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Abstract

The cell wall of the Gram-positive mycolic acid-containing actinomycete Dietzia maris was found to contain a pore-forming protein, as observed from reconstitution experiments with artificial lipid bilayer experiments in the presence of cell wall extracts. The cell wall porin was purified to homogeneity using different biochemical methods and had an apparent molecular mass of about 120 kDa on tricine-containing sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). The 120 kDa protein dissociated into subunits with a molecular mass of about 35 kDa when it was heated to 100 ºC. The 120 kDa protein formed ion-permeable channels in lipid bilayer membranes with a high single-channel conductance of about 5.8 nS in 1 M KCl. Channel-formation was very frequent and the lifetime of the pores was very long. Asymmetric addition of the cell wall porin to lipid bilayer membranes resulted in an asymmetric voltage-dependence. Zero-current membrane potential measurements with different salt solutions suggested that the porin of D. maris is cation selective because of negative charges localized at the channel mouth. Analysis of the single-channel conductance using non-electrolytes with known hydrodynamic radii indicated that the diameter of the cell wall channel was about 2.1 nm. The channel characteristics of the cell wall porin of D. maris were compared to those of other members of the mycolata. They share some common features because they are composed of small molecular mass subunits and form large and water-filled channels.  

Introduction


Dietzia maris was originally known as Rhodococcus maris [1] but later was classified as a species of the new genus Dietzia. This genus has now been placed into the family Dietziaceae within the suborder Corynebacterineae of the Actinomycetales [2,3]. Dietzia maris is a Gram-positive, aerobic, non-spore-forming soil bacterium which forms cocci that can develop into short rods [4]. In addition to the possibility of playing a role in waste water treatment and its presence in activated sludge [5], it has been also reported that D. maris has a potential application in bioremediation of soil environments [6] and as a producer of the antioxidant canthaxanthin [7]. Dietzia sp. are only rarely reported as pathogens although they may often be misidentified, notably as rhodococci [2,8].
D. maris belongs to the mycolata, the widespread group of mycolic acid-containing actinomycetes [2,4,9]. These bacteria produce cell walls of a unique structure with low permeability that contains large amounts of lipids on top of the peptidoglycan layer in form of 2-branched, 3-hydroxylated fatty acids, the mycolic acids. The mycolic acids are covalently linked to the arabinogalactan attached to the murein of the cell wall [10,11]. There is some evidence suggesting that this structure has a low permeability because the mycolic acids represent a hydrophobic barrier [12-14]. This means that the mycolic acid layer has the same function as the outer membranes of Gram-negative bacteria, which contain porins for the passage of hydrophilic solutes. Accordingly, channel forming proteins with characteristics similar to porins of their Gram-negative counterparts have been identified to exist in the cell walls of some members of mycolata. They are responsible for the uptake of hydrophilic compounds across the mycolic acid layer. Cell wall channels of different mycolata have been characterized in recent years including Mycobacterium chelonae and Mycobacterium bovis [15,16], Nocardia farcinica [17,18] Corynebacterium diphtheriae, Corynebacterium glutamicum, Corynebacterium amycolatum [19-23], Rhodococcus equi [24] and Rhodococcus erythropolis [25].
Relatively little is known about the cell envelope of D. maris beyond the presence of arabinoglactan and relatively short mycolic acids with 34-38 carbon atoms and an apparently truncated lipoglycan [26]. In this study, we identified a channel from the cell wall of D. maris. A protein responsible for channel formation was identified with a molecular mass of about 120 kDa, which may be formed from a homooligomer of smaller polypeptides similar to the situation in other members of mycolata, where the cell wall channels are frequently formed by oligomers [18-21] According to results of the lipid bilayer conductance measurements, the cell wall channel of D. maris is wide, water filled and has a high preference for the passage of cations.
Results and Discussion
Isolation and purification of the pore-forming protein from whole D. maris cells
Treatment of whole cells of representatives of the mycolata with different detergent containing buffers has been shown to provide an efficient and simple way to isolate pore-forming proteins from the cell wall [17]. The use of a number of different detergents allows the removal of the more soluble cell wall components to obtain large amounts of the porin. Here we used a similar method for isolation of the protein responsible for pore-forming activity in D. maris. The cell wall proteins were extracted with different detergents such as LDAO or Genapol X-80 and the supernatants were inspected for pore-forming activity. Addition of the extracts to lipid bilayer membranes resulted in a very fast reconstitution of channels and the highest pore-forming activity was present in the final supernatant containing 1% Genapol, 10mM Tris-HCl, pH 8. SDS-PAGE of the corresponding supernatant demonstrated that it contained a predominant protein band with an apparent molecular mass of 120 kDa and a few other bands. Identification and further purification of the pore-forming protein were achieved by excision of different molecular mass bands from tricine-containing preparative SDS-PAGE gels and their extraction with 1% Genapol, 10mM Tris-HCl, pH 8 overnight at 4°C. The highest pore-forming activity was observed for the 120 kDa band (Fig. 1). To confirm whether the 120 kDa protein forms an oligomer, the protein was boiled at 100ºC for 10 min in sample buffer containing 8 M urea. SDS-PAGE of resulting sample showed that the 120 kDa band was composed of subunits with a molecular mass of about 35 kDa (data not shown).
Interaction of the 120 kDa protein from the cell wall of D. maris with lipid bilayer membranes
We performed lipid bilayer measurements to study the interaction of the 120 kDa cell wall protein with artificial membranes. Membranes were formed from a 1% (w/v) solution of diphytanoyl phosphatidylcholine dissolved in n-decane. Increase of conductance was not sudden but was observed as a function of time after the addition of the porin to the aqueous phases on one or both sides of membranes in the black lipid state. Alternatively the porin could be added to the aqueous phase prior to membrane formation but in this case no defined sidedness was possible. 
When different molecular mass regions were excised from the same SDS-PAGE, highest pore-forming activity was always observed for the 120 kDa band. Addition of the pure 120 kDa protein in a very low concentration to the aqueous phase bathing black lipid membranes resulted in a very strong increase of the conductance. Nevertheless, we also observed a small pore-forming activity smeared across the molecular mass region between about 35 and 120 kDa. This result suggested that the 120 kDa band could be an oligomer of smaller polypeptides. Control experiments with the detergent Genapol at the same concentrations as with the protein confirmed that the membrane activity was caused by the presence of the cell wall porin and not by the detergent. 
Single-channel analysis
In single-channel experiments, we observed a considerable increase of the specific conductance of the lipid bilayers in the presence of the purified cell wall porin. The addition of lower concentrations (10 ng/ml) of the cell wall porin to lipid bilayers made of diphytanoyl phosphatidylcholine/n-decane allowed the resolution of stepwise conductance increases. Fig. 2A shows a single-channel recording of the D. maris 120 kDa porin activity, 5 min after the addition of the protein to a lipid bilayer membrane. Each step indicated the incorporation of one channel forming unit into the membrane. All the steps were directed upwards, which demonstrated that the channels were always in the open state and had a long lifetime. Fig. 2B shows a histogram of all conductance steps observed in reconstitution experiments with the 120 kDa protein in 1 M KCl and a voltage of 20 mV. The most frequent value for the single-channel conductance of the 120 kDa protein was 5.75 nS. 

The single-channel conductance of the pore-forming protein from D. maris was also studied as a function of different KCl concentrations (see Table 1). The results clearly demonstrated that the conductance was not a linear function of the KCl concentration in the aqueous phase suggesting that the channel contained either a binding site for cations or anions or that the channel contains point charges. Single-channel experiments were also performed with salts other than KCl to obtain information on the size and selectivity of the channels formed by PorADM. The results are also summarized in Table 1. The conductance sequence of the different salts within the channel was KCl ≈ KCH3COO > LiCl. This means that the influence of cations of different size and mobility on the conductance was quite substantial suggesting cation-selectivity of the PorADm channel (see Table 1).
Selectivity measurements
Further information about the structure of the 120 kDa porin of D. maris was obtained from zero-current membrane potential measurements in the presence of salt gradients. Fivefold salt gradients (100 mM versus 500 mM) were established across lipid bilayer membranes in which about 100 to 1000 PorADm channels were reconstituted. This gradient resulted in an asymmetry potential of 20.7 (±2.4) mV at the more dilute side of the membrane (mean of 3 measurements). This result indicated preferential movement of potassium ions over chloride through the channel at nearly neutral pH. The zero-current membrane potentials were analyzed using the Goldman-Hodgkin-Katz equation [27]. The ratio of the potassium permeability, PK, divided by the chloride permeability, PCl, was about 6.7 (mean of 3 measurements), indicating a relatively high cation selectivity of the channel formed by PorADm. This result was confirmed by measurements with LiCl and potassium acetate where we observed, under the same conditions as for KCl, asymmetry potentials of 19.7 and 24.7 mV at the more dilute side, respectively for fivefold salt gradients (see Table 2). The corresponding ratios of cation permeability Pcation divided by anion permeability Panion were 4.6 for LiCl and 7.3 for potassium acetate. This suggested that size and mobility of cations and anions influenced the cation selectivity of PorADm, which is in agreement to the situation observed previously for wide water-filled cell wall channels of Gram-positive bacteria, where size and hydration shell of the ions influence selectivity [17,19,28,29]
The cell wall channel of D. maris is cation selective

Similar to channel formed by other cell wall porins such as those from M. smegmatis [30], M. chelonae [31] and N. farcinica [32], the cell wall channel of D. maris is cation selective. This cation selectivity is based on the presence of point charges at the channel mouth because the single channel conductance was dependent on the square root of the cation concentration as the data of Table 1 clearly indicated [33]. A best fit of the concentration dependence of the single channel conductance given in Table 1 was obtained by using the formula of Nelson and McQuarrie [34] and assuming that 2.4 negatively charged groups (q = -3.84 x10-19 As) are located at the pore mouth and that its radius is approximately 1.1 nm. The results of Fig. 3 show that a reasonable fit of the experimental data is achieved for these parameters. Fig. 3 also demonstrates that the influence of the surface charges is rather small at high ionic strength. When the single-channel conductance is corrected for the presence of point charges at the channel mouth, it is a linear function of the aqueous salt concentration (dashed line in Fig. 3).

The negative potential at the mouth of the channel has important implications on the function of the cell wall channel of D. maris. At a concentration of 100 mM KCl or NaCl, the potential is approximately ‑39.7 mV at the channel mouth (as calculated from the Nelson and McQuarrie formula) [34]. This means that the concentration of monovalent cations is increased there to 470 mM (bulk concentration 100 mM; calculated according to 
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. This means that under physiological conditions the channel conducts cations approximately 20-times more than anions of the same aqueous mobility without being really selective for cations due to the presence of a selectivity filter for cations. Similar considerations apply to the discussion of the zero-current membrane potentials, i.e. only part of the full bulk aqueous gradient drops across the channel. It is noteworthy that also other cell wall porins form channels that are influenced by point charges [17,21,30,31].
The channel formed by the 120 kDa protein is voltage dependent in an asymmetric manner
In single-channel recordings the PorADm channel exhibited some flickering at higher voltages, i.e. it showed rapid transitions between open and closed configurations. This could be caused by its voltage-dependent closing. To study this effect in more detail we increased in multi-channel experiments the voltage across the membranes. PorADm was added at a concentration of 100 ng/ml to one side of a black diphytanoyl phosphatidylcholine/n-decane membrane (the trans-side) and the conductance increase was followed for about 30 minutes. After this time the reconstitution rate of PorADm decreased significantly and we applied different negative and positive potentials (with respect to the cis-side, the side opposite to the addition of PorADm) to the membrane, starting from ±120 mV. Then we repeated the experiment with ±20, ±30, ±40 up to ±100 mV. The membrane current started to decrease when the voltage at the cis-side exceeded +20 mV. For negative potentials at the cis-side the current was voltage-independent up to -60 mV. Only for voltages more negative than -70 mV was a decrease was observed. The data of the voltage-dependence experiments were analyzed in the following way: the membrane conductance (G) as a function of voltage, Vm, was measured when the opening and closing of channels reached an equilibrium, i.e. after the exponential decay of the membrane current following the voltage step Vm. G was divided by the initial value of the conductance (G0, which was a linear function of the voltage) obtained immediately after the onset of the voltage. The data in Figure 4 correspond to the asymmetric voltage-dependence of PorADm (mean of three membranes) when the protein was added to the trans-side. This result indicated full asymmetric insertion of PorADm into the membranes when it was added to only one side. The addition of the protein to both sides of the membrane resulted in a symmetric response to the applied voltage (see Figure 4).  

Estimation of the diameter of the cell wall porin of D. maris

Experiments with non-electrolytes (NEs) can be used to provide an estimation of the effective pore diameter of a channel [35-41]. This method was also applied to the conductance of the PorADm channel. The 1 M KCl solution was supplemented for these experiments with 20% (w/v) NEs with different molecular masses ranging from 62 Da (ethylene glycol) to 3 kDa (PEG 3000). This means that the NEs had molecular radii between 0.26 nm to 1.44 nm (see Table 3). The results of single-channel conductance measurements with these NEs suggested that large NEs with hydrodynamic radii between 1.22 and 1.44 nm (PEG 2000 and PEG 3000) did not enter the PorADm channel and showed only little or no effect on its conductance. However, in the presence of small NEs with hydrodynamic radii up to 0.80 nm, the single-channel conductance of PorADm decreased approximately proportional to that of the bulk aqueous conductivity (Table 3). Histograms of four representative NEs measurements together with the recordings of single-channel traces are illustrated in Figure 5. For PEG 1000, (hydrodynamic radius 0.94 nm) the single-channel conductance decreased but notably much less than that of the specific conductivity of the aqueous bulk solution (see Table 3 and Fig. 5). These data indicated only partial filling of the PorADm channel with the corresponding NE [35] suggesting that non-electrolytes with a much larger hydrodynamic radius than 0.94 nm were not able to enter the cell wall channel, thus showing no reduction in the pore conductance. In contrast, non-electrolytes with a hydrodynamic radius of 0.8 nm or smaller could enter and presumably also pass through the channel (Table 3). To characterize the pore size of PorADm in more detail, its conductance dependent on the different NEs was plotted as a function of their molecular masses and hydrodynamic radii following established procedures [42]. The ratios of the single-channel conductance in the presence of NEs to that in the absence of NEs as a function of the molecular mass and the NEs radii are shown in Fig.6. The obtained results suggested that NEs with a mean molecular mass (Mr) of ≤ 600 g/mol and a hydrodynamic radius (r) ≤ 0.8 nm enter fully the channel whereas NEs with a Mr ≥ 2000 g/mol and r ≥ 1.22 nm cannot enter the PorADm channel. The results of these measurements suggested that the entrance diameter of PorADm is around 2.1 nm.

Comparison of the cell wall channel properties of D. maris and other mycolata
The cell envelope of D. maris and members of the closely related genera Corynebacterium, Mycobacterium, Nocardia and Rhodococcus are similar in the composition and organization of the cell wall, with an asymmetric outer lipid layer defined by the presence of mycolic acids [10,11]. Therefore, it is expected that the porins in the cell wall of these bacteria share some common properties (Table 4). These include that they are typically composed of small molecular mass subunits and form large and water-filled channels. These common properties seem to be a characteristic for the cell wall porins of mycolata. However, some exhibit cation selectivity (as in D. maris) whereas others are anion selective, although it is likely that each organism will possess channels with both types of selectivity in order to facilitate uptake of the full range of hydrophilic solutes. More interestingly, some porins appear to work as hetero-oligomers [47,48] whereas others form likely homo-oligomers [49] .
Materials and Methods 
Bacterial strain and growth conditions
D. maris DSM 43672T cells were grown in GYE Glucose-Yeast Extract medium (10 g Glucose and 10 g Yeast Extract per L distilled water), pH 7.2 at 28 ºC with shaking. Cells were checked for purity and harvested by centrifugation at early stationary phase. The cells were washed twice with sterile distilled water and lyophilized. 

Isolation and purification of the channel-forming protein from the cell wall
For purification of the cell wall porin, we used the same method used for the extraction of the cell wall channel of N. farcinica [17]. The method is based on the use of different detergents to remove most of the soluble cell wall molecules. In the first two steps (I and II), the lyophilized cells were washed in 10mM Tris-HCl, pH 8.0 followed by centrifugation at 4000 rpm in an Eppendorf 5810R centrifuge (rotor A-4-81) for 10 min. The pellet was then treated with two different washing steps (steps III and IV) using 0.2 % SDS, 1% Genapol and 10 mM EDTA followed by centrifugation (11,000 rpm in an Eppendorf 5415R microcentrifuge, 4°C) the final pellet was homogenized in 1% Genapol and 10 mM Tris-HCl, pH 8 for 20 h at 50ºC under agitation. Pore-forming activity was present in the resulting pellet and in its supernatant. 

SDS-PAGE
Analytical and preparative SDS-PAGE was performed according to Laemmli [50]. Because of the low resolution of this gel system for observation of low molecular mass proteins, tricine containing gels were used as described by Schägger [51]. The gels were stained with Coomassie brilliant blue, Colloidal Coomassie blue [52] or with silver stain [53]. 
Lipid bilayer experiments
The methods used for the lipid bilayer measurements have been described previously in detail [54]. A Teflon chamber was divided into two compartments connected by a small circular hole with a surface area of about 0.4 mm2. Black lipid bilayer membranes were obtained by painting a solution of 1% (w/v) diphytanoyl phosphatidylcholine in n-decane onto the hole. All salts were analytical grade and the temperature was maintained at 20°C during all experiments. Zero current membrane potential measurements were obtained by establishing a salt gradient across membranes containing about 100 cell wall porins as described elsewhere [27].
Estimation of the channel diameter using non-electrolytes (NEs)
The method used was as described by Krasilnikov et al. in 1998 [35]. Solutions containing 1M KCl were supplemented with 20% (w/v) of an appropriate NE. Single-channel measurements were carried out using different NE with increasing hydrodynamic radius. The conductance in the presence of the NEs was calculated from at least 100 single events.
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Tables

Table 1. Average single-channel conductance of D. maris pore-forming protein in different electrolyte solutions. 
	Electrolyte
	Concentration (M)
	G (nS)

	KCl

LiCl

KCH3COO (pH 7)
	0.01

0.03

0.1

0.3

1

3
1

1
	0.5 ± 0.1
0.75 ± 0.2
1.5 ± 0.5
2.5 ± 0.5
5.75 ± 0.5
12.5 ± 2.5
2.5 ± 0.5
4 ± 0.5


The membranes were formed by diphytanoyl phosphatidylcholine/ in n-decane. The single-channel conductance was measured at 20mV applied voltage and T = 20°C. The average single-channel conductance, G (± SD), was calculated from at least 100 single events.

Table 2. Zero-current membrane potentials, Vm, of PC/n-decane membranes in the presence of PorA of D. maris measured for a 5-fold gradient of different saltsa. 

	Electrolyte
	Permeability ratios Pcation/Panion
	Vm (mV) 


	KCl
	6.7
	20.7 ± 2.4

	LiCl
	4.6 
	19.7 ± 1.7

	KCH3COO (pH 7)
	7.3
	24.7 ± 2.3


aVm is defined as the difference between the potential at the dilute side minus the potential at the concentrated side. The aqueous salt solutions were used unbuffered and had a pH of 6, if not indicated otherwise; T = 20°C. The permeability ratio Pcation/Panion was calculated using the Goldman-Hodgkin-Katz equation [27] as the mean of at least 3 individual experiments.
Table 3. Estimation of the diameter of the cell wall porin of D. maris. 
	Non-electrolyte
	Mr (g/mol)
	r (nm)
	G (nS)
	G(+NE)/(G-NE)
	X (mS cm-1)

	None
	-
	-
	5.75 ± 0.5
	1
	110.3

	Ethylene glycol
	62
	0.26
	3.25± 0.25
	0.57 ± 0.09
	57.2

	Glycerol
	92
	0.31
	2.50± 0.25
	0.43 ± 0.08
	49.1

	Arabinose
	150
	0.34
	2.75± 0.25
	0.48 ± 0.09
	63.7

	Sorbitol
	182
	0.39
	3.00± 0.25
	0.52 ± 0.08
	57.8

	PEG 300
	300
	0.60
	2.75± 0.25
	0.48 ± 0.09
	45.5

	PEG 400
	400
	0.70
	2.75± 0.50
	0.48 ± 0.10
	46.4

	PEG 600
	600
	0.80
	2.75± 0.25
	0.48 ± 0.08
	54.1

	PEG 1000
	1000
	0.94
	4.75± 0.25
	0.83 ± 0.10
	49.5

	PEG 2000
	2000
	1.22
	5.00± 0.25
	0.87 ± 0.11
	43.6

	PEG 3000
	3000
	1.44
	5.00± 0.25
	0.87 ± 0.10
	48.9


The aqueous phase contained 1 M KCl and 20% (w/v) of different non-electrolytes. The non-electrolytes were used to determine the diameter of the 120 kDa porin. The molecular masses and the radii (r) of the non-electrolytes are given together with the conductance of the channel (G ± SD) in the corresponding solution and the conductivity of the solution [40]. The membrane voltage was 20 mV; T = 20°C.
	Cell wall porin
	G (nS)
	MW (kDa)
	Selectivity
	Voltage dependence
	Channel diameter (nm)
	Refs.

	Corynebacterium diphtheriae

CdPorA_ATCC 11913 

CdPorH_ATCC 11913
	2.25
	66

4.7

6.8


	small selectivity for cations
	yes
	2.2
	[19]

	Corynebacterium glutamicum

CgPorA ATCC 13032 

CgPorH ATCC 13032
	5.5

2.5


	4.7

6.2
	cation selective 
	-
	2.2
	[20]

 REF _Ref348009365 \r \h 
[21] 

	Corynebacterium amycolatum.
	3.8
	45
	cation selective
	yes
	
	[22]

 REF _Ref241130519 \r \h 
[23]

	Corynebacterium callunae

hyp_CcPorA_ATCC 15991   

CcPorH_ATCC 15991
	3.0±0.4
	4.8

6
	cation selective
	yes
	2.2
	[29]

	Corynebacterium efﬁciens

CefPorH
CefPorA
	2.3
	6
4
	small selectivity for anions
	yes
	
	[29]

	Nocardia farcinica

NfpA

NfpB
	3
	87

31

30
	cation selective
	yes
	1.4-1.6
	[17]

 REF _Ref347992286 \r \h 
[18]

	Nocardia asteroides
	3
	84
	cation selective
	yes
	
	[43]

	Nocardia corynebacteroides
	5.5
	134
	cation selective
	yes
	1.0
	[44]

	Mycobacterium bovis
	4

0.78
	
	cation selective

anion selective
	Yes

no
	
	[16]

	Mycobacterium smegmatis
	
	100
	cation selective
	yes
	3.0
	[45]

 REF _Ref241812265 \r \h 
[46]

	Mycobacterium chelonae
	2.7
	59
	cation selective
	yes
	2.2
	[15]

	Mycobacterium phlei
	4.5
	135
	cation selective
	yes
	1.8 to 2.0
	[28]

	Rhodococcus erythropolis
	6
	67
	cation selective
	yes
	2.0
	[25]

	Rhodococcus equi

PorA

PorB
	4

0.3
	67

11
	cation selective

anion selective
	Yes

No
	2.0
	[24]

	Dietzia maris
	5.75
	120
	cation selective
	yes
	0.9
	This study


Table 4. Comparison of the properties of cell wall channels of different mycolata.
Figure legends

Figure 1. 10% SDS-PAGE of final supernatant and purified cell wall porin. Lane 1: Molecular mass markers 170 kDa, 130 kDa, 100 kDa, 70 kDa, 55 kDa, 40 kDa, 35 kDa and 25 kDa. Lane 2: The final supernatant. Lane 3: The pure cell wall porin of D. maris was obtained by elution of the 120 kDa band from tricine-containing preparative SDS-PAGE.
Figure 2. 
(A) Single-channel recording of a PC/n-decane membrane in presence of pure 120 kDa protein of D. maris. The aqueous phase contained 1 M KCl, 10 mM Tris-HCl (pH 8.0), the applied membrane potential was 20 mV and the temperature was 20°C.

(B) Histogram of the probability P(G) for the occurrence of a given conductivity unit in PC/n-decane membranes in the presence of the 120 kDa protein of D. maris. The most frequent single-channel conductance (G/nS) was 5.75 nS for a total of about 147 single-channel events. The data were collected from different individual membranes. Aqueous phase contained 1 M KCl, the applied voltage was 20 mV and the temperature was 20 °C.
Figure 3. Single-channel conductance of the cell wall channel of D. maris as a function the KCl concentration in the aqueous phase (filled squares). The solid line represents the fit of the single-channel conductance data with the Nelson and McQuarrie (1975) formulas (eqs. (1) to (3) of Benz and Trias, 1993) assuming the presence of negative point charges (2.4 negative charges; q = -3.84 x 10-19 As) at the channel mouth and assuming a channel diameter of 2.2 nm. c, concentration of the KCl solution in M (molar); G, average single-channel conductance in nS (nano Siemens, 10-9 S). The broken (straight) line shows the single-channel conductance of the cell wall channel that would be expected without point charges. It corresponds to a linear function between channel conductance and bulk aqueous concentration.

Figure 4. Voltage dependence of D. maris 120 kDa protein when the porin was added to one or both sides of the membrane. The ratio of the conductance (G) at an applied voltage (V), divided by the initial value of the conductance (G0), immediately after the turning on of the voltage. The aqueous phase contained 1 M KCl and 100 ng/ml porin. The membranes were formed from diphytanoyl phosphatidylcholine /n-decane at a temperature of 20°C.
Figure 5. Single-channel recording and histogram of PorADM in the presence of different non-electrolytes.  Ethylene glycol and arabinose with hydrodynamic radii of 0.26 and 0.34 nm can get inside the porin showing reduction in the conductance while PEG 1000 and PEG 2000 apparently can not enter the channel.
Figure 6. Dependence of the single-channel conductance, G, of PorADm on the molecular masses and radii of the non-electrolytes (NEs). G(+NE)/G(-NE) (± SD) is the ratio of the mean single-channel channel conductance in the presence of NEs divided by that in the absence of NEs (5.75 nS) at pH 6. Molecular masses and radii of the non-electrolytes were taken from Table 1.
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