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ABSTRACT IN THAI 

 งานวิจยัน้ีเป็นการศึกษาโครงสร้าง และหน้าท่ีของช่องโปรตีนท่ีเยื่อหุ้มเซลล์ชั้นนอกของ
แบคทีเรียแกรมลบท่ีก่อโรคสองสายพนัธ์ุท่ีมีช่ือวา่ BpsOmp38 จากเช้ือ Burkholderia pseudomallei และ 
VhChiP จากเช้ือ Vibrio harveyi 
 BpsOmp38 มีคุณสมบัติเป็นช่องแพร่ผ่านสารท่ีไม่จ  าเพาะ ซ่ึงประกอบด้วยหน่วยย่อย ท่ี
เหมือนกนั 3 หน่วย จากการศึกษาโครงสร้างสามมิติของผลึกโปรตีน ซ่ึงสามารถหกัเหรังสีเอกซ์ไดค้วาม
ละเอียด 2.8 องัสตรอม พบวา่แต่ละหน่วยยอ่ยมีโครงสร้างโดยรวมประกอบดว้ย 16 anti β-strands ต่อดว้ย 
8 loop ขนาดยาวท่ียื่นออกไปด้านนอกเซลล์ และ 7 loop ขนาดสั้ นท่ียื่นเขา้ไปใน periplasmic ลกัษณะ
ภายในช่องโปรตีนมีคุณสมบติัเป็นไฮโดรฟีลิคสูง ซ่ึงจากโครงสร้างพบวา่ กรดอะมิโน Tyr119 ยื่นเขา้ไป
ตรงกลางของช่องโปรตีน และจากการศึกษาผลของยาต่อเช้ือ B. pseudomallei ดว้ยวธีิ Minimum inhibitory 
concentration (MIC) พบว่า เช้ือมีการตา้นทานต่อยาเกือบทุกชนิดยกเวน้ยา 2 ชนิด คือ ceftazidime และ 
meropenem ผลการทดลองสอดคลอ้งเป็นอย่างดีกบัการศึกษาการแพร่ผ่านของยา ดว้ยเทคนิค liposome 
swelling และ เทคนิค plarnar lipid membrane (BLM) ยาสองชนิดน้ีแพร่ผา่นช่องโปรตีนไดดี้กวา่ยาชนิด
อ่ืน ๆ และจากการศึกษาผลการกลายพนัธ์ุของกรดอะมิโน Tyr119 มีหนา้ท่ีส าคญัต่อการควบคุมการแพร่
ผา่นของยา และน ้ าตาลผ่านช่อง BpsOmp38 ซ่ึงการดดัแปลงกรดอะมิโน Tyr119 ให้เป็น Ala ส่งผลให้มี
การแพร่ผ่านของยาและน ้ าตาลเพิ่มข้ึน เน่ืองจากกรดอะมิโน Ala มีขนาดเล็กกว่า Tyr จึงท าให้ช่องของ
โปรตีนมีขนาดกวา้งข้ึน การแพร่ผา่นของสารจึงแพร่ผา่นไดดี้ข้ึน 
 VhChiP มีคุณสมบติั เป็นช่องแพร่ผา่นสารท่ีจ าเพาะสูงต่อน ้าตาลไคโตเฮกซะโอส จากการศึกษา
ผลการกลายพนัธ์ุของกรดอะมิโน Typ136 ดว้ยวิธีการท าใหโ้ปรตีนเสียสภาพดว้ยการเพิ่มอุณหภูมิ พบวา่
น ้ าตาลไคโตโอลิโกแซคคาไรด์ช่วยป้องกนัการเสียสภาพ ในระดบัโครงสร้างทุติยภูมิ และตติยภูมิของ
ช่องโปรตีน นอกจากน้ียงัมีการศึกษาอตัราการจบัของน ้าตาล กบัช่องโปรตีนดว้ยวธีิอุณหพลศาสตร์ และ
เทคนิค fluorescence spectroscopy ผลการศึกษาช่วยยนืยนัวา่ Typ136 มีบทบาทส าคญัต่อการแพร่ผา่นของ
น ้ าตาลผ่านช่องพอรินชนิด VhChiP จากการศึกษาโครงสร้างสามมิติของผลึกโปรตีน VhChiP refolded 
และ VhChiP native ท่ีถูกหักเหด้วยรังสีเอกซ์ ด้วยความละเอียดสูงถึง 1.9 อังสตรอม ซ่ึงโครงสร้าง
โดยทั่วไปของ VhChiP พอริน ประกอบด้วยหน่วยย่อยท่ีเหมือนกันสามหน่วย แต่ละหน่วยย่อย
ประกอบดว้ย 16 strand ท่ีถูกเช่ือมต่อดว้ย 8 loop ขนาดยาวท่ีอยูด่า้นนอกผนงัเซลล ์และ 7 loop ขนาดสั้นท่ี
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 Two outer membrane channels from two Gram-negative pathogenic bacteria, 

namely BpsOmp38 from Burkholderia pseudomallei and VhChiP from Vibrio harveyi, 

together with their mutants were expressed and characterised.  

 BpsOmp38 was shown to act as a general diffusion channel, consisting of three 

identical subunits. The crystal structure revealed that BpsOmp38 was solved to highest 

resolution of 2.8 Å. The final model of BpsOmp38 showed that each Bps barrel consists 

of 16 anti β-strands with eight extracellular long loops and seven periplasmic turns. The 

channel interior is highly hydrophilic with Tyr119 amino acid protruding in the centre 

of the pore. Minimum inhibitory concentration (MIC) and liposome swelling assays 

showed that clinical B. pseudomallei strain was resistant to most antimicrobial agents. 

However, high sensitivity was observed for ceftazidime and meropenem. This 

observation was in good agreement with the BLM experiments of BpsOmp38 where 

translocation was observed for two sensitive drugs; ceftazidime and meropenem. In 

contrast, no channel blockage was seen for the drugs to which the Bps was resistant to 

even at high concentration. Meanwhile, mutation of the residue Tyr119 greatly affected 

the permeability of antimicrobial agents and neutral sugars. The results indicated the 

important role of Tyr119 in regulating the passage of these molecules through 
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CHAPTER I  

1  INTRODUCTION 

 

1.1 Gram-negative bacteria and their outer membrane proteins 

1.1.1 Gram-negative bacteria 

  Bacteria are tiny single-cell and widespread microorganisms that, in 

contrast to eukaryotic cells, do not have a membrane-bound nucleus or other 

membrane-surrounded intracellular organelles like mitochondria and endoplasmic 

reticulum (Adl et al., 2005). In general, bacteria can be classified into Gram-positive 

and Gram-negative, depending on the structural components of their outer membrane 

layers. For Gram-positive bacteria, their plasma membrane is covered with a thick wall 

of peptidoglycan. In contrast, the cell envelope of Gram-negative bacteria is composed 

of two membranes enclosing the peptidoglycan-containing periplasm (Figure 1.1).  

 The outer membrane of Gram-negative bacteria is an asymmetrical 

bilayer containing phospholipids and lipopolysaccharides. The lipopolysaccharide 

molecules can be found exclusively in the outer leaflet of the outer membrane 

(Huijbregts et al., 2000). They are composed of: i) lipid A which forms the hydrophobic 

membrane anchor; ii) the core region, which consists of a phosphorylated non-repeating 

oligosaccharide that is linked to lipid A: and iii) the O-antigen, which contains repeating 

oligosaccharides. Some Gram-negative bacteria lack the O-antigen (Raetz and 

Whitfield, 2002), and therefore their lipopolysaccharides are more rough. Like the inner 

membrane, the periplasmic leaflet of the outer membrane contains phospholipids that 
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consist of a glycerol backbone with two esterified fatty acid chains and a phosphate 

containing head group (Huijbregts et al., 2000).  

 

 

Figure 1.1 A segment of cell envelope of Gram-negative bacteria composed of inner 

membrane and outer membrane enclosing the peptidoglycan (Huijbregts 

et al., 2000). 

 

 Both outer and inner membranes include proteins that are inserted or 

anchored in the lipid bilayers. These proteins are synthesised in the cytoplasm and are 

guided towards the cell envelope, where many of them have to cross at least the inner 

membrane. After direction to their designated locations, these proteins fulfil various 

biological functions. For example, lipoproteins are acylated and anchored in the inner 

membrane or outer membrane via an amino-terminal N-acyl-diacylglyceryl-cysteine 

(Ichihara et al., 1981). The major outer membrane lipoprotein, forms the connection of 

the outer membrane to the peptidoglycan layer via a peptide (Braun and Rehn, 1969; 



3 
 

Braun and Wolff, 1970). Integral membrane proteins are inserted into the lipid bilayer 

with unique structural arrangements. Inner membrane proteins are usually composed of 

α-helices, while outer membrane proteins are usually composed of β-strands, forming 

a cylindrical or barrel structure of either one or three units. These barrels are referred 

to as porins (Nikaido and Vaara, 1985; Wimley, 2003). 

1.1.2 Classification of outer membrane proteins 

  Membrane proteins are divided into five classes (Evans and Graham, 

1989) as shown in Figure 1.2. 

 

Figure 1.2 Classes of membrane proteins. I) peripheral proteins; II) proteins partially 

inserted into lipid bilayer; III) integral proteins with one transmembrane 

domain; IV) integral proteins with multiple transmembrane domains; V) 

lipid-anchored peripheral proteins (Evans and Graham, 1989). 

 

Class I: Peripheral or extrinsic proteins are bound mainly by ionic force to polar head 

groups of phospholipids or to other proteins. Example of class I protein is F1 subunit 

of the ATP-synthase and cytochrome c.  
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Class II: Membrane proteins are anchored into a part of lipid bilayer by a hydrophobic 

peptide. These proteins may be inserted partially into the extracellular face of the 

membrane.  

Classes III and IV: These classes are integral or transmembrane proteins, which 

contain polar amino acid sequences located at the external and cytoplasmic lesion of 

the membrane. They usually interact with phospholipid head groups in the extracellular 

and intracellular environments.  

Class V: These peripheral proteins contain at least a domain which is anchored to the 

lipid bilayers by covalently attaching to glycolipids. Plasma membrane receptors of 

protozoa and mammalian cells are members of this class. Proteins anchored by a fatty 

acid via a thio-ester bond are also included in this class (Evans and Graham, 1989).  

1.1.3 Classification of integral or transmembrane proteins (porins) 

The outer membrane proteins of Gram-negative bacteria are peripheral 

to the periplasmic and peptidoglycan regions. These proteins are classified in classes 

III and IV (Evans and Graham, 1989) as shown in Figure 1.2. The proteins in these two 

classes are divided into three sub-groups, which are i) non-porin transporters, ii) 

general-diffusion porins, and iii) substrate-specific porins (Nikaido, 2003). In this 

context, only the last two sub-groups are described. 

1.1.3.1 General diffusion porins 

 All currently known outer membrane proteins with β-sheet 

secondary structure in the transmembrane region and no transmembrane helices facing 

the lipid bilayer are referred to “porins” (Schulz, 2002). The transmembrane strands of 

outer membrane porins are connected by short periplasmic β-turns and by long loops 

facing the polysaccharide region and the space outside the cell. The geometry of the β-
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strands are arranged in the barrel structures, in which neighbouring strands are 

connected with each other by hydrogen bonds. The outer membrane proteins of bacteria 

of known crystal structures form transmembrane β-barrels with even numbers of β-

strands ranging from 8 to 22 (Schulz, 2002). 

 E. coli express two major general diffusion porins, OmpF and 

OmpC. (Nikaido, 2003; Nikaido and Rosenberg, 1983). E. coli OmpF (Figures 1.3) is 

considered as a non-specific pore for the diffusion of small polar molecules across the 

hydrophobic insulating bilayer structure of the outer membrane. Spherical species with 

a molecular weight up to 600 Da can pass through the OmpF pores and enter the 

bacterial cytoplasm. The transported molecules include small ions (e.g. K+, Na+, Ca2+, 

Cl− etc.), glucose, ascorbate, amino acids and other nutrients as well as metabolic waste 

products (Berkane et al., 2005; Cowan et al., 1995; Prashant S. Phale et al., 2001). 

OmpF is the first integral membrane protein for which crystals were obtained at 

resolution less than 4 Å (Garavito and Rosenbusch, 1980). OmpF and OmpC are found 

as trimers that are held together by hydrophobic interactions between the barrel surfaces 

and the loop L2. Each of the L2 loops in the trimer reaches into the adjacent monomer 

forming a conserved salt bridge between L2’s glutamic acid and an arginine inside the 

barrel (Baslé et al., 2006; Cowan et al., 1992; Prashant S Phale et al., 1998). Each 

monomer in the E. coli OmpF and OmpC trimer consists of a β-barrel made up of 16 

β-strands (Cowan et al., 1992), which define an aqueous channel that spans the outer 

membrane, with eight extended loops L1 – L8 on the extracellular side of the barrel 

monomer, and eight tight turns on the periplasmic side. The stave of the barrel 

surrounding a water-filled pore has a narrow elliptically shaped (7 × 11 Å) selectivity 
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filter with a solvent accessible area of 30-40 Å2 (Cowan et al., 1992; Varma et al., 

2006). 

 

 

Figure 1.3 The 3D structure of general diffusion porin OmpF (A) Side view structure 

of the trimer. (B) Top view structure (PDB code, 4JFB). 

 
1.1.3.2 Substrate-specific porins 

 Maltoporin (also called LamB) is the best characterised 

substrate-specific porin from E. coli (Szmelcman and Hofnung, 1975). Maltoporin is 

expressed as part of the mal regulon upon induction by maltose or maltodextrins 

(Szmelcman and Hofnung, 1975; Szmelcman et al., 1976) and serves as the receptor 

for bacteriophage lambda (Randall-Hazelbauer and Schwartz, 1973). Liposome 

swelling assays showed that maltoporin had high permeation rate for maltose and 

maltodextrins, whereas uptake of sucrose was hardly detectable (Hardesty et al., 1991; 

Luckey and Nikaido, 1980). Nevertheless, both maltose and sucrose exhibit similar 

binding affinities (K = 10 mM for maltose and K = 6 – 15 mM for sucrose) to the 

maltoporin channel as determined by inhibition of ion flow in planar lipid bilayers 

(Andersen et al., 1995; Schülein et al., 1991). The crystal structures of the apo form of 

A) B) 
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maltoporin (Schirmer et al., 1995) and of several maltoporin-sugar complexes are 

shown in Figure 1.4 (Dutzler et al., 1996; Wang et al., 1997).  

 

 

Figure 1.4 The 3D structure of substrate-specific porins (A) Side view structure of 

LamB trimer (PDB code, 3NSG). (B) Top view structure of 

maltooligosaccharides bound to maltoporin (PDB code, 1MPM). 

 

 In general, the maltoporin monomer comprises an 18 stranded 

β-barrel with short turns at the periplasmic side and large irregular loops at the extra 

cellular side. Loops L1 and L6 are located inside the channel. The third loop, L3, folds 

inside the β-barrel, thereby forming a constriction at the middle of the channel. An 

elongated non-polar patch, composed of several aromatic residues, extends from the 

extracellular entrance to the periplasmic exit. Maltodextrins (Dutzler et al., 1996) and 

the glucosyl units of sucrose (Wang et al., 1997) were found to make hydrophobic 

interactions with such residues that are part of the greasy slide. Additionally, the sugar 

hydroxyls interact with several ionic residues, which are not part of the greasy slide but 

located nearby (Dumas et al., 2000). While maltodextrins bind to the middle of the 

channel, sucrose appears to be stuck above the channel constriction owing to its bulky 

A) B) 
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fructosyl residue. This observation explains how sucrose inhibits ion flow, but does not 

permeate. The crystal structure of LamB shows a sequence of aromatic residues 

including Trp74, Tyr41, Tyr6, Trp420, Trp358, Phe227 lining inside the channel along 

a left-handed helical path. This stretch of aromatic residues was named the “greasy 

slide” and actually is believed to be the structural element responsible for substrate 

binding and specificity as shown in Figure 1.5. A chain of polar residues (namely, Arg8, 

Arg33, Glu43, Arg82, Arg109, Asp111, Asp116), the so called polar track, is also 

situated around the constriction site and plays an important role in maltose and 

maltodextrin translocation (Ranquin and Van Gelder, 2004).  

  

 

Figure 1.5 Cross-section of maltoporin monomer. The greasy slide residues are 

shown in red with the following sequence: Trp74 (at the top), Tyr41, Tyr6, 

Trp420, Trp358 and Phe227. The polar tracks are shown in blue, 

comprising the residues: Arg8, Arg33, Glu43, Arg82, Arg109, Asp111, 

and Asp116 (Ranquin and Van Gelder, 2004). 
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 A sucrose-specific porin (ScrY) from Salmonella 

typhimurium, is the subsequently identified sugar-specific porin. It was found as part 

of a plasmid encoded regulon, and was homologous to maltoporin (Hardesty et al., 

1991; Schmid et al., 1988). Cells containing this plasmid are able to utilise sucrose as 

the sole carbon source (Hardesty et al., 1991; Schmid et al., 1991). ScrY reconstituted 

into vesicles showed a high permeation rate for sucrose, but no permeation for maltose 

(Hardesty et al., 1991). In vivo study using 14C-labelled maltopentaose showed that this 

radioactively-labelled compound was taken up slowly by cells expressing only ScrY 

(Schülein et al., 1995), whereas higher ScrY growth was observed when the cells were 

grown on maltotetraose (Schmid et al., 1991). The crystal structure of ScrY had been 

elucidated by Forst et al. (1998). Although its sequence identity is only 20% to 

maltoporin, their trimeric structures are highly similar. In particular, the greasy slide 

and other residues of the channel lining are largely conserved. There are, however, three 

substitutions at the pore constriction residues: R109, Y118, and D121 in maltoporin 

were found as N192, D201 and F204 in ScrY. These residues were shown to interact 

with their respective substrates in both maltoporin and ScrY (Dutzler et al., 1996; Forst 

et al., 1998). 

  

1.2 Vibrio harveyi and Burkholderia pseudomallei 

1.2.1 Vibrio harveyi 

  Vibrio harveyi (V. harveyi) is a Gram-negative, bioluminescent (Figure 

1.6A), marine bacterium in the genus Vibrio. V. harveyi is rod-shaped, motile, 

facultatively anaerobic, halophilic, and competent for both fermentative and respiratory 

metabolism (Owens and Busico-Salcedo, 2006). V. harveyi is a pathogen that infects 
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sharks, seabass, seahorses, lobsters and shrimps, causing eye-lesions, gastro-enteritis, 

vasculitis, and luminous Vibriosis (Figure 1.6B). Especially, luminous Vibriosis is a 

leading cause of death among commercially farmed shrimp and other aquaculture and 

a subject of economic loss world-wild (Lightner, 1993). 

 

 

Figure 1.6 A) Milky seas, or mareel, is a condition on the ocean where large areas of 

seawater (up to 6,000 sq mi or 16,000 km2) appear to glow brilliantly 

enough at night to be seen by satellites orbiting Earth. B) Vibriosis is also 

known as Sea Gull Syndrome due to shrimp swimming at the surface of 

the pond. 

 

  V. harveyi is mainly responsible for the rapid turnover of chitin biomass 

in open oceans, as they can efficiently utilise chitin as their sole source of cellular 

energy. The energy production in V. harveyi follows the pathway of chitin catabolism 

as shown in Figure 1.7. The initial steps in this pathway involves chitin attachment and 

degradation, generating chitooligosaccharides which are taken up through the bacterial 

cell wall, and finally catabolism of the transport products as carbon and nitrogen 

sources (Bassler et al., 1991; Hunt et al., 2008; Jung et al., 2008). After chitin fragments 

A) B) 

https://en.wikipedia.org/wiki/Ocean
https://en.wikipedia.org/wiki/Seawater
http://www.google.co.th/url?sa=i&source=images&cd=&cad=rja&docid=d5piDxMV3ibZpM&tbnid=LvD95HDN2AF62M:&ved=0CAgQjRwwAA&url=http://thumbpress.com/top-10-light-emitting-creatures/vibrio-harveyi-bacteria/&ei=HZEOUYG6FYr8rAfd8YCQBA&psig=AFQjCNEYEJUqvBUrwBH0vI1_Mzk8vyvC6A&ust=1359995549421576
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are transported through the outer membrane by chitoporin, further enzymatic 

degradation takes place in the periplasm, producing GlcNAc and (GlcNAc)2. Binding 

of (GlcNAc)2 to CBD activates the ChiS sensor, producing transcription of the genes 

under control of the (GlcNAc)2 catabolic operon. GlcNAc is translocated to the 

cytoplasm by the GlcNAc PTS system, while (GlcNAc)2 is transported through the 

inner membrane by the (GlcNAc)2 ABC permease. Both products are phosphorylated, 

and finally converted to Fructose- 6-P, acetate and NH3. 

 

 

Figure 1.7 Model of the chitin degradation cascade of the marine bacterium Vibrio 

harveyi. The model was reconstructed from the chitinolytic cascade 

proposed by Li and Roseman (2004) and modified by Suginta et al. 

(2013a).  
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1.2.2 Burkholderia pseudomallei 

  Burkholderia pseudomallei (B. pseudomallei or Bps) is a soil-dwelling 

Gram-negative bacterium (Figure 1.8), commonly found in Southeast Asia and 

Northern Australia. Bps causes melioidosis, a potentially fatal disease in humans and 

other animals, including dolphins, sheep, pigs and goats (Currie et al., 1994; Dance, 

1991; Vedros et al., 1988). 

 

 

Figure 1.8 Gram-stain of B. pseudomallei isolate VB976100 (Elschner et al., 2014). 

 

 Thailand has the highest recorded incidence of melioidosis in the world, 

with an average 21.3 cases per 100,000 people per year (Limmathurotsakul et al., 

2010). Especially, in the north-eastern region, 80% of children are positive for 

antibodies against Bps by the age of 4 (Kanaphun et al., 1993). Patients infected with 

B. pseudomallei usually develop skin ulcers, visceral abscesses, pneumonia, and 

septicernia that imperatively require immediate antimicrobial treatment to avoid fatal 
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progression of the disease (Figure 1.9). Very often, antimicrobial treatment is difficult 

due to high intrinsic resistance that most B. pseudomallei strains exhibit towards a broad 

spectrum of antimicrobial agents, including β-lactam antibiotics, aminoglycosides, 

macrolides, and cephalosporins (Aldhous, 2005; Cheng and Currie, 2005; Peacock, 

2006; Wiersinga et al., 2006).  

 

 

Figure 1.9 The symptoms of melioidosis. A) Chest X-ray of a melioidosis patient; B) 

Cutaneous melioidosis; and C) Soft tissue abscess of right middle finger 

(Parameswaran et al., 2012). 

 
 Melioidosis patients are usually treated with a broad-spectrum antibiotic 

cocktail, including ceftazidime, meropenem, and imipenem. In more severe cases, a 

combination of cefoperazone and sulbactam may be administered, but the survival rate 
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is relatively low at 60%. A combination of ceftazidime and cotrimoxazole may help to 

increase the survival rate to 70 – 75% (Cheng et al., 2004; Chetchotisakd et al., 2001; 

Simpson et al., 1999; Wuthiekanun and Peacock, 2006). B. pseudomallei is regarded as 

a Tier 1 Select Agent (Woods, 2005) and has been listed by the US Centre for Disease 

Control and Prevention as a category B health hazard (2012). The severe biosafety 

concerns associated with B. pseudomallei have prompted biomedical research into drug 

resistance mechanisms during melioidosis infection, the ultimate goal being the 

development of effective anti-Bps agents. 

 

1.3 Porins involved in antibiotic resistance of pathogenic bacteria 

 Treatment of bacterial infections is increasingly complicated by the ability of 

bacteria to develop resistance to most antimicrobial agents (Tenover, 2006). Although 

the manner of acquisition of resistance may vary among bacterial species, resistance is 

created by a few mechanisms. As shown in Figure 1.10, (1) the membrane barrier limits 

the intracellular access of antibiotic (Pagès et al., 2008); (2) antibiotic inactivation: 

direct inactivation of the active antibiotic molecule; (3) target modification: alteration 

of the sensitivity to the antibiotic by modification of the target; (4) efflux pumps and 

outer membrane permeability changes: reduction of the concentration of drug without 

modification of the compound itself; and (5) target bypass: some bacteria become 

refractory to specific antibiotics by bypassing the inactivation of a given enzyme 

(Džidić et al., 2008). 
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Figure 1.10 Mechanisms of antibiotic resistance (Tenover, 2006). 

 

 The major bacterial strategies have emerged for the development of drug 

resistance: the enzymatic barrier produces detoxifying enzymes that degrade or modify 

the antibiotic, and the target protection barrier impairs target recognition and thus 

antimicrobial activity. These mechanisms can act simultaneously in clinical isolates, 

generating a high level of resistance. Also, there are two different aspects of the 

transport systems across the bacterial membrane: influx and efflux, which involve in 

drug resistance of pathogenic bacteria (Pagès et al., 2008).  

  As for influx of antibiotics, recent clinical evidence for distinct bacterial 

strategies of porin modification to limit antibiotic uptake is shown in Figure 1.11. 

Changes in levels of porin expression and mutation or modification impairs the 

functional properties of porin channel (Pagès et al., 2008). 
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Figure 1.11 Multidrug resistance mechanisms associated with porin modification 

(Pagès et al., 2008). 

 

1.3.1 Porins involved in membrane susceptibility  

  Genetic modifications of porins that contribute to membrane 

permeability have been reported in Providencia stuartii. P. stuartii is an opportunistic 

pathogen seen in patients with severe burns or long-term indwelling urinary catheters 

(Stock and Wiedemann, 1998). In animals, P. stuartii infections can cause neonatal 

diarrhea. In humans, P. stuartii can be isolated from urine, stool, and blood, as well as 

from sputum, skin, and wound cultures. Membrane permeability of P. stuartii toward 

antibiotics takes place through two major outer membrane porins, namely OmpPst1 

and OmpPst2. An approach combining microbiology and electrophysiology was used 

to analyse the selectivity of the Providencia porins toward different β-lactams. P. 

stuartii lacking OmpPst porins showed significant decrease of susceptibility to β-

lactam antibiotics. Determination of β-lactam translocation through OmpPst1 and 

http://en.wikipedia.org/wiki/Pathogen
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OmpPst2 indicated that the strength of interaction decreased in the order of ertapenem, 

followed by cefepime and cefoxitin, respectively. Moreover, the translocation of these 

antibiotics through OmpPst1 was more efficient than through OmpPst2. Heterologous 

expression of OmpPst1 in the porin-deficient E. coli strain BL21 (DE3) omp8 was 

associated with a higher antibiotic susceptibility of the E. coli cells to β-lactams 

compared with expression of OmpPst2 (Tran et al., 2010).  

1.3.2 Antibiotic resistance of B. pseudomallei 

  Currently, the antibiotic of choice for melioidosis treatment is a 

ceftazidime, meropenem, imipenem and cefoperazone-sulbactam combination 

(Sulperazone) (Cheng et al., 2004; Chetchotisakd et al., 2001; Simpson et al., 1999; 

Wuthiekanun and Peacock, 2006). While various antibiotics are active in vitro (e.g., 

chloramphenicol, doxycycline, co-trimoxazole), they have been found to be ineffective 

in vivo for the treatment of acute melioidosis (White et al., 1989). The actions of co-

trimoxazole and doxycycline are antagonistic, which suggests that these two drugs 

should not to be used together (Saraya et al., 2009). The organism is also resistant to 

gentamicin (Trunck et al., 2009) and colistin, and this intrinsic property is used in the 

identification of the organism (Ashdown, 1979).  

  Kanamycin is used to kill B. pseudomallei in the laboratory, but the 

concentrations used are much higher than those achievable in humans 

(Kespichayawattana et al., 2004). The mechanism underlying antimicrobial resistance 

of B. pseudomallei is not clear. The bacterium is thought to be able to pump drugs out 

of the cell, as well as develop low permeability for the antibiotic to pass into the cell, 

thus mediating resistance to aminoglycosides, tetracyclines, fluoroquinolones and 

http://en.wikipedia.org/wiki/Ceftazidime
http://en.wikipedia.org/wiki/Meropenem
http://en.wikipedia.org/wiki/Imipenem
http://en.wikipedia.org/wiki/Cefoperazone
http://en.wikipedia.org/wiki/Sulbactam
http://en.wikipedia.org/wiki/Antibiotic
http://en.wikipedia.org/wiki/Chloramphenicol
http://en.wikipedia.org/wiki/Doxycycline
http://en.wikipedia.org/wiki/Co-trimoxazole
http://en.wikipedia.org/wiki/Gentamicin
http://en.wikipedia.org/wiki/Colistin
http://en.wikipedia.org/wiki/Kanamycin
http://en.wikipedia.org/wiki/Aminoglycosides
http://en.wikipedia.org/wiki/Tetracyclines
http://en.wikipedia.org/wiki/Fluoroquinolones
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macrolides (Harris et al., 2011; Mima and Schweizer, 2010; Shih et al., 2008; 

Thamlikitkul and Trakulsomboon, 2010). 

 

1.4 Previous studies on porins from B. pseudomallei and V. harveyi 

1.4.1 Liposome-swelling assays of outer membrane proteins from B. 

pseudomallei 

  B. pseudomallei and B. thailandensis have the same outer membrane 

protein sequence and have highly antibiotic resistant strains. The outer membrane 

proteins of the two Burkholderia species were found to have a trimeric form with 

molecular weight of approximately 110 kDa. Topology prediction and molecular 

modeling suggested that BpsOmp38 and BthOmp38 porins are 16-stranded β-barrels 

with the 8 long loops and 7 short turn, compatible with a pore diameter of between 1.2 

and 1.6 nm (Siritapetawee et al., 2004a). The gene corresponding to an outer membrane 

BpsOmp38 was isolated from the genome of B. pseudomallei. This porin was expressed 

in E. coli as insoluble inclusion bodies and refolded. In functional liposome-swelling 

assays, both proteins showed similar permeabilities for small sugar molecules. As 

expected, L-arabinose (Mr 150), which is the smallest sugar tested, gave the highest rate 

of diffusion through the BpsOmp38 pore, followed by the diffusion rates of D-glucose, 

D-mannose and D-galactose (Mr 180), D-GlcNAc (Mr 221), and D-sucrose (Mr 342). 

D-stachyose (Mr 667) showed the slowest diffusion rate, as it has the highest molecular 

weight compared with the other sugars shown in Figure 1.12 (Siritapetawee et al., 

2004b). 

http://en.wikipedia.org/wiki/Macrolides
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Figure 1.12 Liposome-swelling assays of refolded Omp38. Diffusion rates for 

neutral saccharides were determined by liposome-swelling assays using 

proteoliposomes reconstituted with the native (A) and refolded (B) 

BpsOmp38. The following symbols represent L-arabinose (■); D-

glucose (▲); D-mannose (▼); D-galactose (♦); GlcNAc (●); D-sucrose 

(□); D-melezitose (Δ) and D-stachyose (Δ). (C) Relative permeation 

rates of sugars through liposomes reconstituted with native (∙∙∙) or 

refolded (−) BpsOmp38. The values are normalised to the permeation 

rate of L-arabinose and plotted on a logarithmic scale. 

 

A) B) 

C) 
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1.4.2 Pore-forming properties and translocation of antibiotics through 

single channel of BpsOmp38 by black lipid membrane (BLM) 

technique 

  Porins are inserted into the outer membrane lipid bilayer of the bacterial 

cell wall to form pores through which molecules can diffuse and access the periplasmic 

space and cytosol (Galdiero et al., 2007; Nikaido, 2003; Schulz, 2002). Translocation 

and membrane permeability via porins have been measured using the black lipid 

membrane (BLM) technique (Tien and Ottova, 2001; Weingart et al., 2008; 

Winterhalter, 2000). 

  BLM reconstitution was used to demonstrate the single-channel 

conductance of the trimeric BpsOmp38. High-time resolution BLM measurements 

displayed ion current blockages of seven antimicrobial agents in a concentration-

dependent manner with the binding constant (M−1) following the order: norfloxacin > 

ertapenem > ceftazidime > cefepime > imipenem > meropenem > penicillin G. The 

BLM data provide the first insight into antimicrobial agent translocation through the 

BpsOmp38 channel. The blockage event of ertapenem is shown in Figure 1.13 (Suginta 

et al., 2011).  
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Figure 1.13 Kinetic analysis of antimicrobial agent translocation through 

BpsOmp38. Effect of ertapenem concentrations. No blockage event was 

detected when the electrophysiological activity of a single trimeric 

channel was recorded in the absence of antimicrobial agents, whereas 

complete blockage events were observed with frequency directly 

proportional to the concentrations of ertapenem from 2.5, 5, 7.5, and 10 

mM. Here, only the traces for 5 and 10 mM concentrations are presented. 

 

1.4.3 Characterisation of chitooligosaccharide-specific porins from V. 

harveyi  

Recently, the gene corresponding to chitoporin (so called VhChiP) was 

isolated from the genome of V. harveyi. VhChiP was expressed in E. coli and the 

specific function of VhChiP was investigated using BLM technique. VhChiP was found 

to be able to insert into artificial membranes and formed stable, trimeric channels with 



22 
 

average single conductance of 1.86±0.3 nS. Single channel recordings at microsecond-

time resolution resolved translocation of chitooligosaccharides, with the greatest rate 

being observed for chitohexaose. The BLM trace for chitohexaose is shown in Figure 

1.14. 

  

 

Figure 1.14 Effect of chitooligosaccharides on chitoporin ion currents. A single 

channel of VhChiP was inserted in the artificial membrane in A). A fully 

open state. Then, chitooligosaccharide: B) chitobiose, C) -triose, D) -

tetraose, E) -pentaose, and F) -hexaose were added on the cis side of the 

chamber to a final concentration of 80 µM. Control recordings were 

made with G) maltopentaose and H) maltohexaose at a concentration of 

400 µM. Ion current fluctuations were monitored for 120 s at applied 

voltages of +100 mV (Suginta et al., 2013a). 
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 Liposome swelling assays showed no permeation of other 

oligosaccharides, including maltose, sucrose, maltopentaose, maltohexaose and 

raffinose, indicating that VhChiP is a highly specific channel for chitooligosaccharides, 

as shown in Figure 1.15 (Suginta et al., 2013a; Suginta et al., 2013b). 

  

 

Figure 1.15 Liposome swelling assays. Multilamellar liposomes were reconstituted 

with purified VhChiP (150 or 300 ng). The isotonic concentration was 

defined as the concentration of raffinose added into the proteoliposome 

suspension that did not cause change in absorbance at 500 nm for a 

period of 60 s. Permeation of different types of sugars through VhChiP 

reconstituted liposomes were then tested. The swelling rates were 

normalised, with the rate of swelling in arabinose set to100% (Suginta 

et al., 2013a). 
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1.4.4 Mutational effects on chitooligosaccharide permeability through 

VhChiP from V. harveyi  

Previous study showed that Trp136, located at the mouth of the VhChiP 

pore, plays an essential role in controlling the channel’s ion conductivity, chitin affinity 

and permeability. Kinetic analysis of sugar translocation obtained from single channel 

recordings indicated that the Trp136 mutations W136A, W136D, W136R, and W136F 

considerably reduced the binding affinity of the protein channel for its best substrate, 

chitohexaose. The sugar blocking events were observed to be much more irregular, 

indicating incomplete subunit blocking.  

The chitohexaose at a very low concentration (0.25 μM) blocked one 

protein monomer, and occasionally blocked a second monomer. In case of the W136 

mutants, only one channel subunit of the mutants W136A/F/D/R was partially blocked. 

At a high concentration (5.0 μM) of chitohexaose, monomeric, dimeric and even 

trimeric blockages occurred in the case of wild type VhChiP (Figure 1.16A) and W136F 

mutant (Figure 1.16D). However, at the same sugar concentration, only one subunit of 

the mutant W136A (Figure 1.16B) was blocked and dimeric blockages were 

infrequently seen with the W136R (Figure 1.16C) and W136D (Figure 1.16E) mutants. 

W136 is in the position to act as the main binding site and has an important role in the 

translocation of sugar molecule through the VhChiP channel (Chumjan et al., 2015). 
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Figure 1.16 The effect of transmembrane potentials at various concentrations of 

chitohexaose on the single channel conductance of trimeric VhChiP 

(WT) and its mutants. The single channel insertion of WT (A) and its 

mutants (B – E) were reconstituted into solvent-free lipid membrane in 

1 M KCl, 20 mM HEPES (pH 7.5) and exposed to various concentrations 

of chitohexaose (0.25, 1.25, 2.5, and 5 μM) on the cis side at a 

transmembrane potential of −100 mV (Chumjan et al., 2015). 

 

 

1.5 Research objectives 

 This PhD research project aims to address some research gaps in the crystal 

structures and some physiological functions of BpsOmp38 and VhChiP. This project is 

divided into two parts. The first part focuses on the functional characterisation to 

determine the effects of mutation on the permeability of antibiotic through BpsOmp38. 

Later, the crystal structure of the BpsOmp38 porin was determined in collaboration with 

Prof. Dr. Bert van den Berg, Institute for Cellular and Molecular Biosciences, 

Newcastle University, UK. In the second part of this study, the crystal structures of 
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VhChiP in absence and presence of chitohexose substrate are presented. In addition, the 

channel specificity has been investigated using circular dichroism and fluorescence 

spectroscopy. The objectives of this project include: 

1.5.1 Outer membrane protein from B. pseudomallei (BpsOmp38) 

1. To clone, express, and purify BpsOmp38 with His6-tag from B. 

pseudomallei. 

2. To study effects of mutation of Tyr119 on antimicrobial 

susceptibility involving BpsOmp38. 

3. To solve the 3D-structure of BpsOmp38. 

4. To determine MIC values of the E. coli harbouring 

pET23d(+)/BpsOmp38 wild type, Y119A and Y119F recombinant 

plasmids in comparison with the MIC values of B. pseudomallei 

native strain. 

5. To carry out sugar and antibiotic permeation of the recombinant 

BpsOmp38 expressed with E. coli BL21 (DE3) Omp8 Rosetta strain 

using liposome swelling assays. 

6. To determine the secondary structure and thermal unfolding of 

BpsOmp38 in the presence of selected antibiotics using circular 

dichroism (CD) spectroscopy. 

7. To determine the 3D structures, thermal unfolding, and binding 

kinetics of BpsOmp38 with antibioticusing fluorescence (FL) 

spectroscopy. 
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1.5.2 Outer membrane protein from V. harveyi (VhChiP) 

1. To solve the 3D-structures of VhChiP WT, refolded and truncated 

proteins. 

2. To carry out sugar permeation of the recombinant VhChiP expressed 

with E. coli BL21 (DE3) Omp8 Rosetta strain using liposome 

swelling assays. 

3. To determine the effects of Trp136 mutations on sugar-channel 

interactions using CD and FL spectroscopy.  

 

  



28 
 

 

 

CHAPTER II 

2  MATERIALS AND METHODS 
 

2.1 Design of oligonucleotide primers  

 2.1.1 BpsOmp38 from Burkholderia pseudomallei 

  The primers used for the generation of recombinant BpsOmp38 with 

His6-tag and signal peptide are shown below. Sequences underlined are the cloning 

sites.  

Forward primer (NcoI) = 5’ TACCATGGCAAATAAGACTGATTGTTG 3’  

Reverse primer (XhoI) = 5’ TACTCGAGGAAACGTGACGCAGACC 3’  

  The primers used for the generation of recombinant BpsOmp38 without 

His6-tag but with signal peptide are shown below. Sequences underlined are the cloning 

sites.  

Forward primer (NcoI) = 5’ TACCATGGCAAATAAGACTCTGATTGTTG 3’ 

Reverse primer (XhoI) = 5’ AATCTCGAGTTAGAAGCGGTGACGCAGAC 3’  

  The primers used for the generation of recombinant BpsOmp38 without 

His6-tag and without signal peptide are shown below. Sequences underlined are the 

cloning sites.  

Forward primer (NcoI) = 5’ GCGCCATGGGCCAAAGCAGCGTCACG 3’ 

Reverse primer (XhoI) = 5’ GCGCTCGAG GAAGCGGTGACGCAG 3’ 
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  The primers for designed mutation of BpsOmp38 Tyr119 → Ala (mutant 

Y119A) and BpsOmp38 Tyr119 → Phe (mutant Y119F) are shown below. Sequences 

underlined indicate the mutated codons.  

Mutation: Tyr119 → Ala (Y119A)  

Forward primer = 5’ CTGGGCCGTCAGGCCGACGCAACCCAAGAC 3’  

Reverse primer = 5’ GTCTTGGGTTGCGTCGGCCTGACGGCCCAG 3’  

Mutation: Tyr119 → Phe (Y119F)  

Forward primer = 5’ GGGCCGTCAGTTCGACGCAACCCAAG 3’  

Reverse primer = 5’ CTTGGGTTGCGTCGAACTGACGGCCC 3’ 

 2.1.2 VhChiP from Vibrio harveyi 

  The primers used for the generation of recombinant VhChiP (folded 

protein) without signal peptide are shown below. Sequences underlined are the cloning 

sites. 

Forward primer (NcoI) = 5’ GCGCCATGGGCGATGGTGCAAACAGTG 3’ 

Reverse primer (XhoI) = 5’ GCGCTCGAGTTAGAAGTAGTATTCAAC 3’ 

 

2.2 Expression vectors and bacterial host cells  

The expression vector pET23d(+) was used for expression of outer membrane 

protein (BpsOmp38 and VhChiP) with a signal peptide. The expression vector 

pET28a(+) was used for expression of outer membrane protein (VhChiP refolded) 

without signal peptide. E. coli DH5α strain was used as a routine host for cloning, 

subcloning and preparation of recombinant plasmid. E. coli XL1-Blue supercompetent 

cells were used as the host for transformation of the recombinant plasmid harboring the 

desired mutated DNAs. E. coli BL21 (DE3) omp8 Rosetta mutant strain lacking OmpF, 
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OmpA, OmpC and LamB was used as the expression host for all outer membrane 

proteins with signal peptide. E. coli BL21 (DE3) was used as the expression host for 

outer membrane protein without signal peptide. 

Table 2.1 Bacterium strain, the plasmids and the recombinant plasmids. 

Strains , plasmids Description Source 

Strains   

E. coli DH5α Cloning host Promega, Singapore 

E. coli XL1-Blue Desired mutant DNAs Promega, Singapore 

E. coli BL21 (DE3) Omp8 rosetta Expression host A gift from Professor 

Roland Benz, Jacob 

University Bremen, 

Germany 

E. coli BL21 (DE3) 

 

 

 

Plasmids 

Expression host 

 

 

From Professor Bert 

van den Berg’s 

laboratory, 

Newcastle 

University, UK 

pGEM - T easy Cloning vector Promega, Singapore 

pET23d (+) Expression vector Novagen, Germany 

pET28a (+) Expression vector From Professor Bert 

van den Berg’s 

laboratory, 

Newcastle 

University, UK 

pGEM - T easy/BpsOmp38 Cloning vector In-house prepared 

Recombinant plasmids   

pET23d(+)/VhChiP Wild type and Cloning 

vector  

In-house prepared 

pET23d(+)/VhChiP Y136A Mutant Trp136 → Ala In-house prepared 

pET23d(+)/VhChiP Y136F Mutant Trp136 → Phe In-house prepared 

 

2.3 Chemicals and reagents  

 Chemicals and reagents for cloning, expression and crystallisation of outer 

membrane proteins were analytical grade unless otherwise stated. Pƒu DNA 
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polymerase, dNTP mix, Pƒu polymerase buffer, magnesium chloride, DpnI, NcoI, XhoI 

restriction enzymes are products of Promega. QIA prep spin Mini prep kit , Ni-NTA 

superflow, bovine serum albumin (BSA), isopropyl-β-D-thiogalactopyranoside 

(IPTG), bacto tryptone, bacto yeast extract, agar, calcium chloride, potassium chloride, 

sodium chloride, sodium tetraborate, sodium acetate, sodium hydroxyl disodium 

ethylenediaminetetraacetic (EDTA), glycerol, lysozyme, glycine, imidazole, tris base, 

sodium dodecyl sulphate (SDS), acrylamide, N,N´-methylene bisacrylamide, TEMED, 

ammonium persulfate, coomassie brilliant blue R-250, and 2-mercaptoethanol are 

products of Sigma-Aldrich (St. Louis, MO, USA). DNaseI and RNaseA were purchased 

from Pacific Science Co., LTD. Ampicillin and kanamycin were products of USB 

Corporation (Cleveland, OH, USA). Micro-Bridge, Imp@ct Plate, Cryschem PlateTM, 

Limbro Plate®, VDX Plate GreasedTM, 20 and 18 mm Siliconised glass cover, Crystal 

Screen HR114 (Hampton reserch) and JBS Screen Kits (JBS), SaltRx HT, Index HT, 

2,4-dimethyl-5-pentanediol (MPD), A’s oil and Crystal Clear sealing tape and 96 well 

CrystalQuickTM plates were products of Hampton Research. 

 

2.4 Instrumentation 

 Instruments used in this study included a Sonopusl Ultrasonic homogeniser with 

a 6-mm diameter probe (Sonics, Connecticut, USA), a PCR thermocycler (Perkin 

Elmer, Massachusetts, USA), a DNA gel apparatus (Myrunnc, Ontario, Canada), protein 

gel apparatus plus with a compatible power supply (BIO-RAD, California, USA), 

Genway UV-VIS spectrophotometer (Thermo Scientific, Dreieich, Germany), Gel 

Document system (BIO-RAD, Milan, Italy), microtiter plate reader (Anthos, 
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Cambridge, UK), AKTA prime purification system (GE Healthcare, Uppsala, Sweden), 

and Stereo Microscope mounted with a video camera (ZEISS, Oberkochen, Germany). 

 

2.5 Methodology 

Part I: Outer membrane protein (BpsOmp38) from Burkholderia 

pseudomallei 

2.5.1 Structural and functional characterisation of BpsOmp38 from B. 

pseudomallei 

2.5.1.1 Antimicrobial susceptibility assay  

 MIC values were determined from 4 – 6 trials (the reaction 

was set up in triplicate for each trial) by the Mueller-Hinton (MH) two-fold dilution 

method, following the Clinical and Laboratory Standards Institute (CLSI) guidelines 

(Wikler, 2006). Different classes of antimicrobial agents were used for the 

susceptibility tests, which include: class 1 (penicillins): penicillin G and amoxicillin; 

class 2 (cephalosporins): ceftazidime, cefoxitin and cefepime; class 3 (carbapenems): 

meropenem, imipenem and doripenem; class 4 (fluoroquinolones): norfloxacin and 

ciprofoxacin; class 5 (quinolone carboxylic acid): enrofloxacin; class 6 (sulfonamide-

trimethoprim): co-trimoxazole; and class 7 kanamycin and gentamicin. MIC values 

were evaluated with the cells grown in the presence of 50 μg mL−1 phenylarginine-β-

naphthylamide (PAβN), an inhibitor of RND-type multidrug efflux pumps (Kern et al., 

2006; Tran et al., 2010). B. pseudomallei or E. coli BL21 (DE3) Omp8 Rosetta cells, 

transformed with an empty pET23d(+) vector or with the recombinant vector 

pET23d(+)/BpsOmp38, were streaked onto LB agar plates and incubated at 37 °C for 
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16 h. Single colonies of the bacteria were grown in 5 mL of MH medium and incubated 

at 37 °C for an additional 16 h.  

   To assess the effect of the plasmid-derived β-lactamases on 

penicillin antimicrobial agents, 10 μL aliquots of the cell culture (diluted to OD600 of 

0.1 or equivalent to 104 – 105 CFU mL−1) were transferred into a 96-well plate, each 

well containing 90 μL LB medium and two-fold dilutions of penicillin G or amoxicillin 

mixed with clavulanic acid in a ratio of 2:1. After incubation at 37 °C for 24 h, MIC 

values were evaluated in comparison with the breakpoints for Pseudomonas spp. as 

recommended by the European Committee on Antimicrobial Susceptibility Testing-

EUCAST (http://www.eucast.org/). 

2.5.1.2 Topology structure prediction 

 The structural model of BpsOmp38 was automatically built by 

the program Modeller suite. Initially, several iterations of the PSI-BLAST protein 

sequence search program in the PDB database were performed to allow detection of 

remote homologues of the BpsOmp38 porin. Only the templates with non-redundant 

structures were kept and further used for building the homology model. The template 

included the PDB codes 3K1B (OmpF from E. coli). Sequence alignment revealed a 

complete coverage of the homology sequence, although only about 20% sequence 

identity was observed between the BpsOmp38 and the template amino acid residues. 

The structural model of the BpsOmp38 trimers was further generated by the Modeller 

program (Eswar et al., 2008), from which the representative model was defined as the 

one that minimised both the overall Modeller objective function and the Dope score 

evaluation function.  
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 Finally, the final best model was assessed with the energetic-

based validation suite ProQ (Wallner and Elofsson, 2003) and the geometric based 

PROCHECK, with the latter showing only 2.8% of Ramachandran disallowed regions 

and absence of close (or “bad”) contacts. The mutated structures of BpsOmp38Y119A 

and BpsOmp38Y119F were created using the program WinCoot (version 0.8.6.1) 

(http://www.ysbl.york.ac.uk/~lohkamp/coot/) and displayed by PyMol (version 

1.8.6.1) (https://sourceforge.net/projects/pymol/). 

2.5.1.3 PCR amplification of the cDNA encoding BpsOmp38  

 Previously a technique demonstrated by Siritapetawee et al. 

(2004b) has successfully expressed BpsOmp38 porin using cDNA construct without 

signal peptide and His6-tag. In this study, the purity of porin was further improved with 

the use of a new BpsOmp38 DNA construct with signal peptide and His6-tag. The 

introduction of His6-tag in the cDNA also improved the ease of purification of 

BpsOmp38, while the signal peptite enabled the folding of protein according to the 

structure of native protein expressed in the outer membrane. More importantly, porin 

expressed with this new cDNA construct enabled the BLM analyses with its ability to 

insert into lipid bilayer. The full-length cDNA encoding BpsOmp38 was amplified by 

PCR reaction using the pGEM-T easy/BpsOmp38 as DNA template (Siritapetawee et 

al., 2004b).  

 The PCR reaction comprises DNA template, 10x Pfu buffer, 

10 mM dNTP mix, 10 µM primer, 25 mM MgCl2, and 1 unit of Pfu DNA polymerase. 

The reaction was amplified in GeneAmp® PCR system 9700 thermocycler. The DNA 

template was initially denatured for 2 min at 98 °C, then denatured for 1 min at 98 °C 

and subjected to 30 cycles of annealing at 50 °C, for 30 sec and extension at 72 °C for 

http://www.ysbl.york.ac.uk/~lohkamp/coot/
https://sourceforge.net/projects/pymol/
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3 min , followed by a final extension for 5 min at 72 °C. PCR products were resolved 

on 1% agarose gel. The DNA insert of expected size (about 1.12 kbp) was excised, and 

then ligated into pGEM-T cloning vector, according to the Promega Manufacturer’s 

instruction. 

 For addition of A-tailing into PCR products, (reaction 

comprises purified PCR, 10x buffer, 2 mM MgCl2, 10 mM ATP and Taq DNA 

polymerase). Deionised water was added to make up a final volume of 10 µL. The 

reaction mixture was then incubated at 70 °C for 15 – 30 min. The amounts of DNA 

insert used for ligation are calculated as follows: 

 
(ng of vector × kb size of insert)

kb size of vector
× (insert : vector molar ratio) =  ng of insert 

 

Ligation reaction mixture was made by mixing 2x T4 DNA ligase buffer, 50 ng of 

pGEM-T easy vector (3 kbp), PCR products and 0.3 unit of T4 DNA ligase. Deionised 

water was added to make up a final volume of 25 µL. The reaction mixture was then 

incubated overnight at 4 °C. 

2.5.1.4 Cloning of DNA encoding BpsOmp38 into pET23d(+) and 

confirmation of DNA insert 

 Five microliters of the ligated products were transformed into 

100 µL of E. coli DH5α competent cells, using a standard protocol. Single colonies, 

which carried the plasmid containing the BpsOmp38 DNA insert, were subjected to 

plasmid extraction using High-Speed plasmid mini kit (Geneaid Biotech Ltd., USA) 

and analysed by 1% agarose gel electrophoresis. 
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 The purified plasmids (pGEM-T easy/BpsOmp38) were 

further digested with the restriction enzymes XhoI and NcoI to obtain cohesive ends for 

further ligation. Double digestion reactions comprised 10 µg DNA insert, 2 µL of 10x 

NEB buffer, 10 units of XhoI and 10 units of NcoI. Sterilised H2O was added to a final 

volume of 20 µL. The reaction mixture was then incubated at 37 °C for 3 h and the 

reaction was inactivated at 65 °C for 15 min. The digestion products were separated by 

agarose gel electrophoresis and purified by the QIAQuick gel extraction kit (QIAGEN, 

USA).  

 The purified BpsOmp38 cDNA was then ligated into 

pET23d(+) vector. The reaction mixture was made up of 1 µL of 10x rapid ligation 

buffer, 50 ng purified pET23d(+) vector, 45 ng DNA insert of the BpsOmp38 DNA, 1 

unit T4 DNA ligase, and sterile distilled water to bring the volume up to 20 µL. The 

ligation reaction mixture was then incubated at 4 °C overnight. The total reaction 

mixture was transformed into E. coli DH5α strain. The bacterial cells were grown in 

LB broth contained 100 µg mL−1 ampicillin and the recombinant plasmid was isolated 

by using the QIAPrep Spin Miniprep kit (QIAGEN, USA). 

2.5.1.5 Mutation design and site-directed mutagenesis of 

pET23d(+)/BpsOmp38  

 Amino acid alignment revealed that Tyr119 located at the 

centrel of the BpsOmp38 pore may be important for pore size restriction. To 

demonstrate the functional role of Tyr119, this residue was mutated by site-directed 

mutagenesis. The pET23d(+) plasmid harboring BpsOmp38 was used as the DNA 

template. Mutations of the desired nucleotides were carried out using PCR-based 

strategy, employing the mutagenic primers as described in Section 2.1.1. The PCR 
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reaction mixtures were made of DNA template, 10x Pfu buffer, 10 mM dNTP mix, 10 

µL primer, 25 mM MgCl2, and 1 unit of Pfu DNA polymerase. These reaction mixtures 

were amplified at optimal conditions in GeneAmp® PCR system 9700 thermocycler. 

The success of PCR amplication was verified by agarose gel electrophoresis. 

 The PCR products were then digested with DpnI restriction 

enzyme to remove the non-mutated parental strand. The DpnI-treated DNA was 

transformed into XL1-Blue supercompetent cells. Then, the transformed cells were 

spread on LB agar 100 µg mL−1 ampicillin. The recombinant plasmids obtained from 

the positive colonies were extracted using Qiagen Plasmid Miniprep. After correct 

mutations were confirmed by automatic DNA sequencing, the plasmids carrying the 

mutated gene were transformed into E. coli BL21 (DE3) Omp8 Rosetta cell for protein 

expression. 

2.5.1.6 Native protein expression and purification of BpsOmp38  

 For expression and purification of the recombinant 

BpsOmp38 variants, transformed cells were grown at 37 °C in Luria-Bertani (LB) 

liquid medium containing 100 μg mL−1 ampicillin and 25 μg mL−1 kanamycin. At an 

OD600 reading of 0.5, IPTG (isopropyl β-D-thiogalactoside) was added to a final 

concentration of 0.4 mM. Cell growth was continued for another 6 h and cells were then 

harvested by centrifugation at 4,500 rpm for 10 min. The cell pellet was re-suspended 

in buffer containing 20 mM Tris-HCl, pH 8.0, 2.5 mM MgCl2, 0.1 mM CaCl2, 10 μg 

mL−1 DNase I and 10 μg mL−1 RNase A and then disrupted using a high-pressure 

homogeniser (EmulsiFlex-C3, Avestin Europe, Mannheim, Germany).  

 The recombinant BpsOmp38 was further extracted from the 

peptidoglycan layer using sodium dodecyl sulfate (SDS)-containing solutions, based on 
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a procedure reported by Lugtenberg and Van Alphen (1983). Briefly, SDS was added 

to the cell suspension to a final concentration of 2% (w/v) and incubation was carried 

out for 1 h at 50 °C with gentle shaking. The crude extract was then centrifuged at 

22,000 rpm for 60 min at 4 °C. The pellet, which at this stage including the cell 

envelopes, was re-suspended in 20 mM phosphate buffer saline (PBS), pH 7.4, 

containing 0.125% (v/v) octyl-POE (N-octyl-polyoxyethylene; ALEXIS Biochemicals, 

Lausanne, Switzerland). The suspension was incubated at 37 °C with gentle shaking 

for 60 min and then centrifuged at 40,000 rpm at 4 °C for 40 min. The new pellet, 

enriched in outer membranes, was re-suspended in 20 mM PBS, pH 7.4 containing 3% 

(v/v) octyl-POE and the suspension was incubated at 37 °C with gentle shaking for 1 h 

to solubilise the porin. Insoluble material was removed by centrifugation at 40,000 rpm 

at 20 °C for 40 min and the porin-rich supernatant was concentrated and exchanged into 

a new buffer containing 0.2% (v/v) LDAO (lauryldimethylamine oxide) using Amicon 

Ultra-15 centrifugal filter devices with a MW limit of 30 kDa (Millipore, Schwalbach, 

Germany).  

 BpsOmp38 was further purified by cation exchange 

chromatography using a Hitrap SP HP column (5 × 1 mL) connected to an ÄKTA Prime 

plus FPLC system (GE Healthcare Life Sciences). The chromatography was performed 

at 25 °C with a constant flow rate of 1.0 ml min−1. BpsOmp38 was eluted with a linear 

gradient of 0 – 1 M KCl in 20 mM Tris-HCl, pH 8.0 containing 0.2% (v/v) LDAO. The 

purity of the eluted proteins was confirmed by SDS-PAGE. Fractions containing only 

the BpsOmp38 were pooled and the protein concentration was determined using the 

Pierce BCA protein assay kit (Bio-Active Co., Ltd., Bangkok, Thailand). 
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2.5.1.7 Immunological analysis 

 Immunoblotting was performed following the standard ECL 

protocol. Purified BpsOmp38 (5 μg) was resolved on a 10% SDS-PAGE gel, and after 

electrophoresis, the protein was transferred to a nitrocellulose membrane using a Trans-

Blot SD semi-dry electrophoretic transfer cell (Bio-Rad Laboratories Ltd., Bangkok, 

Thailand). Cross-reactivity of different porins was tested using specific antibodies 

against BpsOmp38, E. coli OmpF, E. coli OmpN, and Vibrio harveyi VhChiP. Signals 

representing antibody-antigen interaction were detected with HRP-conjugated IgG, 

using the enhanced chemiluminescence method (ECL, Amersham, UK). Rabbit anti-

BpsOmp38 serum was prepared in our laboratory as described by Siritapetawee et al. 

(2004a). Immunoblotting was performed using a 1:10,000 dilution of anti-BpsOmp38 

antiserum and 1:20,000 dilution of goat anti-rabbit HRP antiserum in PBS, pH 7.4, 

containing 2% (w/v) fat free dried milk. 

2.5.1.8 Pore conductance analysis  

 Black lipid membrane (BLM) reconstitution technique was 

used to demonstrate the pore-forming properties of the BpsOmp38 variants. Ion channel 

measurements were performed as described by Schulte et al. (2009). The BLM setup 

included a patch clamp amplifier with a two-electrode bilayer head-stage (PC-ONE 

plus PC-ONE-50, Dagan Corporation, Minneapolis, MN, USA), a Faraday cage placed 

on a vibration-dampening table, an A/D converter and software for computer-controlled 

operation (PULSE program, HEKA Elektronik, Lambrecht, D). 

 In the BLM setup, a 1.5 mL Delrin cup with a 200-μm hole 

was fitted tightly into one of the two wells of a polymer bilayer chamber. The interior 

of the cup (cis) and the vacant well (trans) were filled with the 1M KCl electrolyte 
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solution into which the two Ag/AgCl electrodes, connected to the amplifier’s head-

stage, were immersed. Routinely, the trans electrode was voltage-clamped with respect 

to the cis electrode, which was connected to the ground pin of the amplifier headstage. 

BLM recordings were formed by painting L-α-phosphatidylchloline (azolectin) 

dissolved in hexane (50 mg mL−1) over a cup aperture that had been treated earlier with 

a few microliters of hexadecane/hexane (1:100 v/v), and allowed to air-dry. For 

BpsOmp38 experiments the BLM had to display a capacitance of about 100 pF and give 

a stable, virtually leak-free current signal throughout minute-long recordings at 

constant potentials. After electrolyte (1 M KCl) was added to both sides of the BLM 

chamber, a stock solution of the purified BpsOmp38 (100 µg ml−1) in 20 mM phosphate 

buffer, pH 7.5 and 0.2% (v/v) LDAO) was added into the cis chamber. BpsOmp38 

insertions were induced when an external transmembrane potential of +200 or −200 

mV was applied. Membrane current (Im) recordings were made at 25 °C with the 

membrane potential across the phospholipid bilayer kept at defined constant values 

between ±25 and ±150 mV.  

 The acquired data were filtered with a 3-pole low-pass Bessel 

filter at 1 kHz and saved into the computer memory with a 1 ms (1 kHz) sampling 

interval. The membrane activity in terms of current flow was analysed directly with 

PULSE acquisition software. Stored traces were handled with Microsoft Office Excel 

2010 and GraphPad Prism v.5.0 (GraphPad Software Inc., San Diego, CA).  

2.5.1.9 Liposome Swelling Assays  

 The trimeric BpsOmp38 channel was reconstituted into 

liposomes as described previously (Luckey and Nikaido, 1980; Yoshimura and 

Nikaido, 1985). Soybean L-α-phosphatidylchloline (Sigma-Aldrich) (20 mg mL−1, 
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freshly prepared in chloroform) was used to form multi-lamellar liposomes. For 

proteoliposome preparation, 200 ng of BpsOmp38 was reconstituted into the liposomes 

by brief sonication, and 15% (w/v) dextran (Mr 40,000) was subsequently entrapped in 

the proteoliposomes. The isotonic solute concentration was determined by mixing 

different concentrations of D-raffinose (prepared in 20 mM HEPES buffer, pH 7.5) with 

the liposome suspension. The concentration of D-raffinose that produced no liposome 

swelling or shrinking was the ‘isotonic concentration’. This value was used for the 

adjustment of isotonic concentrations of other solutes.  

 Twenty microliters of liposome or proteoliposome solution 

was diluted into 600 μL of the isotonic test solution in a 1-mL cuvette and mixed 

manually. The initial rate of swelling upon addition of the isotonic sugar solutions was 

monitored using a spectrophotometer with the wavelength set at 500 nm. The apparent 

absorbance change over the first 60 sec was used to estimate the swelling rate (s−1) 

using the equation: Φ=(1/Ai)dA/dt, in which Φ is the swelling rate, Ai the initial 

absorbance, and dA/dt the rate of absorbance change during the first 60 s. The swelling 

rate for each sugar was normalised by setting the rate with the smallest sugar, L-

arabinose (Mr 150), to 100%. The values were shown as the averages obtained from 

four to six determinations. Protein-free liposomes and proteoliposomes without sugars 

or antimicrobial agents were used as negative controls.  

 The sugars tested were D-glucose (Mr 180), D-mannose (Mr 

180), D-galactose (Mr 180), N-acetylglucosamine (GlcNAc, Mr 221), D-sucrose (Mr 

342) and D-melezitose (Mr 522). Antimicrobial agents used in liposome swelling assays 

were meropenem (Mr 383), imipenen (Mr 299), doripenem (Mr 421), ceftoxitin (Mr 

428), cefepime (Mr 481) and ceftazidime (Mr 637).  
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2.5.1.10 Statistical analysis  

 The significance of antimicrobial susceptibility tests for Bps 

and for E. coli expressing BpsOmp38 variants against 14 antimicrobial agents was 

evaluated using ±log2 dilution analysis, following the description in previous reports 

(Amsler et al., 2010; Luber et al., 2003), and one-way ANOVA, available in GraphPad 

Prism v. 5.0. The statistical significance of ion conductances and relative permeability 

rate of sugars and antimicrobial agents of the three BpsOmp38 variants was evaluated 

by one-way ANOVA. 

2.5.1.11 Binding studies using BLM technique 

 The antibiotic diffusion through single channel conductance 

was carried out following Chumjan et al. (2015). Briefly, the small aperture of 40 – 60 

µm on a 25-µm-thick Teflon partition separating two cell chambers was pre-treated 

with three times 2 µL 1% (v/v) hexadecane in hexane (Sigma-Aldrich) by simple drop-

loading on both sides of the film. The partition film was then left to dry for 10 min. 

Then, the chambers were filled with 1 M KCl with 20 mM HEPES (adjusted to pH 7.5) 

as the electrolyte solution and Ag/AgCl electrode was immersed into both sides of the 

Teflon film. One of the electrodes was used as ground (cis) whereas the other electrode 

was connected (trans) to the headstage. 

 Then, lipid bilayer was formed by adding 2-5 µL 5 mg mL−1 

DPhPC (1,2-Diphytanoyl-sn-glycero-3-phosphatidyl-choline) lipid in pentane into 

each side of the chamber followed by raising and lowering the solution. After the 

establishment of a stable planar lipid bilayer, the concentration of BpsOmp38 in the cis 

chamber was gradually increased by adding 1 – 10 μL of 100 μg mL−1 protein. This 

was done until a single trimeric channel insertion into the lipid bilayer was achieved. 



43 
 

To prevent multiple-channel insertion, the protein solution was then gently diluted with 

1 M KCl in 20 mM HEPES (pH 7.5). 

 The current of the single channel was recorded for 2 min with 

a ±100 mV applied voltage and 10 kHz low filter on a HAKA instrument. After that, 

antibiotics under study, i.e. meropenem (Mr 383), imipenen (Mr 299), doripenem (Mr 

421), cefoxitin (Mr 428), cefepime (Mr 481) and ceftazidime (Mr 637) were added into 

the chamber, respectively. The current trace was then recorded for 2 min, each for 

voltage at +100 and −100 mV. 

 The equilibrium binding constant K (M−1) was estimated from 

the decrease in the ion conductance in the presence of increasing concentrations of 

antibiotics using the following equation 1 (Benz and Hancock, 1987):  

 

Gmax-Gc/Gmax = Imax-Ic/Imax = K[c]/(K[c]+1)              Eq. 1 

 

Gmax is the average conductance of the fully open BpsOmp38 channel, and Gc is the 

average conductance at a given concentration [c] of antibiotic. Imax is the initial current 

through the fully open channel in the absence of antibiotics, and Ic is the current at a 

particular antibiotics concentration. The titration experiments could also be analysed 

using double reciprocal plots. 

2.5.1.12 Thermal unfolding using circular dichroism (CD) 

spectroscopy 

 CD spectra were obtained with a JASCO J-815 CD 

Spectrometer. Far ultraviolet CD spectra of the BpsOmp38 were obtained in 20 mM 

phosphate buffer, pH 7.5 and 0.2% LDAO. For the thermal unfolding curves of 

BpsOmp38, the CD value at 218 nm was monitored while raising the solution 
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temperature at a rate of 1 °C min−1 by a temperature controller (PTC-423L, Jesco). 

Protein and antibiotics (meropenem (Mr 383), imipenen (Mr 299), doripenem (Mr 421), 

ceftoxitin (Mr 428), cefepime (Mr 481) and ceftazidime (Mr 637)) at final 

concentrations of 10 μM and 10 mM were respectively added to a 200 μL quartz 

cuvette. The fraction of unfolded protein was calculated from the CD intensity 

difference between folded and fully unfolded protein. This fraction was then plotted 

against temperature. The theoretical curve was fitted to the experimental data obtained 

by non-linear least square fitting procedure. Tm values for each unfolding process were 

obtained by directly fitting to the sigmoidal curve function Boltzman in Origin Pro8 

(OriginLab Software, MA, USA) (Charalambous et al., 2009). 

2.5.1.13 Thermal unfolding using fluorescence spectroscopy 

 Initial unfolding experiments with BpsOmp38 were carried 

out in a JASCO FP-6200 fluorescence spectroscopy. The excitation wavelength of 295 

nm was set, while the emission wavelength was scanned from 190 to 260 nm at 25 °C. 

For thermal unfolding experiment, the fluorescence intensity at Fmax of 340 nm was 

monitored raising the solution temperature at a rate of 1 °C min−1 by a temperature 

controller (PTC-423L, Jesco) to cover the temperature range of 25 to 115 C, with 

excitation and emission slit widths set at 10 and 20 nm, respectively. Protein and 

antibiotics at final concentrations of 1 μM and 1 mM were respectively added to a 500 

μL quartz cuvette. The antibiotics tested were meropenem (Mr 383), imipenen (Mr 299), 

doripenem (Mr 421), ceftoxitin (Mr 428), cefepime (Mr 481) and ceftazidime (Mr 637). 

The fraction of unfolded protein was calculated from the fluorescence intensity 

difference between folded and fully unfolded proteins. This fraction was then and 

plotted against temperature. The theoretical curve was fitted to the experimental data 
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by non-linear least square fitting procedure. Tm values for each unfolding process were 

obtained by directly fitting to the sigmoidal curve function Boltzman in Origin Pro8 

(OriginLab Software, MA, USA) (Charalambous et al., 2009). The equation is given in 

Eq 2. 

 y = [(Ai − Af) / ((1/ (1+ e (x − Tm) / dx))] + Af  Eq. 2 

Ai and Af are initial and final values of unfolding fraction; Tm refers to values for 

unfolding process (°C) and x is the temperatures (°C) at a given the values of unfolding 

fractions (y). 

2.5.1.14 Binding studies using fluorescence quenching 

 The purified BpsOmp38 (200 ng μL−1, in 20 mM phosphate 

buffer, pH 7.4 and 0.2% (v/v) LDAO) was titrated with antibiotic at 25±3 °C. Changes 

in the intrinsic tryptophan fluorescence intensity were monitored directly with an LS-

50 fluorescence spectrometer (Perkin-Elmer Limited, Thailand). The excitation 

wavelength was set to 295 nm and emission spectra were collected over the range 300-

550 nm, with excitation and emission slit widths set at 5 and 10 nm, respectively. The 

spectrum of each protein was corrected for the blank spectrum. Binding curves were 

evaluated with a nonlinear regression function available in Prism version 6.0 (GraphPad 

Software, California, USA) using a model based on a single binding-site. To estimate 

the dissociation constant, relative fluorescence ΔF = (F0 − Fc) was plotted as a function 

of antibiotic concentration, yielding a rectangular hyperbolic curve. This curve allows 

the calculation of the dissociation constant for the antibiotics using a single-site binding 

model, according to Eq. 3 (Neves et al., 2005; Songsiriritthigul et al., 2008; Srivastava 

et al., 2006): 
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ΔF = F0−Fc = (F0−Fmin)K[c]/(1+K[c])              Eq. 3 

 

ΔF is the difference between fluorescence intensity before and after addition of the 

antibiotic (ligand); F0 refers to the maximum emission intensity in the absence of 

antibiotic; Fmin is the minimum emission intensity; Fc is the emission intensity at a given 

concentration of ligand; [c] is the concentration of ligand; and K is the equilibrium 

binding constant (M) (Kullman et al., 2002). The free energy binding (ΔGbinding) can be 

estimated from the following relationship to Eq. 4: 

 

ΔGo = −RT lnKB             Eq. 4 

 

At equilibrium under conditions of constant pressure, the binding constant K is related 

to the standard Gibbs free-energy change (ΔGo) of the reaction through, where R is the 

gas constant (8.314472 J mol−1 K−1) and T is the temperature (in Kelvin). 

2.5.1.15 Thermodynamic parameters and the binding using 

fluorescence quenching  

 The experiment is similar to the binding studies using 

fluorescence quenching with exception that the temperatures applied were 25, 30, 35, 

40, and 45 °C. The thermodynamic parameters were calculated in order to elucidate the 

interaction between the BpsOmp38 and antibiotics. The thermodynamic parameters 

were determined from the Van’t Hoff equation to Eq. 5: 

 

ln Ka = − (ΔH/RT) + (ΔS/R)             Eq. 5  

 

Where ΔS is the entropy change; constants Ka are equilibrium binding quenching 

constant at the corresponding temperature. R is the gas constant (8.314472 J mol−1 K−1). 
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The enthalpy change (ΔH) and the entropy change (ΔS) can be determined from the 

slope and y-intercept of the fitted curve of ln Ka against 1/T respectively. The free 

energy change (ΔG) was estimated from the following relationship Eq. 6: 

 

ΔG = ΔH − TΔS              Eq. 6  

 

The Binding and Van’t Hoff curves were plotted in Prism version 6.0 (GraphPad 

Software, California, USA) (Sun et al., 2006). 

2.5.1.16 Crystallisation and structure solution of BpsOmp38 

 Initial crystallisation trials for BpsOmp38 were performed at 

22 °C by sitting-drop vapour diffusion using MemGold1- and MemGold2-Screen from 

Molecular Dimensions (Molecular Dimensions Limited, Suffolk, UK) with a mosquito 

robot (TTP Labtech Ltd, Hertfordshire, UK). The initial hits were optimised by fine-

screening with larger drops by hanging drop vapour diffusion. Crystals in space group 

P212121 were grown in 33% (v/v) PEG 400, 0.1 M magnesium chloride, 0.1 M sodium 

chloride 0.1 M Tris pH 8.5 and 5% water. Crystals were directly flash-frozen in liquid 

nitrogen. A data set was collected at IO2 at the Diamond Light Source (DLS), UK. The 

crystals, derived from in vitro folded BpsOmp38. The protein model was refined with 

REFMAC. Phases for BpsOmp38 was obtained by molecular replacement using 

MOLREP with the refined structure of Omp32 from Delftia acidovorans (PDB ID 

2FGR) as a search model. Model building was performed using WinCOOT and the 

structure was refined with PHENIX. The programs MolProbity and PROCHECK were 

used to evaluate the final model and PyMOL (Schrödinger, LLC) was used for the 

visualisation of the protein structures. 

  



48 
 

Part II: Chitoporin (VhChiP) from Vibrio harveyi 

2.5.2 Structure and functional properties of outer membrane protein 

(VhChiP) from Vibrio harveyi 

2.5.2.1 Structure Prediction of VhChiP 

 The structural model of VhChiP was built by the automated 

Modeller. The structures of VhChiP and its mutants were modelled using the X-ray 

structure of PorB (PDB 3VY9) from Neisseria meningitidis as structure template 

(Kattner et al., 2013). The mutated structures of VhChiP W136F and VhChiP W136A 

were created using the program WinCoot (version 0.8.6.1) 

(http://www.ysbl.york.ac.uk/~lohkamp/coot/) and displayed with PyMol (version 

1.8.6.1) (https://sourceforge.net/projects/pymol/). 

2.5.2.2 Expression and purification of VhChiP variants 

 Production of wild type and mutated VhChiP with V. harveyi 

clones was done as described previously by Chumjan et al. (2015). Recombinant wild-

type VhChiP and the W136A and W136F mutants were expressed and purified, 

following the protocol originally described by Garavito and Rosenbusch (1986). In 

brief, transformed cells were grown at 37 °C in Luria-Bertani (LB) liquid medium 

containing 100 μg mL−1 ampicillin, 25 μg mL−1 kanamycin and 1% (w/v) glucose. At 

an OD600 of 0.6 – 0.8, isopropyl β-D-thiogalactoside (IPTG) was added to a final 

concentration of 0.5 mM. Cell growth was continued for further 6 h and cells were then 

harvested by centrifugation at 4,500 × g at 4 ºC for 20 min. The cell pellet was 

resuspended in a buffer containing 20 mM Tris-HCl, pH 8.0, 2.5 mM MgCl2, 0.1 mM 

CaCl2, 10 μg mL−1 DNaseI and 10 μg mL−1 RNaseA. Cells were lysed by sonication on 

ice for 10 min (30% duty cycle; amplitude setting 20%) using a Sonopuls Ultrasonic 

http://www.ysbl.york.ac.uk/~lohkamp/coot/
https://sourceforge.net/projects/pymol/
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homogeniser with a 6 mm diameter probe. The VhChiP was extracted with sodium 

dodecyl sulphate (SDS), based on the method of Lugtenberg and Alphen (1983). 20% 

(w/v) SDS stock solution was added into the lysed cell suspension to obtain a 2% (w/v) 

final concentration, followed by incubation at 50 °C for 1 h with gentle stirring, and 

centrifugation at 40,000 × g at 4 °C for 60 min. WT and mutant VhChiPs were extracted 

from the pellets, which were enriched in outer membranes, in two steps. In a pre-

extraction step, the pellet was washed with 15 ml of 0.125% noctyl POE (N-

octylpolyoxyethylene) in 20 mM phosphate buffer pH 7.4 (ALEXIS Biochemicals, 

Lausen, Switzerland), homogenised with a Potter-Elvehjem homogeniser, incubated at 

37 °C for 60 min then centrifuged at 100,000 × g, 4 °C for 40 min. In the second step, 

the pellet from centrifugation at 100,000 × g was resuspended in 10 – 15 ml of 3% (v/v) 

N-octyl POE in 20 mM phosphate buffer pH 7.4, then homogenised with a Potter-

Elvehjem homogeniser and incubated at 37 °C for 60 min, followed by further 

centrifugation at 100,000 × g, 4 °C for 40 min. The detergent was then exchanged with 

0.2% (v/v) LDAO (lauryldimethylamine oxide, Sigma-Aldrich) through dialysis. The 

supernatant obtained was subjected to ion exchange chromatography on a HiTrap Q HP 

prepacked column (5 × 1 ml), connected to an ÄKTA Prime plus FPLC system (GE 

Healthcare Life Sciences, Life Sciences Instruments, ITS (Thailand) Co., Ltd., 

Bangkok, Thailand). Bound proteins were eluted with a linear gradient of 0 – 1 M KCl 

in 20 mM phosphate buffer, pH 7.4 containing 0.2% (v/v) LDAO. The purity of the 

eluted proteins was checked by SDS-PAGE and verified immunoblotting. Fractions 

containing only VhChiP were pooled and the protein concentration was determined 

using the Pierce BCA protein assay kit (Bio-Active Co., Ltd., Bangkok, Thailand).  
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2.5.2.3 Confirmation of VhChiP expression by immunoblotting 

 Purified VhChiP (5 μg) was resolved on a 10% 

polyacrylamide-SDS gel. After electrophoresis, the protein was transferred to a 

nitrocellulose membrane using a Trans-Blot SD semidry electrophoretic transfer cell 

(Bio-Rad Laboratories Ltd., Bangkok, Thailand). Cross-reactivity of different porins 

was tested using specific antisera against E. coli OmpN and V. harveyi ChiP. Antibody-

antigen interaction was detected with HRP-conjugated IgG, using the ECL method 

(Amersham, UK). Rabbit anti-VhChiP antiserum was prepared in our laboratory as 

described by Suginta et al. (2013a). Immunoblotting was performed using a 1:40,000 

dilution of anti-VhChiP antiserum and 1:20,000 dilution of goat anti-rabbit HRP 

antiserum in PBS, pH 7.4, containing 2% (w/v) fat free dried milk. 

2.5.2.4 Thermal unfolding assay using circular dichroism (CD) 

 CD measurements were carried out using a JASCO J-815 CD 

Spectrometer. Far ultraviolet CD spectra of the VhChiP were obtained in 20 mM 

phosphate buffer, pH 7.5 and 0.2% LDAO. Thermal unfolding curves of the VhChiP 

were plotted by monitoring the CD value increment at 220 nm while raising the solution 

temperature at a rate of 1 °C min−1 by a temperature controller (PTC-423L, Jesco) and 

temperature range of 25 to 100 °C were recorded. VhChiP and substrate 

(chitooligosacharides ((GlcNAc)n, n = 1, 2, 3, 4, 5, and 6)) were added into a 200 μL 

quartz cuvette creating a mixture with final concentration of protein and substrate at 10 

μM and 10 mM, respectively. The fraction of unfolded protein was calculated from the 

CD intensity difference between folded and fully unfolded protein. This fraction was 

then plotted against temperature. The theoretical curve was fitted to the experimental 

data obtained by a non-linear least square fitting procedure based on equation 2. Tm 
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values for each unfolding process were obtained by directly fitting to the sigmoidal 

curve function Boltzman in Origin Pro8 (OriginLab Software, MA, USA) 

(Charalambous et al., 2009). 

2.5.2.5 Thermal unfolding assay using fluorescence spectroscopy 

 Fluorescence measuements were obtained by JASCO FP-

6200 spectroscopy. VhChiP in 20 mM phosphate buffer, pH 7.5 and 0.2% LDAO was 

excited with wavelength 295 nm. The maximum fluorescence intensity at the emission 

wavelength 340 nm was monitored while raising the solution temperature at a rate of 1 

°C min−1 by a temperature controller (PTC-423L, Jesco). The excitation and emission 

slit widths were 10 and 20 nm, respectively. Protein and substrate (chitooligosacharides 

((GlcNAc)n, n = 1, 2, 3, 4, 5, and 6)) were added into a 200 μL quartz cuvette forming 

a mixture with final concentrations of protein and substrate at 10 μM and 10 mM, 

respectively. The fraction of unfolded protein was calculated from the fluorescence 

intensity difference between folded and fully unfolded proteins. This fraction was then 

and plotted against temperature. The theoretical curve was fitted to the experimental 

data by non-linear least square fitting procedure. Tm values for each unfolding process 

were obtained by directly fitting to the sigmoidal curve function Boltzman in Origin 

Pro8 (OriginLab Software, MA, USA) (Charalambous et al., 2009). 

2.5.2.6 Binding studies using fluorescence quenching 

 The purified VhChiP (80 ng μL−1, in 20 mM phosphate buffer, 

pH 7.4 and 0.2% (v/v) LDAO) was titrated with chitooligosaccharides at 25±3 °C. 

Changes in the intrinsic tryptophan fluorescence intensity were monitored directly with 

a LS-50 fluorescence spectrometer (Perkin-Elmer Limited, Thailand). The excitation 

wavelength was set to 295 nm and emission spectra were collected over the range 300 
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– 550 nm, with excitation and emission slit widths of 5 and 10 nm, respectively. The 

spectrum of each protein was corrected for the blank. Binding curves were evaluated 

with a nonlinear regression function available in Prism version 6.0 (GraphPad 

Software, California, USA) using a model based on a single binding-site. To estimate 

the dissociation constant, relative fluorescence ΔF = (F0 − Fc) was plotted as a function 

of sugar concentration, yielding a rectangular hyperbolic curve. This curve allows the 

calculation of the dissociation constant for the chitooligosaccharides using a single-site 

binding model, according to Eq. 2. Meanwhile, the free energy binding (ΔGbinding) can 

be estimated with Eq. 4. 

2.5.2.7 Thermodynamic parameters and binding assay using 

fluorescence quenching  

 This experiment was similar to the binding studies using 

fluorescence quenching except that the temperatures used were 25, 30, 35, 40 and 45 

°C. The thermodynamic parameters were calculated in order to elucidate the interaction 

between the VhChiP and chitohexaose. The thermodynamic parameters were 

determined from the Van’t Hoff equation to Eq. 5. Meanwhile, the free energy (ΔG) 

can be estimated with Eq. 6.  

2.5.2.8 Cloning and expression of OM-expressed VhChiP 

 Cloning, expression and purification of the native VhChiP 

were carried out following the protocol reported previously by Suginta et al. (2013b) 

with some modifications in the gel filtration step. Briefly, The chip gene with its native 

signal sequence was cloned into pET23d(+). The plasmid was transformed into the 

porin-deficient omp8 strain (E. coli BL21 DE3 Omp8 rosetta). The expression was 

induced by adding 0.4 mM IPTG at an OD600 ~ 0.6 and the cells were incubated for 6 



53 
 

hours at 37 °C. After cell disruption, the membranes were spun down and incubated 

with 2% (w/v) SDS for one hour at 50 °C. Afterwards, the membranes were washed 

with 0.125% (v/v) octyl-POE and finally extracted with 3% (v/v) octyl-POE. Insoluble 

particles were centrifuged for 30 min at 45,000 rpm and the supernatant was loaded 

onto a HiPrep Mono Q anion exchange column. The column was washed with 10 

column volumes (CV) 20 mM (Phosphate buffer) sodium phosphate and 0.2% (v/v) 

LDAO at pH 7.4. The protein was then eluted with a linear gradient of 0 – 1 M KCl. 

Fractions containing VhChiP were pooled and subjected to size exclusion 

chromatography using a HiLoad 16/600 Superdex 200 (GE Healthcare) using a 

constant flow rate of 0.5 mL min−1. The mobile phase used was made of 10 mM 

HEPES, 100 mM LiCl, and 0.4% (v/v) C8E4, with pH 7.5. The purified protein was 

concentrated to about 10 mg mL−1 and directly flash-frozen into liquid nitrogen.  

2.5.2.9 Inclusion body expression of SeMet-labelled VhChiP and 

in vitro folding 

 For expression of VhChiP into inclusion bodies, the gene 

without signal sequence and His-tag was cloned into pET28a via NcoI and XhoI. The 

plasmid was transformed into BL21 (DE3) cells. The cells were then grown in the 

minimal medium (LeMasters-Richards) to OD600 ~0.6 at 37ºC before SeMet in 

combination with lysine, phenylalanine, threonine, leucine, isoleucine and valine were 

added. Half an hour later the cells were induced with 1 mM IPTG at 37 °C for three 

hours. Cells were harvested by centrifugation at 4,000 rpm for 30 min (Beckman 

Coulter). After cell disruption, inclusion bodies were obtained by centrifugation at 

20,000 rpm for 20 min (45 Ti rotor, Beckman). The inclusion bodies were then washed 

once in TBS including 1% TritonX-100 for 30 min and twice afterwards without Triton 
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X-100 at room temperature, followed by centrifugation for 20 min at 20,000 rpm after 

each step. Inclusion bodies were then solubilised in ~25 ml TBS including 8M urea for 

2 hours at room temperature. Unsolubilised pellet was removed by centrifugation at 

45,000 rpm for 30 min. For refolding, the supernatant was added dropwise with a 

syringe (~ 5 mL) to 200 ml of TBS including 3% Elugent (Calbiochem) and the folding 

reaction was incubated at room temperature overnight. The next morning, the refolded 

protein was loaded onto a 10 mL anion exchange column and purified as described 

above for the OM-expressed protein. 

2.5.2.10 Crystallisation and structure solution of VhChiP 

 Initial crystallisation trials for OM-expressed VhChiP were 

performed at 295 K by sitting-drop vapour diffusion using MemGold1- and 

MemGold2-Screen kits from Molecular Dimensions with a mosquito robot (TTP 

Labtech). The initial hits were optimised by fine-screening with larger drops by hanging 

drop vapour diffusion. Crystals in space group C2 were grown in 28% (w/v) PEG 400, 

0.2 M sodium acetate and 0.1 M MES pH 6.5. Crystals were directly flash-frozen in 

liquid nitrogen. A data set was collected at IO2 at the Diamond Light Source (DLS), 

UK. SeMet crystals, derived form in vitro folded VhChiP, were obtained in two 

different crystal forms. Crystal from I in space group P21 was crystallised in 30% (w/v) 

PEG 400, 0.05 M NaCl and 0.1 M sodium citrate pH 5.5. Crystals in crystal form II 

were grown in 28% (w/v) PEG 400, 0.5 M potassium iodide and 0.1 M Tris pH 8.5. A 

SAD data set for crystal form I was collected to 1.95 Å at beamline IO2 at the Diamond 

Light Source (DLS), UK. Data were integrated and scaled with XDS. Initial phasing 

and modelling was done using AUTOSOL within PHENIX. Further model building 

was performed using WinCOOT. The protein model was refined with REFMAC. 
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Phases for OM-expressed VhChiP and in vitro folded VhChiP in crystal form II were 

obtained by molecular replacement using MOLREP with the refined structure of 

SeMet-VhChiP as a search model. Model building was performed using WinCOOT and 

the structure was refined with REFMAC. The programs MolProbity and PROCHECK 

were used to evaluate the final model and PyMOL (Schrödinger, LLC) for the 

visualisation of the protein structures. 

 For VhChiP complex structures, in vitro folded protein was 

co-crystallised with 10 mM chitohexaose in 34% (w/v) PEG 400, 0.05 M NaCl and 0.1 

M sodium citrate pH 5.5. Accordingly, native expressed protein was co-crystallised 

with 10 mM chitohexaose in 18% (w/v) PEG 400, 0.2 M sodium acetate and 0.1 M 

MES pH 6.5. The structures were solved via MR as described above for the apo 

proteins. 

2.5.2.11 Single channel electrophysiology of VhChiP 

 Black lipid membrane (BLM) reconstitution was carried out 

in electrolyte containing 1 M KCl and 20 mM HEPES pH 7.5, at 25 °C following the 

protocol described elsewhere (Chumjan et al., 2015; Schulte et al., 2009). Solvent-free 

bilayer (Montal-Mueller type) formation was performed using 1, 2-diphytanoyl-sn-

glycero-3-phosphatidylcholine (DPhPC; Avanti Polar Lipids, Alabaster, AL). First, the 

aperture was pre-painted with a few microliters of 1% (v/v) hexadecane in hexane, then 

a planar bilayer was formed across the aperture by lowering and raising the liquid level. 

Ionic currents were detected using Ag/AgCl electrodes with a patch-clamp amplifier 

connected to a two-electrode bilayer head-stage (PC-ONE plus PC-ONE-50; Dagan 

Corp., Minneapolis, MN, USA). The BLM setup was operated within a Faraday cage 

on a vibration-dampening table, with an A/D converter (LIH 1600, HEKA Elektronik, 
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Lambrecht, Germany) and was operated using the software PULSE program (HEKA 

Elektronik, Lambrecht, Germany). The electrodes immersed in 1M KCl electrolyte on 

the cis side of the cuvette were connected to ground, while the other electrode on the 

trans side was connected to the amplifier head-stage. VhChiP was always added to the 

cis side of the cuvette. Conductance values were extracted from the I-V curve obtained 

from the current flow of single channel insertion at different voltages. 

 To investigate sugar translocation, single channels of the 

VhChiP variants were reconstituted in the artificial lipid membrane as described earlier 

in Section 2.5.1.12. To prevent multiple insertions during data acquisition, the protein 

solution in the chamber was gently diluted after the first insertion by sequential 

additions of the working electrolyte. Then the fully open channel was titrated with 

distinct concentrations from 0.1 – 10 µM of chitohexaose. Each sugar was added to the 

cis side of the chamber. Fluctuations of ion flow were observed as a result of sugar 

diffusion through the reconstituted channel. This fluctuation traces were usually 

recorded for 2 min at different transmembrane potentials. The equilibrium binding 

constant K (M−1) was estimated from the decrease in the ion conductance in the 

presence of increasing concentrations of sugar using the following equation 1.  

2.5.2.12 Liposome swelling experiments  

 VhChiP-reconstituted proteoliposomes were prepared as 

described elsewhere (Suginta et al., 2013a). Soybean L-α-phosphatidylchloline (20 mg 

mL−1, freshly prepared in chloroform) (Sigma-Aldrich) was used to form multi-lamellar 

liposomes. For the preparation of proteoliposomes, 200 ng of VhChiP was reconstituted 

into 200 μL of the liposome suspension by sonication, and then 17% (w/v) dextran (40 

kDa) was entrapped in the proteoliposomes. D-Raffinose solutions were prepared in 
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phosphate buffer to obtain concentrations of 40, 50, 60, and 70 mM, for the 

determination of isotonic solute concentration. This value was then used for the 

adjustment of the isotonic concentration for other solutes. To carry out a liposome-

swelling assay, 25 µL of the proteoliposome suspension was added to 600 µL of sugar 

solution and changes in absorbance at 500 nm were monitored immediately. The 

apparent absorbance change over the first 60 s was used to estimate the swelling rate 

(s−1) following the Eq. 7:  

 

φ =(1/Ai)dA/dt              Eq. 7 

 

In which φ is the swelling rate, Ai the initial absorbance, and dA/dt the rate of 

absorbance change during the first 60 s. The swelling rate for each sugar was 

normalised by setting the rate of L-arabinose (150 Da), the smallest sugar, to 100%. 

The values were presented as the averages from three to five independent 

determinations. Protein-free liposomes and proteoliposomes without sugars were used 

as negative controls. The sugars tested were D-glucose (180 Da), D-mannose (180 Da), 

D-galactose (180 Da), N-acetylglucosamine (GlcNAc) (221 Da), D-sucrose (342 Da), 

D-melezitose (522 Da), (GlcNAc)2 (424 Da), (GlcNAc)3 (628 Da), (GlcNAc)4 (830 Da), 

(GlcNAc)5 (1034 Da), (GlcNAc)6 (1237 Da) and maltodextrins. 
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CHAPTER III 

3  RESULTS 

 

Part I: Outer membrane protein (BpsOmp38) from Burkholderia 

pseudomallei 

3.1 Functional and mutational effects of Tyr119 BpsOmp38 

3.1.1 Antimicrobial susceptibility of Burkholderia pseudomallei 

 Levels of antibiotic resistance of a clinically-derived B. pseudomallei 

strain were investigated using the twofold serial broth microdilution method. When 

compared with the most recently updated breakpoints recommended for Pseudomonas 

spp. by EUCAST (Table 3.1), most antimicrobial agents tested against B. pseudomallei 

had MIC (minimum inhibitory concentration) values higher than the breakpoint values 

for resistance. Ceftazidime and meropenem are the only two antibiotics with MIC 

values lower than the breakpoint values, indicating that this B. pseudomallei strain is 

sensitive to these two antibiotics. 
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Table 3.1 Antibiotic susceptibility of a clinically derived strain of Burkholderia 

pseudomallei. 

Antibiotic 

Breakpoint for resistancea MIC value(µg mL−1) 

S≤ R> −PAβN +PAβN 

Penicillin     

 Penicillin G ≤16 >16 1024R 1024R 

 Amoxycillin − − 256 256 

Cephalosporin     

 Cefoxitin NA NA 1024 1024 

 Ceftazidime ≤8 >8 2S 2S 

 Cefepime ≤8 >8 512R 512R 

Carbapenem     

 Meropenem ≤2 >8 4S 4S 

 Imipenem ≤4 >8 8 8 

 Doripenem ≤1 >2 >2048R >2048R 

Fluoroquinolone     

 Norfloxacin − − 8 8 

 Ciprofoxacin ≤0.5 >1 4R 4R 

Quinolone carboxylic acid     

 Enrofloxacin − − 4 4 

Sulfonamide-trimethoprim     

 Co-trimoxazole 4 4 128R 128R 

Aminoglycoside     

 Kanamycin − − 16 16 

 Gentamicin ≤4 >4 32R 32R 

The values presented are obtained from the experiments performed 4 – 6 times. 

aBreakpoints defined for Pseudomonas spp. follow the EUCAST Clinical Breakpoint 

Table v. 4.0, valid from 2014-01-01 (Wikler, 2006). R, Resistant; S, Sensitive; NA, Not 

applicable; -, No breakpoints. Susceptibility testing is not recommended. In order to 

simplify the EUCAST tables, the intermediate category is not listed.  
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Statistical analysis of the data in Table 3.1 was carried out as shown in Table 

3.2. Log2 dilution analysis for each antimicrobial agent in the absence and presence of 

PAβN gave MIC values that are in complete agreement within ±2 log2 dilution, and 

with ≥92% agreement within ±1 log2 dilution. For most antimicrobial agents, 67 – 

100% of MIC values are the same (log2 dilution difference = 0). The only exceptions 

are imipenem and ciprofoxacin, where their essential agreements within the same 

concentration are 50%, and 58%, respectively. Additionally, the significance of 

antimicrobial susceptibility of B. pseudomallei was evaluated using one-way ANOVA. 

The results of analysis showed p-values >0.05 with all the tested antimicrobial agents, 

showing that there is no significant difference between MIC values determined in the 

presence and absence of PAβN.
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Table 3.2 Statistical analysis of MIC values of Burkholderia pseudomallei by one-way ANOVA and log2 dilution methods. 

Antibiotic 

  ANOVA  Log2 dilution analysis           

Na analysis Distribution of MIC values Within ±log2 dilution  % Agreementc     

  p-value −2 −1 0 1 2 Same ±1 ±2 

Penicillin           

Penicillin G 12 0.673(NS)b 0 1 11 0 0 92 100(NS) 100(NS) 

Amoxycillin 12 1.000(NS) 0 1 9 2 0 75 100(NS) 100(NS) 

Cephalosporin           

Cefoxitin 12 0.7728(NS) 0 3 9 0 0 75 100(NS) 100(NS) 

Ceftazidime 12 1.000(NS) 0 3 8 1 0 67 100(NS) 100(NS) 

Cefepime 12 0.5862(NS) 0 2 9 1 0 75 100(NS) 100(NS) 

Carbapenem           

Meropenem 12 0.7728(NS) 0 0 9 3 0 75 100(NS) 100(NS) 

Imipenem 12 0.1736(NS) 1 2 6 3 0 50 92(NS) 100(NS) 

Doripenem 12 0.7728(NS) 0 3 9 0 0 75 100(NS) 100(NS) 

Fluoroquinolone           

Norfloxacin 12 1.000(NS) 1 2 8 1 0 67 92(NS) 100(NS) 

Ciprofoxacin 12 0.1250(NS) 1 2 7 2 0 58 92(NS) 100(NS) 

Quinolone carboxylic acid           

Enrofloxacin 12 1.000(NS) 1 3 8 0 0 67 92(NS) 100(NS) 

Sulfonamide-trimethoprim           

Cotrimoxazol 12 0.7728(NS) 0 0 9 3 0 75 100(NS) 100(NS) 

Aminoglycoside           

Kanamycin 12 1.000(NS) 1 3 8 0 0 67 92(NS) 100(NS) 

Gentamicin 12 0.7500(NS) 1 1 9 1 0 75 92(NS) 100(NS) 

aN is the total number of samples used for both analyses. Two equal-sized sampling groups (each group, n = 6) were used, in the absence and 

presence of PAβN. 
bNS represents non-significant difference between the two studied groups at p<0.05. 
cNS represents non-significant difference between the two studied groups at essential agreement ≥85% (Marley et al., 1995). 6

1
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3.1.2 Recombinant expression, purification and protein identification of 

BpsOmp38 

 The omp38 gene, previously cloned in our lab with signal sequence in 

pGEM-T easy vector, namely pGEM-T easy/BpsOmp38, was used as the DNA 

template for PCR amplification. Both the oligonucleotides 5’ 

TACCATGGCAAATAAGACTGATTGTTG 3’ (forward primer) and 5’ 

TACTCGAGGAAACGTGACGCAGACC 3’ (reverse primer) were used for PCR 

amplification. The PCR product was of the expected size, about 1.12 kbp (Figure 3.1A), 

and was then cloned into pET23d(+) vector using NcoI and XhoI cloning sites 

(sequences underlined) following the protocol supplied by the manufacturer. After that, 

the success of gene cloning was checked by PCR amplification using the same set of 

oligonucleotides as shown above (Figure 3.1B) and by enzyme double digestion with 

NcoI and XhoI restriction enzymes (Figure 3.1C). Nucleotide sequences of sense and 

anti-sense strands of the cloned fragment were also determined by automated 

sequencing (First BASE Laboratories Sdn Bhd, Selangor Darul Ehsan, Malaysia). 

  After the correct nucleotide sequence was confirmed, the full-

length BpsOmp38 DNA obtained from PCR amplification was cloned into pET23d(+) 

expression vector, which was ready to be expressed in E. coli BL21(DE3) Omp8 

Rosetta strain. The recombinant protein was expressed with the 20-amino acid signal 

sequence attached, to aid protein targeting to the bacterial cell wall and with the His6-

tag at C-terminus to aid protein purification. After proteolytic removal of the signal 

sequence, the mature BpsOmp38 contains 360 amino acid residues and has a predicted 

MW of 37,986.38 Da. 
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Figure 3.1 Agarose gel electrophoresis of recombinant DNA and SDS-PAGE of 

BpsOmp38 protein (A) PCR products amplified from pGEM-T 

easy/BpsOmp38. (B) Check of ligation by DNA amplification: 

pET23d(+)/BpsOmp38 recombinant plasmid. (C) Check of ligation by 

enzyme double digestion (NcoI and XhoI) pET23d(+)/BpsOmp38 

recombinant plasmid. DNA marker (M), pET23d(+) vector (1), 

BpsOmp38 DNA fragment (2) and pET23d(+)/BpsOmp38 recombinant 

non-digest (3). 

 

The SDS-PAGE analysis displayed the corresponding protein band migrating 

to between 35 and 45 kDa. Figure 3.2A shows further cell induction by 0.5 mM IPTG 

for 6 h, the fraction containing enriched BpsOmp38 and Figure 3.2B following 2% (v/v) 

SDS, 0.125% (v/v), and then 3% (v/v) octyl-POE in 20 mM phosphate buffer (pH 7.4), 

the solubilised fraction containing enriched BpsOmp38. 
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Figure 3.2 (A) SDS-PAGE of cell non-induction and cell induction by 0.5% IPTG. 

(B) Outer membrane proteins extracted with 2% (w/v) SDS (lane 5), 

followed by 3% (v/v) octyl-POE (lane 3), the pellet after 3% octyl-POE 

extraction (lane 4), compared with cell non-induction (lane 1) and cell 

induction (lane 2). 

 

  In this work, the BpsOmp38 expression system was improved by re-

cloning the gene encoding BpsOmp38, including the endogenous signal sequence to 

allow the recombinant protein to insert into the E. coli cell wall. The protein was then 

purified from the membrane fraction of the disrupted cells. Site-directed mutagenesis 

was carried out to investigate the importance of Tyr119 in regulating channel 

permeability. In the modelled 3D-structure, this residue is part of a short right-handed 

α-helix (Tyr119→ Leu126) that precedes the longest loop 3 (L3) and its side chain is 

situated in the lumen of BpsOmp38. Tyr119 may therefore be involved in controlling 

the passage of hydrophilic molecules through the BpsOmp38 pore. Figure 3.3 is a 

ribbon model of BpsOmp38WT, showing the sidechain of Tyr119 protruding into the 

centre of the pore (Figure 3.3A). Figures 3.3B and 3.3C show the same view of the 
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BpsOmp38WT pore, with Y119 virtually mutated to alanine and phenylalanine, 

respectively. Amino acid substitution of BpsOmp38 generated two single mutants, 

BpsOmp38Y119A and BpsOmp38Y119F, which differed in the properties of the 

sidechains at position 119. Alanine is small and non-polar, whereas phenylalanine is 

aromatic and hydrophobic. 

 

 

Figure 3.3 A ribbon representation of the homology model of BpsOmp38. The 

modeled structure of BpsOmp38WT (A) shows the key residue Y119 

(red) protruding into the channel lumen (top view). This residue was 

mutated to Ala or Phe, generating two single mutants, BpsOmp38Y119A 

(B) and BpsOmp38Y119F (C). 

 

 The recombinant BpsOmp38 was expressed as a His6-tagged 

polypeptide, which accumulated in the cell walls of the E. coli host. For purification, 

the peptidoglycan fraction was first extracted with the detergent octyl-POE and the 

soluble extract, containing BpsOmp38, was subjected to affinity chromatography, and 

then to ion exchange chromatography as described in Materials and Methods. Bound 

A)                                              B)                                          C) 
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BpsOmp38 was eluted from the Hitrap SP HP ion exchange column with an applied 

gradient of 0 – 1 M KCl. The elution profile of the recombinant BpsOmp38WT is 

shown in Figure 3.4A. Figure 3.4B shows a Coommassie blue-stained SDS-

polyacrylamide gel, in which purified BpsOmp38 variants migrated as single bands to 

slightly below 42 kDa. Figure 3.4C shows an immunoblot of the corresponding protein 

bands, detected with anti-BpsOmp38 polyclonal antiserum. Only BpsOmp38WT (lane 

1), BpsOmp38Y119A (lane 2), BpsOmp38Y119F (lane 3) and the refolded BpsOmp38 

from our previous expression and purification protocol (lane 4) reacted strongly with 

the BpsOmp38 antiserum. Note that the BpsOmp38 antiserum also cross-reacted with 

a protein band identified as E. coli OmpN (lane 6), but not with E. coli OmpF (lane 5) 

or V. harveyi chitoporin or ChiP (lane 7). When an immunoblot identical to that in 

Figure 3.4B was probed with anti-His6 monoclonal antibody (Figure 3.4D), only the 

protein bands in the first three lanes were labeled, while the other proteins, which lack 

His6-tags, failed to react with the antibody. These results confirmed that the proteins 

expressed by the Omp-deficient E. coli host are BpsOmp38.  

 To confirm that the expressed and purified protein was BpsOmp38, 

tryptic peptides were generated from the purified fraction and analysed by mass 

spectrometry (First BASE Laboratories Sdn Bhd, Selangor Darul Ehsan, Malaysia). A 

MASCOT database search identified 11 peptides (three of which were redundant) that 

were identical to the internal sequences of an outer membrane porin from B. 

pseudomallei type strain 1655 (gene id. BURPS1655_I0506) (Table 3.3). These 

internal peptide sequences, labelled P1 – P8, are shown in Figure 3.3E and provide 25% 

coverage of the putative BpsOmp38 sequence identified previously (Siritapetawee et 

al., 2004b). 
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Figure 3.4 Purification, immunodetection, and mass analysis of the BpsOmp38 

variants, expressed in E. coli. (A) Chromatographic profile of BpsOmp38 

purification with a Hitrap SP HP column. The protein was eluted with a 

linear gradient of 0 – 1 M KCl; (B) SDS/PAGE followed by Coomassie 

Blue staining; (C) immunoblot analysis of the same samples as in panel 

B, using polyclonal anti-BpsOmp38 serum; (D) immunoblot analysis 

using anti-His6 monoclonal antibody; and (E) identification of tryptic 

digests of the expressed proteins by nanoLC/ESI MS. Eight peptides, 

designated P1 – P8 and shown in red, were unambiguously identified by 

MASCOT as identical to internal sequences of BpsOmp38. The 20-amino 

acid signal peptide is underlined. Lanes: Std, standard proteins; 1, 

BpsOmp38WT; 2, BpsOmp38Y119A; 3, BpsOmp38 mY119F; 4, refolded 

BpsOmp38; 5, E. coli OmpF; 6, E. coli OmpN; and 7, V. harveyi ChiP. 

A) B) 

C) 

D) 

E) 
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Table 3.3 Identification of tryptic peptides by nano LC/ESIMS. 

After submission of the isotopic masses to a MASCOT database search, eight peptides were identified to be unambiguously compatible 

with the internal peptides of an outer membrane porin from Burkholderia pseudomallei 1655 (gene id. BURPS1655_I0506). 

Peptide no* Start – End Observed Charge Mr(expt) Mr(calc) Peptide 

1 49 – 61 454.4741 +3 1360.4003 1360.6735 K.SLWSVGAGVDQSR.F 

1 49 – 61 1362.1779 +1 1361.1706 1360.6735 K.SLWSVGAGVDQSR.F 

2 62 – 75 469.4582 +3 1405.3528 1404.7361 R.FGLRGSEDLGGGLK.A 

3 91 – 100 565.2778 +2 1128.5410 1128.4771 R.FNNGGGMFNR.Q + Oxidation (M) 

4 101 – 117 590.5537 +3 1768.6394 1768.9108 R.QAFVGLSSNYGTVTLGR.Q 

5 149 – 162 730.2538 +2 1458.4930 1457.7474 R.LNTNGDVAVNNTVK.F 

5 149 – 162 1459.8120 +1 1458.8047 1457.7474 R.LNTNGDVAVNNTVK.F 

6 190 – 203 745.9739 +2 1489.9333 1489.7201 R.AYSAGASYQFQGLK.V 

7 328 – 339 735.4683 +2 1468.9220 1468.7423 K.RTDVYAQAVYQR.S 

7 328 – 339 735.5847 +2 1469.1548 1468.7423 K.RTDVYAQAVYQR.S 

7 328 – 339 490.9310 +3 1469.7713 1468.7423 K.RTDVYAQAVYQR.S 

8 329 – 339 657.4061 +2 1312.7977 1312.6412 R.TDVYAQAVYQR.S 

*Numbers of peptides identified by MS/MS are labeled. Peptides with identical sequences are assigned the same number.  

 

6
8
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3.1.3 Effects of Tyr119 mutations on antimicrobial properties 

  Susceptibility of the E. coli expressing BpsOmp38 MIC values, of the 

E. coli (Omp8) Rosetta strain expressing BpsOmp38WT and of the E. coli strain 

harboring an empty pET23d(+) vector (control E. coli) were compared. Table 3.4 shows 

that E. coli harboring pET23d(+) with and without BpsOmp38 DNA insert had very 

high MIC values for penicillin G and amoxicillin (>2,048 μg mL−1). However, when 

clavulanic acid, a known suicide inhibitor of β-lactamases 

(http://www.drugbank.ca/drugs/DB00766), was included in the culture medium, their 

MIC values were dramatically reduced to 32 μg mL−1 (Table 3.4, values in brackets). 

Apart from the penicillin class, for most antimicrobial agents, the MIC values against 

E. coli expressing BpsOmp38 were one dilution higher than MIC values against control 

E. coli. Comparing the three E. coli expressing BpsOmp38 variants, MIC values for the 

BpsOmp38Y119A mutant were significantly lower than the WT values, particularly for 

the cephalosporins (ceftazidime and cefoxitin), and the carbapenems (meropenem and 

imipenem). For the E. coli expressing BpsOmp38Y119F mutant, MIC values were 

significantly decreased for ceftazidime and gentamicin, while an increase in MIC value 

was seen only with doripenem. For the other agents, their MIC values for 

BpsOmp38Y119F and WT were equal. 

 

 

http://www.drugbank.ca/drugs/DB00766
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Table 3.4 Antimicrobial susceptibility of Omp-deficient E. coli expressing BpsOmp38 variants.  

Antibiotic 
  MIC(µg mL−1) %Agreement within ±1 log2 dilution 

N Control WT Y119A Y119F Control vs. WT WT vs. Y119A WT vs. Y119F 

Penicillin         

 Penicillin G 10 >2048(16)a >2048(32)* >2048(16)** >2048(16)** 100 80** 80** 

 Amoxycillin 10 >2048(32) >2048(32) >2048(32) >2048(32) 100 90 100 

Cephalosporin         

 Ceftazidime 10 0.5 1* 0.5** 0.5** 80*  80**  80** 

 Cefoxitin 10 2 4** 2** 4 90 100 100 

 Cefepime 10 0.125 0.125 0.25 0.125 100 100 100 

Cabepenem         

 Meropenem 10 0.25 0.25 0.125** 0.25 100 100 100 

 Imipenem 10 2 4* 2** 2 90 100 100 

 Doripenem 10 128 256* 512 512** 100 100 90 

Fluoroquinolone         

 Norfloxacin 10 0.0625 0.125 0.125 0.125 100 100 100 

 Ciprofoxacin 10 ≤0.03125 ≤0.03125 ≤0.03125 ≤0.03125 100 100 100 

Quinolone carboxylic acid         

 Enrofloxacin 10 ≤0.03125 ≤0.03125 ≤0.03125 ≤0.03125 100 100 100 

Sulfonamide-

trimethoprim 
     

   

 Co-trimoxazol 10 1 2 2 1 100 100 100 

Aminoglycoside         

 Kanamycin 10 256 512 512 256 100 100 100 

 Gentamicin 10 0.25 2** 1 0.5** 50**  80**  70** 

Two statistical methods (ANOVA and log2 dilution) were used to evaluate the significance of their MIC values. Difference between the two studied groups is 

statistically significant with p<0.05 using ANOVA analysis or with ≥85% essential agreement using log2 dilution analysis. 
aValue in brackets is the MIC value when grown in the presence of antibiotic and clavulanic acid, a β-lactamase inhibitor. 
*Significantly different MIC values for E. coli expressing BpsOmp38 WT and control E. coli. 
**Significantly different MIC values for E. coli expressing BpsOmp38 WT and E. coli expressing BpsOmp38Y119A or BpsOmp38Y119F. 

7
0
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3.1.4 Effects of Tyr119 mutations on the pore conductance of the 

BpsOmp38 channel 

  The channel-forming properties of the recombinant BpsOmp38 was 

further investigated using the black lipid membrane (BLM) reconstitution technique. 

The purified protein was reconstituted into a freshly-formed phospholipid (azolectin) 

bilayer following addition on the cis (ground) side, the two sides of the chamber were 

filled with equal volumes of 1M KCl, 20 mM pH 7.5 phosphate buffer. Insertions of 

BpsOmp38 channel were induced by applying potentials of ±200 mV across the 200 

μm diameter aperture. Employing the solvent-containing (so-called ‘painting’) BLM 

technique, multiple channels of the wild-type BpsOmp38 were frequently inserted 

(Figure 3.5A, left panel) in a stepwise fashion until the ionic current reached 1 nA, 

beyond which current signals exceeded the limit of detection by the Dagan amplifier of 

the BLM setup.  

  Figure 3.5A (right panel) is a histographic analysis, showing the 

statistical distribution of pore conductance averaged over 108 membranes and 535 

channel insertions at +100 mV. For the wild-type channel (BpsOmp38 WT), the 

average conductance was estimated to be 1.6±0.7 nS. Figure 3.4B (left panel) shows a 

typical insertion profile of the BpsOmp38 Y119A mutant. Substitution of Tyr119 with 

alanine increased the ionic conductance of the BpsOmp38 channel to 1.9±0.5 nS 

(Figure 3.4B, right panel), whereas substitution with phenylalanine (BpsOmp38 Y119F 

mutant, Figure 3.5C, left panel) decreased it to 1.4±0.5 nS (Figure 3.5C, right panel). 

Although the Dagan BLM set up was not convenient for single channel measurement, 

insertion of a single BpsOmp38 molecule into the lipid bilayer could be achieved when 
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protein at a very low concentration (<20 ng mL−1) was added into the cis chamber, 

allowing data acquisition from a single channel.  

  Figure 3.6A shows the data traces from the insertion of single 

BpsOmp38 WT, BpsOmp38 Y119A and BpsOmp38 Y119F channels. The results 

confirmed that the conductance of the WT channel was lower than that of the Ala 

mutant, but higher than that of the Phe mutant. Ionic currents were also recorded at 

discrete voltages from ±25 to ±125 mV, and the resultant plots of ion current (I) vs. 

transmembrane potential (V) were found to be linear over the range −100 to +125 mV 

(Figure 3.6B). The slopes of the I-V plots yielded single-channel conductances of 

1.6±0.03 nS for BpsOmp38 WT, 1.9±0.02 nS for BpsOmp38 Y119A and 1.4±0.05 nS 

for BpsOmp38 Y119F. These values corresponded well with the average conductances 

estimated from Gaussian fits of the distribution histograms obtained from multiple 

insertions, as shown in Figure 3.6A–C. 
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Figure 3.5 Ion current recordings obtained by the black lipid membrane (BLM) 

reconstitution technique. BLM measurements of successive insertions of 

BpsOmp38 trimers was conducted at a transmembrane potential of +100 

mV. Lipid bilayers were formed across a 200-µm aperture by the 

‘painting’ technique using 50 mg mL−1 azolectin in n-hexane and bathed 

on either side in 1 M KCl. BpsOmp38 (1 μg mL−1) was added on the cis 

side. (A) BpsOmp38 WT, (B) BpsOmp38 Y119A, and (C) BpsOmp38 

Y119F. Left panels are ion current traces acquired for 100 s. Fast 

insertion of one BpsOmp38 WT channel, occurring within millisecond 

A) 

 

B) 

 

C) 
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time-resolution, was captured and shown as an inset. The traces 

represent multiple insertions of BpsOmp38 variants produced by an 

applied membrane potential of +100 mV. Right panels are the histogram 

representations of the corresponding traces, giving the probability of a 

pore conductance (G) averaged over several hundred inserting channels 

as indicated. The black line represents a single Gaussian fit. 

 

 
Figure 3.6 Single channel recordings of BpsOmp38 porin in artificial lipid 

membrane. A) Typical ion current traces of single BpsOmp38 variant 

channels in a fully open state at a transmembrane potential of +100 mV, 

(B) Current-voltage relationship of BpsOmp38 WT in comparison with 

its two mutants. The current through a single open BpsOmp38 channel 

was monitored in 1 M KCl, followed by discrete changes in the voltage 

across the phospholipid membrane, from −100 to +125 mV. The slopes 

of a linear fit yielded the single channel conductances of individual 

BpsOmp38 channels. Differences in the three data sets were evaluated 

using one-way ANOVA. Statistically significant difference (p<0.05) is 

shown with an asterisk (*). 

A)                                                                       B) 
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3.1.5 Effects of Tyr119 mutation of sugar and antibiotic permeability of 

BpsOmp38 

  The involvement of the Tyr119 residue in sugar permeability was further 

demonstrated (Figure 3.7). The liposome swelling assay showed that the rate of 

swelling of BspOmp38-reconstituted liposomes, a measure of the rate of sugar 

permeation, decreased as the molecular size of sugar increased (Figure 3.7A). The rates 

are presented relative to that of the smallest sugar (L-arabinose). The permeation rates 

of the selected neutral sugars were in the order: L-arabinose (MW 150) > D-galactose 

≈ D-glucose ≈ D-mannose (MW 180) > D-GlcNAc (MW 221) > D-sucrose (MW 342). 

Low permeation was observed in the case of D-melezitose (MW 522) or D-raffinose 

(MW 504) which have molecular sizes close to the exclusion limit of BpsOmp38. 

Figure 3.6B shows that the logarithm of the permeation rate was linearly proportional 

to the molecular weight of the sugars. Figures 3.6A and B show that the permeation 

rates with BpsOmp38 Y119A were significantly higher, while the rates with BpsOmp38 

Y119F were lower than those with the wild-type.  

  Since expression of BpsOmp38 has affected the susceptibility of E. coli 

to cephalosporins and carbapenems, the permeability of these antibiotics through the 

three BpsOmp38 variants were also investigated. For cephalosporins, the permeation 

rates of ceftazidime, to which B. pseudomallei is sensitive, and those of cefoxitin and 

cefepime, to which B. pseudomallei is resistant were compared. Similarly for 

carbapenems, the penetration rates of imipenem and meropenem, to which B. 

pseudomallei is sensitive, and that of doripenem, to which it is resistant were compared. 

The liposome swelling assays were performed at pH 7.5, to ensure that permeation 

occurred under physiological conditions. At this pH the net charge on the carbapenems 
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and one of the cephalosporins (cefepime) is 0, while ceftazidime and cefoxitin have a 

net charge of −1 (Irwin et al., 2012). Figure 3.8 shows a relatively high rate of 

permeation rate of ceftazidime and relatively lower permeation rates of meropenem and 

imipenem through BpsOmp38 WT. On the other hand, the apparent permeation rates of 

cefoxitin, cefepime and doripenem are negative, indicating shrinkage of the liposomes, 

and therefore the antibiotics were impermeant. The permeation of cephalosporin and 

carbapenem antibiotics through BpsOmp38 mutant channels was also investigated. The 

BpsOmp38 Y119A mutant showed higher permeability than BpsOmp38 WT towards 

the antimicrobial agents tested, while the permeability was dramatically decreased in 

case of the BpsOmp38 Y119F mutant. 

 

Figure 3.7 Swelling of BpsOmp38-containing proteoliposomes, induced by neutral 

sugars. For each preparation, multilamellar liposomes were reconstituted 

with 200 ng of purified BpsOmp38. The isotonic concentration was 

defined as the concentration of D-raffinose that caused no change in the 

absorbance at 500 nm of the proteoliposome suspension, over a period 

of 60 s. (A) Permeation of different types of sugars through BpsOmp38 

reconstituted liposomes. Each swelling rate was normalised to the rate 

A)                                                            B) 
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of swelling in arabinose, which was set to 100%. (B) Semilogarithmic 

plot of relative permeation rates of sugars through the proteoliposomes 

reconstituted with BpsOmp38 WT and other mutants. The logarithm of 

the permeation rate is plotted against the molecular weight of the sugar. 

Differences in the three data sets were evaluated using oneway ANOVA. 

Statistically significant differences (p<0.05) are marked with an asterisk 

(*). Values are means ±SD, obtained from 4 – 6 independent sets of 

experiments.  

 

 
Figure 3.8 Swelling of BpsOmp38 proteoliposomes induced by cephalosporins and 

carbapenems. The proteoliposomes were prepared at pH 7.5. The 

swelling rate in a solution of each antimicrobial agent was normalised to 

the rate in L-arabinose. Values presented are the averages of 4 – 6 

independent experiments. Levels of Burkholderia pseudomallei 

resistance were determined by a broth micro dilution assay as presented 

in Table 3.1. R, represents resistant; S, sensitive; and I, intermediate. 
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Differences in the three data sets were evaluated using one-way 

ANOVA. Statistically significant differences (p<0.05) are marked with 

an asterisk (*). Values are means ±SD, obtained from 4 – 6 independent 

sets of experiments. 

 

3.2 Structure, thermal stability and thermodynamic parameters of 

outer membrane protein (BpsOmp38) from Burkholderia 

pseudomallei  

3.2.1 X-ray crystal structure of BpsOmp38 

  BpsOmp38 was expressed in the outer membrane of the porin-deficient 

E. coli BL21 DE3 Omp8 rosetta strain. Figure 3.9A shows that in contrast to many 

other outer membrane proteins, boiled and non-boiled SDS-PAGE samples have 

different mobilities, indicating that BpsOmp38 is heat modifiable due to a lower 

stability of the barrel, when folded being a trimeric porin but when unfolded a 

monomeric porin. The size of the trimeric channel was about 110 – 120 kDa and the 

monomer about 35 – 40 kDa. The purified protein was crystallised in the presence of 

0.4% C8E4 in 100 mM LiCl and 10 mM HEPES at pH 7.5. The protein crystal (Figure 

3.9B) was grown in the condition of 33% (v/v) PEG 400, 0.1 M magnesium chloride, 

0.1 M sodium chloride, 0.1 M Tris pH 8.5 and 5% water. The obtained crystals of 

BpsOmp38 in space group P212121 diffracted to reasonable resolutions of 3.0 Å (Table 

3.5). 
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Figure 3.9 Purification and crystallisation of BpsOmp38 (A) SDS-PAGE gel of 

boiled (100 °C, 10 min) and non-boiled outer membrane protein 

expression samples. (B) BpsOmp38 crystal obtained by hanging drop 

technique in condition of 33% (v/v) PEG 400, 0.1 M magnesium 

chloride, 0.1 M sodium chloride, 0.1 M Tris pH 8.5 and 5% water. 

 

Table 3.5 Structural data and refinement statistics. 

Statistics Value 

Data collection  

    Space group P212121 

    Cell dimensions  

               a, b, c (Å) 89.6, 99.6, 145.7 

               α, β, γ (°) 90, 90, 90 

    Resolution (Å) 49.16 – 3.00 (3.18 – 3.00) 

    Rmerge (%) 9.0 (83.5) 

    I/σ (I) 14.5 (2.4) 

    Completeness (%) 100.0 (100.0) 

    Redundancy 7.0 (7.2) 

Refinement  

    Rwork/Rfree 22.2/28.6 

Note: Values in parentheses are for the highest resolution shell. 
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80 
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  The crystal structure of BpsOmp38 was determined to a resolution of 

3.0 Å using molecular replacement (MR). Omp32 from Delftia acidovorans (PDB 

number: 2FGR) was the best homology model, which shared 28% sequence identity 

with BpsOmp38. Both structures are quite similar in their β-strands, but are different in 

their long loops (Figure 3.10C). The 3D structure of BpsOmp38 shows that it is a 

trimeric protein, which consists of 16 antiparallel β-strands with eight extracellular long 

loops and seven turns at the periplasmic side (Figure 3.10A and B). The longest loop, 

designated Loop 3 (L3), which is situated inside the pore and may act as a pore-

confining loop and hide the pore of BpsOmp38 (Figure 3.10D), contains 28 amino acid 

residues (Ser127 to Asp154) and had two short antiparallel β-strands at the very 

beginning and the end. Loop 8 (L8), the second longest loop in the BpsOmp38, 

appeared to be folded into the barrel interior and was suggested to assist L3 to control 

the size exclusion limit of the BpsOmp38 pore. The channel interior was found to be 

highly hydrophilic (Figure 3.10E).  
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Figure 3.10 X-ray crystal structure of BpsOmp38. A) Side view and B) top view 

cartoon presentations of the BpsOmp38 trimer. C) Superposition of 

BpsOmp38 (blue) with Omp32 (red) from Delftia acidovorans (PDB: 

2FGR). D) The long loop (L3) hiding the pore of the BpsOmp38 and E) 

electrostatic surfaces of the top view of BpsOmp38 protein; (red) 

negatively charged and (blue) positively charged. 

outside 

OM 

periplasmic space 

90° 
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B) C) 

D) E) 
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3.2.2 Thermal unfolding using circular dichroism (CD) 

 Circular dichroism (CD) is a method of determining the stability of the 

secondary structure of proteins. Scanning of BpsOmp38 from 190 – 260 nm showed 

that different structural elements had different characteristic CD spectra (Figure 3.11A). 

BpsOmp38 with well-defined antiparallel β-pleated sheets gave negative bands at 218 

nm, while the denatured protein (boiled at 100 °C for 10 min) showed a decrease in 

negative molar ellipticity at this wavelength. In a further experiment, we tested the 

effects of certain antibiotics on the protein stability. The normalised unfolding curves 

of BpsOmp38 with cephalosporin (Figure 3.11B) and carbapenem antibiotics (Figure 

3.11C) were plotted with their data fitted to a Boltzman sigmoidal function. There is an 

overall increase in the intensity of all peaks with temperature. The value of Tm (Table 

3.6) was extracted from the curves after fitting the data from all CD experiments for 

protein in the presence and absence of antibiotics. The Tm value of BpsOmp38 increased 

upon the addition of ceftazidime, cefepime and cefoxitin from the cephalosporin group. 

This phenomenon was also observed when carbapenems, i.e. meropenem, imipenem 

and doripenem, were added to the protein. The stabilisation effect induced by 

antibiotics seems to be derived from the specific binding and permeability of antibiotics 

to the BpsOmp38. The ΔTm (Table 3.6) is the difference in Tm values of the protein with 

and without antibiotics. The highest ΔTm was demonstrated by ceftazidime and 

meropenem with 10.5 and 10.0 °C, respectively. This indicates that ceftazidime and 

meropenem have the highest binding affinity for BpsOmp38 among the antibiotics 

studied in this work. 
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Figure 3.11 CD spectra and thermal unfolding curves of BpsOmp38. CD spectra (A) 

of the folded and unfolded proteins were recorded with a solution of 10 

μM protein in 20 mM phosphate buffer pH 7.5 and 0.1% LDAO at 25 

°C. The unfolded protein was obtained by boiling at 100 °C for 10 min. 

The normalised thermal unfolding curves of BpsOmp38-cephalosporins 

(B) and BpsOmp38-carbapenems (C) interactions were studied by 

monitoring the CD intensity at 218 nm while gradually increasing the 

temperature. The protein concentrations were 10 μM with and without 

the 10 mM antibiotics concentrations. 
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3.2.3 Thermal unfolding using fluorescence 

 Fluorescence spectroscopy is a method for determining the stability of 

the tertiary structure of proteins. The fluorescence spectra from 310 to 450 nm were 

scanned with the application of wavelength 295 nm for the excitation of Trp. The 

fluorescence intensity at 340 nm of folded BpsOmp38 is higher than that of denatured 

BpsOmp38 (Figure 3.12A). In the absence of ligand, the BpsOmp38 showed a low 

midpoint temperature (Tm) of thermal unfolding at about 84.3 °C, when compared to 

that of the BpsOmp38 with antibiotics. The normalised folding curves of BpsOmp38 

with cephalosporin group (Figure 3.12B) and BpsOmp38 with carbapenem group 

(Figure 3.12C) were fitted to a Boltzman sigmoidal function. It was observed that there 

was an overall increase in Tm values after the application of antibiotics. The ΔTm values 

were the largest for ceftazidime (cephalosporin group) and meropenem (cabapenem 

group) which were reported at 8.6 and 6.5 °C, respectively. The values of Tm and ΔTm 

are presented in Table 3.6. 
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Figure 3.12 Fluorescence spectra and thermal unfolding curves of BpsOmp38. 

Fluorescence spectra (A) of the folded and unfolded proteins were 

recorded with a solution of 1 μM protein in 20 mM phosphate buffer pH 

7.5 and 0.1% LDAO at 25 °C. The unfolded protein was obtained by 

boiling at 100 °C for 10 min. The normalised thermal unfolding curves 

of BpsOmp38-Cephalosporin (B) and BpsOmp38-Carbapenem (C) 

interactions were plotted by monitoring fluorescence intensity of 

emission at 340 nm with an excitation wavelength 295 nm while 

gradually increasing the temperature. The protein concentrations were 1 

μM with and without the 1 mM antibiotics concentrations. 
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Table 3.6 Thermal unfolding of BpsOmp38 with the antibiotics 

Antibiotics 
Circular Dichroism Fluorescence Spectroscopy 

Tm ΔTm Tm ΔTm 

No ligand 87.8 - 84.3 - 

Cephalosporin      

Ceftazidime 98.3 10.5 92.9 8.6 

Cefepime 93.3 5.5 87.5 3.2 

Cefoxitin 89.8 2 84.8 0.5 

Carbapenem     

Meropenem 97.8 10 90.8 6.5 

Imipenem 93.3 5.5 88.6 4.3 

Doripenem 90.9 3.1 86.1 1.8 

 
Tm is midpoint temperature of thermal unfolding in °C. 

ΔT = Tm (with substrate) − Tm (without the substrate)  

 
3.2.4 Binding studies using fluorescence quenching 

  Intrinsic fluorescence changes were used to assess the binding affinity 

of BpsOmp38 for antibiotics. The BpsOmp38 was titrated with cephalosporins and 

carbapenems. Plots of Trp fluorescence quenching are shown in Figure 3.13. All 

antibiotics suppressed the fluorescence intensity of BpsOmp38 in a concentration-

dependent manner. Plots of relative changes in fluorescence intensity as a function of 

antibiotics concentrations yielded the binding curves. The dissociation constant (Kd) 

was extracted from non-linear regression fitted curve of the fluorescence intensity 

plotted against the antibiotic concentration (Figure 3.14) and was used to calculate the 

binding constants K (K = 1/Kd). The Kd and K values for all six antibiotics are 

summarised in Table 3.7. The K value of cephalosporins decreased in the following 
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order: ceftazidime > cefoxitin > cefepime, while that of carbapenems decreased in 

following order: meropenem > imipenem > doripenem. 

 
Figure 3.13 Tryptophan quenching fluorescence spectra of BpsOmp38-antibiotic 

interactions. The titration curves show the changes in the fluorescence 

intensity (340 nm) with increasing concentration of antibiotics added to 

the protein solution. 
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Figure 3.14 Binding curves of BpsOmp38 with antibiotics. The binding curve plots 

  of 1−(F/F0) versus various concentrations of antibiotics were obtained 

  from the data in Figure 3.13. 
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 Table 3.7 The stability constants of binding determined by fluorescence 

spectroscopy 

Kd is dissociation constant (M), K is binding constant (M−1), ΔGo = Gibbs free-energy 

change, R is the gas constant (8.314472 J mol−1 K−1) and T is the temperature (in 

Kelvin). 

 

3.2.5 Thermodynamic parameters and the binding energy determined by 

fluorescence spectroscopy 

  Antibiotics with the highest and lowest binding constants in each group 

were selected for the evaluation of their thermodynamic parameters. The fluorescence 

spectra of BpsOmp38 in the presence of various concentrations of cephalosporins 

(Figure 3.15 and 3.16) and carbapenems (Figure 3.17 and 3.18) were acquired with 

temperature set at 25, 30, 35, 40, and 45 °C. Then, the binding curves (Figure 3.19 – 

left panel) of BpsOmp38 were evaluated with the binding curve plot to estimate their 

dissociation constants (Kd), which were then converted into the binding constants (K). 

The value of the enthalpy change (ΔH) and the entropy change (ΔS) of each antibiotic 

can then be estimated from their Van’t Hoff plot of log K against 1/T (Temperature, 

Kelvin). The Van’t Hoff linear equation (Figure 3.19 – right panel) of ceftazidime is y 

= 8,011x − 16.78, cefoxitin is y = 4,659x − 7.939, meropenem is y = 20,160x − 57.37 

and doripenem is y = 4,033x − 6.046. The gradient of the straight line gave the −ΔH/R 

Antibiotics Kd (mM) K (M−1)  ΔG = −RT lnK (kJ mol−1) 

Cefoxitin 0.78±0.08 1282±133 −17.73±0.25 

Cefepime 0.23±0.02 4347±381 −20.73±0.21 

Ceftazidime 0.054±0.011 18518±3962 −24.34±0.51 

Imipenem 0.54±0.10 1851±357 −18.64±0.46 

Meropenem 0.17±0.02 5882±703 −21.50±0.29 

Doripenem 0.46±0.11 2173±556 −19.03±0.60 
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term, while y-intercept showed the ΔS/R term. Gibbs free energy for binding can then 

be calculated with ΔG = ΔH − TΔS. 

 

Figure 3.15 Tryptophan quenching fluorescence spectra of BpsOmp38-ceftazidime 

interactions. The titration curves show the changes in the fluorescence 

intensity with increasing concentration of ceftazidime added to the 

protein solution at 25, 30, 35, 40, and 45 °C, respectively. 
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Figure 3.16 Tryptophan quenching fluorescence spectra of BpsOmp38-cefoxitin 

interactions. The titration curves show the changes in the fluorescence 

intensity with increasing concentration of cefoxitin added to the protein 

solution at 25, 30, 35, 40, and 45 °C, respectively. 
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Figure 3.17 Tryptophan quenching fluorescence spectra of BpsOmp38-meropenem 

interactions. The titration curves show the changes in the fluorescence 

intensity with increasing concentration of meropenem added to the 

protein solution at 25, 30, 35, 40, and 45 °C, respectively. 
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Figure 3.18 Tryptophan quenching fluorescence spectra of BpsOmp38-doripenem 

interactions. The titration curves show the changes in the fluorescence 

intensity with increasing concentration of doripenem added to the 

protein solution at 25, 30, 35, 40, and 45 °C, respectively. 
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Figure 3.19 Plots of thermodynamic parameters of BpsOmp38-antibiotics 

interactions obtained by fluorescence quenching technique. (A) 

ceftazidime, (B) cefoxitin, (C) meropenem and (D) doripenem. Top 

panel shows the binding curve plots of 1−(F/F0) versus concentration of 

antibiotics at each temperature: 25, 30, 35, 40, and 45 °C. The raw data 
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are given in Figure 3.15 – 3.18. Bottom panel shows the Van’t Hoff plot 

of the logarithm of binding constants (from top panel) versus the 

reciprocal reaction temperatures. 

 

 
Figure 3.20 Thermodynamic parameters of BpsOmp38-antibiotic interactions 

determined by fluorescence quenching technique. The bar chart 

illustrates the free energy (ΔG), enthalpy change (ΔH) and the entropy 

change (−TΔS) of the binding of each antibiotic to BpsOmp38. 

 
  The thermodynamic parameters of these protein-antibiotic interactions 
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kJ mol−1), meropenem (−25.47 kJ mol−1) and doripenem (−18.55 kJ mol−1). Meropenem 

released the most heat energy with enthalpy changes (ΔH) of −167.62 kJ mol−1 followed 

by ceftazidime (−66.61 kJ mol−1), cefoxitin (−38.74 kJ mol−1) and doripenem (−33.53 
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meropenem (−477.00 J mol−1 K−1), followed by ceftazidime (−139.52 J mol−1 K−1), 

cefoxitin (−66.01 J mol−1 K−1) and doripenem (−50.27 J mol−1 K−1). 

3.2.6 Permeation of antibiotics through BpsOmp38 studied by black lipid 

membrane (BLM) technique 

  In this permeation study, the single channel conductance of BpsOmp38 

was shown to be 1.5 – 1.6 nS (in 1M KCl at −100mV). Here, the permeability of the 

antibiotics, selected from the previously-described MIC assay for BpsOmp38, were 

compared. They were ceftazidime (sensitive) and cefepime (resistant) among 

cephalosporins; and meropenem (sensitive) and imipenem (intermediate) among 

cabapenems. Channel blockages were analysed after adding the selected antibiotics to 

the chamber. In the absence of antibiotic, ion current passing through the channels was 

stable with occasional fluctuations. Addition of antibiotics caused frequent fluctuations 

of the ion current, indicating strong interactions of the antibiotics with the channel.  

  Dimeric blocking events of the trimeric channel were clearly visible for 

ceftazidime at concentrations of 2.0 and 10 mM, while monomeric blocking events 

were observed for ceftazidime and meropenem at 0.5 and 10 mM, respectively. It was 

also observed that the frequency of blockage events was increasing with the 

concentration of the sensitive antibiotic. Monomeric blockage was produced by partial 

closure of the single trimeric channel. The observation of monomeric blockage for 

ceftazidime at low concentration (0.5 mM) indicates that ceftazidime interacted 

strongly with BpsOmp38. Meanwhile meropenem, which is an intermediate antibiotic, 

demonstrated monomeric blockage at a higher concentration (10 mM). However, the 

permeation of antibiotic through BpsOmp38 occurred only at negative voltage. No 

blocking event of a single trimeric channel was observed for imipenem and cefepime 
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at concentration up to 10 mM. Current traces from BLM experiments for these 

antibiotics are presented in Figure 3.21A–D.  

 

 

Figure 3.21 The BLM traces of ion conductance through the single trimeric 

BpsOmp38 channel reconstituted into planar lipid membranes in the 

presence of sensitive drugs: (A) ceftazidime and (B) meropenem, 

intermediate drugs; (C) imipenem and resistant drugs; (D) cefepime. The 

traces represent single-monomer blocking events at 0.5, 2, and 10 mM. 

The membrane was formed from DPhPC; membrane bathing solutions 

contained 1 M KCl (pH 7.5). Applied voltage was −100 mV. 

 
  Antibiotic titrations shown in Figure 3.21 were transformed into the 

Michaelis-Menten plots for the determination of their dissociation constants. From the 

plot of (Gmax−Gc)/Gmax versus concentration of antibiotics shown in Figure 3.22, the 

average dissociation constants at −100 mV for ceftazidime, meropenem and imipenem 
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were calculated to be 1.51 ± 0.25 mM, 11.96 ± 2.38 mM, and 50.99 ± 9.74 mM 

respectively. However, no blocking event of a BpsOmp38 single trimeric channel was 

observed for the resistant drugs (Figure 3.23). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.22 Binding curve plots of BpsOmp38-antibiotics interactions. The binding 

curve plots of (Gmax−Gc)/Gmax versus concentration of antibiotics; (A) 

ceftazidime, (B) meropenem and (C) imipenem were obtained from the 

data on the Figure 3.21. 
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Figure 3.23 The BLM traces of ion conductance through single trimeric BpsOmp38 

channels reconstituted into planar lipid membranes in the absence and 

presence of resistance drugs of B. pseudomallei. (A) No antibiotic, (B) 

20 mM cefepime, (C) 20 mM cefoxitin and (D) 20 mM doripenem. The 

membrane was formed from DPhPC; membrane bathing solutions 

contained 1 M KCl (pH 7.5). Applied voltage was −100 mV. 
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Part II: Chitoporin (VhChiP) from Vibrio harveyi 

3.3 Thermal stability and thermodynamic parameters of mutation 

effects of Trp136 of outer membrane protein (VhChiP) from 

Vibrio harveyi  

3.3.1 Model of VhChiP 

  In the modelled 3D-structure, the residue Trp136 is located on the 

periplasmic side of the outer membrane that precedes the longest loop 3 (L3) (amino 

acid residues Gly111 – Asn151) and its side chain is situated in the lumen of VhChiP. 

Trp136 is anticipated be involved in controlling sugar passage through the VhChiP pore 

(Figure 3.24). Figures 3.24B and C show the same position of the VhChiP WT pore, 

with Trp136 virtually mutated to phenylalanine (F) and alanine (A), respectively. 

Amino acid substitution of VhChiP generated two single mutants, VhChiP W136F and 

VhChiP W136A, which differ in the properties of the side chains at position 136, 

alanine being small and non-polar, whereas phenylalanine is aromatic and hydrophobic.  
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Figure 3.24 Homology model of VhChiP (A) the monomeric VhChiP (WT) from 

Vibrio harveyi and mutants W136F (B) and W136A (C). The structures 

of VhChiP and its mutants were modelled using the X-ray structure of 

Neisseria meningitidis PorB (PDB 3VY9 (Kattner et al., 2013)) as a 

template. 

 

3.3.2 Recombinant expression and purification of VhChiP variants 

  In this study, the VhChiP expression system was improved by cloning 

the gene encoding VhChiP, including the endogenous signal sequence, to allow the 

recombinant protein to insert into the E. coli cell wall. The protein was then purified 

from the membrane fraction of the disrupted cells. Site-directed mutagenesis was also 

conducted to investigate the importance of Trp136 in regulating channel permeability.  

A) WT (W136) 

B) W136F C) W136A 
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 The VhChiP construct was expressed and accumulated in the cell wall 

of the E. coli host cells. The peptidoglycan fraction was extracted with poly(ethylene 

glycol)octyl ether (octyl-POE) as detergent. The soluble extract, containing VhChiP, 

was then subjected to ion exchange chromatography followed by gel filtration 

chromatography as described in Materials and Methods. Bound VhChiP was eluted 

from the Hitrap Q HP ion exchange column with an applied gradient of 0 – 1 M KCl.  

 Figure 3.25A shows the elution profile of the recombinant of VhChiP 

WT. From the Coommassie blue-stained SDS-PAGE shown in Figure 3.25B, it was 

observed that the purified VhChiP variants migrated as single bands slightly below 42 

kDa. E. coli outer membrane protein N (OmpN) was often found as contaminant in 

recombinant of VhChiP sample when the protein was expressed in the porin-deficient 

E. coli BL21 (DE3) Omp8 Rosetta strain.  

 However, only bands of VhChiP WT, VhChiP W136A and VhChiP 

W136F, which reacted strongly with the VhChiP antiserum, were visualised in the 

immunoblot of the corresponding protein bands when treated with anti-VhChiP 

polyclonal antiserum. The absence of cross-contamination of OmpN in VhChiP was 

verified using anti-OmpN polyclonal antiserum. The anti-OmpN immunoblot revealed 

the OmpN band in OmpN fraction, but shows no band in the VhChiP fractions, 

indicating that all the purified VhChiP fractions were free of OmpN. 
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Figure 3.25 Protein expression, purification and immuno-blotting analysis of WT 

and its mutants. (A) Chromatographic profile of VhChiP WT 

purification with a Hitrap Q HP column connected to an ÄKTA Prime 

plus FPLC system. The protein was eluted with a linear gradient of 0 – 

1 M KCl. (B) SDS-PAGE analysis of purified WT and its mutants, after 

IPTG-induced expression for 6 h and chromatography. Immuno-blotting 

analyses were done with anti-VhChiP, and anti-OmpN polyclonal 

antibodies. 
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3.3.3 Thermal unfolding study using circular dichroism (CD) 

  The stability of the secondary structure of VhChiP WT and mutants was 

studied with the CD technique. Proteins with different secondary structural elements 

gave different characteristic CD spectra as illustrated in Figure 3.26A for the three 

VhChiPs under study. VhGlcNAcase (Meekrathok and Suginta, 2016), a known (α/β)8-

barrel protein, was used as a control to indicate the positions of -helical and β-strand 

in the CD spectrum. The protein gave negative bands at 208 nm (-helical) and 222 nm 

(β-strand). For VhChiP, the native protein had well-defined antiparallel β-pleated sheets 

and gave negative bands at 218 nm, while the denatured protein (boiled at 100 °C for 

10 min.) showed disappearance of the negative intensity at 218 nm.  

  In the next series, thermal unfolding experiments were conducted. The 

normalised unfolding curves of VhChiP WT (Figure 3.26B), VhChiP W136F (Figure 

3.26C) and VhChiP W136A (Figure 3.26D) data fitted to a Boltzman sigmoidal 

function, demonstrated an overall increment in the intensity of all peaks when the 

temperature was raised from ambient temperature to 100 °C. The Tm values for all three 

VhChiP variants in the absence and presence of ligands (GlcNAc)n (where n = 1, 2, 3, 

4, 5, and 6), maltohexaose (as a negative control) are presented in Table 3.8.  

  It can be seen that the Tm value of this trimeric channel protein changed 

when it interacted with chitooligosaccharides. The Tm value of the wild type VhChiP 

alone at 72.7 °C was found to be higher than that of both mutants (W136F and W136A), 

which were 69.0 and 59.3 °C, respectively. Besides, it was also observed that the 

increment magnitude became larger as the degree of sugar polymerisation (GlcNAc)n 

increased from n = 1 to n = 6. Ligand (GlcNAc)6 gave the highest Tm at 79.7, 74.1, and 

63.4 °C respectively for WT, W136F and W136A, while those of ligand GlcNAc were 
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74.1, 69.4, and 59.8 °C, respectively. This stabilisation effect induced by (GlcNAc)n is 

predicted to be a result of the specific binding of (GlcNAc)n to the VhChiP. 

 

 

Figure 3.26 CD spectra and thermal unfolding curves of the WT and mutants. (A) 

CD spectra of the proteins were recorded with protein (10 μM) dissolved 

in 20 mM phosphate buffer, pH 7.5 and 0.1% LDAO at 25 °C. The 

unfolded proteins were obtained by boiling at 100 °C for 10 min. The 

normalised thermal unfolding curves of WT (B) and mutants W136F (C) 

and W136A (D) were obtained by monitoring CD intensity at 218 nm. 

The protein concentration used was 10 μM with and without the ligand 

((GlcNAc)n, n=1 – 6) at concentration of 10 mM. 
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  The difference of Tm between protein-ligand complexes and protein 

without substrate was calculated as ΔTm (Table 3.8). Generally, the ΔTm values of all 

substrates were found to be higher for WT than for mutants W136F and W136A. This 

indicates the destabilisation of protein secondary structure when the Trp136 residue 

was mutated to Phe and Ala. Despite mutation on Trp136 destabilised the secondary 

structure of the protein, the (GlcNAc)6-W136F and (GlcNAc)6-W136A complexes 

were still having the highest Tm value among the chitooligosaccharides tested. This can 

be seen from the highest Tm values given by both the (GlcNAc)6-W136F and 

(GlcNAc)6-W136A complexes, when compared to their respective complexes with 

ligands of lower degree of polymerisation. However, both complexes gave smaller ΔTm 

values when compared to that of WT. This result shows that all three VhChiPs are 

highly specific for (GlcNAc)6 binding and that Trp136 is responsible for the higher 

binding affinity. 

3.3.4 Thermal unfolding studies using fluorescence 

  To study the dissociation binding constants (Kd) using fluorescence 

spectroscopy, the intrinsic fluorescence was used to assess the binding affinity with 

chitooligosacharide as a substrate of WT and its mutants. Figure 3.27A reveals the 

amino acid alignment with the ten tryptophan residues coloured: W73, W105, W123, 

W136, W157, W188, W220, W233, W275, and W338. Figure 3.27B represents the 

model of the three-dimentional structure of VhChiP channel based on the X-ray 

structure of Neisseria meningitidis PorB (PDB 3VY9). The intrinsic fluorescence 

intensity of VhChiP and its mutants was measured with excitation wavelength of 295 

nm. 
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Figure 3.27 Amino acid sequence and a cross-section of the modelling structure of 

V. harveyi monomeric chitoporin. A) Amino acid sequence of VhChiP 

chitoporin, ten tryptophan residues (red colour) including W73, W105, 

W123, W157, W188,  W220, W233, W275, W338, and W136 (orange). 

B) Homology model of VhChiP show cartoon representations of side and 

top views with 90-degree rotation. The ten Trp residues are presented in 

red and orange spheres. 

 

In this experiment, florescence spectra of proteins in their folded and 

unfolded conformations were scanned from 310 nm to 450 nm with 295 nm as the 

excitation wavelength for Trp (Figure 3.28A). The Trp136 mutations generally affected 

the intrinsic fluorescence properties of the protein. In the absence of ligand, mutant 

W136A showed a large reduction in the fluorescence intensity, as compared to that of 
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the WT channel, while W136F demonstrated a slight intensity decrease at its 

wavelength of maximum emission (340 nm).  

In order to understand the thermal stability of the tertiary structure of 

VhChiP channels, the fluorescence emission intensity of Trp residues from each protein 

was observed under gradual temperature change. The normalised folding curves of 

VhChiP WT (Figure 3.28B), VhChiP W136F (Figure 3.28C) and VhChiP W136A 

(Figure 3.28D) were fitted to a Boltzman sigmoidal function in equation 2.  

 

Figure 3.28 Fluorescence spectra and thermal unfolding curves of the WT and 

mutants. (A) Fluorescence spectra of the proteins were recorded with 

protein (1 μM) dissolved in 20 mM phosphate buffer pH 7.5 and 0.1 % 

LDAO at 25 °C. The unfolded proteins were obtained by boiling at 100 

°C for 10 min. The excitation wavelength was 295 nm. The normalised 

A)  B)  

C)  D)  
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thermal unfolding curves of WT (B) and mutants W136F (C) and 

W136A (D) were obtained by monitoring the fluorescence intensity at 

emission wavelength of 340 nm with excitation wavelength of 295 nm. 

The protein concentration used was 1 μM with 1 mM of ligand 

((GlcNAc)n, n=1 – 6) and without the ligand. 

 

 In thermal unfolding experiments, a decrement of intensity was 

observed when all three proteins were heated to denaturation. The results obtained from 

fluorescence showed a similar trend as that of m the CD experiment. The Tm and ΔTm 

values of the tertiary protein structural change are listed in Table 3.8. The Tm of VhChiP 

WT was 85.0 °C, while Tm values for W136F and W136A were determined to be 84.0 

and 83.2 °C, respectively. The Tm and ΔTm of all the VhChiP WT and mutants increased 

with increasing length of the (GlcNAc)n ligand, with the highest values of both 

parameters given by the (GlcNAc)6-channel complex.  

 The Tm and ΔTm values of the WT-ligand complexes for all six ligands 

were found to be higher than those of W136F and W136A. Thus, the stabilisation of 

the tertiary structure of protein by chitooligosaccharides was best observed on the 

VhChiP WT over the W136F and W136A mutants. This shows that the Trp136 residue 

in WT plays an important role in stabilising the structure of the ligand-bound channel. 
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Table 3.8 Thermal unfolding of VhChiP with the substrate 

 

Ligands 

Circular Dichroism Fluorescence Spectroscopy 

WT W136F W136A WT W136F W136A 

Tm ΔTm Tm ΔTm Tm ΔTm Tm ΔTm Tm ΔTm Tm ΔTm 

No ligand 72.7 0.0 69.0 0.0 59.3 0.0 85.0 0.0 84.0 0.0 83.2 0.0 

(GlcNAc)6 79.7 7.0 74.1 5.1 63.4 4.1 93.0 8.0 89.1 5.1 88.0 4.8 

(GlcNAc)5 78.4 5.7 73.3 4.3 62.4 3.1 91.0 6.0 89.0 5.0 87.0 3.8 

(GlcNAc)4 76.5 3.8 70.4 1.4 61.7 2.4 90.0 5.0 88.1 4.1 86.0 2.8 

(GlcNAc)3 75.9 3.2 70.0 1.0 60.1 0.8 89.0 4.0 87.0 3.0 85.0 1.8 

(GlcNAc)2 74.8 2.1 70.0 1.0 59.9 0.6 89.0 4.0 85.1 1.1 84.0 0.8 

GlcNAc 74.1 1.4 69.4 0.4 59.8 0.5 87.0 2.0 85.0 1.0 82.0 −1.2 

Maltohex6 73.7 1.0 69.1 0.1 56.8 −2.5 85.0 0.0 84.0 0.0 82.0 −1.2 

Tm is midpoint temperature of thermal unfolding in °C. 

ΔTm = Tm (with substrate) − Tm (without the substrate) (in °C). 

 

3.3.5 Estimation of binding energies using fluorescence quenching 

  Intrinsic fluorescence changes were used to assess the binding affinity 

of VhChiP and its mutants for chitooligosaccharides. Each VhChiP mutant was titrated 

with chitooligosaccharides ((GlcNAc)n, (n = 1, 2, 3, 4, 5, and 6) and the plots of Trp 

fluorescence enhancement were compared with the titration of WT protein (Figure 3.29 

– 3.31). In our study, chitooligosaccharides were found to enhance the fluorescence 

intensity of WT and mutants VhChiP in a concentration-dependent manner. Plots of 

relative changes in fluorescence intensity as a function of chitooligosaccharide 

concentrations yielded binding curves. Fitting of the binding curve for each VhChiP 

homolog was performed using non-linear regression (Figure 3.32). Curve fitting of the 

fluorescence intensity plotted against sugar concentration yielded the dissociation 

constant Kd, the binding constants K (K = 1/Kd) and ΔGbinding (ΔGbinding = −RT lnK). The 

values of these parameters are summarised in Table 3.9. Mutations of Trp136 caused a 

drastic increase in Kd values for all the chitooligosaccharides tested, indicating a 

reduced binding affinity. The mutant W136A protein gave the highest Kd value for all 



111 
 

the chitooligosaccharides, followed by W136F and WT. Since the Kd is the reciprocal 

of K, a large decrease in K value observed in Figure 3.33 means a large increase in Kd. 

K values for the Phe and Ala mutant were lower than the WT value, and the K values 

for chitooligosaccharides for all the three proteins decreased in the following order: 

(GlcNAc)6 > (GlcNAc)5 > (GlcNAc)4 > (GlcNAc)3 > (GlcNAc)2 > GlcNAc. Such 

results again confirm that the binding affinity of VhChiP channel towards 

chitooligosaccharides increases as the size of the sugar molecule increases.  
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Figure 3.29 Tryptophan fluorescence quenching spectra of VhChiP WT. The titration 

curves show the changes in the fluorescence intensity with increasing 

concentration of chitooligosaccharides ((GlcNAc)n, n= 1 – 6) added to 

the protein solution. 
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Figure 3.30 Tryptophan fluorescence quenching spectra of VhChiP W136F. The 

titration curves show the changes in the fluorescence intensity with 

increasing concentration of chitooligosaccharides ((GlcNAc)n, n= 1 – 6) 

added to the protein solution. 
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Figure 3.31 Tryptophan fluorescence quenching spectra of VhChiP W136A. The 

titration curves show the changes in the fluorescence intensity with 

increasing concentration of chitooligosaccharides ((GlcNAc)n, n= 1 – 6) 

added to the protein solution. 
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Figure 3.32 Binding curve plots of WT and its mutants with chitooligosaccharides. 

The Michaelis-Menten plots were obtained from the data on the Figure 

3.29-3.31. The plot of (Fc−F0)/(Fmax−F0) versus various concentration 

of (GlcNAc)n, n= 1 – 6. 
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Table 3.9 The binding constants estimated from fluorescence spectroscopy 

Ligand 
VhChiP 

Protein 
Kd (μM) K x 106 (M−1) 

ΔG = −RTlnK 

(kJ mol−1) 

(GlcNAC)6 

Wild type 

W136A 

W136F 

0.08 ±0.03 

0.68 ±0.37 

0.23 ±0.09 

 12.70 ±0.46  

 1.71 ±0.07  

 4.83 ±0.21  

−57.5 ±0.9 

−52.5 ±1.3 

−55.1 ±1.0 

(GlcNAc)5 

Wild type 

W136A 

W136F 

0.28 ±0.10 

1.70 ±1.29 

0.58 ±0.17 

 3.83 ±0.16  

0.80 ±0.04 

 1.83 ±0.05  

−54.5 ±1.0 

−50.5 ±1.7 

−52.8 ±0.8 

(GlcNAc)4 

Wild type 

W136A 

W136F 

0.74 ±0.09 

19.88 ±10.50 

3.67 ±0.55 

 1.35 ±0.01  

 0.05 ±0.02  

 0.27 ±0.04  

−52.1 ±0.3 

−44.1 ±1.3 

−48.1 ±0.4 

(GlcNAc)3 

Wild type 

W136A 

W136F 

2.94 ±1.62 

46.91 ±20.20 

6.62 ±2.17 

 0.45 ±0.033  

 0.02 ±0.008  

 1.61 ±0.040  

−49.0 ±1.7 

−41.9 ±1.0 

−46.7 ±0.8 

(GlcNAc)2 

Wild type 

W136A 

W136F 

9.33 ±2.93 

112.43 ±27.20 

41.42 ±19.80 

 0.11 ±0.040  

0.01 ±0.002  

 0.02 ±0.010  

−45.9 ±0.9 

−39.7 ±0.6 

−42.3 ±1.3 

GlcNAc 

Wild type 

W136A 

W136F 

15.51 ±2.87 

241.63 ±84.90 

 75.78 ±11.10 

 0.06 ±0.0100  

 0.004 ±0.0010  

0.013 ±0.0017  

−44.6 ±0.5 

−37.8 ±0.9 

−40.6 ±0.3 

Kd is dissociation constant (M), K is binding constant (M−1), ΔGo = Gibbs free-energy 

change R is the gas constant (8.314472 J mol−1 K−1) and T is the temperature (in Kelvin). 
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Figure 3.33 Comparison of protein-chitooligosacharide binding constants. The bar 

chart of binding constants of WT and mutants W136F and W136A with 

chitooligosaccharides were calculated from the binding curve plots 

(Figure 3.26). 
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3.3.5 Thermodynamic parameters using fluorescence quenching 

The fluorescence spectra of the VhChiP WT (Figure 3.34), W136F 

(Figure 3.35) and W136A (Figure 3.36) in the presence of various concentrations of 

chitohexaose were acquired at 25, 30, 35, 40, and 45 °C.  

Then, binding curves of VhChiP WT (Figure 3.37A – top panel), W136F 

(Figure 3.37B – top panel) and W136A (Figure 3.37B – top panel) were evaluated with 

the Michaelis Menten plot to estimate the dissociation constant (Kd) which was 

converted to the binding constant (K). The values of the enthalpy change (ΔH) and the 

entropy change (ΔS) can be estimated by Van’t Hoff plots of log K against 1/T 

(Temperature, Kelvin). The Van’t Hoff linear equation of the WT (Figure 3.37A – 

middle panel) is y = 19,290x − 48.58, W136F (Figure 3.37B – middle panel) is y = 

10,860x − 22.18 and W136A (Figure 3.37C – middle panel) is y = 8,710x − 16.10. The 

slope of this linear plot represents the term −ΔH/R while the y-intercept gives the term 

ΔS/R. The Gibbs free energy of binding can then be calculated by the thermodynamic 

equation ΔG = ΔH − TΔS.  

The thermodynamic parameters of the reaction between chitohexaose 

and the three protein channels were plotted in Figure 3.37 (bottom panel) for easy 

visualisation. The Gibbs free energy of binding was found to have a negative value for 

WT, W136F and W136A, suggesting the spontaneity of chitohexaose binding. The WT 

channel showed the highest Gibbs free energy change of −40.02 kJ mol−1, while W136F 

and W136A had significantly less negative values at −35.34 and −32.52 kJ mol−1, 

respectively.  

The negative enthalpy changes (ΔH) indicate that the binding of 

chitohexaose to the three proteins are exothermic processes. The binding to WT releases 
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160.38 kJ mol−1 followed by W136F and W136A both releasing 90.29 and 72.41 kJ 

mol−1, respectively to the environment. This significantly higher enthalpy change of 

WT signifies that the chitohexaose interacts more strongly with the protein. 

Entropy change (ΔS) expresses the change in the degree of randomness 

of the system under study. In this case, the degree of disorder is expressed as a −TΔS 

term as shown in Figure 3.37 (bottom panel). All three proteins gave positive −TΔS and 

they are arranged in descending order here: WT (120.36 kJ mol−1) > W136F (54.95 kJ 

mol−1) > W136A (39.89 kJ mol−1). 



119 
 

 

Figure 3.34 Tryptophan fluorescence quenching spectra of VhChiP WT. The titration 

curves show changes in the fluorescence intensity with increasing 

concentrations of chitohexaose added to the protein solution at different 

temperatures: 25, 30, 35, 40, and 45 °C. 
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Figure 3.35 Tryptophan fluorescence quenching spectra of VhChiP W136F. The 

titration curves show changes in the fluorescence intensity with 

increasing concentrations of chitohexaose added to the protein solution 

at different temperatures: 25, 30, 35, 40, and 45 °C. 
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Figure 3.36 Tryptophan fluorescence quenching spectra of VhChiP W136A. The 

titration curves show changes in the fluorescence intensity with 

increasing concentrations of chitohexaose added to the protein solution 

at different temperatures: 25, 30, 35, 40, and 45 °C. 
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Figure 3.37 Thermodynamic parameter plots of VhChiP- chitohexaose interaction 

assayed by the fluorescence quenching technique. Thermodynamic 

parameter plots for VhChiP WT (A) and mutants W136F (B) and 

W136A (C) are presented in their individual columns. The top panels 

show the Michaelis-Menten plots obtained from the data shown in 

Figure 3.34 – 3.36. Experiments were conducted at various 

temperatures: 25, 30, 35, 40, and 45 °C. Binding constant (K) for each 

condition setting was estimated from the ΔF versus concentration of 

chitohexaose plot based on Eq. 3. Middle panels show Van’t Hoff plot 

of the logarithm of the binding constant versus the reciprocal 

temperature. Thermodynamic parameters can be estimated from the 
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linearly fitted line (Eq. 5). The bottom panels show the comparison of 

free energy (ΔG), enthalpy change (ΔH) and the entropy change (−TΔS). 

 

3.4 Structure and functional properties of chitoporin (VhChiP) 

from Vibrio harveyi 

3.4.1 Expression, purification and crystallisation of VhChiP 

  VhChiP was expressed without a His-tag in the outer membrane of the 

porin-deficient E. coli Bl21 omp8 strain and obtained in reasonable yields (~ 3 mg from 

12 liters of culture). Figure 3.38A shows the SDS-PAGE of VhChiP native and 

refolded: in contrast to many other outer membrane proteins, boiled and non-boiled 

samples gave different mobilities. This indicates that VhChiP is heat-modifiable due to 

a lower thermal stability of the barrel. The folded protein has trimeric porin 

conformation, while the unfolded protein is in the monomeric form. The size of the 

trimeric channel was between 66 – 116 kDa and its monomeric form was about 35 – 45 

kDa. The purified protein was crystallised in the presence of 0.4% C8E4 detergent. The 

obtained crystals of VhChiP in space group C2 were diffracted to reasonable resolutions 

of ~2.5 Å (Table 3.10). Despite this, structure solution using molecular replacement 

(MR) failed, presumably due to the lack of a good homology model. The most likely 

search models with VhChiP gave 20% or less similarity in their sequence identities. 

Soaking of native crystals with different heavy atoms was also not successful.  

  Expression of VhChiP in minimal media in the presence of seleno-

methionine (SeMet) for phasing using single/multiple anomalous dispersion 

(SAD/MAD) approaches was also attempted. However, the cells failed to grow in 
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accordance with the protein toxicity that was observed in rich medium. Subsequently, 

VhChiP was cloned without a signal sequence and with a C-terminal His6-tag into 

pET28a to express the protein into inclusion bodies and to avoid toxicity issues. As 

expected, the cells grew very well in minimum medium in the presence of SeMet. 

VhChiP from inclusion bodies was folded in vitro from 8 M urea and purified as the 

native protein. Well-diffracting crystals (~ 2 Å resolution) in space group P21 were 

obtained and a SAD dataset was collected at the absorption edge of selenium.  
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Table 3.10 Structural data and refinement statistics. 

 Native Refolded Native + (GlcNAc)4 Refolded + (GlcNAc)6 

Data collection     

    Space group C2 P21 P3121 P21 

    Cell dimensions     

                 a, b, c (Å) 255.7, 148.6, 54.4 146.9,123.4,147.0 148.7,148.7,158.5 146.5, 121.9, 147.2 

                 α, β, γ (°) 90, 94.9, 90 90, 117.9, 90 90, 90, 120 90, 117.9, 90 

    Resolution (Å) 49.15 – 2.5 

(2.56 – 2.5) 

64.97 – 1.95 

(1.98 – 1.95) 

99.96 – 2.75 

(2.83 – 2.75) 

64.75 – 1.90 

(1.93 – 1.90) 

    Rmerge (%) 8.6 (63.6) 7.2 (85.4) 9.2 (70.9) 6.2 (68.2) 

    I/σ (I) 12.2 (2.1) 13.9 (1.9) 10.4 (2.0) 11.0 (1.8) 

    Completeness (%) 95.5 (97.5) 100.0 (100.0) 98.0 (96.3) 99.6 (99.5) 

    Redundancy 4.1 (4.1) 6.8 (6.7) 4.4 (4.1) 3.8 (3.7) 

Refinement     

    Rwork/Rfree 26.3 / 28.9 17.5 / 19.7 22.5 / 24.8 17.5 / 19.5 

Note: Values in parentheses are for the highest resolution shell. 

 

1
2

5
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Figure 3.38 X-ray crystal structure of in vitro folded VhChiP. A) SDS-PAGE gel of 

outer membrane-expressed and in vitro folded VhChiP loaded both as 

boiled and non-boiled samples. B) Side view and C) top view cartoon 

presentations of the in vitro folded VhChiP trimer. D, E) Top view 

superpositions of VhChiP (red) with Neisseria meningitidis PorB 

(green); D) and Delftia acidovorans Omp32 (blue); E). F) Superposition 

of in vitro folded VhChiP (red) with outer membrane-expressed VhChiP 

(green). 

 

3.4.2 VhChiP forms trimers with N-terminally plugged pores 

  In vitro folded VhChiP forms a trimeric assembly of oval β-barrels, each 

consisting of 16 strands (Figure 3.38), similar to the general diffusion porins OmpF/C 
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from E. coli. Unlike OmpF/C however, the N-terminus of VhChiP does not form an 

intramolecular salt bridge with the C-terminal carboxyl group. Instead, the first 19 

amino acids of the N-terminal end of VhChiP are not part of the barrel, but extend into 

the periplasm. The first 9 amino acids of the N-terminus are disordered and not visible 

in the electron density map (Figure 3.38B). The overall topology of the barrel, including 

the periplasmic N-terminal region, is correctly predicted by Boctopus and PRED-

TMBB (Hayat et al., 2016; Tsirigos et al., 2016). A DALI search (Holm and 

Rosenström, 2010) identifies N. meningitidis PorB, which has 18% sequence identity 

similarity to VhChiP, as the closest structural homolog in the database (Z = 29; r.m.s.d 

2.7 Å over 301 residues). The second-highest similarity is observed for Omp32 from 

Delftia acidovorans (Z = 26; r.m.s.d. 2.7 Å over 295 residues), which was used 

previously for homology modeling of VhChiP. Overall, the differences between both 

structural homologs and VhChiP are substantial, especially for most extracellular loops 

and the functionally important, barrel constricting loop L3.  

  The crystal structure of the outer membrane-expressed channel is almost 

identical to that of the in vitro folded protein. Strikingly however, in the outer 

membrane expressed VhChiP, the N-terminal segment plugs the pore of a neighbouring 

β-barrel within the trimeric assembly, effectively blocking all β-barrels for sugar 

transport (Figure 3.39). The blocking of a channel by a neighbour within an oligomeric 

assembly is, to our knowledge, not yet reported. All residues of the N-termini have good 

electron density in the structure and a number of polar interactions can be identified 

between the N-terminal plugs and the barrels, most notably between Asp1 

(carboxylate)-Arg94/148, Asp1 (α-amino group)-Y118/Asp122, Ala3-Glu53, Asn4-

Asn127/Arg312/Glu347, Ser5-Asp122, Asp6-Arg94, and Lys9-Glu76 (Figure 3.39). 
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Thus, five out of the first six residues of the N-terminus make polar interactions with 

the pore of the protein, suggesting that the plug resides stably in the pore. 

 

 

Figure 3.39 Outer membrane expressed VhChiP has N-terminally plugged channels. 

Surface representations (top view) of A) in vitro folded VhChiP and B) 

natively-expressed VhChiP. The barrel lumen of the natively-expressed 

VhChiP is occupied by the N-terminus of a neighbour barrel. C) N-

terminal insertion mode of natively-expressed VhChiP. The N-terminus 

of one barrel (blue) plugs the lumen of a neighbour barrel (red). D) Polar 
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interactions between the inner barrel wall (red) with the N-terminus of a 

neighbour barrel (blue). 

 
3.4.3 Roles of the N-terminal plugs in ion and sugar transport through 

VhChiP 

  In order to obtain experimental evidence for a closed channel, single 

channel electrophysiological experiments for in vitro folded and natively-expressed 

VhChiP were carried out. Based on the crystal structure, a VhChiP variant with the first 

nine N-terminal residues removed was also generated, denoted truncated VhChiP. At 

applied potentials of −100 and +100 mV, the single channel conductance is essentially 

the same (~2.0 nS) for all three VhChiP proteins (Figures 3.40A–C). This is fully 

consistent with the data for the native protein obtained in previous studies (Suginta et 

al., 2013a; Suginta et al., 2013b). Surprisingly, there is no evidence for channel closing 

events for any of the three VhChiP proteins. The major difference is that the truncated 

channel exhibited much less gating behavior (Figure 3.40C) and showed an unusually 

high stability in terms of noise levels at all applied potentials (Figure 3.40-middle 

panel). The trimers remain fully open even at +/− 200 mV, conditions under which 

outer membrane channels frequently undergo voltage-induced gating.  
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Figure 3.40 Single channel electrophysiology of VhChiP. Single channel insertion of 

VhChiP native (A), VhChiP refolded (B) and VhChiP truncated (C) were 

reconstituted into a solvent-free DPhPC lipid membrane, containing 1 M 

KCl in 20 mM HEPES, pH 7.5 in the absence of chitohexaose. (Left) 

Gating behavior: typical ion current traces of single VhChiP variant 

channels in a fully open state at a transmembrane potential of −100 mV, 

(Middle) The current through a single open VhChiP channel was 

monitored in 1 M KCl, following discrete changes in the voltage across 

the phospholipid membrane, from ±25 to ±100 mV. (Right) Current-

voltage relationship of native VhChiP in comparison with its refolded 

and truncated forms. The slopes of a linear fit yielded the single channel 

conductance of individual VhChiP channels. 

A) 

C) 

B) 
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3.4.4 Chitohexaose binding to in vitro folded VhChiP 

  In order to obtain a structure of VhChiP in complex with a substrate, in 

vitro folded VhChiP was co-crystallised with the preferred substrate chitohexaose. 

Well-diffracting crystals grew under the same conditions and in the same space group 

as for the apo-protein (Table 3.10). Following molecular replacement, clear density was 

observed for all six units of the (GlcNAc)6 oligosaccharide (Figure 3.41). The substrate 

is bound in an extended conformation with the reducing end of the molecule (denoted 

+6GlcNAc) in the extracellular space and stacked against the aromatic ring of Trp331. 

On the periplasmic side of the channel constriction, the first sugar unit (denoted 

+1GlcNAc) stacks against Trp123. 

  Beside the ring stacking, no other interactions are present between 

+1GlcNAc and +6GlcNAc and VhChiP. The aromatic ring of Trp136 stacks against 

both +4GlcNAc and +5GlcNAc, providing a clear explanation as to why this residue is 

important for chitohexaose binding to VhChiP (Chumjan et al., 2015). Both Trp123 and 

Trp136 are conserved in VhChiP orthologs, whereas Trp331 is not (Figure 3.42). The 

structure provides a clear rationale for the fact that (GlcNAc)6 is the best substrate for 

VhChiP, since beyond +1GlcNAc and +6GlcNAc, the channel widens, decreasing the 

potential for interactions between the substrate and the channel. The central four 

residues of the sugar chain (+2GlcNAc to +5GlcNAc) form several polar interactions 

with the channel’s interior, some of which are mediated by water molecules (Figure 

3.41). The acetamido groups of the successive GlcNAc units point in opposite 

directions, as is also observed for the chitohexaose molecule bound to the E. coli 

transglycosidase MltA (van Straaten et al., 2007). The acetamido carbonyl groups of 

+2GlcNAc and +3GlcNAc are likely to be of especial importance for binding. The 

former interacts closely with the amide of Asn127 and to a lesser extent with Arg312, 
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whereas the latter makes strong hydrogen bonds to the side chains of Arg94 and Arg148 

(Figure 3.41). In addition, the acetamido amides of +2GlcNAc and +3GlcNAc interact 

with the carboxylates of Glu347 and Asp122, respectively. 

 

 

Figure 3.41 Chitohexaose binding to VhChiP. A) Overview from the extracellular 

side. B) Side view and D) stereo pairs presented on 90°, with selected 

interactions between the sugar and VhChiP labelled. C) Top view 

schematic showing the interactions of key residues with chitohexaose. 
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Figure 3.42 Alignment of VhChiP orthologs from Vibrio species with observed 

secondary structure elements indicated (cylinders, helices; arrows, β-

sheets). Key hydrophobic (purple) and hydrophilic residues (cyan) 

interacting with chito-oligosaccharides are coloured. The following 

orthologs have been aligned: V. harveii (GenBank ID: HF558985.1), V. 

parahaemolyticus (GenBank ID: CPO12950.1), V. cholera (GenBank 

ID: DQ774012.1), V. furnissi (GenBank ID : AF129934.1) and V. 

fischeri (GenBank ID : CP001139.1). A BlastP search using chitoporin 

from V. harveii (UniProtKB/ TrEMBL entry: L0RVU0) as protein 

template identified putative chitoporins. The alignment was generated 

with ‘‘CLASTALW’’ algorithm in the DNASTAR package and 

displayed in Genedoc. The secondary structure of VhChiP was 

constructed by ESPript v. 2.2. 
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3.4.5 Chitotetraose binding to natively-expressed VhChiP 

  Given that the channels of the outer membrane-expressed apo-protein 

are closed due to the insertion of the N-terminus of a neighboring monomer (Figure 

3.39), it is important to establish whether the incoming substrate from the extracellular 

space could displace the N-terminus and bind in the pore. Outer membrane-expressed 

VhChiP was co-crystallised with chitotetraose ((GlcNAc)4). Outer membrane expressed 

VhChiP in the presence of the (GlcNAc)4 substrate also crystallises under the same 

conditions and in the same space group as the closed apo protein (Table 3.10). 

Importantly, the oligosaccharide is bound in the channel and has displaced the N-

terminus, which is now in the periplasmic space and has the same conformation as that 

of the in vitro folded protein. 

  The (GlcNAc)4 substrate occupies approximately the positions of 

+2GlcNAc to +5GlcNAc of the (GlcNAc)6 chain (Figure 3.43), suggesting that the 

central positions of the binding site provide the most binding energy for 

chitooligosaccharides. However, there are differences of up to 5 Å for individual atoms 

between the two structures, especially at both ends of the substrate (+2GlcNAc and 

+5GlcNAc). In most cases, however, this does not dramatically change the interactions 

between the sugar and the channel. For example, the acetamido carbonyl group 

+2GlcNAc interacts in both structures with Asn127 and Arg312, whereas that of 

+3GlcNAc interacts with Arg94 and Arg148 (Figure 3.43). It appears therefore that 

VhChiP accommodates compounds of different length via subtle changes in the way 

the substrates are bound. 
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Figure 3.43 Chitotetraose binding to natively-expressed VhChiP displaces the N-

terminal plug. A–B) Side views showing the bound tetrachitaose in 

natively-expressed VhChiP (A) and chitohexaose in in vitro folded 

VhChiP (B). C) Stereo pair showing the major interactions between 

chitotetraose and VhChiP. 

 

3.4.6 Effect of the N-terminus on substrate binding and transport 

Single channel electrophysiology of VhChiP in the presence of 

increasing concentrations of chitohexaose at various membrane potentials was 
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performed to probe the role of the N-terminus in substrate binding and transport in more 

detail (Figure 3.44). The results show that one subunit of the full-length channel was 

frequently blocked even at low concentrations of chitohexaose (0.5 µM), while under 

the same conditions, blocking events were rarely seen with the truncated channel. At 

2.5 µM, the sugar occluded all three subunits of the full-length channels, but only two 

subunits were blocked in truncated VhChiP. The data therefore suggest that the 

truncated channel interacts more weakly with the sugar, compared to the full-length 

channel. When the equilibrium binding constant K is evaluated, the full-length channel 

shows a binding constant of ~2 – 5 ×105 M−1, relatively similar to previous reports 

(Table 3.11) (Chumjan et al., 2015; Suginta et al., 2013b). The binding constant vary 

somewhat with different membrane potentials and are generally 2- to 3-fold higher for 

the in vitro folded protein, for reasons that are not clear. However, removal of the first 

nine residues affects substrate binding significantly, with binding constants 10- to 15-

fold lower for truncated VhChiP compared to outer membrane expressed full-length 

protein (Table 3.11). 

For most systems, there is a common limitation for single channel 

electrophysiology, that is, the inability to distinguish substrate binding from substrate 

translocation through the channel, i.e. a compound can be released on the same side as 

where it binds. Therefore, the in vitro transport of various sugars is also evaluated via 

proteoliposome swelling assays. As shown in Figure 3.45, various monomeric sugars 

translocate efficiently through VhChiP in the presence and absence of the N-terminus. 

The truncated variant exhibited a more non-specific channel behavior and was 

approximately 2-fold more efficient in the transport of various types of small 

monosaccharides compared to the full-length channels. By contrast, translocation of 

oligomeric sugars is exquisitely specific, in accordance with previous results (Suginta 
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et al., 2013a; Suginta et al., 2013b), i.e. only chitooligosaccharide substrates are 

translocated efficiently. Interestingly, for the oligosaccharides the absence of the N-

terminus leads to a dramatic decrease in transport rates, which is in qualitative 

agreement with the decreased binding constants observed in electrophysiology. 

Collectively the results suggest that the N-terminal segment plays an important role in 

substrate translocation through the VhChiP channel. 

 

 

Figure 3.44 Substrate binding to VhChiP probed by single-channel 

electrophysiology. Effect of transmembrane potentials at various 

concentrations of chitohexaose on the single channel insertion of 

VhChiP native, refolded and truncated. Single channel insertion of 

VhChiP native (A), VhChiP refolded (B) and VhChiP truncated (C) were 

reconstituted into a solvent-free DPhPC lipid membrane, containing 1 M 

A) B) C) 
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KCl in 20 mM HEPES, pH 7.5. Various concentrations of chitohexaose 

(0.25, 1.25, 2.5, and 5 μM) was added to the cis side of the membrane. 

The data were recorded at a transmembrane potential of −100 mV. 

 

Table 3.11 The equilibrium binding constants K obtained by titrating 0 – 5 µM of 

chitohexaose on single channel of the three VhChiP variants reconstituted 

into the DPhPc bilayers on the HeKÄ BLM setup. The values are mean ± 

SD from at least three independent measurements. 

Voltage (mV) 
The equilibrium binding constant (K, M−1) 

Native VhChiP Refolded VhChiP Truncated VhChiP 

+100 245,000 ± 35,000 424,000 ± 65,000 34,000 ± 7,200 

−100 434,000 ± 20,000 602,000 ± 53,000 97,000 ± 31,000 

+50 154,000 ± 52,000 309,000 ± 64,000 19,400 ± 8,500 

−50 386,000 ± 66,000 591,000 ± 11,000 35,000 ± 24,000 

+25 103,000 ± 58,000 287,000 ± 38,000 7,400 ± 2,800 

−25 242,000 ± 73,000 376,000 ± 52,000 19,600 ± 4,300 
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Figure 3.45 Importance of the N-terminus for substrate transport. Proteoliposome 

swelling assays in the presence of various mono- and oligosaccharides 

as well as chito-oligosacharides of different lengths were carried out. 

Swelling of VhChiP-containing proteoliposomes was induced by neutral 

sugars. For each preparation, multilamellar liposomes were reconstituted 

with 200 ng of purified VhChiP. The isotonic concentration was 

determined to be 60 mM D-raffinose that caused no change in the 

absorbance at 500 nm of the proteoliposome suspension, over a period 

of 60 s. Each swelling rate was normalised to the rate of swelling in 

arabinose, which was set to 100%, obtained from 3 independent sets of 

experiments. 
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CHAPTER IV 

4  DISCUSSION 

 

Part I: Outer membrane protein (BpsOmp38) from Burkholderia 

pseudomallei 

4.1 Functional properties and mutation effects of Tyr119 of 

BpsOmp38 

 Antimicrobial resistance levels of our clinically-derived B. pseudomallei strain 

were evaluated. As shown in Table 3.1, most MIC values were above the breakpoint 

values, indicating that this B. pseudomallei strain is intrinsically resistant to most 

antimicrobial agents, and sensitive only to ceftazidime and meropenem. When 

compared with the 65 B. pseudomallei isolates reported previously by Thaibault et al., 

(Thibault et al., 2004), our B. pseudomallei strain had greater resistance to amoxicillin, 

cefoxitin, imipenem, and ciprofoxacin, but lower resistance to norfloxacin. Although 

amoxicillin, imipenem, and co-trimoxazole are commonly prescribed for melioidosis 

treatment (Cheng et al., 2004; Chetchotisakd et al., 2001; Simpson et al., 1999; 

Suputtamongkol et al., 1994; Wuthiekanun and Peacock, 2006), our data clearly 

indicated that such antimicrobial agents would not be applicable to this B. pseudomallei 

strain. This B. pseudomallei exhibited particularly high resistance to three antimicrobial 

agents, penicillin G, cefoxitin and doripenem, with MIC values of 1,024 to > 2,048 μg 

mL−1. Statistical analysis shows essential agreement of 100% within ±2 log2 dilution 

and ≥92% within ±1 log2 dilution, which is larger than a threshold for the log2 dilution 

analysis (85% essential agreement for ±2 log2 dilution previously reported by Marley 
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et al. (1995)). This indicates that the differences of MIC values with and without the 

presence of PAβN are insignificant. The correlation of the two-studied groups for all 

14 antibiotics yielded p > 0.05 in the one-way ANOVA analysis, further confirming the 

insignificant differences in the MIC values with and without PAβN. Therefore, both 

statistical analyses clearly suggested that the intrinsic resistance of B. pseudomallei to 

the drugs tested is not mediated by RND-type multidrug efflux pumps. 

 Recombinant BpsOmp38 was previously expressed in inclusion bodies that 

required unfolding/refolding treatment and this often yielded only small (μg) quantities 

of purified protein, which were insufficient for thorough functional characterisation. 

However, the new protocol (section 2.5.1.6) allowed trimeric BpsOmp38 to be 

expressed and inserted in the cell wall of the E. coli host cells, from which it was 

purified to homogeneity. As shown in Figure 3.3B, the purified protein, which migrated 

as a band between 29 and 42 kDa on SDS-PAGE, was equivalent to BpsOmp38 isolated 

from the outer membrane of native B. pseudomallei (lane 4) (Siritapetawee et al., 

2004a). After purification, 1 – 2 mg of recombinant BpsOmp38 per liter of bacterial 

culture was obtained. This was 5 – 10 times higher than that obtained using the 

unfolding/refolding protocol (Siritapetawee et al., 2004a). Although in the E. coli BL21 

(Omp8) Rosetta strain the genes encoding OmpF, OmpC, OmpA and LamB are 

disrupted (Prilipov et al., 1998b), previous study showed that this bacterium could still 

express a significant amount of endogenous OmpN, as a major contaminant (Suginta et 

al., 2013a). Despite the fact that the OmpN gene is quiescent (Prilipov et al., 1998a), 

with deficiency of the usual porin expression, OmpN seemed to be induced. This is 

probably as an adaptive response to the nutritional stress and the need for the 

maintenance of normal growth. However, E. coli harboring the heterologous gene used 

BpsOmp38 as a major conduit for molecular uptake instead. This is supported by the 
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data in Table 3.4, which shows some changes in the antimicrobial susceptibility of E. 

coli expressing BpsOmp38 (column 2) as compared to the control E. coli (column 1).  

 E. coli harboring pET23d(+) with and without the BpsOmp38 DNA insert had 

exceptionally high MIC values for β-lactam antimicrobial agents. The pET23d(+) 

vector contains the β-lactamase gene in the same orientation as the target gene, so the 

high resistance presumably resulted from the degradation of the penicillin antibiotics 

by β-lactamase. This was verified by the reduction of MIC values from >2,048 μg mL−1 

to 32 μg mL−1 (Table 3.4, values in brackets) for both penicillin G and amoxicillin when 

clavulanic acid, a suicide inhibitor of β-lactamases, was included in the culture medium. 

These results suggested that β-lactamase conferred on E. coli a high level of resistance 

towards the β-lactam antibiotics. The MIC value for kanamycin of E. coli harboring 

both empty and recombinant plasmid was also high, since this pET-series vector carries 

the kanamycin resistance gene. 

 In vivo investigation in the exogenous E. coli system suggested that MIC values 

of all antimicrobial agents against E. coli expressing BpsOmp38WT were generally 

higher than in control cells, which were transfected with a vector containing no insert. 

These control cells continued to express OmpN to support growth and this was 

presumably responsible for the observed susceptibility to antimicrobial agents, while 

over-expression of BpsOmp38 apparently caused the suppression of OmpN expression. 

As shown earlier, increased MIC values in E. coli expressing BpsOmp38 suggest that 

recombinant BpsOmp38 is used for entry of antibiotic molecules into these cells, its 

lower permeability lowering the antimicrobial susceptibility of the E. coli strain. 

BpsOmp38 has poor permeability towards most antimicrobial agents, hence causing 

decreases in antimicrobial susceptibility in the E. coli expressing BpsOmp38 as shown 

in Table 3.4.  
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 Log2 dilution analysis (Table 3.4, column Control and WT) suggests that the 

difference in MIC values of the three two-group comparisons were significant (essential 

agreement of ≤ 85%) with ceftazidime and gentamicin. Since log2 dilution analysis gave 

insufficient statistical resolution, ANOVA analysis using a non-parametric correlation 

(Spearman) test was further carried out. One-way ANOVA suggests significant 

differences (p<0.05, values marked with an asterisk) with a broader range of 

antimicrobial agents, including penicillin G, ceftazidime, cefoxitin, imipenem, 

doripenem, co-trimoxazone, and gentamicin. In E. coli expressing BpsOmp38 Y119A, 

susceptibility towards certain cephalosporins and carbapenems was regained (Table 

3.4). Again, log2 dilution analysis shows significant difference with penicillin G, 

ceftazidime and gentamicin. On the other hand, ANOVA analysis shows significant 

difference for cefoxitin, meropenem and imipenem. The limited significance of mean 

values with log2 dilution analysis may reflect inadequate sample sizes. For ANOVA, 

small but equal sample sizes are generally accepted to give reliable results. The 

decreasing MIC values with E. coli expressing BpsOmpY119A mutant agree well with 

the enlargement of the pore conductance (as seen in Figure 3.5) as a result of the 

replacement of the bulky tyrosine side chain with a smaller one. In contrast, E. coli 

expressing the BpsOmp38 Y118F mutant had decreased susceptibility to the same 

groups of antimicrobial agents. This may be associated, in part, with the reduced pore 

conductance due to the ‘greasy’ phenylalanine side chain at position 119. 

 The results obtained from our in vivo studies indicated that expression of 

exogeneous BpsOmp38 altered susceptibility of the Omp-deficinent E. coli host to 

antimicrobial agents of the cephalosporin and carbapenem classes. In analogous work, 

a recent study by Bajaj et al. (2012) showed that OmpPst1 porin of Providencia stuartii, 

an opportunistic pathogen found in patients with hospital-acquired urinary tract and 
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wound infections, developed low membrane permeability as a strategy of resistance 

against imipenem. Using high-resolution BLM reconstitution measurements, they 

demonstrated that imipenem blocked the OmpPst1 pore, leading to a progressive 

decrease in the pore conductance as the concentration of imipenem increased. The low 

permeability of OmpPst1 was further revealed in vitro by liposome swelling assays, 

which showed slow permeation through the OmpPst1 channel by imipenem. 

 Small, neutral sugars exhibited reduced rates of permeability through 

BpsOmp38 with increasing molecular size. The logarithm of the relative permeability 

rate is inversely proportional to the molecular weight of the sugar, which is 

characteristic of general diffusion porins, as previously described (Siritapetawee et al., 

2004b). The swelling rates of the proteoliposomes in D-galactose, D-glucose, and D-

mannose were identical since these sugars are diastereomers of equal size. The 

permeation rates of the sugars through the BpsOmp38 Y119A mutant were measured 

and were found to be significantly greater than the rates of permeation through 

BpsOmp38 WT; in contrast, the permeation rates of these sugars were lower in the 

BpsOmp38 Y119F mutant. 

 Unlike sugars, the relative permeability of antimicrobial agents through 

BpsOmp38 was not correlated with their molecular sizes, as shown in Figure 3.7. 

Furthermore, liposome swelling rates in ceftazidime and cefoxitin were completely 

different. Although these antimicrobial agents carry the same net charge, apparently the 

permeation of these two antibiotics depends on the molecular structure of the drugs, 

which affects their interaction with the channel. The catalytic role of antibiotic-porin 

interactions in facilitating drug permeation was first demonstrated for OmpF 

(Nestorovich et al., 2002). This facilitation effect was further analysed quantitatively 

by Danelon et al. (2006). 
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4.2 Structure, thermal stability and thermodynamic parameters of 

outer membrane protein (BpsOmp38) from Burkholderia 

pseudomallei  

 Initially, the structure of BpsOmp38 was predicted using the 3D structure of 

OmpF porin from E. coli (PDB 3K1B), published by Kattner et al. (2013).The selection 

of OmpF as the template for developing the homology model of BpsOmp38 was based 

on the extensive report on the structure-function relationship of the antibiotic 

translocation (Hajjar et al., 2010). The Tyr119 residue of BpsOmp38 was found to be 

situated at the same region of Tyr122 in the L3 loop of OmpF, which has been reported 

to be a key residue for the translocation of antibiotics through OmpF porin (Hajjar et 

al., 2010). This observation has led to the hypothesis that Tyr119 of BpsOmp38 plays 

an important role in the passage of antibiotics into the cytoplasm of Burkholderia 

pseudomallei. The results from microbiological assays, site-directed mutations, 

liposome swelling assay and biophysical measurements, together with binding kinetic 

constant, supported this hypothesis. 

 However, the amino acid sequences of various regions that participate in pore-

forming properties were found to be different from that of OmpF. Moreover, BLM 

experiment showed that the conductance of BpsOmp38 was 1.6 nS in 1 M KCl at ±100 

mV while that reported for OmpF was 4 nS (Weichbrodt et al., 2015). This difference 

can be explained better with the 3D crystal structures of both Omps. 

 The 3D crystal structure of BpsOmp38 was solved at a resolution of 3.0 Å using 

the 3D structure of Omp32 (Delftia acidovorans) as the structure template (Zeth et al., 

2000). The overall structure of BpsOmp38 consists of 16 anti β-strands with eight 

extracellular long loops and seven periplasmic turns. The longest loop3 (L3) was found 



146 
 

to protrude and hide inside the protein lumen, making the channel selective to only 

certain antibiotics that pass through the protein pore. 

 

 

Figure 4.1 Structural comparison of OmpF and BpsOmp38. Surfaces of the top 

view show the long loops (L3) of A) OmpF and B) BpsOmp38 hiding in 

the pores. C) Top view superpositions of OmpF (yellow) and BpsOmp38 

(green) highlighting their respective key residue Y122 (orange) and 

Y119 (red). 

 

 A comparison of the 3D structure of OmpF and BpsOmp38 explains the 

electrophysiological difference above. Although both OmpF and BpsOmp38 have 

extracellular loops that protrude into their pores, the difference in the length of the loops 

creates a two different scenarios. OmpF with a shorter 31-residue extracellular loops 

(L3; Y122-R152) has channels which are not completely closed, leaving a free space 
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in each channel. In contrast, the longer 44-residue extracellular loops (L3; R117-T160) 

of BpsOmp38 protrude and hide in the pores of BpsOmp38, thus obstructing the channel 

to a larger extent. This loop is a characteristic feature of many porins as a pore-confined 

loop which is responsible for the size-selectivity of the channel (Bredin et al., 2002; 

Zeth et al., 2000). This is the reason to the higher pore conductance of OmpF where the 

free space in the channel allows ions to pass through the channel more freely than that 

of BpsOmp38.  

 MIC assay showed BpsOmp38 was highly susceptible to two antibiotics; 

ceftazidime (cephalosporin) and meropenem (carbapenem). Liposome swelling assays 

showed that both antibiotics can permeate through the BpsOmp38 channel, while other 

antibiotics, such as cefipime, cefoxitin, doripenem and imipenem cannot. To compare 

their ability to bind to the BpsOmp38 channel, these antibiotics were selected for the 

studies of thermal unfolding temperature by circular dichroism and fluorescence 

spectroscopy, along with single channel electrophysiology. 

 The fluorescence intensity at 340 nm of the denatured BpsOmp38 was found to 

be lower than the intensity obtained for the folded BpsOmp38 (Figure 3.12A). This is 

because the Trp residues in an unfolded confirmation are more exposed to the 

hydrophilic aqueous environment. From thermal unfolding experiments, we can 

anticipate that the tryptophan residues play an important role in the structural stability 

of the protein. As predicted, addition of the drugs (ceftazidime and meropenem) to 

which Bps was sensitive significantly increased the Tm values of the BpsOmp38, 

especially ceftazidime which showed the highest ΔTm values (Table 3.6). In contrast, 

the drugs (doripenem, cefepime and cefoxitin) to which Bps was resistant to showed 

lower ΔTm. The result indicates that interactions of the BpsOmp38 with the sensitive 

drugs helped to maintain the structural stability of BpsOmp38 channel. The results from 
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both CD and fluorescence spectroscopy were complimentary to each other and 

indicated that binding of these antibiotics stabilised both the secondary and tertiary 

structures of BpsOmp38.  

 In our titration experiments, changes in the fluorescence intensity upon titrating 

BpsOmp38 with different concentrations of antibiotics gave rise to the quantitative 

values of the dissociation constant (Kd) and the Gibbs free energy of binding (ΔG). The 

titration of the sensitive drugs (ceftazidem and meripenem) to BpsOmp38 demonstrated 

the high binding affinity, when compared to that of the resistant drugs (cefepime, 

doripenem and cefoxitin).  

 Thermodynamic parameters obtained by fluorescence quenching technique 

obtained by varying the temperature of the binding reaction can be used to further 

understand these protein-drug interactions. The binding between protein and substrate 

involves several types of interaction, such as hydrogen bonds, electrostatic interactions 

and van der Waals interaction (Bakkialakshmi and Chandrakala, 2012; Han et al., 2009; 

Jayabharathi et al., 2012; Lakowicz, 2006; Maltas et al., 2013; Molina-García et al., 

2013; Sułkowska and Michnik, 1997; Trynda-Lemiesz, 2004; Xie et al., 2005; Yang et 

al., 2009; Yu et al., 2009). 

 The lnK against 1/T plots in Figure 3.19 (bottom row) indicate that ΔH is 

relatively constant over the temperature range studied and that ΔH and ΔS can be 

determined from the Van’t Hoff relationship. Thermodynamically, all four protein-drug 

pair interactions are found to be exothermic (ΔH < 0). This overall enthalpy change is 

an overall contribution from (1) heat changes accompanying conformational changes 

in the peptide molecules; (2) heat changes associated with the formation of new non-

covalent bonding such as electrostatic, van der Waals and hydrogen bonding; and (3) 

heat changes associated with desolvation energies, such as the displacement or the 
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release of the ordered water molecules from peptide. The total enthalpy can thus be 

described by the following equation. 

ΔH = (−)ΔHconformation + (−)ΔHinteractions + (+)ΔHdesolvation (Abraham et al., 2005). 

 As no significant change in conformation of the overall porin structure can be 

observed between the 3D structures of porin and its ligand-bound complex, the 

exothermic contribution from conformational change to the total enthalpy change is 

thus negligible. This suggests that these drugs form intermolecular bonding with the 

protein leading to stable complexes which are unfavourable for a conformational 

change. This can also be seen in Table 3.6 where the ΔTm of both secondary and tertiary 

structures were generally higher for the protein-ligand complexes. Among the four 

drugs evaluated, meropenem-protein interaction releases the most heat, which is about 

2.5 times of that of ceftazidime, to both of which Bps are sensitive. The results 

demonstrate that antibiotic-channel interactions contribute significantly to the ability of 

drugs to permeate through the cellular surface of Bps. The endothermic effect of 

desolvation is considered insignificant and is in good agreement with the global 

decrease in entropy as discussed in the following paragraph. 

 The degree of freedom decreases when antibiotics are attached to the protein. 

This leads to an entropy decrease (ΔSassoc. < 0), which signifies that the order of the 

system increases with the protein-ligand association (Chilom et al., 2004). The positive 

−TΔS values given by the interaction of the four antibiotics with BpsOmp38 indicate 

that there was a global decrease in entropy (ΔS < 0). Since global change of entropy 

(ΔS) is contributed by the ΔSassoc. and ΔSwater, the global entropy reduction suggests that 

there is no significant compensatory effect from the disorganisation of water molecules.  

 Change in Gibbs free energy (ΔG) is the net effect of the changes in enthalpy 

(ΔH) and entropy (ΔS). Looking at the histograms in Figure 3.20, it is very clear that 
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the interactions of ceftazidime, cefoxitin, meropenem and doripenem with BpsOmp38 

are all mainly enthalpically driven as negative entropy change is thermodynamically 

unfavourable. This enthalpy-entropy compensation effect is a common physical 

phenomenon for protein-ligand binding (Fenley et al., 2012). Meropenem demonstrated 

the greatest enthalpic interaction with BpsOmp38 but this thermodynamic effect was 

partially compensated by the decrease in entropy. Therefore, the overall effect of this 

enthalpy-entropy compensation resulted in a negative ΔG, which means that the 

antibiotic-protein interactions are exergonic and their binding processes occur 

spontaneously (Ross and Subramanian, 1981). The other sensitive drugs, ceftazidime, 

also demonstrated strong intermolecular interaction when compared to the other two 

resistance drugs.  

 Previous study of OmpF and OmpC porins from E. coli by Mahendran et al. 

(2010) showed that ceftriaxone strongly interacted with OmpF and cefepime and 

ceftazidime produced partial monomeric closures of a single channel in their BLM 

experiment. It was also demonstrated that cefepime and ceftriaxone strongly interacted 

with the OmpC. This shows that different porins demonstrate different sensitivity 

towards different antibiotics. The BLM data supported this observation.  

 Ceftazidime, which gave partial monomeric closure with OmpF and no 

blockage event with OmpC, demonstated monomeric blockage events at low 

concentration (0.5 mM) with BpsOmp38. This can be correlated to its high binding 

constant (K) from fluorescence quenching experiments, which suggests that the 

ceftazidime-bound form is more favourable (ΔG < 0) at the equilibrium state. This is 

because the permeability and selectivity of a porin channel is determined by the 

constriction zone formed by the L3 loop together with the opposite barrel wall (Delcour, 

2009). 
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 In the case of meropenem, despite having high negative ΔH, which indicates its 

strong interaction with protein, blockage events can only be seen at high concentration 

(10 mM). This phenomenon is due to the fact that for general diffusion Omp has a size 

exclusion limit of about 600 Da, as reported for OmpF (Delcour, 2009; Nikaido and 

Rosenberg, 1983), while for BpsOmp38, the size exclusion limit was previously 

reported to be 650 Da (Siritapetawee et al., 2004b). Therefore, the small meropenem 

molecule (383 Da), together with its strong interaction with the pore, may pass through 

the BpsOmp38 channel freely and quickly without blocking the channel. As a result, no 

regular current drop event from channel blockage is recorded in the BLM traces for 

meropenem at low concentration, i.e. 0.5 and 2.0 mM. However, frequency of 

translocation increases as the concentration of meropenem increases to 10 mM and 

multiple translocations may happen at the same time, causing channel blockages 

(Figure 3.21). This explains the high permeability for meropenem in B. pseudomallei 

demonstrated by liposome swelling assay. On the other hand, ceftazidime, which has a 

molecular size about the exclusion limit for general diffusion through BpsOmp38, 

blocks the pore and obstructs the passage of ions in the electrolyte when the molecules 

are translocating through the channel. This is recorded as ion current fluctuation in the 

BLM traces as shown in Figure 3.21. No channel activity was observed for the 

resistance drugs (imipenem and cefepime) even at high concentration (10 mM). This is 

correlated with their weak interaction with the BpsOmp38 porin as displayed in titration 

studies with CD and fluorescence spectroscopy. 
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Part II: Chitoporin (VhChiP) from Vibrio harveyi 

4.3 Mutation effects of Trp136 on binding affinity and 

thermostability of VhChiP 

 Substrate-specific porins are selective for one particular solute and contain 

binding site(s) for that solute inside the pores. For example, maltoporin (LamB) is 

specific for maltooligosaccharides (Schirmer et al., 1995), ScrY specific for sucrose 

(Forst et al., 1998) and OprD specific for a fragment of amino acids (Biswas et al., 

2007). Recently, chitoporin (VhChiP) has been isolated from the outer membrane of the 

marine bacterium Vibrio harveyi, namely VhOmp (Schulte et al., 2009). Chitoporin 

expressed in E. coli host, is a chitooligosaccharides specific channel, and is especially 

specific for chitohexaose (Suginta et al., 2013a; Suginta et al., 2013b).  

 The VhChiP from this study, expressed in E. coli Omp8 rosetta, was found to 

be a heat-sensitive trimer. The single band on SDS-PAGE was further confirmed for its 

purity by using anti-ChiP polyclonal antibody. The structure of VhChiP (Figure 3.24) 

showed that Trp136 protrudes into the channel lumen. This residue at this position is 

presumed to have effect on the binding affinity and the permeability of sugar through 

the VhChiP channel. In order to verify this assumption, Trp136 was mutated to Ala and 

Phe, which have different physicochemical properties. According to the standard scales 

of hydrophobicity (Eisenberg et al., 1984), the side chain of Ala is small and neutral, 

while Phe has increased aromaticity and hydrophobicity. These mutants together with 

the VhChiP WT were then subjected to a series of experiments so that the importance 

of this residue in the structural stability of this VhChiP can be better understood.  

 The unfolding curves plotted from the CD and fluorescence spectroscopy 

experiments demonstrate the transition profile of the secondary and tertiary structural 
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change of protein, respectively. The number of intermediate states is seen as the turning 

points in the unfolding curve between the folded and unfolded conformational states 

(Honda et al., 1999). Thermal unfolding profiles in Figures 3.26 and 3.28 show that 

secondary structural unfolding of the three VhChiP subunits is a two-state transition 

involving no intermediate state. The Tm values observed in the CD measurements and 

fluorescence spectroscopy are not the same as they are determinined by the stability of 

the secondary and tertiary structures of proteins, respectively. Based on the reduction 

of Tm values of mutants in both experiments, one can anticipate that this tryptophan 

residue is important for maintaining the structural intregrity of VhChiP. As expected, 

all chitooligosacharides gave significant increase to the thermal stability of the 

VhChiPs, where chitohexaose showed the highest ΔTm value (Table 3.8).  

 The linear plots of ln K against 1/T in Figure 3.37 (middle row) show that there 

is no significant shift of ΔH over the temperature range studied and that ΔH and ΔS can 

be calculated from the Van’t Hoff relationship. Therefore, from the thermodynamic 

point of view, all three protein-chitohexaose pair binding reactions are exothermic (ΔH 

< 0). This overall enthalpy change is a measure of (1) heat changes accompanying 

conformational changes in the peptide molecules; (2) heat changes associated with the 

formation of new non-covalent bonding such as electrostatic, van der Waals and 

hydrogen bonding; and (3) heat changes associated with desolvation energies such as 

the displacement or the release of the ordered water molecules from peptide. Therefore, 

the overall enthalpy can be conveniently shown as: 

ΔH = (−)ΔHconformation + (−)ΔHinteractions + (+)ΔHdesolvation (Abraham et al., 2005). 

 Since no significant change in conformation of the overall porin structure is seen 

in the 3D structures of porin and its ligand-bound complex, its exothermic contribution 

of conformational change to the overall enthalpy change is negligible. This suggests 
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that the chitohexaose forms intermolecular bonding, especially hydrogen bonds, with 

the protein, leading to a more stable complex, which is unfavourable for a 

conformational change. This can also be seen in Table 3.8 where the ΔTm of both 

secondary and tertiary structures were generally higher for the protein-ligand 

complexes. When comparing the ΔH of WT and mutants, the heat release of from the 

interaction of chitohexaose with the WT porin is about 77% higher than with W136F. 

This is predicted to be an effect of the stacking of aromatic ring of Trp136 with the 

+4GlcNAc and +5GlcNAc rings (Figure 3.41), forming a productive interaction 

compared to W136F and W136A which lack this structural feature (Ranok et al., 2015).  

 Change in Gibbs free energy (ΔG) is the net effect of the changes in enthalpy 

(ΔH) and entropy (ΔS). Looking at the histograms in Figure 3.37, it is clear that the 

interactions of chitohexaose with WT, W136A and W136F are all mainly enthalpy 

driven, with negative entropy change which is thermodynamically unfavourable. This 

enthalpy-entropy compensation effect is a common physical phenomenon for protein-

ligand binding (Fenley et al., 2012). Chitohexaose displayed the greatest enthalpic 

interaction with WT but this thermodynamic effect was partially counteracted by a 

decrease in entropy. In our case, the overall effect of this enthalpy-entropy 

compensation resulted in negative ΔG, which means that the interactions are exergonic 

and binding processes between chitohexaose and protein occur spontaneously (Ross 

and Subramanian, 1981).  

 The free energy changes (ΔG) for the three VhChiP variants are not very much 

different. However, it is seen that Trp136 in the WT channel has a stronger exothermic 

interaction with chitohexaose when compared to the other mutant-ligand pairs. This is 

also in good agreement with its high binding constant value (K = 12.70 × 106 M−1), 

showing that the WT-chitohexaose interaction forms more WT-chitohexaose complex 
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molecules at equilibrium. The drastic decrease in the thermodynamic parameters for the 

interactions of chitohexaose with W136A and W136F is an indication that Trp136 

contributes significantly to the strong binding affinity of VhChiP to its substrates. This 

observation of the important role of Trp136 is consistent with the chitooligosaccharide 

translocation pattern through VhChiP observed by Chumjan et al. (2015). 

 

4.4 Structure and functional properties of outer membrane protein 

(VhChiP) from Vibrio harveyi 

 The X-ray crystal structure of trimeric outer membrane-purified VhChiP shows 

an unprecedented closing of the open pore by the N-terminus of a neighbouring 

monomer. Meanwhile, in native VhChiP complexed to chitotetraose substrate the N-

terminus swings out-side the pore. In order to confirm the functional properties of Δ1-

19 amino acids at the N-terminus, the three VhChiP variants were further investigated 

using both electrophysiological techniques and liposome swelling assays. 

Single channel pore conductance of truncated and refolded VhChiP was found 

to be similar to that of the native VhChiP. The conductance of the three protein channels 

ranges from 1.8 to 2.0 nS in 1 M KCl, which is in agreement with previous reports 

(Chumjan et al., 2015; Schulte et al., 2009; Suginta et al., 2013a; Suginta et al., 2013b). 

This suggests that the 19 amino acids at the N-terminal end have no effect to the passage 

of ions in the electrolyte through VhChiP.  

The effect of Δ1 – 19 truncated protein on the binding affinity of VhChiP was 

also investigated by single channel BLM experiments. The K value of truncated VhChiP 

decreased 7-fold in comparison to that of native and refolded VhChiP. This confirms 

that the Δ1 – 19 amino acids at N-terminal end residue play an important role in the 

binding affinity between sugar substrate and the VhChiP channel.  
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The liposome swelling assay shows that the removal of Δ1 – 19 amino acids at 

N-terminal end of VhChiP (Figure 3.45) has significantly affected the specificity of the 

porin, causing it to behave more like a general diffusion porin. This truncated porin, in 

comparison to the native and refolded proteins, gave a higher permeation rate for sugars 

with molecular weight less than 200 Da. However chitohexaose, which is specific to 

VhChiP, demonstrated a lower permeation rate than with the native and refolded 

proteins. This experimental data indicates that the Δ1 – 19 amino acids at the N-terminal 

end is responsible for the specific binding interactions between VhChiP and 

chitohexaose.  

Previous studies on the characteristics of chitooligosacharides (i.e. chitobiose, -

triose, -tetraose, -pentaose and -hexaose) in the single channel artificial membrane have 

shown that the trimeric pore of VhChiP is highly specific for chitooligosacharides with 

higher MW ((GlcNAc) n, n= 4, 5 and 6) (Suginta et al., 2013b). This can be clearly seen 

from the protein-ligand interactions of VhChiP-chitohexaose and VhChiP-chitotatraose 

shown in Figure 3.41 and Figure 3.43, respectively. The (GlcNAc)4 occupies 

approximately the positions of ring 2 to ring 5 of the (GlcNAc)6. Chitooligosacharides 

of shorter chain length do not have these key protein-substrate interactions, which leads 

to the loss of binding specificity. 

 Apart from VhChiP, LamB (maltoporin) is the well-studied outer membrane 

channel dedicated to oligosaccharide transport for which structural information is 

available. The crystal structure of E. coli LamB complexed with maltohexaose has been 

solved previously (PDB ID 1MPO) (Dutzler et al., 1996), providing an opportunity for 

comparison with the VhChiP-chitohexose structure reported in this study. Both 

channels form stable trimers, but the LamB barrel is larger since it consists of 18 strands 

rather than the 16 strands of VhChiP. Beyond the difference in size, the channel shapes 
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of VhChiP and EcLamB also differ substantially, with LamB having a more funnel-

shaped channel with a pronounced pore constriction region. The difference in pore 

architecture is most likely the reason for the strikingly different conformation of the 

bound oligosaccharide, being a left-handed helix in LamB and an extended chain in 

VhChiP (Figure 4.1A and B).  

An interesting question is why the affinity of EcLamB for maltohexaose (K = 9 

× 103) (Dumas et al., 2000) is much lower (~ 50-fold) than the affinity of VhChiP for 

chitohexaose. Thus, it is worth comparing the ion conductance and gating behaviour of 

EcLamB and VhChiP using the single channel BLM experiments. EcLamB has a tiny 

conductance (0.3 nS), while VhChiP has 1.8 nS. Besides, the transportation of 

maltohexaose through EcLamB gave a saturation at >30 µM, while that of chitohexaose 

through VhChiP showed a saturation at >5 µM. Chitohexaose interacts with VhChiP 

strongly through the acetamido group on each GlcNAc residue, while maltohexaose, 

which lacks this functionality, interacts weakly with EcLamB. This explains the low 

affinity of EcLamB for maltohexaose in comparison to that of VhChiP for chitohexaose.  

Qualitatively, the binding interation of hexaoses with both the proteins is very 

similar, both having the aromatic stacking and polar interactions. The X-ray LamB 

structure is a successive sequence of aromatic residues including Trp74, Tyr41, Tyr6, 

Trp420, Trp358, Phe227 that are arranged inside the channel along a left-handed helical 

path. This stretch of aromatic residues was named the “greasy slide” and is actually 

believed to be the structural element responsible for substrate binding and specificity. 

A chain of polar residues (namely, Arg8, Arg33, Glu43, Arg82, Arg109, Asp111, 

Asp116), the so called polar track, is also situated around the constriction site and plays 

an important role in maltose and maltodextrin translocation (Ranquin and Van Gelder, 

2004). 
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Figure 4.2 Comparison of sugar binding in LamB and VhChiP. Side-by-side 

comparison of LamB (left) and VhChiP (right) with their respective 

substrates, viewed from the plane of the OM (A) and from the 

extracellular side (B). The orientations of the proteins are comparable. 

The substrates are coloured in rainbow representation starting at their 

reducing ends. Only 5 substrate units are visible in the LamB structure. 

 

 

  

A) 

B) 
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CHAPTER V 

5  CONCLUSION 

 

In this study, the structural and functional characteristics of two outer membrane 

proteins, namely BpsOmp38 from B. pseudomallei and VhChiP from V. harveyi, were 

investigated.  

In the first part of this work, BpsOmp38 with His6-tag from B. pseudomallei 

was successfully cloned, expressed and purified. Mutation of tyrosine at position 119 

of BpsOmp38 to alanine and phenylalanine using site-directed mutagenesis technique 

has yielded mutants Y119A and Y119F, respectively. The 3D-structures of these 

BpsOmp38 proteins were elucidated with single-wavelength anomalous dispersion 

(SAD) and molecular replacement (MR) techniques.  

The functional role of the residue at position 119 was evaluated using a series 

of characterisation techniques which include MIC values, liposome swelling assay, 

circular dichroism spectroscopy, fluorescence spectroscopy and black lipid membrane 

translocation studies. Detailed comparison of these experimental data, from WT and 

mutants, revealed that the amino acid residue at position 119 plays an important role in 

the passage of antibiotic through the pore channel of BpsOmp38. The antibiotic 

meropenem from carbapenems and ceftazidime from cephalosporins demonstrated the 

strongest structural stabilisation effect upon forming complexes with BpsOmp38.  

In the second part of this work, VhChiP WT and mutants W136A and W136F 

were successfully expressed and purified. Besides, truncated VhChiP, which has no 

signal peptide and 19 amino acids deleted at the N-terminal end, was also expressed. 
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The 3D structures of these proteins were solved using SAD and MR techniques. Their 

functional properties were investigated with a series of experiments which comprised 

of liposome swelling assay, circular dichoism spectroscopy, fluorescence spectroscopy, 

and black lipid membrane translocation studies. These experimental data suggested that 

VhChiP is selective for chitohexaose, of the six chitooligosaccharides investigated. 

Assessment of the experimental evidence suggested that the structural feature at 

position 136 of WT has a significant contribution to this selectivity. 

The functional characterisation of BpsOmp38 (Tyr119) and VhChiP WT 

(Trp136) along with their mutants showed that certain structural features at these 

positions are largely responsible for the translocation of drugs and nutrients into their 

cells. This finding provides a fundamental understanding of the significance of certain 

amino acid residues in controlling the functional properties of BpsOmp38 and VhChiP 

porins. This knowledge is expected to be utilised for future research, especially in 

designing effective drugs for the treatment of diseases. 
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APPENDIX A 

COMPETENT CELL PREPARATIONS AND PLASMID 

TRANSFORMATIONS 

 

1. Preparation of calcium chloride competent cells 

The E. coli DH5α and omp8 Rosetta strain are bacterial strain used for the 

competent cell preparations. The single colony was picked up from LB agar plate and 

grown in 5 mL of LB broth and incubated at 37 °C for overnight (18 hr) at 200 rpm. 

Then 1 mL the overnight cell cultured was subjected into 100 mL of LB broth (ratio 

1:100) and grown at 37 °C until OD600 reached about 0.4-0.5. The cell cultured was 

transferred into a pre-chilled polypropylene tube, chilled on ice for 10 min, and the cell 

pellets were collected by centrifugation at 4,500 rpm at 4 °C for 10 min. The cell pellets 

were gently resuspended in 10 mL of pre-chilled CaCl2 solution (100 mM CaCl2 and 

15% glycerol) on ice, then centrifuged at 4,500 rpm at 4 °C for 10 min. then, the cell 

pellets were gently resuspended again in 10 mL of pre-chilled CaCl2 solution. The cell 

pellets were collected as describe above, then resuspended in 4 mL of pre-chilled CaCl2 

and kept on ice for 10 min. aliquot 100 μL of suspension competent cells into 1.5 mL 

eppendroft tube. The competent cells were frozen using snap-freeze technique under 

liquid nitrogen and store at −80 °C. 
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2. Plasmid transformation (Heat shock method) 

The frozen competent cells were gently thawed on ice and then added 50-100 

ng recombinant plasmid DNAs of VhChiP into 100 μL of the competent cells and kept 

on ice. The mixture were immediately placed at 42 °C for 45 second and then rapidly 

placed on ice again for 10 min. adding 900 μL of pre-warmed LB broth at 37 °C into 

the transformed cells and incubated at 37 °C for 60 min. centrifugation at 4,500 rpm for 

5 min, the 900 μL of supernatant were removed. The 100 μL of cells were spread on an 

LB agar plate containing the appropriate antibiotic and then incubated at 37 °C 

overnight. 
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APPENDIX B 

PREPARATION OF SOLUTIONS AND REAGENTS 

 

1. Reagents for bacterial culture and competent cell transformation 

1.1 Luria-Bertani (LB) broth containing 100 μg mL−1 of ampicillin 

Dissolve 10 g Bacto tryptone, 5 g Bacto yeast extract and 10 g NaCl in 950 mL 

distilled water. Stir until the solutes have been dissolved. Adjust the volume of the 

solution to 1,000 mL with distilled water. The solution is then sterilised by autoclaving 

at 121 °C for 15 min. The medium is allowed to cool down to 50 °C before ampicillin 

is added to the final concentration of 100 μg mL−1. The medium is freshly used or store 

at 4 °C until used. 

1.2 LB broth containing 100 μg mL−1 of ampicillin and 25 μg mL−1 of 

kanymycin 

Dissolve 10 g Bacto tryptone, 5 g Bacto yeast extract and 10 g NaCl in 950 mL 

distilled water. Stir until the solutes have been dissolved. Adjust the volume of the 

solution to 1,000 mL with distilled water. The solution is then sterilised by autoclaving 

at 121 °C for 15 min. The medium is allowed to cool down to 50 °C before ampicillin 

and kanamycin were added to the final concentration of 100 and 25 μg mL−1, 

respectively. The medium is freshly used or store at 4 °C until used. 

1.3 LB agar medium containing 100 μg mL−1 of ampicillin 

Dissolve 10 g Bacto tryptone, 5 g Bacto yeast extract and 10 g NaCl and 15 g 

Bacto agar in 950 mL distilled water. Stir until the solutes have been dissolved. Adjust 

the volume of the solution to 1,000 mL with distilled water. The solution is then 
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sterilised by autoclaving at 121 °C for 15 min. the medium is allowed to cool down to 

50 °C before adding ampicillin to the final concentration of 100 μg mL−1. Pour medium 

into petri-dishes and allowed the agar to harden and store at 4 °C. 

1.4 LB agar medium containing 100 μg mL−1 of ampicillin and 25 μg mL−1 of 

kanymycin. 

Dissolve 10 g Bacto tryptone, 5 g Bacto yeast extract and 10 g NaCl and 15 g 

Bacto agar in 950 mL distilled water. Stir until the solutes have been dissolved. Adjust 

the volume of the solution to 1,000 mL with distilled water. The solution is then 

sterilised by autoclaving at 121 °C for 15 min. the medium is allowed to cool down to 

50 °C before adding ampicillin to the final concentration of 100 and 25 μg mL−1, 

respectively. Pour medium into petri-dishes and allowed the agar to harden and store at 

4 °C. 

1.5 Antibiotic stock solutions 

1.5.1 Ampicillin stock solution (100 mg mL−1) 

Dissolve 1 g of ampicillin in 10 mL of sterile distilled water. Filter sterile 

solution with 0.2 μm filtration, then ampicillin solution is aliquoted and stored 

at −20 °C until used. 

1.5.2 Kanamycin stock solution (50 mg mL−1) 

Dissolve 50 g of kanamycin in 10 mL of sterile distilled water. Filter 

sterile solution with 0.2 μm filtration, then kanamycin solution is aliquoted and 

stored at −20 °C until used. 

1.6 Isopropyl thio-β-D-galactoside (IPTG) stock solution (1 M) 

Dissolve 2.38 g of IPTG in distilled water and make up to a final volume of 10 

mL. The stock solution is filtered to sterilisation and aliquoted to small volume and 

stored at −20 °C. 
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2. Reagents for competent E. coli cell preparation 

2.1 CaCl2 solution (100 mM CaCl2 contains 15% (v/v) glycerol) 

Preparation of 100 mL CaCl2 working solution, mixed the stock solution as 

follows: 

- 10 mL of 1 M CaCl2 (14.7 g/100 mL, filtered to sterilisation) 

- 15 mL of 100% (v/v) sterilised glycerol (autoclaved at 121 °C, for 15 min) 

Adding sterile distilled water to bring a volume to 100 mL. Store the solution at 

4 °C. 

 

3. Reagent for agarose gel electrophoresis 

3.1 50x TAE buffer 

Mix 242 g Tris-base, 57.1 mL glacial acetic acid, and 100 mL of 0.5 M EDTA 

(pH 8.0). Adjust the final volume to 1,000 mL with distilled water. Store the solution 

at room temperature. 

3.2 6x DNA loading solution (10 mL) 

Mix 0.025 g Bromophenol blue and/or 0.025 g xylene cyanol and 3 mL of 100% 

(v/v) of glycerol. Adjust to the final volume of 10 mL with ditilled water and store at 4 

°C. 

 

4. Solutions for protein expression and purification 

4.1 200 mM Lysis buffer (200 mM Tris-HCl, 25 mM MgCl2, 1 mM CaCl2) 
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Dissolve 4.84 g of Tris-base, 1 g of MgCl2, and 29.4 mg of CaCl2 in 100 mL of 

distilled water. Adjust pH to 8.0 with 6 M HCl and make up the volume to 200 mL with 

distilled water and stored the solution at 4 °C. 

4.2 0.2 M Na2HPO4 (Mr = 358.14 g mol−1) 

Dissolve 71.63 g of Na2HPO4 in 500 mL of distilled water and make up the 

volume to 1,000 mL with distilled water.  

4.3 0.2 M Na2H2PO4 (Mr = 136 g mol−1) Dissolve 27.2 g of NaH2PO4 in 500 mL 

of distilled water and make up the volume to 1000 mL with distilled water. 

4.4 0.1 M phosphate buffer (PB), pH 7.4 

Preparation of 100 mL of 0.1 M PB, pH 7.4 working solution, mixed the stock 

solution as follows: 

- 40.5 mL of 0.2 M Na2HPO4 

- 9.5 mL of 0.2 M NaH2PO4 

Adjust the volume to 100 mL with distilled water and stored the solution atroom 

temperature. 

4.5 DNase I (10 mg mL−1) 

Dissolve 0.001 g of DNase I in 20 mM PB (pH 7.4) to the final volume of 100 

μL and kept at −20 °C before used. 

4.6 RNase A (10 mg mL−1) 

Dissolve 0.01 g of RNase A in 20 mM PB (pH 7.4) to the final volume of 1,000 

μL and kept at −20 °C before used. 

4.7 20% SDS stock solution 

Dissolve 20 g of SDS in distilled water to final volume of 100 mL and stored at 

room temperature. 

4.8 3% Octyl-POE 
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Dilute 3 mL of octyl-POE in 20 mM PB (pH 7.4) to the final volume of 100 mL 

and stored at 4 °C before used. 

4.9 0.125% Octyl-POE 

Dilute 0.125 mL of octyl-POE in 20 mM PB (pH 7.4) to the final volume of 100 

mL and stored at 4 °C before used. 

4.10 0.2% LDAO 

Dilute 0.6 mL of LDAO in 20 mM PB (pH 7.4) to the final volume of 100 mL 

and stored at 4 °C before used. 

4.11 SDS-gel loading buffer (3x stock) contains 0.15 M Tris-HCl (pH 6.8), 

6% 

SDS, 0.1% bromophenol blue and 30% glycerol 

Dissolve 6 g of SDS, 0.1 g bromophenol blue, 30 mL of glycerol and add 0.15 

M Tris-HCl (pH 6.8) to the final volume of 100 mL. Store the solution at -30 °C. Before 

used, add 20 μL of 2-mercapthoethanal to the final volume of 40 μL of the solution 

mixture. 

4.12 1.5 M Tris-HCl (pH 8.8) 

Dissolve 18.17 g of Tris-base in 80 mL distilled water. Adjust pH to 8.8 with 6 

M HCl and bring the volume up to 100 mL with distilled water and stored at 4 °C. 

4.13 1.0 M Tris-HCl (pH 6.8) 

Dissolve 12.10 g of Tris-base in 80 mL distilled water. Adjust pH to 6.8 with 6 

M HCl and bring the volume up to 100 mL with distilled water and stored at 4 °C. 

4.14 30% (w/v) Acrylamide solution 

Dissolve 29 g of Tacrylamide and 1 g N, N’-methylene-bis-acrylamide in 

distilled water to a final volume of 100 mL. Mix the solutionby stirring for 1 hr until 
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the solution is homogeneous and filter through a whatman filter paper membrane No. 

1. Store the solution in the dark bottle at 4 °C. 

4.15 Tris-glycine electrode buffer (5x stock solution) 

Dissolve 30.29 g of Tris-base, 144 g of glycine, 5 g of SDS in distilled water. 

Adjust pH to 8.3 with 6 M HCl and bring the final volume up to 1 liter with distilled 

water. 

4.16 Staining solution with Coomassie Brilliant Blue for protein 

Mix 1 g of Coomassie Brilliant Blue R-250, 400 mL methanol, 500 mL distilled 

water and 100 mL glacial acetic acid and filter through a whatman filter paper 

membrane No. 1 and Store the solution in the dark bottle at room temperature. 

4.17 Destaining solution for Coomassie stain 

Mix 400 mL methanol, 100 mL glacial acetic acid, and then add distilled water 

to the final volume of 1,000 mL. 

4.18 10% (w/v) Ammonium persulfate 

Dissolve 100 mg of ammonium persulfate in 1 mL of distilled water. Store the 

solution at −20 °C. 

4.19 12% (w/v) Separating SDS-PAGE gel 

Mix the solution as follows: 

- 1.5 M Tris-HCl (pH 8.8) 2.5 mL 

- Distilled water 3.3 mL 

- 10% (w/v) SDS 0.1 mL 

- 30% (w/v) Acrylamide solution 4.0 mL 

- 10% (w/v) Ammonium persulfate 0.1 mL 

- TEMED 0.004 mL 

Adjust the volume with distilled water to 10 mL 
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4.20 5% (w/v) Stacking SDS-PAGE gel 

Mix the solution as follows: 

- 0.5 M Tris-HCl (pH 6.8) 0.63 mL 

- Distilled water 3.4 mL 

- 10% (w/v) SDS 0.05 mL 

- 30% (w/v) Acrylamide solution 0.83 mL 

- 10% (w/v) Ammonium persulfate 0.05 mL 

- TEMED 0.005 mL 
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Submitted for publication: 
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