ethidium bromide and acriflavine was directly measured in E. coli 

KAM42 cells harboring expression plasmid pMR4-STY4874 and vector only control, 

pMR4, as described before in section 2.9.1. Briefly, florescence of ethidium bromide or 

acriflavine loaded cells was monitored at 595 nm or 535 nm, respectively, for 50 to 100 

sec, whereby, cells were energized by the addition of glucose to generate electrochemical 

gradient across the cell membrane through aerobic metabolism and monitoring of 

fluorescence signal was continued. In case of ethidium bromide loaded cells 

(KAM42/pMR4-STY4874), a decrease in fluorescence intensity was observed than that 

in control cells (KAM42/pMR4) as ethidium bromide was actively extruded from the 

cells which resulted in decreased accumulation of it inside the cells (Figure 3.9). On the 

other hand, fluorescence intensity of acriflavine increased, indicating its efflux and 

increase in extracellular solution (Figure 3.10). The direct monitoring of efflux by the 

cells showed that ethidium bromide and acriflavine are true substrates of STY4874.  

To assess whether STY4874 functions as a proton dependent transporter, the 

ionophore carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was added into ethidium 

bromide or acriflavine loaded KAM42/pMR4-STY4874 and KAM42/pMR4 cells at the 

indicated time as shown in Figure 3.9 and Figure 3.10. CCCP addition has resulted in 

dissipation of the proton electrochemical gradient and caused an increase or decrease in 
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the fluorescence signal of ethidium bromide or acriflavine, respectively, indicating 

disruption of respective substrates efflux and suggesting that STY8474-mediated export 

is energized by the proton electrochemical gradient across the cytolplasmic membrane. 

These findings are in agreement with previous studies that MDR pumps belonging to 

MFS family are secondary active transport proteins and function as proton/antimicrobial 

antiporter [337]. Assay was reproducible and repeated in triplicate before inferring final 

results. 
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Figure 3.9. Real time functional analysis of STY4874 using ethifium bromide; Efflux 

of ethidium bromide by KAM42 cells expressing STY4874 (continuous trace) and from 

control cells containing empty vector (dotted trace) was monitored continuously by 

measuring fluorescence emission at 595 nm upon excitation at 510 nm. After 100 sec, 

cells loaded with ethidium bromide as described in materials and methods section, were 

energized by addition of 0.5% (w/v) glucose and efflux of ethidium bromide was 

monitored up to 730 sec and then 40 µM, CCCP was added as indicated to abolish active 

transport and the fluorescence emission was monitored for a further 270 sec. 
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Figure 3.10. Real time functional analysis of STY4874 using acriflavine; Efflux of 

acriflavine by KAM42 cells expressing STY4874 (continuous trace) and from control 

cells containing empty vector (dotted trace) was monitored continuously by measuring 

fluorescence emission at 435 nm upon excitation at 425 nm. After 50 sec, cells loaded 

with acriflavine as described in materials and methods section, were energized by 

addition of 0.5% (w/v) glucose and efflux of acriflavine was monitored up to 300 sec and 

then 40 µM, CCCP was added as indicated to abolish active transport and the 

fluorescence emission was monitored for a further 250 sec. 
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3.3 Discussion 

Chapter 3 deals with the wet-lab analysis of selected putative multidrug efflux 

transporters from major facilitator superfamily of S. Typhi, based on in-silico analysis. 

MFS efflux transporters predicted to confer MDR phenotype have the highest 

representation among all five MDR transporters families in any pathogenic bacteria 

(www.membranetransport.org/) [177] and formed the basis of selection in this study. In 

order to expand our knowledge of efflux transporters, those transporters were preferred 

which shared similarity with the uncharacterized and poorly characterized MDR 

transporters, with minimum similarity among them.  

As an initial step towards understanding the functionality of transporters 

particularly substrate identification, it is preferable to use non-pathogenic host like E. 

coli. E. coli being non-pathogenic is safe to deal with, needs easy manipulation as well as 

both E. coli and S. Typhi are gram negative bacteria and, therefore, share similar 

membrane architecture i.e. inner and outer membranes. Moreover, at later stages, 

preliminary results obtained with E. coli can be used to verify the activity of respective 

transporter in S. Typhi by specifically targeting the particular efflux transporters and 

hence narrowing down the experiment to small level. 

Using DNA recombinant engineering techniques, putative efflux transporters 

were cloned in pTTQ18 based vector having His- tag at C-terminus, following strategy 

described before [204]. The protein expression confirmation of all putative transporters 

was done using antihistidine antibody, which revealed the presence of intact His- tag at 

C-terminus except in case of STY1204. Such anomaly in case of STY1204 has also been 

reported before for E. coli, YegO efflux transporter [117] and it has been proposed that 

the C- terminus of YegO undergoes processing, resulting in splicing off of His- tag 

during insertion of the protein into membrane. However, in this study, STY1204 owing to 

no expression detection was not considered for further study. 

E. coli hypersensitive strain KAM42 has been extensively used for cell based 

substrate profiling of various efflux transporters and therefore, taken up for current wet-

lab benchwork [314, 338, 339]. The advantage of using E. coli KAM42 strain is that it 

http://www.membranetransport.org/
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lacks the inner membrane transporter (AcrB) and outer membrane channel (TolC), and a 

MATE family transporter YdhE [314]. In the absence of AcrB-TolC transport system, 

there is comparatively less background resistance, as other transporters are not abundant, 

reported to date. As per opinion of some researchers, the use of E. coli KAM42 strain is 

disadvantageous as substrates are extruded by MFS transporters in dual stage process. In 

the first step, antibiotics are expelled from cytoplasm into the periplasmic space by efflux 

transporters and then in second step taken up by outer membrane channel (TolC) to 

expell out of the cell [340]. However, the second step of substrate transportation across 

outer membrane is not entirely dependent on outer membrane channels and 

antimicrobials can passively cross this barrier, which is manifested by the growth of 

bacterial colonies on solid medium, where such substrate extrusion results in the 

outgrowth of E. coli cells harboring efflux transporters compared to that of control 

(pMR4), where vector is lacking the efflux transporter gene and hence its expression. 

Therefore, this strain has proven to be extremely useful in this study for the 

characterization of putative MDR MFS transporters of S. Typhi.  

First step towards the substrate profiling of putative efflux transporters was the 

expression optimization. As results for MIC assay are based on ocular inspection, it must 

be noted that E. coli cells expressing efflux transporter must give visible growth on 

growth control i.e. LB-agar plate having ampicillin to sustain plasmid inside bacteria and 

IPTG to induce protein expression. In initial trials, it was found that all putative MDR 

transporters did not grow at high IPTG concentration, therefore, this observation led us to 

optimize IPTG concentration before proceeding for actual substrate identification assay. 

Based on the result of this assay, 0.01 mM IPTG concentration was taken as optimum for 

substrate identification assay. 

Extensive substrate profiling experiments revealed three transporters having 

efflux phenotype i.e. STY0901, STY2458 and STY4874. STY0901 which exhibited 

homology with uncharacterized bacterial membrane proteins; was a benzalkonium 

chloride (a cationic substrate) efflux protein, with substrate specific phenotype. This 

finding is contrary to predictions made at TransportDB [177] that STY0901 is an MDR 

pump. Another putative efflux transporter, homologue of bicyclomycin (Bcr) transport 
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protein of E. coli [196], STY2458 conferred resistance to doxycycline, tetracycline and 

an aminoglycoside antibiotic, kanamycin. In contrast to Bcr homologue of E. coli, that 

showed 2-fold resistance to acriflavine [117], STY2458 did not confer any resistance to 

this antimicrobial under the conditions tested in this study.  

The third putative S. Typhi transport protein STY4874 has been turned out to be a 

promising MDR pump as it conferred resistance to multiple antibacterials tested in this 

study i.e. acriflavine, ciprofloxacin, levofloxacin, nalidixic acid, norfloxacin, ethidium 

bromide, chloramphenicol, gentamycin, kanamycin and streptomycin. STY4874 has 39%  

amino acids sequence identity with a well characterized E. coli transporter MdfA [167, 

181, 186, 337, 341], and 87% identity with relatively less characterized MdtM 

homologue of E. coli [169]. The broad spectrum resistance of STY4874 particularly to 

fluoroquinolones has made this protein an important drug target as these antibiotics are 

drugs of choice for treatment of infections caused by S. Typhi [31, 342, 343]. 

STY4874 did not show resistance to benzalkonium chloride rather cells harboring 

STY4874 expression plasmid were found susceptible to antiseptic. E. coli homologue of 

STY4874, MdtM (or YjiO) also did not show resistance against benzalkonium chloride in 

an earlier study [117]. However, Holdsworth and Law have recently reported that MdtM 

of E. coli did confer resistance to many quaternary ammonium compounds including the 

benzalkonium chloride [170]. One of the assumptions made by the authors is that it might 

be due to the use of different promoter and copy number of vector, which resulted in 

protein expression insufficient to explore the role of MdtM ( or YjiO) in resistance 

against benzalkonium chloride by others.  

STY0278 and STY0414 are unique insertions in S. Typhi genome and were 

predicted to be putative efflux pumps by Parkhill et al. [16], did not exhibit drug 

resistance phenotype in this study. The reason for many putative drug transporters 

investigated in this study not functioning so, might be that a number of proteins have 

been annotated as multidrug resistance targets, merely on the basis of sequence 

homologies, without any biochemical evidence. Based on this study, it can be inferred 

that biological data is far more essential to verify proposed phenotype of any transporter. 

A large number of proteins have been annotated as having drug resistance phenotype. 
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Biological data confirms such predicted phenotype for only limited number of 

transporters. STY1491 which has been predicted to be methyl viologen resistance protein 

by membrane transport database [177], but not having drug efflux profile as verified by 

this study, is a self-evident example of this phenomenon.    

Substrate profiling identified the fluorescent compounds i.e. ethidium bromide 

and acriflavine as potential substrates of STY4874. This finding was useful as 

fluorescence of these substrates can be exploited in real time functional study to probe the 

mechanism of transport across membrane. For MDR MFS transporters, substrate 

transport has been predicted to be proton dependent. This prediction was confirmed for 

STY4874 in this study by following the transport of ethidium bromide and acriflavine 

from cells of E. coli expressing efflux transporter. Such H
+
 dependent efflux of ethidium 

bromide has also been shown for E. coli MdtM [199] however, proton dependent efflux 

of acriflavine by STY4874 class of transporters has not been reported before. 

Overall, in this chapter, we have shown a systematic approach to search substrates 

of putative MDR pumps of pathogens such as S. Typhi, in non-pathogenic organism E. 

coli, which is the first requirement, if one is looking into the designing of inhibitors to 

block transport function of MDR pumps to combat growing antimicrobial resistance. 
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4 Characterization of STY4874, a Multidrug 

Efflux Transporter of Salmonella Typhi 

4.1 Introduction 

STY4874 came out as potentially broad spectrum multidrug resistance efflux transporter 

and drug target as described in chapter 3, therefore, it was taken for detailed 

characterization by various biochemical and biophysical means. After confirmation of 

expression, membrane localization and substrate profiling of STY4874 (chapter 3), next 

step was the optimization of expression parameters for enhanced protein production, in 

which different constructs, E. coli strains and media conditions were analyzed. This is 

followed by purification of the overepxressed protein by metal-affinity and gel filtration 

chromatography. Homogeneity of the purified protein was verified by electron 

microscopy analysis of negatively stained samples. 

Further, structural integrity of the detergent solubilized purified protein was 

analyzed by Fourier-transform infrared and circular dichroism spectroscopies. In order to 

ascertain whether the purified STY4874 pump retains its function, antimicrobials binding 

to the purified protein was probed by intrinsic tryptophan fluorescence spectroscopy. 

Finally, three-dimensional crystals of STY4874 were obtained in order to resolve the 

structure of the protein by X-ray crystallography, as a final step in the study of the 

mechanism underlying drug transport. 
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4.2 Results 

4.2.1 Optimization of Expression Parameters for Overproduction of 

STY4874 

Expression of STY4874-His8 was initially attempted using various concentrations of 

IPTG at 37 °C in BL21 and BL21(DE3) strains of E. coli (Table 2.1). However, upon 

induction of the protein by IPTG, it was found that cells did not grow further and did not 

contain high concentration of the protein. It was probably due to the leaky expression 

and/or toxic nature of the expressed protein. 

Further, the use of C41(DE3) strain of E. coli, a mutant derivative of E. coli 

BL21(DE3) strain that can overcome the toxic effect of recombinant protein 

overexpression [344], has significantly enhanced the expression of STY4874-His8 

protein. However, sometimes E. coli C41(DE3) cells harboring pMR4-STY4874 plasmid 

also did not grow very well after IPTG induction. This might be due to leaky expression 

of STY4874-His8 which was overcome with the use of glucose as described in section 

2.8.2. This problem was further addressed by inducing protein expression from freshly 

transformed E. coli C41(DE3) competent cells as suggested in an earlier study [344]. 

4.2.1.1 Optimization of IPTG Concentration for Overproduction of STY4874 

STY4874-His8 from the plasmid pMR4-STY4874 is produced under the control of tac 

promoter, which is an IPTG inducible promoter [213]. Therefore, concentration of 

inducer (IPTG) was optimized to enhance the expression level of STY4874. In freshly 

transformed C41(DE3) cells of E. coli harboring pMR4-STY4874, protein expression 

was induced with varying concentrations of IPTG i.e. 0.05, 0.075, 0.1, 0.25 and 0.5 mM, 

at 37 
o
C. Cells were harvested after 3 h of induction and membranes were prepared by 

water lysis method (section 2.8.3.1). Protein concentration in membranes was quantified 

(section 2.8.9), 20 µg of total protein content in membranes was analyzed by SDS-PAGE 

(section 2.8.10) and Western blotting (section 2.8.11). Concentration of IPTG was found 

to be very critical for expression of STY4874-His8 and maximum expression level was 

achieved in the concentration range of 0.075 mM to 0.1 mM (Figure 4.1) and 0.1 mM 

IPTG concentration was selected for subsequent overexpression of STY4874. 
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Figure 4.1. Western blot analysis of overexpression of STY4874-His8 at various 

concentrations of IPTG; At 0.1 mM IPTG concentration, optimum expression was 

achieved. Molecular mass of STY4874-His8 is 45 kDa, however, protein bands are 

visible at apparent size of ~34 kDa. This anomalous migration is due to hydrophobic 

nature of STY4874, an intrinsic characteristic which is attributed to membrane proteins 

[200]. Bands appeared at apparent size of ~68 kDa in Western blot represented higher 

oligomeric form of STY4874-His8. Western blotting was performed after Bradford 

quantification, as decribed in section 2.8.11.1. In each lane, equal amount was loaded. 

‗M‘ denotes protein marker for size estimation (Fermentas; Cat. #: SM0671). 
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4.2.1.2 Optimization of Post-induction Temperature for Overproduction of STY4874 

It has been observed that expression of membrane proteins in E. coli at temperatures 

lower than 37 °C may lead to better folding and decreased degradation of the protein in 

addition to overproduction of the target protein [345]. Considering this observation, 

various post-induction temperatures were tested for overexpression of STY4874-His8. 

However, similar expression level of STY4874-His8 at various tested temperatures was 

observed (Figure 4.2). Due to greater cell mass obtained at 37 
o
C, compared to 22 

o
C and 

15 
o
C, this temperature was taken further to overexpress the protein for detergent 

solubilization and purification optimization (section 4.2.2 and section 4.2.3).  

However, it was found later by gel filtration chromatography that temperature did 

have effect on the homogeneity of the purified protein (section 4.2.6). 

 

 

Figure 4.2. Western blot analysis of overexpression of STY4874-His8 at various post-

induction temperatures; STY4874-His8 expression was not affected by various post 

induction temperatures as expression level was almost similar at all temperatures. 

Western blotting was performed as described in section 2.8.11.1. ‗M‘ denotes protein 

marker for size estimation (Fermentas; Cat. # SM0671). Bands at position ~ 30 kDa 

represented some degraded protein. 
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4.2.2 Extraction of STY4874-His8 from the E. coli Cell Membranes by 

Different Detergents 

Membrane proteins need to be extracted from the cell membrane in order to purify them. 

However, high concentration of detergents sometimes denatures proteins, therefore, 

concentration of a detergent should be optimized carefully. So, the protein (at final 

concentration of 3 mg/mL in membranes) was extracted from cell membranes using 

different detergents such as n-lauryl-N,N-dimethylamine-N-oxide (LDAO), β-D-octyl 

glucoside (OG), n-dodecyl-β-D-maltopyranoside (DDM), (section 2.8.4) at various 

concentrations of detergents in the solubilization buffer (20 mM Tris-Cl buffer at pH 7.5, 

containing, 100 mM NaCl, 2 mM β-mercaptoethanol (βME), 5 mM imidazole and 1 mM 

PMSF; for stock solutions preparation of Tris-Cl, NaCl, imidazole and PMSF, see Table 

2.10), with shaking at 125 rpm for 1 h, at 25 °C. 

Unsolubilized material was removed by centrifugation at 100,000 x g for 1 h at 4 

°C. Solubilized and unsolubilized fractions were run on SDS-PAGE, followed by 

Western blotting (Figure 4.3), which showed that the protein was sufficiently soluble in 

DDM at all concentrations tested in the study. Whereas, LDAO did not seem to be an 

efficient detergent for the solubilization of STY4874-His8 protein. OG detergent at a 

concentration of 0.5% (w/v) or 1.0% (w/v) did not solubilize the sufficient amount of 

STY4874-His8, whereas, at higher concentration (1.5% (w/v) solubility of STY4874-His8 

was increased.  

DDM is an important membrane protein solubilizing detergent, since it is 

relatively gentle [346] and usually does not lead to protein denaturation. Owing to 

sufficient solubility of STY4874-His8 in DDM and previous use of this detergent for 

purification and structure determination of transporters belonging to major facilitator 

superfamily [195, 347-349], DDM was selected for extraction and purification of 

STY4874-His8. 
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Figure 4.3. Solubilization of STY4874-His8 from the E. coli cell membranes using different detergents; Membranes at a protein 

concentration of 3 mg/mL were solubilized in different concentrations of detergents as indicated. Detergents used for solubilization of 

the E. coli membranes containing STY4874-His8 were: n-lauryl-N, N-dimethylamine-N-oxide (LDAO); β-D-octyl glucoside (OG); n-

dodecyl-β-D-maltopyranoside (DDM). ‗U‘ stands for unsolubilized, whereas, ‗S‘ stands for solubilized fractions. STY4874-His8 was 

soluble in DDM at all concentrations tested in the study. Prestained protein marker was used for size estimation (Fermentas; Cat. # 

SM0671). 

 

26

55

kDa

DM

U      S  U       S

DDM

[A]

[B]

1    U      S U  S     U       S        U      S      U       S    U       S   U      S   U       S

%  0.5 1.0   0.5      1.0  1.5   0.5   1.0   1.5

LDAO OG DDM

17

26

34

43

55

72

kDa



Chapter 4 Characterization of the S. Typhi MDR Transporter - STY4874 

122 

 

4.2.3 Purification of STY4874-His8 by Ni-NTA Affinity 

Chromatography 

For Ni-NTA affinity based purification of STY4874-His8, 1% (w/v) DDM was used to 

solubilize proteins from the membranes of E. coli. Solubilized proteins were separated 

from unsolubilized fraction by ultracentrifugation at 100,000 x g, for 1 h at 4 °C as 

described in section 2.8.4. Pre-tag cleavage purification was carried out as described in 

section 2.8.5. Briefly, supernatant was incubated with Ni-NTA agarose resin (1 mL of 

50% slurry; Qiagen), pre-equilibrated with washing buffer (Table 2.14) for 1:30 h at 4 °C 

with gentle shaking. Ni-NTA agarose bound to the His8-tagged STY4874 was packed 

into a 1 mL column. Resin flow-through was collected. Then, resin was washed with 

buffers having different imidazole concentrations, i.e. 10 mM, 20 mM and 30 mM 

imidazole. 

Finally, the STY4874-His8 protein was eluted using elution buffer with 300 mM, 

400 mM and 500 mM imidazole concentrations and 0.04% (w/v) DDM. Wash and 

elution fractions were run on SDS-PAGE and Western blot was developed (Figure 4.4). 

Western blot indicated that in resin flow-through there was no His8-tagged STY4874 

protein, an indication that the protein could efficiently bind to the resin matrix exploiting 

its affinity tag. At 10 mM and 20 mM imidazole concentrations in wash buffer, His8-

tagged STY4874 remained bound to the resin, at 30 mM imidazole concentration, there 

was slight elution of some loosely bound fraction of His8-tagged STY4874. The His8-

tagged STY4874 protein was eluted with 300 mM imidazole elution buffer. Further, 

treating resin with elution buffers at higher concentration of imidazole, i.e. 400 mM and 

500 mM imidazole, showed that the protein was completely eluted with 300 mM 

imidazole concentration and there was no more resin bound protein left in column 

(Figure 4.4). Purified protein was quantified (section 2.8.9), and yield was found to be 

~1.6 mg STY4874-His8 per L of cell culture. 
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Figure 4.4. Western blot analysis of purification of STY4874-His8 by Ni-NTA 

affinity chromatography; [A]: Lane 1 is detergent solubilized membrane fraction; Lane 

2 is resin unbound flow-through. Washing of Ni-NTA resin with buffer having different 

concentration of imidazole i.e. 10 mM, 20 mM, and 30 mM washed away loosely bound 

protein fractions from resin. [B]: His8-tagged STY4874 protein was eluted with 300 mM 

imidazole. Elution with 400 mM and 500 mM imidazole elution buffers indicated that 

there was no more resin bound STY4874-His8 protein in column. 
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4.2.4 Purification of STY4874-His8 by Gel Filtration Chromatography 

To further purify and enhance the monodispersity of Ni-NTA purified STY4874-His8 

protein, gel filtration (size-exclusion) chromatography was performed as described in 

section 2.8.8. Ni-NTA purified STY4874 protein was concentrated approximately to 10 

mg/mL using 50 kDa cut-off concentrator at 4 °C and was purified using superdex-200 

column which was pre-equilibrated with 20 mM Tris-Cl, gel filtration buffer (Table 

2.16). STY4874-His8 could be purified to near homogeneity using combination of Ni-

affinity and gel filtration chromatography as indicated by single sharp peak in gel 

filtration chromatogram (Figure 4.5). Typically, a monodispersed sample in which the 

purified protein exists in a single oligomeric state in solution, displays a single 

symmetrical peak after gel filtration chromatography [350]. 

The purified STY4874-His8 appeared as major band of apparent size of ~34 kDa 

on SDS-polyacrylamide gel, ~11 kDa smaller than the actual size of 45 kDa deduced 

from its amino acid sequence. The attribution of the band was confirmed by Western 

blotting (Figure 4.5). Such anomaly in case of membrane proteins is attributed to their 

intrinsic properties such as hyrdrophobicity and high binding of SDS which results in 

faster passage of membrane proteins through the denaturing SDS-PAGE gel [200, 204].  

Additional band of ~68 kDa on SDA-PAGE and Western blot represented the dimeric 

form of the protein (Figure 4.5). Identity of both of these bands was confirmed by mass 

spectrometric analysis by submitting samples to Taplin mass spectrometry 

facility (https://taplin.med.harvard.edu/) at Harvard Medical School, Boston. 

Typically, 1.5 to 1.6 mg pure STY4874-His8 per L of culture could be obtained 

after purification of protein by Ni-affinity and gel filtration chromatography 
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Figure 4.5. Purification of STY4874-His8 protein by gel filtration chromatography; 

Gel filtration chromatogram represented single sharp peak of the purified STY4874-His8 

protein, indicating that protein could be homogeneously purified. The purified STY4874-

His8 protein appeared as major band of apparent size of ~34 kDa on SDS-PAGE, ~11 

kDa smaller than the actual size of 45 kDa deduced from its amino acid sequence, which 

is quite common with membrane proteins. Western blotting further confirmed that 

purified protein was His-tagged STY4874. An additional band at ~68 kDa in SDS-PAGE 

and Western blot represented dimeric state of STY4874-His8, which was also confirmed 

by mass spectrometric analysis. Protein marker (Bio-Rad; 161-0363) was used for size 

estimation. 
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4.2.5 Generation of His8-tag TEV-cleavable Constructs of STY4874 

The drawback in incorporating affinity tags is that in many cases these tags introduce 

flexible portions to the protein of interest that are not optimal for crystallization and may 

lead to conformational inhomogeneity. In addition, they can interfere with the function of 

the fusion partner. Such kind of tags can be removed from affinity-purified proteins using 

specific proteases, e.g., tobacco etch virus (TEV) protease [351]. So, in an attempt to 

express protein in native form and to minimize flexibility in purified protein, N-terminal 

and C-terminal His8-tag cleavable constructs of STY4874 were generated, by introducing 

TEV cleavage site in between His8 tag and open reading frame of STY4874. Strategy and 

graphical representation of STY4874 His8-tag cleavable constructs, generated in this 

study are shown in Figure 4.6. 

For the generation of N-terminal TEV-cleavable construct of STY4874, pMR3 

vector was used (Figure 4.7). pMR3, like pMR4 is pTTQ18 based vector, only difference 

is that unlike pMR4 which encodes His8-tag downstream and in tandem with multiple 

cloning sites (MCS), pMR3 vector encodes His8-tag and TEV site upstream of MCS, i.e. 

at N-terminal of MCS (Figure 4.7). 

For cloning, pMR3 vector was isolated using miniprep kit (Fermentas; Cat. #: 

K0503) (Figure 4.8; [A]). On the other hand, STY4874 was amplified by PCR reaction 

(section 2.6.5) (Figure 4.8; [B]) using F_pMR3-STY4874/R_pMR3-STY4874 primers 

(Table 2.2). Amplified STY4874 gene and pMR3 vector were taken for traditional 

cloning procedure (section 2.6) by double digestion of amplified PCR product and 

plasmid DNA with EcoRI and PstI restriction enzymes (section 2.6.6), 

dephosphorylation of plasmid DNA (section 2.6.8), ligation (section 2.6.9) and 

transformation of ligated mixture into E. coli cloning strains (Table 2.1) (section 2.6.11), 

resulting in N- terminal His8-tag TEV-cleavable construct of STY4874 i.e. pMR3-His8-

TEV-STY4874. 

For C-terminal His8-tag TEV-cleavable construct, nucleotide sequence encoding 

TEV cleavage site was incorporated into already generated pMR4-STY4874 plasmid 

(Table 2.3) using primers F_pMR4-STY4874-TEV-His8/R_pMR4-STY4874-TEV-His8 
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(Table 2.2) by modified QuikChange® PCR method (Stratagene) (section 2.6.13). PCR 

product (Figure 4.9) was treated with DpnI enzyme to degrade the methylated DNA, i.e. 

template pMR4-STY4874 plasmid. The E. coli cloning strains, i.e. E. coli OmniMax 2-

T1 or E. coli Top10 (Table 2.1), were then transformed with DpnI treated PCR mixture, 

to propagate the C- terminal His8-tag TEV-cleavable construct of STY4874 (pMR4-

STY4874-TEV-His8). 

Both N- terminal (pMR3-His8-TEV-STY4874) and C- terminal (pMR4-

STY4874-TEV-His8) TEV-cleavable constructs of STY4874 were verified by sequencing 

before proceeding for expression study. 
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Figure 4.6. Graphical representation of STY4874 His8-tag cleavable constructs; 

Graphical representation of C-terminal pMR4-STY4874-TEV-His8 [A] and N-terminal; 

pMR3-His8-TEV-STY4874 [B], TEV-cleavable STY4874 constructs employed in this 

study, illustrating the position of encoded His8-tag sequences, key restriction sites, tac 

promoter and TEV cleavage site. 
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Figure 4.7. A vector map of pMR3, used for N-terminal His8-TEV-tagging; pMR3 is 

pTTQ18 derived vector, encoding His8 tag and TEV site at N-terminal of multiple 

cloning site (MCS). EcoRI and PstI restriction sites were used to generate the pMR3-

His8-TEV-STY4874 construct. 
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Figure 4.8. Isolation of pMR3 vector and amplification of STY4874 gene by PCR;  

[A] pMR3 vector was isolated and analyzed on 1% agarose gel stained with ethidium 

bromide, different fragments represented different conformations of unrestricted plasmid 

DNA, i.e. supercoiled, nicked and linear plasmid DNA fragments. [B] STY4874 gene 

was amplified using S. Typhi genomic DNA as template and analyzed on 1% agarose gel, 

stained with ethidium bromide. Arrow indicated the required size band of STY4874 at 

1,220 bp. ‘M‘ denotes 1kb DNA ladder for size estimation (Fermentas; SM0313). 
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Figure 4.9. Incorporation of nucleotide sequences encoding TEV site amino acids 

into pMR4-STY4874 plasmid; DNA fragments were separated on a 1% agarose gel and 

stained with ethidium bromide. TEV site was incorporated into pMR4-STY4874 plasmid 

using F_pMR4-STY4874-TEV-His8/R_pMR4-STY4874-TEV-His8, primer pair resulted 

in amplification of 5,818 bp fragment (pMR4-STY4874-TEV-His8), pointed by arrow. 

‗M‘ denotes 1 kb DNA marker for size estimation (Fermentas; SM0313). 
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4.2.6 Expression and Purification of STY4874 from His8-tag TEV-

cleavable Constructs 

In order to express the protein in native form from N- and C-terminal TEV cleavable 

constructs (pMR3-His8-TEV-STY4874 and pMR4-STY4874-TEV-His8 respectively), E. 

coli expression strain, i.e. C41(DE3) (Table 2.1) was transformed with respective 

plasmids (section 2.6.11) and expression was carried out as described (section 2.8.2). 

Briefly, expression was induced until optical density (OD600) reached to 0.6, with 0.1 mM 

IPTG at 37 
o
C. After 3 h of induction, cells were collected and it was noticed that 

introduction of TEV site had drastic effect on the growth of E. coli C41(DE3) cells 

transformed with either pMR3-His8-TEV-STY4874 or pMR4-STY4874-TEV-His8, 

reducing the cell growth to almost half of that without TEV site. 

Expressed cells were taken for membrane preparation (section 2.8.3), protein 

content in membrane was determined (section 2.8.9). The protein (at final concentration 

of 3 mg/mL in membrane) was extracted from cell membranes using 1% (w/v) DDM 

(section 2.8.4). DDM solubilized protein was separated from unsolubilized fraction by 

ultracentrifugation at 100,000 x g at 4 °C for 1 h. 

4.2.6.1 Purification of His8-TEV-STY4874 and STY4874-TEV-His8 Proteins by Ni-

NTA Affinity Chromatography 

Following batch binding of detergent solubilized fraction i.e. supernatant with Ni-NTA 

agarose resin (1 mL of 50% slurry), pre-equilibrated with wash buffer (Table 2.14), resin 

was packed into a column. Affinity purification was carried out as described in section 

2.8.5. Briefly, protein bound resin was washed with 50X column volumes of 25 mM 

imidazole wash buffer. The protein was eluted with 6X column volumes of 300 mM 

imidazole elution buffer (Table 2.14) (section 2.8.5). Equal volumes of eluted protein 

from pMR3-His8-TEV-STY4874 and pMR4-STY4874-TEV-His8 constructs were loaded 

on SDS polyacrylamide gel (section 2.8.10) and analyzed (Figure 4.10). 

SDS-PAGE showed that protein could be purified from both constructs in 

appreciable amount. However, comparing the purification yields from TEV-cleavable 

constructs, C-terminal His8-tag TEV-cleavable construct (pMR4-STY4874-TEV-His8) 

gave relatively higher yield of the purified protein than the N-terminal His8-tag TEV-
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cleavable construct, i.e. pMR3-His8-TEV-STY4874 (Figure 4.10). Typically, 0.5 to 0.6 

mg of purified protein per L cell culture was obtained. 

 

 

 

Figure 4.10. Purification of STY4874 from His8-tag TEV-cleaveable constructs; N-

terminal and C-terminal His8-tagged STY4874 could be purified from pMR3-His8-TEV-

STY4874 [A] and pMR4-STY4874-TEV-His8 [B] constructs, respectively as shown on 

Coomassie stained 12% polyacrylamide gel. Arrow points toward the relative higher 

expression from C-terminal His8-tag TEV-cleavable construct, i.e. pMR4-STY4874-

TEV-His8 at apparent size of ~34 kDa. Protein bands at ~25 kDa and between 37 and 50 

kDa represented impurities, whereas, at ~68 kDa dimeric forms of His8-tagged proteins 

appeared. ‗M‘ denotes protein marker used for size estimation (Bio-Rad; 161-0363). 

 

 

 

 

kDa

25

37

50

75

[A] [B]

M M



Chapter 4 Characterization of the S. Typhi MDR Transporter - STY4874 

134 

 

4.2.6.2 Purification of TEV Protease and Production of Native STY4874 from Ni-

NTA Affinity Purified N- and C- terminal His8-tagged STY4874 

TEV protease was expressed from pTEV-His8 plasmid (Table 2.1) using 0.5 mM IPTG 

for expression induction at 15 
o
C and purified as described in section 2.8.1. Purified TEV 

protease, having His8 at N-terminus is a 27 kDa protein (Figure 4.11). Typically 7 to 8 

mg of affinity purified TEV protease was produced per L of cell culture. Purified TEV 

protease was flash frozen in liquid nitrogen and stored at -80 
o
C, until use. 

For removal of His8-tag, purified His8-tagged proteins (His8-TEV-STY4874 or 

STY4874-TEV-His8) were mixed with TEV protease in the ratio of 1:0.25 respectively 

(section 2.8.6) and dialyzed against TEV cleavage/dialysis buffer (Table 2.15) in a 

dialysis cassette (3.5 kDa cutoff) for 16 h at 4 °C. 

 

 

Figure 4.11. Purification of TEV protease by Ni-NTA affinity chromatography; 

His8-tagged TEV protease is a 27 kDa protein as indicated by the arrow on Coomassie 

stained 10% polyacrylamide gel.. Protein marker (Bio-Rad; 161-0363) was used for size 

estimation. 
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4.2.6.3 Post TEV Cleavage Purification of the STY4874 Protein 

After cleavage with TEV protease, native STY4874 was separated from uncleaved 

proteins and TEV protease by reverse Ni-NTA affinity chromatography as described in 

section 2.8.7. This step was carried out by incubating the dialyzed mixture with Ni-NTA 

resin (i.e. 400 µL of 50% slurry), pre-equilibrated with gel filtration buffer (Table 2.16), 

for 30 min with gentle shaking at 4 °C. Native STY4874 protein was collected by 

centrifugation at 1,000 x g at 4 °C. This step was repeated twice to ensure complete 

removal of uncleaved His8-tagged STY4874 and oligohistidine-tagged TEV protease. 

His8-tag cleaved and uncleaved proteins were run on SDS polyacrylamide gel 

from both N- and C-terminal His8-tag TEV-cleavable constructs, i.e. pMR3-His8-TEV-

STY4874 and pMR4-STY4874-TEV-His8. Results indicated that under the conditions 

used for His8-tag removal, TEV protease had efficiently cleaved His tag from both N- 

and C- terminals of STY4874 protein. Moreover, purification by reverse Ni-NTA affinity 

chromatography resulted in the removal of His8-tagged TEV protease, as shown by the 

absence of band at 27 kDa. Tag cleaved STY4874 protein, when run on SDS 

polyacrylamide gel, had relatively smaller size compared to tag uncleaved protein 

(Figure 4.12). 
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Figure 4.12. Purification of His8-tag cleaved and uncleaved STY4874 protein by 

reverse Ni-NTA affinity chromatography; On Coomassie stained 12% polyacrylamide 

gel, arrows point toward the His8-tagged cleaved STY4874 obtained after cleavage of 

His8-TEV-STY4874 [A] and STY4874-TEV-His8 proteins [B]. The yield of native 

STY4874 from STY4874-TEV-His8 protein [A] was approximately 25% higher than 

obtained from His8-TEV-STY4874 protein [B]. Smaller size of His8-tag cleaved proteins 

was visible in both gels. ‗M‘ denotes protein marker used for size estimation (Bio-Rad; 

161-0363). 
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4.2.6.4 Purification of His8-tag Cleaved STY4874 Protein by Gel Filtration 

Chromatography 

His8-tagged cleaved STY4874 protein was further purified by gel filtration 

chromatography using AKTA FPLC system (section 2.8.8) and Superdex-200 column. 

STY4874 protein was concentrated to 10 mg/mL using 50 kDa cutoff concentrator at 4 

°C. Superdex-200 column used for purification was first equilibrated with the 20 mM 

Tris-Cl pH 8.0 gel-filtration buffer containing 100 mM NaCl and 0.04% (w/v) DDM 

(Table 2.16). 

Gel filtration chromatograms obtained from light absorbance measurement at 280 

nm, resulted in single sharp peak of purified protein. However, chromatograms also 

showed that removal of His8-tag from both N- and C-terminal tagged proteins did not 

enhance the monodispersity; rather, it was decreased as depicted from the increase in the 

size of shoulder before the major peak in chromatograms (Figure 4.13). This shoulder 

appeared before in STY4874-His8 purified protein (Figure 4.5) and it was hypothesized 

that removal of His8-tag might reduce the aggregation of protein. However, removal of 

His8-tag from both N- and C-terminal tagged proteins could not solve the issue, which 

was further addressed by changing post induction temperature for overexpression. 

Purified protein yield was in the range of 0.4 to 0.5 mg per L of cell culture 

volume for C-terminal His8-tag cleavable construct, whereas it was almost 25% lower for 

N-terminal His8-tag cleavable construct. Since, C-terminal tag cleavable construct of 

STY4874 gave relatively high yield of the purified protein; it was taken further for post 

induction temperature optimization (section 4.2.6.5). Peak fractions of the purified 

STY4874 protein were taken, and run on SDS polyacrylamide gel (Figure 4.13), which 

showed major bands of monomeric protein at ~34 kDa. 
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Figure 4.13. Purification of the native STY4874 protein by gel filtration 

chromatography; Coomassie stained 12% polyacrylamide gel showing the purified 

native STY4874 obtained after removal of N-terminal [A] and C-terminal His8-tag [B] 

from His8-TEV tagged STY4874 protein by TEV protease. Protein bands appeared at ~34 

kDa and slightly above the 50 kDa correspond to monomeric and dimeric form of 

STY4874, respectively. Shoulder appearing before the major peak in both 

chromatograms represented a proportion of the protein that aggregates. Protein marker 

(Bio-Rad; 161-0363) was used for size estimation. 
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4.2.6.5 Overexpression of C-terminal His8-tag Cleavable Protein at 30 °C and its 

Purificatin 

As stated in section 4.2.6.4, monodispersity of the purified native STY4874 was 

compromised to some extent when it was produced at 37 °C. Hence, in an alternate 

strategy, the protein from pMR4-STY4874-TEV-His8 construct was expressed at post 

induction temperature of 30 °C (section 2.8.2). Protein was purified as described earlier 

(section 4.2.6.1 - section 4.2.6.4). Gel filtration analysis of the STY4874 protein, 

produced at post induction temperature of 30 °C revealed that additional shoulder 

preceding the major peak was significantly diminished (Figure 4.14), suggesting that by 

reducing the post-induction temperature from 37 to 30 °C, homogeneity of the protein 

had greatly enhanced. For this reason, native protein from C-terminal tag cleavable 

construct, expressed at 30 
o
C was taken for further functional (section 4.2.10) and 

structural studies (section 4.2.7; section 4.2.8; section 4.2.9; section 4.2.11). 

Peak fractions of purified protein, when run on SDS polyacrylamide gel showed 

very light band for dimeric protein above ~55 kDa, along with the major band for 

monomeric form at ~33 kDa (Figure 4.14).  
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Figure 4.14. Purification of the native STY4874 protein by gel filtration 

chromatography, expressed at 30 
o
C from C-terminal His8-tag cleavable STY4874 

construct; Purification from C-terminal His8-tag cleavable STY4874 construct revealed 

that by reducing the post-induction temperature to 30 °C, shoulder preceding the major 

peak was significantly reduced and homogeneity of the protein was enhanced. Coomassie 

stained 10% polyacrylamide gel further confirmed the result. These expression conditions 

were taken for further expression of STY4874 protein, aiming at functional and structural 

studies. Protein marker (Bio-Rad; 161-0363) was used for size estimation. 
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4.2.7 Secondary Structure Analysis of Purified STY4874 

In the protein data bank, there are no three dimensional (3D) structures of the STY4874 

protein or its closely related homologues. Moreover, to analyze whether the DDM 

extracted protein from the membranes of E. coli retained the required secondary 

structure, structural analysis was pursued by Circular Dichroism (CD) and Fourier-

transform infrared (FT-IR) spectroscopies. Analysis of amino acid sequence of the 

protein using the web-based transmembrane predictor TMHMM software [327] 

suggested that STY4874 was an α-helix rich protein, which was further confirmed 

experimentally by CD and FT-IR spectroscopies.  

4.2.7.1 Analysis of STY4874 by Circular Dichroism Spectroscopy 

Measuring the CD spectrum of a protein can be used as an indicator of retention of 

integrity during purification [283]. CD spectrum of the purified native STY4874 protein 

in DDM micelles was performed as described in section 2.9.2. The purified STY4874 

protein at a concentration of 0.02 mg/mL in 10 mM phosphate buffer at pH 7.4, having 

0.04% (w/v) DDM, was scanned between 185 and 250 nm. Similarly, blank sample of 

buffer alone was also scanned and subtracted from the protein spectrum. The resulting 

spectrum showed the characteristics of a typical α-helical rich protein with negative 

bands at ~209 nm and 223 nm, and positive band at ~192 nm [283] (Figure 4.15). 

Analysis of the CD spectrum, using a number of algorithms of protein 

concentration dependent/independent methods, predicted α-helical content of purified 

STY4874 protein from 53% to 69% (Table 4.1). These results confirmed that protein 

retained structural integrity during purification, which could be further assessed by 

functional activity of the protein. 
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Figure 4.15. Secondary structure analysis of purified STY4874 by CD spectroscopy; 

CD spectrum of STY4874 showing the characteristics α-helical rich protein spectrum 

with negative bands at ~209 nm and 223 nm, and positive band at ~192 nm [283], 

confirming the integrity of purified protein and retention of secondary structure. 

 

 

 

 

 

 

Circular Dichroism
C

D
 E

ll
ip

ti
c

it
y 

(m
d

e
g

)

Wavelength (nm)

-20

-10

0

10

20

30

180 200 220 240 260



Chapter 4 Characterization of the S. Typhi MDR Transporter - STY4874 

143 

 

 

 

 

 

Table 4.1. Secondary structure quantification of purified STY4874 by CD 

spectroscopy 

 

Protein secondary structure elements 

α-helix (%) β-sheet (%) Turns (%) Random (%) 

CD
1
 69 0 12 22 

CD
2a

 62 12 26 0 

CD
2b

 53 20 13 14 

CD
3
 57 6 14 23 

1
CD spectrum shown in Figure 4.15 was analyzed using protein concentration independent method at web 

based server http://perry.freeshell.org/raussens.html [352]. 

2a, 2b
 CD spectrum was analyzed using DichroWeb server at 

http://dichroweb.cryst.bbk.ac.uk/html/home.shtml [322] and 
2a

program CONTIN/reference set 3 [293] and 

2b
CDSTRR method/reference set 3 [353]. 

3
CD spectrum was analyzed using algorithm neuronal network and structure analysis program [354]. 

 

 

 

 

 

 

 

http://perry.freeshell.org/raussens.html
http://dichroweb.cryst.bbk.ac.uk/html/home.shtml
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4.2.7.2 Analysis of STY4874 by Fourier-Transform Infrared Spectroscopy 

Analysis of the CD spectrum of purified STY4874 provided evidence for α-helical 

content of protein ranging from 53% to 69%. In order to further confirm the quantitative 

estimate of α-helical content of STY4874, FT-IR spectroscopy was pursued. For FT-IR 

analysis, purified STY4874 protein at a concentration of 2 to 3 mg/mL in 10 mM Tris-Cl 

buffer at pH 8.0 supplemented with 100 mM NaCl and 0.04% (w/v) DDM was used and 

spectra for the protein and buffer alone were recorded as described (section 2.9.3) [264, 

265, 268, 269]. Briefly, a small volume (~15 μL) of protein sample or buffer alone was 

dried on platinum ATR platform (diamond crystal) to form a hydrated film and then 

spectra were obtained using Bruker FT-IR spectrometer (Figure 4.16; [A] Lower panel). 

The spectrum of the buffer alone was then subtracted from that of the protein to get 

spectral features corresponding to the protein (Figure 4.16; [A] Upper panel). 

For secondary structure analysis, second derivative of the protein spectrum 

corresponding to amide I region (1700–1600 cm
-1

) was obtained using the Origin 

software version 7.0 (OriginLab Corporation, USA) following Savitzky-Golay method 

(Figure 4.16; [B], upper panel). Decomposition of the spectrum into individual bands in 

the amide I region was performed by non-linear peak fitting using Galactic PeakSolve™ 

software (version 1.05) (Figure 4.16; [B], lower panel). The measured amide I region of 

the subtracted spectrum could be reproduced by a fit to 11 components, dominated of 

those indicative of α-helix (Figure 4.16; [B]) [264, 265]. 

Quantitative analysis of the spectrum revealed the presence of ~55% α-helix, 

suggesting that the protein comprised several α-helical transmembrane segments, a 

unique characteristic of inner membrane proteins of Gram-negative bacteria [330, 355] 

such as S. Typhi. Estimation of secondary structure by FT-IR spectroscopy further 

confirmed that secondary structure of purified STY874 was rich in α-helices and the α-

helical content of purified STY4874 was in the range estimated by CD spectroscopy. 
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Figure 4.16. Secondary structure analysis of STY4874 by FT-IR spectroscopy; [A] Lower panel: FT-IR spectra of hydrated film 

of Tris-Cl buffer and STY4874 protein. Upper panel: Final protein spectrum obtained by subtraction of STY4874 from buffer 

spectrum. [B] Second derivative spectrum of STY4874 and amide I region of the FTIR spectrum of a hydrated film of STY4874 (thick 

grey line), and bands obtained by deconvolution. The dotted red line shows the curve fitted using the component bands. The peak 

position along with their assignment is shown in the figure. 
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4.2.8 Homogeneity Analysis of STY4874 by Electron Microscopy 

Gel filtration purification gave a single sharp peak corresponding to the DDM-solubilized 

purified STY4874 protein (Figure 4.14). In order to further confirm the protein 

homogeneity, which is very crucial for the crystallization of STY4874, monodispersity 

was analyzed by transmission electron microscopy of negatively stained samples, as 

described in section 2.9.4. Electron microscopy images showed homogeneously 

dispersed particles of the purified protein on carbon coated copper-palladium grids 

(Figure 4.17) and confirmed that the purified protein could be a suitable candidate for 3D 

crystallization experiments. 

 

 

Figure 4.17. Electron micrograph of a negatively stained sample of DDM- 

solubilized STY4874; Arrows point towards the negatively stained, homogeneously 

dispersed, purified STY4874 protein in DDM micelles. 

 

 

 

 

100 nm
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4.2.9 Stability Analysis of Purified STY4874 

Protein stability provides a good starting point for crystallization trials as well as for 

biophysical studies of protein [350]. Thermostability and retention of structural features 

are particularly important for pursuing crystallization studies of membrane proteins 

[356]. 

4.2.9.1 Analysis of Thermal Stability and Structural Integrity of Purified STY874 by 

CD Spectroscopy 

To investigate whether the structural integrity of the protein was retained during the 

course of purification and to see the effect of temperature on retention of structure by 

purified STY4874, thermal unfolding analysis was performed with simultaneous 

monitoring of spectral changes in CD ellipticity at 222 nm. 

For thermal stability analysis, absorbance of purified protein at a concentration of 

0.02 mg/mL in 10 mM phosphate buffer at pH 7.4 supplemented with 0.04% (w/v) DDM 

was measured at 222 nm while heating the protein from 15 to 90 °C at a rate of 1°C/min 

with response time of 15 sec using J-810, Jascon spectropolarimeter with constant 

nitrogen flushing as described in section 2.9.2. Stepwise heat denaturation of the protein 

from 15 to 90 °C was observed monitoring spectral changes in CD ellipticity at 222 nm. 

The result of this analysis showed disruption of secondary structure of the STY4874 

protein, indicative of a stable core during purification and indeed suggesting that the 

protein was correctly folded and its structural integrity was conserved (Figure 4.18). 

The heat denaturation of the STY4874 protein was not reversible since the CD 

cooling curve of the protein, obtained while cooling the protein from 90 to 15 °C, did not 

cover a similar path as the melting curve, obtained during the heating of protein to 90 °C 

(Figure 4.18), suggesting that protein once unfolded could not regain its native 

conformation. 
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Figure 4.18. Analysis of thermal stability and structural integrity of purified 

STY4874; Graph is showing the thermal unfolding of purified STY4874 protein by 

heating up to 90 °C, followed by an attempt of refolding by cooling to 15 °C. CD 

measurements were made during the heating/cooling of the protein at a rate of 1 °C per 

min. Unfolding curve indicated that protein had retained its native conformation and a 

stable core during purification. Refolding curve showed that protein once unfolded could 

not regain its native conformation. 
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4.2.9.2 Monodispersity and Stability Analysis of Purified STY4874 Over Time 

Before setting up 3D crystallization trials, monodispersity and stability of the DDM-

solubilized STY4874 protein was studied for 72 h. For this purpose, purified STY4874 

protein was incubated at 4 
o
C and it was assayed by gel filtration (section 2.8.8) and 

electron microscopy (section 2.9.4) after 24 h, 48 h and 72 h of incubation. 

Gel filtration analysis indicated that the purified STY4874 did not lose its 

integrity up to 72 h, as shown by the presence of sharp peaks in Figure 4.19. Electron 

microscopy of negatively stained samples further verified that the purified protein was 

stable up to 72 h, as shown by the presence of particles of homogenous size in the 

micrographs (Figure 4.19). 
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Figure 4.19. Stability analysis of purified STY4874 over a time period of 72 h by gel filteration chromatography and electron 

microscopy; Stability analysis by gel filtration chromatography indicated that the purified STY4874 did not lose its integrity for 72 h 

after purification, as shown by the presence of sharp peaks in chromatograms of gel filtration experiments, performed after 24 h, 48 h 

and 72 h of incubating protein at 4 
o
C. Electron microscopy on negatively stained samples also confirmed the homogeneously 

dispersed particles of the purified protein (black arrows). 
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4.2.10 Substrate Interaction Study of Purified STY4874 

Crystallization of protein requires a considerable amount of purified protein in stable and 

homogeneous state. In addition, protein must by fully functional during crystallization 

study, in order to obtain the structure of a functional state of the protein [356]. In 

substrate profiling study by MIC assay of putative multidrug efflux transporters (section 

3.2.6), STY4874 effluxed out different antimicrobials that could act as its potential 

substrates (Table 3.3). In order to study the functionality of purified protein, the 

interaction of these substrates with STY4874 was studied by exploiting the intrinsic 

fluorescence properties of STY4874. The STY4874 protein (Protein accession number; 

NP_458943.1) contains nine tryptophan and seven tyrosine residues. Since known 3D 

structures of MDR transporter proteins reveal that binding pocket of these transporters is 

usually enriched with many hydrophobic aromatic residues [349], their interaction with 

substrate may lead to the change in intrinsic protein fluorescence maxima and this 

property can be used to assess the functionality of the purified transporter. 

Based on this assumption, apparent dissociation constants were determined for 

different substrates i.e. kanamycin, streptomycin, gentamycin, and chloramphenicol to 

the STY4874 transporter by the intrinsic protein fluorescence of the DDM-solubilized 

purified protein. The emission maxima of the protein intrinsic fluorescence was recorded 

at 325 nm, when DDM-solubilized purified STY4874 was excited at 290 nm. Different 

substrates were titrated into the DDM-solubilized protein, until saturation occurred, as 

monitored by emission fluorescence at 325 nm. Similar titrations were performed on 

buffer alone, and fluorescence background of the buffer was subtracted from that 

obtained for protein while titrating with respective substrates. From the corrected data, 

affinity constants for each substrate were calculated as detailed in section 2.9.5. 

The results of substrate interaction study revealed that streptomycin and 

gentamycin had high binding affinity for STY4874, 0.02 ± 0.004 µM and 0.05 ± 0.006 

µM respectively (Figure 4.20, [A], [B]). Kanamycin was found to have a binding 

constant of 0.24 ± 0.04 µM (Figure 4.20, [C]), whereas lower binding affinity was 

observed for chloramphenicol which had binding affinity of 0.617 ± 0.021 µM (Figure 

4.20, [D]). 
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Figure 4.20. Substrate interaction study of purified STY4874; Panels [A], [B], [C] 

and [D] show concentration dependant substrate binding affinity for streptomycin, 

gentamycin, kanamycin and chloramphencol, respectively, to STY4874. The apparent 

dissociation constants (Kd) for substrates were obtained by nonlinear fitting of the 

respective quench/concentration curves to one site binding model (Equation 2.5) using 

the program Origin (version 7.5, OriginLab Corporation). Fluorescence was recorded at 

excitation (290 nm) and emission (325 nm) frequencies, slit widths of 2.0 nm. Data 

points and error bars represent the mean and standard deviation of three individual 

measurements. Substrate interaction study of STY4874 revealed that different substrates 

had the following order of decreasing substrate binding affinity i.e. 

streptomycin>gentamycin>kanamycin>chloramphenicol.
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4.2.11 Crystallization of STY4874 for X-ray Crystallographic Studies 

The knowledge of accurate 3D structures is a pre-requisite for rational drug design, in 

structure-based functional studies, to aid the development of effective therapeutic agents 

and drugs [357]. 3D structures provide insights into structural and functional organization 

of transport proteins as well as indications of the mechanism of solute transport. By 

targeting multidrug efflux transporters like STY4874 in rational drug designing studies, 

the final goal is to bring back the efficacy of conventional anti-typhoidal drugs by a 

combination of specific therapies and inhibition of the multidrug efflux transporters. 

Considering this, 3D crystallization of STY4874 was pursued as described in section 

2.9.6.  

For the crystallization experiments, protein was purified as previously described 

(section 4.2.6.5). Purified STY4874 protein in DDM micelles was concentrated by 

centrifugation using a 50 kDa MWCO Amicon Ultracel® (Milipore) at 4 °C, up to 8 to 

20 mg/mL. 

4.2.11.1 Initial Screening 

Initial crystallization screening was performed with different commercial screens. These 

included: sparse matrix screens available from Molecular Dimensions, i.e. MemStart 

[358], MemGold [359], MemPlus, and MemSys [358]; sparse matrix screens from 

Hampton Research, i.e. MembFac [360], PEG Ion/PEG Ion II [361], and Cryo I/Cryo II; 

Qiagen crystallization screens, i.e. MB class and MB class II. Buffers at different pH 

were tested in this study, ranging from 4.0 to 8.0. In third phase, detergent and additive 

screens from Hampton Research were tested, starting from conditions that yielded 

crystals in the initial screens. In parallel, different polyethylene glycol (PEG 400) 

concentrations range from 27 to 48% (w/v) were tested, with simultaneous screening of 

protein concentration, from 8 to 20 mg/mL. 

Initial screening of crystallization conditions was performed on 96-well plates 

(section 2.9.6). Plates were incubated at 19 
o
C for initial screening and observed every 

day to monitor the growth of the crystals, with a light microscope (Olympus). 
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Crystallization screens MB class, MB class II, MemSys and MemStart resulted in 

crystal formation 2 to 3 days after setting of trials. Crystals appeared in variety of buffer 

conditions, namely MES (2-(N-morpholino)ethanesulfonic acid) at pH 5.5-6.7, Tris (2-

Amino-2-hydroxymethyl-propane-1,3-diol) at pH 5.8-7.2, HEPES (2-[4-(2-

hydroxyethyl)piperazin-1-yl]ethanesulfonic acid) at pH 6.8-8.2 and MOPS (3-

morpholinopropane-1-sulfonic acid) at pH 6.5-7.9, and in variety of precipitants and 

salts, namely NaCl, Li2SO4, MgCl2, CaCl2, (NH4)2SO4. The common factor of all positive 

crystallization hits was the presence of PEG 400. 

Optimization of PEG 400 concentration revealed that crystals grow at PEG 400 

concentration within a range of 15-30% (w/v). PEG in such concentration can be used 

also as cryoprotectant during freezing of crystals, avoiding the addition of another 

cryoprotectant. 

4.2.11.2 Initial Data Collection 

For data collection, crystals were fished out using appropriate-sized nylon loops, under a 

light microscope (Olympus). The loops were subsequently flash frozen in liquid nitrogen. 

The design of commercially available loop allows mounting them directly to the 

goniometer head to perform the diffraction experiment. Crystals of STY4874 exhibited 

different morphologies (Figure 4.21), and were often fragile owing to high solvent 

content [362]. Crystal size varied from 10 µm to ~200 µm (Figure 4.22). Increase in size 

with incubation time was observed, reaching a maximum size after 2 weeks. Advanced 

Photon Source (APS) synchrotron at Argonne National Laboratory (Illinois, USA) was 

used for X-ray data collection. Data were collected remotely using ‗ADSC software‘ on 

24-ID-E beamline (http://necat.chem.cornell.edu/). 

Initial data collection of STY4874 crystals revealed that mosaicity of crystals was 

very high, dampening the intensity of diffracted beams at higher resolution and allowed 

to collect only low resolution data. Moreover, anisotropy was observed in diffraction 

patterns, i.e. diffraction was not uniform in all directions. From the first diffraction 

experiments, a dataset up to 4.5 Å resolution was obtained (Figure 4.23). The indexing of 

this dataset allowed calculating the unit cell parameters one of the tetragonal STY4874 
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crystals, using iMosflm software (7.1.1): a=b=64.3 Å, c=245.4 Å, α=β=γ= 90°, space 

group P4. Diffraction was not isotropic (Figure 4.24) and it was not possible to collect a 

complete diffraction dataset at a resolution necessary for structure determination. In the 

first data collection session, the majority of crystals yielded diffraction up to 7 Å, 8 Å and 

9 Å. A data set at 8 Å for the wild-type protein was obtained (Figure 4.25). To collect a 

complete data set, the crystal was rotated of 1° along a phi axis, perpendicular to the 

incident beam for each image, collecting a total of 180°. Due to high mosaicity of 

STY4874 crystals, diffraction spots generated by the same lattice planes stay for more 

than 1° in diffraction conditions, and were therefore, present in more than one subsequent 

diffraction pattern (Figure 4.25; [A]-[I]). 

It was found that the STY4874 crystals were sensitive to radiation damage, and 

high-resolution diffraction faded in the course of data collection. Therefore, in order to 

obtain a complete data set, diffraction data collected from several crystals is needed to 

merge together.  

 

Figure 4.21. Crystals of STY4874 in crystallization drop; Crystals of STY4874 had 

different morphologies and varied in size from 10 µm to ~200 µm, depending upon the 

time of incubation of crystallization trials. However, crystals were not stable and 

disappeared after one month. Crystals appeared in variety of buffers, precipitants and salt 

condition. PEG 400 was the common component in all crystallization conditions. 
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Figure 4.22. Crystals of STY4874; Crystals of STY4874 shown in figure are ~150 µm 

in length, and display morphologies of square plates (left) and triangular prisms (right). 

 

 

Figure 4.23. Diffraction pattern of STY4874 crystals exhibiting a maximum 

resolution of 4.5 Å; The indexing of this dataset at 4.5 Å allowed calculating the unit cell 

parameters, using iMosflm software (7.1.1): a=b=64.3 Å, c=245.4 Å, α=β=γ= 90°, in 

space group P4. 
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Figure 4.24. Diffraction patterns from STY4874 protein crystals in two 

perpendicular directions; Diffraction patterns of STY4874 revealed that crystals were 

not equally ordered in all directions, giving rise to anisotropic diffraction, as shown in 

patterns collected at 0
o 
[A] and 90

o 
rotation [B]. Anisotropic diffraction allowed 

collection of diffraction spots up to 7.5 Å resolution in one direction, and 9 Å resolution 

in the perpendicular direction.
 

 

 

 

 

 

[A] [B]
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Figure 4.25. Representative patterns from dataset collection for STY4874; Dataset 

was collected by gradually rotating the crystal of 1
o
 for each diffraction pattern. During 

the rotation of the protein crystal, due to high mosaicity, lattice planes stayed longer in 

diffraction conditions, as shown by the presence of the same diffraction spot in 

subsequent patterns [A] to [I]. 

[A] [B] [C]

[E] [F][D]
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4.2.11.3 Co-crystallization with Substrates and Inhibitors 

In an attempt to increase the resolution of diffraction images and to decrease mosaicity of 

crystal lattice, co-crystallization of protein was pursued using different substrates 

(kanamycin, ciprofloxacin, levofloxacin, gentamycin and benzalkonium chloride) and 

inhibitors, reserpine and berberine chloride (Table 2.24). An STY4874 purified protein 

sample in DDM detergent micelles along with substrates or inhibitors in indicated 

concentration (Table 2.24) were used to set up crystallization trials in the previously 

optimized conditions, by hanging-drop vapor diffusion method as described in section 

2.9.6. 

From the screening of the apo STY4874 protein, optimized crystallization 

conditions were chosen for co-crystallization trials of STY4874, i.e. 0.1 M MES (pH 5.5-

6.5), PEG 400 (27-30%, w/v), 0.1 M NaCl, 0.1 M Li2SO4, concentration of the purified 

protein was in the range of 10 to 12 mg/mL. Stock solutions were prepared as listed in 

Table 2.23. In 24 well crystallization plate (Hampton, Cat. #: HR3-306), 500 μL of 

reservoir buffer (Table 2.24) was dispensed in each well. To generate a hanging drop, 0.5 

μL of purified protein were dispensed on an inverted cover slip (Hampton, Cat. #: HR8-

074) and mixed by repetitive pipetting with an equal volume of reservoir buffer, avoiding 

bubble formation. Cover slip was then flipped over the reservoir, pressed gently to ensure 

complete sealing of droplet and reservoir environment, so that gradual equilibrium could 

be reached. Plates were incubated at different temperatures as indicated in Table 2.24, 

and growth of crystals was observed under a light microscope (GWB Olympus BH-2). 

Co-crystallization with substrates and inhibitors also resulted in morphologically 

similar crystals to those previously obtained during initial screening (Figure 4.26). 

Crystals appeared 3 to 4 days after setting plates, increased in size up to >100 μm and 

were stable in the mother drop for almost a month. All diffraction data from co-

crystallization experiments were collected at 24-ID-E beamline at the Advanced Photon 

Source, Chicago. Data collection showed that although intensity of spots had improved, 

diffraction was still anisotropic. Moreover, resolution could not be improved beyond 7 Å 

(Figure 4.27; Figure 4.28), since high mosaicity could not be decreased by co-

crystallization. 
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Figure 4.26. Crystals obtained from co-crystallization experiments of purified 

STY4874 with substrates and inhibitors; Co-crystallization experiments of purified 

STY4874 with different substrates, i.e. kanamycin, ciprofloxacin, norfloxacin, 

gentamycin and benzalkonium chloride, and inhibitors, i.e. reserpine and berberine 

chloride resulted in crystals having the same morphology as obtained for transporter 

alone.  
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Figure 4.27. Diffraction patterns of STY4874 co-crystallized with inhibitors display 

a 7.5 Å resolution limit; A resolution limit of 7.5 Å was evaluated using iMosflm 

software (7.1.1). Diffraction pattern was isotropic. Inset images show well separated 

spots in two perpendicular directions, [A] and [B]. 

 

 

 

[A] [B]
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Figure 4.28. Diffraction patterns of STY4874 co crystallized with substrate display a 

7.5 Å resolution limit; A resolution limit of 7.5 Å was evaluated using iMosflm software 

(7.1.1). Spot shape was improved compared to crystals of the apo form of the protein, as 

shown in inset images [A] and [B]. However, uniformity of spots in all directions could 

not be improved. Crystal to detector distance was 600 mm. 
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4.3 Discussion 

Chapter 4 aimed at the detailed biochemical and biophysical characterization of 

multidrug efflux transporter STY4874 of S. Typhi with the final goal of obtaining 3D 

crystals to determine its structure. STY4874 is an inner membrane MDR transporter from 

S. Typhi and is composed of 413 amino acids (44.7 kDa). This protein has net positive 

charge due to the presence of 26 positively charged amino acids i.e. Arg and Lys, in 

contrast to 14 negatively charged amino acids i.e. Asp and Glu [363]. Bioinformatics 

analysis on the basis of hydropathy profile, predicts that STY4874 is highly hydrophobic 

and comprised of 12 α-helices [327], which are connected by several small loops.  

The detailed experimental study of STY4874 needed a comprehensive 

overexpression and purification strategy. In this study, overexpression was achieved by 

making alterations at genetic level and rigorous optimization of expression conditions. E. 

coli C41(DE3) [213] was found to be the promising expression strain for STY4874. It 

was found that C-terminally tagged STY4874 protein relatively overexpressed compared 

to N-terminally tagged protein which is consistent with other studies carried out on MFS 

transporters like OxlT [345]. Moreover, shifting of the post-induction temperature from 

37 to 30 °C for production of STY4874 using C- terminal tag cleavable construct had 

greatly enhanced the homogeneity of the protein. 

Bacterial membrane transporters after overexpression in E. coli are mainly 

inserted into the membrane  [364] like MDR MFS transporter of E. coli MdfA [365], 

with some minor expression in the form of inclusion bodies. Although, it is possible to 

solubilize the inclusion bodies and subsequently refold the protein in vitro, the final yield 

of refolded protein is often very low [366]. This finding led us to extract the expressed 

STY4874 protein from membrane and proceed for purification. The protein could be 

purified to apparent homogeneity in DDM detergent by a combination of initial step of 

affinity chromatography, followed by tag cleavage, separation of tag cleaved protein and 

final polishing by size exclusion chromatography. Analysis of the purified protein on 

SDS polyacrylamide gel showed that the major fraction of protein existed as monomer at 

an apparent molecular weight of ~34 kDa. Identity of the purified protein was confirmed 

by mass spectrometry. Moreover, size exclusion chromatography has also shown the 
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appearance of single sharp peak of the purified protein. The elution of sharp symmetrical 

peak of the purified protein in detergent micelles is an excellent diagnostic of high quality 

purification procedure [367]. This study suggests that STY4874 exists as structural 

monomer in DDM likewise its close homologues MdtM [169] and MdfA [167] from E. 

coli and other well characterized members of major facilitator superfamily, for example, 

the glycerol-3-phosphate transporter GlpT [368], the hexose transporter UhpT [369] and 

the lactose permease LacY [370] and may function as monomer in S. Typhi. The yield of 

the purified protein was found to be 0.5 to 0.6 mg per L bacterial cell culture volume. 

Such concentration of the purified protein can greatly facilitate structural studies [345].  

Monodispersity of purified STY4874 was confirmed by electron microscopy 

analysis of negative stained samples and in conjunction with gel filtration 

chromatography proved that the purified protein retained its monodispersity at least up to 

72 h at 4 
o
C. Such monodispersed and stable protein samples are desirable for 

biochemical characterization explicitly for crystallization studies. During purification, the 

extraction of proteins from their native membranous environment sometimes result in the 

loss of structural integrity and estimation of secondary structure is a convenient test for 

confirming the retention of integrity of proteins [197]. Therefore, secondary structure was 

analyzed by CD and FT-IR spectroscopy. CD spectroscopy predicted the α-helical 

content of purified STY4874 from 53% to 69% which was further confirmed by FT-IR 

spectroscopy. These results revealed that the purified protein retained secondary structure 

and comply with bioinformatics prediction of STY4874 as an α-helical rich protein. E. 

coli homologue of STY4874, MdtM is also found to be predominantly α-helical after 

purification [199].  

Structural integrity of protein does not testify that protein is functionally active. 

To assess the functional activity of the purified protein, substrate binding was studied, 

which was based on the preliminary results obtained from the substrate profiling assay. 

STY4874 has sixteen hydrophobic aromatic residues, which were exploited to study the 

intrinsic protein fluorescence quenching in response to binding of substrates to the 

purified protein. Equation used to calculate dissociation constants of STY4874 protein 

with various substrates has been cited before for ZitB transporter of E. coli [371]. It was 
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found that different substrates bind with the purified STY4874 with apparent dissociation 

constants in nanomolar range. Measured binding affinities in nanomolar range are 

consistent with those obtained for other MDR transporters to their respective substrates 

[169, 372, 373]. E. coli, EmrE protein in an ealier study, was found to have apparent Kd 

of 10 nM for tetraphenylphosphonium [374] and MdtM was found to have Kd of 170 nM 

for chloramphenicol [169]. These purified protein binding assays confirmed that protein 

was structurally stable and functionally active.  

In this study, considerable efforts were made to get well diffracting crystals of 

STY4874 protein. Three-dimensional crystallization trials with sparse matrix screen 

[375] showed that protein was crystallizable under variety of conditions. PEG 400 was 

common, among all those screening conditions which resulted in formation of crystals of 

STY4874 and this is in agreement with the previous finding that PEG 400 favours 

crystallization of membrane proteins [359]. As crystals were grown by in surfo method, 

type II 3D crystal lattice was expected to grow and evidenced by extreme fragility of 

crystals. In type II 3D crystals, crystal packing is mostly due to the interactions between 

hydrophilic regions of protein molecules with the detergent micelles sheltering the 

protein hydrophobic region, resulting in extremely fragile crystals with large solvent 

content [376]. Initial data collection revealed that hydrophobic surfaces and anisotropic 

orientation of the protein molecules in producing well-ordered three-dimensional crystals 

suitable for x-ray analysis [377], is an obstacle in the crystallization of STY4874. In the 

first data collection session, the majority of crystals yielded diffraction up to 7 Å, 8 Å and 

9 Å, which was anisotropic. From the first diffraction experiments, a dataset up to 4.5 Å 

was obtained. The indexing of this dataset allowed calculating the unit cell parameters for 

one of the tetragonal STY4874 crystal, using iMosflm software (7.1.1): a=b=64.3 Å, 

c=245.4 Å, α=β=γ= 90°, space group P4. Due to anisotropy, it was not possible to collect 

a complete diffraction dataset at a resolution necessary for structure determination. 

As STY4874 binds to variety of substrates and ligand bound protein molecules 

sometimes crystallize in well-ordered crystal lattice, efforts were also made to co-

crystallize the protein with different substrates and inhibitors. Co-crystallization also 
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resulted in morphologically similar crystals as previously obtained during initial 

screening. Moreover, resolution could not be improved beyond 7 Å. 

A comprehensive literature survey has revealed that extensive 3D crystallization 

trials of various MDR MFS transporter from E.coli have been performed previously [197, 

365, 378]. E. coli MdfA has been tried to crystallize [365, 378], ending up in 

unsuccessful protein crystal hits. A structure of MdfA has been proposed on the basis of 

structural alignment of MdfA with non-MDR MFS transporter i.e. LacY and GlpT, using 

the results of kPROT algorithm [379], finally refining the proposed model by mutation 

analysis and the available experimental data [186]. Crystallization trials have been set up 

for E. coli Bcr protein with commercial screens [197] as well as co-crystallization of Bcr 

with reserpine have also been attempted, with the assumption of locking the Bcr protein 

into a single conformation and to favor the formation of crystals [197].  

Recently, 3D crystallization trials of E. coli MdtM have been performed using the 

hanging-drop vapour diffusion method using commercially available crystallization 

screens. These trials yielded 3D protein crystals under several different conditions [380]. 

The results of the crystallization screens suggested that MdtM-DDM protein-detergent 

complexes can be crystallized in three-dimensions and this work is in progress [380]. 

Only successful story related to MDR MFS structure available to date is of E. coli 

EmrD [195], which is biochemically very poorly characterized transporter [117, 196]. 

Moreover, structure is available in only one conformation i.e. occluded conformation 

[195]. In order to design structure based drugs against MDR transporters, pre-requisite is 

to have the structure of the transporter proteins in multiple conformations, in substrate 

bound and unbound forms to elucidate the binding pockets for substrate/H
+
, the 

mechanism of substrate/H
+
 binding, energy transduction and conformational changes 

during transport cycles, hence opening the avenue to quench the essential residues of the 

transporter in substrate/H
+
 binding pocket or to engage protein for transport of 

compounds other than antibiotics by structure based competitor designing. The structure 

of EmrD protein shows an interior that is composed mostly of hydrophobic residues, 

which is the most striking structural difference between EmrD and LacY/GlpT. LacY and 

GlpT are substrate specific MFS transporters and have hydrophilic interiors, whereas 
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EmrD, multi-substrate transporter has interior comprising of mainly hydrophobic residues 

[195]. E. coli, EmrD bears 27% similarity with STY4874, therefore, a homology model 

based on such low similarity cannot predict the actual structure of STY4874. 

In summary, this chapter has come up with the conclusion that STY4874 can be 

overexpressed using E. coli expression system and purified in homogenous form using a 

combination of affinity chromatography and gel filteration chromatography. After 

purification, the protein retains structural and functional integrity. STY4874 has 

crystallization propensity under variety of conditions and this work needs further 

optimization using variety of crystallization and protein engineering approaches. 
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5 Application of Protein Engineering Approaches 

to Improve Crystallizability of STY4874 

5.1 Introduction 

High resolution structure of STY4874 is required to understand the molecular mechanism 

underlying drug transport, substrate/H
+
 binding, translocation, conformational changes 

during transport cycle. Results obtained (Section 4.2.11), showed that although STY4874 

could be crystallized, did not result in well diffracting crystals. This is the usual case with 

membrane proteins which continue to be among the most challenging targets in structural 

biology owing to their partially hydrophobic surfaces, conformational flexibility and lack 

of stability [381]. For this reason; there are only 579 unique membrane protein structures 

in database (http://blanco.biomol.uci.edu/mpstruc/, accessed on 18
th

 Dec., 2015), 

compared to several thousand soluble proteins of known structure.  

One of the main challenges in crystallization experiment is to obtain a very 

homogeneous protein sample, both in terms of purity of the protein and of conformational 

homogeneity. In particular, transport proteins can adopt a multiplicity of states, each of 

them with a specific conformation. ‗Conformation locking‘ is one of the approaches to 

obtain a more homogeneous sample [382]. The locking can be achieved by designing 

mutant proteins with reduced conformational flexibility, i.e. by finding a mutation that 

can lock the transporter into a state capable of binding to ligand or substrate but not 

capable of undergoing the conformational changes necessary for translocation. Such 

strategy has been successfully used to solve the X-ray structure of a lactose permease 

(LacY), mutant C154G, that retains ligand binding ability but does little or no transport 

[347, 383]. 

In order to identify a mutation that reduces the flexibility of the proteins, in this 

study, mutants of STY4874 were generated, considering the homology of protein with 

other multidrug resistance transporters belonging to major facilitator superfamily such as 

http://blanco.biomol.uci.edu/mpstruc/
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MdfA [341]. Based on functional studies, the most promising conformationally locked 

mutant was pursued for X-ray crystallization study. In order to further reduce the 

flexibility of the protein, another strategy was applied, consisting of the removal of 

flexible portions in secondary structure of protein. This approach sometimes results in 

better diffracting 3D crystals. Truncated forms of STY4874 were generated, purified and 

used for crystallization experiments. 
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5.2 Results 

Part A - Characterization of STY4874 Mutants 

5.2.1 Rational for the Generation of STY4874 Mutants 

In order to design STY4874 mutants suitable for crystallization experiments, secondary 

structure of STY4874 was predicted by TMHMM web based server 

(http://www.cbs.dtu.dk/services/TMHMM/) [327]. According to predictions, the 

secondary structure of this protein consists in 12 transmembrane segments (TMSs), with 

smaller loops joining the neighboring helices, except one longer loop, which joins the 

TMS-VI with the TMS-VII. There are two small stretches of amino acids residues at the 

N- and C-termini of the protein. 

STY4874 bears 39% and 87% amino acid sequence identity with E. coli MdfA 

and MdtM, respectively, which are biochemically characterized MFS transporters [162-

164, 169, 170, 198, 384]. The charged residues Glu26 and Arg112 of MdfA, and Asp22 

and Arg108 of MdtM have been shown to be important in recognition of neutral and 

cationic antimicrobials [169, 186, 341]. To find conformationally less-flexible mutant, 

the analogous residues in STY4874, i.e. Asp25 and Arg111, were selected as mutation 

points. In proposed secondary structure of STY4874, Asp25 is located almost in the 

middle of TMS-1, whereas Arg111 is located at the end of TMS-IV towards the 

periplasmic side (Figure 5.1). Arg111 is part of characteristic motif B (lxxxRxxqGxgaa) 

and a highly conserved residue among MFS members [157], present in both 12- and 14-

TMS MFS transporters (Table 3.1). 

It is hypothesized that mutations of Asp25 and Arg111 of STY4874 with neutral 

amino acids (in particular, alanine) may lock the transporter into a state capable of 

binding to ligand or substrate but not capable of undergoing the conformational changes 

necessary for translocation. Such conformationally locked mutants may have less-

http://www.cbs.dtu.dk/services/TMHMM/
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flexibility and are suitable candidates for crystallization experiments aimed to improve 

the diffraction quality.  

 

 

Figure 5.1. Residues selected as mutation sites to generate mutants of STY4874; 

Secondary structure of STY4874 was predicted by TMHMM [327]. The proposed 

secondary structure of STY4874 is constituted by 12 TMSs and many loops joining the 

neighboring TMSs. The longest of these loops faces the cytoplasmic side and joins TMS-

V1 to TMS-VII. Residues Asp25 and Arg111 were selected as mutation sites of 

STY4874. These residues are membrane-embedded charged residues in TMS-1 and 

TMS-IV, respectively, as indicated by arrow. These residues were selected considering 

the key role in substrate transport of analogous residues in homologous proteins MdfA 

and MdtM from E. coli [169, 186, 341].  
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5.2.2 Strategy for the Generation of STY4874 Mutants 

In order to lock the protein in single conformation by mutating these two sites, two 

replacements were made for each selected residue, either with retention of charge or with 

neutralization of charge, i.e. Asp25 was mutated to Glu (D25E) and Ala (D25A), whereas 

Arg111 was mutated to Lys (R111K) and Ala (R111A). 

All mutants were generated by site directed mutagenesis, i.e. QuikChange® PCR 

method (Stratagene), as described in section 2.6.13. Primer pairs having point mutations 

were used to generate pMR4-STY4874(D25A)-TEV-His8, pMR4-STY4874(D25E)-

TEV-His8, pMR4-STY4874(R111A)-TEV-His8, and pMR4-STY4874(R111K)-TEV-

His8 mutant plasmids, using pMR4-STY4874-TEV-His8 plasmid as template. Graphical 

representation for the generation of these mutants is shown in Figure 5.2. Primer pairs 

had required point mutation in the center of each primer. Sequences of primers have been 

listed in Table 2.2. 

For in vitro site directed mutagenesis, pMR4-STY4874-TEV-His8 plasmid was 

used as template. Resulting PCR products i.e. STY4874(D25A), STY4874(D25E), 

STY4874(R111A) and STY4874(R111K) (Figure 5.3) were treated with DpnI enzyme to 

degrade the template pMR4-STY4874-TEV-His8 plasmid. E. coli cloning strains, i.e. E. 

coli OmniMax 2-T1 or E. coli Top10 (Table 2.1), were transformed with DpnI-treated 

PCR products. Transformed colonies were grown in LB broth, after collection of cell 

pelett; plasmids were extracted and purified (section 2.6.3). The presence of desired 

mutant bases in these plasmids was verified by sequencing. 
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Figure 5.2. Graphical representation of the method used to generate STY4874 

mutants; Point mutations in STY4874 gene were introduced using primer pairs having 

desired mutated bases in the center of both primers, indicated by ‗asterisk‘ in figure 

above. Aspartate at position 25 was replaced with alanine (GAT25GCG corresponding 

to D25A) and glutamate (GAT25GAA corresponding to D25E). Arginine at position 111 

was replaced with alanine (CGT111GCG corresponding to R111A) and lysine 

(CGT111AAA corresponding to R111K). Primer pairs, i.e. F_pMR4-

STY4874(D25A)/R_pMR4-STY4874(D25A), F_pMR4-STY4874(D25E)/R_pMR4-

STY4874(D25E), F_pMR4-STY4874(R111A)/R_pMR4-STY4874(R111A), and 

F_pMR4-STY4874(R111K)/R_pMR4-STY4874(R111K), were used to generate pMR4-

STY4874(D25A)-TEV-His8, pMR4-STY4874(D25E)-TEV-His8, pMR4-

STY4874(R111A)-TEV-His8, pMR4-STY4874(R111K)-TEV-His8 mutant plasmids, 

respectively (Table 2.3), by site directed mutagenesis by QuikChange® PCR method 

(Stratagene), as described in section 2.6.13, using pMR4-STY4874-TEV-His8 plasmid as 

template. Sequences of these primers have been listed in Table 2.2. 
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Figure 5.3. PCR amplification of STY4874 mutants; DNA fragments were separated 

on a 1% agarose gel and stained with ethidium bromide. PCR amplification of pMR4-

STY4874-TEV-His8 plasmid, using primer pairs having point mutations (Table 2.2) 

resulted in 5,818 bp fragments of STY4874(D25A), STY4874(D25E), STY4874(R111A) 

and STY4874(R111K) pointed by arrow, for generating pMR4-STY4874(D25A)-TEV-

His8, pMR4-STY4874(D25E)-TEV-His8, pMR4-STY4874(R111A)-TEV-His8, and 

pMR4-STY4874(R111K)-TEV-His8 plasmids, respectively. ‗M‘ denotes 1 kb DNA 

marker for size estimation (Fermentas; SM0313). 
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Figure 5.4. Sequencing data of STY4874(D25A) and STY4874(D25E); Sequencing 

data of STY4874 mutants for position 25 when, aligned with wild type transporter‘s 

nucleotide sequence revealed highlighted nucleotides with mutated bases for 

STY4874(D25A) [A] and STY4874(D25E) [B]. In case of STY4874(D25A), GAT at 

position 25 has been replaced with GCG, encoding Ala [A], whereas, in case of 

STY4874(D25E), GAT has been replaced with GAA, encoding Glu [B]. This data has 

been analyzed with vector NTI (Invitrogen) software. 

 

 

 

 

110 149120 130

» pMR4 STY4874 (58)

» pMR4-STY4874-... (110)

Consensus (110)

                 +                       

- A - - L - - I - - L - - Y - - E - - F - - A - - A - - Y - - L - - T - - T - -



Chapter 5 Application of Protein Engineering Approaches - STY4874 

176 

 

 

 

 

[A] 

 

[B] 

 

Figure 5.5. Sequencing data of STY4874(R111A) and STY4874(R111K); Sequencing 

data of STY4874 mutants for position 111 when, aligned with wild type transporter‘s 

nucleotide sequence revealed highlighted nucleotides with mutated bases for 

STY4874(R111A) [A] and STY4874(R111K) [B]. In case of STY4874(R111A), CGT at 

position 111 has been replaced with GCG, encoding Ala [A], whereas, in case of 

STY4874(R111K), CGT has been replaced with AAA, encoding Lys [B]. This data has 

been analyzed with vector NTI (Invitrogen) software. 
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5.2.3 Finding a Functionally Inactive Mutant of STY4874 

After confirmation of required mutation by sequencing, substrate profiling was carried 

out by MIC assay (section 2.7) to find a functionally inactive mutant of STY4874. 

Competent cells of KAM42 (ΔacrB, ΔtolC and ΔydhE) drug hypersensitive strain of E. 

coli that lacks the major multidrug efflux system AcrB-TolC and a MDR pump YdhE 

[314] were transformed with expression constructs of mutants and wild type STY4874. 

pMR4 vector was used as control. MIC was determined for all antibacterials (Table 3.3) 

previously found to be the substrate for STY4874. MIC plates were supplemented with 

0.01 mM IPTG for expression induction and 50 µg/mL ampicillin for maintaining 

plasmid, along with test compounds at two fold serial dilution. MIC was defined as the 

lowest concentration of the test compound, which inhibited the visible growth on the 

plate. Table 5.1 summarizes the results obtained for substrate profiling of E. coli KAM42 

strain harboring mutant and wild type STY4874 expression vectors. 

In MIC assay, STY4874(D25E) mutant was found to be resistant to all tested 

antimicrobials comparable to wild type STY4874 except for acriflavine, whereas 

STY4874(D25A) mutant was unable to transport any drug, showing complete disruption 

of transport activity in MIC assays (Table 5.1). This result suggested that the presence of 

negative charge at this position might be an absolute requirement for STY4874 function. 

On the other hand, replacement of Arg111 with lysine or alanine, completely impaired 

the transport function of STY4874, as demonstrated by MIC values that were similar to 

E. coli KAM42 cells harboring vector without the gene (pMR4). The MIC assays 

suggested that there was a specific functional requirement for an arginine residue at 

position 111 (Table 5.1).  

Summarizing these results, STY4874(D25A) mutant as well as arginine mutants 

STY4874(R111A) and STY4874(R111K) were promising targets for a crystallization 

study, aiming at locking the conformation of protein in a single state. STY4874(D25A) 

and STY4874(R111A) were selected for further overexpression and purification 

optimization study. 
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Table 5.1. Substrate profiling of mutants 

Antibacterial/ 

Agents 

MIC (µg/mL) 

pMR4-

STY4874-TEV-

His8(D25A)  

pMR4-

STY4874-TEV-

His8(D25E)  

pMR4-

STY4874-TEV-

His8(R111A) 

pMR4-

STY4874-TEV-

His8(R111K) 

pMR4-

STY4874-TEV-

His8 (control) 

pMR4  

(control) 

Kanamycin 0.5 2  0.25  0.25  2  0.5  

Gentamycin 0.25  0.5  0.06  0.06 0.5  0.25  

Ciprofloxacin 0.004  0.016  0.004  0.004 0.016  0.004  

Norfloxacin 0.03  0.125  0.03  0.03 0.125  0.03  

Chloramphenicol 0.5  1  0.25 0.25 1  0.5  

Streptomycin 0.5  2  0.5 0.5 2  0.5  

Nalidixic Acid 0.5  1  0.5 0.5 1  0.5  

Levofloxacin 0.004  0.008  0.004  0.004  0.008  0.004  

Ethidium 

Bromide 
8  32  8  4  32  8  

Acriflavine 4  4  4  4  8  4  

E. coli drug hypersusceptible strain KAM42 (ΔacrB, ΔtolC, ΔydhE) harbouring mutant control plasmids 

was used for MIC assays [314]. LB agar plates were supplemented with 0.01 mM IPTG for expression 

induction and 50 µg/mL ampicillin for maintaining plasmid. Test compounds were added to each plate, at 

two fold serial dilutions. MIC was defined as the lowest concentration of the test compound that inhibited 

the visible growth of bacteria on the LB agar plate. 
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5.2.4 Overexpression and Purification of STY4874(D25A) and 

STY4874(R111A) Mutant Proteins 

Based on MIC assay, STY4874(D25A) and STY4874(R111A) mutant transporters were 

selected for overexpression and purification study. 

5.2.4.1 Overexpression of STY4874(D25A) and STY4874(R111A) Mutants 

In order to express the protein, E. coli expression strain, i.e. C41(DE3) (Table 2.1), was 

transformed with pMR4-STY4874(D25A)-TEV-His8 and pMR4-STY4874(R111A)-

TEV-His8 plasmids (section 2.6.11). Expression was carried out as described in section 

2.8.2. Briefly, for protein expression, cells were grown up to an O.D600 of 0.6 at 37 °C, 

temperature was lowered to 30 °C for approximately 1 h until OD600 reached 0.8 to 1.0, 

protein expression was then induced by adding 0.1 mM IPTG and cells were grown for 

additional 3 h. Finally cells were harvested by centrifugation at 4,000 x g at 4 °C for 20 

to 30 min (section 2.8.2). 

Cell membranes were prepared as described in section 2.8.3. The protein content 

in membrane was determined (section 2.8.9). The mutant proteins (at final concentration 

of 3 mg/mL in membrane) were extracted from cell membranes using 1% (w/v) DDM 

(section 2.8.4). DDM-solubilized proteins were separated from unsolubilized fraction by 

ultracentrifugation at 100,000 x g at 4 °C for 1 h. 

5.2.4.2 Affinity Based Purification of STY4874(D25A) and STY4874(R111A) Mutant 

Proteins 

Functionally inactive, STY4874(D25A) and STY4874(R111A) mutant transporters were 

purified using a similar protocol as used before for wild type transporter, STY4874 

(section 4.2.6.5). 

For affinity purification, DDM-solubilized membrane fractions were incubated 

with Ni-NTA agarose resin (1 mL of 50% slurry), pre-equilibrated with washing buffer 

(Table 2.14) with gentle shaking for 1:30 h at 4 °C. After packing of resin into a column 

and washing with wash buffer, the protein was eluted with 6X column volumes of 300 

mM imidazole elution buffer (Table 2.14) (section 2.8.5). Equal volumes of eluted 

protein corresponding to pMR4-STY4874(D25A)-TEV-His8 and pMR4-
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STY4874(R111A)-TEV-His8 constructs were loaded on SDS polyacrylamide gel (section 

2.8.10) and results were analyzed (Figure 5.6). 

SDS-PAGE showed that STY4874(D25A) mutant protein could be purified from 

pMR4-STY4874(D25A)-TEV-His8 construct in significant amount, although it was 

considerably less than the wild type transporter, STY4874. However, protein was 

sufficient to purify further to pursue crystallization trials. pMR4-STY4874(R111A)-

TEV-His8 construct yielded almost one fourth of the protein, compared to wild type 

transporter (Figure 5.6). 

Following affinity purification of mutant and wild type proteins, purified His-

tagged proteins were mixed with TEV protease (Figure 4.11) (for TEV over expression 

and purification, see section 2.8.1) in the ratio of 1:0.25, respectively, in order to cleave 

the tag (section 2.8.6) and dialyzed against TEV cleavage/dialysis buffer (Table 2.15) in 

a dialysis cassette (3.5 kDa cutoff) for 16 h at 4 °C. 
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Figure 5.6. Pre-tag cleavage Ni-NTA affinity purification of STY4874-mutants; 

Coomassie stained polyacrylamide gel showing purified mutant proteins, i.e. 

STY4874(D25A) and STY4874(R111A), as well as wild type purified protein, STY4874, 

at apparent size of ~34 kDa, as indicated by arrow. STY4874(D25A) mutant could be 

purified in appreciable amount, while STY4874(R111A) could not be purified in 

sufficient amount required for structural studies. Band at position ~25 kDa and below 

~50 kDa represented degraded monomeric and dimeric forms of protein, respectively. 

‗M‘ denotes protein marker used for size estimation (Bio-Rad; 161-0363). 
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5.2.4.3 Post TEV Cleavage Purification of the STY4874(D25A) and STY4874(R111A) 

Mutant Proteins 

After tag cleavage, native STY4874(D25A) and STY4874(R111A) proteins, as well as 

wild type transporter STY4874, were separated from uncleaved protein and TEV protease 

by reverse Ni-NTA affinity chromatography (section 2.8.7).  

Both mutant and wild type proteins were run on SDS polyacrylamide gel in equal 

volume, i.e. 5 µL of each. Results indicated STY4874(D25A) protein could be purified in 

sufficient amount by this method, yielding an amount comparable to wild type transporter 

STY4874 (Figure 5.7). However, STY4874(R111A) precipitated during reverse Ni-NTA 

affinity chromatography, and very small amount of tag cleaved purified 

STY4874(R111A) protein was obtained (Figure 5.7). 
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Figure 5.7. Post-tag cleavage Ni-NTA affinity purification of STY4874-mutants; 

Purification of tag cleaved mutant proteins in parallel with wild type transporter, 

STY4874 resulted in purification of STY4874(D25A) mutant protein in substantial 

amount, indicated by arrow on Coomassie stained polyacrylamide gel. On the contrary, 

STY4874(R111A) precipitated either during tag cleavage or reverse Ni-NTA affinity 

chromatography. The apparent bands for native proteins are at ~32 kDa, indicated by 

arrow. Band slightly below to 50 kDa probably represented small amount of degraded 

dimer. ‗M‘ denotes protein marker used for size estimation (Bio-Rad; 161-0363). 
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5.2.4.4 Purification of His8-tag Cleaved STY4874(D25A) and STY4874(R111A) 

Protein by Gel Filtration Chromatography 

His8-tagged cleaved STY4874(D25A) and STY4874(R111A) mutant proteins were 

further purified by gel filteration chromatography using AKTA, FPLC system and 

superdex-200 column as described in section 2.8.8.  

After gel-filteration chromatography, STY4874(R111A) mutant protein resulted 

in broad peak of purified protein (Figure 5.8; [A]). Moreover, the concentration of 

protein was too low to set up crystallization experiments, where required concentration of 

protein is in tens of milligrams. However, protein was sufficient to do some preliminary 

study of secondary structure (section 5.2.5), thermal stability (section 5.2.7) and 

homogeneity analyses (section 5.2.6). 

On the other, STY4874(D25A) could be purified to homogeneity following the 

wild type protein purification protocol, as indicated by the single sharp peak of purified 

protein obtained in the chromatogram (Figure 5.8; [B]). Hence, homogeneous and 

purified STY4874(D25A) mutant protein sample was taken for stability and functional 

study, before setting crystallization trials.  

Typically, 0.3 to 0.4 mg of purified mutant STY4874(D25A) protein from pMR4-

STY4874(D25A)-TEV-His8 construct per L of cell culture was obtained. 
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Figure 5.8. Purification of STY4874(D25A) and STY4874(R111A) by gel filteration 

chromatography; Similar volume of cell culture was used for purification of mutants, 

i.e. 12 L each. [A]: Purification of STY4874(R111A) mutant transporter resulted in 

single broad peak of purified protein, SDS-PAGE was carried out for peak fractions 

having relatively high protein concentrations, as indicated by the UV absorbance 

measurements (A280). On the Coomassie stained polyacrylamide gel, only a very faint 

band at ~33 kDa could be detected. Impurities or dimers could not be detected due to low 

concentration of purified protein. [B]: Purification of STY4874(D25A) resulted in a 

single sharp peak of purified protein, indicating the protein was homogeneously purified. 

Coomassie stained polyacrylamide gel further confirmed the protein homogeneity and 

purity, as indicated by the presence of a major protein band at ~33 kDa and a band 

corresponding to dimeric forms, above 50 kDa. Protein marker (Bio-Rad; 161-0363) was 

used for size estimation. 
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5.2.4.5 Purification of STY4874(R111A) Mutant Protein in the Presence of 

Streptomycin 

It has been observed that addition of a substrate can sometime improve the stability of the 

transporter protein and prevent its denaturation. By improving the stability of a 

conformation of the transporter proteins, substrate-bound protein could give better quality 

crystals [350]. With this assumption, STY4874(R111A) mutant protein was purified in 

the presence of streptomycin, one of the substrates of STY4874. Streptomycin was added 

during each step of purification, starting from the extraction of protein from E. coli 

membrane to the purification of His8-tag cleaved STY4874(R111A) by gel filtration 

chromatography, in an attempt to stabilize the protein during purification. 

After initial affinity purification, protein could be purified by Ni-NTA 

chromatography, as observed by the presence of a major band at ~34 kDa on SDS-PAGE 

(Figure 5.9). However, following tag cleavage, protein purification from residual 

uncleaved protein with reverse Ni chromatography and gel filtration chromatography on 

Superdex-200 column resulted in a broad peak for purified protein (Figure 5.9). SDS-

PAGE for the peak fraction showed the presence of band ~45 kDa, which was probably 

degraded form of protein dimer (Figure 5.9). 

Therefore, STY4874(R111A) could not be used for crystallization experiments. 

However, already purified STY4874(R111A) mutant protein (Figure 5.8, [A]) allowed to 

study several biophysical parameters. 
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Figure 5.9. Purification of STY4874(R111A) in the presence of streptomycin; Gel 

filteration chromatogram of purified protein showed very broad peak having shoulders at 

both ends of peak. Lowe panel (Lane 1): Coomassie stained polyacrylamide gel after 

affinity purification of His-tagged STY4874(R111A), extracted and purified in the 

presence of streptomycin, showed major band at ~34 kDa, as indicated by arrow. Lane 2: 

Peak fraction from gel filteration chromatogram, run on SDS-PAG showed a band at ~45 

kDa, indicated by arrow which was probably a degraded dimer. Streptomycin was added 

at a concentration of 5 mM in each step of purification, starting from the extraction of 

protein from E. coli membrane. ‗M‘ denotes protein marker used for size estimation (Bio-

Rad; 161-0363). 
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5.2.5 Secondary Structure Analysis of STY4874(D25A) and 

STY4874(R111A) Mutant Proteins 

To assess the structural integrity of purified mutant proteins, secondary structure was 

probed by CD spectroscopy (section 2.9.2). Purified STY4874(D25A) and 

STY4874(R111A) (Figure 5.8) were dialyzed against 10 mM potassium phosphate 

buffer at pH 7.4, supplemented with 0.04% (w/v) DDM. Protein at a concentration of 

0.02 mg/mL was taken in Hellma quartz cuvette of 1 mm path length and scanned at 

wavelengths between 185 and 250 nm. CD spectrum of wild type transporter was also 

compared with the spectra of mutant proteins (Figure 5.10). 

The CD spectrum of purified STY4874(D25A) was typical of an α-helical rich 

protein and comparatively similar to wild type STY4874, particularly in the region 

between 200 to 225 nm, reflecting predominant α-helical secondary structure [286]. This 

result indicated that STY4874(D25A) mutant transporter had retained the wild type 

transporter conformation and confirmed that this mutant was a good target for structural 

study by X-ray crystallography. On the contrary, spectral features of STY4874(R111A) 

differed considerably from that obtained for STY4874(D25A) and the wild type 

transporter. The spectrum of STY4874(R111A) showed that the protein had a lower 

absorption in the region of ~190 nm compared to wild type transporter. In addition, 

negative bands at 210 nm and 220 nm were not strong as in case of wild type transporter 

(Figure 5.10). 

α-Helical contents of the mutant proteins and wild type STY4874 were estimated 

using the protein concentration independent method at web based server 

http://perry.freeshell.org/raussens.html [352]. Results revealed a similar amount of α-

helical structure (~69%) for STY4874(D25A) and wild type STY4874, while 

significantly higher α-helical content (~95%) was estimated for the STY4874(R111A) 

mutant transporter (Table 5.2). 
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Figure 5.10. CD analysis revealing secondary structure of STY4874 mutants; CD 

spectrum of purified STY4874(D25A) was comparatively similar to wild type STY4874, 

whereas spectral features of STY4874(R111A) differed from that obtained for 

STY4874(D25A) and the wild type transporter. Spectra indicated that STY4874(D25A) 

mutant had retained the wild type transporter conformation and protein integrity during 

purification, whereas STY4874(R111A) was probably misfolded. 
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Table 5.2. Secondary structure analysis of STY4874 mutants by CD spectroscopy 

Secondary structure content predicted using web-based software:  

http://perry.freeshell.org/raussens.html 

 STY4874 STY4874(D25A) STY4874(R111A) 

α-Helix (%) 69.3 67.0 96.8 

β-Sheets (%) -2.8 -0.6 -17.0 

Turn (%) 12.5 12.5 12.5 

Random (%) 22.6 24.0 13.7 

Estimation of α-helical content using the protein concentration independent method revealed a similar 

amount (~69%) of α-helical structure for STY4874(D25A) and wild type STY4874, while significantly 

higher α-helical content (~95%) was estimated for the STY4874(R111A) mutant transporter. 
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5.2.6 Homogeneity Analysis of STY4874(D25A) and STY4874(R111A) 

Mutant Proteins 

Electron microscopy has the advantage to allow visual examination of the purified 

protein after staining with heavy metal salts, like uranyl acetate. Electron microscopy 

analysis of DDM-solubilized, purified and negatively stained mutant proteins i.e. 

STY4874(D25A) and STY4874(R111A) was performed as described in section 2.9.4. 

Electron micrographs did not show any aggregation for either mutant and indicated the 

presence of particles of homogenous size (Figure 5.11). 

 

Figure 5.11. Electron microscopy analysis of negatively stained samples of the 

STY4874 mutants; D25A in [A] and R111A in [B], DDM-solubilized purified mutant 

transporters STY4874(D25A) [A] and STY4874(R111A) [B] did not show any 

aggregation. Micrographs indicated the presence of particles of homogenous size and 

monodispersed. Images were taken on a CCD camera in a CM10 transmission electron 

microscope. 
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5.2.7 Thermal Stability Analysis of STY4874(D25A) and 

STY4874(R111A) Mutant Proteins 

Thermal stability of mutants was analyzed by CD spectroscopy (section 2.9.2). Melting 

curves obtained, following the heating of a protein sample by CD spectroscopy showed 

that STY4874(D25A) and wild type STY4874 exhibited similar behavior upon heating 

from 20 to 80 °C. On the contrary, a similar analysis conducted on STY4874(R111A) 

mutant transporter revealed that the behavior of STY4874(R111A) upon heating was 

different, and this mutant had lower stability compared to D25A mutant or the wild type 

(Figure 5.12). 

 

Figure 5.12. Thermal stability analysis of STY4874(D25A) and STY4874(R111A); 

CD absorption was recorded at 222 nm while the sample was heated at a rate of 1 

°C/min, with response time of 15 sec. The resulting curves suggested the presence of 

similar structural features for STY4874(D25A) and wild type transporter. 

STY4874(R111A) had considerably different conformation compared to wild type 

transporter, as indicated by melting curve analysis. 
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5.2.8 Substrate Interaction Study of Purified STY4874(D25A) Mutant 

Finally, to assess whether transport function of the STY4874(D25A) mutant was lost due 

to dysfunction of the protein at the substrate recognition step, at the binding step or 

during the translocation event, purified STY4874(D25A) mutant protein was titrated with 

gentamycin and changes in intrinsic fluorescence maxima of the protein were measured 

as described in Section 2.9.5.  

The apparent dissociation constant (Kd) for gentamycin binding to 

STY4874(D25A) was determined as 0.099 ± 0.015 µM (Figure 5.13). This value is 

similar to that obtained for wild type STY4874 (Kd: 0.05 ± 0.006 µM) (Figure 4.20). 

These results suggested that STY4874(D25A) retained the ability to bind gentamycin, 

although it did not protect the cells from the effects of gentamycin (Table 5.1). A 

possible explanation of this behavior is that the Asp25 mutation to alanine locks the 

transporter in a state of the protein in which the substrate can bind, but does not undergo 

translocation. 

Since, the results obtained from substrate interaction studies suggested that this 

mutant might lock STY4874(D25A) in single conformationally, this mutant was worth to 

consider for structural investigations by X-ray crystallography. 
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Figure 5.13. Substrate interaction study of STY4874(D25A); Gentamycin binding to 

purified STY4874(D25A) was studied by exploiting the intrinsic protein fluorescence. 

The experiment was performed under the same conditions as for the wild type STY4874 

protein (section 2.9.5). STY4874(D25A) retained the binding capacity for gentamycin, 

having a dissociation constant (Kd) of 0.099 ± 0.015 µM. 
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5.2.9 X-ray Crystallization Trials of STY4874(D25A) Mutant 

A plausible explanation for STY4874(D25A) retaining its binding capacity for the 

substrate is that this transporter is locked in a state  in which the substrate can bind but 

does not undergo translocation. If this is the case, this conformationally less-flexible 

mutant is suitable for structural investigations by X-ray crystallography. 

Under this hypothesis, crystallization experiments using STY4874(D25A) mutant 

protein were set up as described in section 2.9.6. A purified sample of STY4874(D25A) 

in DDM detergent micelles (Figure 5.8; [B]) was used for initial crystallization trials 

with commercial screens MemSys/MemStart and MB class II, by hanging drop vapor 

diffusion method using Mosquito Crystal® robot (TTP Labtech). Apart from the 

commercial crystallization screens, trials with the mutant protein were also set up with 

already optimized conditions, i.e. 0.1 M MES (pH 5.5 - 6.5), PEG 400 (27 - 30%, w/v), 

0.1 M NaCl, 0.1 M Li2SO4, and a protein concentration with absorbance values A280 were 

in the range of 12-15. Stock solutions for optimized conditions were prepared as 

described in Table 2.23. Co-crystallization experiments were set up with optimized 

conditions using substrates of STY4874, i.e. gentamycin and benzalkonium chloride. 

Incubation temperature was varied for the crystallization as indicated in Table 2.24. 

Crystallization of STY4874(D25A) with commercial screens resulted in crystals, 

the majority of which had a morphological aspect of triangular prisms or thin square 

plates, like wild type transporter (Figure 5.14; Figure 5.15) (section 4.2.11.2). 

Crystallization and co-crystallization of STY4874(D25A) with substrates, under 

conditions optimized for the wild type transporter, also resulted in crystals having the 

same morphological features (Figure 5.13; Figure 5.15). Crystals appeared 3 to 4 days 

after setting crystallization plates, grew to maximum size of about ~200 µm in 3 weeks.  

All diffraction data for STY4874(D25A) was collected remotely at 24-ID-E 

beamline in the Advanced Photon Source. Diffraction data showed that maximum 

resolution and mosaicity of crystal lattice could not be improved in crystallization 

experiments with the apo mutant (Figure 5.16), and in co-crystallization with substrate 
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gentamycin (Figure 5.17) or benzalkonium. Crystals obtained diffracted up to 7.5 Å 

resolution (Figure 5.16 and Figure 5.17). 

 

 

Figure 5.14. Crystals in STY4874(D25A) crystallization experiments; Crystallization 

drops of STY4874(D25A) mutant transporter in optimized conditions, i.e. 0.1 M MES 

buffer (pH 5.5-6.5), PEG 400 (27- 30%, w/v), 0.1 M NaCl and 0.1 M Li2SO4, with 

protein at a concentration of 10 to 12 mg/mL. Morphological features of crystals obtained 

with mutant STY4874(D25A) were very similar to those obtained with wild type 

transporter (Figure 4.22; Figure 4.23). Crystals grew bigger in size within 2 to 3 weeks 

of setting trials. 

 

 

 

Figure 5.15. Crystals of STY4874(D25A) with triangular prism and square plate 

morphologies; Crystals of STY4874(D25A) grew considerably longer in one direction 

and had diverse morphologies, like wild type transporter. 
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Figure 5.16. Diffraction patterns of STY4874(D25A) mutant transporter display a 

maximum resolution of 7.5 Å; Diffraction patterns of STY4874(D25A) collected at 

perpendicular directions showed that the use of mutant protein did not result in better 

diffracting crystals. Inset images in [A] and [B] showed the difference in the separation 

of spots in two perpendicular directions. Resolution and mosaicity could not be improved 

using dysfunctional mutant strategy. 

 

[A] [B]
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Figure 5.17. Diffraction patterns of STY4874(D25A) mutant protein; Co-crystallized 

with gentamycin show a maximum resolution of 7.5 Å, diffraction patterns of 

STY4874(D25A) co-crystallized with gentamycin showed spots well resolved in one 

direction [A], but very poorly resolved in the perpendicular direction [B], leading to the 

formation of streak of spots. Moreover, diffraction was not isotropic, as shown in left and 

lower insets of [A] and [B]. 

[A]

[B]
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Part B - Characterization of Truncated STY4874 Proteins 

5.2.10 Rational for the Generation of Truncated Proteins of STY4874 

The crystallization process is associated with changes in Gibbs free energy. Enthalpy and 

entropy of solvent and protein molecules change during lattice formation [385]. During 

crystallization, enthalpy changes are generally negligible [386-388], whereas entropic 

phenomena dominate [389-391]. Entropic cost is increased by the intrinsically 

unstructured elements, such as flexible termini or loops and side chains, that need to form 

an ordered lattice held together by protein-protein contacts [392]. In order to increase the 

probability of obtaining ordered, and therefore, well-diffracting crystals, protein should 

have few intrinsically unstructured fragments such as extended N- or C-termini or long 

and solvent-exposed loops which may hamper crystallization [392]. 

Therefore, to maximize the chances of success, a frequently used approach is to 

minimize the entropy loss in the formation of the crystal lattice. A classic example 

illustrating this principle is the study of the HIV gp120 envelope glycoprotein. The 

construct that was ultimately used in successful crystallization screens had deletions of 52 

and 19 residues from the N- and C-termini and two flexible loops replaced by Gly-Ala-

Gly linkers [393, 394]. Recently, a variant of ATP-gated P2X4 ion channel more suitable 

for crystallization was obtained, after a series of N- and C-terminal deletions were 

screened to identify the smallest functional unit [395]. 

In order to apply this approach in case of STY4874, a review of previous 

literature was carried out. In the case of polytopic inner membrane proteins belonging to 

major facilitator superfamily, deletion of the carboxy-terminal cytoplasmic tail usually 

causes negligible effects on the stability and activity [384]. For example, E. coli LacY 

(lactose permease) is stable and completely functional after the C-terminal cytosolic tail 

is deleted [396]. Similarly, the cytosolic C terminus of MelB (melibiose permease) from 

E. coli is not required for substrate recognition or energy transduction [397], and the C-
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terminal hydrophilic tail of the E.coli tetracycline transporter is dispensable without loss 

of stability and activity [398]. 

The secondary structure predicted by TMHMM server for STY4874 was taken 

into account for generating truncated version of protein. According to secondary structure 

analysis, the protein has long N- and C- terminal cytoplasmic tails (Figure 5.18). N- 

terminal segment is often involved in signaling of proteins into membrane, therefore, it 

was not considered for truncation. Two truncations were selected for C-terminal, a 

deletion of 9 amino acids and a deletion of 13 amino acids. 

 

 

Figure 5.18. Residues selected to generate truncated forms of STY4874 proteins; 

Secondary structure of STY4874 was predicted by transmembrane hidden Markov model 

topology predictor TMHMM [327]. This prediction shows a long cytoplasmic segment at 

C-terminus. There is no indication that the C-terminus of the protein is involved in 

functionality. The E. coli homologus protein MdfA, bearing a 61% similarity to 

STY4874, but lacking TMS-12 and C- terminal segment, retained significant multidrug 

resistance phenotype [384]. For this reason, C-terminal segment of STY4874 was chosen 

for truncation of the protein in this study. Deletion of TMS-12 helix could result in loss 

of stability of the protein after purification, therefore, it was not considered for truncation. 

Two truncated forms of transporter STY4874 were generated, with a deletion of 9 amino 

acids and 13 amino acids at C- terminus. 
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5.2.11 Strategy for the Generation of pMR4-STY4874(Δ9)-TEV-His8 

and pMR4-STY4874(Δ13)-TEV-His8 

For the generation of truncated forms pMR4-STY4874(Δ9)-TEV-His8 and pMR4-

STY4874(Δ13)-TEV-His8, the gene was truncated at C-terminus and amplified using 

primer pairs F_pMR4-STY4874/R_pMR4-STY4874(Δ9) and F_pMR4-

STY4874/R_pMR4-STY4874(Δ13). pMR4 vector having TEV site and His8 at C-

terminus was retrieved from already generated plasmid pMR4-STY4874-TEV-His8. This 

strategy for the generation of truncated STY4874 constructs has been shown in Figure 

5.19. 

For the generation of truncated STY4874 constructs, reverse primers for each 

construct were designed starting from bases upstream of 3‘ end of STY4874 gene. Primer 

sequences have been listed in Table 2.2. PCR amplification of STY4874(Δ9) and 

STY4874(Δ13) genes was carried out using previously generated pMR4-STY4874 

plasmid as template and F_pMR4-STY4874/R_pMR4-STY4874(Δ9) and F_pMR4-

STY4874/R_pMR4-STY4874(Δ13) primer pairs, respectively (Figure 5.20; [B]) 

(section 2.6.5). Amplified PCR products were purified (section 2.6.7), restricted with 

EcoRI and PstI enzymes (section 2.6.6), purified (section 2.6.7) and then taken for 

ligation (section 2.6.9). 

In the generation of constructs, vector part was retrieved from pMR4-STY4874-

TEV-His8 plasmid by double digestion of plasmid with EcoRI and PstI (Fermentas), 

releasing the STY4874 gene (Figure 5.20; [A]). Required vector part was excised from 

gel and purified as described in section 2.6.7. Purified and dephosphorylated (section 

2.6.8) pMR4-TEV-His8 vector was ligated (section 2.6.9) with restricted purified PCR 

products, i.e. STY4874(Δ9) or STY4874(Δ13). Competent cells of E. coli cloning strains, 

i.e. E. coli OmniMax 2-T1 or E. coli Top10 (Table 2.1), were transformed with the 

ligated mixture (section 2.6.11). 

Transformed colonies were grown in LB broth and plasmid was extracted 

(section 2.6.3). Deletions of bases were confirmed by sequencing. 
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Figure 5.19. Strategy for the generation of pMR4-STY4874(Δ9/Δ13)-TEV-His8; For 

the generation of pMR4-STY4874(Δ9/Δ13)-TEV-His8 constructs, genes were amplified 

using F_pMR4-STY4874/R_pMR4-STY4874(Δ9) and F_pMR4-STY4874/R_pMR4-

STY4874(Δ13) primer pairs. Vector part, i.e. pMR4--------TEV-His8, was taken from 

pMR4-STY4874-TEV-His8 plasmid. Restriction of pMR4-STY4874-TEV-His8 plasmid 

with EcoRI and PstI enzymes resulted in release of STY4874 gene and vector part, later 

was excised from the gel, purified and dephosphorylated. Ligation of vector part with 

restricted, purified PCR product resulted in pMR4-STY4874(Δ9/Δ13)-TEV-His8 

constructs. 
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Figure 5.20. Generation of STY4874 constructs, truncated at the C-terminus; DNA 

fragments were separated on a 1% agarose gel and stained with ethidium bromide. [A]: 

Restriction of pMR4-STY4874-TEV-His8 vector with EcoRI and PstI restriction 

enzymes released the STY4874 gene, whereas, required vector part was obtained at 4,572 

bp, indicated by arrow. Excision of this band and subsequent purification resulted in 

pMR4--------TEV-His8 vector, which was used to clone PCR amplified truncated 

STY4874 gene. [B]: PCR amplification of STY4874(Δ9) at 1,227 bp and STY4874(Δ13) 

at 1,215 bp. 
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5.2.12 Overexpression and Purification of STY4874(∆9) and 

STY4874(∆13) Truncated Proteins 

After confirmation of truncation at C-terminus by sequencing of each truncated STY4874 

transporter, truncated proteins overexpression and purification study were performed as 

described before for full length STY4874 (section 4.2.6). 

5.2.12.1 Overexpression of STY4874(∆9) and STY4874(∆13) Truncated Proteins 

For overexpression, E. coli expression strain, i.e. C41(DE3) (Table 2.1), was transformed 

with pMR4-STY4874(∆9)-TEV-His8 and pMR4-STY4874(∆13)-TEV-His8 plasmids 

(section 2.6.11) and protein was expressed as described before in section 2.8.2. Finally, 

cells were harvested by centrifugation at 4,000 x g at 4 °C for 20 to 30 min. 

Expressed cells were taken for membrane preparation (section 2.8.3.2) and 

protein content in membrane was determined (section 2.8.9). The truncated proteins (at 

final concentration of 3 mg/mL in membrane) were extracted from cell membranes using 

1% (w/v) DDM (section 2.8.4). DDM-solubilized proteins were separated from 

unsolubilized fraction by ultracentrifugation at 100,000 x g at 4 °C for 1 h. 

5.2.12.2 Affinity Based Purification of STY4874(∆9) and STY4874(∆13) Truncated 

Proteins 

Affinity based purification was carried out as described before for wild type transporter 

and mutant transporters (section 4.2.6; section 5.2.4). 

After Ni-NTA affinity chromatography, equal volumes of eluted protein 

expressed from pMR4-STY4874(∆13)-TEV-His8 and pMR4-STY4874(∆9)-TEV-His8 

constructs were loaded on SDS polyacrylamide gel (section 2.8.10) and results analyzed 

(Figure 5.21). 

SDS-PAGE showed that truncated STY4874 proteins could be purified from both 

constructs in significant amount. Moreover, truncated proteins were stable during 

purification and sufficient to proceed further for tag cleavage, before setting 

crystallization trials (Figure 5.21). 
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For tag cleavage, purified His-tagged truncated proteins were mixed with TEV 

protease (for TEV overexpression and purification, see section 2.8.1) in the ratio of 

1:0.25, respectively, as described before (section 2.8.6) and dialyzed. After tag cleavage, 

tag cleaved purified proteins were separated from uncleaved protein and TEV protease by 

reverse Ni-NTA affinity chromatography (section 2.8.7). Tag-cleaved proteins were run 

on SDS polyacrylamide gel in equal volume. Results indicated that > 90% of protein 

could be recovered after tag cleavage (Figure 5.21). 
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Figure 5.21. SDS-PAGE analysis of affinity purified truncated STY4874 proteins 

before and after tag-cleavage; [A]: Purification of STY4874(∆9) by Ni-NTA affinity 

chromatography resulted in protein band at ~33 kDa on Coomassie stained 

polyacrylamide gel, pointed by arrow and additional contaminants. After tag cleavage 

and separation of cleaved protein from tag-uncleaved protein, major band at ~32 kDa was 

obtained. [B]: Affinity purification of STY4874(∆13) resulted in major protein band at 

~32.5 kDa pointed by arrow, representing the monomeric form of purified 

STY4874(∆13) protein. After tag cleavage and separation of cleaved protein from tag 

uncleaved protein, a predominant band at ~31 kDa was obtained. These results indicated 

that during purification of STY4874(∆9) and STY4874(∆13) by reverse affinity 

chromatography, both proteins are stable, loss of protein due to aggregation was not 

observed for any of the truncated STY4874 transporters. ‗M‘ denotes protein marker used 

for size estimation (Bio-Rad; 161-0363). 
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5.2.12.3 Purification of His8-tag Cleaved STY4874(∆9) and STY4874(∆13) Proteins by 

Gel Filtration Chromatography 

His8-tagged cleaved, truncated STY4874 proteins were further purified by gel filtration 

chromatography using AKTA, FPLC system and Superdex-200 column (section 2.8.8). 

Purified, truncated proteins were concentrated to 10 mg/mL using 50 kDa cutoff 

concentrator at 4 °C. Superdex-200 column used for purification was pre-equilibrated 

with gel filtration buffer containing 20 mM Tris-Cl pH 7.5 and 0.04% (w/v) DDM (Table 

2.16). 

STY4874(∆9/∆13) proteins were successfully purified, as demonstrated by the 

single sharp peak of purified protein in chromatograms of both truncated proteins (Figure 

5.22). After pooling up the peak protein fractions, SDS polyacryalmide gel 

electrophoresis was carried out taking 2 to 3 µL pooled protein samples. Results 

indicated the presence of a protein band of the correct size after staining with Coomassie 

stain (Figure 5.22). 

Hence, homogeneous and purified STY4874(∆9/∆13) proteins samples were used 

for crystallization trials (section 5.2.13). Typically, yields of 0.5 to 0.55 mg of purified 

truncated STY4874(∆9/∆13) proteins per L of cell culture were obtained. 
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Figure 5.22. Gel filteration purification of STY4874(∆9) and STY4874(∆13); [A]: 

Gel filtration purification of STY4874(∆9) resulted in a single sharp peak of the purified 

protein. Peak fractions were pooled together and run on SDS-PAGE, stained with 

Coomassie dye. Major protein band at ~32 kDa is indicated by arrow. [B]: Gel filtration 

purification of STY4874(∆13) resulted in a single sharp peak of the purified protein. Peak 

fractions were pooled together and run on SDS-PAGE. Major protein band at ~31.5 kDa 

is indicated by arrow. ‗M‘ denotes protein marker used for size estimation (Bio-rad; 161-

0363). 
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5.2.13 X-ray Crystallization Trials of STY4874(∆9) and STY4874(∆13) 

Proteins 

As entropic cost of crystallization is increased when intrinsically unstructured elements, 

such as flexible termini or loops or disordered side chains, are present in the protein 

sequence, and in particular in regions of the protein involved in crystal contacts [392], 

truncated STY4874 proteins were expected to improve crystal quality and overcome high 

mosaicity of STY4874 crystals. Crystallization trials were pursued with STY4874 protein 

truncated at the C-terminus.  

A STY4874(∆9) and STY4874(∆13) purified protein sample in DDM detergent 

micelles (section 5.2.12) was used for crystallization experiments with already optimized 

conditions, i.e. 0.1 M MES (pH 5.7-6.5), PEG 400 (27 - 30%, w/v), 0.1 M NaCl, 0.1 M 

Li2SO4, and protein concentration in the range of 10-12 mg/mL. Crystallization was 

pursued by hanging-drop vapor diffusion method using 24-well crystallization plates as 

described in section 2.9.6. Incubation temperature was varied for the crystallization and 

growth of crystals was monitored with an optical microscope. 

Crystallization trials with STY4874(∆9) purified protein did not yield crystals. 

STY4874(∆13) crystals appeared 2 to 3 days after setting plates, and showed a quite 

different morphology, i.e. cubic (Figure 5.23), compared to wild type and mutant 

transporters crystals.  

All diffraction data were collected remotely at 24-ID-E fixed-energy (Selenium 

edge, ~12.66 keV) micro-diffraction beamline at the Advanced Photon Source, Chicago, 

using an ADSC Quantum 315 CCD-based detector. Crystals of STY4874(∆13) diffracted 

up to ~10 Å resolution (Figure 5.24). However, diffraction was comparatively less 

anisotropic and mosaicity was better than the wild type transporter (Figure 5.25). 
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Figure 5.23. Cubic crystals of STY4874(∆13); Cubic crystals of STY4874(∆13) ranged 

in size from ~30 µm to ~80 µm. Figures show the crystals harvested after 10
th

 day of 

setting trials. 
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Figure 5.24. Diffraction patterns of STY4874(Δ13); Orthogonal patters [A] and [B] 

show spots at resolution up to ~10 Å. Insets show well separated spots in both 

perpendicular directions. 
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Figure 5.25. Representative patterns from dataset collected by rotating the crystal 

from 0˚ to 90˚, with each pattern collected at 1˚ rotation; Patterns from [A] to [I] 

showed the presence of spots diffracted from specific planes only in few consecutive 

images, which was an indication of low mosaicity. 
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5.3 Discussion 

Chapter 5 is related to the application of state-of-art protein engineering techniques to 

increase the likelihood of generating STY4874 protein crystals with suitable X-ray 

diffraction properties, amenable to structure determination. STY4874, an MDR 

transporter from S. Typhi has been proven to be crystallizable in the initial trials and 

produced crystals which diffracted up to 7.5 Å. To get crystals of STY4874 that could 

diffract to high resolution, next step was to rationally design recombinant protein 

constructs, which could increase the chances of better lattice formation under the 

optimized crystallizing conditions. There are various ways to engineer protein for 

crystallization i.e. site-directed point mutations [347], N- and/or C- terminal truncation 

[399], generation of fusion proteins [400], or truncation of protein at flexible portions like 

internal loops [401], are various approaches which can be used for rational protein 

engineering targeted to getting well diffracting protein crystals.  

5.3.1 Discussion: Part A 

Extensive efforts have been made to crystallize STY4874 in conformationally locked 

state by generating point mutations in the protein. In an attempt to conformationally lock 

STY4874, evolutionary conserved Asp25 and Arg111 in STY4874 were replaced with 

charge conservative (Glu and Lys, respectively) and neutral (Ala) amino acids and their 

effect on transport function of STY4874 was assayed. Results revealed that 

STY4874(D25E)/ E. coli KAM42 cells conferred resistance to all tested antimicrobials 

except, acriflavine revealing the importance of negative charge at position 25 irrespective 

of the size of amino acid. The requirement of negative charge at position 25 is further 

confirmed by the fact that E. coli KAM42 cells expressing STY4874(D25A) mutant 

transporter did not show resistance to any tested antimicrobials. Similar results were 

obtained for the corresponding D22A mutant of an E. coli homologue MdtM [169]. 

However, whether the dysfunction of D25A mutant of STY4874 was due to the loss of its 

ability to bind antimicrobials or because of the lack of proton recognition or formation of 

salt bridges with basic amino acids within the protein is a subject of future investigations.  
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In the case of Arg111, E. coli KAM42 cells expressing either STY4874(R111A) 

or STY4874(R111K) mutant transporter did not confer resistance to antimicrobials under 

study, indicating the complete disruption of efflux by these mutants. Apparently, it looks 

that both the positive charge and size of Arg111 are absolute requirement for functioning 

of the transporter. The corresponding R108K and R112K mutants of E. coli homologues 

MdtM and MdfA, respectively, showed reduced resistance to drugs such as 

thiamphenicol, chloramphenicol, ethidium bromide etc., [169, 186] indicating that 

provision of arginine at relevant position of each homologue was necessary for full 

activity of the transporter. The discrepancy that R111K mutant of STY4874 did not 

exhibit even any reduced efflux activity might be due to the reason that antimicrobials 

resistance assays were performed in KAM42 strain of E. coli that lacks the AcrB-TolC 

system, whereas functional analysis of corresponding arginine to lysine mutants of MdtM 

and MdfA was performed in E. coli strains containing functional AcrAB-TolC tripartite 

system [169, 186]. 

So, based on substrate identification study of STY4874 mutant transporters, it was 

assumed that Asp25 mutation to alanine, Arg111 mutation to alanine/lysine may lock the 

transporter in a state where the protein could bind to substrate but could not undergo 

translocation, providing a conformationally less-flexible mutant for future structural 

investigations by X-ray crystallography. To investigate binding capabilities of 

STY4874(D25A) and STY4874(R111A) mutant transporters, both mutant proteins were 

purified by combination of affinity and size exclusion chromatography. Choice of 

STY4874(R111A) mutant transporter for Arg111 position was random and not 

preferential as both STY4874(R111A) and STY4874(R111K) behaved in the similar 

manner in initial functional study. 

STY4874(D25A) protein was stable during purification and could be purified in 

significant amount. Gel chromatogram showed that STY4874(D25A) could be purified to 

homogeneity following the wild type protein purification protocol, indicated by single 

sharp peak of purified protein. Whereas, the STY4874(R111A) mutant protein 

precipitated during reverse Ni-NTA affinity chromatography, and very small amount of 

the tag cleaved purified STY4874(R111A) protein was obtained. After gel filtration, 
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STY4874(R111A) mutant protein resulted in broad peak of purified protein, 

concentration of the protein was too low to take up for crystallization trials.  

Before assessing binding capabilities of STY4874(D25A) and STY4874(R111A) 

proteins, effect of mutations, if any, on global structure of variant proteins was assessed 

using CD spectroscopy and compared with the wild type transporter. The pattern of CD 

spectra of STY4874(D25A) mutant transporter and the wild type STY4874 transporter 

were almost identical, establishing that the STY4874(D25A) mutant transporter had 

retained the wild type transporter structure. However, CD spectrum of STY4874(R111A) 

variant did not agree well with that of wild type STY4874, indicating the loss of 

structural integrity. This finding was further strengthened by the pattern of melting curve, 

where melt curve of STY4874(R111A) was largely different than STY4874(D25A) and 

the wild type transporter. 

Though, STY4874(D25A)/E. coli KAM42 cells displayed complete impairment 

of substrate efflux by substrate profiling assay, the purified STY4874(D25A) had 

retained the ability to bind gentamycin with an apparent dissociation constant (Kd) 99 ± 

15 nM, similar to that obtained for wild type STY4874 (Kd: 50 ± 6 nM). This finding 

suggested that replacement of Asp25 with Ala in STY4874 may lock the transporter in a 

state, capable of binding to gentamycin but could not undergo translocation, providing a 

conformationally less-flexible mutant for future structural investigations by X-ray 

crystallography. Such approach has been used to obtain good quality crystals of lactose 

permease of E. coli using the C154G mutant protein which binds the substrate with high 

affinity but catalyze little or no transport [347, 383]. It has been suggested that Cys154 to 

Glycine mutation causes a more compact structure and reduce conformational flexibility 

by specifically blocking the structural changes necessary for substrate translocation with 

little or no effect on ligand binding. With this assumption, crystals of STY4874(D25A) 

were produced. However, diffraction data showed that resolution and mosaicity of crystal 

lattice could not be improved and most of the crystals diffracted up to 7.5 Å. Similar 

results were obtained when the STY4874(D25A) protein was co-crystallized with its 

various substrates. 
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In summary, STY4874(D25A) mutant could not improve the packing of protein 

molecules in crystal lattice, leading to low resolution of diffraction pattern. Anisotropy 

and mosaicity could not be addressed by growing crystals from the STY4874(D25A) 

mutant protein. 

5.3.2 Discussion: Part B 

Unstructured elements in protein increase the entropy of the protein crystal lattice and 

hence decrease the chances of getting well diffracting crystals. With this hypothesis, 

attention was paid to such unstructured elements in the secondary structure of STY4874. 

The secondary structure of STY4874 shows 12 TMSs and loops joining each 

transmembrane helix with the neighboring helix. Literature analysis has revealed that in 

case of polytopic inner membrane protein belonging to major facilitator superfamily, 

deletion of the carboxy-terminal cytoplasmic tail usually causes negligible effects on 

stability and activity of protein [384]. For example, the cytosolic C terminus of E. coli 

LacY (lactose permease), E. coli MelB (melibiose permease) and E. coli tetracycline 

transporter is not required for functionality of the transporter [396-398]. 

Therefore, for truncation of STY4874 protein, C-terminal of the protein was 

chosen, which is apparently not involved in functionality of protein as shown by E. coli 

homologus protein MdfA, which is 61% similar to STY4874. MdfA lacking C- terminal 

loop retained significant multidrug resistance phenotype [384]. Keeping in view the 

problem of membrane protein stability and purification complexity encountered after any 

protein engineering step, two constructs were generated in parallel for the generation of 

truncated versions of STY4874, one was having deletion of 9 amino acids and the other 

was having deletion of 13 amino acids at C- terminal.  

Both truncated versions of protein were stable during purification and 

crystallization trials were set under wild type transporter optimized conditions. Due to 

time considerations truncated protein was not subjected to any functional or biophysical 

study prior to crystallization trial. 

Deletion of C-terminal tail of STY4874 was expected to retain the functional 

activity of STY4874 protein, simultaneously improving crystal contacts and overcome 
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high mosiacity of STY4874 lattice. 3D Crystallization trials of truncated STY4874(Δ13) 

protein resulted in crystals which were having different morphology compared to wild 

type transporter and mutant transporter, under the same conditions used previously. 

Diffraction resolution was decreased to ~10 Å but diffraction pattern was less 

anisotropic. The second truncated version i.e. STY4874(Δ9) truncated protein, did not 

produce any crystals. Taken together, deletion at C-terminal although resulted in less 

anisotropic crystals, diffraction was decreased to 10 Å. 

In order to get well diffracting crystals of STY4874, many different approaches 

need to follow in parallel. For this purpose, a comprehensive and long term study 

dedicated to the complete understanding of different residues subjected to point mutation 

and internal loops subjected to truncation is needed prior to setting up crystallization 

trials. 

 



 

218 

 

6 General Discussion 

Salmonella Typhi is the causative agent of typhoid fever, which is especially common in 

less developed regions of world like Pakistan and India, where unhygienic and poor 

sanitary conditions prevail [50]. Surveillance studies of typhoid fever in Pakistan have 

shown the higher prevalence of the disease in summer season, in densely populated areas 

with poor sanitary and high typhoid fever incidences among children especially among 

young children of less than 2 years of age [60, 63]. Typhoidal vaccination can control the 

onset of fever, however, once disease is contracted, antimicrobials are the only treatment 

of choice. On the other hand, irrational and misuse of drugs has resulted in the increase of 

antimicrobial resistant S. Typhi strains in endemic areas [51]. Considerable efforts have 

been put forth to understand the mechanisms of resistance of S. Typhi by enzymatic 

modification e.g. β-lactamase enzymes [37, 38, 59], target alteration and porin expression 

reduction [49]. However, role of multidrug efflux transporters in the resistance of the 

disease has yet to be explored.  

This study focused on benchwork analysis of selected putative multidrug 

transporters from major facilitator superfamily of S. Typhi, which have been proposed to 

be multidrug resistant transporter by bioinformatics analysis and in depth study of the 

most promising multidrug efflux target, STY4874. To this end, putative MDR 

transporters from the largest superfamily among secondary active transporters, i.e. MFS 

transporters were selected. Substrate specificity study was carried out and based on the 

results of initial substrate profiling, the detailed functional and structural characterization 

of the most promising target, STY4874, was pursued. Activity of STY4874 in whole cell 

was confirmed and then purified protein was subjected to stability, homogeneity, 

monodispersity and secondary structure analyses by various biophysical techniques.  

Further, the monodispersed native STY4874 protein was put under 3D 

crystallization trials using various commercial screens and wide pH range. After 
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preliminary crystallization trials, the protein was taken for co-crystallization study to 

improve diffraction as well as mosaicity of crystal lattice. In an attempt to minimize the 

protein flexibility, mutants were generated for two residues (Asp25 and Arg111) 

embedded in transmembrane helices, and based on functional and protein purification 

studies; one of the mutants (D25A) was taken for crystallization trials. In another trial, 

flexible and apparently non-functional portions of STY4874 protein were chopped off to 

decrease entropy of crystals formation and resulting truncated protein versions were put 

into crystallization trials after successful purification.   

In this study, a systematic approach has been followed to search substrate 

specificities of putative MDR pumps of pathogens such as, S. Typhi in non-pathogenic 

organism, E. coli which is the very first requirement in combating the efflux transporters 

by designing the inhibitors against them. Tens of MDR pumps with overlapping substrate 

specificities have been discovered in bacteria [117, 402, 403] and 3D structure of several 

of these MDR transporters belonging to different superfamilies have been elucidated in 

substrate bound or unbound state (http://blanco.biomol.uci.edu/mpstruc/) [404]. 

However, until recently, first inhibitor-bound structures of MDR AcrB of E. coli and 

MexB of Pseudomonas aeruginosa have been solved [405] which warrants that a lot of 

similar work has to be done on other MDR pumps having overlapping substrate 

specificities to address the complex mechanism of efflux by pathogenic bacteria leading 

to the development of potent transport inhibitors. These inhibitors can be administered 

along with the prescribed antibiotic to bring back the efficacy of drug. This approach has 

been applied before to cope with the resistance of β-lactamase enzymes, by using β-

lactamase inhibitors along with the β-lactam antibiotics, the action of β-lactamase is 

inhibited. 

6.1 Characterization of MDR MFS Efflux Transporters 

Expressed in S. Typhi 

This study has generated biological data for selected putative efflux transporters in S. 

Typhi genome, coming to conclusion that STY0901, STY2458 and STY4874 are 

biologically confirmed efflux pumps. STY0901 is a 42 kDa protein, composed of 20 

negatively and 24 positively charged residues, sharing motif A, 

http://blanco.biomol.uci.edu/mpstruc/
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(G63ILCSAWLVKRFGT76) and motif C (G150TLAGAGVGMAL161) with other members 

of major facilitator superfamily. Based on blastp analysis, this protein bears similarity 

with uncharacterized inner membrane protein of E. coli, YbjJ [406]. STY0901 has shown 

substrate specific phenotype, involved in efflux of benzalkonium chloride. However, the 

contribution of this transporter towards multidrug efflux could not be found out in this 

study. 

STY2458 is the second transporter which has shown efflux activity against the 

compounds tested in this study. STY2458 is comprised of 396 amino acids, and contains 

12 negatively and 23 positively charged residues. Various motifs of STY2458, for 

example, motif A, (G61QLIYGPMADSL72), motif G (G354AIVGAL360) and functional 

variant of motif A (P67MADSLGRK75) have similarity with other members of major 

facilitator superfamily. Blastp analysis predicts that STY2458 bears similarity with 

bicyclomycin resistance protein of E. coli, Bcr [406]. In an earlier study, E. coli Bcr 

transporter showed efflux activity against kanamycin, tetracycline, fosfomycin and 

acriflavine [117]. In this study, STY2458 was found to efflux out kanamycin, tetracycline 

and doxycycline from the cell. Although efflux of acriflavine was tested in this study, 

STY2458 did not show any type of efflux capability for this compound. In general, this 

study is in agreement with the previous study, coming up with the inference that 

STY2458 has efflux capability like its E. coli homologue Bcr. 

STY4874 was found to be the most promising efflux pump because it provides 

resistance to bacterium against ten different antimicrobials. Motif A 

(G72PLSDRIGRRPVL84), motif B (L108VARFVQG115) and motif C 

(A152PVIGPLSGAAL163) of STY4874 share similarity with other MFS transporters. 

More importantly, STY4874 has shown resistance against fluoroquinolone antibiotics 

which are among clinical prescription of typhoid fever. Other substrates of STY4874 

included ethidium bromide, acriflavine, aminoglycosides and quinolones. STY4874 is a 

homologue of MdfA and MdtM from E.coli, sharing 39% and 87% identity, respectively. 

MdfA is a well characterized MDR MFS transporter, whereas MdtM has recently been 

characterized. [162-164, 169, 170, 198, 384].  
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Among other transporters, which are unique in S. Typhi genome with respect to E. 

coli genome and have been evaluated for efflux activity in this study included STY0278, 

STY0414, STY1491 (smvA), STY1517 and STY2509 [16]; among these STY0278, 

STY0414 and STY1517 have been assigned a possible efflux transporter role by Parkhill 

et al. [16]. However, function of these multidrug transporters has not been studied before 

and in this study, none of these came out as efflux transporter. 

STY1491 was studied in the current project as it has been predicted to be 

multidrug resistance and named as SmvA, methyl viologen resistance protein, based on 

the homology of this protein with S. Typhimurium, SmvA (www.membranetransport.org) 

[177]. Homologue of STY1491 in S. Typhimurium (SmvA) is well characterized, has 

shown susceptibility for methyl viologen, acriflavine and quaternary ammonium 

compounds in a mutant S. Typhimurium deleted for SmvA [192]. However, in this study, 

STY1491 did not show resistance against any compound. This study and an earlier report 

suggested that SmvA in S. Typhi is not an efflux transporter of methyl viologen [407], 

this study further confirms that S. Typhi SmvA is not a multidrug efflux transporter 

either. S. Typhi has genetic difference with S. Typhimurium by the deletion of two genes 

adjacent to SmvA i.e. OmpD (an outer membrane channel) and YddG (an MFS 

transporter of inner membrane) in S. Typhi genome [407]. As a complementary approach, 

introduction of islet of genes containing ompD and yddG into S. Typhi from S. 

Typhimurium by generalized transduction method, resulted in S. Typhi acquiring 

resistance against methyl viologen, resulting serovar Typhi hybrid expressed the OmpD 

porin in outer membrane and had a gain-of-function phenotype [191]. This study 

confirms that STY1491, although shares 97% similarity to its homologue in S. 

Typhimurium, does not have multidrug resistance phenotype in S. Typhi. 

Among other efflux transporters which have been studied in S. Typhimurium 

include; MFS transporters (EmrAB, MdfA), MATE transporters (MdtK), ABC 

transporters (MacAB) and RND transporters (AcrAB, AcrD, AcrEF, MdtABC, 

MdsABC) [408]. Role of these efflux transporters is yet to confirm for S. Typhi. 

However, based on comparison between RND transporters of S. Typhimurium and E. 

coli, it has been suggested that the major efflux pump protein in S. enterica serovar 

http://www.membranetransport.org/
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Typhimurium, and probably in all serovars of S. enterica, is the AcrAB-TolC pump 

[116]. 

6.2 Characterization of the S. Typhi MDR Transporter, 

STY4874 

The natural abundance of membrane proteins is usually too low to isolate sufficient 

protein for in vitro functional and structural studies and require expression optimization 

using prokaryotic or eukaryotic expression systems, employing affinity tags to facilitate 

protein isolation and purification. Overexpression studies of STY4874 encountered with 

the problem of low cell growth after IPTG induction and it has been reported before that 

overexpression of MDR MFS proteins is more problematic than other members of the 

major facilitator superfamily [382]. Strategies to grow cells at lower post induction 

temperature and using lower IPTG concentration, hence slowing down protein expression 

to alleviate toxic effects of protein overexpression [382] were followed in this study. 

Moreover, large scale cultures were grown to obtain sufficient amounts of the protein to 

perform crystallization trials after doing initial biophysical and biochemical studies. 

Biophysical characterization of STY4874 has shown that this protein exists as 

monomer and it is proposed that likewise close homologues of STY4874 i.e. MdtM [169] 

and MdfA [167] from E. coli  and other well characterized members of major facilitator 

superfamily, for example, the glycerol-3-phosphate transporter GlpT [368], the hexose 

transporter UhpT [369] and the lactose permease LacY [370], STY4874 may also 

function as monomer.  

After purification, the protein retained secondary structure as evidenced by CD 

and FT-IR spectroscopy and STY4874 was found to be predominantly α-helical. This 

conclusion is in consistent with other MDR MFS proteins, where both CD and FTIR 

measurements indicate a high content of α-helix (50 - 80%), which is retained in the 

detergent-solubilized state [199, 382].  

CD spectroscopy is widely used to follow the stability of a protein by increasing 

denaturant conditions such as temperature. As the temperature increases, the stability of 

the protein decreases and protein unfolds [409]. This unfolding transition for α-helical 
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proteins like STY4874 is usually determined by following CD signal at 222 nm [410], 

which showed that STY4874 was highly labile to temperature changes and started to 

denature at ~30 °C and protein was almost completely unfolded at ~60 °C. Moreover, it 

was found that the protein once thermally unfolded could not regain its native 

conformation. Protein was found to be homogeneously dispersed and stable over a period 

of time, indicated by single sharp peak of purified protein and electron microscopy 

images. Functional analysis revealed that purified STY4874 was functionally active, 

retained binding capacity for different substrates. Therefore, based on functional and 

preliminary structural studies, STY4874 was worth to consider by X-ray crystallography. 

The purified STY4874 protein produced crystals of various diverse morphologies 

but most of them were needle like crystals. As expected for membrane proteins, crystals 

were very fragile and sensitive to radiation damage. Diffraction pattern revealed that 

molecules were anisotropically packed into the crystal lattice and pattern had lower 

resolution limit, restricting diffraction pattern to proceed for structure determination. The 

majority of crystals yielded diffraction up to 7 Å, 8 Å and 9 Å except few which diffract 

in range from 4.5 to 5 Å. Co-crystallization with substrates also resulted in 

morphologically similar crystals as previously obtained for wild type transporter. Data 

collection for co-crystallized crystals showed that diffraction was still anisotropic.  

To date, there have been various studies targeting the crystallization of MDR 

MFS proteins. Bmr from Bacillus subtilis, LmrA from Lactococcus lactis and NorA from 

Staphylococcus aureus have been tried to crystallize in tandem with His6 tag [382]. Bmr 

has also been expressed in fusion with N- and C-terminus tagged MalE (maltose binding 

protein MBP, lacking signal peptide) and His6, respectively, for structural studies [382]. 

However, structure for E. coli Bmr has not been reported to date. There have been 

crystallization trials for ‗Bcr‘ transporter from E. coli and co-crystallization trials have 

also been pursued with inhibitor of the transporter i.e. reserpine [197]. In addition to 

these, E. coli MdfA has also been a target for crystallization experiments, ending in non-

reproducible crystallization hits [365, 378]. 
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E. coli MdtM (formerly known as YjiO) has been tried to crystallize before [411] 

and recently, 3D crystallization trials of E. coli MdtM have been performed using the 

hanging-drop vapour diffusion method. These trials yielded 3D protein crystals under 

several different conditions [380]. The results of the crystallization screens suggested that 

MdtM-DDM complex is crystallizable in three-dimensions and this work is in progress 

[380]. 

Only structure known MDR MFS transporter to date is of E. coli EmrD, available 

in substrate unbound state in only one conformation [195], therefore, yielding limited 

information regarding structure and function of this family of transporters. The structure 

of EmrD protein shows an interior that is composed mostly of hydrophobic residues, 

which is the most striking structural difference between EmrD and LacY/GlpT. LacY and 

GlpT are substrate specific MFS transporters and have hydrophilic interiors, whereas 

EmrD, multi-substrate transporter has interior comprising of mainly hydrophobic residues 

[195].  

6.3 Application of Protein Engineering Approaches to 

STY4874 

Engineering MFS protein for the purpose of successful crystallization has been employed 

before for getting well diffracting crystals of lactose permease of E. coli using the C154G 

mutant protein which binds the substrate with high affinity but catalyze little or no 

transport [347, 383]. It has been suggested that mutation of Cys145 to glycine causes a 

more compact structure and reduce conformational flexibility by specifically blocking the 

structural changes necessary for substrate translocation with little or no effect on ligand 

binding. 

Similarly, protein truncation at flexible termini and loops to decrease entropy 

during crystal formation is another approach to engineer protein with the final goal of 

improving crystal contacts. Such approaches led us to engineer STY4874 protein for 

crystallization purposes. Consequently, STY4874 was engineered to introduce site 

directed mutation. Based on functional study on purified mutant transporter, 

STY4874(D25A) was selected which retained the binding capacity for the substrate and 
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therefore, taken for crystallization. However, prior to crystallization trials it was 

subjected to biophysical analysis which confirmed STY4874(D25A) had retained wild 

type transporter structural integrity and stability. Crystallization of STY4874(D25A) with 

commercial screens as well as crystallization and co-crystallization of STY4874(D25A) 

with substrates (gentamycin) under wild type transporter optimized conditions produced 

crystals; having diverse morphologies like wild type transporter. Diffraction data showed 

that resolution and mosaicity of crystal lattice could not be improved in mutant alone 

crystallization and substrates co-crystallization trials. Crystals were diffracted up to 7.5 

Å. In summary, STY4874(D25A) mutant could not improve the packing of protein 

molecules in crystal lattice, leading to low resolution of diffraction pattern. 

Following the second approach of chopping off unstructured termini in STY4874, 

C-terminal of the protein was chosen, which was apparently not involved in functionality 

of the protein as shown by E. coli homologus protein MdfA. MdfA bears 61% similarity 

with the STY4874. E. coli MdfA, lacking C- terminal loop retained significant multidrug 

resistance phenotype [384]. Keeping in view the problem of membrane protein stability 

and purification complexity encountered after any protein engineering step, two 

constructs were proposed for the generation of truncated versions of STY4874, one was 

having deletion of 9 amino acids and the other was having deletion of 13 amino acids at 

C- terminus. Deletion of C-terminal tail of STY4874 was expected to retain the 

functional activity of STY4874 protein, simultaneously improving crystal contacts and 

overcoming high mosiacity of STY4874 lattice. 

Trials of truncated STY4874(Δ13) protein resulted in crystals which were having 

different morphology compared to wild type transporter and mutant transporter, under the 

same conditions used previously. Resolution of diffraction data was decreased to ~10 Å, 

however, diffraction pattern was comparatively less anisotropic. On the other hand, 

STY4874(Δ9) truncated protein did not yield any crystal hit.  

6.4 Concluding Remarks 

The objective of this project was to gain insights into the substrate specificities of 

predicted multidrug efflux transporters from S. Typhi and to delve into the biochemical 



Chapter 6 General Discussion 

226 

 

and biophysical properties of the most promising multidrug efflux transporter with the 

long term goal to design rational drugs against S. Typhi infections. To pursue this 

objective, selected putative MDR transporters from S. Typhi have been cloned and 

expressed in E. coli. Transporters which came up with efflux phenotype included, 

STY0901, STY2458 and STY4874. Of these three transporters, STY0901 was a novel 

efflux transporter and shared similarity with previously uncharacterized transporter. 

STY2458 was a homologue of E. coli Bcr protein and had confirmed the previous study, 

regarding its efflux phenotype in E. coli [117]. 

STY4874 had broad substrate spectrum than previous finding [117], however, 

during the course of this study, there are several findings on the E. coli homologue of this 

protein, MdtM, [169, 170, 198, 199, 380]. This study, for the first time, has shown that 

STY4874 is not only an efflux transporter of ethidium bromide, it can also efflux 

acriflavine based on whole cell study.  Moreover, detailed biophysical and biochemical 

characterization of STY4874 has suggested that this protein is a suitable target to 

understand the mechanism of drug transport by MFS MDR pumps using protein 

crystallography methods. 

Despite of performing rigorous crystallization screening using multiple variants of 

the protein, most of the crystals were diffracted to 7 Å. This reflects that obtaining novel 

crystal structures of membrane protein is still generally a long process, passes through 

many strategies that do not work [381]. The only solution to obtain good diffraction 

crystals of a membrane protein is keep trying as many strategies as one can.  
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Future Recommendations 

This study has come out with several implications in the understanding of efflux 

transporters from major facilitator superfamily of S. Typhi. In this study, we have shown 

that STY4874 is an important drug target, which can further be verified by studying the 

susceptibility of a STY4874-deficient S. Typhi strain to antimicrobials. Further 

mutational analysis of STY4874 can be undertaken based on the secondary structure of 

the protein and literature review. Moreover, detailed study of remaining two transporters, 

which showed efflux phenotype in the current study, can be pursued in detail to expand 

our understanding of major facilitator superfamily transporters. X-ray crystallization 

study of STY4874 can be pursued following different protein engineering and 

crystallization options. 

Taken together, future recommendations for this project are; 

1. Generation of deletion mutants of S. Typhi for STY4874, STY2458 and STY0901 

genes and detailed analysis of substrate susceptibility of the deletion strains 

2. Expression analysis of STY4874 in different S. Typhi isolates from typhoid fever 

patients 

3. Study of different inhibitors against the functionality of STY4874 by cell based 

and purified protein assays 

4. Detailed study of other MFS efflux transporter i.e. STY2458 and STY0901, with 

particular emphasis on biochemical and biophysical analysis of purified proteins  

5. X-ray crystallization trials of STY4874, after expression of this transporter in 

tandem with other protein of known structures like MBP, to help increase the 

hydrophilic regions and improve crystal lattice contact. Use of antibody fragments 

and other proteins not only act as co-crystallization chaperons, but can also serve 

as dual purpose by locking the conformation of protein. 
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6. Crystallization trials of truncated STY4874 after alignment with other MFS 

protein of known structure to remove those regions which are restricting proper 

packing of molecules in well diffracting crystals 

7. Use of in-meso screening for STY4874 and hence eliminating the use of 

detergents or use of small amphiphilic additives to modify the detergent micelle 
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