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   II 

ช่องโปรตีนดักจับน้ำตาลจะเป็นเหตุการณ์ที่ช่องโปรตีนสามารถขนส่งน้ำตาลไปยังฝั่งตรงข้ามได้ 

ความน่าจะเป็นนี ้ไม่สามารถวัดค่าได้โดยตรง แต่ก็เป็นคุณสมบัติสำคัญของช่องโปรตีนท่ีมี

ประสิทธิภาพ นอกจากนี้ได้วิเคราะห์ผลการทดลองที่ใช้ไคโตซานแบบมีประจุซึ่งโมเลกุลมีความ

คล้ายคลึงกับน้ำตาลไคตินแต่ตอบสนองต่อความต่างศักย์ไฟฟ้าภายนอกเพิ่มเติมเพื่อสนับสนุน

คำอธิบายและวิธีการประมาณค่าความน่าจะเป็นที่ได้เสนอน้ี แบบจำลองการเคลื่อนที่แบบสุ่มอย่าง

ง่ายสามารถอธิบายผลการทดลองและทำให้เกิดความเข้าใจเกี่ยวกับกระบวนการที่น้ำตาลผ่านช่อง

โปรตีน ซึ่งวิธีศึกษาและวิธีการประมาณหาค่าความน่าจะเป็นของการขนส่งน้ำตาลผ่านช่องโปรตีน

ที่ได้เสนอขึ้นนี้ควรจะสามารถนำไปประยุกต์ใช้สำหรับการศึกษาการขนส่งน้ำตาลผ่านช่องโปรตีน

อ่ืน ๆ ได้ 
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PROTEIN CHANNEL/TRANSLOCATION PROBABILITY 

/CHITOPORIN/SINGLE CHANNEL CURRENT MEASUREMENT 

 

The protein channels buried in outer membrane of bacteria are employed to 

translocate a substrate, like sugar, between the inside and outside of the cell. If the 

environment lacks glucose then E. coli bacteria must exploit an alternative sugar. A 

silent gene, relevant to the development of a channel that is specific to chitosugars (an 

alternative to glucose), called EcChiP is expressed in this situation. We are studying 

this particular protein channel, rarely found in nature. Particularly, we study sugar 

permeation through the protein channel using the single channel current measurement. 

With this technique, a small-ion current through the channel is monitored and abrupt 

changes in current are seen every time a large sugar molecule enters the channel, 

blocking the ions, or exits it. The dynamics of single sugar molecules, as they are 

trapped and escape from the channel, are thus seen. The purposes of this study are , 

with the sugar translocation probability, to develop a method for using single channel 

current measurements to study the protein channel more completely, to characterize the 

properties of EcChiP by using the channel current data and to develop simple models 

for sugar translocation in this and similar system. The data reveal that the trapping rate 

is independent of time. The de-trapping rate is time dependent, revealing that there are 

multiple different configurations for a trapped molecule. We explain the behavior by 



   IV 

developing a simple model in which molecules are trapped in one of multiple states in 

the channel through which they perform random walks. We use this to propose a 

method for estimating the probability that a sugar molecule translocates through the 

channel, as opposed to escaping backwards to the side from which it came. This 

probability cannot be measured directly, but is a key property for an effective channel. 

We use results on charged chitosan molecules, similar to chitosugars but responsive to 

an applied voltage, to give further support for this picture.  The simple random walk 

model accounts for the data and provides insight into the process by which sugar passes 

through these protein channels. The general method should be applicable to other 

similar systems. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Overview 

 The protein channels embedded in a cell membrane are employed as gates to 

transport substances between the inside and outside of the cell. In gram-negative 

bacteria, the membrane is a lipid bilayer membrane. Some protein channels are 

designed to transport sugar molecules across this membrane (Nikaido, 1993). Studies 

of sugar transport by outer membrane protein channels can help elucidate the basic 

properties of the channels and, further, be applied to develop antibiotics (Nikaido, 2003; 

Richter et al., 2017). For this reason, these studies have been carried out by scientists 

for decades (Nikaido, 2003). Some examples of topics relevant to this thesis are studies 

of sugar transport through the protein channel maltoporin (LamB) in Escherichia coli 

bacteria (Benz et al., 1987; Nikaido, 2003), a related channel chitoporin (ChiP) in 

marine bacteria (Keyhani et al., 2000; Suginta et al., 2013a). Both channels are sugar-

specific, i.e. they are designed to transport a particular sugar molecule (Nikaido, 2003). 

Both channels are also composed of three identical monomers, which act in parallel to 

transport sugar. When one tries to understand basic properties of such channels,  

interference between monomers makes it hard to characterize the properties of a single 

monomer (Schirmer et al., 1995; Dutzler et al., 1996; Wang et al., 1997; Watanabe et 

al., 1997; Winterhalter, 2001; Hilty and Winterhalter, 2001; Im and Roux, 2002; 

Suginta and Smith, 2013; Suginta et al., 2016). 
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 Recently, a novel channel (so-called EcChiP) has been found in Escherichia coli 

(Mizuno et al., 1984; Guillier et al., 2006; Vogel and Papenfort, 2006). The gene for 

this channel is normally not expressed.  It is a ‘silent’ gene that does not effect the 

organism. However, if E.  coli are in the environment that lacks maltodextrin, but 

instead contains chitooligosaccharides, the silent gene will be expressed (Rasmussen et 

al., 2009). The result of this gene expression is that the bacteria can access the available 

nutritional source. The channel is found in E.  coli, like LamB, but is specific to 

chitooligosaccharides, making it similar to the ChiP found in marine bacteria. 

Significantly, it is monomeric channel and forms stable pores in artificial phospholipid 

membranes (Soysa and Suginta, 2016). Thus, the EcChiP channel provides a good 

opportunity to study the dynamics of sugar transportation and to understand the detailed 

properties of the channel without inter-monomer interference problems. 

 In typical studies of sugar transport through a channel, quantities of great interest 

include the binding constant (deriving from the ratio of on-rate constant and off-rate 

constant) which indicates the affinity between channel and sugar molecules, the 

conductance of the channel (obtained from the slope of ion current – applied voltage 

curve) which is the ability for ion to flow in the channel and others. (Anderson et al., 

1995; Hilty and Winterhalter, 2001; Schwarz et al., 2003; Suginta et al., 2013a; Suginta 

et al., 2013b; Soysa and Suginta, 2016). An important figure of merit for sugar 

translocation, which is a function of several of these quantities, is the average number 

of sugar molecules translocated by the channel per second 𝑄C, which is given by  

         𝑄C =
DEF[G]
(HIJ)

𝑃C                          (1.1) 

where 𝐾 = 𝑘45[𝑐]𝜏L and 𝑘45[𝑐] is the concentration-dependent rate of open-channel 

events (i.e. the rate at which an empty channel becomes blocked); 𝜏L is referred to as 
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the residence time (i.e. the average time that a given channel remains blocked before 

becoming open again); 𝑃C is the probability of translocation (i.e. the probability that the 

channel becomes unblocked as a result of sugar molecules proceeding through the 

membrane from one side to the other). In deriving equation 1.1, one assumes that at 

most one sugar molecule can occupy the channel at a given time. From the single 

channel current measurements, described below, we can obtain 𝑘45[𝑐] and 𝜏L directly 

from the experiments. The number of closed-channel events per second can be counted. 

This number includes the backwards escape events (sugar molecules move back to the 

initial side after blocking the channel) and translocation events (sugar molecules move 

to another side after blocking the channel), but we cannot distinguish these two events 

since we cannot see, from the data, to which side sugar molecules move upon exiting 

the channel. For this reason, we cannot obtain 𝑃C directly from the experiments. The 

determination of  𝑄C  cannot be completed unless we can find some way to estimate 𝑃C. 

 In previous studies, the researchers have considered the problem of finding the 

direction sugar molecules escape. For example, in 2003, Schwarz and co-workers 

claimed to determine the translocation rate successfully in the study of maltodextrin 

translocation through maltoporin channels (Schwarz et al., 2003). Their estimation was 

achieved in a trimeric channel study, complicating its theoretical interpretation and 

obtained from another type of measurement—electrical conductance measurements 

including current noise analysis. In 2008, to study polyelectrolyte transport through a 

protein channel in which molecules be charged, the researchers assume that short-time 

events (in which the channel is briefly blocked) and long-time events (in which the 

channel remains blocked much longer) are backwards escape and translocation events, 

respectively (Brun et al., 2008). Our analysis below will lead to a similar conclusion 
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for sugar molecules and go further in trying to quantify which events are, indeed, 

translocation. Our study analyzes neutral molecule data and attempts to find a better 

estimation of 𝑄C. 

 In our study, we characterize properties of a specific system, the chitoporin in E. 

coli called EcChiP, with regard to sugar translocation and find a way to estimate 𝑃C 

from the single channel current measurement. (The single channel current measurement 

is a widely-used technique in the study of substrate transport through protein channels.) 

The method of translocation probability estimation begins with the consideration that 

short-time closed-channel events should be backwards escape events and long-time 

closed-channel events can be either backwards escape or translocation events. In trying 

to understand the data, we develop a model that assume sugar molecules undergo a one-

dimensional random walk through the EcChiP channel. Those that just entered the 

channel, on one end of the random walk, can only escape backwards.  Since the model 

is so simple, it is not specific to this particular system and thus may prove useful in 

understanding transport more generally. 

 This thesis report begins with chapter I which consists of an overview, 

background knowledge in biochemistry/biophysics and research objectives. Chapter II 

develops the theories which are relevant to our analysis and discussion. In chapter III: 

the procedure to estimate the probability of translocation is proposed and the model of 

intramonomer dynamics is presented. Chapter IV gives results and discussion, and 

chapter V is a conclusion. 
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1.2 The previous studies of sugar translocation through trimeric 

protein channel 

 

Figure 1.1 Simple model of substrate translocation through outer membrane protein 

channel of gram-negative bacteria. 

 

 Substrate exchange between the environment and the cells of gram-negative 

bacteria mostly takes place through protein channels embedded in the outer membrane 

as shown in figure 1.1 (Nikaido, 1993). These channels can be classified as either 

nonspecific channels or specific channels. Nonspecific channel allows the diffusion of 

ions and small nutrient molecules while specific channels have specific binding sites 

that bond certain targeted molecules (Nikaido, 2003). In our study, only specific 

channels are considered. 

 Many previous studies of specific channels focus on trimeric channels such as 

maltoporin (LamB) of Escherichia coli which is specific to maltooligosaccharide, 

chitoporin of Vibrio harveyi which is specific to chitooligosaccharide, ScrY of 

Salmonella typhimurium which is specific to sucrose and OprB of Pseudomonas putida 

which is specific to glucose (Anderson et al., 1995; Anderson et al., 1998; Nikaido, 
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2003; Saravolac, 1991; Schirmer, 1998; Schülein et al., 1991; Suginta et al., 2013b). In 

these studies, the scientists are interested in, for example, the sugar binding constant, 

flux through one channel and rate constant which are relevant to the efficiency of 

substrate translocation through the protein channel (Anderson et al., 1995; Hilty and 

Winterhalter, 2001; Nikaido, 2003; Schwarz et al., 2003; Suginta et al., 2013a; Soysa 

and Suginta, 2016). Many of these studies used experimental methods in biochemistry 

that are difficult for us, from a simplistic modeling perspective, to interpret. 

Nonetheless, we include them here for completeness. The examples of the experimental 

techniques in these methods are noise analysis, liposome swelling assay and single-

channel current measurement (Anderson et al., 1995; Anderson et al., 1998; Kullman, 

2006; Suginta and Smith, 2013; Suginta et al., 2013a; Szmelcman, 1975). The noise 

analysis and single-channel current measurement provides, for example, sugar binding 

constant, rate constant, the mean time of closed-channel events while liposome swelling 

assay provides the quality of sugar translocation which identify the specificity of 

channel (Anderson et al., 1998; Suginta et al., 2013a; Szmelcman, 1975). In our study, 

we focus on single-channel current measurement which is widely used and convenient 

for the study of sugar translocation.  

 The average number of sugar molecules translocated through the channel per 

second 𝑄C  may be used for identifying the effectiveness of sugar translocation. As 

mentioned above, this quantity cannot be obtained directly from experiment because 

the probability of translocation is not measured. To obtain 𝑄C, one must go beyond 

direct experimental information and attempt to infer the translocation probability using 

theoretical considerations. Towards this end, it is convenient to study the simplest 

possible system.  The single-channel current data made for a monomeric channel, which 
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is not susceptible to the intermonomer correlations that affect the current data for a 

trimeric channel, is thus advantageous. 

 

1.3 Properties of monomeric protein channel: EcChiP 

 The monomeric channel on which we focus our study is the novel monomeric 

channel in Escherichia coli called EcChiP. This channel was found to rapidly form 

stably in artificial membranes and found to be a monomer. An apparent native 

molecular weight of EcChiP is about 50 kDa. Moreover, it was found that EcChiP 

slightly prefers cations and it was found that all molecules with size of 200-300 Da can 

freely pass through this channel. For the long-chain sugars such as 

chitooligosaccharides and maltooligosaccharides, the difficulty in permeation of these 

sugars through EcChiP depends on the specificity of this channel to sugars. EcChiP is 

specific to chitooligosaccharides like ChiP found in marine bacteria such as Vibrio 

harveyi but not specific to maltoligosaccharides. This can be seen from the fact that no 

closed-channel events are observed in the current signal for the single channel current 

measurement of maltooligosaccharides while two distinct current levels, the lower 

current being the closed channel event, are clear in measurements of long-chain 

chitooligosaccharides as shown in figure 1.2 (Soysa and Suginta, 2016). 
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Figure 1.2 Current signal of EcChiP when applied voltage of 100 mV was applied with 

sugar addition on cis side. (A) 100 𝜇M of GlcNAcR (long-chain chitooligosaccharide) 

was added on cis side. (A) 100 𝜇M of Maltohexaose was added on cis side. (Soysa and 

Suginta, 2016) 

 

1.4 The single channel current measurements 

 In the single channel current measurements, the sugar trapping by the outer 

membrane protein channels such as VhChiP (trimeric channel in Vibrio harveyi) and 

EcChiP (Soysa and Suginta, 2016; Suginta and Smith, 2013; Suginta et al., 2016) were 

studied by using an artificial membrane from black lipid membrane (BLM) technique 

and the single channel current measurements.  

 In this study, the black lipid membrane experiments and the single channel current 

measurements were achieved by the same methods as seen in Soysa’s research paper 

(Soysa and Suginta, 2016). The small glass box was separated by two chambers by a 

25 𝜇m-thick Teflon barrier with a circular aperture 60-100 𝜇m in diameter as shown in 

figure 1.3. The chambers contained an electrolyte solution, 1 M KCl in 20 mM HEPES 

pH 7.4, and the voltage was applied to either side and the ion current  detected by using 

Ag/AgCl electrodes where one was connected to the cis side of the membrane (ground) 

and the other was connected to the headstage of the Axopatch 200B amplifier (Axon 

Instruments, Foster City, CA) on the trans side. Black lipid membrane (BLM) 
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reconstitution were carried out in the electrolyte at room temperature (25°C). Solvent-

free bilayer (Montal-Mueller type) formation was performed using 5 mg/mL 1,2-

diphytanoyl-sn-glycero-3-phosphatidylcholine (DPhPC; Avanti Polar Lipids, 

Alabaster, AL) in n-pentane across the aperture by lowering and raising the liquid level. 

Once the bilayer forms, the observed current is negligible: ions cannot significantly 

permeate the membrane. After a bilayer has been formed, EcChiP was added to the cis 

side of membrane with a potential ±100 mV and an ion current was observed. A single 

channel had opened in the membrane—and the EcChiP was removed before further 

channels could form. 

 

 

Figure 1.3 Experimental configuration of black lipid membrane technique and the 

single channel current measurements. (A) Sugar molecules (red 6-circle chains) were 

added on cis side with applied voltage of negative 𝑉. Current flows from cis side to 

trans side. (B) Sugar molecules were added on trans side with applied voltage of 

positive V. Current flows from trans side to cis side (Suginta et al., 2016). 
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 The ion current, with the channel open, is given by 𝐼@ as shown in figure 1.4. After 

sugar solution had been introduced into one chamber, the ion current decreased when 

the channel was blocked by a sugar molecule. For a monomeric channel, the observed 

current is either equal to 𝐼@ (when the channel is open) or has a value 𝐼H that is difficult, 

in this experimental setup, to distinguish from zero. Evidently, a sugar molecule blocks 

the ionic current from passing through the channel. For a trimer, with 3 monomers 

conducting current in parallel, the observed current levels are 𝐼(𝑡) ≈ 𝐼U = (3 − 𝑛)𝐼@/3 

with 𝐼Y close to zero where 𝑛=0, 1, 2 and 3 is the number of trimmers blocked by sugar 

molecules (Suginta et al., 2016). The ion current signals over 2 minutes were recorded 

and analyzed by pCLAMP v.10.6 software. This software provides the important data, 

such as time of each event which the channel is closed or open, the total number of 

events, the concentration-dependent rate of open-channel events 𝑘45[𝑐], average value 

of current in each level < 𝐼U > and mean time of events (𝜏4\]5 , 𝜏L^4_]` or 𝜏L), but does 

not provide the direct information that classifies events between backwards escape 

events and translocation events. 
 

1.5 Research objectives 

 1) Develop a method for using single channel current measurements to fully 

characterize the protein channel, including the sugar translocation probability PT.  

 2) Construct a simple, general model of sugar transport through protein channels. 

 3) Apply this model to understand a specific channel system: the chitoporin in E. 

coli, called EcChiP, which is controlled by a silent gene. 

 

 



   11 

 

 

Figure 1.4 Current signal along the time of experiment of the single channel current 

measurement of monomeric channel with applied voltage 𝑉= -100 mV. (upper panel) 

If no sugar is introduced to either chambers then 𝐼(𝑡) ≈ 𝐼@ ≈ −50 pA. (lower panel) 100 

𝜇M of chitohexaose was added into cis chamber then 𝐼(𝑡) ≈ 𝐼@ ≈ −50 pA when channel 

was open and 𝐼(𝑡) ≈ 𝐼H ≈ 0 pA when channel was closed. 



 

CHAPTER II 

THEORY 

 

 In this chapter, relevant theoretical concepts, used the analysis and discussion that 

follows, are presented. We begin by introducing a trapping function and a de-trapping 

function. These functions are related to the probability that a channel remains open (this 

is the trapping function) or closed (the de-trapping function) for a time greater than 𝑡. 

Other theoretical concepts include the effect of electric field on charged molecule 

translocation through a channel and the well-known Arrhenius law for chitosugar 

translocation. We also discuss random walk theory. 

 

2.1 The trapping and de-trapping functions for trimeric protein 

channel 

 In the studies of VhChiP in 2013 and 2016 (Suginta and Smith, 2013; Suginta et 

al., 2016), the channel consists of three identical monomers. The single-channel current 

measurements show that the current fluctuates among four levels 𝐼U =
(YbU)cd

Y
, where 

𝐼(𝑡) ≈ 𝐼U with 𝑛 = 0, 1, 2, or 3. A current 𝐼U is observed every time n of the three 

monomers are blocked by a sugar molecule. We keep track of each 𝐼U event, i.e. we 

measure the time the current remains continuously near 𝐼U for measurable duration. 

(We say near 𝐼Ubecause the instantaneous current 𝐼(𝑡) fluctuates rapidly, but remains 

within a band centered on 𝐼U while the event persists.) Suppose that the 𝑗th such event 
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lasts for a time 𝑡[𝑗]U. The average duration over these events is 𝜏U =	< 𝑡[𝑗]U > and the 

standard deviation of the current during such events is 𝜎U = g⟨𝑡i[𝑗]⟩U − (⟨𝑡[𝑗]⟩U)i. 

Next, we consider probability 𝑓U(𝑡) that an 𝐼U event lasts longer than time 𝑡, which is 

estimated from the fraction of all observed events lasting this long. The function 𝑓U(𝑡) 

provides detailed information of trapping statistics. This probability is obtained as 

𝑓U(𝑡) ≡ 𝑁U(𝑡)/𝑁U(0) where 𝑁U(𝑡) is the number of times that the current is observed 

to remain in level 𝐼U for a duration longer than 𝑡, and 𝑁U(0)	is the total number times 

that the current was in level 𝐼U (both 𝑁U(𝑡) and 𝑁U(0) are obtained from the pCLAMP 

event sequences). The mean residence time 𝜏U is related to this quantity by  

   𝜏U = ∫@
n𝑑𝑡	𝑡 p− qrs

qt
u = ∫@

n𝑑𝑡	𝑓U(𝑡).            (2.1) 

 A current level 𝐼U is observed more than a thousand times over several minutes 

of measurement. We say that each event begins at time 𝑡 = 0 and stays in level 𝑛 

beyond 𝑡 with probability 𝑓U(𝑡). The probability decays with 𝑡 because both trapping 

process and de-trapping process can terminate an 𝐼U state. The rate equation for this 

system, for trimeric channel, can be written as 

   qrs
qt
= −[3 − 𝑛]𝑓U(𝑡)𝑈Uv (𝑡) − 𝑛𝑓U(𝑡)𝐵Uv (𝑡).            (2.2) 

where 𝑈Uv (𝑡) = 𝑑𝑈U/𝑑𝑡 is the instantaneous rate at which one of the 3 − 𝑛 unblocked 

monomer becomes blocked and 𝐵Uv (𝑡) = 𝑑𝐵U/𝑑𝑡 the instantaneous rate at which one 

of the 𝑛 blocked monomers becomes unblocked. If it is assumed that all closed-channel 

events result from the blockade by sugar molecules then 𝑈Uv (𝑡) is a sugar trapping rate 

of an empty monomer and 𝐵Uv (𝑡) a sugar de-trapping rate of an occupied monomer. 

Integration of equation 2.2 gives  

   ln	𝑓U(𝑡) = −(3 − 𝑛)𝑈U(𝑡) − 𝑛𝐵U(𝑡).            (2.3) 
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 The trapping function 𝑈U(𝑡) and de-trapping function 𝐵U(𝑡) are obtained from 

the 𝐼(𝑡) data by counting the number of events 𝑁U→U±H(𝑡) for each level 𝑛 and using 

the fact that 𝑓U→U±H(𝑡) = 𝑁U→U±H(𝑡)/𝑁U(0) where “+” and “-” are for trapping and 

de-trapping, respectively. The expressions of these functions are written as  

    𝐴U(𝑡) =
H
zs
∫@
t𝑑𝑡 rs→s±{

| (t)
rs(t)

             (2.4) 

 where 𝐴 = 𝑈 or 𝐵 and 𝑎U = (3 − 𝑛) or n, for trapping (+) or de-trapping (−), 

respectively. 𝑈U(𝑡) and 𝐵U(𝑡) functions, which are obtained directly from histograms 

of data and tend to be smooth, are more convenient than 𝑈Uv (𝑡) and 𝐵Uv (𝑡), which require 

numerical differentiation and tend to fluctuate wildly. The sample experimental results 

of trapping and de-trapping functions for the fluctuation of 𝐼(𝑡) between level 𝑛 = 0 

and 𝑛 = 1 are shown in figure 2.1 for the translocation of 2.5 𝜇M chitohexaose in H2O 

and in D2O solutions through chitoporin channel. 

 In the case that 𝑈Uv (𝑡) and 𝐵Uv (𝑡) are independent of 𝑛 and 𝑡, the trapping function 

is linear in time, 𝑈U(𝑡) = 𝑘45[𝑐]𝑡, where 𝑘45 is a constant trapping rate per monomer 

in 1 molar sugar concentration, and 𝐵U(𝑡) = 𝑘4~~𝑡 where 𝑘4~~ is the de-trapping rate of 

a blocked monomer (Suginta et al., 2016). As seen in figure 2.1, the graph of 𝑈H,@(𝑡) 

versus 𝑡 are apparently linear, but the graph of 𝐵@,H(𝑡) are non-linear.  The latter 

indicates that 𝑘4~~ changes with 𝑡, such that monomers that have remained blocked for 

a long time have a smaller 𝑘4~~. 
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Figure 2.1 The experimental results of trapping and de-trapping functions for 

chitohexaose translocation through chitoporin channel. The fluctuation of 𝐼(𝑡) is 

between level 𝑛 = 0 and 𝑛 = 1. Given 𝑇	is time. (left panel) Trapping function 𝑈H,@(𝑇) 

and de-trapping function 𝐵@,H(𝑇) obtained in H2O solution with 2.5 𝜇M chitohexaose 

on the cis side (Hc) and trans side (Ht) of the membrane and in D2O solution with 2.5 

𝜇M chitohexaose on the cis side (Dc) and trans side (Dt). (right panel) Trapping 

function 𝑈H,@(𝑇) and de-trapping function 𝐵H,@(𝑇) obtained for three different 

chitoporin channels, i.e. three samples S1, S2, S3, with 2.5 𝜇M chitohexaose on the cis 

side of the membrane in D2O solution. (Suginta et al., 2016) 

  

2.2 The effect of electric field on charged molecule translocation 

 Another phenomenon of interest is charged molecule translocation. Chitosan 

hexaose is a charged molecule when in low pH solution. Chitosan hexaose is 

structurally related chitohexaose. Thus, the EcChiP can be tricked into thinking it is 

ingesting chitohexaose sugar when a chitosan hexaose molecule approaches. But the 
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chitosan hexaose molecules, being charged, can be manipulated with an applied 

voltage.   

 The analysis of single-channel current measurements showed that the channel has 

a high affinity for chitohexaose, but low affinity for chitosan hexaose at neutral pH. At 

this pH, the chitosan hexose is electrically neutral. However, the chitosan hexaose can 

be ionized to be cationic charged molecule at pH below 6.7. Thus, we consider the 

experimental data of chitosan hexaose, done in pH 5.5 solution, in which the chitosan 

is a cationic molecule. 

 The single channel current studies of charged molecule translocations help us 

understand neutral molecule translocation. The probability of translocation for charged 

molecules depends on voltage, because the electric field pushes the molecule into or 

away from the channel.  Indeed, we can use voltage to control whether the charged 

molecule is pushed through the channel (translocation) or drawn back out of it 

(backwards escape). 

 In the studies of charged molecule translocation, there is an electrolyte solution 

such as KCl in the chambers. After a voltage has been applied as shown in figure 2.2, 

ion current flows from the side with higher voltage to the opposite side with lower 

voltage. The electric force (𝐹���⃗ ) acting on the charged molecule (i) with the charge 𝑞� in 

the channel is given by equation 2.5 where 𝐸�⃗  is the electric field inside the channel 

(Gumbart et al., 2012, Suenaga et al., 1998). 

     𝐹���⃗ = 𝑞�𝐸�⃗ .               (2.5) 

The study by Gumbart and his team in 2011 demonstrates that constant-field method, 

which electric field is constant with the position inside the channel and perpendicular 

to the membrane plane, is a simple and reasonable approach for the explanation of the 
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membrane potential in molecular dynamics studies of biomolecular system (Gumbart 

et al., 2011). The electric field is related to the voltage by 𝐸�⃗ = −	∇��⃗ 𝑉. By assuming that 

the electric field is constant with the position inside the channel and perpendicular to 

the membrane plane, the magnitude of electric field changes with applied voltage 𝑉 as 

equation 2.6 where a is the length of the channel. 

     �𝐸�⃗ � = 𝑉/𝑎 .              (2.6) 

Therefore, after the substitution of equation 2.6 into equation 2.5, the magnitude of 

electric force can be simply calculated by equation 2.7. 

     ��⃗�� = 𝑞𝑉/𝑎 .              (2.7) 

 

                  

Figure 2.2 Simple model of cationic molecule moving in electric field. (A) The 

direction of translocation is parallel to electric force acting on cationic molecule. The 

force drags molecule to the opposite side. (B) The direction of translocation is opposite 

to electric force acting on cationic molecule. The force prevents molecule from entering 

the channel.  

 

A B 
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 In case A, sugar molecules are put in the chamber at higher voltage, so the 

direction that the molecules would move via diffusion is the same as the direction of 

the electric force. The electric force helps sugar molecule translocation by dragging 

cationic molecule deeper inside the channel and the probability that the molecule can 

reach the opposite side increases as shown in figure 2.2A. For example, if voltage on 

cis side is higher than on trans side, and sugar molecules are put into cis side, then the 

electric force helps to drag the molecules inside the channel from cis side to be deeper 

to trans side. The number of translocation events should increase with the applied 

voltage. 

 In case B, if sugar molecules are put into the lower voltage side, the direction of 

translocation via diffusion is opposite to the direction of electric force. The electric 

force tries to prevent sugar molecules from entering the channel and, if one manages to 

enter, pushes them back to the side from which they came, as shown in figure 2.2B.  

 It is advantageous to be able to use voltage to control the direction of molecular 

flow in this way. When we compare trapping and de-trapping functions measured for 

charged molecules to those measured for neutral molecules, we can use the charged 

case (where we can be confident which way molecules are flowing) to infer what is 

happening in the neutral case. 

 

2.3 The Arrhenius law for chitosugar translocation 

 The Arrhenius law gives the rate of a chemical reaction. It assumes there is some 

energy barrier 𝐸� impeding motion along the reaction coordinate (the reaction 

coordinate is any convenient quantity that changes when the reaction occurs, but 

typically is related to an actual position co-ordinate of a molecule that moves during 
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the reaction). In our case, the change of state from an open to a closed channel proceeds 

because the sugar molecule enters the channel and becomes bound. To overcome the 

barrier, the molecule requires thermal energy that is provided, in a stochastic manner, 

by its surroundings. The probability of receiving a given quantity of energy from its 

surroundings is proportional to the Boltzmann factor, a function of 𝑘�𝑇 where 𝑘� is the 

Boltzmann constant and 𝑇 is the temperature. A reaction rate  𝑘 (units of inverse time 

or frequency) given by the Arrhenius equation, equation 2.8. 

    𝑘 = 𝜈exp[−𝐸�/𝑘�𝑇]              (2.8) 

where 𝜈 is a prefactor with the dimensions of frequency. The prefactor can be 

conveniently thought of as a natural oscillation frequency for a molecule trapped in a 

potential well—every time the molecule oscillates it has a chance to overcome the 

barrier. The exponential factor is the probability that it will be successful. The 

Arrhenius law is considered below for chitosugar translocation. For the neutral 

molecule, there is no voltage dependence expected since the neutral particles do not see 

the electric field. 

 In our study, chitooligosaccharides, which are neutral, are employed. 

Surprisingly, the rate of open-channel events (𝑘45[𝑐]) and the rate of closed-channel 

events (𝑘4~~) in the study of chitohexaose translocations by EcChiP by Soysa and co-

workers showed a significant voltage dependence (Soysa et al., 2017). The rate depends 

on applied voltage 𝑉 in a non-monotonic manner. In their study, the on-rate 𝑘45 

increased with |𝑉| up to 100 mV. For the negative voltage, it remained unchanged from 

𝑉 = -125 to -200 mV. At high positive voltages, 𝑘45 decreased from 𝑉 = 125 mV to 

200 mV. In the case of 𝑘4~~, they found that 𝑘4~~ increased with |𝑉| from |𝑉| = 25 to 

100 mV.  
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 We attribute this unexpected voltage-dependence to the dipole character of 

chitohexaose. The dipole moments may arise due to the existence of the N-acetamido 

(-NHCOCH3) groups of the multiple GlcNAc units that compose a 

chitooligosaccharide chain as mentioned in the study of chitooligosaccharide 

translocation by VhChiP (Suginta et al., 2013b). 

 Since charges are generally not distributed uniformly on various atoms in a 

molecule, the nonpolar molecule can be polarized by the electric field which leads to 

induced dipole moment (Jackson, 2006). If the substance consists of nonpolar 

molecules, the field may induce in each a dipole moment, pointing in the same direction 

as the field. (If the material is made up of many polar molecules randomly oriented, 

then the field will cause a torque on each molecule, tending to line them up with the 

field direction (Griffiths, 1999)). In either case, if the electric field is not too strong, the 

average polarization is related to the field by 

     𝑃�⃗ = 𝜀@𝜒𝐸�⃗               (2.9) 

where 𝜒 is the electric susceptibility of the medium which depends on the microscopic 

structure of the substance, and 𝜀@ is the permittivity of free space. 

 The external field will polarize the substance and this polarization will produce 

its own field, which then contributes to the total field; thus, the simplest approach is to 

begin with the displacement 𝐷��⃗  (Griffiths, 1999): 

           𝐷��⃗ = 𝜀@(1 + 𝜒)𝐸�⃗ .            (2.10) 

In a dielectric system, the approximate energy per unit volume of the system 𝑢� is  

    𝑢� ≈ 𝐷��⃗ ⋅ 𝐸�⃗ = 𝜀@(1 + 𝜒)�𝐸�⃗ �
i
.           (2.11) 

For sugar translocation by the protein channel, as mentioned that the electric field can 

be assumed to be constant with the position inside the channel and perpendicular to the 



   21 

membrane plane then the magnitude of electric field is �𝐸�⃗ � ≈ 𝑉/𝑎 where a is the length 

of channel. The electrostatic energy is  

𝐸 ≈ 𝑢�Ω]~~ = 𝜀@(1 + 𝜒) p
�
z
u
i
Ω]~~            (2.12) 

where Ω]~~ is effective volume. If the polarization of the channel when the channel is 

open is different from that when the channel is closed, a change in electrostatic energy 

from closed state to open state will be  

Δ𝐸 = [Δ(𝜒Ω]~~)]𝜀@ p
�
z
u
i
.           (2.13) 

Finally, we obtain 

            Δ𝐸 = −𝜀@𝜒G p
�
z
u
i
ΔΩ            (2.14) 

where ΔΩ is a parameter with the dimension of volume that is used to account for the 

polarization change occurring when the occupancy of the channel changes (i.e. the 

sugar molecule comes or goes) and 𝜒G is the electric susceptibility taken to be the same 

for both states. (There is some change in the product: Δ(𝜒Ω]~~) ≈ 𝜒GΔΩ where we 

absorbed the change in the susceptibility Δ𝜒 into ΔΩ). Therefore, the Arrhenius 

equation of the off-rate 𝑘4~~ with the change in electrostatic energy Δ𝐸 and energy 

barrier 𝐸� can be written as  

            𝑘4~~ = 𝜈exp[−(𝐸� − Δ𝐸)/𝑘�𝑇].          (2.15) 

Substitution of equation 2.14 into equation 2.15 gives 

             𝑘4~~ = 𝐵exp(𝐶𝑉i/𝑘�𝑇)           (2.16) 

where 𝐵 is the zero-voltage rate of open-channel events which is equal to 

𝜈exp(−𝐸�/𝑘�𝑇), and 𝐶 = �d��
z�

ΔΩ which is constant with applied voltage. We 

developed this picture so that it would have a qualitative 𝑉-dependence similar to the 
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experiment. The key point is that the reaction rate depends on 𝑉i and thus is not 

sensitive to the sign of the voltage (the direction of the field). We can roughly explain 

the voltage dependence using this approach.  

 However, we do not expect quantitative agreement because of the rough estimates 

made above. For one thing, we think that there are multiple binding states for sugar in 

the channel, but we developed the Arrhenius equation in equation 2.16 as if there are 

only two states (closed and open). Indeed, while we are able to account for the voltage 

dependence of 𝑘4~~, we cannot yet understand the behavior of 𝑘45. It is possible that the 

latter is rate-limited by a different mechanism. 

 

2.4 Random walk theory 

 A random walk is a mathematical process. For a simple picture of a random walk, 

suppose that our object is at position 𝛼 = 0 at time 𝑡 = 0 and hops randomly in one 

dimension to the right side (𝛼 + 1) or left side (𝛼 − 1) with probability 𝑝 and 𝑞, 

respectively after each step of time Δ𝑡 as shown in figure 2.3.  

 

Figure 2.3 A random walk model in one dimension. An object at α hops to the right 

with the probability 𝑝 and to the left with the probability 𝑞.  

 

 After N steps of time, we cannot predict the exact position of the object, but we 

can predict the probability to find the object at a given position at that time 𝑃(α, 𝑁). 

The number of right and left steps are given by 𝑛¡ and 𝑛^, respectively. For α < 𝑁, 
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𝑛¡ = α + 𝑛^ and 𝑛¡ + 𝑛^ = 𝑁. Then combining these together, we obtain 𝑛¡ =
H
i
(𝑁 +

α) and 𝑛^ =
H
i
(𝑁 − α). The probability for a sequence of left and right hopping is the 

product of the probabilities of the individual hops 

 𝑝U¢𝑞U£ = 𝑝
{
�(¤I¥)𝑞

{
�(¤b¥).           (2.17) 

This probability must be multiplied by the total number of distinguishable paths ¤!
U¢!U£!

 

or ¤!

p§¨©� u!p§ª©� u!
, by substitution of 𝑛¡ and 𝑛^ in terms of 𝛼 and 𝑁. Therefore, the 

probability of finding an object at position 𝛼 after N time steps is 

 𝑃(α, 𝑁) = ¤!

p§¨©� u!p§ª©� u!
𝑝
{
�(¤I¥)𝑞

{
�(¤b¥).          (2.18) 

 The random walk is a good model of many physical processes such as the 

movement of gas particles inside the box. The random walk can occur in one-

dimension, two-dimension and three-dimension. In this study, we model the movement 

of a molecule inside the channel which is a one-dimensional random walk. It can be 

naturally generalized to include non-zero (or large) probabilities that the object remains 

in place, with left and right probability rates replacing the simple probabilities 

mentioned above.  

 We will crudely model the protein channel as a one-dimensional array of binding 

sites. The sugar molecule enters the channel and then hops from site to site. In a one-

dimensional system of sugar hopping inside a channel, at time 𝑡, a molecule at 𝛼 can 

move to the left position 𝛼 − 1 and the right position 𝛼 + 1 as shown in figure 2.4. If 

we suppose only one molecule can occupy the channel in one time, the molecule hops 

to the right with probability 𝑝«I or to the left with probability 𝑝«b = 1 − 𝑝«I during a 
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time interval ∆𝑡. The probability of finding a particle being at position 𝛼 at time 𝑡 + ∆𝑡 

relates to the previous time step as equation 2.19, 

𝑔«(𝑡 + Δ𝑡) = 𝑔«(𝑡) − 𝑝«b𝑔«(𝑡) − 𝑝«I𝑔«(𝑡) +	𝑝«bHI 𝑔«bH(𝑡) + 𝑝«IHb 𝑔«IH(𝑡).      (2.19) 

 For the travel of a sugar molecule inside the channel, the event is end when the 

molecule first reaches a position outside the channel. 

 

 

Figure 2.4 A random walk model of a protein channel with 𝑁 trapping sites 𝛼 =

0,1,2, . . . , 𝑁 − 1 from cis to trans sides. Sugar molecule hops with the rate Λ«± which 

depend on potential energy 𝑉«. 

 

 In our study, the protein channel is separated to 𝑁 trapping sites. Each trapping 

site is labeled as 𝛼 = 0, 1, 2, …, N − 1 from cis to trans sides as shown in figure 2.4. 

There is a dimensionless potential energy 𝑉« which binds the sugar molecule at each 

trapping site α.  Time-independent hopping rates when the sugar molecule at α moves 

to the left site (𝛼 − 1) and moves to right site (𝛼 + 1) are equal to Λ«b  and Λ«I , 

respectively. The rates are constant with time which are defined as  

    Λ«± = 𝑅exp(𝑉« − 𝑉«±H)           (2.20) 

where R is the initial rate. The probability of hopping to left or right during the time 

interval ∆𝑡 is related to the hopping rate as equation 2.21. 

𝑝«± = Λ«±	Δ𝑡.            (2.21) 
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Therefore, the probability of finding a particle being at position 𝛼 at time 𝑡 + ∆𝑡 can be 

expressed as equation 2.22, 

𝑔«(𝑡 + Δ𝑡) = 𝑔«(𝑡) − [Λ«b + Λ«I]𝑔«(𝑡)Δ𝑡 +	Λ«bHI 𝑔«bH(𝑡)Δ𝑡 + Λ«IHb 𝑔«IH(𝑡)Δ𝑡.  

        (2.22) 

The motion which we consider starts at time 𝑡 = 0 when a sugar molecule from 

one side (i.e. cis side) enters the channel at 𝛼 = 0. Thus, 𝑔@(𝑡 = 0) = 1 and 

𝑔«°@(𝑡 = 0) = 0. Next time step ∆𝑡, the sugar molecule can move to left or right. At 

time 𝑡 > 0, the probability of finding the channel still closing at time greater than 𝑡 is 

equal to equation 2.23, 

    𝑓H(𝑡) = ∑
«
𝑔«(𝑡).     (2.23)



 

 

CHAPTER III 

THE PROBABILITY OF TRANSLOCATION 

 

In this chapter, we propose the procedure to estimate the probability of 

translocation. The procedure begins with detecting events by pCLAMP v.10.6 

software, analyzing data, then estimating the probability of translocation by using the 

extracted de-trapping function. Furthermore, we develop the model of intramonomer 

dynamics by using random walk theory which may be applicable to similar system. 

 

3.1 Experimental detection methods 

3.1.1   Event detection methods 

 The raw data are analyzed by pCLAMP v.10.6 software. We define the 

minimum time duration of events 𝑡²³5 to be 0.1 ms and ignore instances where the 

current remains near 𝐼U for a shorter time. We choose this value because it is of the 

same scale as the average transition time required for the current to change between 

levels. An example of the ion current transition of from level 1 to level 0 is shown in 

figure 3.1. This transition time 𝑡²³5 is much larger than that required for a sugar 

molecule to move, by diffusion, in or out of the monomer. Thus, the observed transition 

does not reflect single-molecule dynamics. Rather, when a sugar molecule moves 

rapidly into the channel and blocks it (or moves out of the channel and unblocks it) it 

takes time for the measured current to respond to this change. The process can be 

thought of as the charging or discharging of a capacitor: the blocked channel acts as a
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capacitor since a significant amount of ionic charge (of opposite sign) accumulates at 

its ends. When the sugar molecule escapes the channel, current flow restarts (the 

capacitor discharges). We have previously analyzed such transitions and found they are 

well-fit by exponential functions characteristic of RC circuits. They do not give us 

information about the sugar dynamics, however, since the time for the actual escape is 

much shorter than the RC time constant. Suffice to say, we simply cannot detect sugar 

dynamics on a time scale shorter than 𝑡²³5 in our experimental setup because the 

current would not respond quickly enough to molecular motion. We are limited to those 

events in which the channel remains blocked or empty for a longer time.         

 Figure 3.2 shows the event detection by pCLAMP v.10.6 software when 

the ion current is separated into two levels. The events in level 0 are open channel 

events for which the current 𝐼(𝑡) ≈ 𝐼@ and the events in level 1 are closed-channel 

events with 𝐼(𝑡) ≈ 𝐼H. From the data of chitohexaose with [𝑐] = 40	µM, 𝑉 = −100 

mV at room temperature (25∘C) as shown in figure 3.2, 𝐼@ ≈ −45	pA (electric current 

flow from cis chamber to trans chamber) and 𝐼H is close to zero since the size of sugar 

molecule is sufficient to fully block the channel. 

 Such event detections from software provide the number of events in the 

time duration of experiment and time for each event, as well as the mean and standard 

deviation of the current over each event.   
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Figure 3.1 Ion current transition from level 1 (closed channel) to level 0 (open 

channel) occurs for 0.1 ms. 

 

 

 

Figure 3.2 Event detection of the experiment data where 40 𝜇M of chitohexaose 

inserted in cis chamber at applied voltage of -100mV by pCLAMP v.10.6 software. 
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3.1.2   Data analysis 

 In the simplest case of a time-independent trapping (or de-trapping) rate, 

probability 𝑓U(𝑡), for the channel to remain in level 𝑛 with current 𝐼U for time longer 

than 𝑡, changes with time t as equation 3.1 where 𝜏 is time constant for level 𝑛, 

       𝑓U(𝑡) = exp(−𝑡/𝜏).              (3.1) 

The time of the 𝑗th event of level n is defined as 𝑡[𝑗]U. Figure 3.3 shows the current 

signal of the experiment which time of closed-channel event starts at 𝑡 = 0 s when the 

current changes from level 0 to 1 and end when the current changes from level 1 to 0 

again. The mean residence time, 𝜏U = ⟨𝑡[𝑗]U⟩, is equal to 𝜏 which one can prove by 

equation 3.2 which is mentioned in theory (Suginta et al., 2016).    

    𝜏U = ∫@
n𝑑𝑡	𝑡 p− qrs

qt
u = ∫@

n𝑑𝑡	𝑓U(𝑡)           (3.2), 

where 𝑓U(∞) = 0 and 𝑓U(0) = 1. 

 We generalize the rate equation to cases where the trapping and de-

trapping rates need not be constant. We write a rate equation for this probability as 

   qrs
qt
= −𝑓U(𝑡)𝐴v(𝑡)          (3.3); 

so that 

   𝑓U(𝑡) = exp¹−𝐴(𝑡)º         (3.4), 

and the trapping function is defined by equation 3.5: 

    𝑈(𝑡) = −ln¹𝑓@(𝑡)º              (3.5) 

while de-trapping function is defined by equation 3.6: 

    𝐵(𝑡) = −ln¹𝑓H(𝑡)º              (3.6) 

where 𝐴(𝑡) is trapping function when 𝑛 = 0 or de-trapping function when 𝑛 = 1.   
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We note that equation 3.3 amounts to a definition of the trapping and de-trapping 

function, since any rate equation can be written this way by introducing an unknown 

function 𝐴v(𝑡). The key point is that the argument of the exponential need not be a 

linear function. This means that the probability, equation 3.4, need not behave as a 

simple exponential. Consider the case of de-trapping where 𝐵(𝑡) is non-linear. We 

could expand 𝑓H(𝑡) = exp¹−𝐵(𝑡)º as a sum over many simple exponentials, with the 

argument of each corresponding to a different de-trapping rate. This is what we would 

expect if a sugar molecule can be trapped in many differ configurations, with a different 

escape rate for each. At short times, all the de-trapping rates are active but, at long 

times, only the slowest de-trapping rate (the slowest-decaying exponential) would 

remain. 

 

 

Figure 3.3 The current signal of the experiment data where 100 𝜇M of chitohexaose 

inserted in cis chamber at applied voltage of -100 mV on pCLAMP v.10.6 software. 

Time of closed-channel events start at 𝑡 = 0 s when the current changes from level 0 

to 1 and end when the current changes from level 1 to 0 again. 
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  The probability is obtained from the data via 𝑓U(𝑡) =
¤s(t)
¤s(@)

, and the 

trapping and de-trapping functions derived from it. In data analysis, we plot 𝑈(𝑡) and 

𝐵(𝑡) functions obtained from measurements on chitopentaose, chitohexaose and 

charged molecule (chitosan at pH 5.5 which is structurally related to chitohexaose). The 

experiments were performed, and the data provided, by H. Sasimali M. Soysa. 

3.1.3   Probability estimation  

 In order to estimate the translocation probability, we consider only the de-

trapping function which is relevant to closed-channel events. We begin by classifying 

the events as either short-time or long-time events and considering possible scenarios 

based on the previous results of trimeric channel (Suginta et al., 2016) and the sample 

results of EcChiP data provided by H. Sasimali M. Soysa. Then, we find the equation 

for translocation probability estimation from the graph of 𝐵(𝑡) versus 𝑡 by using y-

intersection of the linear de-trapping function for long-time events 𝐵n(𝑡). The linear 

𝐵n(𝑡) function is shown in figure 3.4 as line 2. 

 The basic assumption we are making here is that the long-time events, 

occurring during the linear regime of 𝐵(𝑡), have a good chance to be translocation 

events, while the short-time events are dominated by backwards escape.     

3.1.3.1   Events and possible interpretation for non-linear behavior of 

𝑩(𝒕). The results of de-trapping function 𝑩(𝒕) based on trimeric channel data (Suginta 

et al., 2016) and the sample results of EcChiP data with concentrations [c]= 5, 40 and 

80 𝝁𝐌, chitohexaose first contained in cis side, 𝑽 = 	−𝟏𝟎𝟎 mV at room temperature 

(25 °C) as shown in figure 3.4 exhibit nonlinear relation with time of events. From these 

results, we consider the events as short-time and long-time events.  
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Possible interpretation for non-linear behavior of 𝑩(𝒕)  

 1) Short-time events should be backwards escape events in which the sugar 

molecules move back to the initial side after entering the channels as shown in figure 

3.5A.  

 2) Long-time events could be translocation events in which the sugar molecules 

move toward to the opposite side after entering the channels as shown in figure 3.5B 

and 3.5C.  

 

Figure 3.4 The relation between 𝐵(𝑡) and time 𝑡 from the experiment results. 

Chitohexaose 5, 40 and 80 µM were inserted into cis chamber with 𝑉 = −100 mV at 

room temperature (25 °C) and the linear dash lines are referred to short-time and long-

time events. 
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 These two points sound rather hopeful, so let us consider them more 

carefully.  It turns out that this point of view is supported by the simple theoretical 

model discussed below and by the experimental evidence (particularly that on charged 

chitosan molecules) discussed in the next chapter.  

 The first point is rather obvious: it takes time for a sugar molecule to 

traverse the narrow channel and this is unlikely to occur for the shortest events.  The 

molecule probably got trapped near the entrance then escaped back from whence it 

came.  If the molecule hangs around longer than this, it has a chance to move deeper 

into the channel, from which it may either be translocated through the channel or 

make a long backwards escape. 

 

Figure 3.5 Possible interpretation for non-linear behavior of 𝐵(𝑡). (A) Sugar 

molecule moves backwards to cis chamber after blocking the channel for a short time. 

(B) Sugar molecule moves backwards to cis chamber after staying in some trapping 

sites (dash circle) inside the channel for a long time. (C) Sugar molecule is 

translocated to trans chamber after staying in all trapping sites inside the channel for 

a long time. 
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  When there are many possible escape (i.e. de-trapping) mechanisms, the 

linear behavior of 𝐵(𝑡) that occurs at large times has a slope given by the slowest of 

all these escape rates. Moreover, 𝐵(𝑡) is the integral of a probability rate, as evident 

from its definition above. So, when we obtain the intercept of 𝐵n(𝑡), we are finding 

the fraction of all escape events that utilized the slowest escape mechanism available. 

Our assumption that this intercept reflects the translocation probability is equivalent 

to saying that escape via translocation is slower than any other mechanism of escape. 

In other words, the fraction of molecules that escape slowly is a good estimate of the 

fraction of molecules that escape correctly into the opposite side of the channel. Of 

course, this is not a perfect estimate (some mechanism of translocation may proceed 

more rapidly than certain mechanisms of back-escape) but it is a plausible approach. 

 

Short-time events: the events with the time of events are in a few milliseconds  

 At very small 𝑡, we can approximate de-trapping function 𝐵(𝑡) as equation 3.7 

   𝐵(𝑡) ≈ 𝐵@(𝑡) = 𝐵v(0)(𝑡 − 𝑡²³5)         (3.7) 

where 𝐵v(0) is the initial slope which is roughly obtained from first two data point 

above 𝑡²³5. The exact value of 𝐵v(0) is not significant, thus we consider only order 

of magnitude. Also, note that there may be many escape events that are even shorter 

than these, but that are unobservable in our experiment because of the slow response-

time of the ionic current. However, if we think the shortest observable events are too 

short to allow translocation, then not of the unobservable (even shorter) events would 

allow translocation either. Thus, for the purposes of finding translocation probability 

among observable events, we are not missing anything.    
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Long-time events: the events with the time of events are large. 

 At long-𝑡, we express the linear equation of de-trapping function for long-time 

events 𝐵n(𝑡) as equation 3.8, 

   𝐵(𝑡) ≈ 𝐵n(𝑡) = 𝜆²³5𝑡 + 𝐵n(0)         (3.8) 

where 𝜆²³5 is the slope of line 2 in the graph shown in figure 3.4; 𝑡 is time; and 𝐵n(0) 

is the extrapolated intercept for long-time regime. 

3.1.3.2   Find the equation for translocation probability estimation 

from 𝑩(𝒕)	function of long-time events. As mentioned in equation 3.4, we have the 

probability that monomer remains blocked for time greater than t is 

    𝑓H(𝑡) = exp¹−𝐵(𝑡)º.          (3.9) 

In order to estimate probability of translocation, we consider only long-time events. 

In this case, the probability of translocation is   

   𝑃< ≈ 𝜂 ⋅ 𝑓H(𝑡∗)         (3.10) 

where 𝑡∗ is the smallest considered time for long-time events and parameter 𝜂 is the 

ratio of the number of translocation events to the number of all long-time events 

which is placed for the possible situations that long-time events can be either 

backwards escape or translocation events. 

Substitution of equation 3.9 into equation 3.10 gives 

   𝑃< ≈ 𝜂exp¹−𝐵n(𝑡∗)º.        (3.11) 

Since  𝐵n(0) > 𝜆²³5𝑡∗, we obtain from equation 3.8 that 𝐵n(𝑡∗) ≈ 𝐵n(0). 

Therefore, in general, the translocation probability can be estimated by 

   𝑃< ≈ 𝜂exp¹−𝐵n(0)º.        (3.12) 

In the case that all long-time events are translocation: 𝜂 = 1. The translocation 

probability can be estimated by 
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   𝑃=< ≈ exp¹−𝐵n(0)º.        (3.13) 

 In this part, we analyze the experimental data of chitohexaose in various 

applied voltages and various concentrations, and the experimental data of 

chitopentaose in various concentrations and estimate the probability of translocation 

by using equation 3.13. In order to know the effects of charge of sugar molecules on 

the results of experiments, we also analyze the experimental data of cationic chitosan 

hexaose at pH 5.5 which is structurally related to chitohexaose in various applied 

voltages.  

 

3.2 Model of intramonomer dynamics  

 In our study, the protein channel is separated to 𝑁 trapping sites. Each trapping 

site is labeled as 𝛼 = 0, 1, 2, …, N − 1 from cis to trans sides. At 𝑡 = 0, the probability 

of finding the channel still closing at time greater than t is equal to 𝑓H(0) = 1 and the 

backwards escape rate into the cis side is equal to Λ@b . This determines the initial slope 

which is Λ@b = −𝑓Hv(0) = 𝐵v(0). A dimensionless time variable 𝜏 is defined by  

     𝜏 ≡ 𝐵v(0)𝑡 .                       (3.14) 

Hopping rates are expressed in units of 𝐵v(0), so all Λ«± are dimensionless and Λ@b ≡ 1. 

 In order to find 𝐵(𝜏), we consider equation 3.15: 

    𝑓H(𝜏) = exp(−𝐵(𝜏)) = ∑
«
𝑔«(𝜏).          (3.15) 

Thus, 

   𝐵(𝜏) = − lnÆ∑
«
𝑔«(𝜏)Ç.           (3.16) 
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In our simulation, we input 𝑉« and calculate Λ«±	from equation 2.20 where all Λ«± are 

expressed in units of initial slope 𝑅 = 𝐵′(0), find 𝑔«(𝜏) from equation 2.22 in theory 

then calculate 𝐵(𝜏) from equation 3.16 and further calculate 𝑃=< from equation 3.17. 

 𝑃=< = exp	[−𝐵n(0)].            (3.17) 

Moreover, we calculate the probability of translocation 𝑃<(𝜏) occurring before time 𝜏 

from  

    𝑃<(𝜏) = ∫ 𝑑𝜏v𝑔¤bH(𝜏v)Λ¤bHIÉ
@                      (3.18), 

and the total probability of translocation is 𝑃< ≡ 𝑃<(∞). 

 



 

 

CHAPTER IV 

RESULTS AND DISCUSSIONS 

 

 In this chapter, we begin with the results of the trapping function 𝑈(𝑡) and de-

trapping function 𝐵(𝑡) in various chitohexaose concentrations and try to explain the 

behaviors of these functions. 𝑈(𝑡) is derived from the probability that a channel remains 

open for time greater than 𝑡, 𝑓@(𝑡), as 𝑈(𝑡) = −ln	(𝑓@(𝑡)) and 𝐵(𝑡) is derived from the 

probability that a channel remains closed for time greater than 𝑡, 𝑓H(𝑡), as 𝐵(𝑡) =

−ln	(𝑓H(𝑡)). In order to explain the physical processes that affect the behavior of 𝐵(𝑡) 

and to validate our claims below about translocation probability, we investigate the 

voltage-dependence of charged chitosan translocation.  We then apply the random walk 

model of intramonomer dynamics to try to interpret these data.  Since this model 

appears to provide a good framework for understanding the experiments, we use it 

further to interpret experimental results for different sizes of chitosugar and the voltage 

dependence of the dynamics for neutral chitohexaose translocated by EcChiP channel.  

 

 Trapping and de-trapping of sugar by chitoporin 

 The trapping functions 𝑈(𝑡), shown in figure 4.1A and 4.1B, were obtained with 

an applied voltage 𝑉 = −100 mV and varying chitohexaose concentration [c] 

introduced to cis and trans chambers, respectively. The graphs show that the slope of 

𝑈(𝑡) is independent of time and increases linearly with sugar concentration. The results 

indicate that the slope  𝑈′(𝑡) may be associated with single constant trapping rate that 
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increases with sugar concentration. Thus, 𝑈(𝑡) = 𝑈v(𝑡)𝑡 ≈ 𝑘ÊU[c]𝑡 where the slope 

𝑘on[𝑐] increases with sugar concentration [c] with the rate constant 𝑘on. 

 The results in figure 4.1 provide 𝑘on[𝑐] as shown in figure 4.2. By linear graph 

fitting, we see that 𝑘on for a sugar molecule entering the channel from the cis chamber 

is about 3 × 10R M-1s-1 and that from the trans chamber is about 2 × 10R M-1s-1. We 

observe that 𝑘on obtained from a slope of 𝑈(𝑡) is about the same as 1/𝜏45 where 𝜏45 is 

the average duration that a channel remains unblocked (the two may not exactly 

coincide because small deviations from linearity occur more at large times).  

 The experimental results of the de-trapping function 𝐵(𝑡), shown in figure 4.3, 

were obtained with chitohexaose on the cis and trans chambers when 𝑉 = 	−100 mV 

was applied. The graph shows that 𝐵(𝑡) is roughly independent of concentration and 

changes non-linearly with time.  

 As noted above, the non-linear 𝐵(𝑡) function with a slope that changes with time 

describes a system with many different escape mechanisms possible for trapped 

molecules. This description is well suited to a ‘hidden Markov model’. Basically, this 

is a model of a system that has many states, with random transitions between them, but 

some states are hidden, i.e. unobservable. For example, if there are many binding sites 

inside the channel then a sugar molecule can move from one site to another and the 

channel would remain blocked, with no observable change in current. Our proposed 

random walk model is an example of a hidden Markov model. 

 There are many different escape rates B′(𝑡) that appear to decrease with t and 

come close to constant at large time. This is exactly what ones expect in the hidden 

Markov picture. After a long time, only the single slowest escape process is occurring 

because all other, faster, escape processes have already completed their work. We can 
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crudely break up the plot into two regions of the graph as shown in figure 4.4. In the 

small t region, 𝐵(𝑡) increases rapidly whereas, in the long 𝑡 region, 𝐵(𝑡) increases 

slowly with a small rate 𝜆H = the	slope	of	line	2. Again, according to the model 

language, many different escape mechanisms are occurring during the small t region 

while only the slowest one of all happens at large t. 

 In the small-time region, if we zoom at small time 𝑡, 

    𝐵(𝑡) ≈ 𝐵@(𝑡) = 𝐵v(0)(𝑡 − 𝑡²³5)            (4.1) 

where B′(0) is the initial slope. The initial, and largest, value of the slope occurs at  𝑡 =

𝑡²³5. The slope at 𝑡min (Bv(𝑡 = 𝑡min) = 600	s−1) is two orders of magnitude larger than 

the slope in the long-time region (B′(𝑡 = large	𝑡) = 7.6	s−1). Thus, there are some 

escape processes that are a hundred times faster than others. (Again, even faster 

processes are presumably occurring for 𝑡 < 𝑡²³5, but we cannot see these because of 

the slow current response time in the experiment.) Our central assumption is that the 

majority of the rapid escape process, occurring in the small-time regime, are backwards 

escapes of sugar molecules. Translocation takes longer than this. The large t region 

describes molecules that are bound in the channel for an extended time before escaping.  

These could be translocations or highly ineffective backwards escapes. 
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Figure 4.1 The linear trapping function 𝑈(𝑡) versus time 𝑡 with [c]= 1.25, 5, 10, 20, 40 

and 80 μM chitohexaose and 𝑉 = −100 mV. (A) The chitohexaose was introduced to 

cis chamber. (B) The chitohexaose was introduced to trans chamber. 

    

Figure 4.2 The trapping rate 𝑘on[𝑐] derived from 𝑈(𝑡) function in figure 4.1. [c] of 

chitohexaose = 1.25, 5, 10, 20, 40 and 80 μM chitohexaose and 𝑉 = −100 mV. (A) 

and (B) The chitohexaose was introduced to cis chamber and trans chamber, 

respectively. Graphs are fitted with the linear equation 𝑦 = 𝑚𝑥 + 𝑐 where m and c are 

constant. Case A: 𝑚 = 3 × 10R	M−1s−1 and 𝑐 = 1.7	sbH. Case B: 𝑚 = 2 × 10R	M−1s−1 

and 𝑐 = −3.3	sbH. The values of c from both cases are very small when compared to 

y-scale then we can approximate c to be zero as expected that the rate 𝑘45[𝑐] should be 

zero if there is no sugar molecule.   

A B 

A B 
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 In the long-time region, the slope is nearly constant and the de-trapping function 

can be approximated by equation 4.2:  

    𝐵(𝑡) ≈ 𝐵n(𝑡) = 𝜆H𝑡 + 𝐵n(0).            (4.2) 

From the 𝐵(𝑡) function, the quantity 𝑃=<, which should be a reasonable estimate of 

translocation probability, is obtained from  

    𝑃=< ≡ exp(−𝐵n(0)).              (4.3) 

According to the model description, what 𝑃=< really tells us is the probability that the 

sugar molecule escapes via the slowest of all escape rates, as opposed to via any faster 

rate.  (The extrapolated intercept is the correct way to determine this: we are describing 

the escape rate as a probability rate, a probability per unit time of escaping. The slowest 

escape rate proceeds more slowly than others but still enjoys some probability of an 

escape occurring at small times, and such instances are rightly included when we use 

the extrapolated intercept.) The long-time region linear fitting of the experimental data 

in figure 4.3 with chitohexaose on cis and trans chambers and 𝑉 = 	−100 mV gives 

𝐵n(0) = 2.35 and 2.94, respectively. This translates to 𝑃=< = 0.1 and 0.05 for sugar 

addition on cis and trans chambers, respectively. 

 Sugar addition on either the cis and trans chambers shows the same behavior in 

its 𝐵(𝑡)function. Next we consider the behavior of 𝐵(𝑡) in charged chitosan in order to 

test our claim that the observable parameter 𝑃=< is an estimate of the key property 𝑃<. 
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Figure 4.3 The non-linear de-trapping function 𝐵(𝑡) versus time 𝑡 with [c]= 1.25, 5, 

10, 20, 40 and 80 μM chitohexaose and 𝑉 = −100 mV. (A) The chitohexaose was 

introduced to cis chamber. (B) The chitohexaose was introduced to trans chamber. 

 

   

 

Figure 4.4 The de-trapping function 𝐵(𝑡) versus time 𝑡 with the artificial linear lines 

for small-time events (line 1) and long-time events (line 2). 5 μM chitohexaose was 

introduced to cis chamber and V=-100 mV. Line 2 intersects y-axis at 𝑦 = 𝐵n(0) =

2.35 and the slope of line 1 and line 2 are 7.6 s−1 and 600 s−1, respectively. (A) The 

full view of the graph. (B) The zoom-view at small time 𝑡. 

 

A B 
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 Voltage-dependent trapping of charged chitosan 

 Charged chitosan hexaose is used in our study because we can control the 

direction of charged sugar current by using the applied voltage 𝑉. We can observe the 

changes in 𝐵(𝑡) and 𝑈(𝑡) and, knowing the effect of the voltage, better interpret these 

changes. In our analysis, the experimental data are from the single-channel 

measurement of chitosan hexaose translocated through EcChiP in pH 5.5 electrolyte 

solution where the chitosan molecule acts as cationic charged molecule. The results 

show that the trapping of chitosan hexaose is strongly voltage dependent, which is 

obvious since 𝑉 influences the charged molecule. We can exploit this dependence to 

confirm that the small-t behavior of 𝐵(𝑡) is dominated by backwards escape. 

4.2.1   The trapping function of charged chitosan 

 Figure 4.5A and 4.5B show the plots of the 𝑈(𝑡) function for cationic 

chitosan on the cis chamber with 𝑉 = -50, -75, -100 and -125 mV and on the trans 

chamber with 𝑉 = 50, 75, 100 and 125 mV. For all these cases, the electric field is 

acting in the same direction as the molecular diffusion current. That is, this is a forward 

bias that encourages translocation.  𝑈(𝑡) function is linear in time with a slope 𝑘on[𝑐] 

increasing with |𝑉|. In contrast, figure 4.5C and 4.5D show results with opposite 

polarity, so the electric field is opposite to the diffusion currents. This is a reverse bias 

that is acting to prevent chitosan molecules from reaching the channel. Those few 

molecules lucky enough to arrive at the channel and become trapped in it will be 

dragged back to the side from which they entered by the electric field. The resulting  

𝑈(𝑡) function is noisy and does not exhibit a systematic |𝑉| dependence. This is 

because closed-channel events rarely occur, and the resulting statistical noise is large.  

The number of events is about 6-10% of previous cases. (Note, the gradient in chitosan 
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concentration, large because one chamber contains the given concentration and the 

other essentially none, drives the diffusion current and this persists despite the reverse 

bias, so the number of channel blocking events is not zero.) It is natural that 𝑘on[𝑐] 

increases with |𝑉| for forward bias. The probability of translocation should vary 

likewise. For reverse bias 𝑘on[𝑐] is understandably small (it should decrease further 

with |𝑉| but this effect might be lost in the noise) and backwards escape dominant.   

   

 

Figure 4.5 The trapping function 𝑈(𝑡) versus time 𝑡 with varying applied voltage |𝑉| 

= 50, 75, 100 and 125 mV. (A) and (B) The cationic chitosan hexaose was introduced 

to cis and trans chambers, respectively. The molecular diffusion current flows in the 

same direction to the ion current. (C) and (D) The cationic chitosan hexaose was 

introduced to cis and trans chambers, respectively. The molecular diffusion current 

flows in the opposite direction to the ion current.  

A B 

C D 
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4.2.2   The de-trapping function of charged chitosan 

 The plots in figure 4.6A and 4.6B are for cationic chitosan added to the cis 

side with negative applied voltage and trans side with positive applied voltage, |𝑉|= 

50, 75, 100 and 125 mV. This is forward bias, the ion current is in the same direction 

as the chitosan diffusion current. The results show the nonlinear 𝑡-dependence of the 

𝐵(𝑡) function that we have come to expect.  (In the case of the reverse bias, only a small 

number of brief closed channel events are seen, with all events lasting less than 2 ms, 

so we cannot see much from the de-trapping function.)  

 

Figure 4.6 The de-trapping function 𝐵(𝑡) versus time 𝑡 with varying applied voltage 

|𝑉| = 50, 75, 100 and 125 mV. (A) and (B) The cationic chitosan hexaose was 

introduced to cis and trans chambers, respectively. The molecular diffusion current 

flows in the same direction to the ion current. 

 
 In the small-𝑡 region, the results show that the slope B′(𝑡) decreases with 

the applied voltage |𝑉|. That is, increasing the forward bias reduces the rate of escape 

during the small-time region. This is an obvious indication that the escape occurring at 

small time is backwards escape. If it was translocation then the forward bias would help 

push molecules through rapidly and thus the trend would be opposite. The increase in 

A B 
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|𝑉| makes back-escape slower and less common because molecules have to overcome 

the bias in order to make their retreat. Along with this, we must have a complementary 

increase in the probability of translocation (there are only two options: translocation 

and backwards escape). For chitosan, B(t) 	must be dominated by backwards escape for 

𝑡 < 1 ms. 

 In the long-𝑡 regime, we fit 𝐵(𝑡) graphs with 𝐵(𝑡) ≈ 𝐵n(0) + 𝜆H𝑡. In the 

case of forward bias, the intercept of 𝐵∞(0) gets smaller as |𝑉| increases. The slope 

does not change much. The former is the required result of having a smaller number of 

events during the small-time region. The value of 𝑃=< increases rapidly with |𝑉| as 

shown in figure 4.7 (The error bars were obtained by selecting various possible high-t 

ranges to perform linear graph fitting.). At the same time, we know that the 

translocation probability 𝑃<, though it cannot be observed in the experiment, must be 

increasing. The applied voltage is pushing the chitosan through the channel. In 

equilibrium, for a model with a single trapping site in the middle of the channel (i.e. a 

symmetric situation), a molecule with charge 𝑞 is more likely to escape to the side with 

lower voltage 𝑉 by a factor exp(𝑞|𝑉|/𝑘𝑇) after being trapped. This factor is large, from 

7 to 400 for |𝑉| from 50 to 150 mV. Of course, in the model we consider below that 

has many trapping sites, those molecules that just entered one channel end must proceed 

through a series of other sites before achieving translocation. This gives a large 

statistical advantage to back escape, an advantage that the forward bias can only partly 

overcome.   
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Figure 4.7 The translocation probability in various 𝑉. (A) and (B) The cationic chitosan 

hexaose was introduced to cis and trans chambers, respectively. The molecular 

diffusion current flows in the same direction to the ion current.  

 
 The discussion about the 𝐵(𝑡) function above reveals that the physics of 

rapid escape processes in the small time regime is different from that of slow escape 

processes in long-time regime. The former rates are strongly voltage dependent, 

decreasing with the strength of the forward bias, the latter are nearly independent of 

voltage.  The former events occur less often with an increased forward bias, the latter 

occur more often. We can be reasonably sure that the small-time processes are 

backwards escape. The long-time processes are thus either translocation or a form of 

backwards escape that differs dramatically, and for an unknown reason, from 

backwards escape seen at earlier times. Obviously, translocations seem a much more 

likely explanation.   

 The rapid change of 𝐵(𝑡) at small time regime of chitosan hexaose data is 

mostly from backwards escape. The 𝐵(𝑡) function of neutral chitohexaose is 

qualitatively similar to that of chitosan hexaose, so it is reasonable to attribute the small-

time behavior of chitohexaose to backwards escape as well. The biological function of 

the channel is the translocation of chitohexaose. So, while the single channel current 

A 
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measurement provides no direct evidence of translocation (it cannot distinguish it from 

backwards escape) we may presume that translocation does happen. The small time 

regime is dominated by backwards escape, so translocation can only occur in the long-

time regime. From the 𝐵(𝑡) behavior of chitosan hexaose data, it is now more 

reasonable to claim that 𝑃=< ≳ 𝑃𝑇 for neutral chitohexaose as well. 

 

 Random walk model of intramonomer dynamics 

 For the random walk model of molecular dynamics in the molecule, we first 

suppose that a molecule that just entered the channel on one end has certain rate of 

escape backwards. We use the inverse of this initial backwards escape rate as a unit of 

time, and measured in this unit, time 𝜏 is dimensionless. At 𝜏 = 0, a sugar molecule is 

bound at position 𝛼 = 0, so the initial probability of finding the molecule at position a 

is g«(0) = 𝛿@«. This probability will change with time. To track this change and predict 

the resulting behavior of 𝐵(𝜏), we solve the rate equation, expressed in matrix form as: 

𝑑𝐠/𝑑𝑡 = 𝚲𝐠             (4.4), 

where 𝐠(𝜏) is a vector with components g«(𝜏) and 𝚲 is a matrix with all elements equal 

zero except Λ«,« = −Λ«I − Λ«b  and Λ«,«±H = Λ«±H∓  (that is, we assume a molecule can 

only move into adjacent sites, without skipping any). The solution of equation 4.4 is 

𝐠(𝜏) = exp(𝚲τ)𝐠(0), where the exponential of the matrix is shorthand for the 

Taylor series                                                                     

    exp(𝚲τ) ≡ 𝟏 + 𝚲𝜏 + 𝚲 ⋅ 𝚲 É�

i
+ ⋯                   (4.5) 

and 𝟏 is the 𝑁 × 𝑁 unit matrix. 



   

 

50 

 
 

 At small time 𝜏, the behavior of 𝐵(𝜏) is obtained from the first few terms of 

the Taylor series, which gives 

     𝐵(𝜏) ≈ 𝜏 − Λ@I
É�

i
+ Λ@I(Λ@I + ΛHb − 1)

Éã

R
+ ⋯		(small	𝜏).           (4.6) 

The first term describes molecules that escape backwards to the cis chamber 

immediately after entering the channel and trapping at 𝛼 = 0. The next few 

terms explain molecules that undergo short walks in the channel, taking a few 

steps in before eventually escaping backwards. There is no translocation 

possible at small time 𝜏.  Indeed, if there are 𝑁	trapping sites, arranged in series, then 

one does not see any translocation until the 𝑁𝑡ℎ  term in the Taylor series.  This means 

the effect of translocation on 𝐵(𝜏) , which is described by terms 𝜏U with 𝑛 ≥ 𝑁 , is 

negligible at small 𝜏 .   

 The solution can be written more generally as g«(𝜏) =

∑ 𝑢U,«𝑢U,@exp	(−𝜆U𝜏)U  with 𝐵(𝜏) = −ln𝑓H(𝜏) where 𝑓H(𝜏) = ∑UæH¤ 𝑝Uexp	(−𝜆U𝜏) 

and 𝑝U = (Λ@b𝑢U,@ + ΛçbHI 𝑢U,¤bH)𝑢U,@𝜆UbH where each 𝜆U is an eigenvalue of 𝚲	and	

𝑢U,«	 is	 the	𝛼th	component	of	 the	corresponding	eigenvector.	These	eigenvalues	

satisfy	∑𝜆U𝑝U = Λ@b.		

	 At long time 𝜏,	the sum of exponentials is dominated by the term with the smallest 

positive eigenvalue, which is denoted by 𝜆H. This gives	

  𝐵(𝜏) ≈ 𝐵n(𝜏) = 𝐵n(0) + 𝜆H𝜏 + ⋯			(large	𝜏)           (4.7), 

with  𝑃=< = exp¹−𝐵n(0)º = 𝑝H. 

 Sample numerical calculations of 𝐵(𝜏) and 𝑃<(𝜏) shown in figure 4.8 are for an 

arbitrary channel size 𝑁 = 20. There are four patterns of a dimensionless potential 

energy 𝑉« with zero potential outside the channel shown in this figure. These potentials 
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determine the hopping rates Λ«±. Pattern 1: 𝑉« = 0, so all Λ«±= 1. (This one can be 

solved analytically.) Pattern 2: 𝑉« = −1, giving fast intramonomer hopping with slower 

escape at each end of the channel. Pattern 3: a symmetric wedge potential with 𝑉« =

−0.1(𝛼 + 1) for 𝛼 < 𝑁/2. Pattern 4: an asymmetric wedge potential 𝑉« = −0.1(𝛼 +

1) for all 𝛼. Figure 4.8A, 4.8C, 4.8E and 4.8G are 𝐵(𝜏) functions for pattern 1 to 4, 

respectively. Figure 4.8B, 4.8D, 4.8F and 4.8H are 𝑃<(𝜏) results for pattern 1 to 4, 

respectively. 

 The results show that the behavior of 𝐵(𝜏) function from the calculation shown 

in figure 4.8 is similar to the behavior of 𝐵(𝑡) function from the experimental data 

shown in figure 4.3. 𝐵(𝜏) changes rapidly at small 𝜏 then flattens out, eventually 

increasing linearly with time at long 𝜏. The graphs in figure 4.8 show that 𝑃<(𝜏) is 

negligible at small 𝜏 then starts to increase at long 𝜏 which is in the same 𝜏 when 𝐵(𝜏) 

changes linearly. This can be implied that, at small t, the translocation does not occur 

and 𝐵(𝜏) accounts for only backwards escape.  
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Figure 4.8 The calculations of 𝐵(𝜏) and 𝑃<(𝜏) for 𝑁 = 20 trapping sites. A, C, E and 

G are 𝐵(𝜏), and B, D, F and H are 𝑃<(𝜏) in different patterns of effective potential 𝑉« 

(red lines). 
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 Figure 4.9 is the comparison between 𝑃< and 𝑃=< for the asymmetric wedge 

potential when 𝑁 =	5, 10 and 20. These two functions follow the same trend when 

varied with the wedge steepness Δ𝑉. In the difference of 𝑁, the value of 𝑃< is higher 

when 𝑁 is small at small Δ𝑉 then increasing to one value (𝑃< ≈ 0.6) at large Δ𝑉 for all 

𝑁. This trend is the same for 𝑃=< but the maximum value of 𝑃=< approaches 1 at large 

Δ𝑉. (This means that, for this wedged model at large steepness, all escape proceeds via 

the slowest rate but only 60% of these processes are translocation events, the rest are 

highly inefficient backwards escape.) The average time that the channel remains 

blocked 𝜏G increases rapidly with Δ𝑉. Figure 4.10 shows the rapid decrease of 1/𝜏G for 

𝑁 =	5, 10 and 20. 

 The results in figure 4.9 gives the obvious evidence for the connection between 

𝑃< and 𝑃=<. Both 𝑓H(𝜏) and 𝑃< are given by sums over eigenvalue n. If we approximate 

𝑓H(𝜏) and 𝑃< by giving 𝑛 = 1 term which is relevant to smallest eigenvalue, then 

   𝑃=< = p H
í{
u (𝑢H,@i Λ@b + 𝑢H,@𝑢H,¤bHΛ¤bHI )            (4.8) 

where the first term explains backwards escape to cis chamber in long-time 𝜏 and the 

second term explains translocation in long-time 𝜏, 

and 

   𝑃< ≈ p H
í{
u 𝑢H,@𝑢H,¤bHΛ¤bHI               (4.9) 

which is same as the second term in equation 4.8. These predictions for 𝑃=< and 𝑃< are 

equal if we make the assumptions that (i) the second term in equation 4.8 dominates 

over the first term and (ii) the sum over 𝑛 that determines 𝑃< is well approximated by 

its 𝑛 = 1 term. These two assumptions are seen below to be valid when 𝑉« is reasonable.



   

 

54 

 
 

 If 𝑉« = 0 and all hopping rates Λ«± are equal to one, we can solve the equations 

analytically. The eigenvalues are 

    𝜆U = 2 − 2 cos î Uï
¤IH

ð             (4.10) 

with 𝑛	 = 	1, 2, … , 𝑁 + 1 varying over a range of order 1/𝑁i and producing 𝑓H(𝑡) 

function with the same qualitative behavior as the data when 𝑁 is large. The weights 

𝑝U are 

𝑝U = cosi p Uï
i(¤IH)

u [1 − (−1)U].           (4.11) 

 From the analytic calculation, the result is 𝑃< = 1/(𝑁 + 1) and 𝑃=< = 4/(𝑁 + 1) 

when assuming 𝑁 ≫ 1. The first and the second terms in equation 4.8 are equal and the 

𝑛 = 1 term is twice as large as the full series giving 𝑃<. By combining the errors in 

both assumptions, 𝑃=< overestimates 𝑃< by a factor of 4. As shown in figure 4.9, 𝑃=< 

overestimates 𝑃< by a factor of 4, 2.6 and 2.2 when 𝑉« = 0. The estimate is more 

accurate when the steepness of asymmetric wedge potential Δ𝑉 increases. The value of 

𝑃=< overestimates (slightly) that of 𝑃< because all translocation are slow events but not 

all slow events are translocation. 

 𝑃=< generally provides the probability that a sugar molecule occupies the channel 

for a time much greater than that which is required for initial backwards escape. This 

parameter does not indicate whether a molecule will be translocated. In fact, if we make 

extreme choices for the potential 𝑉« then we can produce a large difference between 𝑃=< 

and 𝑃<. It happens that 𝑃=< ≫ 𝑃< and 𝑃< ≪ 1 for the effective potentials 𝑉« that pose 

large barriers for translocation. However, if we consider the biological function of the 

protein channel, which is designed to transfer sugar molecules, it seems unlikely that 

translocation would be prevented by a large energy barrier. Rather, if the potential 𝑉« 
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is chosen reasonably, then 𝑃=<	 	𝑃< are in good agreement. This can support our claim 

that the probability of translocation can be found from  𝑃=<.  

 

Figure 4.9 The calculations of  𝑃< (dash lines) and 𝑃=< (solid lines) varied with the 

wedge steepness for an asymmetric wedge potential when 𝑁 =	5, 10 and 20 (from top 

to bottom lines).  

 

Figure 4.10 The inverse of the average time that the channel remains blocked versus 

the wedge steepness for an asymmetric wedge potential. 𝑁 =	5, 10, 20 (from top to 

bottom line). 

⪆
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 The comparison of the translocation probability from different 

chitosugars 

 In this section, the results of 𝑘on[𝑐], 𝜏𝐶 and 𝑃=< in different EcChiP channel 

samples are discussed and the single-molecule dynamics is compared for different-

sized sugar molecules—namely chitohexaose and chitopentaose. The results of 𝜏𝐶, 

𝑈(𝑡) and 𝑘on[𝑐] are shown in figure 4.11, 4.12 and 4.13, respectively and the de-

trapping function 𝐵(𝑡) results are shown in figure 4.14 and 4.15. The results were 

obtained by introducing either chitohexaose and chitopentaose to one chamber with 

|𝑉| = 100 mV. 

4.4.1   The comparisons of average residence time and trapping rate in 

different channel samples and different lengths of sugar molecule 

 The residence time 𝜏𝐶, found by linear fitting for one sample, is 

approximately independent of sugar concentration [c]. The value of 𝜏𝐶 for chitohexaose 

is around five times larger than for chitopentaose. Also, 𝜏𝐶 is slightly larger when sugar 

is added to the cis chamber. By comparing three EcChiP channels, the results are 

qualitatively the same ([c]-independent) but differ over a range of about 30%. This is 

not surprising, the channels are extremely large molecules embedded in the lipid 

membrane, so channel characteristics are expected to vary for different channel 

insertions. The trapping rates 𝑘on[𝑐] for the three samples differ by about 30% (at the 

same concentration) with sugar in the cis chamber and by even more with sugar in the 

trans chamber. Also, 𝑘on[𝑐] changes linearly with [c] as expected. The values of 𝑘on[𝑐] 

for chitohexaose and chitopentaose are not significantly different. These results show 

that the difference in the channel samples is the largest source of uncertainty in trying  
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Figure 4.11 The average residence time 𝜏𝐶 in different channel samples and in various 

sugar concentration [c]. (A) and (B) The chitopentaose was introduced to cis and trans 

chambers, respectively. (C) and (D) The chitohexaose was introduced to cis and trans 

chambers, respectively. 

 

Figure 4.12 The trapping function 𝑈(𝑡) from three channel samples with adding 10 

μM chitohexaose on cis chamber. 

A B 

C D 
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Figure 4.13 The trapping rate 𝑘on[𝑐] in different channel samples and in various sugar 

concentration [c]. (A) and (B) The chitopentaose was introduced to cis and trans 

chambers, respectively. (C) and (D) The chitohexaose was introduced to cis and trans 

chambers, respectively. 
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to understand the characteristics of a given channel. Also, they show that the channel 

is approximately equally effective at trapping chitohexaose and chitopentaose. 

4.4.2   The comparison of translocation probability in different channel 

samples and different length of sugar molecule 

 The de-trapping function 𝐵(𝑡) with chitohexaose added to the cis chamber 

and the de-trapping function with chitopentaose added to the cis chamber, both at |𝑉| =

100 mV, are compared in figure 4.14. The de-trapping functions are approximately [c] 

–independent, so we chose [c] values that give largest useable time-ranges for these 

functions and the least noisy data. The probability 𝑓1(𝑡) decreases rapidly at low [c], 

when the total sample size of events is small, so higher [c] is more convenient. The 

results for high [c] are shown in figure 4.14B. There are clear differences in the plots 

for sugar introduced to different chambers and for different channel samples.  But, 

qualitatively, the results are the same regardless of these details.  

 The slope of 𝐵(𝑡) in the long-time region is similar for chitohexaose and 

chitopentaose. In the small-time regime, the 𝐵(𝑡) function increases much more rapidly 

for chitopentaose than it does for chitohexaose. This results in 𝑃=< being much larger for 

chitohexaose compared to chitopentaose. From the results shown in figure 4.14B, 

𝐵∞(0) of chitohexaose and chitopentaose are about 1.6 and 3.8, respectively. So 𝑃=< of 

chitohexaose and chitopentaose are approximated to be 0.2 and 0.02, respectively. 

 The rapid escape probability of chitopentaose is high when it is trapped 

within the EcChiP channel. The chitohexaose molecules are less likely to escape so 

rapidly and have a high probability to occupy the channel for a time longer than 10 ms 

or so. Under the assumption 𝑃𝑇 ≈ 𝑃=<, chitohexaose is expected to be transported 

through the channel ten times more rapidly at low [c] according to 𝑄𝑇 = 𝑘on[𝑐]𝑃𝑇/(1 +
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𝐾). It is noteworthy that, within this picture, the EcChiP channel transports 

chitohexaose more effectively because it permits less chitohexaose molecules to escape 

(rapidly) backwards.   

 

  

Figure 4.14 The de-trapping function B(t) versus time 𝑡 with chitohexaose and 

chitopentaose addition on cis chamber. (A) Sugar concentration [c] = 2.5, 5 and 10 μM. 

(B) Sugar concentration [c] = 10 μM. 

 

  

Figure 4.15 The de-trapping function B(t) versus time 𝑡 with 10 μM chitohexaose 

addition in three channel samples. (A) Chitohexaose was added on cis chamber. (B) 

Chitohexaose was added on trans chamber. 
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A B 



   

 

61 

 
 

 Voltage-dependent trapping dynamics for neutral chitohexaose 

 Chitohexaose is not a charged molecule; however, the measured 𝐵(𝑡) function is 

dependent on applied voltage. The voltage dependence is different to that seen for the 

charged chitosan hexaose molecule. Indeed, the de-trapping function for the neutral 

molecule appears to be sensitive to the magnitude of the applied voltage but not its sign 

(i.e. polarity). This voltage dependence of chitohexaose translocation came as a 

surprise, since we expected the neutral molecule to be little affected by the voltage. To 

interpret the |𝑉|-dependence, we developed the theoretical picture that was discussed 

briefly in a previous chapter. We consider the 𝑉-dependence of chitohexaose 

translocation here in more detail.   

 The plot of the data, with sugar on either the cis and trans chamber, is shown in 

figure 4.16. The plots appear to exhibit a rough mirror symmetry in the 𝑘on[𝑐] 

qualitative results dependence.  Recalling that changing sugar from the cis to trans sides 

is equivalent to switching the polarity of the applied voltage, it appears that the trapping 

depends on |𝑉|, the magnitude of the voltage. While the data is rough, it looks like the 

trapping rate would have its smallest value at zero voltage. (We cannot do the 

measurement at zero voltage since we are detecting changes in the ion current—but the 

extrapolation of our finite-V results gives this impression.) Moreover, 𝑘on[𝑐] has its 

largest value when the electric field is large and in the same direction as the molecular 

diffusion current (𝑉 < 0 for sugar in the cis chamber and 𝑉 > 0 for sugar in the trans 

chamber). The results in figure 4.17 shows that 𝜏𝐶 decreases with |𝑉|. 
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Figure 4.16 The trapping rate 𝑘on[𝑐] versus 𝑉. In (A) and (B) 5 μM chitohexaose was 

introduced to cis chamber and trans chamber, respectively. 

 

 

  

 

Figure 4.17 The average residence time 𝜏𝐶 versus 𝑉. In (A) and (B) 5 μM chitohexaose 

was introduced to cis chamber and trans chamber, respectively.  

A B 

A B 
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 The experimental data obtained with chitohexaose on the cis side and that with it 

on the trans side, for an applied voltage  ±25, ±50, ±75, ±100, ±125 and ±150 mV were 

analyzed. The results of the de-trapping function 𝐵(𝑡) are shown in figure 4.18. From 

the plots, the 𝐵(𝑡) curves are dependent on applied voltage but the escape rate B′(𝑡) in 

the long-time region is approximately independent of voltage. The dependence occurs 

at small times. B′(𝑡) at small times increases with the magnitude of the applied voltage. 

Consequently, 𝑃=< decreases with |𝑉| when 𝑃=< = exp[−𝐵∞(0)] as shown in figure 4.19.  

 For chitohexaose translocation, the dependence of 𝐵′(0) on |𝑉| in small-time 

regime suggests an induced polarization effect. The electric field in the channel with 

the length 𝑎 ≈ 4 nm is supposed to be large and constant: �𝐸�⃗ � ≈ 𝑉/𝑎 , so we suppose 

that it results in some average polarization density 𝑃 = 𝜀@𝜒𝐸 within the channel. If the 

polarization of a channel blocked by a sugar molecule is different from an open channel, 

then there will be a change in electrostatic energy is when the channel becomes 

unblocked, given by  

    Δ𝐸 = −𝜀@𝜒G p
�
z
u
i
Δ𝛺            (4.12) 

where ∆Ω is a parameter with the dimension of volume that is used to account for the 

polarization change. (Any change in the susceptibility Δ𝜒 can be absorbed into Δ𝛺 then 

𝛥𝜒 ≈ 𝜒GΔ𝛺 where 𝜒𝑐 is the electric susceptibility for closed-channel state). 

 The reaction rate 𝐵′(0) of changing the state from a closed to channel is 

determined, according to reaction-rate theory, by a Boltzmann factor dependent on the 

energy difference between these states. That is, we expect the reaction rate to be given 

by the Arrhenius equation as given in equation 4.13. 

            𝐵′(0)|𝑉 ≈ 𝐵′(0)|𝑉=0exp ö
𝐶𝑉2

𝑘𝐵𝑇
÷                      (4.13) 
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where 𝐶 = �d��
z�

ΔΩ is a constant. For positive ∆Ω values, equation 4.13 predicts that 

the rapid escape rate 𝐵′(0)|𝑉 will increase with |𝑉|.  

 

  

 

 

Figure 4.18 The de-trapping function 𝐵(𝑡) versus time 𝑡 with 5 μM chitohexaose when 

|𝑉| 	= 25, 50, 75, 100, 125 and 150. (A) The chitohexaose was introduced to cis 

chamber when 𝑉 > 0 mV. (B) Same as (A) but 𝑉 < 0 mV. (C) and (D) are same as (A) 

and (B), respectively but the chitohexaose was introduced to trans chamber. 
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Figure 4.19 The translocation probability 𝑃=< versus 𝑉. (A) 5 μM chitohexaose was 

introduced to cis chamber. (B) 5 μM chitohexaose was introduced to trans chamber 

 

 It is suggested by Schwarz and his team that a 𝑉-dependent 𝜏𝐶 of sugar 

translocation by LamB may be from a transition of an open monomer to a different 

configuration with a reduced sugar-binding affinity (i.e., a gating transition) in addition 

to a dipole energy effect (Schwarz et al., 2003). If the ion conductance of different 

configurations is different, then the ion current would not follow the Ohm’s law. This 

is not consistent with our results, since the ion current does obey Ohm’s law as shown 

in figure 4.20, so our results do not appear compatible with this suggestion. 

A 

B 
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 At long-time regime, the escape rate 𝜆H (the slope of 𝐵(𝑡) function) is 

approximately independent of |𝑉|. When a sugar molecule moves deeper inside the 

channel, it is not susceptible to backwards escape anymore. If the molecule travels to 

the opposite chamber, then the final escape rate would be enhanced by |𝑉|. However, 

if the passage through the channel on the way to translocation (as opposed to the final 

escape from the far end of the channel) is rate-limiting, then the escape rate 𝜆H would 

be independent of voltage. Thus, the results appear to be compatible with this rough 

theoretical picture. (One might also consider that a molecule that just entered the 

channel could be ‘hanging out’ of the channel into the ambient solution, and thus 

susceptible to different electrostatic considerations than a molecule deep within the 

channel.)  

 

Figure 4.20 The average current 𝐼@ when an EcChiP channel is unblocked versus 

applied voltage V. 2.5 μM of Chitohexaose is added on trans chamber. The plot follows 

Ohm’s law that 𝐼 = 𝐺𝑉 where 𝐺 is conductance. The graph fitting gives 𝐺 is equal to 

0.48 nS. 
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 Discussion 

 The trapping function 𝑈(𝑡) is derived from the probability that a channel remains 

open for time greater than 𝑡, 𝑓@(𝑡), as 𝑈(𝑡) = −ln	(f@(t)). Our results of chitohexaose 

translocation show that this function changes linearly with 𝑡, so 𝑓@(𝑡) is a single 

exponential and the statistics of trapping can be characterized by a single value. A slope 

of 𝑈(𝑡) versus 𝑡 is 𝑈v(𝑡) = 𝑘45[𝑐] which is a [c]-dependent trapping rate and 𝑘45 is 

approximately constant with varying [c]. This rate depends on the applied voltage 𝑉 

but it is roughly the same whether sugar addition is on cis or trans sides. The value of 

𝑘45 is of order 2 × 10ù	MbHsbH for 𝑉 = 100 mV. This value is close 𝑘45 for one 

monomer of VhChiP. 

 The de-trapping function 𝐵(𝑡) is derived from the probability that a channel 

remains close for time greater than 𝑡, 𝐵(𝑡) = − ln 𝑓H(𝑡), and behaves very differently 

than 𝑈(𝑡). The slope of 𝐵(𝑡) is not constant with 𝑡, so 𝐵(𝑡) is not linear and 𝑓H(𝑡) is 

not a single exponential. This means the statistics of escaping requires more than one 

parameter (the value of 𝜏>  or its inverse 𝑘4~~ = 1/𝜏>  is not sufficient) to characterize 

it. The shortest duration of events that can be measured in our setup is 𝑡²³5. The escape 

rate for a molecule trapped for only 𝑡²³5 is of order 1 msbH. A molecule that has already 

been in the channel for tens of milliseconds exhibits a much slower escape rate of 𝜆H ≈

10	sbH. 

 The average time that a chitohexaose molecule remains bound 𝜏>   varies from 

sample to sample. Our results show that 𝜏>  depends on applied voltage 𝑉. For 𝑉 =

−100 mV, 𝜏>  is of order 20 ms. The results are not much different between sugar added 

on the cis and trans sides. When 𝜏G is combined with 𝑘45 as 𝑘45𝜏> , the value of 𝑘45𝜏>  

is of order 10ù	MbH.  
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 The results of 𝐵(𝑡) provide that 𝑓H(𝑡) is not a single exponential function. This 

means that a model of the channel with a single trapping configuration is not sufficient 

to account for the behavior. We had to consider models with multiple trapping 

configurations.  These are hidden-Markov models because we cannot see, by measuring 

the current, which configuration the system is in. We see only that the channel is 

blocked.  

 As a model capable of explaining the non-linear 𝐵(𝑡) function, we used a one 

dimensional lattice of trapping sites that a sugar molecule encounters in series. The 

molecule makes a random walk through this series of trapping sites. We suppose that 

there are 𝑁 trapping sites located along the channel length. Solving the mathematical 

model, we find 𝑁	 different escape rates (these escape rates are eigenvalues of the 

corresponding rate equation—they correspond to particular walks involving moving in 

and out of individual trapping sites). Thus the probability 𝑓H(𝑡) can be written as a 

weighted sum over many 𝑁 exponentials, each with a different decay rate. The de-

trapping function 𝐵(𝑡) is non-linear and, in fact, in qualitative agreement with the 

experimental data. At small 𝑡, 𝐵(𝑡) increases rapidly since the immediate backwards 

escape rate is high. For longer 𝑡, a molecule moves deeper into the channel, so it is 

more difficult to escape. This causes the reduction of the escape rate. However, the 

molecule can move to both cis and trans chambers. At long-𝑡, 𝐵(𝑡) shows the linear 

relation with 𝑡. Therefore, 𝑓H(𝑡) in this t regime is a single exponential with the escape 

rate 𝜆H. If this one-dimensional model is applicable, we can possibly estimate the 

probability of translocation from 𝐵(𝑡) versus 𝑡 graph. 

 We mention that the transition probability 𝑃< cannot be directly obtained from 

the current data; however, 𝑃< can be inferred from 𝐼(𝑡) data based on these three points. 
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(i) 𝐵(𝑡) is dependent on 𝑡 and the behavior of 𝐵(𝑡) is consistent with the multiple 

trapping configuration model that predicts backwards escape at small 𝑡 and 

translocation at long 𝑡. (ii) 𝐵(𝑡) from charged chitosan hexaose experiments is also 

dependent on 𝑡 in the same way as seen in the neutral chitohexaose experiments—but 

for the charged molecules we can control which way molecules move using the applied 

potential. The small-𝑡 behavior of 𝐵(𝑡) for charged chitosan is dominated by backwards 

escape. It is plausible, then, that a similar interpretation for the neutral chitohexaose is 

correct. (iii) An EcChiP channel in E. coli can be expressed when it is surrounded by 

the environment lacking any nutritional source but chitosugar. The average binding 

characteristics 𝑘45 and 𝜏>  of this channel are similar to these parameters of other 

chitosugar transport, so it is likely that the translocation of chitohexaose occurs with 

the reasonable efficiency. By combining these points, we imply that there is 

translocation happening only at long 𝑡 and the translocation probability 𝑃< is similar to 

the parameter 𝑃=<, which can be obtained from the experimental data. 

  

 

 



 

 

CHAPTER V 

CONCLUSION 

 

 In this study, we looked at properties of the EcChiP channel, which is a 

monomeric protein channel used by bacteria to translocate chitosugars inside their cell 

bodies from the environment.  This particular channel is associated with a gene that is 

usually silent in E. coli. Under normal circumstances, the E. coli. rely on glucose in 

their environment and use glucose-specific channels to uptake this sugar. But in a 

bacteria population deprived of glucose, the silent gene for EcChiP will be expressed 

and the bacteria will start to use this channel to uptake chitosugars, an alternative 

nutritional source.   

 We looked at the electric current 𝐼(𝑡) carried by ions in solution that flowed 

through a single EcChiP channel in an artificial cell membrane. With chitosugars in the 

solution, the current 𝐼(𝑡) reveals the motion of single sugar molecules: when a molecule 

becomes trapped in the channel the current drops and when the molecule escapes, i.e. 

is ‘de-trapped’, from the channel the current is recovered.      

 To interpret the 𝐼(𝑡) data we introduced a trapping function, 𝑈(𝑡) and de-trapping 

function 𝐵(𝑡). The trapping function is the logarithm of the probability that the channel 

remains open (and the current large) for longer than time 𝑡 while the de-trapping 

function is the logarithm of the probability that the channel remains blocked longer than 

𝑡. The slope 𝑑𝑈(𝑡)/𝑑𝑡 is the rate at which a channel that has been unblocked for time  

𝑡 will trap a sugar molecule, while 𝑑𝐵(𝑡)/𝑑𝑡 is the rate at which a channel blocked for
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time  𝑡 will de-trap the molecule. 

 We found that 𝑈(𝑡) is linear in time, so there is a single trapping rate 𝑈v(𝑡) =

𝑘ÊU[𝑐] that increases with sugar concentration [𝑐]. The trapping rate we found is similar 

to that observed in comparable channels. The de-trapping function 𝐵(𝑡) is non-linear: 

it increases rapidly at small times then flattens out, becoming linear with a relatively 

small slope 𝜆H at long times. This means that there are many different de-trapping rates 

𝐵v(𝑡), the slowest among them being 𝜆H. The rate at which a sugar molecule escapes 

decreases with time (i.e. molecules long held captive have the lowest escape rate).   

 In trying to understand the 𝐵(𝑡) behavior, especially that obtained for charged 

chitosan molecules where the motion of the sugar can be controlled by an applied 

voltage, we suggested that the rapid increase of 𝐵(𝑡) at small-𝑡 is dominated by 

backwards escape processes: the sugar retreats to the side of the channel from which it 

entered. Translocation events, where the sugar properly moves from one channel end 

to the other, likely occur at long-𝑡 with an associated rate 𝜆H.   

 This picture is supported not only by the data itself (e.g. an applied forward bias 

pushing charged sugar molecules through the channel resulted in a decrease in the 

small-time escape rate, which is only possible if the latter was mainly backwards 

escape) but by the results of a random-walk simulation, in which the channel is modeled 

as a 1D series of trapping sites through which a sugar molecule moves. Its significance 

is that it means it is possible to obtain an indirect experimental measure of 𝑃<, the 

probability that sugar translocates through the channel rather than escaping backwards, 

from the current data. This parameter is a key property determining the efficacy of the 

channel, i.e. the rate 𝑄< of sugar transport through the channel, which is not directly 

observable in the experiment.    
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 Our proposal is that the extrapolated linear intercept of the 𝐵(𝑡) curve provides a 

reasonable probability of the translocation probability 𝑃<. In the context of model 

calculations, the intercept actually tells us the probability that a sugar molecule will 

escape the channel via the slowest of all escape processes (as opposed to escaping via 

a faster mechanism). But the data on charged chitosan, along with plausible 

assumptions about the channel itself, make it clear that backward-escape processes are 

faster than translocation. Backwards escape can occur immediately after trapping, 

whereas translocation is delayed by the time required for passage through the long 

narrow channel. Thus, slow escape is suggestive of successful escape, i.e. translocation.       

We used this line of reasoning to study various properties of the exotic channel EcChiP, 

including its specificity to different-sized chitosugars and its dependence on applied 

potential. Moreover, our analysis is quite general, being based on extremely simple 

models, with a minimal number of assumptions. It can likely be applied to understand 

other problems in channel transport. 
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