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Electrophysiological measurements have shown that the channel protein OpdK, also known as OccK1, from Pseudomonas

aeruginosa shows three conductance substates. Although several experimental studies have been performed, a description of the

gating transitions at the molecular level remains elusive. In the present investigation, molecular dynamics simulations have been

employed to elucidate the conductance and gating properties of the OpdK channel and loop deletion mutant thereof. Our results

suggest that switching between different substates are coupled to conformational changes in the constriction loop L7 which is in

accord with the experimental results. Unbiased simulations at different temperatures are analyzed and residues R284 and F291

on loop L7 have been identified to be key in the gating transitions. A plausible mechanism of gating for this channel is discussed.

The obtained molecular level description might have important implications for understanding the functional properties of OpdK

channel in vitro as well as within a cellular environment.

1 Introduction

Membrane proteins are ubiquitous in biological systems and

they collectively regulate various transport processes by virtue

of their ability to control the passage of ions, nutrients and

different substrates across biological membranes1. Such con-

trolled passage of substrates across channels can be attributed

to several properties of membrane proteins, e.g., ion and sub-

strate selectivity as well as gating of the channels. For ex-

ample, membrane-based ion channels, e.g., potassium chan-

nels, allow only a selective passage of certain ions to maintain

the necessary electrochemical gradient across the cell mem-

brane which is key to the survival of the cell. Likewise, gat-

ing is one of the important mechanisms by which membrane

proteins regulate and control the flow of substrates and ions

across the membrane. Gating in membrane channels can be

mediated via an application of transmembrane voltage, ligand

binding or by temperature changes1,2.

Among membrane proteins in the outer membrane of Gram-

negative bacteria many β -barrel forming channel proteins are

present and especially porins3,4. These channels act as molec-

ular filters and modulate the permeability of the outer mem-

brane by allowing the solutes to pass through them for sur-

vival of the cell. In high-resolution time-resolved single chan-

nel recordings5–9, membrane pores are often reported to be

present in more than one conductance state, e.g., in a high-

conducting and a low-conducting state. Various methods
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have been employed to understand the gating mechanisms

in pore including atomic force microscopy10, X-ray crystal-

lography11, bilayer electrophysiological measurements12,13

and molecular dynamics simulations7,14. However, the ex-

act mechanism by which membrane channels display gating

is still not fully understood. Most likely the fluctuations of the

pore proteins between different conductance sub-states are the

result of local conformational changes induced movements of

loops which fold inside the lumen of the pore12 and/or by a

rotational movement of bulky possibly charged residues in the

constriction region of the porin6.

OpdK, also known as OccK1, is a specific channel be-

longing to the outer membrane OprD family of Pseudomonas

aeruginosa. In recent reports, the OprD family is also termed

the carboxylate channel (OccK) family according to its sub-

strate specificity15. The structural features of the substrate

specificity of OprD itself were already discussed in 200716.

Shortly thereafter, the crystal structure of OpdK (OccK1)

revealed a monomeric organization of the pore with 18 β
strands15,17. The details of the structural features in OpdK

channels is discussed elsewhere17. A clear feature of the chan-

nel is that the extracellular loops L3 and L7 fold inside the

lumen of the pore forming the constriction region (Fig. 1).

Loops L1, L2, L5, L6, L8, L9 are located at the extracellu-

lar side of the channel, short in length and have no specific

interactions with the residues in the constriction region of the

channel. Only loop L4 may indirectly get involved in the dy-

namics of the constriction region18. Concerning substrates,

the channel favors the uptake of vanillate through the outer

membrane19. Based on electrophysiological experiments it
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Fig. 1 Structural features of the OpdK channel. a) The constriction region of OpdK is formed by loops L3 and L7. The protein is shown in

surface representation highlighting loops L3 and L7 in green and red, respectively. b) Important residues playing a crucial role in the

formation of the constriction region are shown in stick representation. The asterisk symbols indicate the approximate position of the channel

lumen. c) The pore lumen is shown using a blue surface representation to highlight the relative pore radius in different regions of the channel.

has been reported that OpdK forms a channel with three ma-

jor conducting states20. However, the nature of the under-

lying gating mechanism and the transition pathway are un-

known. In a series of papers5,9,18,20 the subconduction states

of OpdK have been detailed with respect to varying transmem-

brane voltage, ion concentration and temperature. A non-

trivial dependence on these parameters has been found and

model explanations have been provided. In the present study

we investigate the molecular basis for the gating behavior of

the OpdK channel using all-atom molecular dynamics sim-

ulations (MD) to obtain a molecular-level description of the

underlying mechanisms.

Computational MD simulations can provide atomic-level

information on many biological processes and can effectively

complement electrophysiological bilayer measurements21,22.

Previously, MD simulations have been used to study the dy-

namics of various bacterial pores such as the porin pore23,

MscS24, α-hemolysin25, OmpG7, OmpA14, OmpF26,27,

OmpC28, FecA29, OprP30–32, OprD33,34, and others. How-

ever, it is computationally challenging to model gating pro-

cesses due to the long timescale associated with such pro-

cesses7,14. Nevertheless, several non-equilibrium MD ap-

proaches are available which can accelerate the motions of

proteins and make them accessible to the time-scales associ-

ated with MD simulations. We want to emphasize that one im-

portant reason for studying the transport and gating properties

of bacterial membrane pores is their function as channel for

antibiotics. This topic is beyond the scope of the present inves-

tigation but is actively being studied, e.g., employing molecu-

lar simulations35–39.

2 Materials and Methods

In this study, we have performed MD simulations on three sys-

tems, the native OpdK channel and two loop-deletion mutants,

i.e., OpdK-∆L3 and OpdK-∆L7. Below the systems are de-

tailed together with the corresponding MD simulations.

2.1 System setups

The crystal structure of the OpdK channel (PDB ID: 3SYS)15

was employed as starting structure. The missing loops

residues (loop L1: 25-32, loop L2: 72-75) were modeled us-

ing the structure of a BenF-like porin (PDB ID: 3JTY)40 using

the software MODELLER41. These loops L1 and L2 are short

and have no direct interaction with loops L3 and L7. Subse-

quently, two OpdK mutants, i.e., OpdK-∆L3 and OpdK-∆L7,

were prepared from the starting structure using MODELLER.

The loop deletions were selected according to the earlier ex-

perimental studies5,9. Moreover, the OpdK channel was em-

bedded into a POPE lipid bilayer which was constructed from

pre-equilibrated patches using VMD42. To this end, the mem-

brane was aligned parallel to the xy plane and centered in the

z direction. A 1 M KCl solution was added using the TIP3P

water model. For the OpdK-∆L3 and OpdK-∆L7 mutants the

systems were prepared likewise. Some more details of the

systems are given in the Table 1.

2.2 MD simulations

The above described systems have been simulated under equi-

librium and nonequilibrium conditions. In nonequilibrium
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Table 1 Summary of the system properties and MD simulations performed on OpdK and its mutants.

Sl.no Channel Residue index of No of residues Temperature [K] Concentration [M] Type of simulation Length [ns]

deletion deleted

1 OpdK - - 310 1 unbiased MD 50

2 OpdK - - 330 1 unbiased MD 50

3 OpdK - - 350 1 unbiased MD 50

4 OpdK - - 370 1 unbiased MD 50

5 OpdK - - 310 1 applied-field MD 50

5 OpdK-∆L3 124 to 129 6 310 1 unbiased MD 50

6 OpdK-∆L3 124 to 129 6 310 1 applied-field MD 50

7 OpdK-∆L7 281 to 287 7 310 1 unbiased MD 50

8 OpdK-∆L7 281 to 287 7 310 1 applied-field MD 50

simulations, a constant voltage of 1.0 V was applied whereas

the equilibrium simulations were performed in the absence of

any external bias as summarized in Table 1. The bias was

implemented by applying a constant uniform electric field E

along the z direction. This results in a voltage V = E ·Lz with

Lz being the length of the periodic cell in z direction. This

method has been widely adopted to achieve a transmembrane

potential in MD simulations25,43. We note that throughout this

study, a high electrostatic potential is defined as the periplas-

mic side of the membrane and a lower potential at the extra-

cellular side of the membrane such that the resulting electric

field is directed towards negative −z values.

All MD simulations were performed using the program

NAMD 2.944 and the CHARMM27 force field45. As in

most MD simulations, periodic boundary conditions were ap-

plied in the simulations. The temperature was maintained by

Langevin dynamics acting only on the heavy atoms of the

lipids with a damping constant of 1.0 ps−1. Long-range elec-

trostatic interactions were determined using the particle mesh

Ewald method46 whereas short-range non bonded interactions

using a cutoff of 12 Å and a switching distance of 10 Å. Em-

ploying the r-RESPA multiple time step method47, bonded in-

teractions have been evaluated every 2 fs while short-range

nonbonded and long-range electrostatic interactions every 2 fs

and 4 fs, respectively. Bond constraints were applied to hydro-

gen atoms applying the SHAKE algorithm48. The system was

equilibrated for 5 ns in an NPT ensemble followed by a 5 ns

equilibration run in an NVT ensemble. Finally, production

runs with and without applying an external electric field were

performed in an NVT ensemble and details of the simulations

are shown in the Table 1.

2.3 Ion conductance calculations

Analyzing the applied field simulations, the instantaneous cur-

rent at time t can be determined using25

I(t) =
1

Lz∆t

N

∑
i

qi∆zi (1)
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Fig. 2 a)Cummulative currents obtained from the non-equilibrium

MD simulations. b) Mean-squared displacements (MSDs)

calculated from the equilibrium trajectories of OpdK channel and its

mutants. Linear fits for extracting the slope have been performed

using the data between t = 2000 ps and t = 3000 ps.

where qi is the charge of atom i and ∆zi the displacement of

atom i during ∆t. The K+ and Cl− currents can be determined

separately and then combined to yield the net ionic currents.

To this end, the cumulative currents can be obtained by adding

up the instantaneous currents at every sampling time25,27. A

linear fit of this cumulative current versus time leads to the av-

erage current. Subsequently, the conductance can be obtained

as ratio of ionic current and applied voltage.

As an alternative approach, we employ the collective diffu-

sion model develop by Liu and Zhu49. This model is based

on an unbiased MD simulation together with linear response

theory. One first needs to determine the average total charge

movement and at the same time the amount of transferred

charge. Within linear response theory, these quantities are then

combined to obtain the conductance. For some test cases and

small voltages, this approach has been shown to yield the same

results as the above applied-field simulations though more ef-

ficiently49.
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Table 2 Theoretical conductances (in units of pS) determined from equilibrium and non-equilibrium MD simulations. In addition, the ratio to

the respective wild type value is given.

Applied Field Simulations Collective Diffusion Model Experimental Conductance5

Channel conductance ratio to wt conductance ratio to wt conductance ratio to wt

OpdK 498 1 348 1 307± 14 pS 1

OpdK-∆L3 583 1.17 319 0.91 ∼ 300 0.98

OpdK-∆L7 1692 3.39 697 2.00 ∼725 2.36

d)

OpdK OpdK- L3

e)

a) b) c)

OpdK- L7

f)

Fig. 3 Comparison of the OpdK and its mutant trajectories obtained from equilibrium MD simulations. Panels a-c: Visualization of the

constriction region of OpdK channel and its mutants. Panels d-f: The superimposed conformations of the loops L3 (green) and L7 (red) of

OpdK and its mutant shown in line presentation. The conformational fluctuations are filtered along the first principal component. The asterisk

symbols indicate the approximate positions of the channel lumen.

3 Simulations of Ion Conductance

Experimental studies5,9,18,20 on the OpdK channel revealed

that the channel exists in three major distinct conformations:

a dominant O2 substate with a conductance of 307 ± 14 pS,

a state O3 with the second highest probability and the largest

conductance of 357 ± 24 pS and a state O1 with a relative low

probability and a conductance of 223 ± 50 pS20. Though de-

tails vary, this kind of gating behavior is seen independent of

salt concentration and applied voltage9.

Cheneke et al.5 experimentally studied different loop dele-

tions to understand the dynamics of the single channel cur-

rent fluctuations exhibited by the native OpdK channel. In

the present study we follow the same route to complement

the electrophysiological observations with atomic-level details

from simulations. As shown in Fig. 1, the two extracellu-

lar loops L3 and L7 fold into the lumen of the channel and

structure the constriction region. In order to investigate the

effects of the loops L3 and L7, mutants were produced and

electrophysiologically characterized. To this end, fragments

of the loops were selected that expose to the lumen of the

channel. Furthermore, the residues immediately before and

after the deletion needed to be close enough in space so that

they can be replaced by a single glycine residue without in-

troducing significant conformational changes in the channel.

So for the purpose of studying the loop effects, the mutant

OpdK-∆L3 was produced from wild type OpdK by deleting

residues Asp124 to Pro129 on loop L3 and mutant OpdK-∆L7

by removing Ser281 to Gly287 on loop L79.

The same mutants were produced in silico and subsequently

the conductances for the OpdK as well as the OpdK-∆L3 and

OpdK-∆L7 mutants channels were determined. These results

are based on non-equilibrium simulations applying a constant

voltage25,26,43 but also on equilibrium MD simulations using

the collective diffusion model49. Shown in Fig. 2 are the cu-

mulative currents for the simulations with +1V applied. From

the slope of these curves the current can be extracted. The

calculated conductance values of the native and mutant chan-

nels in the 1M KCl solution are listed in Table 2. For the ap-

plied field simulations at 1 V, one could only expect to obtain

a good agreement with experiment if the current-voltage rela-

tion would be linear which is very unlikely for such a narrow

pore. At the same time, the ratios of conductance between

mutant and wild type channel are in quite reasonable agree-
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Fig. 4 Change in the water filling in the channels. The water

molecules in the range from -15Å to +15Å are counted for this

measure.

ment with those from experiment. This finding indicates that

applied-field simulations even at higher voltages can indeed be

helpful in understanding molecular properties of conductance.

We note in passing that we did not include selectivity data

from the simulations since single permeating ions can lead to

large fluctuations in the selectivity of a narrow channel like

OpdK.

Using the collective diffusion model by Liu and Zhu49 the

conductance within the linear response regime, i.e., for small

bias voltages, can be extracted from equilibrium simulations.

The corresponding values are much closer to the experimen-

tal values than applied field results at an applied voltage of

1 V. Again the ratios of conductance of mutant and wild type

channels agree even better. Both in theory and experiment, the

conductance of the OpdK-∆L3 mutant is very similar to that of

the native protein. In contrast, a high increase in conductance

can be seen for the OpdK-∆7 mutant. The conductance for

this mutant is more than double than that of the native OpdK

channel in good agreement between theory and experiment.

Furthermore, we compared the dynamics of the native

OpdK pore with its OpdK-∆L3 and OpdK-∆L7 mutants

to complement the electrophysiological observations with

atomic-level details. Equilibrium trajectories of OpdK and

its mutants at 310K were used to analyze the differences in

the dynamics. Figures 3a-c visualize the mutants while pan-

els a-f show the superimposed conformations of OpdK and its

mutants filtered along the first eigenvector reflecting the de-

viations of the Cα atoms of the loops aligned to the initial

structure. This prinicipal component analysis (PCA) which

splits the complex dynamics into a few principal modes helps

to explain the major movements observed during the MD. In

addition to the PCA analysis, the number of water molecules

in the channel has been analyzed to indirectly assess the cross-

section area of the channels (see Fig. 4). The deletion of the

D124-P129 fragment did not alter the dynamics of loop ∆L3

or L7 in OpdK-∆L3 channel. Overall, in the simulations the

mutant OpdK-∆L3 has shown no significantly different behav-

ior compared to the wide type. Likewise, experimental studies

of the OpdK-∆L3 mutant found similar single-channel elec-

trical recordings consisting of three major open states9. This

suggests that the residues D124-P129 in OpdK channel neither

have an active role in gating nor do they influence the residues

involved in the gating process. These findings are different for

the OpdK-∆L7 mutant which appears to be consistent with the

single channel measurements on the OpdK-∆L7 channel. This

mutant pore has shown large and rapid fluctuations in single

channel current recordings 9. As shown in the Fig. 3, the ∆L7

loop in the OpdK-∆L7 mutant fluctuates much more due to

the lack of the D116-R284 salt bridge. Thus, the pore size of

the OpdK-∆L7 channel can vary much more (consistent with

Fig. 4) compared to the OpdK and OpdK-∆L3 pores. This

fact leads to an increased conductance by nearly a factor of

two in experiments and theoretical calculations. In addition to

experiments, our MD results also support the role of loop L7

in gating. The dynamics of loops L3 and L7 will be compare

in more detail below.

4 Molecular Determinants of Gating Transi-

tions

4.1 Is loop L3 or L7 more flexible?

Usually flexible parts in the lumen of a channel are responsible

for gating phenomena. For instance, the constriction loop in

OmpC has been suggested to be important in the gating pro-

cess12,50. Correspondingly, in OpdK the loops L3 or L7 are

likely very important for the multiple substates. Hence, we

have performed a structural analysis of these loops and com-

pared their flexibility. To this end, we performed molecular

dynamics simulations of the OpdK channel at various temper-

atures as shown in Table 1.

The analysis of the root mean square deviation (RMSD)

shows that the flexibility of loop L7 is higher than that L3

at any particular simulation temperature and increases with

rise in the temperature as shown in Figs. 5a-d. Loop L3 does

not shown much variation in the RMSD values and remains

rigid even at higher temperatures. In addition, we analyzed

the equilibrium trajectories of OpdK channel at different tem-

peratures again employing a PCA analysis. Here we described

the dynamical differences in the loops L3 and L7 of the OpdK

channel along the first eigenvector which account for the ma-

jor motion of the channel. Figures 5e-h show the superim-

posed conformations at different temperatures filtered along

the first two eigenvectors which reflects the deviation of the

Cα atoms with respect to the initial structure. In each case,

the motion is dominanted by loop L7. From this analysis, it is

clearly evident that the L7 residues deviate more than the L3

ones from the initial structure. Therefore, loop L7 is found to

be more flexible than L3.

The conformational rigidity of loop L3 can be attributed to
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Fig. 6 Visualization of the proline and charged residues present in

loop L3. The protein is shown in cartoon (loops L3 in green and L7

in red) and the residues in stick representation.

two structural features. This loop has three proline residues

(see Fig. 6) which sterically hinder its movement. As a sec-

ond point, L3 loop contains more charged residues than L7

and these charged entities form salt-bridges or electrostatic

connections and therefore become more rigid. A sequence

analysis of OpdK and the other members of its family shows

that the L3 loop contains conserved proline residues (data not

shown here). Due to the presence of the cyclic side chain in

the proline residues, the corresponding peptide bond has fewer

possibilities of rotation and therefore, it imparts rigidity in L3.

Overall, loop L7 is found to be more flexible compared to

loop L3 and appears to play a main role in gating. As al-

ready mentioned, recent electrophysiological studies showed

that loop L7 deletion has a clear effect on the conductance

and gating behavior of the pore9. The L3 deletion mutant of

OpdK, in contrast, showed a behavior similar to that of the

native protein. For this reason we focus our molecular-level

analysis on the significance of loop L7 in gating.

4.2 Prominent local conformational changes observed in

MD simulations

In a next step we turn to discuss the local conformational

changes occurring during the MD simulations. Note that be-

cause of the finite length of the simulations one has to be

very careful concerning statements based on single trajecto-

ries. To improve the sampling of the various protein con-

formations, we analyzed simulations at different temperatures

(310 K, 330 K , 350 K, and 370 K). Certainly this is only a

rough but also quite efficient way to enhance the sampling. In

the analysis of the resulting trajectories we looked for com-

mon patterns to ensure the validity of our statements. Visual

inspection of representative structures at each temperature in-

dicate small and local structural changes in the lumen of the

channel. Indeed, the OpdK substates have conductances in

the same order of magnitude indicating the role of local rather

than global conformational changes during the gating transi-

tion.

Furthermore, we calculated the inter-residue distances

F291-G125 and R284-R381 (Fig. 7a) to quantify the confor-

mational changes in the constriction region. As shown in

Fig. 7b, the F291-G125 distance is reduced at all simulated

temperatures due to the flipping of the aromatic ring of the

F291 residue towards the lumen of the channel. Likewise,

the R284-R381 distance was reduced (Fig. 7c) as result of the
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Fig. 7 Change in the structural properties of OpdK channel from trajectories of unbiased simulations at different temperatures (a) Calculated

structural properties, e.g., χ4 dihedral angle of R284, χ1 dihedral angle of F291 and inter residue distances F291-G125 and R284-R381 are

shown. Change in the distance between the residues during the course of the simulations (b) F291(CG) - G125(CA) (c) R284(CZ) - R381(CA).

movement of R284 residue towards the lumen of the chan-

nel after breaking the salt-bridge with the residue D116 on

loop L3. However, this distance was changed only at high

temperatures (350K and 370K) due to the presence of a salt-

bridge between R284 and D116 residue. The conformational

changes of residues F291 and R284 in the constriction region

can be discussed by looking at the dihedral angles of the side

chains. Fig. 8 shows the dihedral angles of the F291 and R284

residues along the trajectories. F291 can adopt two different

rotameric states, i.e., χ1 approximately 60◦or approximately

120◦. Also R284 can assume two different rotameric states

with χ4 approximately 60◦or 180◦but only at high tempera-

tures after the breaking the electrostatic interaction with D116.

These two residues, F291 and R284, have a high degree of

freedom due to the rather extended side chains and at the same

time are positioned at different locations on the loop L7 in the

constriction region. From the electrophysiological studies it

is clear that no direct transition occurs between the substates

O1 and O3. This finding indicates that the O1 ↔ O2 and O2

↔ O3 transitions represent the conformational changes of in-

dependent parts in the lumen of the channel9. This argument

supports the two observed conformational changes found in

the MD simulations.

It has been reported5 that applied transmembrane voltages

show an effect on the kinetic rate constants of the O2 to O1

transition and not on the O2 to O3 transition. This finding

suggests that charged residue might be participating in the

O2 to O1 transition and is fully in accord with the positively

charged R284 residue found in our MD simulations. In ad-

dition, it is concluded from the experiments that the barrier

for crossing from the O2 to the O1 state is higher than that

from O2 to O3. Furthermore, the change in enthalpy ∆H for

moving from substate O1 to O2 is negative which suggest a

decrease in loop flexibility and formation of intramolecular

bond5,9,18. This observation also appears to consistent with

the R284 residue which shows a electrostatic interaction with

D116. Upon switching from the O2 to the O1 substate, the

R284 residue breaks the salt-bridge with D116 and moves to-

wards the lumen of the channel or vice versa.

On the other hand, the O2 to O3 transition frequency in-

creases with elevating the temperatures and has no influence

on the kinetics at different applied voltages. We envision that

the fluctuations of the hydrophobic residue F291 trigger the

O2 to O3 transition. The aromatic ring of the F291 residue is

flexible and can flip towards the lumen of the channel at all

temperatures in our simulations. Overall, our observed con-

formational changes are consistent with the experimental find-

ings5,9,18.

4.3 Plausible mechansim of gating

As mentioned earlier, single channel recordings have shown

that a dominant state of the OpdK is the high conducting O2

substate9 . Hence, it is fair to assume that the crystal structure

of this pore also showing this dominant O2 state. Here, we

discuss the mechanism of gating based on the example trajec-

tory of the OpdK channel at 370 K. During the gating transi-

tion from the O2 to the O3 substate, the phenylalanine, F291,

present in loop L7, changes its rotameric state and moves to-

wards loop L3. This change in the rotameric state as high-

lighted in Fig. 9 (middle to left panel) can be quantified by

performing an analysis of the dihedral angle belonging to the

corresponding side chain of the residue. As shown in Fig. 10a

the side chain dihedral angle of F291 (χ1) changes from about

60◦ to roughly 180◦.

The gating transition from the O2 to the O1 substate in-

volves breaking an electrostatic interaction between the loops

L3 and L7. In addition, the bulky positively charged residue

R284 changes its conformation after breaking a salt bridge

with D116 residue and moves towards the lumen of the chan-
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Fig. 8 Comparison of the side chain angle dynamics of the residues F291 (panels a-d) and R284 (panels e-h) residues at different

temperatures.
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Fig. 9 Possible mechanism for the gating transition from state O2 to O3 and from state O2 to O1 state in the OpdK channel. Loop L7 (red) ,

L3 (green) and important residues (shown in van der Waals representation) which form the constriction region are emphasized. The asterisk

symbol indicates the approximate position of the channel lumen.

8 | 1–10

Page 8 of 10Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



0 10 20 30 40 50
Time [ns]

0

5

10

15

20

D
is

ta
n
ce

 [
Å

]

-180

-120

-60

0

60

120

180

0 10 20 30 40 50
Time [ns]

o
f 

F
2
9
1
 [

d
e
g
re

e
s]

1

-180

-120

-60

0

60

120

180

0 10 20 30 40 50
Time [ns]

o
f 

R
2
8
4
 [

d
e
g
re

e
s]

4

b)  c) a)

Fig. 10 Change in structural properties of the OpdK channel during gating transitions from the O2 to the O3 substate and from the O2 to the

O1 substate as observed in unbiased simulations at 370K. a) Change in the dihedral angle (χ1 ) of the F291 side chain during the simulation.

b) Change in the dihedral angle (χ4) of the R284 side chain during the transition from the O2 to the O1 substate. c) Distance between residues

R284 and D116 involved in the salt bridge between loops L3 and L7.

nel. Contributions of a charged and bulky residue like arginine

to the gating process by virtue of its ability to form salt-bridges

and acquiring different side chain conformations have been re-

ported already for the porin OmpA14. The change in the salt

bridge between R284 and D116 is shown in the transition from

the middle to the right panel in Fig. 9. It can be quantified by

the distance between these two residues as shown in Fig. 10c.

In addition, the change in the R284 side chain conformation

(χ4) during the transition from the O2 to the O1 substate is

depicted in Fig. 10b.

Our results strongly indicate that the presence of the loops

in the constriction region, particularly of loop L7, along with

their interplay with bulky residues (R282 and F291 in OpdK)

play a crucial in defining different conductance substates of

the channels belonging to the OpdK family. Recently, the im-

portance of loop L7 in the dynamics of the OprD channel, a

homologue of OpdK, is discussed from MD simulations33.

The role of loops, which fold inside the lumen of the chan-

nel, in assigning different conductance substates has previ-

ously been reported for porins like OmpF and OmpC from

E. coli13,28,50.

5 Conclusions

In this study, MD simulations have been carried out to invesit-

gate the conformational changes in the channel OpdK. OpdK

is a specific pore present in the outer membrane of Gram-

negative bacteria P. aeruginosa. Previous electropysiological

studies5,9,18,20 have shown OpdK channel to exist in three dis-

tinct substates, named as O1, O2 and O3.

We performed unbiased simulations at different tempera-

tures in order to enhance the molecular level understanding

behind these conductance and gating properties. The side

chain dynamics of the residues F291 and R284 of loop L7

has been found to influence the dimensions of the constriction

zone. The hypothesis coming out of these simulation is that

the transition between the substates can qualitatively be de-

scribed using the dihedral angles of the side chains belonging

to residues F291 and R284.

Based on our results, a plausible mechanism of channel

gating is suggested in Fig. 9. All observed conformational

changes are quite local but, nevertheless, relevant to the con-

ducting states reported for the OpdK channel. This proposed

gating mechanism has to tested experimentally by performing

site directed mutagensis. The work presented here supports

the idea that loop L7 and its bulky residues F291 and R284

play a key role in switching to different conformational sub-

states. The hypothesis of loop L7 involvement in the dynamics

is consistent with a recent electrophysiological study on the

OpdK channel5. It needs to be seen in how much this find-

ing is also a feature in the other channels of the OpdK family

and, at this moment of time, we cannot completely rule out

that additional parts of the protein play a role in the exper-

imentally observed gating. For example, a possible indirect

effect of loop L4 on the dynamics of the constriction region

might need to be taken into account18. Further investigations

in this direction are in progress. Moreover, the behavior of the

OpdK channel in more realistic LPS containing outer mem-

branes should be investigated. These simulations are now pos-

sible since LPS-containing outer membrane models of Gram-

negative bacteria have recently been reported29,51.
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