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การศึกษาน้ีรายงานถึงการแยกยีนส์ท่ีสังเคราะห์ไคโตพอรินท่ีมีช่ือว่า VhChiP จากจีโนม
ของแบคทีเรีย Vibrio harveyi โปรตีนไคโตพอรินท่ีมีในระบบของแบคทีเรียอีโคไล พบวา่เม่ือท า
การแสดงออกของโปรตีนดงักล่าวสามารถทนต่อ SDS ว่องไวต่ออุณหภูมิ และมีความจ าเพาะต่อ
แอนติบอดีชนิด anti-ChiP polyclonal antibody จากการตรวจหาคุณสมบติัการสร้างพอริน VhChiP 
ดว้ยเทคนิค Planar Lipid Membrane (BLM) Reconstitution Technique แบบไม่มีตวัท าละลาย 
โปรตีน VhChiP สามารถแทรกตวัเขา้ไปเพื่อฝังตวัอยู่ในผนงัสองชั้นของลิปิดและมีการเปิดแบบ
สามหน่วยท่ีเสถียรดว้ยค่าการน าผา่นของไอออน (Conductance, G (nS)) เท่ากบั 1.9 ± 0.07 ใน
สารละลายบปัเฟอร์ท่ีมี 1 โมลาร์ โพแทสเซียมคลอไรด์ การติดตามผลการวดัค่ากระแสในระดบั 
microsecond ของโปรตีนหน่ึงโมเลกุลท าให้ทราบวา่มีการแพร่ผา่นของไคโตโอลิโกแซคคาไรด์ ดว้ย
ค่าคงท่ีการจบัเท่ากบั 500,000 M-1 ซ่ึงแสดงถึงการจบัท่ีดีท่ีสุดกบัสับสเตรทชนิดไคโตเฮกซะโอส 
โดยท่ีค่า On-rate ข้ึนตรงกบัค่าต่างศกัยไ์ฟฟ้าท่ีให้กบัระบบ ในขณะเดียวกนัก็ยงัข้ึนอยูก่บัดา้นของ
การเติมน ้ าตาล ผลดงักล่าวท าให้ทราบแน่ชดัว่าลกัษณะของช่องท่ีอยู่ภายในโปรตีนมีลกัษณะเป็น
แบบไม่สมมาตร การทดลอง Liposome swelling assays แสดงให้เห็นถึงการแพร่ผา่นของน ้ าตาลไคโต
โอลิโกแซคคาไรด์ และยืนยนัวา่ไคโตพอรินเป็นช่องแพร่ผา่นท่ีจ าเพาะต่อน ้ าตาลไคโตโอลิโกแซค
คาไรดเ์ท่านั้น  

 จากการศึกษาต่อไปยงัแสดงให้เห็นถึงผลท่ีเกิดข้ึนตรงต าแหน่งภายในช่องแคบของไคโต
พอรินท่ีใช้ส าหรับการแพร่ผ่านของไอออนและน ้ าตาลไคโตเฮกซะโอส จากการเปล่ียนต าแหน่ง
ของ Trp136 ซ่ึงเป็นกรดอะมิโนท่ีอยูต่รงกลางของช่องพอรินเป็น Ala หรือ Asp ส่งผลให้เกิดการ
แพร่ผา่นของไอออนผา่นช่องพอรินเพิ่มสูงเล็กนอ้ย จากการวิเคราะห์กระแสของไอออนท่ีถูกปิดกั้น
ดว้ยโมเลกุลของน ้ าตาลไคโตเฮกซะโอส ท าให้ทราบแน่ชดัวา่ช่องพอรินมีลกัษณะไม่สมมาตรต่อ
การแพร่ผา่นของน ้าตาลจากต าแหน่งของการเติมน ้ าตาลและชนิดของความต่างศกัยไ์ฟฟ้าท่ีกระตุน้
เขา้ไปในระบบ เม่ือเติมน ้ าตาลไคโตเฮกซะโอส ท่ีดา้น Cis พบวา่โปรตีนท่ีมีการเปล่ียนแปลงของ

 

 

 

 

 

 

 

 



 

 

 

II 

 

กรดอะมิโนตรงต าแหน่งของ Trp136 เป็น Ala และ Arg ค่า On-rate และ Off-rate ท  าให้ทราบว่า
เม่ือเปล่ียนต าแหน่งของ Trp136 มีผลต่อการน าเขา้ของน ้ าตาลและความชอบในการจบัเพิ่มข้ึนอยา่ง
เห็นได้ชัดของช่องพอริน ยิ่งไปกว่านั้ นการศึกษาด้วยการไทเทรตน ้ าตาลและวัดด้วยวิธี 
Fluorescence spectroscopy แสดงให้เห็นวา่การแทนท่ี Trp136 ส่งผลให้มีการลดลงของค่าคงท่ีใน
การจบักบัต่อน ้ าตาล ซ่ึงผลกระทบมากท่ีสุดคือการแทนท่ีดว้ยหมู่ Ala (W136A) เน่ืองจากโปรตีน
ดงักล่าวไม่สามารถจบักบัน ้าตาลชนิดไคโตโอลิโกแซคคาไรด ์สายสั้นๆได ้เช่น GlcNAc3, GlcNAc4 
และ GlcNAc5 ตามล าดบั จากการทดลองดว้ยวิธี Liposome swelling assays แสดงให้เห็นถึงการ
ลดลงของอตัราการแพร่ผ่านของน ้ าตาลไคโตเฮกซะโอส กับชนิดของโปรตีนท่ีมีการเปล่ียน
ต าแหน่งกรดอะมิโนของ W136 ทุกชนิดอีกดว้ย VhChiP ยงัแสดงคุณสมบติัเลือกไอออนชนิดประจุ
บวก (Cation selectivity) ด้วยอตัราส่วนของ PK+/PCl- เท่ากบั 3.2 (-23 mV) ในสารละลาย
โพแทสเซียมคลอไรด์ ในทางตรงกนัขา้ม โปรตีนกลายพนัธ์ุ W136D มีการเปล่ียนแปลงของการ
เลือกต่อไอออนและสามารถจบักบัไอออนชนิดท่ีเป็นบวกเพิ่มมากข้ึนดว้ยอตัราส่วนของ PK+/PCl- 
เท่ากบั 4.2 (-28 mV) ในทางตรงกนัขา้ม โปรตีนกลายพนัธ์ุ W136R มีการลดลงของการเลือกต่อ
ไอออนชนิดท่ีมีประจุเป็นบวกด้วยอตัราของ PK+/PCl เท่ากบั 2.74 (-20 mV) ดงันั้น จากผลการ
ทดลองท าให้ทราบว่า Trp136 มีบทบาทส าคญัต่อการแพร่ผ่านของน ้ าตาลผ่านช่องพอรินชนิด 
VhChiP 
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This study reports isolation of the gene enconding chitoporin, namely VhChiP, 

from the genome of Vibrio harveyi. The E. coli expressed VhChiP was found to be 

SDS-resistant, heat-sensitive, and selectively reacting only with anti-ChiP polyclonal 

antibodies. The pore-forming property of VhChiP was investigated using solvent-free 

planar lipid membrane reconstitution technique. VhChiP inserted into artificial 

membranes and formed a stable trimeric channel with average single conductance of 

1.9 ± 0.07 nS in 1 M KCl. Single channel recordings in the presence of chitosugars 

with different chain lengths resolved translocation of chitooligosaccharides at 

microsecond time resolution. The greatest rate was observed for chitohexaose, with 

the binding constant of K = 500,000 M
-1

. The on-rates of chitosugars depend on 

applied voltages, as well as the side of the sugar addition, clearly indicating the 

inherent asymmetry of the VhChiP lumen. Liposome swelling assays showed only 

permeation of chitooligosaccharides, indicating that VhChiP is a chitooligosaccharide-

specific channel. 

Further studies reported the effect of the constriction zone on ions transport 

and chitohexaose translocation. Mutation of Trp136, the amino acid residue locating 

in the middle of the pore, to Ala or Asp slightly enhanced ion conductivity of the 

VhChiP channel. Noise analysis of the ion current in presence of chitohexaose 
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confirmed that the VhChiP channel asymmetrically responded to side of sugar 

addition, as well as applied electrical field. Addition of chitohexaose on the cis side of 

mutants W136A and W136R resulted in great increases in both on-rate and off-rate, 

suggesting that this mutation of Trp136 particularly interfered sugar accessibility, as 

well as binding affinity of the channel. In addition, titration measurements using 

fluorescence spectroscopy showed that the Trp136 substitution caused decreased in 

the binding constant. The highest effect was observed for the alanine mutant, for 

which the W136A could not bind to short chain chiooligosaccharides, including 

GlcNAc3, GlcNAc4 and GlcNAc5, respectively. Liposome swelling assay also showed 

reduced permeability rate of chitohexaose with all the W136 mutants. VhChiP showed 

selectivity toward cation with the PK+/PCl- ratio of about 3.2 (-23 mV) in a bulk 

solution of KCl. In contrast, with the mutant W136D, the ion selectivity was changed 

and attracted more cation (K
+
) with the PK+/PCl- ratio of about 4.2 (-28 mV). On the 

other hand, the W136R mutant decreased selectivity towards cation with the PK+/PCl- 

ratio of about 2.74 (-20 mV). Such result suggested that Trp136 played an important 

role for sugar translocation through the VhChiP channel. 
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CHAPTER I 

INTRODUCTION 

 

1.1 General introduction into Gram-negative bacteria and their outer 

membrane proteins 

  Bacterial are widespread microorganisms that, in contrast to eukaryotic cells, 

do not have a membrane-bound nucleus or other membrane-surrounded intracellular 

organelles like mitochondria and endoplasmatic reticulum (Adl et al., 2005). In 

general, a first classification of bacteria is into Gram-positive and Gram-negative 

bacteria. The major structural characteristic of Gram-positive bacteria is their plasma 

membrane covered with a thick wall of peptidoglycan. In contrast, the cytoplasm of 

Gram-negative bacteria is confined by a double-walled cell-envelope that is made up 

of inner and outer lipid bilayer membranes, and the periplasmic space sandwiched in 

between the two hydrophobic layers (Beveridge 1981, Nikaido and Rosenberg 1985). 

The cell wall of Gram-negative bacteria defines the shape of the microorganism. A 

further function of the cell wall is to separates physically the intracellular matrix 

(“cytosol”) from the close cellular environment. To control the exchange of 

electrolytes, proteins, nutrients and metabolic products across the hydrophobic barrier 

has to be efficiently controlled. Accordingly, bacterial cell walls have integral protein 

systems incorporated to facilitate the flux of charged and uncharged hydrophilic (bio-) 

chemical species. Those transport units may work as carriers, pumps or channels for 
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ions, proteins and carbohydrates. Figure 1.1 shows the schematic illustration of 

typical structure of the cell wall of a Gram-negative bacterium. An important feature 

of the outer membrane are membrane proteins (Omp’s), which form monomeric- or 

trimeric channels (so-called porins) used by a variety of hydrophilic compounds for 

translocation across into the interior of a bacterial cell. 

 

Outer membrane

Inner membrane

Periplasm space

Lipid molecule
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Waste products
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Figure 1.1 The multi-layered cell wall of a Gram-negative bacterial cell. 

Characteristic for the outer membrane are trimeric outer membrane protein channels, 

which also are called porins. Porins allow the exchange of water soluble molecules 

across the outer membrane.  
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One important class are general diffusion porins allowing the permeation via 

non-specific transmembrane pores to which molecules can be shuttled via simple 

diffusion. The driving force for passive diffusion is a concentration gradient between 

the in- and out-side of the membrane. The rate limiting factors for transport across the 

membrane is not only the size of the traveling molecule, but depends also on the 

charge distribution, steric arrangement of the pore interior, Van der Waals interaction 

or hydrogen bonding. To date, the best studied bacterial porin is the outer membrane 

protein channel E. coli OmpF. Since OmpF is often used as a comparative standard 

for structural and functional analysis of other porins, a brief summary of the OmpF 

properties is provided in the following section. 

 E. coli OmpF is an integral membrane protein located in the outer membrane 

of the bacterium and 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 could pass through the OmpF 

pores and enter the bacterial cytoplasm and compounds shuttling between the extra- 

and intracellular space of the bacterium. The transported molecules includes small 

ions (e.g. K
+
, Na

+
, Ca

2+
, Cl

-
 etc.), glucose, ascorbate, amino acids and other nutrients 

as well as metabolic waste products (Cowan et al., 1995; Phale et al., 2001; Berkane 

et al., 2005). 
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 The high resolution structure revealed that the active OmpF exists as trimeric 

subunits within the outer cell membrane (Cowan et al., 1992). The individual 

monomers of OmpF consist of a 16-stranded β-barrel with a central hydrophilic pore 

and eight extracellular loops (Cowan et al., 1992). Figure 1.2A illustrates the 

configuration of one of the OmpF monomers, three of the monomers will form the 

active trimeric agglomerate that is the functional unit in support of a cytosolic uptake 

A B

 
 

Figure 1.2 Structure of an E. coli OmpF monomer. (A) Side view of a single β-barrel 

of the OmpF trimers to highlight the orientation of the protein arrangement in the 

outer membrane (“EC” is the extracellular side, and “Peri” the periplasmic side of the 

outer membrane); the front part of the strands has are not shown to make a view on 

the constricting L3 loop (orange) possible. (B) Cross-section of the OmpF monomer 

observed from the side of the periplasm; clearly visible is the narrowing of the porin 

channel by the internal pore residues in the constriction zone. Responsible residues 

the acidic residues of the L3 loop (in red) and a cluster of basic amino acids of the 

opposite barrel wall (in blue). (Cowan et al., 1995) 

Loop 3 
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of dissolved nutrients (schematically in Figure 1.1). As seen from Figure 1.2A, the 

OmpF monomer has about half the way inside of the pore an internal loop, which 

narrows at this location the protein channel, and thus presents a hindrance for the 

membrane translocation of molecules. The “restriction zone” formed by the L3 loop is 

better observable in a cross-sectional graphical illustration of the OmpF porin (Figure 

1.2B). Apparently, specific acidic amino acid residues at a certain region of loop L3 

together with basic amino acid residues located at the barrel wall opposite to loop L3 

are the functional entities that are responsible for the constitution of a restriction of 

molecular diffusion (Phale et al., 2001). 

 Extracted and refolded trimeric OmpF can be reconstituted as functional 

channel into artificial lipid bilayer (so-called “black” lipid membranes, BLM’s). 

Reconstitution experiments are usually carried out in special BLM chambers in which 

the lipid bilayer spans a small hole in an insulating polymer partition and is exposed 

to a buffer solution (e.g. 1 M KCl) at both sides. When the voltage-induced membrane 

current through a freshly formed stable lipid bilayer is recorded at a given membrane 

potential Vm (for technical details see the later section on the BLM technique), zero 

current or close to zero is the indication of an intact “porin-free” lipid bilayer. The 

appearance of a step-like current increase upon the addition of diluted porin stock 

solution to the buffer electrolyte is, on the other hand, a sign of the insertion of a fully 

open OmpF trimeric protein channel. Interestingly, OmpF channels are prone to shut 

upon the exposure to higher voltage (e.g. 150-200 mV) (e.g. Mahendran et al., 2009). 

Channel closure takes place sequentially with one of the three monomers closing after 

another. Figure 1.3 is a schematic representation of the predicable outcome of a BLM 

measurement with OmpF as the studied membrane incorporating porin. The average 
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single channel conductance can be calculated either from the measured magnitude of 

an insertion-induced current step and the known value of the membrane potential 

during insertion or from the slope of a plot of the membrane current as the function of 

the membrane potential. The literature value for the OmpF single channel 

conductance is about 4 nS in 1 M KCl (Kreir et al., 2008). OmpF is known to be a 

general diffusion pore that obeys Ohm’s Law, changes in the membrane potential and 

changes in the type and concentration of the electrolyte will of course modulate the 

observed single- or multiple-channel membrane currents at otherwise fixed 

conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.3 Schematic representation of the current trace that will be obtained when a 

single trimeric unit of an E. coli OmpF inserts from a buffer solution of e.g. 1 M KCl 

into an artificial lipid bilayer and current flow through the membrane is recorded at a 

membrane potential Vm in the mV range. Ohm’s law allows calculation of the porin 

conductance. 
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 In a recording as schematically shown in Figure 1.3 the current through an 

OmpF pore is caused by the flux of the ions that are present in the measuring buffer 

solution. These, for example, may be hydrated potassium cations and chloride anions 

in the case of a 1 M KCl as electrolyte solution. The situation is very different when 

comparably larger molecules as for instance certain antibiotics or sugars are added at 

low concentration as a supplement to the measuring buffer. Large molecule will 

penetrate slowly thus inhibiting the flux of ions. For this reason, a decreased 

membrane current will be seen during the residence time of e.g. an antibiotic 

molecule in the pore. Figure 1.4 displays the outcome of a nice representative 

bacterial porin study that addressed specifically the translocation of antibiotics of 

different sizes and charges through single OmpF units (Mahendran et al., 2010).  
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Figure 1.4 Typical traces of the ionic current through a single trimeric OmpF 

protein pore in the presence of (A) selected cephalosporins and (B) selected 

fluoroquinolones. Insets are single-monomer blocking events at higher time 

resolution. Used was a DPhPC membrane in 1 M KCl (pH 6) and 5 or 0.5 mM 

supplement of the antibiotics. To induce current flow the transmembrane voltage 

was set to -50 mV (Mahendran et al., 2010). 
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 As seen in Figure 1.4 are short (sub-ms long) deflections in the membrane 

current traces and each of them is the reflection of an antibiotic translocation event: 

the current instantly decreases at the time of antibiotic channel entrance and it returns 

suddenly to the original level exactly when the molecule is leaving the pore. The 

important message here is that high-resolution membrane current measurements with 

reconstituted outer membrane protein channels have the power to resolve in real time 

the dynamics of the passage of individual penetrating and translocating (drug or other) 

molecules.  

 As outlined above, OmpF is a non-specific porin that allows molecules to pass 

as long as their sizes are small enough for channel passage. There are, however, also 

substrate-specific porins that allow access only for a certain type of molecules and not 

for others. Prominent reported examples of Omp’s with substrate specificity are the 

LamB porin from E. coli, which is also known as the maltoporin and responsible for 

the membrane translocation of maltose and maltodextrins (Klebba et al., 1994), and 

the sucrose porin ScrY from Salmonella typhimurium (Schmid et al., 1991, Schuelein 

et al., 1991). A brief description of the LamB porin is part of the following paragraphs 

in order to provide insight in the structure and function of a substrate specific porin.  

 E. coli’s LamB (maltoporin) is a specific diffusion porin that evolves in the 

bacterial outer membrane under special growth conditions. In fact, LamB is expressed 

as part of the mal-regulon upon exposure to maltose or maltodextrins. LamB is a 

solute-specific channel with a set of aromatic amino acid residues inside of the pore 

forming a substrate binding site specially designed for maltose and maltodextrins 

(Szmelcman et al., 1976; Tommassen and Lugtenberg 1980; Hancock 1981; Brass et 

al., 1985; Szmelcman and Hofnung, 1975).  
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 Like non-specific general diffusion pores, also specific LamB forms trimeric 

pore structures in the outer membrane of bacteria. However, high-resolution crystal 

structures from the groups of Schirmer and Rosenbusch showed that in contrast to the 

16 stranded antiparallel β-barrel of e.g. OmpF monomers, LamB monomers are made 

of an 18 stranded antiparallel β-barrel (Dutzler et al., 1996; Meyer et al., 1997; 

Schirmer et al., 1995). Long loops protruding from the structure into the cell exterior 

and short turns directed towards the periplasm were also identified. As for OmpF-type 

porins, a constriction zone (pore narrowing) is formed by the inward folded loop L3. 

But with LamB, additional loops, namely the loops L1 and L6, further restrict the 

channel width.  

 The most remarkable attribute identified in the X-ray LamB structure was a 

successive sequence of aromatic residues including Trp
74

, Tyr
41

, Tyr
6
, Trp

420
, Trp

358
, 

Phe
227

 that are arranged 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. A chain of 

polar residues (namely, Arg
8
, Arg

33
, Glu

43
, Arg

82
, Arg

109
, Asp

111
, Asp

116
), the so-

called polar track, is also situated around the constriction site and plays an important 

role in maltose and maltodextrin translocation. Figure 1.5 shows a cross-sectional 

representation of the LamB monomer that gives an idea about the relative location of 

its internal greasy slide and polar track. 
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 A number of biophysical studies addressed a careful functional analysis of 

LamB and the assessment of the LamB channel conductance and open LamB sugar 

translocation rates for the protein pores that were reconstituted in artificial lipid 

bilayer membranes (Benz et al., 1986; Benz et al., 1987; Saurin et al., 1995). The 

trimeric single channel conductance of a fully open maltoporin unit in solvent-free 

bilayers was found to be related only about 0.2-0.3 nS in a bulk solution that was 1 M 

KCl (Bezrukov et al., 2000). The LamB single channel conductance is thus 

 
 
 

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

shown in red in the following sequence: Trp
74

 (at the top), Tyr
41

, Tyr
6
, Trp

420
, Trp

358
 

and Phe
227

. The polar tracks are shown in blue, comprising the residues: Arg
8
, Arg

33
, 

Glu
43

, Arg
82

, Arg
109

, Asp
111

 and Asp
116

 (Ranquin and Van Gelder, 2004). 
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significantly smaller than the one of the porin OmpF from E. coli. The explanation is 

probably the strengthening effect of loops L1 and L6 in terms of the ion flux 

hindrance in the area of the restriction zone that exists for LamB but not for OmpF.  

 Open LamB pores incorporated in solvent-free BLMs were shown to be able 

to effectively interact with their sugar substrates that have been added to the 

membrane contacting electrolyte solution. As result of the substrate binding to the 

binding site deep in the porin interior, the LamB channels get temporarily blocked and 

transient current decreases are resolvable in high-time resolution bilayer 

measurements. Figure 1.6 is an example of such an experiment with the wild-type E. 

coli LamB reconstituted in a DPhPC bilayer and then exposed to 0-30 µM 

maltohexaose (Bezrukov et al., 2000). In the absence of the maltohexaose the 

maximum current for the fully open channel is recorded and, with the applied 

membrane voltage known, allows calculation of the trimeric LamB pore conductance. 

The residence of the maltohexaose in individual monomer units appear as downward 

current deflections. At low concentrations, only individual monomer units interact at a 

time because of the low probability of a pore-sugar interaction and the number of 

penetration events (current deflection) is small and limited to the closure of one 

monomer unit. With increasing maltohexaose solution levels, the number of events in 

the current recording clearly increases and the closure of two and or even all three 

monomers of the LamB porin is visible.   
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Figure 1.6 Current recordings of a single maltoporin channel at various 

maltohexaose concentrations (given as numbers on the left). Deflections 

demonstrate time-resolved events of the reversible sugar binding/channel 

blockade. At small sugar concentration short interruptions in the channel current 

by one third of its initial value in sugar-free solution are seen. As the sugar 

concentration is increased, current interruptions in the different monomers 

comprising the trimer channel overlap displaying two thirds (10 µM recording) or 

even complete (30 and 100 µM recordings) transient blockages of the channel 

current. Transmembrane voltage of +200 mV is applied from the side of protein 

addition. Current records are presented at 50 µs time resolution (Bezrukov et al., 

2000).  
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 Note that high-time resolution lipid bilayer membrane current measurements 

as shown in Figure 1.6 with the specific porin channels as the LamB trimer studied in 

the presence and absence of the corresponding substrates  and at various temperatures 

and concentrations allow an assessment of the  binding kinetics (schematically in 

Figure 1.7) and the calculation of the second-order on-rate constant kon (M
-1

s
-1

), the 

first-order off-rate constant koff (s
-1

), and the equilibrium binding constant (K, M
-1

) as 

the ratio kon/koff (Nekolla et al., 1994).   

The kinetics of sugar-binding LamB channels was also addressed with studies 

of porin insertion in painted solvent-containing BLM measurements (Jordy et al., 

1996). The porin was actually added into the buffer electrolyte and allowed to insert 

until saturation of the membrane with the trimeric units was reached and a stable 

maximum membrane current was observed. Then, the LamB membrane conductance 

was titrated with maltotetraose or maltopentaose via the multiple additions of aliquots 

of a stock solution of the sugar of choice. The analysis of the power density spectra of 

the sugar-induced current noise following a procedure introduced by Nekolla et al. 

(Nekolla et al., 1994) then facilitates the evaluation of the sugar binding kinetics and 

rate constants for carbohydrate binding to the channel interior and dissociation from 

there can be revealed. The study demonstrated that the wild-type maltoporin of 

Salmonella typhimurium had approximately the same sugar-binding kinetics as the 

wild-type LamB of the E. coli. The same study also demonstrated that E. coli LamB 

mutants with mutations of tyrosine residues (Tyr
118

) in the first transmembrane β-

strand starting from the N terminus or in the third loop of the β-barrel (between β-

strands 5 and 6) had significantly modified binding properties of sugars to the internal 

binding site compared to the wild-type protein (Orlik et al., 2002; Orlik et al., 2002). 
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Figure 1.7 Schematic drawing of a single-sided sugar addition lipid bilayer 

experiment with LamB. The chosen sugar (S) is for instance added at the loop-side of 

the LamB channel. Current fluctuation analysis can detect the kon value. Once the 

sugar is bound to the binding site in the pore structure, it can leave the channel in two 

directions and koff values of both exits can be calculated. The dashed line represents 

the greasy slide residues; the cross is the mutated greasy slide residue (Danelon et al., 

2003). 
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1.2 Marine bacteria and their function in chitin uptake 

 Most marine bacteria present in a seawater environment including the members 

of the Vibrio species (Keyhani and Roseman, 1999) are using chitin, or better the 

products of chitin hydrolysis, as a readily available energy source for supporting 

intracellular metabolism. Chitin is a homobiopolymer that is composed of β 1-4 

linked N-acetyl-glucosamine (GlcNAc) residues (Li et al., 2004; Park et al., 2000) 

and is the main component of the shells of, for instance, shrimp, crab, crayfish or 

lobster. Marine bacteria degrade insoluble chitin into small chito-oligosaccharides, 

which are then transported into their cytosol. Marine bacteria have available self-

produced efficient chitinases (EC 3.2.1.14), a type of enzymes that catalyze the 

conversion of chitin to the desired soluble chito-oligosaccharides (schematically 

shown in Figure 1.8). Chitinases are found in a wide range of organisms including 

viruses, bacteria, fungi, insects, plants and animals (Jolles and Muzzarelli, 1999; Yu 

et al., 1991; Merzendorfer et al., 2003; Herrera-Estrella et al., 1999). Detailed 

information on the (biochemical) properties of chitinases and the mechanism of their 

catalytic interaction with their substrate chitin can be found in a comprehensive 

review article (Keyhani et al., 2000)  

Extracellularly synthesized chito-oligosaccharides need to get across the bacterial 

cell wall including the outer and inner membrane and periplasmic space in order to be 

transported into the cytoplasm of the marine microorganism and be available there as 

energy supply. The first barrier for the chito-oligosaccharides is of course the 

bacterial outer membrane. As illustrated in Figure 1.9, GlcNAc and (GlcNAc)2 are 

small enough to get access to the periplasm via general diffusion pores. The higher 

chito-oligosaccharides ((GlcNAc)n, n = 3-6),  however, are too bulky to go through a 
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normal unspecific (general) porin and the finding of a number of studies supported the 

existence of a highly specialized outer membrane protein channel that acts as specific 

porin for the species (GlcNAc)3-6 (Hjerde et al., 2008; Keyhani et al., 2000; Li and 

Roseman, 2004; Meibom et al., 2004). On account of its function, the (GlcNAc)2-6 

specific OMP channel of marine bacteria was termed the bacterial chitoporin (ChiP) 

and it is in fact the structure and function of this outer membrane protein that forms 

the central subject of this doctoral thesis. 

An earlier microarray expression profiling and mutational analysis of Vibrio 

cholera, grown on a natural chitin surface, or with the soluble chitin oligosaccharides 

(GlcNAc)2–6, N-acetyl-glucosamine, or the glucosamine dimer (GlcN)2 identified 

ChiS, a sensor histidine kinase as the regulated gene that is responsible for the 

expression  a so-called (GlcNAc)2–6 gene set. The gene set includes a (GlcNAc)2 

catabolic operon, two extracellular chitinases, a chitoporin, and a PilA-containing 

type IV pilus, designated ChiRP (chitin-regulated pilus) that confers a significant 

growth advantage to V. cholerae on a chitin surface (Meibom et al., 2004). The 

regulation of the chitinolytic cascade in Vibrios by chitin oligosaccharides and a two-

component chitin catabolic sensor kinase was also a major component of two studies 

from the Roseman group (Keyhani et al., 2000; Li and Roseman, 2004).  
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Figure 1.8 (A) The chitinase-assisted chitin degradation as driven by marine 

bacteria for the utilization of chitin for cellular metabolism and (B) the chemical 

structure of chitooligosaccharides products of enzymatic chitin breakdown. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

19 

                                      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.9 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 (Li et al., 2004). After chitin degradation by 

chitinase, the chitin fragments are transported through the outer membrane by 

diffusion through porin or chitoporin, depending on their sizes. Further 

enzymatic degradation takes place in the periplasm, producing GlcNAc and 

GlcNAc2. Binding of GlcNAc2 to CBD activates the ChiS sensor, producing 

transcription of the genes under control of the GlcNAc2 catabolic operon. 

GlcNAc is translocated to the cytoplasm by the GlcNAc PTS system, while 

GlcNAc2 is transported through the inner membrane by the GlcNAc2 ABC 

permease. Both products are phosphorylated, and finally converted to Fructose-

6-P, acetate and NH3. 
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Above-mentioned earlier molecular biology and biochemistry studies provided 

a clear proof that a chitoporin exists in the membrane of at least some, if not all, 

marine bacteria. It should be emphasized that so far there are no studies reported yet 

in the scientific literature that dealt and succeeded with the isolation of the ChiP 

components from the outer membrane fractions of suitable marine bacteria and then 

with a functional analysis of chito-oligosaccharide flux through these channels via the 

biophysical/electrophysiological measurements. Also, the structural arrangement of 

ChiP has not yet been revealed via the modern powerful X-ray and spectroscopic 

protein structure techniques. Therefore, the exact internal and external channel 

architecture (e.g. of ChiP’s restriction zone) and the arrangement of the complex 

between (GlcNAc)2–6 and the ChiP chito-oligosaccharide binding site currently 

remain to be identified.  

 

1.3 Techniques for functional analysis of bacterial outer membrane 

proteins 

A number of sensitive analytical techniques are used for revealing the structure 

and function of bacterial outer membrane proteins. Best for studying OMP function in 

terms of flux of dissolved (ionic) species are membrane current measurements that 

can be achieved via the “black lipid membrane (BLM) technique. Insight in the 

channel-function of reconstituted Omps may also be gained by means of liposome 

swelling assay. In this thesis the BLM technique, the liposome swelling assay, and 

fluorescence spectroscopy will be the main tools for the desired functional 

characterization of the isolated chitoporins from V. harveyi. The principles behind 

these analytical techniques will be briefly outlined.    
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 1.3.1 The “Black Lipid Membrane” (BLM) technique 

BLMs are a widely-used model system for the study of membrane proteins. 

The principles of the BLM technique (or BLM measurements) are provided briefly in 

the following section. More detailed information can be found in recently published 

review articles and book chapters (Mueller et al., 1964; Benz et al., 1975; Montal et 

al., 1972; Benz et al., 1986). 

The BLM experiment is a measure of the voltage-induced current through 

single or multiple protein channels that are incorporated in a well established bilayer. 

The instrumentation for the recording of ionic currents through outer membrane 

proteins (porins) in a freshly formed BLM is shown in Figure 1.10. Usually, a BLM 

set-up is placed in a Faraday cage on top of a vibration-dampening table with the 

main components being a low-noise two electrode patch-clamp amplifier, a special 

two-electrode headstage for the bilayer recordings, a two-compartment bilayer 

recording chamber and a computer interface for controlling the transmembrane 

voltage and for high-resolution, low-noise data acquisition. Special care has to be 

taken on the optimization of the noise properties of the set-up since the ionic currents 

through single outer membrane protein pores are in the pA range and only can be 

resolved at appropriately low noise levels in the bilayer recordings. The electrolyte for 

BLM measurements is usually a buffered or un-buffered solution of potassium or 

sodium chloride, sodium acetate, or other salts. 
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  Starting material for the establishment of the required artificial lipid bilayers 

(BLMs) in the specially designed BLM chambers is a diluted solution of natural or 

synthetic lipids of choice (e.g. diphytanoyl-phosphatidylcholine, DPhPC) in a suitable 

organic solvent (e.g. n-pentane, hexane/chloroform etc.). Two different strategies are 

widely used for the formation of stable artificial lipid bilayer membranes on the hole 

in the Teflon foil that separate the two BLM electrolyte compartment: 

 To establish the lipid bilayer by the painting approach (Benz et al., 1975), a 

paint brush is soaked with a little drop of the lipid solution and a tiny amount 

of this mixture applied to the hole. On both side of the aperture the media is an 

aqueous one and lipid as well as solvent molecules as non-polar species have 
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Figure 1.10 Schematic of the electrophysiological/biophysical set-up for planar lipid 

bilayer experiments on porin channels that were isolated from the outer membrane of 

bacterial cells. 
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the tendency to separate from that surrounding. Thinning in the centre of the 

aperture leads to the formation of a bilayer structure in that region. The bilayer 

structure is concentrically surrounded by the organic solvent and thus not 

100% solvent free but contaminated with residual amounts of it. 

 With the classical Montal-Mueller technique (Mueller et al., 1964; Montal et 

al., 1972), a few microliters of a solution of the lipids of choice in hexane/ 

chloroform is dropped on top of the surface of the aqueous buffer solution that 

serves as electrolyte for the BLM measurement. After allowing the solvent to 

evaporate, a lipid monolayer is obtained on top of the buffer solution. At this 

stage lowering and rising of the electrolyte level below and back to above the 

hole in the Teflon partition is performed. Usually this action forms in 

straightforward fashion a stable bilayer across the aperture. Advantage of the 

Montal-Mueller-type of BLMs is that they are solvent-free and thus a more 

reproducible system for the study of membrane protein channels. 

With a lipid bilayer in place as separating layer between the electrolytes in the 

two bilayer compartments, a membrane potential can be applied between the two 

Ag/AgCl electrodes  to the left and the right of the BLM and the membrane current 

monitored at millisecond time scale and pA current resolution. As long as pore-

forming porin has been added to the membrane-bathing solutions at either side of the 

BLM, only very small background currents should be observed. Depending on the 

electrical noise levels and the quality of the Ag/AgCl electrodes, the background 

currents may range one and a few pA. Addition of porin to one electrolyte 

compartment (either on the cis- or trans-side) may lead to the insertion of the protein 

channels into the BLM membrane. Insertion events will lead to a step-like current 
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increase since the cations and the anions of the buffer solution are now able to diffuse 

through the membrane pore under the influence of the applied voltage. Multiple 

sequential porin insertions will become visible in the current trace as sequential step-

wise increase in signal. Figure 1.11 is a schematic representation of a current 

recording as it is expected when a small aliquot of a pore-forming outer membrane 

protein sample is added in course of a BLM experiment and membrane incorporation 

of a porin takes place. After addition of porin, the current will remain for a short 

period at background level but then multiple channels may get inserted into the BLM 

one after the other and the membrane current increases in sudden fashion for each 

porin insertion event. 
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Figure 1.11 Schematic representation of the current vs. time trace that is expected 

when a BLM membrane is exposed to an electrolyte containing pore-forming outer 

membrane proteins. In this specific case, four porin units successfully incorporated 

into the lipid bilayer and provided channels for ion flow at the condition of an 

applied membrane voltage.  
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For a complete understanding of the pore properties of an outer membrane 

protein channel/porin, the BLM measurements will be carried out under various 

conditions. Experimental variables are: type and concentration of salt, the side of the 

membrane to which the porin was added, the transmembrane potential, the type of 

lipid used for BLM formation, etc. The addition of large molecules revealed 

interaction to observe for the effect on the ion flow through the porin channels. A 

careful statistical analysis of the many recordings provided information on the 

function of bacterial outer membrane protein channel in terms of the membrane 

passage of charged or uncharged molecules.  

 

 1.3.2 Binding studies using the intrinsic fluorescence of proteins and peptides 

The fluorescence of a folded protein is from all individual aromatic 

residues: tryptophan (Trp), tyrosine (Try), and phenylalanine (Phe) (Demchenko, 

1988; Longworth, 1971; Permyakov, 1993) (Figure 1.12). Most of intrinsic 

fluorescence emissions of a folded protein are due to excitation of tryptophan 

residues, with some emissions due to tyrosine and phenylalanine. Figure 1.13 shows 

excitation and emission spectra of tryptophan, tyrosine, and phenylalanine, 

respectively. These aromatic amino acids have for example a wavelength of 

maximum absorption of 240 to 280 nm and an emission wavelength ranging from 250 

to 400 nm depending in the polarity of the local environment.  
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Figure 1.12 Intrinsic biochemical fluorophores. Tryptophan (Trp), tyrosine (Try), 

and phenylalanine (Phe) (Lakowicz, pp. 64). 

 
 

 
Figure 1.13 Absorption and emission spectra of the fluorescent amino acids in water 

at pH 7.0 (Lakowicz, pp. 65). 
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Hence, protein fluorescence may be used as a diagnostic tool to determine the 

conformational state of a protein (Vivian and Callis, 2001). Proteins that lack 

tryptophan may be coupled to a fluorophore. Furthermore, tryptophan fluorescence is 

strongly influenced by the proximity of other residues (i.e., nearby protonated groups 

such as Asp or Glu can cause quenching of Trp fluorescence). An energy transfer 

between tryptophan and the other fluorescent amino acids is possible. In addition, 

tryptophan is a relatively rare amino acid; many proteins contain only one or a few 

tryptophan residues. Therefore, tryptophan fluorescence can be a very sensitive 

measurement of the conformational state of individual tryptophan residues. The 

advantage compared to extrinsic probes is that the protein itself is not changed. The 

use of intrinsic fluorescence for the study of protein conformation is in practice 

limited to cases with few (or perhaps only one) tryptophan residues. 

For example, if a protein containing a single tryptophan in its 'hydrophobic' 

core is denatured with increasing temperature, a red-shift emission spectrum will 

appear (Figure 1.14). This is due to the exposure of the tryptophan to an aqueous 

environment as opposed to a hydrophobic protein interior. In contrast, the addition of 

a surfactant to a protein which contains a tryptophan which is exposed to the aqueous 

solvent will cause a blue shifted emission spectrum if the tryptophan is embedded in 

the surfactant vesicle or micelle (Caputo and London, 2003). At 295 nm, the 

tryptophan emission spectrum is dominant over the weaker tyrosine and phenyl-

alanine fluorescence. Number of processes can lead to a reduction in fluorescence 

intensity, i.e., quenching such as collisional (dynamic) quenching and static (complex 

formation) quenching.  
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Figure 1.14 A) An outer membrane protein (for example, Omps) is solubilized in 

detergent with different forms of free or interaction with its substrate. Emission 

spectra of Omp are shown in the black line and the red line indicated when the Omp 

interacted with substrate. B) Substrate quenching of Omp when bound to substrate 

binding protein (Neves et al., 2009). 
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1.3.2.1 Theory of collisional quenching 

Collisional quenching occurs when the excited fluorophore experiences 

contact with an atom or molecule that can facilitate non-radiative transitions to the 

ground state. Common quenchers include O2, I
-
, Cs

+
 and acrylamide (Kautsky, 1939; 

Kasha, 1952; Steiner and Kirby, 1969; Eftink and Ghiron, 1981; Eftink, 1991; Eftink, 

1991). 

Stern-Volmer equation, holds:  

 

F0/F = 1+ kqτ0[Q] = 1+KD [Q]      Eq. 1.1 

 

In this equation F0 and F are the fluorescence intensities in the absence and presence 

of quencher, respectively; kq is the bimolecular quenching constant; τ0 is the lifetime 

of the fluorophore in the absence of quencher, and Q is the concentration of quencher. 

The Stern-Volmer quenching constant is given by KD = kqτ0. If the quenching is 

known to be dynamic, the Stern-Volmer constant will be represented by KD. 

Otherwise this constant will be described as KSV. Quenching data are usually 

presented as plots of F0/F versus [Q]. This is because F0/F is expected to be linearly 

dependent upon the concentration of quencher. A plot of F0/F versus [Q] yields an 

intercept of one on the y-axis and a slope equal to KD (Figure 1.15, left).  
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I0/I = 1 + KSV[Q] 

 

 

 

 

2.3.2.2 Theory of static quenching 

 

Quenching can also occur as a result of the formation of a nonfluorescent 

ground-state complex between the fluorophore and quencher (Davis, 1973; Shinitzky 

and Rivnay, 1977). When this complex absorbs light it immediately returns to the 

ground state without emission of a photon (Figure 1.15). For static quenching the 

dependence of the fluorescence intensity upon quencher concentration is easily 

derived by consideration of the association constant for complex formation.  

This constant is given by:  

 

Ks = [F-Q]/[F][Q]        Eq. 1.2 

 

Where [F-Q] is the concentration of the complex, [F] is the concentration of 

uncomplexed fluorophore, and [Q] is the concentration of quencher. If the complexed 

 
 
 

Figure 1.15 Comparison of dynamic and static quenching (Lakowicz, pp. 280). 
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species is nonfluorescent then the fraction of the fluorescence that remains (F/F0) is 

given by the fraction of the total fluorophores that are not complexed: f = F/F0. The 

total concentration of fluorophore [F]0 is then given by: 

 

[F]0 = [F] + [F - Q]        Eq. 1.3 

substitution into Eq. 1.2 yields: 

 

Ks = [F]0 – [F]/[F][Q] = [F0]/[F][Q] – 1/[Q]     Eq. 1.4 

 

It can be substituted the fluorophore concentration for fluorescence intensities, and 

rearrangement of eq. 1.4 yields: 

 

F0/F = 1 + Ks[Q]        Eq. 1.5 

 

The dependence of F0/F is linear on [Q] and identical to that observed for dynamic 

quenching, except that the quenching constant is now the association constant. Static 

quenching removes a fraction of the fluorophores from observation. The complexed 

fluorophores are non-fluorescent, and the only observed fluorescence is from the 

uncomplexed fluorophores. The uncomplexed fraction is unperturbed, and hence the 

lifetime is τ0. Therefore, for static quenching τ0/τ = 1 (Figure 1.15, right). 

The fluorescence spectroscopy can be used to investigate chitoporin-

chitooligosaccharides interaction. It has been shown previously that fluorescent 

tryptophan residues inside of tubular porin channels can be selectively stimulated to 

emission and that the quenching of this excited fluorescence occurs through the 
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interaction of penetrating molecules with the inner pore structure (Neves et al., 2005). 

First methodological studies the strategy was applied for antibiotic interactions with 

the E. coli OmpF porin (Neves et al., 2009). In this Ph.D. thesis, fluorescence 

spectroscopy was used to study the dissociation constant (KD), for complex between 

the chitooligosaccharides and the binding sites inside the porin and how the binding 

characteristics and affinity constants for the pore-to-sugar interaction can be optically 

assessed via the measurement of the emission properties of the tryptophan (Trp
136

) in 

the pore interior. In similar fashion as for instance for OmpF the sensitive optical 

approach towards substrate binding properties should also work with the specific 

chitoporins through which chitooligosaccharides of various sizes are allowed to 

permeate. Therefore, the technique has been selected as one the major analytical tools 

for the functional analysis of chitoporin channels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

33 

1.4 Research objectives  

To date a clear demonstration of the function of chitoporin and chitooligo-

saccharide transport has not been demonstrated. The main goal of this thesis is to 

provide evidence of chitooligosaccharides translocation through VhChiP channel. For 

this we perform the following steps: 

1.4.1 Cloning, expression and purification of a chitoporin from the marine 

bacterium V. harveyi 650 

Hjerde et al. (2008) showed in an earlier study a schematic mechanism of 

how chito-oligosaccharides can be taken up into the periplasm space of marine 

bacteria, after self-secreted chitinase enzyme converted available chitin into specific 

substrates for the chitoporin. In first part of this PhD thesis we report how to generate 

recombinant plasmid pET23d(+)-VhChiP from V. harveyi 650 and use the material for 

a reliable and reproducible expression, isolation and purification of the target 

chitoporin protein. 

1.4.2 Characterization of the function of the chitoporin 

Black lipid membranes (BLMs) were used to reconstitute the native 

VhChiP porin, which is a porin type channel in the bacterial outer membrane, into 

artificial bilayers and the application of the BLM technique for a systematic 

evaluation of basic VhChiP properties such as its single channel conductance (G) 

(pore size) and voltage dependence or voltage independence to confirm of ion flux. 

The sugar translocation was studied in terms of membrane-incorporated chitoporin in 

the presence of its natural chitooligosaccharide substrates (GlcNAc)2-6. 

Likewise most of outer membrane protein channels, also the chitoporin should 

have a specific restriction zone in the channel interior and a loop of amino acid 
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residues (Loop3, L3) that extends at the channel mouth into the extracellular space. 

The design of both the restriction zone and the external loop will influence the 

channel translocation activity and thus point mutations of specific amino acid residues 

within the named areas are an additional target of this study. Functional properties of 

the chitoporin mutants were assessed as performed for the wild-type variant and 

mutants and wild-type channel activity/specificity compared. 
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CHAPTER II 

MATERIALS AND METHODS 

 

2.1 Design of oligonucleotide primers 

 The primers used for the generation of recombinant VhChiP are shown below: 

Forward primer (NcoI) = 5’-ATACCATGGCGTCTTACCTAAAGAAAAG-3’ 

Reverse primer (XhoI) = 5’-AACCTCGAGTTAGAAGTAGTATTCAACAC-3’ 

Sequences underlines are cloning sites 

 

2.2 Expression vectors and bacterial host cells 

pET23d(+) vector was used as the expression vector. E. coli DH5α strain and was 

used as a routine host for cloning, subcloning and preparation of recombinant 

plasmid. E. coli BL21 (DE3) omp8 Rosetta strain lacking OmpF, OmpA, OmpC and 

LamB was used as the expression host (Table 2.1).  
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Table 2.1 Bacterial strain and plasmids used in this study. 

Strains and plasmids Description Source 

Strains   

V. harveyi 650 Wild type (WT) This study 

E. coli DH5α Cloning host This study 

E. coli BL21 (DE3) Expression host Siritapetawee et al. (2004) 

E. coli BL21 (DE3) Omp8 Rosetta strain Expression host This study 

Plasmids   

pGEM-T easy  Cloning vector This study 

pET23d(+) Expression vector This study 

 

 

2.3 Chemicals and reagents 

  Chemicals and reagents for cloning, expression and characterization of V. 

harveyi chitoporin were analytical grades unless stated otherwise. Pfu DNA 

polymerase, dNTP mix, Pfu polymerase buffer, magnesium chloride, Dpn I restriction 

enzyme were products of Promega. QIA prep spin Mini prep kit, bovine serum 

albumin (BSA), isopropyl--D-thiogaltopyranoside (IPTG), bacto tryptone, bacto 

yeast extract, agar, calcium chloride, potassium chloride, sodium chloride, sodium 

acetate, glycerol, tris-base, sodium dodecyl sulphate (SDS), acrylamide, N,N-

methylene bisacrylamide, TEMED, ammonium persulfate, Coomassie brilliant blue 

R-250, 2-mercaptoethanol, glycerol were products of Sigma-Aldrich (St. Louis, MO, 

USA). DNase I and RNaseA were purchased from Pacific Science Co., LTD. 

Ampicillin was a product of USB Corporation (Cleveland, OH, USA). Chitin from 
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crab shells and chito-oligosacchardes were products of Seikagaku Corporation 

(Tokyo, Japan) 

 

2.4 Instrumentation 

Instrument was required throughout the study include a Sonopusl Ultrasonic 

homogenizer with a 6-mm diameter probe, a PCR thermocycler, a DNA gel 

apparatus, a protein gel apparatus plus with a compatible power supply, a Genway 

UV-VIS spectrophotometer, a Gel Document system, an Axon Instrument BLM 

workstation for lipid bilayer experiments and a spectrofluorometer for optical 

VhChiP/chito-oligosaccharides binding studies. 

 

2.5 Methodology 

2.5.1 Growth and maintenance of V. harveyi 650 strain and genomic DNA 

isolation from V. harveyi type strain 650  

  The starter culture of V. harveyi 650 was grown in 10 ml of marine medium 

2216E (MM), supplemented with an additional 5 g/L bacteriological peptone, 0.1 g/L 

FePO4, 5 g/L yeast extract and incubated at 30 °C, for 16-18 hr (overnight) with 250 

rpm agitation. Afterwards, the bacterial cells was streaked on MM agar plate without 

ampicillin and incubated at 30 °C for 16-18 hr. 

  Single colony of V. harveyi 650 was grown in 5 ml of MM without 

ampicillin and incubated at 30 °C for 16-18 hr. Genomic DNA isolation was 

performed following miniprep protocol (QIAGEN, USA). Briefly, one ml of the 

overnight culture was transferred into 1.5 ml sterile tube, then centrifuged at 14,000 g 

for 2 min to remove the medium. Then, cell pellet was mixed with 600 µl of nuclei 
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lysis solution and gently mixed by pipetting until the cells were well resuspended. The 

suspension was incubated at 80 °C for 5 min, afterwards cooled down at room 

temperature. Three microliters of RNase solution were added into the suspension and 

the tube was inverted 2-5 times to mix the suspension. The lysate was incubated at 37 

°C for 30 min and afterwards cooled down at room temperature. Two hundred 

microliters of the protein precipitation solution were added into the cell lysate and 

vortex vigorously at high speed for 20 second to mix the protein precipitation solution 

with the cell lysate and incubated the suspension on ice for 5 min and centrifuged at 

14,000 g for 3 min. The supernatant containing genomic DNA of V. harveyi was 

transferred into a 1.5 µl sterile tube that contains 600 µl of iso-propanol at room 

temperature. Afterwards, the supernatant was gently mixed by inverting the tube until 

the thread-like strands of DNA form a visible mass. After that, the supernatant was 

centrifuged at 14,000 g for 2 min to discard the supernatant from the pellet. Then, the 

tube was drained on a clean absorbent paper and a pellet was washed several times 

with 70% of ethanol at room temperature. Finally, the DNA pellet was dissolved with 

100 µl of dH2O and incubated at 65 °C for 1 hr. The size of the genomic DNA was 

checked using 0.8% agarose gel electrophoresis. 

 

2.5.2 PCR amplification of the cDNA encoding VhChiP 

      The full-length cDNA encoding VhChiP was amplified by PCR reaction 

using the genomic DNA extracted from V. harveyi 650 as DNA template. The PCR 

reaction comprises DNA template, 10x Pfu buffer, 10 mM dNTP mix, 10 µM primer, 

25 mM MgCl2, 1 unit of Taq DNA polymerase. Reaction mixtures were amplified in a 

GeneAmp® PCR system 9700 thermocycler (PE Applied Biosystems, USA). The 
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DNA template was denatured for 1 min at 98 °C and subjected to 30 cycles for 

annealing at 98
 
°C for 2 min, 50 °C for 30 second and extension 72 °C for 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 kb) was excised and ligated 

with pGEM-T cloning vector, according to the Promega Manufacturer’s instruction.  

   Reaction comprised purified PCR, 10x buffer, 2 mM MgCl2, 10 mM ATP 

and Taq DNA polymerase. Ten microliters of deionized water were added to make up 

a final volume of 10 µl. The reaction mixture was incubated at 70 °C for 15-30 min. 

The amounts of DNA insert used for ligation were calculated as follow: 

 

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

                      kb size of vector 

 

Ligation reactions comprised 2x T4 DNA ligase buffer, 50 ng of pGEM-T easy vector 

(3 kb), PCR products and 0.3 unit of T4 DNA ligase. Twenty-five microliters of 

deionized water were added to make up a final volume of 25 µl. The reaction mixture 

was incubated overnight at 4 °C. 
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2.5.3 Cloning of DNA encoding VhChiP into pET23d(+) and confirmation of 

DNA insert  

    Two microliters of the ligation products were transformed to 100 µl E. coli 

DH5α competent cells using a standard protocol. Single colonies, which carry the 

plasmid containing the VhChiP DNA insert were subjected to plasmid extraction 

using High-Speed plasmid mini kit (Geneaid Biotech Ltd., USA) and run on 1% 

agarose gel electrophoresis.  

The purified plasmids (pGEM-T-easy/VhChiP) were further digested with 

the restriction enzymes XhoI and NcoI to obtain cohesive-end ligation. Double 

digestion reactions were comprised 10 µg DNA inserts, 10x NEB buffer, 10 units of 

XhoI and NcoI. Sterile dH2O was added to bring the final volume up to 20 µl. The 

reaction mixture was incubated at 37 °C for 3 hr and the reaction was inactivated at 

65 °C for 15 min. The digestion products was separated on 1% agarose gel 

electrophoresis and purified by the QiaQuick gel extraction kit (QIAGEN, USA). The 

purified VhChiP cDNA was used for ligation with pET23d(+). The reaction mixture 

consisted of 1 µl 10x rapid ligation buffer, 50 ng purified pET23d(+) vector, 45 ng 

DNA insert of DNA inserts (VhChiP gene), 1 unit T4 DNA ligase and sterile distilled 

water to bring the volume up to 20 µl. The ligation reaction was 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 ampicillin and the 

recombinant plasmids were isolated by using the QIAPrep Spin Miniprep kit 

(QIAGEN, USA). 
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2.5.4 Expression and purification of recombinant VhChiP in E. coli BL21 

(DE3) Omp8 Rosetta strain 

     Recombinant plasmid was isolated from E. coli DH5α strain and 

transformed into E. coli BL21 (DE3) Omp8 Rosetta strain. Recombinant plasmid was 

mixed with 100 µl of the competent cells and spread onto the LB agar plate 

containing 100 µg/ml ampicillin.   

Single colonies of the transformed bacterial cells harboring 

pET23d(+)/VhChiP were grown in 10 ml LB-Ampicillin (100 µg/ml) + Kanamycin 

(25 µg/ml) medium, at 37 °C for 16 hr. Afterwards, the starting culture (20 ml) was 

transferred into 8 x 250 ml LB-Ampicillin (100 µg/ml) + Kanamycin (25 µg/ml) 

medium and shaken at 37 °C, 250 rpm until the OD600 reached 0.6-0.8. Then, 

isopropyl
 
thio--D-galactoside (IPTG) was added into the cell culture to a final of 0.5 

mM concentration
 
for VhChiP induction. Incubation was continued at 37 °C by 

shaking at 250 rpm for additional 6 hr. After that, the cells were harvested by 

centrifugation at 4,500 g, 4 °C, 30 min.  

For protein purification, cell pellet was re-suspension in 30 ml buffer (20 

mM Tris/HCl pH 8.0, 2.5 mM MgCl2,
 
0.1 mM CaCl2). 300 µl of freshly prepared 

RNase A (10 mg/ml) and 30 µl DNase I (10 mg/ml) was added into the suspension 

and maintained on ice, it was broken
 
by sonication for 10 min (30% duty cycle; 

amplitude setting 20%) using Sonopuls Ultrasonic homogenizer with a 6-mm-

diameter probe. After that, 20% SDS solution stock was added into the cells 

suspension to obtain 2% final concentration of SDS and incubated at 50 °C for 1 hr 

with gentle stirring. Unbroken
 
cells were removed by centrifugation at 22,000 rpm at 

4 °C for 60 min (JA 25.50 rotor, Beckman centrifuge Avanti J-20 XP, 50 ml-NAL 
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GENE Oak Ridge Centrifuge Tube No. 3119-0050, 35 ml capacity). Pellet that 

contained VhChiP porin was extracted by two steps. For pre-extraction step, the pellet 

containing crude cell wall of the bacterial cells was washed with 15 ml of 0.125% 

octyl-POE in 20 mM phosphate buffer pH 7.4 (ALEXIS Biochemicals, Lausen, 

Switzerland). After that, the pellet was homogenized with a Potter-Elvehjem 

homogenizer and incubated at 37 °C, 250 rpm for 60 min. The pellet was collected by 

centrifugation at 40,000 rpm, 4 °C for 40 min (Type 70.1 Ti rotor, Beckman 

Ultracentrifuge Optima LE-80K, 10.4 ml-Beckman Centrifuge Bottles No. 355651 

with Noryl 518 Cap Assembly No. 355604-9 ml capacity). For extraction step, the 

pellet obtained after centrifugation at 40,000 rpm was washed with 15 ml of 3% octyl-

POE in 20 mM phosphate buffer pH 7.4 (ALEXIS Biochemicals, Lausen, 

Switzerland). After that, the pellet was homogenized with a Potter-Elvehjem 

homogenizer and incubated at 37 °C, 250 rpm for 60 min. The pellet was collected by 

centrifugation at 40,000 rpm, 4 °C for 40 min. VhChiP that was containing in the 

supernatant fraction was further purified using ion exchange chromatography (Q-

column) connected to the ӒKTA prime plus FPLC system. The VhChiP protein was 

eluted with a linear gradient of 0-1 M KCl in 20 mM phosphate buffer, pH 7.4 

containing 0.2% LDAO. The purified VhChiP was separated by 12% SDS-PAGE 

(120 mV voltage, 90 min). In addition, concentration of VhChiP was determined by 

BCA protein determination kit (Pierce). 
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2.5.5 Production of anti-VhChiP polyclonal antibodies and immunoblotting 

analysis 

     Production of anti-VhChiP polyclonal antibodies was carried out using the 

in-gel method. Partially purified VhChiP (~2 μg per well) was separated by 8% SDS-

PAGE. Following electrophoresis, the protein bands were stained with Coomassie 

Brilliant Blue R-250. After thorough de-staining with distilled water, the protein band 

(Mr = 38.36 kDa) was excised from the gel. The excised band (~80 μg) was 

homogenized with 200 μl of 1x PBS (pH 7.2), and emulsified with 500 μl Freund’s 

complete/incomplete adjuvant. The emulsified mixture was injected subcutaneously 

into a female white rabbit to produce anti-VhChiP antisera. Multiple injections were 

performed and bleeds were collected as described below: 

 Week 0: Collection of preimmune serum (10 ml) 

 Week 1: Following by immunization with the VhChiP antigen mixed with the 

complete Freund’s adjuvant 

 Week 3: Collection of blood serum (1 ml), following by first boosting with 

the antigen (~80 μg) was mixed with the incomplete Freund’s adjuvant. 

 Week 4: Collection of blood serum (1 ml), following by second boosting with 

the antigen (~80 μg) was mixed with the incomplete Freund’s adjuvant. 

Week 5: Collection of blood serum (1 ml), following by third boosting with 

the antigen (~80 μg) was mixed with the incomplete Freund’s adjuvant. 

Week 6: Collection of blood serum (20 ml) 

Week 7: Collection of blood serum (40 ml) 

Week 8: Collection of blood serum (40 ml) 

Week 9: Collection of blood serum (15 ml) 
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The bleeds were collected from an ear vein of the immunized rabbit. The 

serum was obtained after centrifugation at 2,500 rpm, at 4 °C for 20 min. After 

centrifugation, the serum was collected and used for immunoblotting analysis.  

VhChiP-OmpN was analyzed by Western blotting and detected with the 

enhanced chemiluminescence reagent. For western blotting experiment, protein 

VhChiP-OmpN samples (~4.35 μg) were mixed with one-fourth volume of the 5x 

SDS-gel loading buffer and heated to 100 °C for 10 min. The protein sample was 

loaded onto 8% SDS-PAGE. After electrophoresis, the gel was soaked in a blotting 

buffer containing 25 mM Tris, 192 mM glycine, and 20% methanol. The protein band 

was then transferred onto a nitrocellulose membrane using a semi-dry gel blotting 

system (Bio-Rad, USA). The transferred membrane was incubated in a blocking 

solution containing 1x PBS (pH 7.2), 5% non-fat milk for 1 hr at room temperature. 

The antisera were diluted with 2% non-fat milk into dilution of 1:10,000 to test the 

production of anti-VhChiP polyclonal antibodies. After incubation with the antiserum, 

the membrane was washed five times with 1x PBS containing 0.1% Tween 20 (PBS-

T), followed by incubation in  1:10,000 dilution of the secondary antibody (goat anti-

rabbit IgG (HRP)) in 2% non-fat milk for 1 hr at room temperature. The membranes 

were washed three times with PBS-T, then another two times with 1x PBS with 5 min 

of incubation per wash. Detection using chemiluminescence was carried out by 

incubating the membrane with a small volume of chemiluminescence substrate for 3 

minutes at room temperature. The membrane was wrapped with Saran wrap, then 

exposed to an X-ray film in the dark. 
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2.5.6 Expression of VhChiP porin on the native bacterial strain Vibrio 

harveyi 650 by induction with insoluble chitins. 

      Expression of VhChiP porin on the native bacterial strain Vibrio harveyi 

650 was tested with chitin and colloidal chitin. VhChiP porins was induced by 1% 

crystalline chitin and 1% colloidal chitin. Five milliliter cells were transferred into 

500 ml MM-medium, 250 rpm, at 30 °C, until OD600 reached about 0.7-0.8 for 2 hr. 

Then 1% crystalline chitin and 1% colloidal chitin were added into the cell culture 

and the cells continued to grow for additional 6 hr. One milliliter of bacterial culture 

was collected every 1 hr after induction and centrifuged at 4,500 rpm. The induced 

VhChiP was separated by 10% SDS-PAGE, at 120 Volt voltage for 60 min. Then, 

induced VhChiP porin was checked by immunoblotting with anti-VhChiP polyclonal 

antibodies.  

 

2.5.7 PCR primers of mutants (W136A, W136F, W136R and W136D) 

    The oligonucleotide primers for generation of recombinant VhChiP-

pET23d(+) mutations of : 

    W136         Ala (W161A) 

    W161         Phe (W161F) 

    W136         Arg (W136R) 

    W136         Asp (W136D)  

They are shown in Table 2.2.  
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Table 2.2 Primers for site-directed mutagenesis. 

 

VhChiP 5’-3’ Primers 

1) Trp136 (WT) 

 

(F) 5’-ataccatggcgtcttacctaaagaaaag-3’ (NcoI) 

(R) 5’-aacctcgagttagaagtagtattcaacac-3’ (XhoI) 

 

2) Trp136Ala 

 

(F) 5’-ggtctaggtgatgtttacgacgcaggtggtgctatcggtggtgc-3’ 

(R) 5’-gcaccaccgatagcaccacctgcgtcgtaaacatcacctagacc-3’ 

 

3) Trp136Phe 

 

(F) 5’-ggtctaggcgatgtttacgactttggtggtgcgattggtggtgc-3’ 

(R) 5’-gcaccaccaatcgcaccaccaaagtcgtaaacatcgcctagacc-3’ 

 

4) Trp136Asp (-) 

 

(F) 5’-ggtctaggcgatgtttacgacgatggtggtgcgatctgtggtgc-3’ 

(R) 5’-gcaccacagatcgcaccaccatcgtcgtaaacatcgcctagacc-3’ 

 

5) Trp136Arg (+) 

 

(F) 5’-ggtctaggcgatgtttacgaccgtggtggtgcgatctgtggtgc-3’ 

(R) 5’-gcaccacagatcgcaccaccacggtcgtaaacatcgcctagacc-3’ 

 

 

Note: Sequences underlined indicate the mutated codons 
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2.5.7.1 Mutational design and site-directed mutagenesis 

   PCR products for mutations of W136A, W136F, W136R and W136D 

were amplified by using the recombinant plasmid pEt23d(+)-VhChiP as DNA 

template as description in Table 2.3 and Table 2.4.  

 

Table 2.3 The PCR reaction was used for site-directed mutagenesis. 

Content DNA template DNA template 

1. Primers   

-Forward primer   

(W136A, W136F, W136R, W136D) 

125 ng 125 ng 

-Reverse primer  

(W136A, W136F, W136R, W136D) 

125 ng 125 ng 

2. DNA template 25 ng 50 ng 

3. dNTP mix 1 µl 1 µl 

4. Vi buffer (A) 10X 5 µl 5 µl 

5. DNA polymerase (5 U/µl) 0.5 µl 0.5 µl 

6. MgCl2 (50 mM) 5 µl 5 µl 

7. H2O 36.52 µl 36.4 µl 

Total volume 50 µl 50 µl 
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Table 2.4 The PCR condition was used for site-directed mutagenesis. 

Cycling parameters Cycle Temperature (°C) Time (min) 

Initial denaturation 1 97 2 

Denaturation  

16 

97 20 second 

Annealing 55 1 

Extension 68 10 

 

Note: 16 cycles for single amino acid changes 

 

After PCR reaction, 1 μl of the Dpn I restriction enzyme (10 U/L) was added 

directly to each amplification reaction and each reaction mixture was gently mixed by 

pipetting the solution up and down several times. The reaction mixtures were spin 

down in a microcentrifuge for 1 minute and immediately incubated each reaction at 

37 °C for 1 hour to digest the parental (i.e., the non-mutated DNA) supercoiled 

dsDNA. After that, (10-15 μl) Dpn I-treated DNA (W136A, W136F, W136R and 

W136D) from each control and sample reaction was transformed into XL1-blue 

competent cells and grown at 37 °C, for 18 hr. Recombinant plasmids of the mutants 

were isolated and confirmed by using DNA sequencing.  

 

2.5.7.2 Expression and purification of the mutants (W136A, W136F, 

W136R and W136D) 

    The correctly mutated codons were verified by DNA sequencing 

preparation of the mutants (W136A, W136F, W136R and W136D). After 

transformation into BL21 (DE3) Omp8 Rosetta strain, single colonies of bacterial 
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cells were grown in LB-broth (containing 100 μg/ml amplicillin, 25 μg/ml kanamycin 

and 1% glucose) at 37 °C for overnight (18 hr). The starter culture (100 × 4 ml) was 

transferred into 1,000 × 4 ml of LB-amp/kana and be grown at 37 °C for 4 hr until the 

OD600 of about 0.6 and induced with 0.5 mM IPTG for 6 hr. The cell culture was 

collected by centrifugation at 4,500 rpm for 30 min. The mutants were then isolated 

by 2% (w/v) SDS, and extracted with 3% octyl-POE (v/v) in 20 mM phosphate 

buffer, pH 7.4. After that, the mutated protein was incubated at 37
 
°C for 1 hr and 

centrifuged at 40,000 rpm for 40 min. The mutants contained in the supernatant 

fraction were further purified by using ion exchange chromatography. 

 

 2.5.8 Analysis of wild-type and mutated chitoporins: Single channel 

conductance, voltage dependence and ion selectivity 

    Both painted solvent-containing and the Montal-Mueller-type solvent free 

black lipid membranes were subjected to chitoporin single-channel analysis. The 

preparation of the aqueous electrolyte buffer solutions, the formation of solectin and 

DPhPC lipid bilayer membranes of the two types and the membrane reconstitution of 

trimeric chitoporins were employed following the procedures reported in the literature 

(Montal et al., 1972; Mueller et al., 1964; Jordy et al., 1996; Kreir et al., 2008). To 

obtain complete knowledge about ion channel properties, the biophysical 

measurements were performed at identical conditions: 

 in different KCl-salt concentrations (e.g. 0.25 M, 0.5 M, and 1 M, etc.)  

 at varying membrane potentials (voltages across the membrane) 

 with various concentration of chitoporin added to cis-side. 
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At all the different conditions, the membrane current (Im) was recorded as a 

function time (t). In case of the solvent-free Montal-Mueller-type solvent depleted 

bilayers this was possible at a time resolution in the sub-millisecond range. The Im vs. 

time traces was stored and used for the calculation of the channel conductance at the 

given parameters. Measurements were initially applied to the wild-type chitoporin. In 

further work, recordings under identical conditions were carried out for chitoporin 

mutants with thoughtfully introduced point mutations of amino acid residues that are 

likely to have an influence on the functional channel characteristics. In course of the 

analysis the behavior of the wild-type (WT) and mutant chitoporins were carefully 

compared and the effect of the mutations interpreted. 

2.5.8.1 Ion selectivity 

A technique widely used for measuring the ionic selectivity in 

the VhChiP channel and its mutants is its reconstitution in planar lipid membranes. 

This technique, introduced by Mueller et al. (Mueller et al., 1962) and later improved 

by Montal and Mueller (Montal et al., 1972), consists of forming a lipid membrane by 

the apposition of two lipid monolayers made from a 5 mg/ml of diphytanoyl 

phosphatidylcholine (DPhPC). The lipid bilayer is formed in a 50-100 μm hole made 

on a 25 μm thick Teflon film separating two solutions (Bezrukov et al., 1993). The 

membrane was formed by raising the level of the buffer solution where a small 

amount of lipid dissolved in n-pentane has been dropped. Before the start of the 

experiments, the hole was pretreated with a 1% solution of hexadecane in hexane to 

increase membrane stability. Single channel insertion appeared by addition of 0.25-

0.5 μl of a 100 ng/µl solution of VhChiP and its mutant in a buffer solution that 

contains 0.25% (v/v) of LDAO in 20 mM phosphate buffer (pH 7.4) to a 2.5 ml on the 
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cis-side of the membrane (connected to ground). The membrane potential is applied 

across the Ag/AgCl electrodes. The ionic selectivity measurement is commonly 

evaluated to measure the zero-current membrane potential (Vm). Vm is defined as the 

applied transmembrane voltage that yields zero electric current when there is a 

concentration gradient across the channel (Hille et al., 2001). Firstly, a lipid 

membrane is formed at a ratio of salt concentrations gradient starting from 0.1 M KCl 

on both sides, a molecule of VhChiP and its mutant was inserted with highly applied 

potential (+/-150 mV or +/-199 mV). The channel conductance is checked by 

applying with any different voltages. The zero-current membrane potential reached to 

0 mV. Increasing of salt concentrations with titration of 200 µl (3 M KCl) into trans-

side of the chamber to a final ratio of salt concentrations reached 1.5 M. Note that, 

with any point of salt concentrations, the ionic current through the channel is set to 

zero to record the zero-current membrane potential. The PK+/PCl- values were 

calculated and analyzed using the Goldman-Hodgkin-Katz equation. 

 

Vm = RT/F ln [PK+ [K
+
]

cis
 + PCl- [Cl

-
]

trans
 / PK+ [K

+
]

trans
 + PCl- [Cl

-
]

cis
] Eq. 2.1 

 

Where Vm is the membrane potential (in Volts); R is the ideal gas constant 

(8.314 J/K/mol); T is the temperature in kelvins; F is Faraday’s constant; Pion is the 

permeability for that ion; [ion]
cis

 is the extracellular concentration of that ion and 

[ion]
trans 

is the intracellular concentration of that ion. 
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2.5.8.2 Single channel conductance analysis of wild-type and mutant 

V. harveyi chitoporin in the presence of chitooligosaccharides 

Single channel conductance and sugar translocation through the 

single nanopore conductance followed the methods previously described (Bezrukov et 

al., 2000; Schwarz et al., 2003; Danelon et al., 2003; Kullman et al., 2002; 

Mahendran et al., 2009; Van Gelder et al., 2000; Winterhalter, 2000; Berkane et al., 

2005). Briefly, during forming of bilayers, the cuvette consisted of two chambers 

separated by a 25 µm thick Teflon film. A small aperture about 50-100 µm in 

diameter was pre-treated with 1 µl of 1% (v/v) hexadecane in hexane (Sigma-Aldrich) 

and dried for 10 min. 2 ml of 1 M KCl (20 mM Hepes, adjusted to pH 7.5) as a bulk 

solution was added into the cis- and trans-side of the chamber and Ag/AgCl 

electrodes immersed on either side of the Teflon film. 1, 2 Diphytanoyl-sn-glycero-3-

phosphocholine (DPhPC) was used to form a lipid bilayer membrane. One of 

electrode (called cis-) was used to connect as the ground electrode, whereas the other 

(trans-) was connected to the input of the current amplifier. Concentration of about 

50-100 µg/ml of the trimeric molecule VhChiP or its mutants were added into the side 

that we assumed as cis-side of the lipid membrane. The single molecule of VhChiP or 

its mutant was inserted into bilayer membrane by application of high voltages (+/-199 

mV). After protection of multiple insertions of other single protein molecules by 

dilution with a sequential addition of the working electrolyte solution, different 

concentration of chitohexaose (0.25 to 20 µM) were added into the cis or trans side to 

observe the diffusion of sugar molecules through the channel and the blocking events 

for the flow of ions were recorded for at least 60 s at transmembrane potentials of +/-

50 mV and +/-100 mV. Single channel recording measurements were performed with 
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an Axopach 200B amplifier in the voltage clamp mode and internal filter set at 10 

kHz by using pCLAMP version 10.0 software (Molecular Devices, Sunnyvale, CA). 

The equilibrium binding constant (K, M
-1

) was estimated from the reduction of the 

single channel conductance in the presence of different concentration of chitohexaose 

using Eq. 2.2 (Benz et al., 1987; Andersen et al., 1998), 

 

Gmax-G[c]/Gmax = I0-I[c]/I0 = K · c/(1+K · c)    Eq. 2.2 

 

When Gmax is the average conductance of the fully open VhChiP channel and its 

mutant, G[c] is the average conductance at the point of a given concentration of 

chitohexaose ([c]), I0 is the initial current through the fully open channel in the 

absence of chitohexaose and I[c] is the current at the particular chitohexaose 

concentration. The binding constant was calculated by inverting the Eq. 2.2 into 

Lineweaver-Burk plot (((Gmax-G[c]/Gmax)
-1

 versus ([c]
-1

). In term of binding affinity, 

we calculated the off-rate (koff, s
-1

) from the single trimeric molecule of VhChiP 

channel and its mutant after titration with different concentrations of chitohexaose 

that was obtained from Kullman et al. (Kullman et al., 2002) (Eq. 2.3), 

 

koff = 1/τc        Eq. 2.3 

 

When the τc is the average residence (dwell) time (s
-1

) obtained from the single 

molecule of chitohexaose crossing and staying in the channel. Thus, the on-rate (kon, 

M
-1

s
-1

) is given by kon = K · koff. 
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2.5.9 Titration experiments of VhChiP and its mutant via Fluorescence 

Spectroscopy 

The binding of substrates to VhChiP was also measured using titration 

experiments via Fluorescence Spectroscopy. These experiments were carried out by 

adding 500 µl of 20 mM phosphate buffer, pH 7.4 containing 0.2% 

lauryldimethylamine oxide into the cuvette that contained a constant concentration of 

VhChiP and its mutants in solution (80 ng/µl). Spectra were recorded at 20 ± 3 °C in 

1-cm quartz cuvettes. After measurement of the spectrum of VhChiP and its mutants, 

each chitooligosaccharide was added in defined concentration into the cuvette at 

increasing concentrations (5-1,000 µM). The spectrum was recorded for each 

condition with a Spectrofluorometer. The change of intrinsic tryptophan fluorescence 

spectra was recorded at 20 ± 3 °C, under constant stirring, with a slit width of 

excitation and emission of 10 nm and 5 nm, at the emission length between 300 to 

550 nm and the excitation of tryptophan at 295 nm. Stock solutions of each 

chitooligosaccharides were prepared in 20 mM phosphate buffer, pH 7.4 containing 

0.2% lauryldimethylamine oxide. The fluorescence intensity data were analyzed by a 

non-linear regression function available in Prism version 5.0 using the following 

single-site binding model. To estimate the dissociation binding constants, a plot of 

relative fluorescence (F0-F) as a function of sugar concentrations yielded a well-

defined hyperbolic curve, allowing the calculation of the equilibrium dissociation 

constant (KD, µM) of each corresponding chitosugars using a single site binding 

model, as obtained from the Stern-Volmer Equation (Eq. 2.4) (Neves et al., 2005 and 

2009), 
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F0-F = 1+ kqτ0[Q] = 1+KD [Q]     Eq. 2.4 

 

When F0 and F are the fluorescence intensities in the absence and presence of 

chitosugars, kq is the bimolecular quenching constant; τ0 is the lifetime of the 

fluorophore in the absence of chitosugars, and Q is the concentration of chitosugars. 

The Stern-Volmer quenching constant is given by KD = kq · τ0. If the quenching is 

known to be dynamic, the Stern-Volmer constant was represented by KD. Otherwise 

this constant was described as KSV. Quenching data are usually presented as plots of 

F0-F versus [Q]. Because of the F0-F was expected to be linear function for the 

initially starting titration until saturation at high concentration dependent on the 

concentration of chitosugars. A plot of F0-F versus [Q] yields an intercept of one on 

the y-axis and a slope equal to be KD. Furthermore, to obtain the Gibbs free energy, 

the binding constant is a special case of the equilibrium binding constant (K, M
-1

). It 

is associated with the binding and unbinding reaction of receptor (R) and ligand (L) 

molecules, which is formalized as: 

 

R + L  RL       Eq. 2.5 

 

The reaction is characterized by the on-rate constant kon and the off-rate constant koff. 

In equilibrium, the forward binding transition R + L  RL should be balanced by the 

backward unbinding transition RL  R + L, so that is, 

 

kon [R] [L] = koff [RL]       Eq. 2.6 
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Where [R], [L], and [RL] represent the concentration of unbound free receptors, the 

concentration of unbound free ligand and the concentration of receptor-ligand 

complexes.  

The binding constant or the association constant Ka is defined by: 

 

Ka = kon/koff = [RL]/[R] [L]      Eq. 2.7 

 

An often considered quantity is the dissociation constant KD = 1/Ka. For the binding of 

receptor and ligand molecules in solution, the molar Gibbs free energy (ΔG), or the 

binding affinity is related to the dissociation constant KD via, 

 

ΔGbinding = RTln [KD] or ΔGbinding = 2.303RT log10 [KD]  Eq. 2.8 

 

Where R is the ideal gas constant (8.314 J/K/mol) and T is the absolute temperature 

(T = 298 K). 

 

2.5.10 Liposome swelling assay 

The liposome swelling assay was carried out to verify permeability of 

chitohexaose through VhChiP (WT) and its mutants. E. coli total lipid extract (Avanti) 

(20 mg/ml in chloroform) was used to form multi-lamellar liposomes and 17% (w/v) 

dextran (Mr = 40,000 Da) was entrapped in the liposomes. The purified WT (100 ng) 

or its mutant were reconstituted into liposomes as described previously (Luckey and 

Nikaido, 1980; Yoshimura and Nikaido, 1985). E. coli total lipid extract was used to 

form liposomes and 17% (w/v) dextran (Mr = 40,000 Da) was entrapped in the 
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liposomes. The isotonic solute concentration was determined with 40 mM D (+)-

raffinose solution (prepared in 20 mM Hepes buffer, pH 7.5) added into the 

proteoliposome suspension. The value obtained for isotonic concentration of D (+)-

raffinose was used as an approximation to facilitate the adjustment of isotonic 

concentrations for different solutes. Thirty 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 swelling rate upon addition of the isotonic sugar solutions 

was monitored using a UV-Vis spectrophotometer with the wavelength set at 500 nm. 

The absorbance change over the first 60 sec was used to estimate the swelling rate 

(per second, s
-1

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

Ai the  initial absorbance, and dA/dt the rate of absorbance change during the first 60 

s. The swelling rate of 750 µM chitohexaose was normalized by setting the rate of D 

(+)-arabinose (Mr = 150 g/mol) to 100%. Protein-free liposomes and proteoliposomes 

without sugars were used as negative controls. 

 

2.5.11 Temperature measurement 

Lipid bilayer of temperature measurements and single channel analysis 

were performed as following to the technique developed by Montal and Mueller with 

a modification (Chimerel et al., 2008; Jung et al., 2006; Kang et al., 2005; Mahendran 

et al., 2009). Briefly, a cell with a 50-100 µm diameter aperture in a 25-µm-thick 

Teflon partition provided a two compartment black lipid membrane (BLM) chamber 

and two Ag/AgCl electrodes at either side of dividing wall allowed voltage control of 

solvent-depleted planar lipid bilayers that were formed using a solution of DPhPC in 

pentane. Low concentration about 50-100 µg/ml of the trimeric molecule of VhChiP 
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or its mutants were added into cis side of the lipid membrane. The single channel 

inserted into bilayer membrane at high voltages (+/-199 mV). After protection of the 

multiple insertion from another single molecule of protein by dilution with a 

sequential addition of the working electrolyte solution, one concentration of 

chitohexaose was added on cis or trans side to observe the sugar diffusion through the 

channel and the blocking event of ions flow and record for at least 60-120 s at 

transmembrane potentials of +/-50 mV and +/-100 mV. Starting with the trials of the 

temperature dependence for sugar translocation, the temperature was lowered to 5 °C 

and the temperature measurement started. The temperature was increased and 

adjusted to different point of temperatures. A Peltier element (Dagan Corporation, 

Minneapolis, MN, USA) was used for accurate temperature regulation of the BLM 

chamber. Single channel measurements were recorded by using an Axopatch 200B 

amplifier (Molecular Devices, Sunnyvale, CA, USA) in the voltage clamp mode and 

the internal filter at 10 kHz and analyzed by using pClamp v.10.0 software (Molecular 

Devices). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

59 

 

CHAPTER III 

RESULTS 

 

3.1 Gene identification, cloning, expression and protein purification 

The availability of the complete genome sequence of V. harveyi type strain 

ATCC BAA-1116 BB120 in the GenBankH database enabled to identify an open 

reading frame that encodes a hypothetical chitoporin (ChiP). To isolate the gene 

encoding ChiP from the genome of the closely related species V. harveyi type strain 

650, specific oligonucleotide primers were designed, based on the identified ChiP 

gene from the BAA-1116 BB120 strain. The full-length ChiP cDNA was amplified by 

the PCR technique. The nucleotide sequence of the identified gene comprises 1,125 

bps, which was translated to a putative polypeptide of 375 amino acids, including the 

25-aa signal sequence. The theoretical mass of the full-length VhChiP was 41,089.10 

Da, with a predicted pI of 4.09. BLAST searching of the translated VhChiP sequence 

gave high score hits with putative chitoporin of several species in the family 

Vibrionaceae in the SwissProt/UniProtKB database. VhChiP shows low sequence 

identity (< 20%) with other functionally already characterized outer membrane porins, 

such as E. coli OmpF (P02931), E. coli OmpC (P06996), E. coli OmpA (P0A910), E. 

coli OmpN (P47747), Pseudomonas fluorescens OprD (Q3LAG8), and Neisseria 

gonorrhoeae PorB (Q5XKX0). Figure 3.1 presents an amino acid sequence alignment 

of VhChiP with chitoporin from V. furnissii (accession number 09KK91) (Keyhani et 
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al., 2000), E. coli LamB or maltoporin (maltose-specifc porin, P02943) (Clément et 

al., 1981), and Salmonella typhimurium ScrY (sucrose-specific porin, P22340) (Forst 

et al., 1998). The sequence identity of VhChiP with V. furnissii chitoporin is 40%, 

while it shows remarkably low identity with other sugar-specific porin: LamB 

(15.3%), and ScrY (12.9%). It is also only 15.7% identical to a carbohydrate-selective 

porin Pseudomonas aeruginosa OprB (Wylie et al., 1994; Trias et al., 1988). In 

LamB, six aromatic residues (Y6, Y41, W74, F229, W358 and W420) located in the 

pore lumen form a polar track, which facilitates ion and sugar transport (Schirmer et 

al., 1995; Dumas et al., 2000; Dutzler et al., 2002; Denker et al., 2005). Y118, on the 

other hand, controls the central constriction of the LamB channel (Orlik et al., 2002; 

Orlik et al., 2002).  

Sequence alignment (Figure 3.1) shows that the residues Y6, Y41, W74, 

W358 and W420 of LamB are well aligned with Y78, Y118, W151, F435 and W482, 

respectively, of ScrY. In marked contrast, VhChiP displays substantial sequence 

dissimilarities with both LamB and ScrY. Only two residues in LamB (W74 and 

W358) are aligned with F64 and Y310 of VhChiP. Furthermore, Y118 of LamB 

shows no match with any aromatic residue of VhChiP, which indicates that the 

functionality of pore constriction by Y118, as found in LamB, is governed by a 

different residue located elsewhere in the VhChiP sequence. Submission of the 

putative sequence of VhChiP through the Swiss-Model database generated a structural 

model of VhChiP (Figure 3.2) using Delftia acidovorans Omp32 as template (pdb 

2GFR) (Zeth et al., 2000).  
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Figure 3.1 Alignment of the putative V. harveyi chitoporin sequence with other 

sugar-specific porins. Amino acid sequences of V. furnissii chitoporin (Q9KK91), 

E. coli LamB or maltoporin (P02943), and S. typhimurium ScrY (P22340) were 

retrieved from the SwissProt/UniProtKB protein databases, aligned using 

‘‘CLUSTALW’’ algorithm in the DNASTAR package, and displayed in Genedoc. 

The secondary structure of VhChiP was constructed by ESPript v. 2.2 according to 

the structure of Delftia acidovorans Omp32 (pdb 2GFR) (Zeth et al., 2000). The 

residues that are aligned with Y6, Y41, Y118, W74, W358, and W420 of E. coli 

LamB are shaded in magenta. Green shading refers to amino residues conserved 

within the four sequences. β-strands are represented as green lines with an arrow.  
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Compared with porins with known 3D-structures, VhChiP is closest to Omp32 

with a sequence identity of 20.5%. Figure 3.1 shows the secondary structural features 

of VhChiP, which are similar to those of most Gram negative bacterial porins, with 18 

β-strands forming a barrel structure (Figure 3.2A). These predicted 18 anti-parallel β-

strands make up only 16 putative membrane-spanning domains, as strand β2 is 

connected with β3 and forms the first transmembrane domain, whereas strand β1 with 

β18 are part of the last domain (Figure 3.1 and Figure 3.2A). The predicted 

transmembrane topology (Figure 3.2C) indicates considerable irregularity of the 

extracellular loops (L1-L8), while the eight periplasmic turns are short and of similar 

length. The longest extracellular loop (L3), comprising 41 amino acids (G111 to 

N151), lies between strands β7 and β8. A typical right-handed a-helix is found at the 

early part of L3 at positions P116 to W123 (Figure 3.2B). This loop, known as a pore-

confined loop, is responsible for the size-selectivity of sugar-specific porins (LamB 

and ScrY) (Forst et al., 1998; Schirmer et al., 1995) and general diffusion porins 

(Koebnik et al., 2000; Nikaido et al., 1992). 
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Figure 3.2 The Swiss-Model 3D-structure of V. harveyi chitoporin. A) Side view 

of a ribbon representation of VhChiP. The homology structure was constructed by 

the SWISS-MODEL program using an automated mode 

(http://swissmodel.expasy.org/). The x-ray structure of D. acidovorans Omp32 

(pdb 2GFR) was selected as structure template. B) Top view of the modeled 

structure, showing L3 as the pore-confining loop with a short helix consisting 8 

amino acids (G116-W123) presented in red. C) Transmembrane domains of 

VhChiP were depicted based on the homology structure (Figure 3.2A–B) and the 

structure-based alignment (Figure 3.1) (Zeth et al., 2000). 
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A BlastP search using chitoporin from V. furnissei (UniProtKB/TrEMBL 

entry: Q9KK91 and Keyhani et al., 2000) as protein template identified putative 

chitoporins from several marine bacteria in family Vibrionaceae, including a 

hypothetical protein VIB-HAR_01269 (accession number YP_001444474) from V. 

harveyi type strain ATCC BAA-1116 BB120. Therefore, specific oligo-nucleotides 

were designed from the hypothetical gene of the BAA-1116 BB120 strain in order to 

obtain the gene encoding chitoporin from our laboratory strain (V. harveyi type strain 

650). Figure 3.3A was shown the Genomic DNA from the bacterium of V. harveyi 

type strain 650 using PureLinkTM Genomic DNA Kits (Invitrogen, Gibthai Company 

Ltd., Bangkok, Thailand) and used as the DNA template for PCR amplification.  

Both the oligonucleotides 5’-ATACCATGGCGTCTTACCTAAAGAAAAG-

3’ (forward primer) and 5’-AACCTCGAGTTAGAAGTAGTATTCAACAC-3’ 

(reverse primer) were used for PCR amplification. The PCR product was of the 

expected size about 1.12 kbp (Figure 3.3B) and was firstly cloned into pGEMt easy 

vector (Figure 3.3C) and further sub-cloned into pET23d(+) expression vector using 

Nco I and Xho I cloning sites (sequences underlined) following the protocol supplied 

by the manufacturer (Figure 3.3D). Nucleotide sequences of sense and anti-sense 

strands of the PCR fragment were determined by automated sequencing (First BASE 

Laboratories Sdn Bhd, Selangor Darul Ehsan, Malaysia). 
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Figure 3.3 Agarose gel electrophoresis of Genomic DNA (A) were isolated from V. 

harveyi 650; PCR products (B); recombinant plasmid VhChiP/pGEMt easy vector 

(C); VhChiP/pET23d(+) (D) obtained by cloning into both pGEMt easy vector and 

pET23d(+) (Suginta et al., 2013). 
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After the correct nucleotide sequence was confirmed, the full-length chiP 

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 25-amino acid N-terminal signal 

sequence attached, to aid protein targeting to the bacterial cell envelope. After 

proteolytic removal of the signal sequence, the mature VhChiP contains 350 amino 

acid residues and has a predicted Mr of 38,508.97 Da.  

Firstly, the VhChiP was isolated with the contamination OmpN protein. The 

SDS-PAGE analysis displayed that the upper band migrated close to 40 kDa and the 

lower band migrated to slightly lower than 40 kDa (Figure 3.5A). Identification of 

tryptic peptides by high resolution ESI MS gave a primary hit with gi|3273514 porin 

OmpN from E. coli for the higher MW band, while the lower protein band was 

identified as gi|28897534 putative chitoporin from V. parahaemolyticus RIMD 

2210633, as well as gi|153834464 outer membrane protein from V. harveyi HY01, 

and gi|156973567 hypothetical protein from V. harveyi ATCC BAA-1116. Given that 

no functionally-identified chitoporin of the V. harveyi species is available in the 

NCBInr database and assume that the identified peptides of the lower MW protein 

were derived from chitoporin. 

Figure 3.4 shows further cells induction by 0.5 mM IPTG for 6 hr and cell-

wall extraction by SDS, following 0.125% (v/v), and then 3% (v/v) octyl-POE in 20 

mM phosphate buffer (pH 7.4), the solubilized fraction contained enriched VhChiP. 

SDS-PAGE analysis revealed a several protein bands. To obtain highly purified 

VhChiP for functional characterization, the detergent-extracted VhChiP was further 

purified by ion exchange chromatography using a HiTrap Q resin column.  
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Figure 3.4 SDS-PAGE analysis of V. harveyi chitoporin. A) SDS-PAGE of outer 

membrane proteins extracted with 2% (w/v) SDS (lane 2), washed with 0.125% octyl-

POE (lane 3-4), followed by 3% (v/v) octyl-POE (lane 5-6, heated (5) or unheated (6)) 

and the pellet after 3% Octyl-POE extraction (lane 7). E. coli OmpN and VhChiP bands 

were identified by mass spectrometry. B) Chromatographic profile of VhChiP 

purification with a Hitrap Q HP prepacked column (5 × 1 ml) connecting to an ӒKTA 

Prime plus FPLC system. The column was eluted with a linear gradient of 0-1 M KCl. 

SDS-PAGE analysis of unbound (UB) and bound fractions P1 and P2 is shown in an 

inset. C) Heat stability of VhChiP. The purified ChiP was subjected to different 

temperatures 0 (lane 2), 40 (lane 3), 50 (lane 4), 60 (lane 5), 70 (lane 6), 80 (lane 7) and 

100 °C (lane 8) and then run on a 10% polyacrylamide gel (Suginta et al., 2013). 
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Figure 3.4B shows a chromatographic profile of VhChiP purification. After 

removal of the unbound fraction (‘UB’), the bound proteins were then eluted in two 

peaks (‘P1’ and ‘P2’) when a linear gradient of 0-1 M KCl was applied. SDS-PAGE 

analysis shows that VhChiP was in the second peak (P2) and the protein was pooled 

and run check on SDS-PAGE (Figure 3.4B; see in an inset). After purification by 

using ion-exchange chromatography, VhChiP becomes homogeneity. The pooled 

sample from peak P2 was heat-heated at different temperatures for 10 min, and then 

analyzed by SDS-PAGE. Figure 3.4C shows migration of the purified VhChiP to 

above 95 kDa, corresponding to the trimeric form, when unheated (lane 2). The trimer 

remained intact when the temperature was raised to 40 °C, but began to dissociate at 

50 °C. At 60 °C, more than half of the VhChiP trimers were dissociated to monomers 

and at 70 °C or above, no trimers remained. These results indicate that VhChiP is a 

heat-sensitive, SDS-stable trimer; each subunit has apparent MW of approximately 

38.5 kDa, consistent with the predicted MW of the translated polypeptide lacking the 

signal sequence. 
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To ensure that the recombinant protein obtained was chitoporin and not 

contaminating OmpN, which was co-expressed by the E. coli host strain Omp8 

Rosetta, polyclonal antibodies against OmpN and VhChiP were raised independently. 

Figure 3.5A shows a Coomassie Blue stained gel of different porins, corresponding to 

the immunoblot with anti-VhChiP antiserum (Figure 3.5B). It is clear that the 

antibody recognized only the VhChiP band (Figure 3.5A, lane 1: lower band and lanes 

2 and 3), but not E. coli OmpN (lane 1, upper band and lane 4), E. coli OmpF (lane 5) 

and B. peudomallei Omp38 (lane 6). The results suggest no cross reactivity of anti-

VhChiP antibody with other porins. Figure 3.5C–E further confirmed that there was 

no cross-reactivity of the anti-VhChiP serum with OmpN and anti-E. coli OmpN 

serum with VhChiP. Anti-VhChiP serum recognized only VhChiP (Figure 3.5D, lanes 

1 and 2), and correspondingly, anti-OmpN serum reacted only with OmpN (Figure 

3.5E, lane 3).  

To determine whether expression of native chitoporin in V. harveyi type strain 

650 was controlled by the chitin-induced operon, expression profiles of VhChiP were 

evaluated after the bacterial cells were grown in the presence of chitin. Figure 3.5F 

shows a Coomassie stained gel of the cell lysates prepared at different times of 

induction, while Figure 3.5G shows the corresponding immunoblot with anti-VhChiP 

antibody. It is seen that the antibody reacted with the protein bands in the position of 

purified VhChiP when the cells were exposed to 1% (w/v) colloidal chitin for 1 h or 

more. No positive signal was detected in the lysate prepared from the cells grown in 

the absence of chitin. The chitoporin expression was also observed in the V. harveyi 

cells after induction with crystalline a chitin, but the signals were not as strong as 

when colloidal chitin was used (data not shown). 
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Figure 3.5 Cross-reactivity of VhChiP antiserum with other outer membrane 

porins. A) Coomassie blue-stained 8% SDS-polyacrylamide gel and B) the 

corresponding immonoblot detected with anti VhChiP antibody. The 

VhChiP+OmpN (lane 1, VhChiP, lower band and OmpN, upper band), VhChiP-

preparation I (lane 2), VhChiP-preparation II (lane 3) E. coli OmpN (lane 4), E. 

coli OmpF (lane 5) and B. peudomallei Omp38 (lane 6). C-D: cross-reactivity of 

VhChiP and E. coli OmpN with anti VhChiP and anti OmpN antibodies. C) 

Coomassie blue-stained SDS-polyacrylamide gel, the corresponding immunoblots 

showing cross-reactivity with anti VhChiP antiserum, and D-E) anti OmpN 

antiserum, respectively. F) Endogenous expression of chitoporin in V. harveyi, F) 

Coomasie blue-stained SDS-polyacrylamide gel and immunoblot of cell lysate of 

V. harveyi cultured in the presence of 1% (w/v) colloidal chitin at various time of 

1-6 h (Suginta et al., 2013). 
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3.2 Single channel properties of VhChiP channel with uncharge 

molecules translocation (chitooligosaccharides) 

The pore-forming properties of VhChiP were investigated at the molecular level 

using a planar lipid bilayer (BLM) set-up for ion current recordings. The signals for 

functional analysis were acquired on application of a small potential across two 

Ag/AgCl wires, one either side of an artificial bilayer of diphytanoyl 

phosphatidylcholine (DPhPC) in 1 M KCl/20 mM Hepes (pH 7.5), and the 

subsequened measurement of the electrostatically driven ion (current) flow through 

the normally non-conducting lipid membrane, on the inclusion of single pore-forming 

units. Reconstitution of trimeric VhChiP into a previously formed lipid bilayer 

membrane was obtained through the addition of a small amount of the purified protein 

to the bulk phase of the membrane-bathing KCl solution on one or other side of the 

bilayer. Typically addition of a diluted protein (<1 ng/ml) resulted in the 

incorporation of a single protein molecule in more constantly open state and this was 

the favored situation for inspecting the VhChiP single channel conductance and 

chitooligosaccharide translocation. Figure 3.6A-B are characteristic examples of 

membrane current recordings (500 ms out of 60 s measuring time) from individual 

VhChiP trimers inserted in a DPhPC bilayer in 1 M KCl under applied transmembrane 

potentials of +/-100 mV, respectively. The traces in Figure 3.6A and B indicate that 

the inserted VhChiP channel is fully open, with a stable ionic current over the time of 

recording. Occasionally transient current deflections occur as one of the three subunits 

apparently closes and opens rapidly in a stochastic manner. In multiple measurements, 

single reconstituted trimeric VhChiP channels showed an average conductance of 1.89 

± 0.07 nS (n = >50) in 1 M KCl/20 mM Hepes (pH 7.5). 
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Figure 3.6 Single channel recordings of chitoporin in artificial lipid membranes.A) 

Typical ion current trace of a single channel at fully-open state of VhChiP at 

applied voltage of +100 mV; B) at -100 mV; C) The ion currents were normally 

recorded for a period of 120 s. Analysis of current/voltage (I/V) relationship. The 

average current values were obtained by stepwise ramping of the potential, 

preformed in an average of >50 single channels. D) Three-step closure, induced by 

increasing the applied voltage to +200 mV (Suginta et al., 2013). 
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As with many other bacterial porins, currents through DPhPC-incorporated 

VhChiP pores can be approximated by Ohm’s Law, being directly proportional to the 

applied voltage over the range +/-150 mV (Figure 3.6C). Finally, VhChiP channels 

showed the typical voltage gating properties of bacterial porins and closed in a 

characteristic three-step fashion upon abrupt application of higher voltages (Figure 

3.6D). The threshold potential (critical voltage) inducing the trimeric closure of the 

channels was found to be +/-150 mV, while at less than or equal to +/-100 mV the 

channels were not affected by gating perturbations and so were suitable for studies on 

chito-oligosaccharides translocation through the VhChiP channel.  

Chitoporin has been proposed to facilitate the movement of chitin degradation 

products from the extracellular into the periplasmic space of marine Vibrios (Keyhani 

et al., 2000; Meibom et al., 2004) before they are further transported to the cytoplasm 

and used as an energy source. To test this function we performed experiments to 

investigate the effects of chitooligosaccharides of various sizes on fully-open pores of 

VhChiP in artificial phospholipid bilayer membranes. Figure 3.7 shows current 

recordings from single VhChiP channels with all the tested chitooligosaccharides 

(Figure 3.7A–F) as well as those acquired in comparative trials with the structurally 

related maltopentaose (Figure 3.7G) and maltohexaose (Figure 3.7H). In absence of 

chitosugars, the ion current (I, pA) of a fully open VhChiP trimer was stable. Figure 

3.7A shows a typical ion current trace of ~180 pA at +100 mV.  
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Figure 3.7 Effect of chitooligosaccharides on chitoporin ion currents. A fully open 

state of a single channel of VhChiP was inserted in the artificial membrane (A). 

Then, chitooligosaccharide: chitobiose (B), -triose (C), -tetraose (D), -pentaose (E), 

and -hexaose (F) were added on the cis side of the chamber to a final concentration 

of 80 µM. Control recordings were made with maltopentaose (G) and 

maltohexaose (H) at a concentration of 400 µM. Ion current fluctuations were 

monitored for 120 s at applied voltages of +/-100 mV. Here, only ion traces for 

+100 mV are presented (Suginta et al., 2013). 
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The response of the system to the addition of the set of chitosugars was 

diverse. For example, no transient decreases were observed when the reconstituted 

VhChiP was exposed to chitobiose (Figure 3.7B). The current traces obtained had, 

however, slightly greater noise levels than controls without added solute. In marked 

contrast, the presence of higher MW chitosugars (GlcNAc4,5,6) in the solution on the 

cis side of the membrane produced clear short-lived downward current deflections 

(Figure 3.7C-F). These correspond to the time-resolved blockade of the trimeric pores 

of VhChiP by individual chitooligosaccharide molecules that physically obstruct the 

channels in course of contact. Occlusion of ion flow during sugar diffusion apparently 

occurred as a reversible process by which each of the brief current decreases was 

caused by a single sugar molecule entering the VhChiP channel and leaving it very 

shortly later. Characteristic current traces for 80 mM chitotriose and chitotetraose 

showed that no more than one of the three subunits of a VhChiP trimer was blocked 

by such chitosugars (Figure 3.7C-D). The frequency of the single subunit blockades 

was considerably higher for the triose than for the tetraose. At the same concentration, 

diffusion of chitopentaose also caused two-subunit blockage (Figure 3.7E) and with 

chitohexaose, even blockage of all three channel subunits could be observed (Figure 

3.7F). In a follows, series of experiments we added chitooligosaccharides into the 

solution on the trans-side of the bilayer membrane. Sugar addition on the cis side, 

resulted in distinct channel blockades in the corresponding membrane current 

recordings; however, for the same solute concentration the blocking effect was 

slightly less pronounced (not shown). To elucidate the specificity, the exposure of 

single VhChiP channels to maltopentaose and maltohexaose did not cause the 

transient drops of ion flow that were observed with the chitosugars, even when five 
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times higher concentrations (400 mM) of the maltosugars were used (Figure 3.7G-H, 

respectively).  

BLM recording with different chitosugars suggested chitohexaose to be most 

potent in terms of pore obstruction (Figure. 3.7F). Chitohexaose was thus chosen for 

evaluating the concentration dependence of chitosugar-induced VhChiP blockade. 

Membrane current recordings were taken for the same single channel, while the 

chitohexamer concentration was progressively increased from 0 mM to 1, 120 and 

400 µM, respectively. Figure 3.8 shows the original membrane current measurements 

(A-D, left panel) together with a statistical analysis of the raw data as current 

magnitude histograms (A-D, right panel). Clearly, the open probability of the channel 

decreased with increasing concentrations of the sugar. By addition of 1.0 mM 

chitohexaose to the cis side of the chamber, the protein channel instantaneously 

transformed from being constantly fully open (Figure 3.8A) to a state in which one 

subunit of VhChiP was temporarily occluded (Figure 3.8B). This is shown by a 

decrease of the channel conduction by one-third of the full conductance. As its 

concentration was raised to 120 µM (Figure 3.8C), the sugar began to occupy two 

subunits, decreasing the conductance by two-thirds. At this concentration, occupation 

of the third subunit was periodically observed, with the channel conductance reduced 

to zero. At 400 mM chitohexaose (Figure 3.8D), two of the three subunits were 

constantly blocked, and the effect of increased chitohexaose concentration on the third 

subunit was apparent. The probability of complete closure of the trimeric channel was 

approx. 0.8, indicating that the VhChiP channel was nearly saturated by chitohexaose 

at this concentration. 
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Figure 3.8 Effects of chitohexaose diffusion on subunit closure. The fully open 

VhChiP channel was exposed to different concentrations of chitohexaose (A-D). 

Right panel: the original traces displaying ion current blockade. Left panel: the 

corresponding frequency/current histograms, reflecting discrete changes in the 

subunit conductance upon sugar diffusion through the channel (Suginta et al., 

2013). 
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Chitooligosaccharides of various sizes were added on either side of the 

chamber, and their ability to block ion current was quantified. Number blockage was 

visible when chitobiose was varied up to 400 µM on either the cis or trans-side or 

when the channel was exposed to maltodextrins (maltopentaose and maltohexaose) or 

raffinose (not shown). In marked contrast, after the addition of 5 µM chitosugars, we 

observed ion current blockages, which depended on the size of the sugar and the side 

of sugar addition. The ionic current blockages were observed at much greater 

frequency when the sugar was added on the cis side compared with the trans-side. For 

instance, current blockage by chitotriose was rarely visible with addition on the trans-

side, whereas significant blocking events were detected when same concentration of 

chitotriose was added on the cis side (not shown).  

Starting with the cis side addition, chitotriose was found to partially interrupt 

the flow of ions, visible by statistical transient reduction of the channel conductance 

by one-third. Chitotriose, chitotetraose, and chitopentaose blocked one monomer of 

the single trimeric channel, whereas increasing the sugar length to hexamer resulted in 

the double and triple blocking of the single trimeric channel. Furthermore, 

chitohexaose exhibited the longest residence time, during which each sugar molecule 

remained entrapped before leaving the pore. This was clear from single channel 

analysis, which yielded an average residence time of 6.0 ± 0.7 ms for the 

chitohexaose. This value decreased rapidly as the number of GlcNAc units in the 

polymer decreased from five (2.4 ± 0.2 ms) to four (0.33 ± 0.08 ms) and three (0.11 ± 

0.05 ms).  
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We further investigated the effect of applied voltages on sugar translocation 

from both the cis- and trans-sides at various concentrations. As shown in Figure 3.9, 

channel blockage by chitohexaose occurred to a much greater extent for cis-side 

addition compared with trans-side addition. Considering cis side addition, the number 

of blocking events was obviously higher at -100 mV (Figure 3.9E-H) than at +100 

mV (Figure 3.9A-D). This result was reversed with trans-side addition (Figure 3.10). 

In both cases, the frequency of blocking events increased with concentration. Figure 

3.9E-H shows that at -100 mV/cis, chitohexaose at 0.25 µM blocked only one subunit 

on average. Two subunits were blocked when the concentration was increased up to 

1.25 µM, and finally, all three subunits were blocked at 5 µM. Similar observations 

were made with +100 mV/cis (Figure 3.9A-D), although the frequency of blocking 

events was much lower.  
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Figure 3.9 Effects of transmembrane potentials and sugar concentrations on ion 

currents. The fully open VhChiP trimeric channel was exposed to different 

concentrations of chitohexaose. Ion current blockages at +100 mV (A-D) and -100 

mV (E-H) are shown. The chitohexaose was titrated on the cis-side (Suginta et al., 

2013). 
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Figure 3.10 Effects of transmembrane potentials and sugar concentrations on ion 

currents. The fully open VhChiP trimeric channel was exposed to different 

concentrations of chitohexaose. Ion current blockages at +100 mV (A-D) and -100 

mV (E-H) are shown. The chitohexaose was titrated on the trans-side (Suginta et al., 

2013). 
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Plots of the number of blockade events/s (reflecting translocation rate) over a 

selected range of chitohexaose concentrations were examined for cis and trans-side 

additions at +/-100 mV. The on-rates for chitohexaose moving through open pores 

decreased as follows: -100 mV/cis > +100 mV/cis > +100 mV/trans >> -100 

mV/trans (Figure 3.11A). The rates versus sugar concentrations from cis-to-trans 

yielded saturable curves, but the rates for trans-to-cis translocation did not reach 

saturation over the same concentration range. Applied potentials also affected both τo, 

the time that the monomeric protein channel remains open, and τc, the time that the 

sugar resides within the monomer. As shown in Figure 3.11B-C, each setting 

condition yielded different values of τo and τc. Nonetheless, all conditions showed a 

linear decay of τc in a concentration-dependent manner, but τc does not depend on the 

concentration. 
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Figure 3.11 Analysis of ion current blockades at various transmembrane potentials 

and chitohexaose concentrations. Plot of the number of binding events versus sugar 

concentrations, comparing both the +100 mV and the -100 mV and cis/trans side 

potential application (A). Plot of open times (τo) versus sugar concentrations (B). 

Plot of residence times (τc) versus sugar concentrations (C) (Suginta et al., 2013). 
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The characteristic substrate-specific channel activity of VhChiP was confirmed 

by enhancement of the on-rate of chitohexaose, relative to that of other 

oligosaccharides, and by its concentration dependence. In our measurement we 

observed signal of blockages above at 0.1 µM with increase blocking events at high 

concentration (Figure 3.11A). Chitohexaose blocked the ion flow very efficiently 

even at nanomolar concentrations. A conductance histogram shows a continuous 

increase in the level of monomeric blockage as the channel was titrated with 

chitohexaose from 0.125 up to 2.5 µM (not shown). The amplitudes of sugar-induced 

noise levels were elevated in proportion to the concentration of chitohexaose and 

correlated well with the levels of monomeric blockage (not shown).  

Further quantitative analysis of the binding constants was carried out to study 

the channel affinity. Figure 3.12A shows the binding curves of various concentrations 

of chitohexaose at +/-100 mV from cis- or trans-side of sugar addition. Fitting the 

curves using a nonlinear regression function derived from Eq. 2.2 yielded typical 

Michaelis-Menten plots (Nikaido et al., 1992). The plot for chitohexaose is 

hyperbolic, as described above, and saturation was reached above 5 µM. On the other 

hand, the binding curves of chitotriose, chitotetraose, and chitopentaose did not 

approach saturation even at 40 µM (not shown). Transformation of these binding 

curves yielded linear double reciprocal plots (Lineweaver-Burk plots) as shown in 

Figure 3.12B. These Lineweaver-Burk plots allowed the binding constants (K, M
-1

) to 

be determined as shown in Table 3.1. As shown in Table 3.1, the binding constant of 

chitohexaose was found to be larger than those of other chitosugars at both the +100 

and the -100 mV. The value of K decreased by several orders of magnitude as the 

polymer length decreased from GlcNAc6 to GlcNAc5 and GlcNAc4. Surprisingly, the 
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greater binding affinity of the VhChiP channel for chitohexaose was under the -100 

mV/cis condition (K is ≥500,000 M
-1

; see in Table 3.1 and Table 3.4). These kinetic 

data consistently show chitohexaose to be the best substrate for the VhChiP channel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3.12 Binding curve of 0.25-10 µM chitohexaose to VhChiP. The Michaelis-

Menten plots were evaluated from the data acquired on the cis- or trans-side at +/-

100 mV (A). The values are averaged from the BLM data obtained in triplicate. 

The plots of (Gmax-G[c])/Gmax versus sugar concentrations (micromolar) were 

derived from Eq. 2.2. Lineweaver-Burk plots of chitohexaose at both the +100 mV 

and the -100 mV, at cis- or trans-side addition (B). The equilibrium binding 

constant (K, M
-1

) can be obtained directly by fitting the curves with a linear 

regression function as described in the text (Suginta et al., 2013). 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Table 3.1 Substrate specificity of VhChiP. 

Substrates 

Rate constant at cis-side addition of chitosugars 

+100 mV -100 mV 
kon

b
 

10
6
 (M

-1
s

-1
) 

koff
b
 

10
3
 (s

-1
) 

K
a
 

(M
-1

) 
kon

b
 

10
6
 (M

-1
s

-1
) 

koff
b
 

10
3
 (s

-1
) 

K
a
 

 (M
-1

) 

Chitobiose ND
c
 - ND

c
 ND

c
 - ND

c
 

Chitotriose 2.0 ± 0.2 9.0 ± 2.0 220 ± 100 5.0 ± 0.4 12.5 ± 2.5 400 ± 150 

Chitotetraose 10.0 ± 0.1 3.7 ± 0.11 2,700 ± 700 15 ± 0.3 3.0 ± 0.40 5000 ± 850 

Chitopentaose 25.5 ± 0.4 1.7 ± 0.13 15,000 ± 3000    

Chitohexaose 78.8 ± 29.4 0.21 ± 0.02 370,000 ± 140,000 85.0 ± 1.4 0.17 ± 0.02 500,000 ± 68,000 
 

a
The equilibrium binding constants (K, M

-1
) was estimated from the reduction of the single channel conductance in the  

titration of different concentrations of chitosugars using Equation 1. 

 

b
The on-rate (kon, M

-1
s

-1
) is given by kon = K · koff, and the off-rate (koff, s

-1
) from the single trimeric molecule of  

VhChiP channel after titration with different of chito-oligosaccharides that was obtained from Kullman et al.  

(Kullman et al., 2002) refer to equation of koff = 1/τc. 

 

c
ND, no detectable blocking events with this sugar. 
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3.3 Single channel properties of VhChiP with respect to the 

translocation of charged molecules (chitosan hexamers) 

 Single-channel experiments were performed with different sugars to 

demonstrate the effect of sugar side chains on permeation through VhChiP. Figure 

3.13A-B shows the chemical structures of chitohexaose (A) and chitosan hexaose (B). 

The difference between both sugars is the chemical character of the nitrogen in C2-

position of monomers. It is in chitin derivatives an N-acetamido group (-NHCOCH3 

or -NHAc) and in chitosan an unmodified amino (-NH2) group. In chitosan sugar, this 

amino group can be protonated, with a pKa of about 6.7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

pKa ~6.7
pH 8.5pH 6.5

-H+
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Figure 3.13 Chemical structures of A) chitohexaose and B) chitosan hexaose. C) The 

pH change from 8.5 to 6.5 causes protonation of the chitosan hexaose to the cationic 

(ammonium) form. The two structures were created and displayed using ChemDraw 

v.9 (Perkin Elmer, Waltham, MA, USA). 
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Figure 3.14 Influence of the polarity of the membrane potential on the translocation 

of cationic chitosan hexaose through VhChiP. Single channel current recordings of 

one VhChiP channel incorporated in a planar lipid bilayer from the cis side and 

exposed to 1 M KCl, 20 mM potassium acetate (pH 6.5), at +100 mV (A-D) and -

100 mV (E-H). Chitosan hexaose was added at various concentrations to the cis side 

of the lipid bilayer. 
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 To study the effect of protonation of chitosan the pH of the measuring 

solution was lowered to 6.5 below the pKa of chitosan hexaose, so that the amino 

groups of the chitosan hexaose became predominately cationic through protonation. 

Providing that the trans Ag/AgCl electrode was negative (e.g. -100 mV), the 

protonation state of the chitosugar molecules (Figure 3.13C), produce cationic groups 

along the glucosyl chain, resulting in time-resolved ion current blockages (Figure 

3.14E-H) at 2.5, 20 and 80 µM. Each of these blocking events represented the rapid 

channel entry and exit of a charged molecule with the estimated dwell time obtained 

from the data acquired over 120 sec and was about 0.08 ms (pH 6.5) (Mahendran et 

a., 2009; Mahendran et al., 2013; Lamichhane et al., 2013). Note that the dwell time 

of chitosan hexaose was about >50 fold faster than that of chitohexaose mentioned 

earlier, suggesting that the chitosan hexaose-VhChiP interaction was much weaker 

than the chitohexaose-VhChiP interaction. At condition of low pH and under an 

external field the electrostatic driving force on the protonated amino sugars appeared 

to be strong enough to compensate for their poor channel affinity, hence causing sugar 

permeation. At pH 7.5, the blocking events were much less frequent and the dwell 

time of the partially-protonated sugars was smaller than at pH 6.5 (Table 3.2), 

indicating weaker electrostatic force and affinity. Note that at pH 8.5 (not shown) 

where chitosan hexaose was essentially uncharged, the blocking events were short and 

rare, assuming almost no affinity of interaction between the sugar and the VhChiP at 

this condition. 
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Figure 3.15 Binding curve for the interaction of VhChiP with chitosan hexaose. 

Reconstituted VhChiP channels were titrated with increasing concentration of 

chitosan hexaose (from 2.5 µM to 80 µM) at pH 6.5 using Eq. 2.2. The chitoporin 

was inserted from the cis side of the lipid bilayer as well as the sugar; the applied 

transmembrane potential was -100 mV. The buffer contained 1 M KCl, 20 mM 

potassium acetate, pH 6.5 plus the volumes of 1 M KOH required for pH 

adjustments. A) The binding curve was obtained plotting [Gmax-Gc]/Gmax vs. 

sugar concentrations (µM). The results represent averages are from at least three 

independent single channel current measurements. B) The binding constant was 

estimated from Lineweaver-Burk plots. 
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Figure 3.15A-B, a binding curve shows the concentration dependency of 

chitosan hexaose with the VhChiP channel at pH 6.5. Figure 3.15A shows the binding 

curves of chitosan hexaose acquired at pH 6.5, while Figure 3.15B shows 

Lineweaver-Burk plots to determine the binding constants (K). The binding curve of 

chitosan hexaose was strongly dependent on pH of the bulk solution, being strongest 

at pH 6.5 at where chitosan hexaose is predominantly cationic. At pH 8.5, the chitosan 

hexaose was in its neutral form ((GlcNH2)6) and the electrostatically-triggered 

channel obstruction was almost absent. Table 3.2 summarizes the various rates. At pH 

8.5, the binding constant for chitohexaose of 340,000 M
-1 

was extremely high, 

whereas at this pH the chitosan hexaose interaction was too low to be quantified. At 

pH 6.5, the binding constant of the chitohexaose was more than a hundred fold larger 

than the one of the protonated chitosan variant. This strongly underlines the essential 

role of the N-acetyl moieties in defining the sugar specificity of VhChiP. In addition, 

Table 3.2 also shows a marked contrast in the effect of pH on the binding constants of 

both chitosugars. Although the affinity of VhChiP for chitohexaose does not change 

significantly with pH, the corresponding value for chitosan hexaose is too small to be 

meaningfully assessable at pH 8.5. For chitosan hexaose, changes of pH caused a 

drastic increase in the on-rate (kon), but the off-rate (koff) remained virtually 

unaffected. In contrast, both the on-rate and off-rate for chitohexaose were found to 

be pH independent. Our BLM measurements also indicated that the translocation rate 

increased with increasing external field. With protonated chitosan oligosaccharides 

present on the cis-side, changes of electrode polarity on the trans-side drastically 

affected the channel penetration and the passage of the oligosaccharides.  

 

 

 

 

 

 

 

 

 



 
 

 

 

 

Table 3.2 Effect of pH on the binding constant of chitoporin from Vibrio harveyi 650 towards uncharged and charged chitosugars. 

pH 

Chitohexaose (GlcNAc6), -100 mV/cis Chitosan hexaose (GlcN6), -100 mV/cis 

On-rate constant   

10
6
 (M

-1
 · s-1

)
b
 

Off-rate constant 

10
3
 (s

-1
) 

Binding constant 

(M
-1

)
a
 

On-rate constant  

10
6
 (M

-1
 · s-1

)
c
 

Off-rate constant
b 

10
3
 (s

-1
)

e
 

Binding constant 

 (M
-1

)
a
 

6.5 69 ± 0.5 0.21 ± 0.01 330,000 ± 47,000 15.6 ± 2.5 6.8 ± 1.5 2,300 ± 1,700 

    (0.09 ± 0.02) (0.047 ± 0.3) (1,900 ± 72) 

7.5 58 ± 0.6 0.17 ± 0.02 340,000 ± 51,000 3.3 ± 1.0 8.2 ± 0.8 350 ± 150 

8.5 65 ± 0.6 0.19 ± 0.01 340,000 ± 56,000 - ND
f
 - 

 

a 
The equilibrium binding constants (K, M

-1
) was estimated from the titration method according to Eq. 2 as described in the text. 

b 
The on-rate (kon, M

-1
s

-1
) of chitohexaose is given by kon = K · koff. 

c 
kon of the cationic chitosan was estimated from number of blocking events/sec.  

d 
Values in brackets represent the extrapolated values at 0 mV. These values were obtained from the plots shown in Fig. 3.17. 

e 
off-rate (koff, s

-1
) of charged chitosan hexaose was estimated from koff = kon/K.  

f
N.D , no detectable blocking events with this sugar. 
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Figure 3.16 The channel current blockages at cationic chitosan hexaose. Single 

channel current recordings of one VhChiP molecule incorporated in a planar lipid 

bilayer from the cis side and exposed to 1 M KCl in 20 mM potassium acetate pH 

6.5. A) 5 µM cationic chitosan hexaose was added on the cis side at negative 

transmembrane potential of -50 mV, -75 mV and -100 mV. B) Plot of number of 

events vs. Vm, while C) represents the plot of residence (dwell) time vs. Vm.  
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To observation of the effect of applied voltages on sugar translocation through 

VhChiP channel at various concentrations of chitosan hexaose. We added sugar on the 

cis-side and with the trans electrode either kept at +100 mV (Figure 3.14, left panel) 

or -100 mV (Figure 3.14, right panel). As expected, no channel current blockages 

were observed when the trans electrode was positive since the repelling electrostatic 

force opposed the movement of cationic sugar from cis to trans (Figure 3.14A-D). At 

-100 mV, however, the trans electrode imposed a force of attraction on the sugar 

molecules, triggering chitoporin entry and transient current trace deflections (Figure 

3.14E-H) and we even observed double monomer blocking at high concentrations of 

the cationic sugar (i.e. at 20 and 80 µM).  

Figure 3.16A shows the channel current blockages at 5µM cationic chitosan 

hexaose on the cis side at negative transmembrane potential of -50 mV, -75 mV and  

-100 mV. At the negative transmembrane potential from -25 mV to -100 mV, the 

number of events were increased (Figure 3.16B), while the residence (dwell) time 

were decreased (Figure 3.16C). Moreover, both on-rate (kon) and off-rate (koff) 

increased as the magnitude of the transmembrane potential was adjusted from -25 mV 

to -100 mV (Figure 3.17A-B). To elucidate the voltage effect, we extrapolated the 

plots of ln [kon] vs.Vm (Figure 3.17A) and ln [koff] vs.Vm (Figure 3.17B) to 0 mV, thus 

yielding virtual values of the on-rate (0.089 × 10
-6

 M
-1 

s
-1

) and the off-rate (0.043 × 

10
-3

 s
-1

) (Table 3.2). These values reflected a chitosan hexaose VhChiP channel 

binding and release that occurred entirely by diffusion. Also, increasing in the off-rate 

(decreasing dwell time) with increasing in the voltage indicates translocation (Figure 

3.17B) that helps to distinguish binding and translocation as suggested elsewhere 

(Lamichhane et al., 2013). Figure 3.17C presents the plot of ln [K] vs.Vm. It is noted 
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that the voltage dependence for the on and off rates are different, giving a voltage 

dependent binding constant that suggests a possible structural change of the affinity 

site(s) caused by transmembrane voltages. The extrapolated value should ideally 

represent the intrinsic chemical affinity between the sugar molecule and the affinity 

site(s) inside the channel. Unlike the charged chitosan sugar, chitohexaose exhibited 

different binding behavior. Both the on- and the off-rates of chitohexaose were 

slightly modulated by the applied voltage (not shown). As constant kon and koff values 

would be expected for an entirely neutral molecule, this correlation indicates the 

influence of partial polarity of the C2–NHCOCH3 groups on the chitohexaose 

molecule. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 3.17 Voltage dependence of the on-rate (kon) and off-rate (koff) of chitosan 

hexaose through VhChiP channel. All data were obtained with VhChiP inserted from 

the cis side of lipid bilayer in 1 M KCl supplemented 20 mM potassium acetate 

buffer (pH 6.5). The values are from triplicate measurements at each potential. 

Logarithmic plots of A) the on-rate (× 10
-6

 M
-1 s-1

), B) off-rate (× 10
-3

 s
-1

) and C) the 

binding constant (K, M
-1

) for chitosan hexaose. 

 

 

 

 

 

 

 

 

 



 

 

 

96 

 

3.4 Site directed mutagenesis on the constriction zone of VhChiP 

channel for ion transport and sugar translocation  

 The modelling structure of VhChiP had built based on the x-ray structure of D. 

acidovorans Omp32 (pdb 2GFR) and compared with the maltooligosaccharide-

specific maltoporin from E. coli to predict the position of the amino acids. (Schirmer 

et al., 1995). The external loop 3 in maltoporin is controlled by a numbers of different 

amino acids, in particularly tyrosine 118 was identified as the constriction element. 

The homology model of the VhChiP channel was shown the pore size after mutation 

from tryptophan to alanine and phenylalanine. Figure 3.18 showed the model of three-

dimentional structure of VhChiP wild-type (WT) and its mutant (W136A, W136F, 

W136R and W136D). In agreement with the ion conductance the model reveales a 

pore size somewhat larger compared to maltoporin. Mutation of the W opens putative 

constriction to provide more space for ions and sugar molecule to pass through the 

channel. Here in part of this study we consider the Tryptophan 136 (Trp136) and 

characterize ion conductance as well specificity of sugar translocation compared to 

WT. 
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To study the functional activity behavior in the bilayer membrane, the 

recombinant plasmid containing the gene of mutanted VhChiP was transferred and 

expressed in E. coli BL21 (DE3) omp8 Rosetta strains. After two step purification 

using Hitrap Q HP prepacked column, all proteins displayed a single band of 

molecular weight of above 100 kDa (native trimeric form) and 40 kDa (denatured 

monomeric form) as shown in Figure 3.4C. Figure 3.19A shows the monomeric form 

of WT and it mutants and all mutants had been confirmed using immuno-blotting 

detection using anti-VhChiP (Figure 3.19B) and anti-OmpN polyclonal antibody 

(Figure 3.19C). The results demonstrated that the protein is not contaminated of E. 

coli OmpN and it is identity to its WT. 

 
 
 

Figure 3.18 The modelling structure of A) the monomeric VhChiP (WT) from Vibrio 

harveyi and its mutant such as B) W136A, C) W136F, D) W136R and E) W136D). 

The modelling structure of VhChiP had built based on the X-ray structure of D. 

acidovorans Omp32 (pdb 2GFR). 
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In a first series we characterize the single channel conductance of WT and its 

mutant. Figure 3.20 shows the typical examples of the single and multiple insertions 

of WT and its mutant at transmembrane potential +100 mV. Figure 3.20A-E shows 

the single channel trace of WT and its mutant in solvent free membrane at 

transmembrane potential +100 mV and the histograms displayed the fully opened 

subunit without the sugar diffusion through the channel (Figure 3.20F-J). The 

multiple insertions of a small ion current channel demonstrated in a solvent containing 

bilayer membrane as shown in Figure 3.20K-O. The single channel conductance of 

alanine and aspartate were slightly increased which observed in both solvent free 

(Figure 3.20B and E) and solvent containing bilayer membrane (Figure 16L and O) 

and decreased with the replacement of arginine (Figure 3.20D and N). Table 3.3 

shows summaries of single channel conductance for WT and its mutant, the single 

channel conductance were obtained using both the solvent containing and the solvent 

 
 

 

Figure 3.19 Protein expression, purification and immuno-blotting analysis of WT 

and its mutant. A) shows 10% SDS-PAGE of purified WT and its mutant. After 

expression by 0.5 mM IPTG for 6 hr and then extracted with 2% SDS, followed 

with 3% octyl-POE in 20 mM phosphate (pH 7.4), further purified using Hi-trap Q 

column chromatography. B) Purified proteins were confirmed by immuno-blotting 

detection using anti-VhChiP and C) anti-OmpN polyclonal antibody. 
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free lipid bilayer membrane. The single channel conductance was obtained from 1 M 

KCl in 20 mM Hepes (pH 7.5). Replacing tryptophan by alanine and aspartate, the 

single channel conductance was slightly increased. In contrast, the smaller effect was 

observed when the phenylalanine replacement on W136. It means that may be caused 

in part of the bulky side chains of tryptophan 136 is similarly affected on the ion 

transport of its wild-type pore channel. 
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Figure 3.20 Single channel insertion of DPhPC-bilayer membrane dissolved in n-

pentane in the presence of WT and its mutant (W136A, W136F, W136R and W136D). 

The single channel recordings (A-E) and histogram represent the fully open state (F-J) 

of WT and its mutant, at transmembrane potential +100 mV. The stepwise insertion of 

WT and its mutant in solvent containing DPhPC-bilayer membrane were recorded (K-

O) and histogram represent an average conductance, at +100 mV (P-T). The aqueous 

phase bulk solution contained 1 M KCl in 20 mM Hepes (pH 7.5) and a few solution 

of WT and its mutant were added. The temperature to carry out of the experiment was 

at 20 ± 3 °C. 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 
Table 3.3 Single channel conductance of VhChiP (WT) and its mutants. 

1 M KCl 

(20 mM Hepes, pH 7.5) 

Conductance, G (nS) 

WT W136A W136F W136D W136R 

1) Solvent free membrane 
 

1.9 ± 0.03 (17) 2.17 ± 0.05 (16) 1.94 ± 0.02 (18) 2.3 ± 0.03 (22) 1.75 ± 0.03 (12) 

2) Solvent containing membrane  

1.7 ± 0.3 (79) 

1.1 ± 0.1 (101) 

0.6 ± 0.2 (238) 

2.5 ± 0.3 (80) 

1.5 ± 0.2 (116) 

0.8 ± 0.3 (230) 

1.7 ± 0.3 (27) 

1.2 ± 0.2 (48) 

0.6 ± 0.2 (150) 

2.4 ± 0.5 (22) 

0.8 ± 0.4 (206) 

1.6 ± 0.3 (45) 

0.6 ± 0.2 (52) 

 

The membranes were formed from DPhPC dissolved in n-pentane or n-decane. The aqueous phase contained 1 M KCl in 20 mM 

Hepes (pH 7.5). The voltage was applied at ±25 to ±150 mV and the temperature was 20 ± 3 °C. 
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To study the constriction zone inside the VhChiP pore, single channel 

reconstitution of the trimeric VhChiP was performed to study the effect on the 

conductance fluctuation compared to the different mutants. Various concentrations of 

chitohexaose (0.25 to 5 µM) were titrated into to the cis or trans sides of the chamber 

to investigate the blocking events of ion current. Figure 3.21 shows a 500-ms-long 

recordings of VhChiP (Figure 3.21A) and its mutants (Figure 3.21B, W136A, 3.21C, 

W136F, 3.21D, W136R and 3.21E, W136D) demonstrating the chitohexaose induced 

ion current fluctuations by cis side addition at transmembrane potential -100 mV. In 

comparison to WT, the mutation of W136 to alanine caused less blocking events. At 

 
 
Figure 3.21 The effect of transmembrane potentials at various concentration 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 bathin in 1 M KCl, 20 mM Hepes (pH 

7.5) and exposed to addition of various concentrations of chitohexaose (0.25, 1.25, 

2.5, and 5 µM) to the cis side at a transmembrane potential of -100 mV.  

 

 

 

 

 

 

 

 

 

 



 

 

 

103 

 
the same concentration of chitohexaose (2.5 µM), two subunit block events were 

observed at the single nanopore of the trimeric VhChiP channel and W136F mutant. 

In contrast, only rare single monomer blocking events were observed by the 

replacement of W136 by alanine, arginine and aspartate, respectively. The number of 

blocking events per second under the various concentrations of chitohexaose on cis or 

trans side addition at transmembrane potential +100 mV and -100 mV were counted 

and analyzed to obtain an average residence (dwell) time from the single channel 

conductance of VhChiP and its mutants. These measurements were performed after 

addition of various concentrations of chitohexaose on the cis or trans sides and at 

different transmembrane potential +100 mV and -100 mV. The numbers of events 

were counted and the residence (dwell) times were estimated. Figure 3.22A-D shows 

both Tau-close (τc) and Tau-open (τo) times from cis or trans side addition also known 

as τc, the times that sugar molecule stayed within the monomers, and τo, the times that 

monomeric protein channels remained open or sugar left the monomers. The results 

indicated that τo showed a rapidly decreased dependence on the concentration of 

chitohexaose. Interestingly, τc did not show a dependence on chitohexaose 

concentration. The longest residence (dwell) time was observed at transmembrane 

potential -100 mV reached the value ~6.7 ms for VhChiP. This time decreased rapidly 

upon replacement of W136 by alanine (~0.32 ms), phenylalanine (~2.3 ms), arginine 

(~0.34 ms), and aspartate (~0.5 ms). 
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The rate of binding affinity was obtained from Lineweaver-Burk plots (((Gmax-

G[c]/Gmax)
-1

 vs. ([c]
-1

) to estimate the equilibrium binding constant (K, M
-1

) of VhChiP 

and its mutants with chitohexaose as its best substrate. Figure 3.23 shows the binding 

curves of VhChiP and its mutants with various concentrations of chitohexaose at -100 

mV/cis (Figure 3.23A) and +100 mV/trans (Figure 3.23C). Fitting curves using a 

nonlinear regression function derived from Eq. 2.2 yielded to typical Michaelis-

Menten plots (Nikaido et al., 1992) and the plots with different concentrations of 

chitohexaose is reached saturation for VhChiP only, at both the -100 mV/cis and the 

 
 
 

Figure 3.22 Analysis of ion current blockades at cis/-100 mV or trans/+100 mV side 

addition of chitohexaose on the single channel conductance of VhChiP (WT) and its 

mutants. Plot of residence (dwell) time (τc) (A and C) and open time (τo) (B and D) 

versus various concentration of chitohexaose. 
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+100 mV/trans, whereas all mutants did not reach saturation within the same range of 

chitohexaose concentrations (0.25 to 20 µM). In case of VhChiP, saturation was 

reached within 5 to 20 µM. The binding curve was transformed to Lineweaver-Burk 

plots (((Gmax-G[c]/Gmax)
-1

 vs. ([c]
-1

) to obtain the binding constants. Figure 3.23B 

shows Lineweaver-Burk plots for VhChiP and its mutants for binding with 

chitohexaose at both -100 mV/cis and +100 mV/trans (Figure 3.23D). Table 3.4 

shows the binding constant (K, M
-1

) obtained from cis or trans side addition of 

chitohexaose at transmembrane potential -100 mV and +100 mV. Here, at -100 

mV/cis, we found the highest of binding affinity (K, M
-1

) for VhChiP (0.7 × 10
6 M-1

). 

This constant decreased slightly when W136 was replaced with arginine (0.37 × 10
6 

M
-1

), phenylalanine (0.33 × 10
6 M-1

), alanine (0.16 × 10
6 M-1

) and aspartate (0.1 × 10
6 

M
-1

). In contrast to this, on-rates (kon, M
-1

s
-1

) increased. The results indicated that the 

binding constants were related to the conductance change when W136 was replaced 

by alanine and aspartic acid. 
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Figure 3.23 Binding curve (Langmuir adsorption isotherms) and Lineweaver-Burk 

plots of VhChiP and its mutants with chitohexaose. The Michaelis-Menten plots 

were performed from the data on the cis/-100 mV (A) or trans/+100 mV (C) side 

addition. The plot of (Gmax-G[c])/Gmax versus various concentrations of chitohexaose 

(0.25 to 20 µM) were derived from Eq. 2. Lineweaver-Burk plots of VhChiP and its 

mutants were obtained from the various concentrations of chitohexaose (0.25 to 10 

µM), at -100 mV/cis (B) or +100 mV/trans (D) side addition.  

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

Table 3.4 Comparison of the rates and the equilibrium binding constants (K, M
-1

) of VhChiP (WT) and its mutants for chitohexaose. 

Protein 

cis-side addition  trans-side addition 

+100 mV -100 mV  +100 mV -100 mV 

kon · 10
6
 

(M
-1

s
-1

) 

koff · 10
3
 

(s
-1

) 

K · 10
6
 

(M
-1

) 

kon · 10
6 

(M
-1

s
-1

) 

koff · 10
3
 

(s
-1

) 

K · 10
6
 

 (M
-1

) 

 kon · 10
6
 

(M
-1

s
-1

) 

koff · 10
3
 

(s
-1

) 

K· 10
6
 

 (M
-1

) 

kon · 10
6
 

(M
-1

s
-1

) 

koff · 10
3
 

(s
-1

) 

K· 10
6
 

 (M
-1

)  

WT 55 0.25 0.22 105 0.15 0.70  63 0.15 0.42 46 0.2 0.23 

W136A 500 5 0.10 500 3.12 0.16  760 3.3 0.23 504 3.6 0.14 

W136F 544 1.7 0.32 142 0.43 0.33  495 1.5 0.33 510 3.4 0.15 

W136R 540 2 0.27 1,110 3 0.37  153 1.7 0.09 175 2.5 0.07 

W136D 308 7.7 0.04 200 2 0.10  693 7.7 0.09 250 6.25 0.04 

 

The equilibrium binding constants (K, M
-1

) was estimated from the reduction of the single channel conductance in the titration  

of different concentrations of chitohexaose using Equation 1. 

The on-rate (kon, M
-1

s
-1

) is given by kon = K · koff, and the off-rate (koff, s
-1

) from the single trimeric molecule of VhChiP channel  

and its mutant after titration with different concentrations of chitohexaose that was obtained from Kullman et al.  

(Kullman et al., 2002) refer to equation of koff = 1/τc. 
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3.5 Ion selectivity of VhChiP (WT) and its mutants 

To study the ion selectivity, the single channel insertion was used to approve a 

reversal potential measurement. Here, KCl bulk solution was chosen in this study to 

compare the cationic selectivity between VhChiP (WT) and its mutants. The 

experiments were done with single salt solutions starting from 0.1 M KCl 

supplemented with 20 mM Hepes, pH 7.5 on cis- (connected to ground) and trans-

side of the bilayer chamber. The insertion of VhChiP or its charged residues mutants 

W136D and W136R was performed into black lipid bilayer membrane with applied 

high potential (+/-199 mV). The channel conductance was checked by applying 

different voltages. Then instrumentration was switched to the measurement of zero-

current membrane potentials. Increasing amounts of concentrated KCl solution were 

added to the trans-side of the membraneand the zero-current potentials were recorded 

(as show in Figure 3.24). Table 3.5 shows the results of the selectivity measurements 

of VhChiP and its arginine (W136R) and aspartic acid (W136D) mutants. The PK+/PCl- 

values were calculated and analyzed using the Goldman-Hodgkin-Katz equation as 

described in the methods section. The results show a slight increase of cation 

selectivity for W136D with the ratio PK+/PCl- of about 4.2 (Vm = -28 mV), while the 

VhChiP showed a cation selectivity of PK+/PCl-  = 3.20 (Vm = -23 mV). In contrast to 

this, cation selectivity of the mutant W136R decreased to PK+/PCl- = 2.74 (Vm = -20 

mV). The results suggested that the mutation of tryptophan by arginine reduces cation 

selectivity with the ratio PK+/PCl- to be about 2.74. 
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Figure 3.24 Representation of the plot between zero-current membrane potentials 

(Vm) and the ratio of salt concentrations on trans-side of KCl bulk solution. Low 

concentrations of 0.1 M KCl were kept on the cis-side of the chamber. Increasing 

KCl concentrations were applied to the trans-side by addition of amall amounts of 

3 M KCl. The curves were fitted to the equation of Goldman-Hodgkin-Katz. 

 

 

 

 

 

 

 

 



 
 

 

 

 

Table 3.5 Ionic selectivity of VhChiP WT and its charged mutants. 

Protein Ratio of salt concentrations (KCl, M) Vm, (mV) e
x
 e

x
 PK+/PCl- 

1) WT 0.1 : 1 -23 e
-0.9

 0.4 3.20 

2) W136R 0.1 : 1 -20 e
-0.79

 0.45 2.74 

3) W136D 0.1 : 1 -28 e
-1.1

 0.33 4.20 

 

 The single channel insertion of VhChiP WT and its mutants were performed in DPhPC lipid bilayer membrane 

dissolved in n-pentane. The bulk solution contained 1 M KCl (trans) and 0.1 M KCl (cis) supplemented with 20 mM 

HEPES, pH 7.5. The temperature was 20 ± 3 
o
C to carry out of the experiment. 
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3.6 Fluorescence spectroscopy 

To study the dissociation binding constants (KD, µM) using Fluorescence 

Spectroscopy, the intrinsic fluorescence was used to assess the binding affinity with 

chitosugars as a substrate towards WT and its mutant. Firstly, the amino acid 

alignment are revealed and shown under line of ten aromatic residues, including W73, 

W105, W123, W136, W157, W188, W220, W233, W275, and W338 (Figure 3.25A). 

Figure 3.25B represented the modeling of the three-dimentional structure of VhChiP 

channel based on the X-ray structure of D. acidovorans Omp32 (pdb 2GFR). Only 

three tryptophan residues (W123, W136, and W338) were found to be exposed inside 

the pore. The intrinsic fluorescence intensity (assumes to come from tryptophan 136) 

of VhChiP and its mutants was measured at excitation wavelength of 295 nm and 

emission spectrum wavelength between 300-500 nm as shown in Figure 3.25C. 

Decrease of fluorescence intensity were found to occur by replacement of W136 by 

alanine, arginine and aspartate (Figure 3.25C) at 40 ng/µl of protein concentration.  
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Figure 3.25 Amino acid sequence and a cross-section of the modelling structure of V. 

harveyi monomeric chitoporin. A) Amino acid sequence of chitoporin, underline 

indicated ten tryptophan residues including W73, W105, W123, W136, W157, W188, 

W220, W233, W275, and W338. Loop 3 (white line) and B) amino acid residues 

(donated with their numbers from the mature N-terminal end) that are relevant for 

passage of ions and chitosugars transport through the constriction zone of chitoporin 

channel. C) Example of the emission spectra from WT and its mutant via tryptophan 

fluorescence intensity of WT and its mutants (40 ng/µl). The emission spectra were 

obtained from fluorescence recording in a solution containing 20 mM phosphate (pH 

7.4), 0.2% LDAO and were collected at wave lengths between 300-550 nm. The 

excitation wave length was 295 nm (excitation slit, 5 nm and emission slit, 10 nm). 
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The fluorescence intensity measured with WT and its mutants allowed the 

titration of chitosugars at various concentrations to obtain the dissociation constants. 

The decreased fluorescence intensity was found to correspond to an increase in the 

concentrations of chitooligosaccharides. Figure 3.26A-E showed decreased and 

increased fluorescence intensity profiles of WT and its mutants dissolved in 0.2% 

LDAO during titration with chitohexaose in phosphate buffer (pH 7.4) for fit of the 

binding curve for VhChiP and its mutants, F0-F or F-F0 were ploted versus [c] to 

obtain the dissociation constants. Moreover, VhChiP was tested with GlcNAC2 and 

GlcNAC1, but we could not detect any decreased fluorescence intensity. The titration 

experiments of VhChiP and its mutants with chitohexaose were used to calculate the 

dissociation constant (KD, µM) from Lineweaver-Burke plots or Langmuir adsorption 

isotherms. The results are given in Table 3.6. The strongest binding affinity was 

observed for VhChiP (0.09 µM for chitohexaose). The dissociation constants slightly 

decreased when the number of GlcNAc molecules in the chain length was reduced to 

five (0.29 µM), four (1.16 µM), and three (1.91 µM), respectively. Binding of 

GlcNAc2 and GlcNAc1 to VhChiP was not detectable (included in Table S4). The 

mutation of W136 resulted in decreased binding affinity for chitohexaose. 

Replacement of W136 by alanine, phenylalanine, arginine and aspartate resulted in an 

increase of the half saturation constant to 0.14 µM, 0.25 µM, 0.53 µM and 2.99 µM, 

respectively. In addition, Gibbs free energy (ΔG) calculated according to Eq. 2.8 

slightly decreased dependent on the numbers of GlcNAc units in the chain length of 

chitosugars. Similarly, Gibbs free energy (ΔG) was reduced for binding of 

chitohexaose to mutants. 
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Figure 3.26 Comparison of the emission spectra from A) VhChiP and B-E) its 

mutants. 40 ng/µl proteins were titrated with various concentrations of chitohexaose. 

All emission spectra were recorded in 20 mM phosphate (pH 7.4) contains 0.2% 

LDAO and collected from 300-550 nm upon excitation at 295 nm (excitation slit, 5 

nm and emission slit, 10 nm). The temperature was 20 ± 3 °C. 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

Table 3.6 The dissociation constant (KD) of VhChiP (WT) and its mutants with chitohexaose (GlcNAc6) using Fluorescence 

Spectroscopy. 

Ligand 

  Nonpolar, Hydrophobic  

Protein KD (µM) K (1/KD, M
-1

) ΔG (kJ/mol) 

pH 4.0 pH 6.0 pH 7.4 pH 4.0 pH 6.0 pH 7.4 pH 4.0 pH 6.0 pH 7.4 

GlcNAc6 

1) WT - 1.25 0.09 - 800,000 11,000,000 - -33 -39.4 

2) W136A - - 1.1 - - 909,000 - - -33.3 

3) W136F - - 0.25 - - 4,000,000 - - -36.9 

4) W136D 

Polar Acidic 

KD (µM) K  (1/KD, M
-1

) ΔG
 
(kJ/mol) 

pH 4.0 pH 6.0 pH 7.4 pH 4.0 pH 6.0 pH 7.4 pH 4.0 pH 6.0 pH 7.4 

3.13 2.99 1.88 320,000 330,000 530,000 -30.7 -30.8 -31.9 

5) W136R 

Polar Basic 

KD (µM) K  (1/KD, M
-1

) ΔG (kJ/mol) 

pH 4.0 pH 6.0 pH 7.4 pH 4.0 pH 6.0 pH 7.4 pH 4.0 pH 6.0 pH 7.4 

1.49 0.53 0.87 670,000 1,900,000 1,150,000 -32.5 -35 -33.9 

 

The dissociation binding constants (KD, µM) obtain from the Stern-Volmer of the Eq. 2.4 and converted to the equilibrium binding 

constants (K, M
-1

) as inversion as 1/KD. The Gibbs free energy (ΔG) was calculated from the Eq. 2.8, where R is the ideal gas constant 

(8.1315 × 10
-3 

kJ/mol); T is temperature (T = 298 K). 
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3.7 Liposome swelling assay 

High resolution ion conductance measurements were complemented by 

proteoliposome swelling assays, which determined the permeation of sugar molecules 

through WT and its mutant reconstituted into proteoliposomes. Diffusion rates of 

sugars through WT channels and its mutant determined by these assays indicate influx 

of solutes into the proteoliposomes. Figure 3.27 represent the illustration of the 

swelling of proteoliposomes reconstituted with WT and its mutant exposed to 

chitohexaose, which sugar found to be the most potent channel blocker in membrane 

current measurements. In the previuos section, the swelling rates in raffinose, sucrose, 

maltose, maltopentaose and maltohexaose were also tested in comparison (Figure S2). 

When normalized to the swelling rate of arabinose (set to 100%), only chitohexaose at 

concentrations of 750 µM was found to permeate through VhChiP and its mutants. 

The rate of permeation through its mutant was decreased. It means that the tryptophan 

136 played the role important for chitosugars permeation through VhChiP channel.  
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Figure 3.27 Liposome swelling assays. Multilamellar liposomes, prepared as 

described in the text, were reconstituted with purified VhChiP (100 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 and its 

mutant reconstituted liposomes were then tested. The swelling rates were 

normalized, with the rate of swelling in arabinose set to100%. Values presented are 

averages of triplicate experiments. The isotonic concentration of 40 mM raffinose 

and 750 µM chitohexaose was added. 
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3.8 Temperature dependence on the sugars translocation through 

VhChiP and its mutant channel 

To reveal energy barriers involved in sugars translocation through the VhChiP 

channel (WT) and its mutant. In this study used the single channel insertion 

reconstituted into black lipid bilayer membrane to characterize the effect of the 

temperature on the translocation of chitohexaose through WT and its mutant. 

Chitohexaose is the best substrate and strong interaction for WT channel. At low 

concentration of chitohexaose (between 0.5 µM to 1.25 µM) was chosen to test with 

WT and its mutant on cis- or trans-side, one monomeric blockage events were 

observed and different temperatures were applied. Figure 3.28 shows an example of 

one monomeric blockage on cis-side addition of chitohexaose with three different 

temperatures at 10 °C (Figure 3.28A), 15
 
°C (Figure 3.28B) and 20

 
°C (Figure 3.28C) 

for WT and its mutant (W136A, W136F, W136R, and W136D). 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3.28 Typical ion current recordings through WT and its mutant at 10 °C (A), 

15 °C (B) and 20 °C (C) in the presence of chitohexaose at cis-side, -100 mV. The 

experiment was carried out in 1 M KCl in 20 mM Hepes (pH 7.5) and the 

concentration of chitohexaose was added with different concentrations (in range 

between 0.5 to 1.25 µM). 
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 When increasing the temperature from 5 to 20 °C, the opened channel 

conductance was increased. As expected the no. of events were increased (Figure 

3.29A (cis-) and Figure 3.29B (trans-)). The results suggested that VhChiP showed 

the voltage and temperature dependent channel closure, at high voltage and 

temperature, more gating occurs with increasing temperature, which observed only 

one side of transmembrane potential applied through the channel from cis- or trans-

side. It means that the number of events increased which indicates that the electric 

field pulled the molecule of the chitohexaoses from the bulk solution of 1 M KCl on 

the bath into the binding site inside the channel.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.29 The number of binding events of chitohexaose in the channel of 

WT and its mutants as a function of temperature from 5 °C to 20 °C at cis- (-100 

mV, (A)) and trans- (+100 mV, (B)) side of chitohexoase addition. The bulk 

solution is 1 M KCl in 20 mM Hepes (pH 7.5). 
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The statistical analysis of the ion trace at temperature of 5 to 30 °C obtained 

the average residence time of chitohexaose translocation through WT and its mutant 

pores. Figure 3.30 shows the average residence time from cis- (Figure 3.30A) or 

trans-side (Figure 3.30B) addition of chitohexaose. With increasing temperature from 

5 to 30 °C, the averages residence time slightly decreased, which could be observed 

for WT and its mutant. Observation of residence time for WT at 5 °C, a few ion 

current blockages were detected with the residence time above 50 ms (cis-), while at 

trans-side addition of chitohexaose were found to be above 10 ms. As expected the 

residence time is reduced about 60 folds (cis-side) and 5 folds (trans-side) with its 

mutant.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 3.30 The residence time of chitohexaose in the channel of WT and its 

mutant as a function of temperature from 5 °C to 30 °C at cis- (-100 mV, (A)) and 

trans- (+100 mV, (B)) side of chitohexoase addition. The bulk solution is 1 M KCl 

in 20 mM Hepes (pH 7.5). 

 

 

 

 

 

 

 

 

 



 

 

 

121 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 3.31 Arrhenius plot of kon (A (cis-side) and B (trans-side)) and koff as 

function of temperature from 5 °C to 20 °C represented in a linear slope with WT 

and its mutant. The bulk solution contained 1 M KCl in 20 mM Hepes (pH 7.5). 
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An energy barrier is calculated from an Arrhenius plot obtained from the 

number of events and residence times are related to the on- and off-rates of 

chitohexaose translocation through WT and its mutant channels. The number of 

events (υ) obtained from the on-rate at a given concentration [c] of chitohexaose is 

followed the equation of kon = υ/3[c] and the off-rate koff = 1/τ is the inverse of the 

residence time (τ). The exponential increase of the number of events from 5 to 20 °C 

(Figure 3.31A-B) suggetedthe correation of kon with the activation barriers, while high 

temperature (25 or 30 °C) was observed with more gating the channel behavior. 

Figure 3.31A-B represent the Arrhenius plot from kon at both the -100 mV (cis-side, 

Figure 3.31A) and the +100 mV, (trans-side, Figure 3.31B) of sugar addition and 

Figure 3.31C-D show the Arrhenius plot from koff at cis-side (Figure 3.31C) and 

trans-side (Figure 3.31D) of sugar addition, both are obtained from the fitting region 

of Figure 3.29A-B. The energy barrier for the chitohexaose translocation through 

channel of WT and its mutant calculated from the Arrhenius plot. The logarithm of 

both kon and koff showed a linear dependence in 1/T yields Ea. Ea is calculated from the 

slope times with the ideal gas constant. Ea required for the chitohexaose permeate 

through the channel from the cis-side (Ea, cis) to trans-side (Ea, trans) to the internal 

affinity at the binding site in the channel as shown in the Table 3.7. When the 

chitohexaose was added on cis-side, the energy barriers required for sugar 

translocation from cis- to trans-side across the affinity site of the VhChiP channel is 

asymmetry yields an energy barior about 17.7 kT (+100 mV) and 19 kT (-100 mV). 

While high asymmetry is observed when chitohexaose was added on the trans-side 

gave an energy barier about 19.2 kT (+100 mV) and 27.5 kT (-100 mV). With 

mutations, high energy barriers and the channel behavior became more asymmetry are 
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observed when replacement of tryptophan 136 with charged residue groups (arginine 

and aspartate) as shown in the Table 3.7. The result indicated that at internal affinity 

site in the VhChiP channel requires for different activation energy from cis- or trans-

side addition of chitohexaose. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

Table 3.7 Energy barrier of VhChiP WT and its mutants. 

Proteins 

ln kon  ln koff 

Ea (kT)/cis Ea (kT)/trans  Ea (kT)/cis Ea (kT)/trans 

+100 mV -100 mV +100 mV -100 mV  +100 mV -100 mV +100 mV -100 mV 

WT 17.7 19 19.2 27.5  31 29.2 21.4 22.2 

W136A 16.2 23 20.6 18.9  27.8 23.8 26.2 21 

W136F  27.3 18.9 12.1 29  20.6 30.6 32.3 16.5 

W136R  19.7 17.3 27 24.2  16.9 22.6 26.6 26.2 

W136D  34.7 27 20 19.7  26.2 22.6 21.4 21.8 
 

The membranes were formed from DPhPC dissolved in n-pentane. The experiment was carried out in 1 M KCl in 20 mM  

Hepes (pH 7.5). 
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CHAPTER IV 

DISCUSSION 

 

4.1 Investigation of the uptake mechanism of chitooligosaccharides 

through VhChiP channel  

The gene encoding chitoporin from Vibrio harveyi (so called VhChiP) was 

successfully cloned and the recombinant VhChiP was expressed in the Omp-deficient 

E. coli BL21 (Omp8) strain. Detection of endogenous expression of chitoporin was 

seen when the V. harveyi cells were grown on chitin-containing medium, suggesting 

that the ChiP gene was regulated by the chitin-induced regulation, known as the ChiS 

regulon (Li et al., 2004; Meibom et al., 2004). Single channel recordings revealed that 

the recombinant VhChiP inserted readily into the artificial membranes and behaved as 

a pore-forming component with a characteristic trimeric closure when high external 

membrane potentials were applied. Structural homology with other porins suggested 

that VhChiP had 16 β-stranded transmembrane domains, 8 extracellular loops and 8 

periplasmic turns, similar to most bacterial porins (Koebnik et al., 2000; Nikaido et 

al., 1992; Schirmer et al., 1998).  

High time resolution BLM current measurements were used to demonstrate 

the interaction of chitooligosaccharides with VhChiP. Such sugar-protein interaction 

is, by some mean, interpreted as oligosaccharide translocation. The channel was found 

to interact with the chitosugars to various extents, depending on sizes and types of the 
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chitosugars. The absence of current fluctuation upon addition of chitobiose (GlcNAc2) 

suggested no interaction. This may be due to that this small sugar did not permeate or 

it may permeate so fast that the residence time of blocking events was too small to be 

resolved. In contrast, the VhChiP channel was much more responsive against higher-

MW of chitosugars (GlcNAc3-6). Channel blocking by chitosugar also reflected a 

common characteristic of substrate-specific channel, especially when higher-MW 

oligosaccharides were preferred substrates (Dumas et al., 2000; Hilty et al., 2001). 

Similar channel blocking behaviors were previously observed in maltoporin (LamB) 

with maltooligosaccharides (Bezrukov et al., 2000). Current noise analysis revealed 

no response of VhChiP to maltopentaose and maltohexaose even at a concentration 

five-fold greater than that of chitosugars, indicating that VhChiP was a 

chitooligosaccharide-specific porin. The results of liposome swelling assays 

additionally confirmed insignificant permeation of other sugars, including raffinose, 

maltose and sucrose (APPENDEX E, Figure S2). These data indicated high 

specificity of the VhChiP porin towards chitooligosaccharides. These findings were 

not astonishing, since VhChiP showed unusually low sequence identity with other 

sugar-specific porins (less than 20%). 

 

4.2 Binding kinetics of uncharged molecules translocation through 

VhChiP channel (chitooligosaccharides) 

To quantify sugar translocation, VhChiP was reconstituted into BLM and the 

ion fluctuation was exposed to various types of sugars. The channel responded only to 

chitooligosaccharides, with increasing level of response for longer molecular weight 

(MW), especially strongest interaction was seen with chitohexaose. This observation 
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was analogous to maltoporin-binding maltooligosaccharides, for which the most 

effective ligand was seen with the longest sugar: maltoheptaose (Andersen et al., 

1995; Benz et al., 1986). Note that analysis of the sugar-induced blockages provides 

information on the presence of sugar in the channel with a residence time limit of 100 

µs of events/s. Faster events are not resolvable by this technique. Throughout BLM 

recording, the probability for ion current blockade increased with concentrations of 

the chitosugars. For example in APPENDEX E, Figure S3 represents selected current 

time I(t) traces showing that, at 10 µM, chitotriose (Figure S3A), chitotetraose (Figure 

S3B), and chitopentaose (Figure S3C) blocked only the VhChiP monomer. The 

second and third subunits were subsequently blocked when the sugar concentration 

was raised to 80 µM. The results suggested that VhChiP responded in a concentration-

dependent manner not only toward chitohexaose, but also toward lower molecular 

weight chitosugars. However, much higher concentrations of short-chain sugars were 

required to induce multiple blockages due to their poor affinity as shown in Table 3.1. 

The rate of sugar interaction (Figure 3.11A) with VhChiP, the residence time 

within the channel (Figure 3.11B), and its binding affinity (Table 3.1) were found to 

be highly dependent on the polarity of the applied potential. Voltage-dependent sugar 

permeation through the VhChiP pore were caused by dipole moments, arising from 

impaired electron distribution on the N-acetamido (-NHCOCH3) groups of the 

multiple GlcNAc units that compose a chitooligosaccharide chain. As a result, the 

sugar chains seem to orient themselves favorably for channel entrance with a negative 

potential on the cis side and an opposite potential on the other side. The much higher 

rate of sugar permeation from cis-to-trans over trans-to-cis clearly indicated intrinsic 

asymmetry of the channel. In the case of maltoporin, channel asymmetry was also 
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observed; however, the effect was opposite from that seen for VhChiP. The frequency 

of sugar diffusion into maltoporin from trans-to-cis was significantly higher than 

from cis-to-trans (Schwarz et al., 2003; Danelon et al., 2003; Kullman et al., 2002). 

Such results indicated that the molecular arrangement contributing to GlcNAc-

binding subsites within the VhChiP lumen was completely different from that in 

maltoporin. Kinetic analysis indicated that VhChiP interacted with 

chitooligosaccharides in a concentration-dependent manner. However, there is a 

discrepancy regarding the size of the sugars. On-rates increased almost linearly for 

chitotriose and chitotetraose as their concentrations increased. Diffusion through the 

VhChiP channel in these cases was driven entirely by the concentration gradient, with 

weak interactions between the sugar and protein molecules. However, the binding 

affinity significantly increased when the sugar chain was longer. Binding of 

chitopentaose to chitoporin was of particular interest because of its strong interaction 

yields a permanent reduction of the channel conductance to one-third of the full 

conductance when its concentrations exceeded 5 µM (see APPENDEX E, Figure S4C 

as a representative trace at 5 µM). As a result, we could not evaluate the binding 

constant of chitopentaose under this particular condition (Table 3.1). We do not yet 

completely understand why negative potentials strongly affected the permeation of 

chitopentaose. This will be a subject of our further investigation. Translocation of 

chitohexaose particularly involved specific substrate-protein interactions, resulting in 

Michaelis-Menten transport kinetics resembling those of previously reported sugar-

specific porins, including maltoporin (LamB) (Andersen et al., 1995; Benz et al., 

1986; Van Gelder et al., 2002; Klebba et al., 2002), sucrose porin (ScrY) (Andersen 

et al., 1998; Van Gelder et al., 2001), glucose-inducible porin (OprB) (Saravolac et 
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al., 1991; Wylie et al., 1993), and cyclodextrin porin (CymA) (Pajatsch et al., 1999; 

Orlik et al., 2003). Our study revealed that chitohexaose is the most potent substrate 

of the VhChiP channel, as it blocked the ion flow even at nanomolar concentrations, 

and the monomeric subunit was already saturated below 1 µM. In Table 4.1, we 

summarize the rate constants: the on-rate (kon) is by far the highest for chitohexaose, 

whereas the off-rate (koff) is the lowest. Consequently, the resultant binding constant 

(K) of 500,000 ± 68,000 M
-1

 is 1-5 orders stronger than the reported values for other 

analogs (Andersen et al., 1998; Andersen et al., 1995; Van Gelder et al., 2001; 

Saravolac et al., 1991; Wylie et al., 1993; Pajatsch et al., 1999; Orlik et al., 2003; 

Hilty et al., 2001). According to the kinetic data in Table 4.1, VhChiP is the most 

active sugar-specific channel reported to date. Highly effective sugar transport 

machinery is considered to be crucial for V. harveyi to maintain the homeostatic 

balance that enables the bacterium to survive and thrive in extreme marine 

environments with a scarcity of the usual nutrients. 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

Table 4.1 Comparison of the rates and the binding kinetics of VhChiP with those of other sugar-specific porins. 

Channel type Substrate K kon koff Ref. 

  M
-1

 × 10
6
 M

-1
s

-1
 × 10

3
 s

-1
  

1. VhChiP Chitohexaose 500,000 85.0 0.17 This study 

2. E. coli maltoporin (LamB) Maltotriose 4,300 8.4 1.95 Refs. 25, 33, 35, and 40 

 Maltotetraose 8,100 6.1 0.77 ” 

 Maltopentaose 13,000 5.3 0.43 ” 

 Maltohexaose 20,000 4.8 0.24 ” 

 Maltoheptaose 31,000 5.6 0.18 ” 

3. Salmonella typhimurium sucrose 

porin (ScrY) 

Sucrose 80 0.004 0.05 Ref. 25 

4. Klebsiella oxytoca cyclodextrin 

porin (CymA) 

Cyclodextrin 31,300   Ref. 38 

5. Pseudomonas putida glucose-

inducible porin (OprB) 

Glucose 9.1   Ref. 36 

6. Pseudomonas aeruginosa glucose-

inducible porin (OprB) 

Glucose 2.6   Ref. 37 
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4.3 Binding kinetics and translocation of charge molecules through 

VhChiP channels (chitosan hexamer)  

We performed BLM measurements of the open state of VhChiP in the pH range 

that allowed switching from protonated (cationic) to deprotonated (neutral) state of 

deacetylated chitooligosaccharide or chitosan hexamer. The relevant sets of the 

membrane current recordings of single VhChiP channels were performed at 

transmembrane potential (Vm) of +/-100 mV and at four relevant pH values (5.0, 6.5, 

7.5, and 8.5) in the bathing electrolyte (not shown). In agreement with earlier 

observations (Suginta et al., 2013), the ion current that passed through the fully-open 

trimeric chitoporin yielded the conductance of 1.8 nS and did not vary significantly 

over the studied pH range. The channel was found to be fully open below +/- 100 mV 

and at pH 8.5 or 7.5. At pH 6.5, the channel was open for most of the time for +/-100 

mV and infrequently gated (not shown). Lowering the pH further to 5.0 caused a 

dramatic change in the ionization of the amino acid side chains lining the VhChiP 

lumen, thereby leading to frequent channel closure. Low pH causing channel closure 

was observed previously for E. coli maltoporin or LamB (Andersen et al., 2002) and 

other general diffusion porins, including OmpF, OmpC, and PhoE (Xu et al., 1986; 

Todt et al., 1992). From an electrophysiological point of view, understanding the 

VhChiP channel behaviors at different pH values may explain the local habitats of the 

Vibrio species mainly on sea surface. This is because deep water carries more CO2, 

which undergoes acidification (http://www.whoi.edu/OCB-OA) that could perturb 

metabolic activity of the bacteria. In addition, ongoing ocean acidification due to high 

concentration of CO2 derived from global warming is predicted to affect the 

ecosystems of marine organisms (Joint et al., 2011; Krause et al., 2012), including the 
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Vibrio species responsible for chitin turnover in the marine ecosystem. As shown, 

external transmembrane potential affects the gating behavior of VhChiP with the 

threshold potential for gating of +/-150 mV (Suginta et al., 2013). To avoid intrinsic 

channel gating at high voltages (>150 mV), we restricted our analysis to lower 

voltages.  

To elucidate the interaction of the chitin/chitosan sugars with the VhChiP 

channel, the ion current fluctuations were recorded at pH 8.5 for which both 

oligosaccharides are uncharged. Addition of chitohexaose on the cis side caused long, 

infrequent sugar blocking events with the average dwell time of about 5.7  0.2 ms. 

Moreover the dwell time of chitohexaose blockages was invariant at different pH. 

Increasing concentrations caused multiple blockages, and at 10 µM the sugar 

occasionally blocked of all three monomeric VhChiP subunits. In contrast, if chitosan 

hexaose was added on the cis side with various concentrations (Figure 3.14B-D, left 

panel), blocking events were almost undetectable. Note that this could imply 

negligible sugar penetration or extremely fast events beyond the time resolution of our 

BLM instrument. The remarkable difference in the interaction of chitoporin with 

chitohexaose (GlcNAc)6 and chitosan hexamer (GlcNH2)6 suggested that the C2-

NHCOCH3 groups were crucial for the interaction with the affinity sites lining the 

VhChiP pore, and that such C2-NHCOCH3 groups defined high specificity of VhChiP 

for chitooligosaccharides. This interpretation is also supported by our earlier findings 

from both BLM measurements and liposome swelling trials that maltohexaose, with 

its chemical structure related to chitohexaose but with the C2-OH substituent, were 

inactive in terms of the channel entry and the membrane current blockage (Suginta et 

al., 2013). 
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To prove permeability of chitin/chitosan sugars through VhChiP, we carried 

out liposome swelling assay. In our previous work, we observed that the swelling 

rates were charge-dependent and worked only with neutral species (Suginta et al., 

2013). Therefore, the condition for liposome swelling assay was intentionally set at 

high pH (pH 8.5) to secure the neutral state of both chitohexaose and chitosan 

hexaose. The results obtained suggested that chitohexaose and other neutral 

chitooligosaccharides (chitobiose, and chitotriose, and chitotetraose) could permeate 

through VhChiP-reconstituted liposomes at significant rates even at a low 

concentration of 1 mM, while uncharged chitosan hexaose was unable to enter the 

proteoliposomes. Nevertheless, lowering the pH, which favors protonation of the 

amino group, facilitates the sugar translocation under the presence of strong 

transmembrane potential as seen in our BLM measurements.  

In a further series of experiments we elucidated the asymmetry with respect to 

sugar addition. The BLM data clearly indicated that the number of blocking events by 

chitosan hexaose was dependent on the side of sugar addition and the polarity of the 

applied transmembrane potential. Addition of chitosan hexaose on cis and trans sides, 

while placing the cationic sugar and the negative electrode on opposite sides of the 

porin, caused noticeable channel entry and blockage. In contrast, with the exception 

of very rare, random events, the protonated chitosan hexaose did not enter chitoporin 

pores when the cationic sugar and the negative electrode were in the same 

compartment, and at the same side of the porin. This set of experiments at high pH 

may not mimic the native conditions, but the data clearly demonstrated that the 

VhChiP channel is highly asymmetric, due to charge distribution of the interior polar 

side chains of amino acids contributing to bias (cationic) ion conductivity of this 
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channel. Although we observed the asymmetric feature when the channel was 

exposed to its natural substrate (Suginta et al., 2013), the results were much more 

pronounced when the charged/uncharged sugar was used. For structural point of view, 

topology modeling suggested that each subunit of trimeric VhChiP has eight long 

amino-acid loops on the extracellular side and eight short loops on the periplasmic 

side of the protein barrel (Suginta et al., 2013). This basic structural design is 

analogous to that reported for maltoporin. For maltoporin channel, the preferred mode 

of bilayer insertion results in the long loops being on the cis side, with the short loops 

predominantly in the trans compartment (Danelon et al., 2003). Chitoporin apparently 

inserts similarly; easier access of the chitosan sugar cations to the channel from the 

long loop flank, with larger structural flexibility, is probably the reason for the higher 

frequency of voltage-driven chitooligosaccharide channel entry from the cis side, just 

as was detected for the interactions of maltooligosaccharids with maltoporin. 

 

4.4 Site directed mutagenesis for chitohexaose translocation through 

VhChiP pore 

VhChiP is known for exceptionally high affinity to chitooligosaccharides 

(Suginta et al., 2013). Similarly to maltoporin, the affinity increased with the longer 

chain chitooligosaccharides. Strong binding affinity is expected to correlate with 

enhanced rate of sugar transport. Homology modeling revealed previously Trp136 to 

be at the top of the constriction zone. To quantify the role of this aromatic residue, we 

performed four different point mutations of Trp136 to alanine, phenylalanine, 

arginine, and aspartate, and the rate constants of the newly-generated W136 variants 
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(so called W136A, W136F, W136R, and W136D, respectively) in the transport of 

chitohexaose were compared with that of the native VhChiP. When W136A and 

W136F mutants were reconstituted into solvent free membrane, the single channel 

conductance of the W136A mutant was slightly increased, due to the less bulky side 

chain that replaced the tryptophan ring. In contrast, the single channel conductance of 

W136F mutant was not much changed as compared to the native conductance, 

suggesting that the Phe side chain had similar steric effect with the Trp side chain on 

the constriction site for ion transport through the VhChiP channel. Moreover, the 

effect of the charge residues on ion transport was studied by replacing the aromatic 

side chain of Trp136 with aspartic acid (W136D) or arginine (W136R). A slightly 

increased single channel conductance was observed for W136D. As expected from the 

cationic selective preference of this channel, the single channel conductance 

decreased with the replacement of the positively charged residue (R), most likely due 

to charge repulsion. On the other hand, introduction mutation of Trp136 with other 

amino acid residues led to a slight change in the single channel conductance, 

depending on the side chain of the amino acid that was used to replace. The results 

suggested that the aromatic side chain of Trp136 located at the central part of the 

channel lumen took part in controlling the ions transport through VhChiP. This 

finding was in analogy to maltoporin. Orlik and co-workers (Orlik et al., 2002), also 

reported changes in the channel conductance when Try118, locating at the 

constriction zone of maltoporin, was mutated to various amino acids. The highest 

conductance change was observed for Ala (850 pS) and Asp (1050 pS), as compared 

to the conductance of the native channel (155 pS). Moreover, mutations of the polar 

track residues were also reported to cause a strong decrease in the rate of sugar 
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transport, as compared to maltoporin wild-type (Danelon et al., 2003). Effects of 

mutations of the amino acid residues locating on the pore-controlling loop L3 on ion 

conductivity were also reported for the sucrose-specific channel ScrY. Single mutants 

(D201Y, N192R, F204D) showed decreases of channel conductance, as well as 

narrowed the sucrose passage of the ScrY channel (Ulmke et al., 1999; Kim et al., 

2002).  

Increased or decreased conductance with the replacement of the positively or 

negatively charged residues also led to changes in the ionic selectivity of VhChiP 

pore. Native VhChiP pore was cationic selective with the PK+/PCl- ratio of about 3.2 

(see in Table 3.5). Such results indicated that the net charge inside the VhChiP 

channel was slightly negative, so as the channel attracted more cations than anions. 

For maltoporin, the channel showed stronger cationic selective than the VhChiP 

channel, with the PK+/PCl- ratio of about 5.5 (Orlik et al., 2002), similar with OmpF 

that showed cationic selective with the PK+/PCl- ratio of about 5.0 (López et al., 2010). 

In contrast, mutation of Trp136 to neutral amino acid residues (Ala or Phe) slightly 

decreased or even promoted the channel selectivity towards anions (Cl
-
). Moreover, 

the ionic selectivity of the W136D mutant attracted even more cations (K
+
), due to an 

increase in the negative charge distribution inside the pore, which seemed to repel the 

Cl
-
 anions. This result was in line with the ion selectivity of the W136R mutant that 

showed less attraction towards cations with the PK+/PCl- ratio of 2.74. Similar 

observation was seen with maltoporin (Orlik et al., 2002). 

Translocation of chitohexaose through the VhChiP channel was performed 

using single channel recordings. The VhChiP channels (both WT and W136A/F/R/D 
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mutants) were titrated with low concentrations of chitohexaose until the fully-open 

state of a channel single subunit was saturated. With native VhChiP, a number of 

blocking events increased linearly with increasing concentrations of chitohexaose, and 

then became saturated when chitohexaose of 5 µM or above was added on the cis side 

under -100 mV, indicating strong affinity of the VhChiP channel towards this 

substrate. In contrast, the same concentration of chitohexaose did not saturate the 

channel when sugar addition was done on the trans side. This again provided the 

evidence of the asymmetric property of the VhChiP channel (Suginta et al., 2013). 

With all W136 mutants, a number of blocking events did not reach saturation at high 

concentration of chitohexaose up to 10 µM. The mutant channels seemed to close 

when high concentrations of chitohexaose were added. Furthermore, we analyzed the 

data with respect to residence (dwell) times (τc), the sugar molecules were found to 

stay at shorter time in the pore as indicated by decrease in the average residential time 

as compared to the residential time of the WT channel for the same sugar. Strong 

effects were observed with the alanine, aspartate, and arginine substitutions (mutants 

W136A, W136D, and W136R, respectively), whereas the phenylalanine substitution 

caused only a slight change in the residential time. The results suggested that the 

steric property of the aromatic side chain of the mutated residue played an important 

role in the channel-sugar interaction.  

When the kinetics of chitohexaose translocation were analyzed, all the mutants 

showed significant decreases in the values of the equilibrium binding constant (K, 

1/M or M
-1

) (Table 3.3). Such changes in the binding constant were essentially caused 

by the mutation of Trp136 that affected both on-rate and off-rate. Increases in the on-

rate indicated more molecules of chitohexaose enabled to enter the VhChiP pore in a 
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concentration-dependent manner. Increases in the off-rate indicated that the sugar 

molecules also left the channel quickly, signifying weakened interactions due to the 

loss of the binding affinity due to mutations of the important interacting amino acid 

residue. When compared to maltoporin and sucrose-specific ScrY, the on-rate was 

opposite. The replacement of Tyr118 of maltoporin to alanine (mutant Y118A), 

resulted in decreased on-rate, but increased off-rate. (Orlik et al., 2002; Jordy et al., 

1996; Kim et al., 2002; Denker et al., 2005). When Tyr118 of maltoporin was 

mutated to Phe and Trp (mutants Y118F and Y118W), the mutations were shown to 

decrease the off-rate constant. Such results suggested that the aromatic property of the 

118 residue was essential for maltooligosaccharides-maltoporin interactions, just 

similar to Trp136 in VhChiP. In agreement of liposome swelling assay, rates of 

chitohexaose permeation through bulk reconstitution of VhChiP mutants into multi-

lamellarliposomes decreased dramatically as compared to the rate of the non-mutated 

channel (Figure 3.6). 

In addition, we performed the titration experiment using fluorescence 

spectroscopy to determine the strength of binding between VhChiP and chitosugars. 

Changes in the fluorescence intensity upon titrating a fix amount of porin with 

different concentrations of chitohexaose gave rise to the quantitative values of the 

dissociation binding constant (KD, µM), and the Gibbs free energy of binding (ΔG). 

For the titration experiment with VhChiP (WT), the binding affinity decreased, when 

the number of GlcNAc in the chain length was reduced from six to five, four, and 

three, respectively, while the binding affinity was not detectable for GlcNAc2 and 

GlcNAc. These results were in complete agreement with our BLM data that yielded 

reduced binding constant (K) when shorter chain chitin-oligosaccharides (GlcNAc3,4,5) 
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were tested as compared to GlcNAc6, and no detectable translocation of chitobiose 

was observed (Suginta et al., 2013). The data reflected obvious characteristic 

substrate-specific channel. For VhChiP, the channel was most effective for 

translocation for a long chain sugar with six sugar rings. Our data that showed no 

permeability of chitosan hexamer, with the -NH2 existing in a neutral form, clearly 

indicating the acetamido substituent (-NHC=OCH2) on the C2 position of each sugar 

ring dictates the sugar specificity of this chitooligosaccharide-specific porin.  

 

4.5 Temperature dependence rates on the sugars translocation 

through VhChiP channel 

BLM measurements with VhChiP were performed at various temperatures. As 

expected, the channel conductance exhibited temperature dependence characteristic. 

The conductance increased, with increasing temperature. Increasing on-rates, but 

decreasing off-rates were seen, when the temperature of measurement increased from 

5 to 30 °C. It is known that temperature directly influence the kinetic energy for 

molecular movement, according to the Arrhenius’s law (k = Ae
-Ea/RT

). 

When the temperature measurements were performed with VhChiP mutants, 

the residence time for chitohexaose translocation was reduced about 60 folds (for cis 

addition) and 5 folds (for trans addition) compared to the residence time for the non-

mutated porin. It means that the sugar molecules moved and stayed a shorter time on 

the mutated pore, due to reduced affinity up on Trp136 mutation. For native porin, the 

energy barrier estimated for cis and trans side addition of chitohexaose were not 

distinguishable, give the value of about 19 kT for both -100 mV (cis) and +100 mV 

(trans). In contrast, all mutants (W136A/F/R/D mutants) different activation energy 
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required for chitohexaose translocation (Table 3.11), indicating that the mutation 

impaired the transport process, by interfering the energetic process of translocation. 

Translocation of antibiotic molecule through BpsOmp38 protein had been 

reported as well as symmetry for energy barrier required for binding and releasing of 

chemical molecules (Suginta et al., 2011), while, OmpF porin showed asymmetric 

with activation energy barrier (Mahendran et al., 2009). The energy barrier required 

for chitohexaose binding to affinity site in the pore of VhChiP was seen higher than 

antibiotic accessibility of BpsOmp38 porin (12 kT (Suginta et al., 2011), OmpF porin 

(13 kT) (Mahendran et al., 2009), polypeptide translocation through mitochondrial 

TOM channel (15 kT) (Mahendran et al., 2013), and peptides translocation through 

OmpF channel (18 kT) (Lamichhane et al., 2013).  
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CHAPTER V 

CONCLUSION 

 

In this research, the gene encoding an outer membrane protein, namely 

chitoporin or VhChiP, was isolated from the genome of the marine bacterium Vibrio 

harveyi. The recombinant VhChiP was successfully cloned into pET23d(+) vector, 

which was suitable to be expressed in the Omp-deficient E. coli BL21 (Omp8) rosetta 

host strain. The VhChiP expressed in the cell wall of the E. coli host cells, was 

extracted by SDS, and then further purified to homogeneity using ion exchange 

chromatography. Similar to other bacterial porins, the recombinant VhChiP was 

functionally expressed in trimeric form, with an approximate MW of 110 kDa. The 

protein was tested to be a SDS-resistant, heat-sensitive trimer. Basic channel-forming 

properties were further investigated using black lipid membrane (BLM) reconstitution 

technique. The VhChiP reconstituted into solvent-free phospholipid membrane could 

form stable trimeric channel, with average single conductance of 1.9 ± 0.07 nS (n = 

>50) in 1 M KCl, prepared in 20 mM HEPES, pH 7.5. In contrast, in solvent 

containing membrane, VhChiP frequenly formed flickering channels, with three sub-

conductances of 1.7 ± 0.3 nS, 1.08 ± 0.08 nS, and 0.59 ± 0.17 nS, corresponding to 

trimer, dimer, and monomer, respectively.  

VhChiP was confirmed by BLM technique to act as a sugar-specific porin, 

responsible for the transport of chitooligosaccharides. The on-rate of chitosugars 

depend on applied voltages, as well as the side of the sugar addition, clearly indicating 
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the inherent asymmetry of the VhChiP lumen. VhChiP displayed exceptionally high 

affinity for chitohexaose (K = 500,000 M
-1

), but low affinity for chitosan hexaose (K 

= 2,300 ± 1,700). On the other hand, protonation of the primary amine in the chitosan 

hexaose under low pH created positive charges which was highly responsive with the 

transmembrane voltage. Liposome swelling assay confirmed that chitooligo 

saccharides throught VhChiP pores, except other oligosaccharides, including maltose, 

sucrose, maltopentaose, maltohexaose and raffinose, indicating that VhChiP is a 

highly-specific channel for chitooligosaccharides. The binding affinity of VhChiP for 

chitohexaose is larger than that of other known sugar-specific porins for their 

respective preferred substrates.  

We further reported the effects of mutation of Trp136, locating at the 

constriction zone of the VhChiP lumen, on ion transport and chitohexaose 

translocation. Homology modelling suggested that Trp136 was in the position to act 

as the major binding site. Mutation of Ala and Asp resulted in increased ion 

conductivity. Noise analysis of the ion current in presence of chitohexaose as well as 

tryptophan fluorescence quenching revealed an asymmetry of the channel with respect 

to sugar translocation, as well as an asymmetry with respect to the channel response 

to the applied electrical field. Mutations in Trp136 and sugar addition on the putative 

extracellular (cis) side resulted in increasing on-rate, and off-rate. Increased in the on-

rate indicated enhanced sugar accessibility, whereas increased off-rate indicated lower 

binding affinity. Lowered binding affinity for all mutants may be caused by partial 

local structural changes inside the VhChiP lumen. In addition, the titration 

measurements using fluorescence spectroscopy showed a slight decrease in the 

dissociation constant (KD). The highest effect was observed for the Ala mutation, 
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since the mutated protein could not bind to the short chain length chitooligo- 

saccharides, including GlcNAc5, GlcNAc4 and GlcNAc3. Liposome swelling assay 

also showed significantly reduced diffusion rate of chitohexaose, with all W136 

mutant. Thus, we assume that Trp136 on the pore lumen played an important role in 

sugar translocation through the VhChiP channel. 

The pore conductance on the lumen of VhChiP showed cation selectivity with 

the PK+/PCl- ratio of about 3.2 (-23 mV). Mutation of Trp to Asp (mutant W136D) 

particularly changed the ion selectivity to attract more cation (K
+
) (the PK+/PCl- ratio of 

about 4.2), while mutation of Trp136 to Arg (mutant W136R) reduced the cation 

selectivity (the PK+/PCl- ratio of about 2.74). 

Temperature measurement was used to determine the energy required for 

sugar translocation through the VhChiP channel. The energy barrier required for sugar 

translocation from cis- to-trans was not the same as from trans-to-cis, indicating the 

channel asymmetry. Mutations increased the asymmetry of the energy barrier and the 

channel behavior change to high asymmetry with replacing Trp136 to the charged 

residues of arginine and aspartic acid. This indicated that binding and releasing from 

the internal affinity site of the VhChiP channel required different activation energy 

from cis- to trans-side and trans- to cis-side addition of chitohexaose. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

144 

 
 

 

 

 

 

 

 

 

 

REFERENCES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

145 

 

 

REFERENCES 

 

Adl, S.M., Simpson, A.G., Farmer, M.A.,  Andersen, R.A., Anderson, O.R., Barta, 

J.R., Bowser, S.S., Brugerolle, G., Fensome, R.A., Fredericq, S., James, T.Y., 

Karpov, S., Kugrens, P., Krug, J., Lane, C.E., Lewis, L.A., Lodge, J., Lynn, D.H., 

Mann, D.G., McCourt, R.M., Mendoza, L., Moestrup, O., Mozley-Standridge, 

S.E., Nerad, T.A., Shearer, C.A., Smirnov, A.V., Spiegel, F.W. and Taylor, M.F. 

(2005). The new higher level classification of eukaryotes with emphasis on the 

taxonomy of protists. J. Eukaryot. Microbiol. 52: 399-451. 

Andersen, C., Cseh, R., Schülein, K., and Benz, R. (1998). Study of sugar binding to 

the sucrose-specific ScrY channel of enteric bacteria using current noise 

analysis. J. Membr. Biol. 164: 263-274. 

Andersen, C., Jordy, M., and Benz, R. (1995). Evaluation of the rate constants of 

sugar transport through maltoporin (LamB) of E. coli from the sugar-induced 

current noise. J. Gen. Physiol. 105: 385-401. 

Andersen, C., Schiffler, B., Charbit, A., and Benz, R. (2002). pH-induced collapse of 

the extracellular loops closes Escherichia coli maltoporin and allows the study of 

asymmetric sugar binding. J. Biol. Chem. 277: 41318-41325. 

Bassler, B.L., Gibbons, P.J., Yu, C., and Roseman, S. (1991). Chitin utilization by 

marine bacteria. Chemotaxis to chitin oligosaccharides by Vibrio furnissii. J. 

Biol. Chem. 266: 24268-24275. 

 

 

 

 

 

 

 

 



 

 

 

146 

 
Benz, R., Fröhlich, O., Läuger, P., and Montal, M. (1975). Electrical capacity of black 

lipid films and of lipid bilayers made from monolayers. Biochim. Biophys. Acta. 

394: 323-334. 

Benz, R., and Hancock, R.E. (1987). Mechanism of ion transport through the anion-

selective channel of the Pseudomonas aeruginosa outer membrane. J. Gen. 

Physiol. 89: 275-295 

Benz, R., Schmid, A., and Vos-Scheperkeuter, G.H. (1987). Mechanism of sugar 

transport through the sugar-specific LamB channel of Escherichia coli outer 

membrane. J. Membr. Biol. 100: 21-29. 

Benz, R., Schmid, A., Nakae, T., and Vos-scheperkeuter, G.H. (1986). Pore formation 

by LamB of Escherichia coli in Lipid Bilayer Membranes. J. Bacteriol. 165: 

978-986. 

Berkane, E., Orlik, F., Charbit, A., Danelon, C., Fournier, D., Benz, R., and 

Winterhalter, M. (2005). Nanopores: maltoporin channel as a sensor for 

maltodextrin and lambda-phage. J. Nanobiotech. 3: 3. 

Beveridge, T.J. (1981). Ultrastructure chemistry and function of the bacterial wall. 

Int. Rev. Cytol. 72: 229-317. 

Bezrukov, S.M., Kullman, L., and Winterhalter, M. (2000). Probing sugar 

translocation through Maltoporin at the single channel level. FEBS Lett. 476: 

224-228. 

Beznukov, S.M., and Vodyanoy, I. (1993). “Probing alamethicin channels with water-

soluble polymers. Effect on conductance of channel states” Biophys. J. 64: 16-

25. 

 

 

 

 

 

 

 

 



 

 

 

147 

 
Brass, J.M., Bauer, K., Ehmann, U., and Boos, W. (1985). Maltose-binding protein 

does not modulate the activity of maltoporin as a general porin in Escherichia 

coli. J. Bacteriol. 161: 720-726. 

Bouma, C.L., and Roseman, S. (1996). Sugar transport by the marine chitinolytic 

bacterium Vibrio furnissii. Molecular cloning and analysis of the glucose and N- 

acetylglucosamine permeases. J. Biol. Chem.  271: 33457-33467. 

Caputo, G.A., and London, E. (2003). Cumulative effects of amino acid substitutions 

and hydrophobic mismatch upon the transmembrane stability and conformation 

of hydrophobic alpha-helices. Biochem. 42: 3275-3285. 

Chimerel, C., Movileanu, L., Pezeshki, S., Winterhalter, M., and Kleinekathöfer, U. 

(2008). Transport at the nanoscale: temperature dependence of ion conductance. 

Eur. Biophys. J. 38: 121-125. 
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APPENDIC 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 °Cfor 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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

165 

 

 

APPENDIC B 

PREPARATION OF SOLUTIONS AND REAGENTS 

 

1. Reagents for bacterial culture and competent cell trans-

formation 

1.1 Luria-Bertani (LB) broth containing 100 µg/ml 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 sterilized 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. The medium is freshly used or store 

at 4 °C until used. 

1.2 LB broth containing 100 µg/ml of ampicillin and 25 µg/ml 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 sterilized 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 µg/ml and 25 µg/ml. The 

medium is freshly used or store at 4 °C until used. 
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1.3 LB agar medium containing 100 µg/ml 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 sterilized 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. 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 of ampicillin and 25 µg/ml 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 sterilized 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 and 25 

µg/ml, 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) 

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. 
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1.5.2 Kanamycin stock solution (50 mg/ml) 

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 sterilization and aliquoted to small volume and 

stored at -20 °C. 

 

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 sterilization) 

- 15 ml of 100% (v/v) sterilized 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. 
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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) 

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) 

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) 

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 at 

room temperature.  

4.5 DNase I (10 mg/ml) 
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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) 

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 

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. 
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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 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. 
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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 

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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5. Buffer solutions for black lipid bilayer membrane 

5.1 0.5 M Hepes (Mr = 238.31 g/mol, pH 7.5) 

Dissolve 59.6 g of Hepes in 250 ml of distilled water. Adjust pH to 7.5 with 

1 M KOH and bring the volume up to 500 ml with distilled water and 

stored at room temperature. 

5.2 1 M KCl (pH 7.5) 

Dissolve 74.56 g of KCl in 850 ml of distilled water supplemented with 40 

ml of 0.5 M Hepes (pH 7.5) to the final concentration of 20 mM. Adjust pH 

to 7.5 with 1 M KOH and bring the volume up to 1,000 ml with distilled 

water. 

5.3 1 M KCl (pH 6.5) 

Dissolve 74.56 g of KCl in 850 ml of distilled water supplemented with 40 

ml of 0.5 M potassium acetate to the final concentration of 20 mM. Adjust 

pH to 6.5 with 1 M KOH and bring the volume up to 1,000 ml with distilled 

water. 

5.4 0.1 M KCl (pH 7.5) 

Dissolve 7.456 g of KCl in 850 ml of distilled water supplemented with 40 

ml of 0.5 M Hepes (pH 7.5) to the final concentration of 20 mM. Adjust pH 

to 7.5 with 1 M KOH and bring the volume up to 1,000 ml with distilled 

water. 

5.5 1 mM Stock of chitohexaose (Mr = 1237.2 g/mol, GlcNAc6) 

Dissolve 0.0012 g of GlcNAc6 in 1 ml of 1 M KCl in 20 mM Hepes (pH 

7.5) and store at -20 °C before used. 
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5.6 5 mM Stock of chitopentaose (Mr = 1034 g /mol, GlcNAc5) 

Dissolve 0.0052 g of GlcNAc5 in 1 ml of 1 M KCl in 20 mM Hepes (pH 

7.5) and store at -20 °C before used. 

5.7 10 mM Stock of chitotetraose (Mr = 830.78 g/mol,
 
GlcNAc4) 

Dissolve 0.0083 g of GlcNAc4 in 1 ml of 1 M KCl in 20 mM Hepes (pH 

7.5) and store at -20 °C before used. 

5.8 10 mM Stock of chitotriose (Mr = 627.6 g/mol, GlcNAc3) 

Dissolve 0.0063 g of GlcNAc3 in 1 ml of 1 M KCl in 20 mM Hepes (pH 

7.5) and store at -20 °C before used. 

5.9 50 mM Stock of chitobiose (Mr = 424.4 g/mol, GlcNAc2) 

Dissolve 0.021 g of GlcNAc2 in 1 ml of 1 M KCl in 20 mM Hepes (pH 7.5) 

and store at -20 °C before used. 

5.10 50 mM Stock of N-acetylglucosamine (Mr = 221.208 g/mol, GlcNAc) 

Dissolve 0.011 g of GlcNAc in 1 ml of 1 M KCl in 20 mM Hepes (pH 7.5) 

and store at -20 °C before used. 

5.11 5 mg/ml Diphytanoyl phosphatidylcholine (DPhPC) 

Dissolve 5 mg of DPhPC in n-pentane and store at -20 °C. 

5.12   1% Hexadecane in n-hexane 

Dilute 10 µl of hexadecane in 990 µl of n-hexane and store at -20 °C. 

 

6. Buffer solutions for liposome swelling assay 

6.1 20 mM Hepes (pH 7.5) 

Dilute 40 ml of 0.5 M Hepes (pH 7.5) in distilled water to the final volume 

of 1,000 ml. 
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6.2 D (+) Arabinose (Mr = 150.13 g/mol) 

Dissolve 1.5 g of D (+) Arabinose in 50 ml of 20 mM Hepes (pH 7.5). 

6.3 D (+) Raffinose (Mr = 594.53 g/mol) 

Dissolve 5.94 g of D (+) Raffinose in 50 ml of 20 mM Hepes (pH 7.5). 

6.4 1 mM Stock of chitohexaose (Mr = 1237.2 g/mol, GlcNAc6) 

Dissolve 0.0012 g of GlcNAc6 in 1 ml of 20 mM Hepes (pH 7.5). 

6.5 17% (w/v) Dextran (Mr = 40,000 Da) 

Dissolve 17 g of Dextran in 100 ml of 20 mM Hepes (pH 7.5). 
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APPENDIC C 

CURRENT-VOLTAGE (I/V) CURVES 

 

1. Current/voltage (I/V) relationship of VhChiP (WT) 

 

 

 

 

 

 

 

 

 

2. Current/voltage (I/V) relationship of W136A  
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3. Current/voltage (I/V) relationship of W136F 

 

 

 

 

 

 

 

 

 

 

4. Current/voltage (I/V) relationship of W136R 
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5. Current/voltage (I/V) relationship of W136D 
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APPENDIC D 

AMINO ACID SEQUENCES 

 

1. Amino acid sequences of VhChiP (WT) 

 

 

 

 

 

 

 

 

 

2. Amino acid sequences of W136A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

179 

 

3. Amino acid sequences of W136F 

 

 

 

 

 

 

 

 

 

4. Amino acid sequences of W136R 
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5. Amino acid sequences of W136D 
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APPENDIC E 

SUPPORTING INFORMATIONS 

 

1.  Identification of V. harveyi chitoporin by masspectrometry 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure S1 Identification of V. harveyi chitoporin by mass spectrometry. 

Tryptic peptides were prepared from the outer membrane fraction extracted with 2% 

(w/v) SDS, followed by 3% (v/v) octyl-POE by in-gel digestion method. The 

peptides were resolved by nano-LC/MS. The resultant monoisotopic masses were 

subjected to Mascot search using the NCBINr database for protein identification. 

Sequences underlined (P1-P9) are identical to nine internal peptides in the translated 

sequence of V. harveyi chitoporin identified in this study. 
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2.  Liposome swelling assay 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure S2 Liposome swelling assays. Multilamellar liposomes, prepared as 

described in the text, were reconstituted with purified VhChiP (150 or 300 ng). The 

isotonic concentration was defined as the concentration of raffinose was 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. A) The swelling rates were normalized, 

with the rate of swelling in arabinose set to 100%. Values presented are averages of 

4-6 independent experiments. B) BLM measurement of VhChiP ion current with the 

isotonic concentration of raffinose (70 mM) added. C )  BLM  measurement of 

VhChiP in the presence of 70 mM raffinose and 200 mM chitohexaose. 
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3. Effects of concentrations of small chitosugars on ion current 

blockages 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure S3 Effect of concentration of small chitosugars on ion current blockages. A 

single channel of VhChiP was reconstituted into artificial lipid bilayers. A. Chitotriose, 

B. Chitotetraose and C. Chitopentaose were titrated on the cis-side. The ion current 

traces were recorded at +100 mV, T = 22 °C. 
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4. Effect on ion currents of chitooligosaccharide diffusion into 

chitoporin 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure S4 Ion current blockages in presence of small sugar. A single trimeric channel 

of VhChiP was inserted in an artificial membrane. Chitooligosaccharides of various 

sizes were then added to a final concentration of 5 µM on either the cis-side (A-D) or 

trans-side (E-H) of the chamber. A  and E, chitotriose; B and F, chitotetraose; C 

and G, chitopentaose; D and H, chitohexaose. Ion current fluctuations were 

monitored for 120 s at applied potentials of +/-100 mV. Here, only ion traces for a 

potential of -100 mV are presented. 
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5. Ionic selectivity 

5.1 Channel selectivity. Zero-current membrane potentials (Vm) vs. the ratio of 

salt concentrations on trans- and cis-side addition of KCl bulk solution for 

VhChiP channel (WT). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5 Selectivity of VhChiP channel (WT). Plot of the zero-current membrane 

potentials (Vm) vs. the ratio of the salt concentrations gradient on trans- and cis-side 

of KCl. A) High concentration of 1 M KCl was on trans-side and B) High 

concentration of 1 M KCl was on cis-side of the chamber. Increasing ratio of salt 

concentration reached 1.5 M was titrated with 3 M KCl on trans- or cis-side. The 

curves were fitted to the equation of Goldman-Hodgkin. 
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5.2 Ionic selectivity measurement for VhChiP (WT) and its mutant (W136A 

and W136F)  

To quantify the selectivity the zero-current membrane potential was 

measured. Membranes were formed in a solution of 0.1 M KCl supplemented with 

20 mM Hepes (pH 7.5) and the protein (WT, W136A, and W136F) was added onto 

both sides of the chamber, and the increase of membrane conductance due to 

insertion of pores was observed with the electrometer. As this measurement requires 

a multitude of channel we inserted many channels. After waiting for multiple 

insertion. After reaching a conductance of at least 0.18 nS (WT), 0.21 nS (W136A), 

or 0.2 nS (W136F) (corresponding to insertion of 100 channels) the instrumentation 

was switched to the measurement of the zero-current membrane potential, and a KCl 

gradient was established by adding 3 M KCl (20 mM Hepes, pH 7.5) solution to cis-

side of the membrane (connected to ground electrode). The zero-current membrane 

voltage reached its final value after 5-10 min (constant value) and was analysed 

using the Goldman-Hodgkin equation (Benz et al., 1979). 

 

5.3 Table S1 shows the ionic selectivity of WT and its mutant. Single channel 

insertion was performed as describe in 5.2.  

 

 

 

 

 

 

 

Protein 
Ratio of salt 

concentrations (KCl, M) 
Vm (mV) PK+/PCl- 

1) WT 0.1 (trans) : 0.5 (cis) +26.1 3.75 

2) W136A 0.1 (trans) : 0.5 (cis) +25.4 3.63 

3) W136F 0.1 (trans) : 0.5 (cis) +27.3 4.02 
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5.3 Plot between zero-current membrane potentials (Vm) and the ratio of salt 

concentrations on cis-side addition of KCl bulk solution for WT and its 

mutant 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure S6 Zero-current membrane potentials (Vm) vs. the ratio of salt concentrations 

on cis-side addition of KCl bulk solution for WT and its mutant. Increasing ratio of 

salt concentration reached 0.75 M was titrated with 3 M KCl on cis-side. The curves 

were fitted to the equation of Goldman-Hodgkin. 
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6. Adiagram representing asymmetrical values of the energy 

barriers required for the chitohexaose binding and releasing 

from the binding affinity site localized within the VhChiP and 

its mutant pores 

6.1 The energy barriers obtained from kon for chitohexaose on cis or trans side 

addition of mutanted VhChiP (W136A, W136F, W136R, and W136D) 

compare to its wild type (WT) pores 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 
 

 
Figure S7 The energy barriers obtained from kon for chitohexaose on cis or trans side 

addition of A) W136A and W136F and B) W136R and W136D compare to its wild 

type (WT) pores. 
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6.2 The energy barriers obtained from koff for chitohexaose on cis or trans side 

addition of mutanted VhChiP (W136A, W136F, W136R, and W136D) 

compare to its wild type (WT) pores 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 
 
 
Figure S8 The energy barriers obtained from koff for chitohexaose on cis or trans side 

addition of A) W136A and W136F and B) W136R and W136D compare to its wild 

type (WT) pores. 
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6.3 Arrhenius plot of conductance as a function of temperature from 5-30 °C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure S9 Arrhenius plot of conductance as a function of temperature from 5 to 30 

°C gave a linear slope with an energy barrier of about 7.8 kT (-100 mV) and 7.4 kT 

(+100 mV). The experiment carried out in 1 M KCl/20 mM Hepes (pH 7.5), with 

applied voltages of +/-100 mV. 

 
 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

7. Table S2 the dissociation constants (KD) of VhChiP (WT) and its mutant with chitooligosaccharides (GlcNAc5-GlcNAc1) 

using Fluorescence Spectroscopy. 

Protein 
  Nonpolar, Hydrophobic  

Ligands KD (µM) K (1/KD, M
-1

) ΔG (kJ/mol) 
pH 4.0 pH 6.0 pH 7.4 pH 4.0 pH 6.0 pH 7.4 pH 4.0 pH 6.0 pH 7.4 

1) WT GlcNAC5 - 4.34 0.29 - 230,000 3,400,000 - -29.9 -36.5 

GlcNAC4 - 3.39 1.16 - 290,000 860,000 - -30.6 -33.0 

GlcNAC3 - 29.84 1.91 - 30,000 520,000 - -25.3 -31.9 

GlcNAC2 - - n.d. - - n.d. - - n.d. 

GlcNAC1 - - n.d. - - n.d. - - n.d. 

 GlcNAC5 - -      n.d. - -         n.d. - - n.d. 

2) W136A GlcNAC4 - - n.d. - -         n.d. - - n.d. 

GlcNAC3 - - n.d. - -         n.d. - - n.d. 

GlcNAC2 - - - - -           - - - - 

GlcNAC1 - - - - -           - - - - 

3) W136F GlcNAC5 - - 0.81 - - 1,200,000 - - -34.0 

GlcNAC4 - - 1.56 - - 640,000 - - -32.4 

GlcNAC3 - - 3.21 - - 310,000 - - -30.7 

GlcNAC2 - - 3.32 - - 300,000 - - -30.6 

GlcNAC1 - -   13.39 - - 75,000 - - -27.2 

Protein 

 Polar Acidic 

Ligands KD (µM) K  (1/KD, M
-1

) ΔG
 
(kJ/mol) 

 pH 4.0 pH 6.0 pH 7.4 pH 4.0 pH 6.0 pH 7.4 pH 4.0 pH 6.0 pH 7.4 

4) W136D GlcNAC5 - 4.14         - - 240,000 - - -30.1 - 

GlcNAC4 - 5.28         - - 190,000 - - -29.5 - 

GlcNAC3 - 12.2         - - 82,000 - - -27.4 - 

GlcNAC2 - 25.73         - - 39,000 - - -25.6 - 

GlcNAC1 - 49.15         - - 20,000 - - -24.0 - 

Protein 

 Polar Basic 

Ligands KD (µM) K  (1/KD, M
-1

) ΔG (kJ/mol) 
 pH 4.0 pH 6.0 pH 7.4 pH 4.0 pH 6.0 pH 7.4 pH 4.0 pH 6.0 pH 7.4 

5) W136R GlcNAC5 - 6.77         - - 150,000 - - -28.9 - 

GlcNAC4 - 10.53         - - 95,000 - - -27.8 - 

GlcNAC3 - 32.23         - - 31,000 - - -25.1 - 

GlcNAC2 - 69.44         - - 14,000 - - -23.3 - 

GlcNAC1 - 105.3         - - 9500 - - -22.2 - 

          

The dissociation binding constants (KD, µM) was obtained from the Stern-Volmer Eq. 2.4 and converted to the equilibrium binding constants (K, M-1) as inversion as 1/KD. The Gibbs free energy 

(ΔG) was calculated from the Eq. 2.8, where R is the ideal gas constant (8.314 J/K/mol); T is temperature (T = 298 K); and n.d. is non-detection. 
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