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Abstract
Bacterial outer membrane (OM) channels are of major pharmaceutical interest
in the field of infectious diseases, since they act as gateways for the influx of
antibiotics. However, the biological functions of many OM channels such as
transporters and passive diffusion channels, are yet unknown to potentially exploit them for antibiotic treatment. Experimental constraints and difficulties in
handling these proteins, made computer simulations an attractive alternative approach to understand the functionality of these membrane proteins. The research
work reported in this thesis is aimed at understanding the common principles in
the functionality of these channels from a molecular perspective.
In the first part, we dealt with the nutrient acquisition mechanisms by a OM
transporter complex. SusCD, a transporter from Bacteroides thetaiotaomicron, was
investigated using MD simulations. Bacteroides species are highly populated in the
human large intestine and plays a significant role in digestion and obesity. The
survival of these organisms depend on their ability to acquire undigested nutrients from the highly competitive gut environment by OM transporter complexes.
In this thesis, we presented a generalized mechanism for the nutrient acquisition
by SusCD-like OM complexes. MD simulations revealed a "pedal-bin mechanism" for the particular SusCD transport machine whi
ch could be applicable to other transporters. Given the unknown specific functions of many OM proteins, this study improves the molecular understanding of
transport mechanisms by OM transporters.
The second part of the thesis aimed at understanding functional properties,
i.e., gating and selective nutrient uptake, of passive diffusion channels. These
channels are dynamic and exists in multiple pore sizes to control the influx of nutrients across the OM. OpdH, a passive diffusion channel from the OM of Pseudomonas aeruginosa, was studied to determine the molecular factors involved in
the gating. MD simulations identified the crucial residue driving the opening and
closing of the OpdH channel. Furthermore, we investigated the functional role
and selective uptake mechanism of OpdH channel using MD simulations. Freeenergy calculations revealed thermodynamic insights into the selective uptake
mechanism of the OpdH channel and its preference for the uptake of succinate
from the environment. Our results show that OpdH selectivity can be explained
on the basis of "size-exclusion" principle. The findings presented in this thesis
improve our understanding in the basic biology of molecular influx across the
OM in Gram-negative bacteria.
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Chapter 1
Introduction
The use of molecular dynamics (MD) simulations based on Newton’s second
law has become an established research approach in molecular biology. MD simulations have proven to be an extremely valuable tool for understanding the function of membrane channels at the molecular level. In 1981, a first MD simulation
of a membrane channel was reported [1]. Since then, MD simulations have, for
example, been applied to the study of ion channels [2–4], transporters [5, 6] and
other membrane channels [7]. In recent years, this field has attracted an enormous
interest in modeling and understanding the common priniciples underlying in
the function of these proteins [8, 9]. In the future such comprehensive knowledge at the molecular level will certainly lead to a vast amount of applications in
biotechnology and pharmaceutical research.

1.1

Outer membrane proteins (OMP’s)

One particularly important class of membrane channels is the class of outer membrane (OM) channels present in Gram-negative bacteria. These pores consist of
rather rigid β-barrel sheets which form channels to selectively regulate the entry and exit of nutrients, substrates and xenobiotics in and out of the bacterial
cell. In Fig. 1.1 OM proteins of various sizes from Gram-negative bacteria are
shown. Functionally, they can be classified as non-specific diffusion channels or
porins, e.g., OmpF, specific channels, e.g., NanC, CymA and OprD, active transporters, e.g., BtuB, and OM domains of efflux channels, e.g., TolC. It is believed
that most antibiotics and in particular small hydrophilic compounds penetrate
the OM through these channels to reach the cytoplasmic targets [10]. From the
Reproduced with permission from the review article by Karunakar R. Pothula, Carlos J. F.
Solano and Ulrich Kleinekathöfer. Simulations of outer membrane channels and their permeability. Biochim. Biophys. Acta Biomembr. 2016, 1858,1760–1771.
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pharmaceutical perspective, these membrane channels are crucial for drug delivery and their importance is highlighted by the susceptibility of the respective microorganism to antibiotics. Understanding the molecular mechanism(s) behind
the selective permeability of substrates and antibiotics is of great medical importance to combat antibiotic resistance. Such understanding at the molecular level
will prove valuable in developing strategies for rational design of new antibiotics
[11, 12].

OmpA
8 β-strands

OmpF
16 β-strands

OmpT
10 β-strands

NanC
12 β-strands

OprD
18 β-strands

CymA
14 β-strands

BtuB
22 β-strands

F IGURE 1.1: Outer membrane channels of Gram-negative bacteria with different sizes
ranging from 8 β-strands to 22 β-strands. The channels shown are OmpA (pdb code:
1QJP), OmpT (pdb code: 1I78), NanC (pdb code: 2WJQ), OmpF (pdb code: 2ZFG) and
BtuB (pdb code: 2GSK) from E. coli; CymA (pdb code: 4V3G) from K. oxytoca ; OrpD (pdb
code: 3SY7) from P. aeruginosa. The figure was generated using VMD [13].

Over the years, various techniques have been successfully employed to understand the structural and functional properties of bacterial OM channels [14] such
as atomic-force microscopy [15], bilayer electrophysiological measurements [16,
17], NMR [18, 19], mass spectroscopy [20], X-ray crystallography [21, 22] and
MD simulations [23–25]. Yet, it is difficult to identify the key factors involved
in the substrate preference, and the interactions of the pores with antibiotics
are poorly understood due to their complexity and due to experimental limitations. Most importantly, at the single molecule level electrophysiology experiments have proven to be an important tool for characterizing the biophysical
properties of these channels. This technique has been widely applied to the study
2

1.1. Outer membrane proteins (OMP’s)

of ion, substrates and antibiotics transport across these channels [26–30]. On the
other hand, X-ray crystallography provides a wealth of structural information
about the bacterial OM channels and their interactions with substrates and antibiotics [29–31]. All-atom MD simulations have the advantage of connecting the
static picture of crystallography with the kinetic information obtained from electrophysiological experiments. The combined approach of X-ray crystallography,
electrophysiology and computational experiments has already allowed for an improved understanding of OM channel permeation features at the molecular level
and their success is highlighted, for example, in recent publications [30, 32–34].
However, the importance of such findings at the single molecule level in nonnative environments have to be tested in a native cellular environment where
multiple factors are involved and work together leading to the complex process
of membrane permeation.
What can be learned from simulations of OM channels? Computer experiments of membrane pores can simplify the picture of complex details involved
in the transport of molecules which are missing from experiments and offer a
possible explanation to experimental findings. To this extend, molecular simulations are sometimes coined as “computational microscope” [35]. Modeling of OM
channels can be performed with the aim to study topics such as (i) ion transport
and kinetic properties, (ii) the role of binding sites, constriction regions or selectivity filters located inside the channels, (iii) structural features important for
substrate preference or selectivity of the channel, (iv) quantification of the interactions between proteins, water molecules, ions or other solute molecules, (v) the
rate-liming steps involved in the permeation of molecules, (vi) the energetics and
kinetics of antibiotic permeation, (vii) the dynamics of channels in different environments, (viii) effects of extracellular or lumen loops (gating-like behavior) on
transport and (ix) gross physicochemical properties required for the permeation
of molecules. In the past, several groups employed MD simulations to address
the above issues in OM channels such as OmpG [36], OmpA [37], OmpF [38–40],
OmpC [41, 42], FecA [43], OprP [33, 44–46], OprO [32], OprD [47–49] and CarO
[50]. The current state of the art includes simulations of OM channels with complex lipopolysacchardies (LPS)-phospholipid membrane environment [51, 51, 52]
and microsecond time scales [49]. However, till now, most simulation studies
have focused on the transport of ions [53] and less have tried [24, 28, 30, 34] to
understand substrate translocation events that are important for the physiological function of most bacterial membrane channels. As a starting point, it is a
sensible approach to investigate ion transport across these channels to apprehend

3
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the fundamental principles assisting or hindering transport. Due to the availability of computational power, new numerical algorithms, molecular structures of
different bacterial channels as well as microbiological data on the uptake of substrates and antibiotics, it is, however, now very timely to model and unravel the
structural elements involved in the uptake of more complex substrates.

1.2

Simulation approaches

Among the large number of computational methods to study the membrane channels, most of them can be divided into three different categories [53]: at the
continuum level, the Poisson-Nernst-Planck model [54–58]; Brownian Dynamics
(BD) [59–61], in which the environment is typically represented by continuum parameters; and all-atom molecular dynamics (MD) [62–64], which is a fully microscopic description with all atoms treated explicitly. Furthermore, to some extend
these methods can be combined with each other so some limitations associated
with a particular approach can be overcome. In this thesis, we will focus on the
BD and MD methods paying special attention to their applications concerning
substrate translocation across membrane channels.

1.2.1

Brownian dynamics

In the BD method, the phase space of a dynamical system is reduced by projecting out the uninteresting degrees of freedom which generally correspond to fastmoving solvent molecules. Based on the projection operator technique, the dynamics of the relevant particles evolves according to a generalized Langevin equation [65–68]. In this equation the force terms involved are composed of frictional,
random and total systematic forces. The systematic force accounts for forces due
to the interaction between the particles and with possible external potentials. In
turn, this force is obtained from a many-body potential of mean force (PMF) that
corresponds to the reversible thermodynamic work function to assemble the relevant particles in a particular conformation while averaging out the remaining
degrees of freedom. The frictional and random forces represent the average effect
of the implicit degrees of freedom. Because the frictional and random forces arise
from the same source, these two forces are not independent from each other but
interrelated via the fluctuation-dissipation theorem [69]. Usually, the Markovian
limit is invoked which leads to the classical Langevin equation [70, 71]. Furthermore, the overdamped regime is also considered in some cases which leads to the
position Langevin equation [70] in which the inertial term is ignored.
4
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Among other applications, BD simulations have been applied to the problem of ion transport through nanopores since one can obtain current-voltage and
conductance-concentration curves at a reasonable computational cost. For a detailed treatment of the subject, interested readers are directed to several reviews
in this field [53, 57, 59, 72]. On the other hand, limitations associated with the representation of the rigid protein-water interface and the continuum solvent should
be considered carefully. The treatment of water as a featureless dielectric medium
is both a strength and a weakness of the BD approach. While it reduces the simulation time by many orders of magnitude as compared to MD simulations, thus
enabling calculations of conductance, the effects arising from the granularity of
the water molecules and their ability to form hydrogen bonds are ignored although they can be relevant in narrow channels. In addition, there is the issue of the effective values belonging to the different dielectric constants which
one should use since the water, the membrane and the protein channel are usually treated as continuous dielectric media for the calculations of the electrostatic
forces. The local dielectric constant of water may vary considerably depending
on the environment [73–78] and the protein dielectric constant has a large effect in
case of narrow channels [79]. One main caveat to the applicability of BD method
is the simplifying assumption of a rigid channel. In reality, proteins are flexible
and their atoms undergo rapid thermal fluctuations [79–81]. Moreover, charged
or polar residues lining the pore interact electrostatically with ions and substrates
and, thus, their motions may have a significant impact on the ion permeation and
substrate translocation across the channel. A first approach to include some flexibility back into BD simulatins has been performed by Chung and Corry [82].
Although an extensive literature concerning the BD method applied to modeling of ion transport exists, the situation becomes different in the case of substrate transport across pores. In the following we discuss some examples which
belong (at least partially) to this topic. An atomic-resolution BD method has
been developed [83, 84] where three-dimensional PMF maps at high resolution
are determined from all-atom MD simulations. This approach has been applied
to measure ion currents during DNA translocation [84]. The authors indicate
that such an atomic-resolution BD method can be developed further to incorporate the conformational flexibility of the pore and DNA by altering the PMF
maps on-the-fly. An extension of a grand canonical MonteCarlo/Brownian dynamics (GCMC/BD) method [59, 85–89] has been developed to model ion and
DNA translocation across a nanopore confinement driven by an applied electric
field [90–92]. Thereby, this new approach successfully combines a coarse-grain
polymer model for DNA [93] with the original GCMC/BD algorithm. Recently,
5
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an improved GCM/BD method including explicit atoms has been developed [94],
which allows to study ion permeation and substrate translocation while the substrate and flexible residues along the channel surface can be treated explicitly. To
this end, these explicit atoms have been properly incorporated into the PMF and
the corresponding stochastic equations of motion. The first results are encouraging for a study of ion permeation across the OmpC channel explicitly including
some residues in the constriction zone.

1.2.2

Molecular dynamics

In quantum mechanics, the time-dependent Schrödinger equation governs the
dynamics of particles. However, it can only be computationally solved for rather
simple systems and a small number of particles due to the high dimensionality
of the state vector in the Hilbert space. Thus, approximation procedures, based
on the fact that the electron mass is much smaller than the mass of the nuclei,
are needed to simplify the problem. In this way, the Schrödinger equation can
be divided into two coupled equations so that the influence on the electrons in
the interaction between the nuclei is described by an effective potential obtained
from the solution of the electronic Schrödinger equation. As a further approximation the nuclei are moved according to the classical Newton’s equations using
empirical potentials which have been previously fitted to reproduce quantum
mechanical calculations and experimental results. Thus, there is a clear set of approximations for the derivation of the MD method from quantum mechanics [95]
and, consequently, it is usually obvious when it is possible to apply classical mechanics rather than quantum mechanics and when not. MD simulations have become an important tool for describing the physical mechanisms underlying the
biological function of biomacromolecules. In this approach, the atoms in the system are treated as classical particles moving under the influence of the Newtons
equations of motions
d2
r i = Fi
(1.1)
dt2
Where mi and ri denote the mass and position of atom i, respectively. The force
Fi can be determined from the potential energy of the system
mi

Fi = −∇V (ri , ..., rN )

(1.2)

where V (ri , ..., rN ) represents the potential energy function and N represents the
total atoms in the system. The potential energy of the system is usually divided

6
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into bonded and non-bonded interactions
V (ri , ..., rN ) = V bonded (ri , ..., rN ) + V nonbonded (ri , ..., rN ).

(1.3)

The bonded interactions model the covalently connected atoms by means of harmonic bond, angle and improper dihedral angle restraints, and sinusoidal dihedral angle potentials

V bonded (r1 , . . . , rN ) =

X

Kb (b − b0 )2 +

bonds

+

X

X

Kθ (θ − θ0 )2 +

Kω (ω − ω0 )2

X
improper

angles

Kϕ (1 + cos (nϕ − δ)).

(1.4)

dihedrals

The non-bonded potentials are usually composed of two pairwise potentials,
i.e., the 12-6 Lennard-Jones potential for the van der Waals interactions and the
Coulomb potential for the electrostatic interactions
N
N X
X





σij
4ij 
V nonbonded (ri , ..., rN ) =
rij
j=1 i>j

!12

σij
−
rij

!6 



qi q j 
+
.
4π0 rij

(1.5)

The set of parameters which determines a specific functional form of the bonded
and non-bonded interactions is generally denominated as force field. The force
fields can be categorized into all-atom force fields, which treat all atoms explicitly, and united-atom force fields where some nonpolar hydrogen atoms are neglected. The force fields are obtained via quantum-mechanical calculations which
can be further improved by fitting to experimental data. Moreover, the usual
computational bottleneck arises from the fact that forces need to be re-evaluated
at each time step.
By explicitly describing the atoms of the system under investigation, MD simulations have been very successful providing microscopic details of biological
processes (as an example, see Fig. 1.2). However, the method certainly has its
limitations. Unquestionably, processes including bond breaking and forming,
electron and proton transfer or light excitation cannot be handled by the standard MD approach. Moreover, there is a large computational cost associated to
this method as compared to, e.g., BD simulations. This high computational demand is due to a dichotomy between the short time steps necessary to handle
fast motions such as vibrations of hydrogen atoms and the long simulation times
required to allow for an evolution of slower modes. As a consequence, the calculations are usually computationally demanding since they need to deal with
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F IGURE 1.2: Typical all-atom system setup of a membrane channel for MD simulations.
The SusCD channel ( cartoon representation) embedded in an symmetric POPE bilayer
membrane (sphere representation). For clarity, water is not shown.

these simultaneous requirements for short time steps and long simulations times.
Another limitation, which has generally been underestimated in many circumstances, is related to the water models employed in MD simulations. While an accurate description of water is a key ingredient in their success, deficiencies of the
standard water models in the description of some bulk properties, e.g., the dipole
moment and dielectric constant, as well as in the inclusion of polarization effects
have been pointed out [96]. As one example, Modi et al. [97] have tested the
performance of different water models by comparing the bulk conductivity of 1butyl-3-methylimidazolium (BMIM)-salt based on experiments and simulations.
Rather different results were obtained for the different water models. Moreover,
obtaining a good description of the electrostatic interaction between molecules
(or between different parts of the same molecule) is one of the big problems in
MD simulations. Electrostatic interactions in biomolecular simulations are typically modeled using the atom-centered "partial-charge" approximation in which
the full charge density of the system is replaced by fractional point charges assigned to every atom. The modeling of the electrostatic energy by (fixed) atomic
charges suffers from several limitations [98]. Thus, an accurate representation
of the interactions between molecular electronic clouds requires the inclusion

8
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of higher-order multipoles, polarizabilty, and continuous electrostatic functions.
However, the gain in accuracy has to be balanced with the increased simulation
cost. For an exhaustive discussion about this topic, the interested readers are directed to an excellent recent review [99]. Further, the methods for calculating the
long-range Coulomb interaction also exhibit several limitations. For example,
lattice-sum methods [100, 101] introduce an artificial periodicity in an intrinsically non-periodic system, e.g., a membrane channel where interactions between
the protein in the original cell and all the ficticious proteins in the image cells are
included in the reciprocal part of the Ewald summation. Finally, we would like to
mention the limitations on modeling a constant pH value as a consequence of the
fact that the protonation states of ionizable residues remain usually unmodified
during a MD simulation [102]. In recent years, however, computational methods
have been developed lifting some of these restrictions [103–106].

1.2.3

Modeling of transmembrane potentials

Ion permeation and translocation of charged substrates are normally driven by a
potential difference across the cellular membrane. While this potential difference
arises from the unequal distribution of ions on both sides of the membrane in
living cells, it can be artificially generated using an electrode-based experimental
setup in electrophysiological measurements. Achieving a realistic representation
of the transmembrane potential in the context of MD simulations for membrane
channels is not completely trivial. Because conventionally periodic boundary
conditions are usually applied, a transmembrane potential cannot be controlled
directly by imposing a physical charge imbalance across a single bilayer [107].
One of the simplest approaches to implement a transmembrane potential is to apply a homogeneous electric field perpendicular to the membrane plane across the
entire system (Fig. 1.3) [108–111]. The electric field E is proportional to the applied
voltage V, i.e., E=V/Lz with length of the periodic cell Lz in z direction. Due to the
periodic boundary conditions and the movable charge carriers, a realistic potential distribution is obtained despite the quite simplistic ansatz. Furthermore, it
has been demonstrated that this method is equivalent to having surrounding infinite baths kept at a voltage difference via ion-exchange electrodes connected to
an electromotive force [112]. The external constant field method has been tested
in detail [113] and used in a wide range of simulations [39–41, 97, 114–124]. In
this thesis, this approach has been used to generate a transmembrane potential
across the membrane to study the ion conductance and substrate transport properties. The ionic current passing through a pore under an applied voltage can be

9
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F IGURE 1.3: Simulation system of OpdH channel in POPE membrane at 1M KCl concentration. EC and PP denotes extracellular and periplasmic side of the channel. E represent
the applied electric field perpendicular to the membrane plane across the system.

calculated using
I(t) =

N
1 X
qi ∆zi
Lz ∆t i=1

(1.6)

where qi is the charge of atom i and ∆zi is the displacement of atom i during
the ∆t.
Alternative methods have also been used to generate potential differences by
asymmetric distributions of ions on both sides of the membrane by either introducing a vacuum slab [125] or by establishing a double-membrane system [126].
Furthermore, realistic asymmetric ion concentrations can be realized by introducing a nonperiodic energy step at the edge of the simulation box to maintain a
chemical potential difference across the bulk phase. In this way, a computational
method [127] has been recently developed to allow MD simulations of biomembrane systems under realistic ionic gradients arising from asymmetric salt concentrations while maintaining the conventional periodic boundary conditions. In
addition, a collective diffusion model has been proposed to relate the ion movement at equilibrium to the stationary ion fluxes under small bias voltages [128].
However, a general difficulty for applying all these methods is the limited time
scale currently available using MD, i.e., the millisecond to seconds time scale,
which often appears to be insufficient to extract reliable averages of the physical
properties for many relevant biological process taking place in membrane channels, e.g., ion permeation, substrate translocation and gating events. Therefore,
it is common practice in ion permeation studies to apply higher bias voltages in
10
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simulations than those in experiments though one has to be careful in extrapolating those findings to the physiological range.

1.2.4

Enhanced sampling techniques

The results extracted from MD simulations are only meaningful if the system
under study is ergodic in the timescale of the simulation. However, metastable
configurations can be separated by high free-energy barriers and, consequently,
the transitions between them can be rare events in so far as they can take place on
time scales orders of magnitude larger than the accessible simulation time. As
an example, the transport of molecules across membrane channels can be considered as a collection of several rare events. A large variety of methods, which
are often denominated as enhanced sampling techniques, have been developed
to deal with this issue. In this brief review, we can only discuss some of these
techniques and their applications in the study of substrate translocation. For a
more exhaustive discussion about enhanced sampling techniques, we refer the
interested reader to available reviews [129–132].
Umbrella sampling (US) is a technique widely used for obtaining free-energy
profiles in ion permeation studies [133–138]. In this approach, the system of
interest is simulated in the presence of an artificial biasing window potential
to enhance the sampling in the vicinity of a chosen region of configurational
space [139]. Thus, the biasing potential confines the system in a particular region of configurational space, helping to achieve a more efficient sampling. A
complete calculation requires a number of separate simulations, each biasing
the configurational sampling around a different region along a predefined reaction or transition coordinate. Ultimately, the information from the various
simulations is unbiased and recombined by using the weighted histogram analysis method [140]. US is sometimes considered to be the gold standard technique in ion permeation studies against which other enhanced sampling techniques are compared, although the simulations are generally recognized as being rather costly to perform. Procedures such as Hamiltonian replica exchange
US can decrease the correlations between sampled conformations and speed up
the convergence in some cases. However, substrate transport across membrane
channels usually requires to define several reaction coordinates or collective variables (CVs) to form an appropriate transition coordinate. Hamiltonian replica
exchange US calculations using two CVs have been performed [141–144] though
they are extremely demanding from a computational point of view. The calculations become even more complex if more than two CVs need to be biased.
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One of the difficulties of the US technique is the choice and construction of the
bias potential. An adaptive method for building a bias potential while performing a MD simulation might be advantageous. Metadynamics is a representative
example for such a method [145–147]. In metadynamics, the atomic configurational variables evolve in response to a biased total potential which is composed
by the bare interatomic potential and a time-dependent bias potential
(1.7)

H̃(q, p, t) = H(q, p) + Ṽ (s, t)

where H(q, p) is the Hamiltonian for the equilibrium system, and Ṽ (s, t) is the
time-dependent metadynamics bias potential. The metadynamics bias potential
on the system at time t can be written as
Ṽ (s, t) = W

0 <t
tX

t0 =τG ,2τG ,...,

d
X

(si − si (t0 ))2
exp −
2σi2
i=1

!

(1.8)

where W is Gaussian height, τG is Gaussian deposition frequency, d is number
of CVs, σi is Gaussian width for the ith CV. The three parameters (W , τG and σ)
influence the accuracy of the free energy surface reconstruction. The key element
of metadynamics is that the bias is built as a sum of Gaussian functions centered
at those points in configurational space already visited. It has been first empirically [148] and then analytically [149] demonstrated that in the limit in which the
CVs evolve according to a Langevin dynamics, the bias indeed converges to the
negative of the free energy
Ṽ (s, t → ∞) ∼ −F (s).

(1.9)

Furthermore, a possible way to reduce the error in the free energy estimates as
a simulation progresses is to decrease the growth rate of the bias [150]. In welltempered metadynamics, the Gaussian height decreases over the time according
to:
!
Ṽ (s, t0 )
(1.10)
W = W0 exp −
kB ∆T
where W0 is an initial Gaussian height, ∆T is a tuning temperature, Ṽ (s, t) is the
bias potential accumulated in s over the time t and kB denotes the Boltzmann constant. The bias potential with the rescaled Gaussian height smoothly converges in
the long simulation time, but it does not fully compensate the free energy surface
(FES)
∆T
F (s).
(1.11)
Ṽ (s, t → ∞) ∼ −
∆T + T
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Multiple simulations can also be used in parallel to allow for a faster evaluation of
the free-energy landscape [151]. In the multiple walker variant of metadynamics,
multiple simulations of either identical or different configurations run on parallel
machines and contribute simultaneously to the history-dependent potential. The
metadynamics bias potential in the case of mutliple walkers is given by
Ṽ (s, t) = W

0 <t
tX

t0 =τG ,2τG ,...

NR
X

d
X

(si − si (t0 ))2
exp −
2σi2
r=1
i=1

!

(1.12)

where NR is number of walkers. Multiple walker well-tempered metadynamics
has been extensively employed in studies of substrate and antibiotic transport
across membrane channels [28, 152, 153] since it allows for treating several CVs
and can be used both for reconstructing the free energy and for accelerating rare
events.
However, the technique is not free of limitations. As in US techniques, the necessity to choose a priori a limited number of CVs is possibly the major drawback,
as there is no way to ensure that the choice is appropriate before performing the
simulation. The choice of the CVs for a completely new system is guided only
by chemical or physical intuition, and in several cases one has to proceed by
trial and error. Moreover, in many important cases, the number of CVs might be
greater than three or four and, thus, the method in its original formulation cannot be applied because of the resulting computational demands. On the other
hand, the convergence of free-energy surfaces using this approach can be slow,
meaning that a large amount of computer time can be required to gain accurate
free-energy results.
The adaptive biasing force (ABF) technique [154–156] is also an adaptive
importance-sampling strategy in which the quantity being adjusted is the average force acting along the transition coordinate. In the formalism of thermodynamic integration, on which the adaptive biasing force is based, the average force
is calculated and, then, integrated to yield the PMF. The instantaneous force acting along the coordinate may be decomposed into the sum of the average force
and a random force with zero average, reflecting fluctuations of all other degrees
of freedom. In many instances, the random force can be satisfactorily approximated as diffusive, leading to a simple physical picture in which the system
diffuses along the transition coordinate in the PMF. The idea behind the ABF
algorithm is to preserve most characteristics of the dynamics while flattening the
PMF to remove free-energy barriers. However, this is done adaptively, without
any prior information about the PMF. To accomplish this, the instantaneous force
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acting along the transition coordinate is calculated, and its running time average is recorded, thus providing an on-the-fly estimate of the derivative of the
free energy at each point in the CV space. At the same time, an external biasing
force is applied, exactly canceling the current estimate of the average force. Over
time, as the estimate converges to the average force at equilibrium, the total average force stabilizes at values very close to zero. Then, the system experiences
a nearly flat PMF and displays an accelerated dynamics along the transition coordinate. The ABF technique has been used to tackle a number of challenging
problems of chemical and biological interest, including several transport simulations [33, 46, 53, 157–163]. As in the aforementioned bias potential method, the
major drawback is a proper choice of the CVs. In principle, the ABF technique
has the ability to handle rather high-dimensional CVs. However, it does not seem
clear how to recover equilibrium Boltzmann statistics of unbiased CVs from samples drawn throughout a ABF trajectory [132].

1.3

Prerequisites for OM channel simulations

In this section, we will discuss the advances and challenges of all-atom force
fields for bacterial OMs and antibiotics. The common ingredients of OM channel system setups are proteins, phospholipids, LPS, water molecules, ions, and
small molecules such as substrates or especially antibiotics. Well established
force fields exist for proteins, water and ions. For instance, CHARMM [164],
AMBER [165] and GROMOS [166] are prototypical examples for widely used
all-atom and united force fields. In addition, there are well-validated protocols
such as CHARMM-GUI Membrane Builder that facilitates complex membrane
system building and provides the optimized inputs for various simulation programs [51, 167, 168]. Nowadays, MD simulations using all-atom force fields are
routinely performed on a timescale of nano to microsecond due to the availability of advanced computational power. Recently, for example, a 64 million atom
system was simulated for 100 ns using an all-atom force field [169]. Furthermore,
an increasing trend in the use of polarizable force fields to improve the electrostatics in response to its changing environment can be observed. However, till
now, polarizable force fields have not been applied in the study of small molecule
translocation.
OM channels of Gram-negative bacteria have a complex and asymmetric environment which is composed of the LPS (outer leaflet) and phospholipids (inner
leaflet). Force field parameters for different phosholipids belonging to the inner
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F IGURE 1.4: Simulation setup of a OM channel in assymetric LPS bilayer. The OmpF
channel (orange cartoon representation) embedded in an E. coli K12 lipid bilayer (sphere
representation). For clarity, the front part of the membrane and water is not shown.

leaflet of bacterial OM are widely established [170–172] where the common phospholipids are phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and cardiolipin. Most reported OM channel simulations so far employed simple phospholipid bilayers to model the OM [38, 40, 45]. Due to the importance of the LPS
in the outer membrane and their role in permeability and antibiotic resistance,
there is an increasing demand to simulate the OM channel function in the presence of asymmetric LPS-containing bilayers (Fig. 1.4). Now, these simulations
are possible due to recent advances in the development of force fields for LPScontatining outer membrane models of Gram-negative bacteria [171, 173]. However, the composition of the LPS differs from bacterium to bacterium and the development of LPS force fields parameters for the various bacteria is a challenge.
As of today, force fields for LPS-containing OM models of E. coli and P. aeruginosa
are available [43, 173–175].
Another complication of OM channel simulations for translocation is the availability of well-tested force fields for the substrates and especially antibiotics. Because of the growing interests of the scientific and pharmaceutical community
in antibiotic resistance, most of the experimental research focuses on the permeability of antibiotics into the bacterial cell at the in vitro and the in vivo levels.
However, theoretical simulations of antibiotic translocation belong to a quite recent research area in which the quality of the outcome depends critically on the
availability of reliable force fields for the antibiotics molecules. Small molecule
databases and approaches such as CGenFF [176] and GAFF [177] provide initial
15
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force field parameters for drug-like molecules which can be further optimized by
quantum calculations using tools like FFTK [178] and Antechamber [179]. Malloci et al. have developed AMBER force fields for the most common antibiotics
and tested their dynamical properties in simulations [180]. Recently, Pavlova et
al. developed CHARMM force field parameters for macrolide antibiotics using
the FFTK plugin [181]. Force fields for some other antibiotics are also available
in the literature. In case of simple and multi-atomic ions, bulk conductivity measurements can be used to test and benchmark the performance of force fields parameters. For example, Pezeshki et al. have tested the performance of CHARMM
and AMBER parameters for KCl by comparing the bulk conductivity values from
simulations and experiments [40]. Both KCl force fields exhibit similar behavior
at different ion concentrations, which is in reasonable agreement with the experiments up to a 1M concentration of the KCl solution. In another study, Modi et al.
have tested the performance of BMIM-Cl force field parameters before studying
the ion transport through the OmpF channel [97]. The calculated bulk conductivity values are qualitatively in good agreement with the experimental estimates
indicating the quality the force field parameters. Moreover, for example, Juong
and Cheatham have determined monovalent ion parameters for the complete series of alkali cations and halide anions which can be used with explicit solvent
models such as TIP3P, TIP4PEW and SPC/E [182].
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1.4

Aims and outline of the thesis

To give a detailed answer on how OM channels open and close, and recognize
their interaction partners is extremely challenging for both experimentalists as
well as theoreticians. Biophysical and physiological experiments, accompanied
by atomistic simulations are crucial for providing a comprehensive description
of all aspects of a channel function. The combined approach of X-ray crystallography, electrophysiology and computational experiments improve the understanding of the channel functionality at the molecular level. In this thesis, MD
simulations have been used to investigate the underlying structure-function relationships of bacterial OM channels from parasitic (P. aeruginosa) and endosymbiont (B. thetaiotaomicron) Gram-negative bacteria. The results are discussed in
the following chapters:
Chapter 2 provides mechanistic insights into OM nutrient uptake by dominant members of gut microbiota. Unbiased MD simulations have been carried
out to study the dynamics of SusCD transpoter complex in the presence and absence of a ligand. MD simulations revealed the opening of the SusD lid in the
absence of a ligand. Our results strongly suggest a pedal bin mechanism for the
nutrient uptake by SusCD-like transporter systems
Chapter 3 explains the structural basis of gating in the OpdH (OccK5) channel. In this study, we have employed all-atom MD simulations in conjunction
with single-channel measurements to study the molecular and kinetic details of
spontaneous gating of the OpdH channel. Our simulations predicted the structural determinants responsible for gating. This finding was supported by singlechannel electrophysiology experiments. The mechanism of gating for the OpdH
channel is discussed.
Chapter 4 elucidates the substrate specificity of the OpdH channel from P. aeruginosa. Multi-approach MD simulations have been performed to investigate the
transport properties of various carboxyl anions through tbe OpdH channel. The
molecular and thermodynamic basis for the channel ability to discriminate various carboxyl molecules are discussed.
In Chapter 5, unbiased and applied-field simulations are carried out to investigate the conductance and gating transitions of the OpdK (OccK1) channel from
P. aeruginosa. Our MD simulations support the role of loop L7 in gating of the
OpdK channel.
Finally, in Chapter 6, the major findings and the future directions towards
modeling of ion, substrate and antibiotic transport are discussed.
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Chapter 2
Modeling of pedal bin mechanism in
SusCD-like transporters
Abstract
The gut microbiota plays an important role in human health and nutrition. The
survival of microbiota members from the dominant Gram-negative phylum Bacteroidetes depends on their ability to degrade dietary glycans that cannot be
metabolised by the host. Glycan degradation occurs mainly intracellularly and
depends critically on the import of intermediate-sized oligosaccharides by an
outer membrane (OM) protein complex composed of an extracellular SusD-like
lipoprotein and an integral membrane SusC-like transporter. Many sequenced
gut Bacteriodes spp encode over 100 C/D pairs, with the majority of them having
unknown functions and substrate specificities. The central, unresolved question
is how extracellular substrate binding by SusD proteins is coupled to OM passage via their cognate SusC transporter. Here we present X-ray crystal structures
of two functionally distinct SusCD complexes purified from Bacteroides thetaiotaomicron and derive a general model for substrate translocation. The SusC
transporters form homodimers, with each β-barrel protomer tightly capped by
the SusD. Ligands are bound at the SusCD interface in a large solvent-excluded
cavity. Molecular dynamics simulations and single channel electrophysiology reveal a "pedal bin" mechanism in which SusD moves away from SusC in a hingelike fashion in the absence of ligand to expose the substrate binding site to the
extracellular milieu. Our results provide mechanistic insights into OM nutrient
import by members of the microbiota, which is of major significance for understanding the human-microbiota symbiosis.
Reproduced with permission from the research article by Amy J. Glenwright,
Karunakar R. Pothula, Satya P. Bhamidimarri, Dror S. Chorev, Arnaud Basle, Susan J. Firbank,
Hongjun Zheng, Carol V. Robinson, Mathias Winterhalter, Ulrich Kleinekathöfer, David N. Bolam, Bert van den Berg, Structural basis for nutrient acquisition by dominant members of the
human gut microbiota. Nature 2017, 541, 407-411. Myself and Amy J. Glenwright contributed
equally to this manuscript.
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2.1

Introduction

The human large intestine is populated by an extremely high density of microorganisms, collectively termed the colonic microbiota [183]. It is becoming increasingly evident that the microbiota has a large influence on human health and nutrition [184]. The survival of individual microorganisms and hence the composition
of the colonic microbiota depends on their ability to access available nutrients
in this densely populated and highly competitive environment [185].The major
source of nutrients for microbes in the large intestine are complex dietary glycans
that cannot be metabolised by the host, with the dominant Gram-negative phylum, the Bacteroidetes, playing a key role in the breakdown of these recalcitrant
macromolecules [185–189]. Within the Bacteroidetes, genes encoding proteins
involved in the degradation of specific glycans are organised into co-regulated
polysaccharide utilisation loci (PULs) [190]. The archetypal PUL has been named
Sus, for starch utilisation system, and consists of 7 proteins named SusA-G [190,
191]. The current working model for PUL function is that polysaccharides are
converted extracellularly to oligosaccharides by surface-located enzymes followed
by import via an integral OM protein complex composed of a SusD-like glycan
binding lipoprotein and a SusC-like TonB-dependent transporter (TBDT) [186–
189, 192, 193]. According to the rough consensus in the field [194], TBDTs contain an internal "plug" or "cork" domain inside the β-barrel, a feature that prevents simple diffusion of substrate into the periplasmic space. Instead, substrateloaded TBDTs interact via the plug domain with the inner membrane protein
ExbBD-TonB energiser complex, which likely functions as a proton pump [195].
Proton transport by ExbBD-TonB results in conformational changes in TonB that
are transmitted to the TBDT to generate a channel for diffusion of the substrate
into the periplasmic space. In the case of oligosaccharides, these are subsequently
converted to monosaccharides by periplasmic enzymes and transported into the
cytosol by ABC-type transporters. Thus, TBDTs are active OM transporters utilising the proton-motive force across the plasma membrane. The presence of the
partner SusD-like lipoprotein is the major difference that distinguishes SusC-like
proteins from previously characterised TBDTs. The genus Bacteroides is abundant in the colon and individual members contain very large numbers of SusCDlike pairs (101 in B. thetaiotaomicron), most of which have unknown substrate
specificities [196, 197]. Indeed, it is unclear whether the substrate repertoire of
SusCD-like proteins extends significantly beyond glycans, although iron capture
from transferrin has been demonstrated for a PUL from a canine-derived Bacteroidetes [198]. However, it is clear that collectively, SusCD-like complexes play
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crucial roles in nutrient acquisition by, and therefore functioning of, the microbiota. Beyond the microbiota it was very recently shown that SusCD complexes
also play important roles in nutrient uptake in bacterioplankton populations following algal blooms [199]. Due to the lack of structural information it is not
known how these key nutrient importers function, in particular how substrate
binding by SusD-like proteins is coupled to OM transport by SusC-like transporters.
To illuminate this important process via X-ray crystallography we initially
tried to overexpress several B. thetaiotaomicron (B. theta) SusC homologues in
the OM of E. coli, but were not successful. However, we discovered that a number of SusCD complexes are expressed at high levels (1 mg/l) in B. theta. The
remarkable abundance of TBDTs and the paucity of OM diffusion channels such
as porins in B. theta. shows that nutrients are acquired in a fundamentally different way in Bacteroidetes compared to e.g. E. coli and highlights the importance of SusCD systems. The SusCD complexes are highly stable and remain
intact in SDS. A four-component complex produced by B. theta in fructose minimal medium showed favourable properties in ion-exchange chromatography,
allowing purification to homogeneity. The complex was identified as BT22612264 via identification of SDS-PAGE gel bands by mass spectrometry. The substrate of BT2261-2264 is not known, but the presence of homologues of both SusD
(BT2263) and SusC (BT2264) supports a function in nutrient acquisition. BT2261
and BT2262 are small OM lipoproteins (16 and 24 kDa) that in B. theta are unique
to the BT2261-64 system.

2.2

Materials and Methods

Growth of B. theta, OM isolation and purification of SusCD complexes: Native BT2261-2264 complex. Wild-type B. theta was grown on minimal media containing fructose (0.05% w/v) as a carbon source at 37o C under anaerobic conditions overnight. At A 600 of 1.5-2.0, cells were harvested by centrifugation at
11,305 x g for 30 minutes. Cells were resuspended in TSB buffer (20 mM Tris/300
mM NaCl pH 8) and lysed at a pressure of 23 kpsi using a cell disrupter (Constant Systems 0.75 kW). The cells were centrifuged at 205,000 x g for 1 hour to
collect total membranes. The pellets were resuspended and homogenised in 20
mM HEPES pH 7.5 containing 0.5 % (w/v) Sodium Lauroyl Sarcosine. Typically,
100 ml buffer was used for 2 l of cells. The sample was incubated while stirring
at 20o C for 30 minutes and centrifuged at 205,000 x g for 30 minutes. The supernatant was discarded and the process was repeated. The clear, translucent pellets
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containing the OM proteins were resuspended and homogenised in 1.5 % (w/v)
lauryldimethylamine-N- oxide (LDAO) buffer (10 mM HEPES 50 mM NaCl pH
7.5) and incubated while stirring at 4 o C overnight. The sample was centrifuged
at 205,000 x g for 45 minutes and the supernatant containing OM proteins was
collected. The sample was passed through a 0.45 m filter, loaded on a 6 ml Resource Q anion exchange column and eluted with a linear gradient of NaCl. The
BT2261-2264 peak was collected and further purified by gel filtration chromatography in 10 mM Hepes/100 mM NaCl/0.12% n-decyl-β-D- maltoside (DM) pH
7.5 using a HiLoad 16/60 Superdex 200 column. Peak fractions were pooled and
the buffer was exchanged to 10 mM Hepes/100 mM NaCl/0.4% Tetraethylene
Glycol Monooctyl Ether (C8E4) pH 7.5 using a 100 kD MWCO ultrafiltration device (Millipore). The protein was concentrated to 7-10 mg/ml, aliquoted and
flash-frozen in liquid nitrogen.
Selenomethionine-substituted BT2261-2264 complex: 10 litres of wild type
B. theta were grown in rich TYG-haematin media at 37o C anaerobically for 20
hours to OD 600nm of 1.2, and harvested by centrifugation at 11,305 x g for 30
minutes. The cells were resuspended and used to inoculate 10 litres of minimal
media containing 0.5% (w/v) fructose to induce expression of BT2261-2264. Selenomethionine (SeMet) enrichment was performed based on the well-established
methionine biosynthesis inhibition protocol for E. coli [200]. 24 Cells were incubated at 37o C anaerobically for 30 minutes before the addition of amino acids
(Lys, Phe,Thr, Leu, Ile, Val) and SeMet (60 mg/l). The cells were incubated for a
further 17 hours to a final A 600 of 1.7 and harvested. Bacteria were processed
and BT2261-64 was purified as described above.
BT1762-1763 complex: A 6xHis-tag was added to the C-terminus of genomic
BT1762 (susD) using pExchange-tdk. The mutated B. theta cells were grown on
minimal media with 0.05% fructose under anaerobic conditions. Cells were harvested and processed as outlined above. Following solubilisation with LDAO,
the His-tagged complex was purified by cobalt-affinity chromatography (Talon)
followed by gel filtration with a HiLoad 16/60 Superdex 200 column in 10 mM
Hepes/100 mM NaCl/0.12% DM pH 7.5. For crystallisation the detergent was
exchanged to C8E4 via a second gel filtration step in 10 mM Hepes/100 mM
NaCl/0.4% C8E4 pH 7.5.
Overexpression and purification of BT_2262 and BT_2263: The mature parts
of BT2262 and BT2263 lacking the N-terminal cysteine residue were cloned using
PCR for ligation independent cloning into a pET9 vector containing a kanamycin
resistance gene for selection, a PelB signal sequence for targeting proteins to the
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periplasm and a C-terminal TEV protease-cleavable 10xHis-tag. After TEV cleavage, the sequence "SM" is added to the first residue of the cloned sequence. The
vector was digested using BsaI and annealed with the insert using T4 DNA polymerase. Proteins were expressed in BL21 (DE3) E. coli cells grown in LB media
at 37o C to A 600 of ∼0.6 and induced with 0.2 mM IPTG then incubated at 18o C
overnight. Cells were harvested at 2,826 x g for 30 minutes, resuspended in TSB
buffer and lysed at 23 kpsi using a cell disrupter. The lysed cells were centrifuged
at 205,000 x g for 45 minutes and the supernatant was collected. The proteins were
purified using nickel affinity chromatography (Chelating Sepharose; GE Healthcare) and eluted with TSB buffer containing 250 mM imidazole. The buffer was
exchanged to TEV cleavage buffer (50 mM Tris/50 mM NaCl/0.5 mM EDTA/0.5
mM TCEP pH 8). TEV protease was added to a ∼ 5-10:1 w/w ratio (protein:TEV)
and the His-tag was cleaved overnight at room temperature with gentle rocking.
The cleaved proteins were subjected to a second round of nickel affinity chromatography. Tag-less proteins were further purified by gel filtration in 10 mM
Hepes/100 mM NaCl pH 7.5 using a HiLoad 16/60 Superdex 200 column, and
concentrated to ∼10-15 mg/ml for crystallization.
Crystallisation of BT2262 and BT2263: Sitting drop crystallisation trials were
set up using a Mosquito crystallisation robot (TTP Labtech) using commercial
screens (Molecular Dimensions Structure, Index, PACT and JCSG+ screens). Initial hits were obtained in Structure, #37 for BT2263 (0.2 M Sodium acetate trihydrate 0.1 M TrispH 8.5, 30% w/v PEG4000) and Structure, #30 for BT2262 (2 M
Ammonium sulfate/ 0.1 M Sodium HEPES pH 7.5/ 2% w/v PEG400).
Crystallisation and structure determination of BT1762: The mature part of
BT1762 was overexpressed in the cytoplasmic space of E. coli BL21(DE3) and purified by nickel affinity chromatography. The protein was crystalized using the
sitting drop method using a Mosquito robot (TTP Labtech). Rod-like crystals
grew in 2.0 M Ammonium sulfate, 100 mM Sodium Acetate pH 4.6 and 8% PEG
4000. Both native and SeMet data were collected on I03 at Diamond light source
(Didcot, UK). Data were processed and integrated to 1.8 Å with XDS [201]and
scaled with Aimless [202, 203]. Space group determination was tested with Pointless [202]. The phase problem was solved by SeMet single-wavelength anomalous dispersion (SAD) using HKL2MAP [204] and Shelx C/D/E pipeline [205].
An initial model was produced by Buccaneer [206] using the SAD data and used
as a search model for molecular replacement using Molrep [207] on the native
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data. The model was completed using iterative cycles of refinement with Refmac5 and manual model-building using COOT [208]. The Rfree set of reflections
was 5% of the unique reflections, randomly selected. The model was validated
using Molprobity [209].
Crystallisation and structure determination of OM complexes: BT2261-2264:
Sitting drop crystallisation trials were set up using a Mosquito crystallisation
robot (TTP Labtech) using commercial screens (Molecular Dimensions MemGold
1 and 2) and in-house screens. The triclinic and orthorhombic crystals for native BT2261-64 as well as the crystals for SeMet substituted complex were produced by the same condition (MemGold 2 #44; 0.2 M Magnesium formate dihydrate, 0.05 M Tris pH 8, 18-22% (w/v) PEG 3350), although the triclinic crystals
occurred very infrequently. Diffraction data were collected at 100 K at the Diamond Light Source (Didcot, UK), on beamlines I03 (BT2263), I04 (BT2261-2264
and BT1762/63) and I24 (BT2261-2264). All diffraction data were processed with
XDS [201] and Pointless [202] was used for space group determination. Data were
scaled using Aimless [203].
After obtaining well-diffracting crystals for native BT2261-64 we performed
molecular replacement (MR) trials in Phaser [210]with both crystal forms, using
components available within the PDB at that time. These consisted of FepA (PDB
ID 1FEP; 14% identity to BT2264), BT2259 (PDB ID 4Q69; 26% identity to BT_2263)
and BT2261 (PDB ID 3H3I). However, none of these trials produced a plausible
solution, including searches that were performed with Sculptor-modified [211]
search models. We then obtained crystals of soluble BT_2263 and solved its structure via MR using BT_2259 as a search model (26% sequence identity). Subsequently a definite MR solution was found by Phaser for a P1 crystal using
BT_2263 and Sculptor-modified FepA as search models (RFZ=14.7 TFZ=* PAK=0
LLG=503 RFZ=10.4 TFZ=29.9 PAK=0 LLG=1195 RFZ=5.5 TFZ=10.3 PAK=3 LLG=
1263 RFZ= 5.7 TFZ=9.0 PAK=7 LLG=1220 LLG=1789; 2 copies each of BT2263
and BT2264). Subsequent Autobuilding within Phenix 36 yielded a model with
Rfree of ∼44%. Placement of two copies of BT2261 via MR was straightforward at this stage. Subsequent rounds of manual building of BT2264 and the
N-terminal domain of BT2262 within COOT [208] depended critically on using
density-modified maps produced by RESOLVE [212], in particular after application of 2-fold non crystallographic symmetry (NCS). During the later stages
of model building and Phenix refinement, we solved the structure of BT_2262
by molecular replacement using the N-terminal domain (residues 4-110) from
the complex as a search model. When the Rf ree of the model for the complex
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reached ∼28%, BT_2262 was placed in the density, guided by its N-terminal domain. Refinement of B-factors was done isotropically including TLS, with each
protein chain taken as a separate group. NCS was not used. For all structures,
protein geometry was validated with MolProbity [208]. Figures were produced
with PyMOL [213] (Schrödinger LLC). In the final model of BT2261-64, only one
copy of BT2262 is visible within the complex (residues 4-212; numbering from
the first residue of the mature sequences), with poor density for the C-terminal
domain. Besides BT2262, the final model contains two copies of BT2264 (residues
37-984), two copies of BT2263 (residues 1-480) and two copies of BT2261 (residues
3-148). Of the two complexes in the asymmetric unit, the best density is observed
for the complex consisting of chains ABFG, and the modelled sequence (GSSGGQQEGG) and electron density maps for the peptide reported here were based
on this complex. For the other complex in the P1 asymmetric unit (chains CDE)
as well as for some of the complexes in the other space groups, the peptide density is slightly different and we have therefore fitted slightly different sequences
at those sites. It is not clear at this point whether the differences in density for the
peptide are a consequence of the presence of a bound ensemble.
During the later stages of structure refinement of BT2261-64 we also obtained
diffracting crystals for SeMet-substituted complex in space group P21 . Both SAD
and MAD datasets were collected for these crystals but none of these provided
phases of sufficient quality to solve the structure de novo. Given that the anomalous signal was weak, the failure of phasing was most likely due to a low level of
SeMet incorporation by B. theta. However, anomalous difference maps could be
produced that provided a useful independent registry check via the 51 methionine residues present in the tetrameric BT2261-64 complex.
The structures of the BT2261-2264 complex in space groups P21 21 21 and P21
omains of both BT2262 subunits missing. In the monoclinic, SeMet complex, no
density is visible for either of the BT2262 subunits, confirming the dynamic nature of this subunit. BT1762-1763: Two different crystal forms were obtained for
BT1762-63. First, a single diamond-shaped plate was obtained from MemGold 2,
condition 18 (crystal form 1; 0.1 M magnesium formate dihydrate, 0.1 M MOPS
pH 7, 17 % w/v PEG 3350), and cryoprotected by the addition of 20 % glycerol.
A dataset to 3.1 Å resolution collected on this crystal at DLS beamline I04 generated a definite MR solution with Phaser (RFZ=6.8 TFZ=14.4 PAK=0 LLG=173
TFZ==14.7 RFZ=7.0 TFZ=7.6 PAK=9 LLG=627 TFZ==10.4 LLG=807 TFZ==10.0;
space group P2 1 2 1 2), using the BT1762 structure and a Sculptor-generated
model of BT2264 (21% sequence identity) as search models. In this crystal, there is
only one SusC protomer within the asymmetric unit, with the SusC homodimer
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generated by crystallographic symmetry. Autobuilding within Phenix resulted
in a model with Rf ree ∼43-44% (R ∼39%), comparable to BT2261-64 at a similar
stage of refinement. Due to the lack of non crystallographic symmetry (NCS) the
maps were of insufficient quality to build a more complete model for BT1763. We
then obtained another crystal form (crystal form 2; P21 21 21 and P21 ) from a different preparation with 2 molecules in the AU from 18-20% w/v PEG 3350, 50 mM
Hepes pH 7.0, 0.2 M NH4 NO3 . The best crystal diffracted X-rays to ∼3.0 Å resolution. Running Phaser with BT1762 and the partial, Autobuilt model of BT1763
gave a single, definite solution (RFZ=11.7 TFZ=24.0 PAK=0 LLG=610 TFZ==27.7
RF++ TFZ=45.1 PAK=0 LLG=1771 TFZ==42.7 RFZ=6.1 TFZ=36.4 PAK=0 LLG=2747
TFZ==37.0 (; TFZ==31.6) LLG+=(2747 ; 3697) LLG=3740 TFZ==38.1 PAK=0 LLG=3740
TFZ==
41.5). Following Autobuilding within Phenix, a model was built via iterative cycles of manual building and refinement within Phenix. During later stages of
refinement, NCS was omitted and TLS refinement of B-factors was applied (one
domain per chain). The structure of crystal form 1 was then solved via MR, followed by refinement in Phenix as described above.
Native mass spectrometry: The protein sample was buffer exchanged to 1 M
ammonium acetate containing 0.5% C8 E4 utilizing a biospin 6 column (Bio-Rad).
Typically, 2-3 l of the protein samples were loaded onto a gold-coated borosilicate
capillary (1 mm outer diameter). Proteins were transmitted into a Synapt HDMS
mass spectrometer (Waters) modified to facilitate the transmission of high mass
species via a nano-ESI apparatus. Instrument parameters were set as follows:
backing pressure- 6 mBar, capillary voltage- 1.6 kV, cone voltage- 170 V, trap and
transfer collision energy were 200 V for the BT2261-2264 complex and 100 V for
BT1762-1763. Data analysis was carried out using Masslynx 4.1 (Waters).
Size exclusion chromatography multi-angle light scattering (SEC-MALS): SECMALS was performed using an ÄKTA Pure with Superdex 200 10/300 GL Increase (GE Healthcare), with in-line DAWN HELIOS II MALS detector (eight
fixed angles) an Optilab T-rEX differential refractometer (Wyatt Technology).
BT1762-63 (100 µl of 7 mg/ml) was analysed in 10 mM Hepes pH 7.5, 150 mM
NaCl, 0.05% dodecyl-β-D- maltoside. Data were collected and analysed using
ASTRA 6 (Wyatt Technology). Molecular weights for the protein-detergent complex and its protein and detergent constituents were determined through proteinconjugate analysis with Zimm plot extrapolation using dn/dc values of 0.1850 ml/g
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and 0.1435 ml/g for protein and detergent respectively, and a protein UV extinction coefficient of 1.86 ml/mg/cm.
Refolding of Sus proteins from SDS-PAGE: The proteins were refolded from
gels using a simple refolding protocol. Briefly, the samples were mixed with loading buffer (final concentrations: 75 mM Tris pH 6.8, 15% Glycerol, 0.6% SDS, 5 %
β-Mercaptoethanol, 0.01 mg/ml Bromophenol Blue) and heated for 15 min at
90o C. Each sample was loaded onto multiple wells for a higher yield on a 12%
SDS gel along with the PageRuler TM Prestained Protein ladder (Thermo Scientific, Product no. 26617). Part of the gel was silver stained. Thin slices of the unstained gel were excised along the expected size of the band by comparing with
its stained counterpart and were transferred to a vial containing 1% Genapol. Gel
pieces were crushed gently for about half an hour using a micro pestle to make
the solution homogenous. The suspension was kept for overnight incubation at
8o C with 550 rpm shaking on a Thermomixer. Following overnight incubation,
the mixture was centrifuged at 3500 x g for 30 min and the supernatant was collected and checked for channel activity by electrophysiology.

Electrophysiology: Electrophysiology measurements were carried out using a
single channel reconstitution protocol as described elsewhere [214]. In short, a
teflon cuvette was used in which a 25 µm thick Teflon film with an aperture size
of around 50 -100 µm was inserted between the two chambers. 1-2 µl of a solution containing 1% Hexadecane in Hexane was used to impregnate the area
around the aperture to make it more hydrophobic (lipophilic) and left to dry. The
two chambers were filled with 1 M KCl and 10 mM HEPES pH 7. Around 2 µl
solution of 5 mg DPhPC (diphytanoylphosphatidylcholine, Avanti polar lipids,
Alabaster, AL) dissolved in 1 ml n-pentane was used to form the membrane using the Montal and Muller technique [215]. A pair of Ag/AgCl electrodes (World
Precision Instruments, Sarasota, FL) was used to measure the ionic current across
the membrane where one of the electrodes is connected to the cis (ground) side
of the membrane and the other was connected to the trans headstage of the Axopatch 200B amplifier (Axon Instruments). Protein dissolved in 1% Genapol was
always added to the cis side of the membrane. The ion current trace was filtered
using a low pass Bessel filter at 10 kHz and was recorded using a sampling frequency of 50 kHz. Data were analysed using the Clampfit program. The data
thus obtained were filtered at 5 kHz for obtaining a clear view of the traces.
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Molecular dynamics simulations: Molecular dynamics (MD) simulations were
carried out with GROMACS 4.6.5 [216] using the all-atom CHARMM36 force
field for protein, lipids and ions [164, 172]. Long-range Coulomb interactions
were calculated using the particle-mesh Ewald (PME) summation method [217]
with a short-range cutoff of 1.2 nm and a Fourier grid spacing of 0.12 nm. At
the same time, Lennard-Jones interactions were considered up to a distance of
1 nm, and a switch function was used to smoothly switch off the interactions
to reach zero at 1.2 nm. The unbiased simulations were performed under constant pressure (1 bar) and constant temperature (300 K) with a time step of 2 fs
by applying constraints to the bonds of hydrogen atoms using the LINCS algorithm [218]. The MD simulations were performed for different starting structures (dimer, tetramer and octamer) of the BT2261-2264 SusCD complex. The
missing residues in the perisplasmic turn (L570-F578) of SusC were modeled using Modeler 9.12 [219]. In case of the octamer, the missing copy of BT2261 was
added manually. The starting structures of the SusCD complex in the peptidebound conformations were embedded in a symmetric bilayer consisting of POPE
(palmitoyloleoyl-phosphatidylethanolamine) lipids using the membrane builder
in the CHARMM-GUI [167]. Subsequently, the lipid bilayer and the protein were
solvated using a TIP3P water box and further neutralized by adding the appropriate number of potassium ions. The holo systems were equilibrated using the wellestablished protocol developed in the CHARMM-GUI Membrane Builder [167].
For the apo simulations the bound peptides were removed from the respective
equilibrated structures and 20 ns of equilibration was carried out. Finally, a total
of 7 µs eight independent unbiased simulations were performed with no constraints on the system for the holo-complexes (dimer and tetramer: 3x0.5 µs each
and octamer: 1x0.5 µs ) and apo-complexes (dimer and tetramer: 3x0.5 µs each
and octamer: 1x0.5 µs ).

2.3

Results and Discussion

The structure of a triclinic crystal form of BT2261-64 was solved by molecular
replacement using data to 2.75 Å resolution (Figs. 2.1a and c). The structure solution was not straightforward and required first solving the structures of BT2262
and BT2263 individually as well as using a Sculptor [211] modified model of
E. coli FepA [220] for BT2264. The structure reveals that the central component
of the complex, BT2264 (hereafter named SusC), is a typical, albeit large TonBdependent transporter (984 residues), with an N-terminal plug domain inserted
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F IGURE 2.1: Overall architecture of SusCD complexes. a, b, Cartoon views from the
side for BT2261-64 (a) and BT1762-63 (b) rotated by 90o , with individual subunits labeled.
OM, outer membrane. c, Surface representation of BT2261-64 from the outside of the cell.
d, e, Architecture of BT2264 (SusC-like) viewed from the extracellular side (d) and from
the plane of the membrane (e) with several extracellular loops indicated (L). The plug
domain in the interior of the 22-stranded β-barrel is dark blue, and the N-terminal ten
residues of BT2263 (SusD-like) including the lipid anchor are shown as stick models in
magenta. Loop L7 is shown in orange. f, View of the BT1762-63 dimer from the periplasmic side. The L7 loops (orange) of BT1763 (SusC-like) and the functionally important
residue Trp85 in BT1762 (SusD-like) are shown as space-filling models.
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into a 22-stranded β-barrel (Figs. 2.1d and e) [194]. Strikingly, SusC forms homodimers burying ∼900 Å2 of surface area (Figs. 2.1a and c). Identical interfaces
are observed for both other crystal forms, suggesting the dimer is not a crystal
packing artefact. Native mass spectrometry confirms that BT2261-64 forms an
octameric complex of 400 kDa in size. To our knowledge, the dimeric organisation of SusC is unique for TBDTs.
The SusD-like subunit (BT2263; hereafter named SusD) forms an extracellular
cap on the transporter, burying a large surface area of ∼3800 Å2 (Figs. 2.1a and c).
The SusCD interaction is stabilised by a large number of hydrogen bonds and several salt bridges, explaining the high stability of the complex in SDS-PAGE. SusCbound SusD has an identical structure compared to SusD in isolation (Fig. 2.2a),
demonstrating that no conformational changes occur upon binding to SusC. The
face of SusD that interacts with SusC is distant from the conserved four tetratricopeptide (TPR) repeats (Fig. 2.2a), contrasting with earlier predictions [221].
Instead the interaction surface includes the highly variable region that forms the
substrate binding site of SusD-like proteins (Figs. 2.2c-e) [192, 221].
Unlike BT2263/SusD, the small lipoproteins BT2261 and BT2262 are located
on the periphery of the complex (Figs. 2.1a and c). Their functions are not clear,
but both contain a small C-terminal 8-stranded β-barrel that displays structural
similarity to lipid binding domains as judged by DALI [222]. In addition, BT2261
is O-glycosylated on Ser117, consistent with the presence of the Bacteroides glycosylation motif D-S/T-A/L/V/I/M/T [223]. For BT2262, only one copy with a
poorly ordered C-terminal domain is visible in the triclinic structure. Analogous
to BT2263, the N-terminal segments of BT2261/62 that lead to the lipid anchors
on the N-terminal cysteine residues are visible in the electron density; they are
closely associated with SusC and do not appear to be flexible.
Inspection of the SusCD interface reveals the presence of a well-defined, ∼30 Å
long stretch of electron density that can not be accounted for by anything added
during bacterial growth and protein purification and crystallisation. The density
is modelled well by a 10-residue peptide (Figs. 2.3). At a resolution of 2.75 Å,
the exact sequence is ambiguous and based on the relatively weak density for the
side chains we favour the possibility that an ensemble of peptides is bound. An
ensemble would also explain our inability to identify the ligand by native mass
spectrometry. For these reasons we have modelled the peptide(s) as deca-glycine
(Figs. 2.3b). The fact that the peptide survived a large number of purification
steps indicates that it is tightly bound and originates from B. theta. The peptide
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F IGURE 2.2: The SusCD interaction involves the ligand binding face of SusD. a Cartoon overlay of BT2263 SusD in isolation (rainbow colouring; N-terminus blue) and
within the BT2261-2264 complex (magenta). The four TPR domains are labelled and
BT2264 SusCshown as a transparent surface. b, Cartoon overlay for BT1762 in isolation (rainbow colouring) and within BT1762-1763 (red). SusC-like BT1763 is shown in
green. c, Superposition of BT2263 with the archetypal SusD BT3701 in grey (PDB ID:
3CKB), viewed from the bottom (top panel) and from the side as in a. The bound maltotrioseBT3701 is shown as a space-filling model (carbons, black; oxygens, red). d, BT2263
with residues forming hydrogen bonds and salt bridges with BT2264 coloured yellow. e,
Superposition as in c, with the bound peptide of BT2261-2264 included to show binding
site overlap.
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F IGURE 2.3: SusCD contains a solvent-excluded, bound oligopeptide ligand. a, Side
views of BT2261-64 showing the bound peptide as a space-filling model in green. b,
Close-up of the putative peptide binding site in a similar orientation as a, showing SusC
(yellow) and SusD (magenta) residues forming hydrogen bonds with the backbone of
the peptide. Loop L7 is coloured orange and the plug loop dark blue. 2Fo-Fc density for
a modelled deca-glycine peptide is shown as a blue mesh, contoured at 1.5σ. c Western blot analysis of BT2261-64 expression via FLAG-tagged BT2263. Shown are time
courses up to 24 hrs for growth in TYG medium and fructose minimal medium (MMFrc). Bottom panel shows corresponding cfu values. d, Mutational analysis of levan
binding by BT1762 (red). Views are from the periplasmic side (left panel) and from the
front. Residues that abolish levan binding are shown as space-filling models in yellow
and those that do not affect levan binding coloured cyan. BT2263 (magenta) with bound
deca-glycine (green) is superposed to show the agreement of the binding sites.
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is present in a large cavity between SusC and SusD that is not solvent accessible
(Figs. 2.3a). Nine out of ten residues make backbone interactions with either SusC
or SusD (Figs. 2.3b), suggesting that the backbone is sufficient for tight binding.
A PISA [224] 19 analysis reveals that the peptide interacts more extensively with
SusC compared to SusD (540 Å2 and 300 Å2 buried surface area respectively).
This binding mode suggests that the structure of the complex represents a transport intermediate in which the peptide has been transferred from SusD to SusC
and is now tightly bound as is typical for TBDT substrates [194].
To provide functional data for BT2261-64 we analysed expression of the complex using western blots. In contrast to known glycan uptake systems [196],
BT2261-64 is constitutively expressed during log phase growth especially in minimal medium and sharply upregulated during stationary phase when cell viability
drops (Fig. 2.3c), suggesting a role for the complex during conditions of nutrient
stress. As a follow-up we constructed a BT2264 (susC) knockout strain but did
not observe a phenotype under the various growth conditions. This result is not
unexpected given that B. theta encodes over 100 SusCD systems, the majority
of which have unknown functions. Moreover, there are at least two PULs with
predicted OM proteases (BT3237 and BT3242), suggesting there are more peptide
uptake systems in B. theta. We also did not observe binding to SusD (BT2263) by
ITC for two synthetic decapeptides with sequences consistent with the electron
density (Methods). Despite this, the overall emerging picture is that BT2261-64
imports oligopeptides derived from the host or from other members of the microbiota. Utilisation of peptides as nutrients by Bacteroidetes would not be unprecedented since the oral pathogen Porphyromonas gingivalis depends exclusively on
peptides for growth [225].
The ligand binding site in the complex is excluded from solvent (Fig. 2.3a)
indicating that SusD must dissociate from SusC to capture substrate from the
external environment. To answer the key question as to how the substrate is
delivered by SusD to the transporter we performed a number of unbiased molecular dynamics (MD) simulations on the central hub BT2263-64 (SusCD; dimer)
and on BT2261-64 ("tetramer" and "octamer") in the presence and absence of a
modelled peptide (holo- and apo-complexes respectively). With the exception
of those of the octamer due to its very large size, the simulations were repeated
three times with different initial atomic velocities to allow sampling in order to
obtain a measure of the possible spread in results. In the holo-simulations, all
complexes are stable during the duration of the simulations (Figs. 2.4a-c). While
remaining at the SusCD interface, the conformation of the peptide varies substantially and non-uniformly in all simulations, but the total number of hydrogen
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bonds with SusC and SusD remains approximately constant (Fig. 2.4a). Remarkably however, in the majority of apo-simulations SusD undergoes a hinge-like
motion to expose the ligand binding site to the external environment. The extent of opening between different simulations varies, but in the most-open states
SusD has rotated ∼40-45o and has completely lost its contacts with loops L1, L35, and L9-L11 of SusC (Fig. 2.4b). Analysed in a different way, the Cα - Cα distance between residues at the front of the complex (Thr296 in SusD and Asn203 in
SusC) increases from 6 Å in the closed, ligand-bound complexes to ∼40 Åin open,
ligand-free states (Fig. 2.4c). The conformational changes are very similar in all
simulations where lid opening is observed and correspond to a rigid-body movement of SusD. In addition, several interesting mechanistic details are suggested
by the simulations. First, comparison of the dimer and tetramer simulations suggests that the presence of the accessory lipoproteins facilitates SusD lid opening.
The accessory lipoproteins flank the opening face of the CD complex and do not
hinder access of the ligand to the SusD binding site in the open state. Second, the
octamer simulation demonstrates that dimerisation does not impede opening of
the SusD lid and moreover suggests that the SusCD hubs function independently
(Fig. 2.4a). In the open states, most of the remaining contacts between SusC and
SusD are mediated by the "hinge" loop L7 of SusC, which is located at the back of
the complex near the SusD lipid anchor (Fig. 2.4b). The fact that removal of the
ligand produces a mechanistically sensible response in the MD simulations (i.e.
SusD lid opening) lends support to our modelling of the ligand as an oligopeptide.
Bacteroidetes and especially Bacteroides spp. contain large numbers of SusCD
gene pairs [190, 196, 226]. Some of these appear to be "orphans" and are not obviously associated with other genes, while others are the central components of
large PULs dedicated to the degradation of complex glycans. In addition, pairwise sequence identities between SusC and SusD proteins are typically low (∼2025%). The apparent diversity in SusCD systems leads therefore to the important
question whether the BT2261-64 structure and transport mechanism are representative for those of other SusCD complexes. To this end we also determined
the crystal structure of BT1762-1763, which is part of a classical, 7-gene PUL with
an established function in levan (fructan) degradation [186]. No other proteins
co-purify with BT1762-1763, suggesting that the accessory PUL lipoproteins are
not an integral part of this complex but may be recruited at some stage during the
transport process. Native mass spectrometry and SEC-MALLS show that BT1763
(SusC) also forms homodimers. The crystal structures confirm this, and show
that the relative orientations of BT1762 (SusD) and BT1763 are the same as in the
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F IGURE 2.4: SusCD complexes transport their substrates via a pedal bin mechanism. a
and b, MD simulation snapshots of holo (a) and apo (b) BT2263-64 after 0 ns and 500 ns.
SusC is coloured yellow with the plug domain in dark blue; SusD is shown in magenta.
C atoms of Asn203 in SusC and Thr296 in SusD are shown as black spheres (arrow in
left-top panel) c, Average distances vs. simulation time between Asn203 in SusC and
Thr296 in SusD for apo- and holo-complexes. Simulations were performed in triplicate
for dimers (green) and tetramers (red), whereas one simulation was performed for the
octamer (blue; both CD complexes analysed separately) d, Single channel electrophysiology traces and corresponding all-point histograms at 50 mV (in 1 M KCl, 10 mM Hepes
pH 7) for BT1762-63 complexes (SusCD +/- plug) and for BT1763 (SusC +/- plug). e, SDSPAGE analysis of freshly purified BT1762-63 (lane 1), BT1762-63 incubated for 2 weeks at
room temperature (lane 2) and BT1762-63 from crystal-containing drops (lane 3). f, General mechanism for nutrient uptake via SusCD transport complexes, colour-coded as in
panels a and b. Ligand is shown as green wavy line and the C-terminal domain of TonB
that interacts with the SusC plug is coloured cyan.
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BT2263-64 complex, with SusD capping SusC (Figs. 2.1a and 2.2b). As is the case
for the putative peptide importer, binding to SusC (BT1763) does not cause significant conformational changes in the SusD (BT1762; Fig. 2.2b). Importantly, the
hinge loop observed in BT2264 is also present in BT1763 (Fig. 2.1f). Intriguingly,
while the hinge loop lengths and sequences are poorly conserved, both contain
the sequence "FG" at the tips. No substrate is bound in the BT1762-63 structure, in
accordance with the high specificity of the complex [186]and the fact that no substrate was added during cell growth. The reason that the SusD cap is closed in the
apo crystal structures is likely related to the fact that crystallisation favours stable, compact states. Unexpectedly, no density is observed for the plug domain of
BT1763 (Fig. 2.1f), and SDS-PAGE confirms the ∼20 kDa lower molecular weight
of BT1763 from crystal-containing drops (Fig. 2.4e). Removal of the plug and the
preceding DUF4480 domain also occurs after prolonged incubation of freshly isolated complex in protein purification buffer, presumably via proteolytic cleavage
by a co-purified contaminant (Fig. 2.4e). We took advantage of the truncated,
plug-less BT1762-63 complex to obtain experimental evidence for opening of the
SusD cap by single channel electrophysiology. Reconstitution of freshly purified,
full-length SusCD complex in the planar lipid bilayer generates very small and
relatively stable ion currents, consistent with the absence of a large channel in intact TBDTs. By contrast, plug-less complex (SusCD - plug) produces large channels with average conductance values of ∼1.5 nS. The traces are extremely noisy
and a wide range of conductance values are observed including zero, indicating
dynamic opening and closing events (Fig. 2.4d). To exclude the possibility that
gating by extracellular SusC loops was responsible for the observed dynamics in
the plug-less BT1762-63 complex we isolated truncated BT1763 from SDS-PAGE
gels, followed by refolding and reconstitution (SusC - plug). This produces large
channels with similar conductance values (∼3 nS) as measured for a genetically
created plug-less TBDT, FhuA [227]. In contrast to those of plug-less SusCD, the
plug-less SusC channels are stable, indicating that the extracellular loops of SusC
are not responsible for the dynamics observed in plug-less SusCD (Fig. 2.4d).
Lastly, full-length SusC (SusC + plug) behaves similarly to SusCD + plug and
does not form channels, demonstrating that the refolding and reconstitution procedure produces correctly folded transporters. Thus, the electrophysiological results provide experimental evidence that fully supports the dynamic opening and
closing of the SusD lid in ligand-free complexes observed by MD simulations.
To provide functional support for the structures and transport mechanism we
focused on BT1762-63 because robust growth of B. theta on levan is dependent
on intact copies of BT1762 and BT1763 [196]. We predicted the aromatic residues
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Trp85, Trp286, Tyr395 and Trp396 to be in or close to the putative levan binding
site on BT1762 (SusD) based on sequence alignment and comparison with the
ligand-bound structures of the archetypal SusD (BT3071; Fig. 2.2) and BT1043
(PDB 3EHN) [228]. In addition, the disulphide-bonded residues Cys298 and
Cys299 were predicted to be close to the binding site. Individual alanine mutants
were produced in E. coli and levan binding to the purified BT1762 variants was
assessed by ITC. Mutation of Trp85, Cys298 and Tyr395 resulted in complete loss
of levan binding, whereas mutation of other aromatic residues including ones far
away from the binding site had no effect (e.g. Tyr280, Trp479). The locations of
the residues abolishing levan binding to SusD are in excellent agreement with the
positioning of SusD within the SusCD complex and also with the location of the
ligand binding site in BT2261-64 (Fig. 2.3e).

2.4

Conclusions

Combining our structural and functional data and previous mechanistic insights
for TBDTs [194] we propose a "pedal bin" mechanism for nutrient acquisition by
SusCD-like systems (Fig. 2.4f). (i) In the absence of substrate, the SusD cap of the
empty transporter is mobile and samples a range of conformational states. (ii)
Upon substrate binding, the closed state represented by the crystal structures
is stabilised by ligand interactions with both SusC and SusD (Fig. 2.3b). (iii)
The final step in transport involves TonB binding to the TonB box of the transporter [229, 230] to generate conformational changes in the plug and possibly
extracellular loops of SusC that lead to substrate release and the formation of a
transport channel into the periplasmic space [194]. The TonB box of BT2264 at the
N-terminus of the plug (residues 23-29) is not visible in the structures, consistent
with the view that this segment is mobile and accessible in ligand-bound TBDTs
to allow binding/recognition by TonB [194]. Residue L120 of the plug loop in
BT2264 contacts the peptide via van der Waals interactions (Fig. 2.3b), providing
a direct link between the ligand and the SusC plug and a potential way to signal
TonB that the binding site in BT2264 is occupied [194]. The TonB-induced substrate dissociation reverts the transporter back to the dynamic open state, and the
energy input from TonB can therefore be likened to pressing the pedal to open the
SusCD bin (Fig. 2.4e). The proposed transport mechanism provides a rationale
for the essential requirement of a surface located endo-acting enzyme in many
PULs [186–188, 231] as formation of the closed ‘transport competent’ complex
appears to involve envelopment of the whole ligand molecule (Fig. 2.3a), thus
precluding import of undigested polymeric, high molecular weight glycans.
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An interesting question is whether the entire plug is removed from the barrel
upon TonB interaction. Our isolation of plug-less BT1763 suggests that at least
in this case, the plug domain can leave the barrel easily, perhaps as a result of
replacing the OM lipids with detergents during purification. According to the
rough consensus in the TBDT field [194], the size of the transport channel might
depend on the size and shape of the transported substrate. In the case of e.g.
levan, which has a helical structure and contains branches, the entire lumen of
the BT1763 barrel may be required for transport, necessitating TonB-mediated
ejection of the plug. In the case of an oligopeptide, a much narrower channel
through the plug of BT2264 might suffice.
Another intriguing question is why there are two copies each of SusC and
SusD within the complexes. At this point we can only speculate, but one possibility is that the large extracellular groove between the SusD pair (Fig. 2.1) might
play a role in orientation of the polymer substrate to ensure proper processing.
Due to the 2-fold symmetry of the SusCD core, the action of e.g. a SusC-bound
endo-glycanase could result in the formation of the required transport-competent
oligosaccharides [186–188], i.e. the SusCD complex could act as a molecular ruler.
Here we have demonstrated that large OM complexes involved in nutrient acquisition can be purified from microbiota members for structural and functional
studies. Our data for two functionally distinct complexes from B. theta suggest
that the nutrient spectrum of the microbiota extends beyond glycans and provide a general mechanism for substrate acquisition by SusCD complexes. Future
biochemical and biophysical studies will extend these functional and mechanistic insights, which via integration with metagenomic data will lead to a better
understanding of the functioning of the microbiota and its important effects on
human health.
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Chapter 3
Single Residue Acts as Gate in OccK
Channels
Abstract
The OccK protein subfamily located in the outer membrane of Pseudomonas aeruginosa contains dynamic channels with several conformational states that range
from open to closed forms. The molecular determinants of the OccK channels
that contribute to the diverse gating has, however, remained elusive so far. Performing molecular dynamics simulations (MD) on OccK5 (OpdH) as an example, local fluctuations of loop L7 mediated by a single residue were identified
that effectively gate the channel. The features of this gate residue were studied
by single-channel electrophysiology and site-directed mutagenesis demonstrating that this gate residue indeed confers unique gating properties to the OccK
channels. In support of these functional measurements, MD simulations highlight the correlations between the size of the side-chain belonging to the gate
residue on one side and the pore size as well as the L7 flexibility on the other
side.

Reproduced with permission from the research article by Karunakar R. Pothula,
Naresh N. Dhanasekar, Usha Lamichhane, Farhan Younas, Daniel Pletzer, Roland Benz, Mathias Winterhalter and Ulrich Kleinekathöfer. Single Residue Acts as Gate in OccK Channels. J.
Phys. Chem. B 2017, 121, 2614-2621.
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3.1

Introduction

Many membrane channels assume more than one conformational state to effectively achieve their functions [232, 233]. The ability to characterize the properties
of functionally relevant substates and corresponding residue motions allows to
better understand the relationship between structure, dynamics and the channel
function [234]. Outer membranes of Gram-negative bacteria predominantly contain β-barrel channels intended for passive diffusion of nutrients or metabolites
required for the growth and metabolism of the cell [235, 236]. Single channel
measurements revealed that these channels often do not form permanently open
pores but show a complex dynamic behavior [237]. However, despite extensive
functional studies, progress in determining the location of the fluctuations and
their physiological role remains slow.
The members of the OM carboxylate channel K (OccK) subfamily from Pseudomonas aeruginosa facilitate the uptake of a wide range of small carboxylic compounds into the bacterial cell [238–240]. Owing to their importance in nutrient
and antibiotic uptake, the structural and biophysical properties of the Occ channels have been examined by X-ray crystallography and functionally characterized by electrophysiology [29, 47, 241, 242]. Liu et al. [29] and others [241] have
suggested the existence of multiple conformational states, i.e., gating, in OccK
channels.
To analyze the behavior of the OccK subfamily in more detail, the OpdH channel has been chosen as an example due to its known high resolution crystal structure and its two well distinguished conducting states, i.e., a high conductance
(O2 ) and a low conductance (O1 ) state which are time-resolvable in single channel recordings (Fig. 3.1a). The X-ray structure reveals a monomeric pore with 18
β-strands and two extracellular loops L3 and L7 which are folded inside the lumen of the pore to form a constriction region. The triad of residues, R123, Q290
and R381, which locks the constriction region, is shown in Fig. 3.1b. Moreover,
the arginine ladder along the length of the channel, which is common to all Occ
channels, favors the uptake of small, water-soluble carboxylic molecules. The
crystal structure shows the OpdH channel in its most populated O2 conductance
state [29].
In the present investigation, we have employed molecular dynamics (MD)
simulations in conjunction with electrophysiology measurements to shed light
on the molecular details of diverse gating in the members of OccK subfamily. A
similar approach has been used in previous studies of ions channels [243, 244] and
bacterial porins [30, 36, 245] to gain structural insights into the gating. Notably,
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F IGURE 3.1: Structural features and single-channel electrical recording of the OpdH
channel. a) A typical single channel recording and the corresponding histogram of the
WT OpdH pore in a planar bilayer. The experimental conditions were +60 mV, 1M KCl, 10
mM potassium phosphate at pH 7.4 and 22◦ C. The labels O1 and O2 have been attached
to the single-channel traces to indicate the respective gating state. The traces were filtered
at 1 kHz. b) Cartoon representation of the channel highlighting the extracellular loops L3
and L7 folded into the lumen. Arginine residues on one side of the wall, shown in blue
stick representation, are stacked like a ladder across the length of the pore. The labels EC
and PP denote the extracellular and periplasm sides of the pore, respectively. Moreover,
the asterisk sign indicates the position of the channel lumen.

MD simulations of OmpG [36], OmpA [246–248] and OprF [249, 250] identified
the molecular determinants involved in the intrinsic gating of these channels.
The MD simulations presented here point to a single residue on L7, i.e., Q290,
as a gate in the OpdH channel. Interestingly, sequence alignment reveals that
several members of the OccK subfamily contain phenylalanine, tyrosine and alanine in the same place as Q290 in OpdH channel. Because of the unique intrinsic
properties of these amino acids, we envisioned that they influence the gating of
the OccK channels. Thus, we used site-directed mutagenesis and singe-channel
electrophysiology to compare the functional properties of the wild-type OpdH
channel with those of the Q290A and Q290F variant channels. Our results show
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that the nature of the gate residue determines the gating properties in the OccK
channels.

3.2

Materials and Methods

Bacterial strains, plasmids and growth conditions: E. coli XL-1 Blue
(cloning host) and P. aeruginosa PA14 were cultured in double Yeast Trypton (dYT)
and routinely maintained at 37 ◦ C. Cultures harboring individual vectors were
supplemented with 50 µg/ml ampicillin (Ap), and 25 µg/ml gentamicin (Gm)
for E. coli or 500 µg/ml carbenicillin (Cb) and 100 µg/ml gentamicin (Gm) for P.
aeruginosa. Bacterial growth was monitored using a spectrophotometer at 600 nm
(OD600 ).

PCR amplifications and DNA modifications: PCR primer sequences
were based on the genome of P. aeruginosa UCBPP-PA14 (GenBank: N_C008463.1).
Phusion DNA polymerase (Thermo Scientific) was used for high fidelity PCR reactions (supplemented with 5% DMSO). Restriction digestions were performed
using Thermo Scientific restriction enzymes according to the manufacturer’s instructions at the appropriate temperature. All ligation reactions were carried out
at room temperature using Thermo Scientific T4 DNA ligase. DNA purifications
were either performed using the GeneJET PCR purification or the GeneJET Gel
extraction kit (Thermo Scientific) following the manufacturer’s instructions.

Construction of the OpdH (OccK5) overexpression plasmid: The
gene encoding OpdH (OpdH) from P. aeruginosa PA14 (PA14_54520), including
its upstream region (1506 bp), was PCR amplified using primer pairs OpdHPro_fwd (ATCGAGCTCATGCGCATGGACGGTTCT)/ OpdH-rev (ACTTCTAGATGGCTTACCAGATCGGCA) and cloned into pUCP22 via SacI/XbaI restriction sites
to obtain expression under the lac and its native promoter. The obtained construct, pUCP22.OpdH-Pro, was subsequently sequenced to rule out possible mutations that might have occurred during PCR and was further transformed into
P. aeruginosa 4inVivo+F mutant (a mutant lacking the major outer membrane
proteins OprD, OpdC, OpdP, OccD6, OprE, OpdK, Tsx, FadL, OprG and OprF)
using an Eppendorf Electroporator 2510 at 2500 V. Pseudomonas strains were prepared for electroporation as previously described by Choi et al [251]. Following
recovery of electrotransformants for 2 h at 37 ◦ C in dYT medium, bacterial cell
suspensions were plated on dYT plates containing the appropriate antibiotic.
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Purification of the outer membrane protein OpdH: The purification
of OpdH was based on the protocols by Yoshihara and Nakae [252] and Huang
and Hancock [253]. Briefly, in order to avoid contaminations from other outer
membrane proteins, a Pseudomonas strain lacking the major outer membrane proteins (4inVivo+F) was used as host to overproduce OpdH. Therefore, the plasmid pUCP22.OpdH-Pro was transformed into this strain and grown at 37◦ C in
dYT to an optical density of approximately 1.0. Cells were harvested by centrifugation at 3750 g for 20 min. The resulting pellet was resuspended in 10 mM
Tris-HCl (pH 8.0)/20% sucrose and applied to a French Press with 1500 psi for
at least five times. The resulting suspension was centrifuged at 4 ◦ C, 3750 g for
10 min and the supernatant subsequently applied to ultra-centrifugation at 4 ◦ C,
143000 g for 1 h to remove cytosolic proteins. In order to remove other membrane compounds, the pellet was extracted with 10 mM Tris-HCl (pH 8.0)-0.5%
octyl β-D-glucopyranoside for 1 h and then centrifuged at 4 ◦ C, 143000 g for 1
h. In the next step, the pellet was extracted with 10 mM Tris-HCl (pH 8.0)-1%
octyl β-D-glucopyranoside for 30 min and centrifuged as described above. In the
last step, OpdH was finally extracted from the pellet with 10 mM Tris-HCl (pH
8.0)-3% octyl β-D-glucopyranoside/5 mM EDTA. Therefore, the fraction was incubated for 1 h and centrifuged as described above. The last fraction containing
OpdH was concentrated and washed using a 10K Amicon Filter (Millipore), resuspended in 10 mM Tris-HCl (pH 8.0), and subsequently loaded onto a fast protein liquid chromatography (FPLC) anion-exchange column (Uno Q, bed volume
1.0ml, flow rate 1.0ml) equilibrated with Buffer A (10 mM Tris-HCl (pH 8.0)-0.5%
octyl β-D-glucopyranoside/1 mM EDTA). A linear gradient was applied by using Buffer B (10 mM Tris-HCl (pH 8.0)-0.5% octyl β-D-glucopyranoside/1 mM
EDTA/1M NaCl). OpdH was finally eluted in the peak at 300 mM NaCl and
finally verified by MALDI-TOF mass spectrometry.

Electrical single channel recordings in planar lipid bilayer: Purified OpdH protein and its mutants were reconstituted into virtually solvent
free planar lipid bilayers according to the Montal-Mueller technique [215] with
slight modifications [39]. In brief, the membrane cells used for the bilayer experiments consist of a cis and a trans chamber separated by a 25 µm thick Teflon film
(Goodfellow, Cambridge, UK) carrying an aperture with a diameter of 40-60 µm.
The spherical hole in the Teflon film was molten by a high voltage cathode discharge (Electrotechnic Products, Inc. Chicago, USA). By tuning the voltage and
the application time, a perfectly spherical hole of the desired dimensions was obtained. In general, to form a lipid bilayer the aperture was pre-painted with 1 µl
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of 1% hexadexane solution in hexane (v/v). For the temperature measurement,
1% squalene in hexane (v/v) is preferred since squalene does not freeze at low
temperatures. 5% solution of DPhPC (Avanti Polar Lipids, Alabaster, AL, USA)
was commonly used as the lipid source. The chambers were filled with 1 M KCl,
10 mM potassium phosphate at pH 7.4 with a total solution volume of 2.5 ml. In
order to vary the temperature over a wide range, a Peltier element was included
(Dagan HCC-100A controller Dagan Corp., Minneapolis MS) [39]. The temperature inside the chamber was simultaneously monitored with the help of a digital thermometer. To investigate the characteristics of the outer membrane porin
OpdH, the protein was added to the cis side of the chamber at a final concentration of 10 ng/ml. The channel insertion was best at 22 ◦ C, facilitated by rapid
mixing of the contents of the chamber while applying a transmembrane potential
of +100 mV. In certain cases, additional channels could be removed by carefully
diluting the cis-side of the chamber with the same buffer. The ion current-traces
were recorded while lowering the temperature to 7 ◦ C and subsequently while increasing it to 47 ◦ C. Electrical single channel recordings were performed using a
pair of Ag/AgCl electrodes (World Precision Instruments, Sarasota, FL) attached
to an Axon Instruments 200B amplifier (Axon Instruments Inc., USA) in the voltage clamp mode. The data was filtered using a low pass Bessel filter at 10 kHz
and directly saved into the computer memory with a sampling frequency of 50
kHz. Data analysis was performed using the Clampfit 10.4 software. All data analyzed in the present study were averages from three individual single-channel
experiments. For the analysis, the traces were filtered at 1 kHz.

Molecular dynamics simulations: All molecular dynamics (MD) simulations were carried out with GROMACS 4.6.5 [216] using the all-atom force field
CHARMM36 for proteins, lipids and ions [164, 172]. Long-range electrostatic interactions were calculated using the particle mesh Ewald (PME) method [217]
with a short-range cutoff of 12 Å. Moreover, van der Waals interactions were considered up to a distance of 10 Å, and a switch function was used to smoothly turn
off the interactions to reach zero at 12 Å. The unbiased simulations were performed in a NPT ensemble, achieved by semi-isotropic coupling to a ParrinelloRahman barostat [254] at 1 bar with coupling constant of 5 ps, whereas the appliedfiled simulations were performed in a NVT ensemble. The temperature was set
to 300 K using a Nosé-Hoover thermostat [255, 256] with a coupling constant of
1 ps. Moreover, the simulation were carried out with a 2 fs time step by applying
constraints on hydrogen atom bonds using the LINCS algorithm [218].
The starting structure used for the simulations of the OpdH pore was obtained
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from the PDB database (PDB code 3T20) with a resolution of 2.6 Å [29]. The
missing loop segments at the extracellular side of OpdH crystal structure were
constructed based on the template of a BenF-like porin (PDB code 3JTY) using
MODELLER 9.14 [219]. Subsequently, the protein structure was inserted into a 1palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) lipid bilayer and
hydrated with 1M KCl solution using the TIP3P water model [257]. In addition,
the two mutant systems were prepared using the same procedure by replacing
Q290 with alanine and phenylalanine, respectively. The systems were equilibrated in seven steps by reducing the positional restraints on the heavy atoms
of proteins and lipids for a total of 20 ns.

Simulation protocols: The three equilibrated systems, OpdH, OpdH-Q290A
and OpdH-Q290F, were simulated in a NPT ensemble for 200 ns each without
any biasing force. Furthermore, we performed six applied-field simulations of
250 ns length each for the wild-type OpdH channel by applying a homogeneous
electric field E along the z direction. The field strength is assumed to be proportional to the voltage V, i.e., E = V /Lz , where Lz denotes the system length
in z direction normal to the membrane. The applied-field simulations were performed in a NVT ensemble with electric field from extracellular to periplasmic
space corresponding to transmembrane potential of 0.5 V. This scheme is a widely
adopted procedure to introduce a transmembrane potential in simulations and
details of implementation as well as ionic current calculations are given in the
literature [107, 113, 117].

Electrical single channel recordings in planar lipid bilayer: Purified OpdH protein and its mutants were reconstituted into virtually solvent free
planar lipid bilayers according to the Montal-Mueller technique [215] with slight
modifications [39]. In brief, the membrane cells used for the bilayer experiments
consist of a cis and a trans chamber separated by a 25 µm thick Teflon film (Goodfellow, Cambridge, UK) carrying an aperture with a diameter of 40-60 µm. The
spherical hole in the Teflon film was molten by a high voltage cathode discharge
(Electrotechnic Products, Inc. Chicago, USA). By tuning the voltage and the application time, a perfectly spherical hole of the desired dimensions was obtained.
In general, to form a lipid bilayer the aperture was pre-painted with 1 µl of 1 %
hexadexane solution in hexane (v/v). For the temperature measurement, 1 %
squalene in hexane (v/v) is preferred since squalene does not freeze at low temperatures. 5% solution of DPhPC (Avanti Polar Lipids, Alabaster, AL, USA) was
commonly used as the lipid source. The chambers were filled with 1 M KCl,
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10 mM potassium phosphate at pH 7.4 with a total solution volume of 2.5 ml. In
order to vary the temperature over a wide range, a Peltier element was included
(Dagan HCC-100A controller Dagan Corp., Minneapolis MS) [39]. The temperature inside the chamber was simultaneously monitored with the help of a digital thermometer. To investigate the characteristics of the outer membrane porin
OpdH, the protein was added to the cis side of the chamber at a final concentration of 10 ng/ml. The channel insertion was best at 22 ◦ C, facilitated by rapid
mixing of the contents of the chamber while applying a transmembrane potential
of +100 mV. In certain cases, additional channels could be removed by carefully
diluting the cis-side of the chamber with the same buffer. The ion current-traces
were recorded while lowering the temperature to 7 ◦ C and subsequently while increasing it to 47 ◦ C. Electrical single channel recordings were performed using a
pair of Ag/AgCl electrodes (World Precision Instruments, Sarasota, FL) attached
to an Axon Instruments 200B amplifier (Axon Instruments Inc., USA) in the voltage clamp mode. The data was filtered using a low pass Bessel filter at 10 kHz
and directly saved into the computer memory with a sampling frequency of 50
kHz. Data analysis was performed using the Clampfit 10.4 software. All the data
analyzed in the present study were averages from three individual single-channel
experiments. For the analysis, the traces were filtered at 1 kHz. The time resolution of the ion-current traces could be derived using the relationship for the
rise time of the filter Tr = 339/f c , where f c is the corner-frequency of the low-pass
Bessel filter. For instance, for an f c value of 1 kHz, a rise time of ∼339 µs was
obtained. Thus, the dead time was found to be 184 µs and events shorter than
this value were missed. Most of the present current transitions were much longer
than 200 µs.

3.3

Results and Discussion

As a first step to model the dynamical time-resolved gating process of the channel, we performed six independent simulations of 250 ns length starting from the
equilibrated system using an applied transmembrane voltage. Fig. 3.2a illustrates
the all-atom MD setup of the equilibrated OpdH system in a 1 M KCl solution. A
non-physiological voltage of 500 mV was applied in the simulations to drive conformational transitions within the nanosecond time scale. The OpdH structure
was stable during these simulations with root mean square deviation (RMSD) of
the Cα atoms of less than 3 Å (data not shown). Furthermore, the gating transitions of the channel were monitored using the ionic current, i.e., the slope of
the cumulative current displayed in Fig. 3.2b. Several of the simulations initially
46

3.3. Results and Discussion

F IGURE 3.2: a) Full system setup of the OpdH channel with a 1 M KCl solution. b) Cumulative charge movement through the OpdH pore in the presence of transmembrane
potential. The insets display the respective conformation of the pore. c) Change in the
inter-loop distance, as defined in panel d, during the course of the simulations. e) Molecular pictures of the O2 and O1 -like conformations obtained from applied-field MD simulations.

show a large KCl current through the pore indicating the O2 state which then reduces to a smaller slope indicating the O1 state. This reduction in ion currents
is due to partial closures of the pore (as shown in the insets). The average conductance values for the O2 and O1 states from the six simulations are 426±212
and 48±57 pS at 500 mV, respectively. The large standard deviation of the conductance values shows that due to the limited time scale and the finite number of
the simulations, quite some uncertainty in these values exits despite running six
250 ns simulations. To analyze these reductions in channel radius in more detail,
we introduce a geometric descriptor of the constriction region that correlates with
the decrease in ionic currents. The inter-loop distance, as defined in Fig. 3.2d, has
been plotted as a function of simulation time in Fig. 3.2c. A clear relationship can
be observed between the change in the ionic current and a local rearrangement
of the side-chain orientation of Q290 as indicated by the inter-loop distance. In
response to the applied field, residue Q290 on loop L7 moves towards the lumen
of the channel (see Fig. 3.2c) resulting in a decrease of the pore size in the constriction region. This narrow conformation of the channel hinders the ions from
moving along the translocation pathway and thus decreases the conductance of
the channel.
As shown in Fig. 3.2e, the main structural differences between the O2 and
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F IGURE 3.3: Sequence and structural comparsion of OccK channels. a) Sequence alignment of the loop L7 segment of the known OccK channels. The constriction region lining
residues from L7 are indicated in blue. The glutamine residue (highlighted by the green
box) which is present adjacent to R381 in the constriction region conserved for most members of the OccK subfamily. The alignment was performed using Jalview [258]. b) Structural comparison of the three OccK channels which contain phenylalanine, alanine and
glutamine on loop L7 (L3 in green and L7 in red). Only the three residues which lock the
constriction are displayed explicitly.

O1 conformations relate to the position of the Q290 residue. Our simulations
strongly suggest an important role of Q290 as ‘gate’ to switch between the O2
and O1 conducting states in the OpdH channel which will be further analyzed
below.

Sequence and structural analysis of the OccK homologues: Several structures of OccK channels have been determined experimentally and their
functional measurements provide valuable insight into their conduction states [29].
Sequence alignment of loop L7 belonging to different OccK channels reveals that
the highly conserved glutamine is replaced by hydrophobic amino acids, i.e.,
phenylalanine, tyrosine and alanine, in some members of the subfamily (Fig. 3.3a).
Those members of the OccK subfamily which contain glutamine, phenylalanine
and tyrosine residues at this position favor the high conductance state with the
exception of the OpdQ channel whereas the channels which contain an alanine
residue at that position predominantly exist in a low conductance state. Phenylalanine, tyrosine and glutamine side-chains contain bulky moieties connected to
their Cα atom, which provide stacking interactions to the guanidinium group of
R381. Thus, R381 behaves as a door stopper to separate loop L7 from loop L3 and
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forms a wide pore. For example, the OpdK channel, which has phenylalanine
F291 at the same position as Q290 in OpdH (Fig. 3.3b), forms a relative large pore
with only high conductance states. The amino acid alanine contains a small side
chain that cannot interact significantly with the guanidinium group of R381 and,
as a result, loop L7 moves towards loop L3 and forms a narrow pore.
Moreover, as an example, the OpdL channel, which contains alanine A290 at
the same position as Q290 in OpdH (Fig. 3.3b), has a relatively narrow constriction region and exits predominantly in a very low conductance state. Because of
these unique properties of glutamine, phenylalanine and alanine at position 290
in OpdH, we assume that they influence the intrinsic gating of OccK channels and
the degree of loop L7 flexibility. To test this hypothesis, site-directed mutagenesis
were performed to replace Q290 in OpdH with an alanine and a phenylalanine.
The obvious prediction is that the Q290A mutant prefers the low conductance
state with increased gating frequency (noisy pore), whereas Q290F prefers a high
conductance state with gating frequency lower than that of wild type (quite pore).

Electrophysiological properties of OpdH and its variants: To test
the above stated predictions based on the simulation, we extracted and purified
wild-type OpdH and generated its variants, Q290A and Q290F. Subsequently
recordings of single channel activity were performed. Single-channel recordings of these channels at +60 mV and their corresponding current histograms
are shown in Fig. 3.4. Consistent with a previous study [29], the single-channel
recordings of wild-type channel clearly shows two major subconductance states
of 267±9 (O2 ) and 67±12 pS (O1 ) at +60 mV (Fig. 3.4a). The wild-type channel
exits predominantly in the O2 state with frequent transitions to the transient O1
state. This two-state dynamics of the channel is highly conserved under various
conditions of transmembrane potentials (-80 to +80 mV), KCl concentrations (1-4
M), pH values (4-9) and temperatures (7-47 C) and their respective ion-current
values of O1 and O2 states are shown in Fig. 3.5.
In comparison with the wild-type, the Q290A variant shows a significant change
in the channel behavior with rapid and large current amplitude fluctuations (Fig. 3.4b)
indicating rapid opening to closing transitions due to continuous fluctuations in
the pore size. The substitution of Q290 by an alanine transforms the channel into
a noisy pore by shifting the equilibrium from the O2 to the O1 state. However,
the mean conductance of the O1 and O2 (60±18 and 205±23 pS, respectively) was
very similar to that of wild-type OpdH. In contrast, the Q290F variant successfully reduced the open-to-closed state transitions, as indicated by a lower occurrence of the current spikes in the +60 mV traces (Fig. 3.4c). The respective current
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F IGURE 3.4: Typical electrical recordings for wild type and mutant channels at +60 mV.
a) Molecular picture and single-channel trace of WT OpdH together with the respective
current histogram. Same for the b) OpdH-Q290A and c) OpdH-Q290F. The single channel
experiments were performed at 60 mV, 1M KCl, 10 mM potassium phosphate and pH 7.4.
For the sake of clarity, the traces were filtered at 1 kHz.

histogram shows only a single peak at 250±20 pS (O2 ). The replacement of Q290
by phenylalanine transforms the channel into a quite pore by stabilizing the O2
state. In line with our predictions, the two mutations of Q290 on loop L7 significantly altered the gating properties of OpdH channel and constructed either a
quite or a noisy pore. Previous loop deletion studies, in particular the region of
L7 around the gate residue, significantly altered the gating properties of OpdK
channel [259], a pattern similar to the one observed in the OpdH-Q290A variant
channel. Therefore, these functional results confirm the proposed role of Q290
as a gate in the OpdH channel. Since all OccK channels share similar structural
features, the homologous residues of Q290 most likely directly contribute to their
gating behavior. In addition, our results show that the extent of the gating varies
with the size of the side-chain belonging to the gate residue, implying that this
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F IGURE 3.5: Representative ion-current values of O1 and O2 substates of a single OpdH
channel under different experimental conditions. Average ion current values of O1 and
O2 substates as a function of a) voltage b) KCl concentration, c) pH and d) temperature.
Unless mentioned the experimental conditions are 1M KCl, 10 mM potassium phosphate,
pH 7.4 and the applied voltage was +60 mV.

residue indeed confers gating to the OccK channels.

The gate residue affects the flexibility of loop L7: Our data so far
suggests that the gate residue on loop L7 contributes directly to the gating properties of the OccK channels. Thus, to elucidate, the influence of gate residue on
the flexibility of L7, we simulated the wild type OpdH and its two variants Q290A
and Q290F under equilibrium conditions in a 1 M KCl solution. The Cα RMSD of
the protein in the wt and mutant simulations stay at values around 1.5 Å. Furthermore, to investigate the feature of gate residue on the conformational dynamics
of the loop L7, we calculated the Cα root mean square fluctuations (RMSF) of
the L7 residues along the unbiased MD trajectories (Fig. 3.6a). Consistent with
the experimental data, the L7 flexibility is higher for the variant Q290A in the
region lining the constriction region (F288-A295). Because alanine has a small
side-chain, it cannot interact with the door stopper residue R381 to control the
mobility of the L7. Thus, frequent changes in the pore size and single-channel
properties can occur. The Q290F mutation appears to have no effect on the flexibility of loop L7 (Fig. 3.6a). The aromatic ring of the phenylalanine provides a
parallel stacking interaction to the guanidinium group of R381 and thus restricts
the conformations that L7 can adopt.
To quantitatively address the impact of the L7 flexibility on the pore size, we
determined the radius profiles using the software HOLE [260]. Fig. 3.6b reveals
that the Q290A variant is narrower than the wild-type and Q290F pores. As expected, the main differences in the radii are in the constriction region of the pores.
The final equilibrated structure of Q290A pore exhibits a narrower conformation
compared to that of the wild-type and the Q290F pores, in which both loops L3
and L7 come closely together and line the pore lumen pushing R381 aside. In
summary of these unbiased simulations, the Q290A mutation influences both the
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F IGURE 3.6: Comparison of structural properties of wild type and mutant OpdH channels from unbiased MD simulations. a) Root mean square fluctuation (RMSF) of the Cα
atoms belonging to loop L7 averaged over 200 ns. b) Radius profiles along the channel
axis calculated from 100 ns trajectories using the HOLE program [260].

flexibility of loop L7 and the pore size, whereas the Q290F mutation neither influenced the flexibility nor the pore size which clearly shows a correlation between
the nature of the gate residue and the flexibility of loop L7 in OccK channels.

3.4

Conclusions

Since the members of OccK subfamily are widely distributed in the OM of P. aeruginosa, regulation and modulation of their activity can severely alter the overall
OM permeability and perhaps even the antibiotic susceptibility of this organism [14, 237, 261, 262]. Single-channel measurements revealed that the OccK subfamily contains channels with diverse gating properties [238]. All-atom MD simulations of the OM channels in combination with electrophysiology experiments
are a promising approach to bridge the gap between structure and function properties of these channels. Therefore, we used this integrated single molecule approach using MD simulations and single-channel electrophysiology to show how
a single residue on loop L7 confers unique gating properties to the OccK channels.
The MD simulations in the presence of a transmembrane potential identified
local conformational fluctuations of loop L7 mediated by Q290, that can effectively gate the OpdH channel. Interestingly, sequence alignment reveals that glutamine is conserved for most members of the OccK subfamily while a few other
members contain phenylalanine, tyrosine and alanine at that particular position.
Furthermore, our functional studies demonstrate that the substitution of alanine
or phenylalanine with Q290 remarkably alter the gating features compared to
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wild-type OpdH channels. Single-channel recordings suggest that the presence
of alanine shifts the gating equilibrium towards the O1 state, whereas phenylalanine promotes a stabilization of the O2 state supporting the prediction of MD
simulations that Q290 can drive the channel the between the open and the closed
state. Since all OccK channels share similar structural features, the corresponding residues at the position Q290 in OpdH, in other channels play a similar gating
role.
The unbiased simulations of wild and variant OpdH channels also support
the argument that alanine induces a higher degree of loop L7 flexibility compared
to the glutamine and phenylalanine. Therefore the fluctuations in the pore size
might occur more easily with alanine than with the more bulky phenylalanine
and glutamine residues. Alanine has a small methyl side-chain which cannot
make interactions with the R381 residue and therefore induces conformational
flexibility to loop L7. Although the side chain flexibilities of phenylalanine and
glutamine are different, it appears that the loop L7 flexibility with phenylalanine
and glutamine are similar. A possible explanation to this disparity could be due
to the limited sampling of structures in MD simulations. Nevertheless, the gating
properties of the phenylalanine and glutamine residue suggest that the aromatic
ring of phenylalanine restricts the loop L7 flexibility and pore size fluctuations
more than the corresponding glutamine residue.
In conclusion, this study shows that the precise nature of a single gate residue
and consequently the flexibility of loop L7 contribute directly to the diversity of
gating in the members of the OccK subfamily.
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Chapter 4
Characterization of substrate
specificity in the OpdH (OccK5)
channel
Abstract
Outer membrane (OM) channels from Gram-negative bacteria selectively uptake nutrients from the environment. Despite extensive structural and functional
studies, atomic-level mechanistic details of such transport process, and as importantly, their preference for specific molecules, has remained elusive. Here we
present a quantitative, molecular-level description of the transport of various carboxyl molecules through the OpdH (OccK5), a OM channel of P. aeruginosa, using
all-atom molecular dynamics (MD) simulations. Free-energy calculations provide a thermodynamic picture for the channel preference for succinate over other
carboxyl molecules. These findings provide mechanistic insights into the OM selective nutrient uptake by members of Gram-negative bacteria, which provides a
route for understanding possible antibiotic uptake mechanisms.
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4.1

Introduction

The outer membrane (OM) of Gram-negative bacteria acts as a first line of defense against antibiotics and potentially harmful compounds [263]. The passive
diffusion channels in the OM are the main gateways for the entry of nutrients and
ions required for the cell growth and function [235, 236]. Based on their selective
uptake ability, these channels are categorized into two types: substrate-specific
channels and non-specific porins. The substrate-specific channels can discriminate between compounds closely related in structural and chemical properties.
Unlike E. coli, the OM of P. aeruginosa has low antibiotic permeability due to the
extensive presence of substrate-specific channels and low abundance of general
diffusion porins [10, 264]. Understanding the physico-chemical basis of the selective uptake mechanism could ultimately help in a potential exploitation of
them as gateways for antibiotics and in design of substrate-specific nanopores
for nanosensing applications.
The members of the OM carboxylate channel (Occ) family which are widely
distributed in the P. aeruginosa OM play a main role in uptake of a wide array
of carboxylic molecules into the bacterial cells. One intriguing transport property of Occ channels is their ability to discriminate various carboxyl substrates
during the uptake from the external environment. Although extensive structural
and functional studies [29, 47, 241, 242, 259] are available for Occ channels, a
molecular basis of their selective uptake mechanism is still lacking. The existing
structures of the Occ channels open the way to elucidate the structural basis for
the substrate specificity.
The focus of the present study is on OpdH from the Occ family, a relatively
large pore among the OM diffusion channels of P. aeruginosa. OpdH is genetically
linked to the two-component transport system (PA0756-PA0757) and initially hypothesized to play a critical role in the uptake of tri-carboxylic compounds such
as citrate. However, direct evidence of citrate as specific substrate has not been
demonstrated and in fact multichannel titration and biochemical assays stated
that citrate is a poor substrate for the OpdH channel [238, 240]. OpdH is the
most anion selective channel among the members of the Occ family. Recently, we
probed the two-state gating dynamics of the channel using all-atom MD simulations and electrophysiology (see Chapter 3). OpdH, like all Occ homologue’s,
is a monomeric protein with 18 β-strands. The substrate pathway is characterized by an "arginine-brush" ladder (R20, R31, R381, R365, R363 and R123) that
extends from the extracellular side to the middle of the pore in the hourglassshaped channel [29] (Fig. 4.1a). This unique structural motif is conserved among
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all members of the Occ and phosphate-selective channels [263, 265].

F IGURE 4.1: Structural features of the OpdH channel. a) Side and top view of the channel
with loops L3 (green) and L7 (red). Important residues which form the arginine-brush
ladder are shown in blue stick representation. b) Chemical structures of the substrates.

In the present study, we have employed multiple MD simulation approaches
to shed light on the selective uptake mechanisms of the OpdH channel. We have
simulated the transport of tri-carboxylic and di-carboxylic acids in the presence
of applied transmembrane voltages. These simulations, however, can only be
viewed as a qualitative indication of the substrate transport across the channel.
Furthermore, metadynamics simulations have been performed to calculate the
free-energy profiles concerning the transport of various carboxylic acids (Fig. 4.1b).
Our results reveal a mechanistic insight into the passive diffusion of succinate
through the OpdH channel.

4.2

Materials and Methods

Molecular dynamics simulations: The OpdH channel in its crystal structure
state was inserted into a fully hydrated POPE bilayer oriented in the xy plane using the CHARMM-GUI membrane builder [167]. Subsequently, potassium succinate and potassium citrate salt systems were prepared by adding 60 mM concentration of the molecules in the TIP3P water. The systems were equilibrated
in six steps by reducing the positional restraints on the heavy atoms of protein
and lipids for a total of 10 ns. Finally, a 10 ns unrestrained MD simulation was
performed under constant temperature and pressure conditions (303.15 K and
1 atm). For the metadynamics simulations, one molecule of succinate and citrate were placed at the entrance of the extracellular mouth and neutralized by
adding sufficient potassium ions. These systems were also equilibrated in the
above manner.
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The MD simulations were carried out using the GROMACS 4.6.5 program [216]
and the CHARMM36 force fields for protein, phospholipids together with TIP3P
water model [164, 172]. Long-range electrostatic interactions were taken into
account using the particle mesh Ewald with a short range electrostatic interaction cutoff of 12 Å. Lennard-Jones interactions were evaluated using the 1012 Å switch-off scheme. Covalent bonds in the system were constrained using
the LINCS algorithm to use an integration time step of 2 fs [218]. A Nóse-Hoover
thermostat [255, 256] was used to maintain a constant temperature of 303.15 K by
coupling (protein, POPE and solute) separately to a temperature bath (tau = 1 ps
for equilibration and applied-field simulations and tau = 2 ps for metadynamics
simulations). The pressure was maintained constant at 1 bar by using ParrinelloRahman barostat [254] with semi-isotropic scaling with a coupling constant of 5
ps.
Applied-field simulations: The above equilibrated 60 mM citrate and succinate
salt systems were simulated in the presence of 1 V and 0.5 V to mimic the electrophysiology experiments performed in the present study. The transmembrane
potential is achieved by a applying constant electric field (equivalent to the respective voltages) perpendicular to the membrane plane in the direction of extracellular side [107, 113, 117]. These simulations were performed in the NVT
ensemble where the constant temperature of 303.15 K is achieved by a Velocityrescaling algorithm [107].
Free-energy calculations: The multiple walker well-tempered metadynamics [146,
150] approach was employed using the PLUMED 2.0 plugin [266] patched to
GROMACS 4.6.5. The well-tempered metadynamics together with multiple walkers was used for the faster evaluation of the free-energy landscape. The metadynamics potential added along a set of collective variables (CVs) has the shape of
a sum of Gaussians of form
Ṽ (s, t) =

0 <t
tX



W0 e

−

Ṽ (s,t0 )
∆T



t0 =τG ,2τG ,...

NR
X

d
X

(si − si (t0 ))2
exp −
2σi2
r=1
i=1

!

(4.1)

where W0 is initial Gaussian height, τG is the frequency of Gaussian deposition,
σi is Gaussian width of the ith CV; N R and d is number of walkers and CVs
respectively. The free-energy surfaces were reconstructed along two CVs i) Position: z-coordinate distance between the centers of mass of the protein (Cα atoms
of the β-sheet residues) and the substrate, and ii) Orientation represented by the
substrate alignment (major axis of the molecule) with respect to the channel axis.
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These two CVs were extensively used in metadynamics simulations for substrate
and antibiotic translocation across OM channels [49, 267]. Here, W0 was set to
5 kJ/mol, τG to 1.0 ps to each CV and the ∆T to 10 kB T. The σ considered for
CVs position and orientation was 0.25 Å and 5 degree, respectively. The implementation of virtual sites for proteins, lipids, substrates using CHARMM36 force
field [268] allowed for an integration time step of 5 fs. Simulations were carried
out in the NPT ensemble from starting configurations of substrates on either side
of the constriction region (8 walkers each with different initial velocities, NR=16)
for a total of 3.2 µs.

4.3

Results and Discussion

The transport of two carboxyl anions - succinate and citrate - was simulated in
the presence of a transmembrane potential generated by the constant electric field
method. However, in the MD simulations a non-physiological voltage bias (two
simulations at 1 V for 100 ns and one simulation at 0.5 V for 500 ns) was applied to accelerate the transport process within the simulation timescale. Details
of the system setup and applied-field MD simulations are given in the method
section. In the presence of the transmembrane potential, the charged carboxylic
molecules were electrically driven from the extracellular to the periplasmic side.
Fig. 4.2 illustrates the time-dependent COM motion of succinate and citrate during the transport across the channel. Interestingly, multiple events of succinate
permeation were observed in repeated simulations. For example, at 1 V, 9 full
permeation events of succinate were observed (Fig. 4.2a). Although the permeation events are very fast, succinate spends most of the translocation time at two
regions along channel axis, i.e., at S1 (R123, R155 and R381) and S2 (R305, R323,
R363 and R365) dominated by arginine residues. On the other hand, no single full permeation event was observed for citrate in all the three simulations
(Fig. 4.2b). The common pattern noticed in these simulations that one citrate
molecule entered from extracellular mouth of the channel and remained at C1 region throughout the simulation length. The applied voltages of 0.5 V and 1 V are
not large enough to electrically drive the citrate from the C1 region which could
either be due to very strong binding or steric constraints. These simulations show
the channel ability to discriminate between tri- and di-carboxylic anions.
Thermodynamic basis for substrate specificity: To understand the substrate
specificity of OpdH, free-energy calculations have been carried out to determine
the relative free-energies of succinate and citrate transport through OpdH. Since
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F IGURE 4.2: Time-dependent COMs between the molecules and protein and the respective orientations of molecule with the channel axis. a) succinate and b) citrate transport
through the OpdH channel at 1 V.

free-energy calculations for permeating molecule through a membrane channel
is quite expensive, the multiple walkers well-tempered metadynamics approach
was used in order to achieve a faster convergence. In this approach, multiple interacting walker with either similar or different initial configurations run in parallel to built the bias-potential along a set of CVs. This speeds up the sampling
of the CVs phase space to efficiently construct the complex free-energy landscape
of transport process. Thus, 16 walkers were used for succinate and citrate to
construct the free energy landscape as a function of two CVs that describe the
transport process; the position reports the displacement of the substrate along
the channel axis, while the orientation reports the alignment of the substrate with
respect to the channel axis. In Fig. 4.2 , the results from two-dimensional metadynamics sampling for succinate and citrate were presented. The free-energy landscape for both the molecules is rough with several local minima on the surface
which is consistent with the corresponding free-energy profiles of wider pores
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such as the OmpF and the OpdK channels [49, 267].

F IGURE 4.3: Two-dimensional free-energy landscape of succinate (left panel) and citrate
(right panel).

The succinate profile reveals no significant energy barrier along the permeation pathway. In contrast, the citrate profile experiences a large energetic barrier
at the center of pore rendering thermodynamically unfavourable process. For
easy interpretation, we projected the 2D free-energy landscape to a 1D landscape
by integrating the Boltzmann factor over the orientation degrees of freedom using Plumed plugin (Fig. 4.4). The 1D succinate landscape shows free energy wells
with a depth of 4-5 kcal/mol at two regions (S1 and S2 ) along the pathway. The
succinate binding sites are formed by arginine residues, S1 is formed by R123,
R155 and R381 residues at the constriction region, while the S2 is formed by R305,
R323, R363 and R365 at periplasmic side. Consistent with the metadynamics simulations, the two adjacent binding sites for the succinate molecule were also observed in three independent applied-field MD simulations. The S1 binding site
detected by the MD simulations is in excellent agreement with the crystal structure binding site of glucuronate in the OpdF (OccK2) channel (Fig. 4.4b). The
presence of high affinity binding sites for succinate in the cavity is consistent with
the succinate blocking of ion current in the electrophysiological experiments (data
not shown). The 1D citrate profile also revealed two free-energy wells, C1 and C2 ,
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with a depth of 5 kcal/mol. However, these two adjacent wells are separated by
a large free-energy barrier of 8 kcal/mol. Although, citrate has favourable electrostatic environment inside the channel, the extra carboxylate group sterically
hinders its transport. Our results show that selective uptake of OpdH can be
explained on the basis of "size-exclusion" principle which is a common case for
general diffusion porins such as OmpF.

F IGURE 4.4: a) One-dimensional free-energy landscape of the succinate and citrate transport. b) Glucuronate binding site in OpdF crystal structure. c) Succinate binding sites
observed from MD simulations.
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4.4

Conclusions

A remarkable feature of specific channels in the OM of Gram-negative bacteria
is their ability to discriminate between molecules with similar physico-chemical
features. Major efforts have been put into understanding the substrate specificity of these channels from a molecular perspective. For example, the selectivity of OprP channel has been extensively studied using free-energy calculations.
In this study, we have examined the selective uptake mechanism of the OpdH
channel using MD simulations and single-channel electrophysiology. These two
computational techniques offered a consistent picture for the substrate specificity
of the channel. The free-energy calculations provided a thermodynamic view of
succinate and citrate transport. It is our belief that the multiple computational
approaches presented in this study could be useful in studying the transport of
nutrients and drugs through various membrane channels that are ubiquitously
expressed across the plant and animal kingdoms.
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Chapter 5
Theoretical analysis of ion
conductance and gating transitions in
the OpdK (OccK1) channel
Electrophysiological measurements have shown that the channel protein OpdK,
also known as OccK1, from P. 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.

Reproduced with permission from the research article by Karunakar R. Pothula and Ulrich Kleinekathöfer, "Theoretical analysis of ion conductance and gating transitions in the OpdK
(OccK1) channel", Analyst, 2015, (140), pp 4855-4864.
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5.1

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 membranes [269].
Such controlled passage of substrates across channels can be attributed to several
properties of membrane proteins, e.g., ion and substrate selectivity as well as gating of the channels. For example, membrane-based ion channels, e.g., potassium
channels, allow only a selective passage of certain ions to maintain the necessary
electrochemical gradient across the cell membrane which is key to the survival
of the cell. Likewise, gating 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 changes [269, 270].
Among membrane proteins in the outer membrane of Gram-negative bacteria many β-barrel forming channel proteins are present and especially porins [10,
271]. These channels act as molecular filters and modulate the permeability of
the outer membrane by allowing the solutes to pass through them for survival of
the cell. In high-resolution time-resolved single channel recordings [36, 259, 272–
274], 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 have been employed to understand the gating mechanisms in pore including atomic force microscopy [275], X-ray crystallography [20], bilayer electrophysiological measurements [276, 277] and molecular dynamics simulations [36,
37]. However, the exact 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
pore [276] and/or by a rotational movement of bulky possibly charged residues
in the constriction region of the porin [272].
OpdK, also known as OccK1, is a specific channel belonging to the outer membrane OprD family of P. aeruginosa. In recent reports, the OprD family is also
termed the carboxylate channel (OccK) family according to its substrate specificity [238]. The structural features of the substrate specificity of OprD itself
were already discussed in 2007 [241]. Shortly thereafter, the crystal structure
of OpdK (OccK1) revealed a monomeric organization of the pore with 18 βstrand [238, 242]. The details of the structural features in OpdK channels is discussed elsewhere [242]. A clear feature of the channel is that the extracellular
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F IGURE 5.1: 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.

loops L3 and L7 fold inside the lumen of the pore forming the constriction region
(Fig. 5.1). Loops L1, L2, L5, L6, L8, L9 are located at the extracellular 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 dynamics of the constriction region [278]. Concerning substrates, the channel favors the uptake of vanillate through the outer membrane [240]. Based on
electrophysiological experiments it has been reported that OpdK forms a channel
with three major conducting states [29]. However, the nature of the underlying
gating mechanism and the transition pathway are unknown. In a series of papers [29, 259, 274, 278] the subconduction states of OpdK have been detailed with
respect to varying transmembrane 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
simulations (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
measurements [53, 72]. Previously, MD simulations have been used to study the
dynamics of various bacterial pores such as the porin pore [279], MscS [280], αhemolysin [117], OmpG [36], OmpA [37], OmpF [39, 40], OmpC [41], FecA [43],
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TABLE 5.1: Summary of the system properties and MD simulations performed on OpdK
and its mutants.
Sl.no

Channel

1
2
3
4
5
5
6
7
8

OpdK
OpdK
OpdK
OpdK
OpdK
OpdK-∆L3
OpdK-∆L3
OpdK-∆L7
OpdK-∆L7

Residue index of
deletion
124 to 129
124 to 129
281 to 287
281 to 287

No of residues
deleted
6
6
7
7

Temperature [K]

Concentration [M]

Type of simulation

Length [ns]

310
330
350
370
310
310
310
310
310

1
1
1
1
1
1
1
1
1

unbiased MD
unbiased MD
unbiased MD
unbiased MD
applied-field MD
unbiased MD
applied-field MD
unbiased MD
applied-field MD

50
50
50
50
50
50
50
50
50

OprP [33, 45, 46], OprD [47, 48], and others. However, it is computationally challenging to model gating processes due to the long timescale associated with such
processes [36, 37]. Nevertheless, several non-equilibrium MD approaches are
available which can accelerate the motions of proteins and make them accessible to the time-scales associated with MD simulations. We want to emphasize
that one important 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 investigation but is actively being studied, e.g.,
employing molecular simulations [24, 28, 34, 153, 281].

5.2

Materials and Methods

In this study, we have performed MD simulations on three systems, the native
OpdK channel and two loop-deletion mutants, i.e., OpdK-∆L3 and OpdK-∆L7.
Below the systems are detailed together with the corresponding MD simulations.
System setups: The crystal structure of the OpdK channel (PDB ID: 3SYS) [238]
was employed as starting structure. The missing loops residues (loop L1: 25-32,
loop L2: 72-75) were modeled using the structure of a BenF-like porin (PDB ID:
3JTY) [282] using the software MODELLER [219]. These loops L1 and L2 are short
and have no direct interaction with loops L3 and L7. Subsequently, 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
experimental studies [259, 274]. Moreover, the OpdK channel was embedded into
a POPE lipid bilayer which was constructed from pre-equilibrated patches using
VMD [13]. To this end, the membrane 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 5.1.
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MD simulations: The above described systems have been simulated under
equilibrium and nonequilibrium conditions. In nonequilibrium 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 simulations [113, 117]. We note that throughout
this study, a high electrostatic potential is defined as the periplasmic side of the
membrane and a lower potential at the extracellular 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 2.9 [283] and
the CHARMM27 force field [284]. As in most MD simulations, periodic boundary conditions were applied 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 electrostatic interactions were determined
using the particle mesh Ewald method [217] whereas short-range non bonded
interactions using a cutoff of 12 Å and a switching distance of 10 Å. Employing the r-RESPA multiple time step method [285], bonded interactions 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
hydrogen atoms applying the SHAKE algorithm [286]. 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.
Ion conductance calculations: Analyzing the applied field simulations, the
instantaneous current at time t can be determined using [117]
I(t) =

N
1 X
qi ∆zi
Lz ∆t i

(5.1)

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 time [40, 117]. A linear fit of this
cumulative current versus time leads to the average current. Subsequently, the
conductance can be obtained as ratio of ionic current and applied voltage.
As an alternative approach, we employ the collective diffusion model develop
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F IGURE 5.2: 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.

by Liu and Zhu [128]. 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 efficiently [128].

5.3

Results and Discussion

TABLE 5.2: 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.
Channel
OpdK
OpdK-∆L3
OpdK-∆L7

Applied Field Simulations
conductance
ratio to wt
498
1
583
1.17
1692
3.39

Collective Diffusion Model
conductance
ratio to wt
348
1
319
0.91
697
2.00

Experimental Conductance [259]
conductance
ratio to wt
307± 14 pS
1
∼ 300
0.98
∼725
2.36

Simulations of Ion Conductance: Experimental studies [29, 259, 274, 278] 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
pS [29]. Though details vary, this kind of gating behavior is seen independent of
salt concentration and applied voltage [274].
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F IGURE 5.3: 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.

Cheneke et al. [259] experimentally studied different loop deletions to understand the dynamics of the single channel current 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. 5.1, the two extracellular 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 introducing 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 L7 [274].
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 voltage [39, 113, 117] but also on equilibrium MD simulations using the
collective diffusion model [128]. Shown in Fig. 5.2 are the cumulative currents for
the simulations with +1 V applied. From the slope of these curves the current can
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F IGURE 5.4: Change in the water filling in the channels. The water molecules in the range
from -15Å to +15Å are counted for this measure.

be extracted. The calculated conductance values of the native and mutant channels in the 1M KCl solution are listed in Table 2. For the applied field simulations
at 1 V, one could only expect to obtain a good agreement with experiment if the
current-voltage relation 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 agreement 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 Zhu [128] 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
experimental 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. Figs. 5.3ac visualize the mutants while panels a-f show the superimposed conformations of
OpdK and its mutants filtered along the first eigenvector reflecting the deviations
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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. 5.4).
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 behavior compared to the wide type. Likewise,
experimental studies of the OpdK-∆L3 mutant found similar single-channel electrical recordings consisting of three major open states [274]. 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 [274]. As shown
in the Fig. 5.3, 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. 5.4) 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.
Molecular Determinants of Gating Transitions:
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 process [276, 287]. 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
compared their flexibility. To this end, we performed molecular dynamics simulations of the OpdK channel at various temperatures as shown in Table 5.1.
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. 5.5a-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 temperatures again employing a PCA analysis. Here we described
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F IGURE 5.5: Comparison of the OpdK trajectories obtained from equilibrium MD simulations at various temperatures. Panels a-d: RMSD values of the Cα atoms of the protein
(black) and the loops L3 (green) as well as L7 (red) at 310 K, 330 K, 350 K, and 370 K.
Panels e-h: The corresponding superimposed conformations of the loops L3 (green) and
L7 (red) in line presentation. Shown are conformational changes filtered along the first
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F IGURE 5.6: 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.

the dynamical differences in the loops L3 and L7 of the OpdK channel along the
first eigenvector which account for the major motion of the channel. Figs. 5.5eh show the superimposed conformations at different temperatures filtered along
the first eigenvector which reflect the deviation of the Cα atoms with respect to
the initial structure. In each case, the motion is dominated 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 two structural features. This loop has three proline residues (see Fig. 5.6) which sterically hinder
its movement. As a second point, L3 loop contains more charged residues than
L7 and these charged entities form salt-bridges or electrostatic connections and
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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 already mentioned, recent electrophysiological
studies showed that loop L7 deletion has a clear effect on the conductance and
gating behavior of the pore [274]. 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.
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 because of the finite length of the simulations
one has to be very careful concerning statements based on single trajectories. To
improve the sampling of the various protein conformations, 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 common patterns to ensure the validity
of our statements. Visual inspection of representative structures at each temperature indicate 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 transition.
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F IGURE 5.8: Comparison of the side chain angle dynamics of the residues F291 (panels
a-d) and R284 (panels e-h) residues at different temperatures.

Furthermore, we calculated the inter-residue distances F291-G125 and R284R381 (Fig. 5.7a) to quantify the conformational changes in the constriction region.
As shown in Fig. 5.7b, 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. 5.7c)
as result of the movement of R284 residue towards the lumen of the channel 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. 5.8 shows the dihedral angles of the
F291 and R284 residues along the trajectories. F291 can adopt two different rotameric states, i.e., χ1 approximately 60o or approximately 120o . Also R284 can
assume two different rotameric states with χ4 approximately 60o or 180o but only
at high temperatures 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 independent parts in the lumen of the channel [274].
This argument supports the two observed conformational changes found in the
MD simulations.
It has been reported [259] 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
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F IGURE 5.9: 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.

in the O2 to O1 transition and is fully in accord with the positively charged R284
residue found in our MD simulations. In addition, 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 bond [259, 274, 278]. 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 towards the lumen of the channel or vice
versa.
On the other hand, the O2 to O3 transition frequency increases 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 conformational changes are consistent with the experimental findings [259, 274, 278].
Plausible mechansim of gating: As mentioned earlier, single channel recordings have shown that a dominant state of the OpdK is the high conducting O2
substate [274]. 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 trajectory of the OpdK channel at 370 K. During the gating
transition from the O2 to the O3 substate, the phenylalanine, F291, present in loop
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F IGURE 5.10: 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.

L7, changes its rotameric state and moves towards loop L3. This change in the
rotameric state as highlighted in Fig. 5.9 (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. 5.10a the side chain dihedral angle of
F291 (χ1 ) changes from about 60o to roughly 180o .
The gating transition from the O2 to the O1 substate involves 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 channel. 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 reported already for the porin OmpA [37]. The change in the salt bridge between R284 and D116 is shown in the transition from the middle to the right
panel in Fig. 5.9. It can be quantified by the distance between these two residues
as shown in Fig. 5.10c. 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. 5.10b.
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 importance
of loop L7 in the dynamics of the OprD channel, a homologue of OpdK, is discussed from MD simulations [47]. The role of loops, which fold inside the lumen
of the channel, in assigning different conductance substates has previously been
reported for porins like OmpF and OmpC from E. coli [41, 277, 287].
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5.4

Conclusions

In this study, MD simulations have been carried out to invesitgate 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
studies [29, 259, 274, 278] have shown OpdK channel to exist in three distinct
substates, named as O1, O2 and O3.
We performed unbiased simulations at different temperatures 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 described 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. 5.9. All observed conformational changes are quite local but, nevertheless,
relevant to the conducting 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
substates. The hypothesis of loop L7 involvement in the dynamics is consistent
with a recent electrophysiological study on the OpdK channel [259]. It needs to
be seen in how much this finding 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 experimentally observed gating.
For example, a possible indirect effect of loop L4 on the dynamics of the constriction region might need to be taken into account [278]. Further investigations in
this direction are in progress. Moreover, the behavior of the OpdK channel in
more realistic LPS containing outer membranes should be investigated. These
simulations are now possible since LPS-containing outer membrane models of
Gram-negative bacteria have recently been reported [43, 173].
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Summary and Outlook
The extra OM layer around the Gram-negative bacteria acts a permeability barrier for penetration of nutrients and antibiotics. The OM includes rigid β-barrel
proteins which forms channels to selectively regulate the uptake of nutrients into
the cell. It is widely believed that most of the hydrophilic antibiotics have to pass
through these membrane channels to reach their cytoplasmic bound targets. Considering the pharmaceutical significance of antibiotics, understanding the details
of the uptake mechanism is of fundamental importance in developing strategies
to design new drugs with enhanced permeation abilities [11, 12, 288]. Due to the
biological complexity of membrane channels and experimental limitations, computer simulations have proven to be a powerful tool to investigate the structure,
dynamics and interactions of membrane channels. Considerable progress has
been made in computer simulations of OM membrane channels during the last
decade [288]. The aim of this thesis is to investigate the dynamics, substrate specificity and nutrient import mechanisms of OM channels from members of parasitic
and endosymbiont Gram-negative bacteria. We have investigated different OM
channels, namely, OpdH (OccK5) and OpdK (OccK1) which are specific channels from P. aeruginosa and the SusCD transport system, a TBDT complex from B.
thetaiotaomicron.
The large intestine is highly populated with microorganisms which plays an
important role in human health and nutrition. The dominant Gram-negative
phylum Bacteroidetes degrade complex polysaccharides that cannot be metabolized by the host and their survival depends on their ability to degrade these
dietary glycans. The unresolved question is how the transport cycle works in the
SusCD transporter system. In this study, MD simulations have been carried out
in collobration with X-ray crystallography and single-channel electrophysiology
to provide a structural basis for the transport cycle of the SusCD complex system. MD simulations and electrophysiological experiments revealed a pedal bin
mechanism by providing the evidence for opening of SusD from the top of the
SusC in a hinge-like fashion in the absence of the peptide. Our results provide
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deeper insights into OM nutrient import by members of the Bacteroidetes, which
is of major significance for understanding the human-microbiota symbiosis.
Occ channels are widely distributed in the OM ofP. aeruginosa. OpdH, a member of the Occ family, shows a two-state dynamics in single-channel measurements. Despite extensive structural and functional studies, a structural basis for
dynamic gating in OpdH is missing. To this end, all-atom MD simulations have
been carried out to identify the crucial residue responsible for the dynamics of
the channel. MD simulations predicted Q290 on loop L7 as a gating residue that
drives the channel from open to closed conformation. The g sidechain uanidine
of Q290 moiety flips towards the channel lumen and impede the ion transport
leading to a closed channel. This observation was supported by functional measurements. In addition, by performing single-point mutations i.e., replacement
of Q290 with alanine and phenylalanine, we designed a noisy and silent channel
pore, respectively. In addition to understanding the gating mechanism in Occ
channels, this study outlines a possible strategy to rationally fine tune the gating
properties of the channels.
In another study, MD simulations were performed to elucidate the conductance and gating properties of the OpdK (OccK1) channel. In most of the OM
channels, constriction loops determine the gating and conductance properties of
the channel. OpdK has two loops L3 and L7 in the constriction region showing dynamic gating behavior in single-channel electrophysiology. Cheneke et
al. [259, 274] experimentally studied the different loop deletions to understand
the dynamics of the channel and proposed that loop L7 plays a main role in the
dynamics of the channel. In our theoretical study, we performed in silico loop
deletions similar to experiment and studied the ion conductance and gating properties. Deletion of L3 did not show any significant changes in the pore size and
conductance compared to wild type. In contrast, the L7 deletion increased the
ion conductance and the size of pore varied much in simulations. Our MD results support the role of L7 in gating.
The main role of OpdH in the OM is to selectively uptake the carboxylatenutrients required for the cell growth and function. Initial studies predicted the
functional role of OpdH in the uptake of tri-carboxylic acids (citrate). However,
multichannel titration and biochemical assays proved citrate to be a poor substrate for the OpdH channel. To this end, we investigated the functional role and
selective uptake mechanism of OpdH using MD simulations and electrophysiological experiments. Electrophysiological experiments provide a direct evidence
of interactions between pores and permeating molecule using ionic current as
probe with a rational assumption that the ionic current flowing through a pore is
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altered when a molecule binds within the lumen. Succinate showed clear blockages in the ion current traces indicating strong binding of the molecule inside the
channel. In case of citrate, the ion current trace showed no changes from control measurements indicating either citrate moves faster and undetectable due to
time resolution limitations or shows no interaction with the channel. In appliedfield MD simulation, multiple permeation events of succinate through the channel were observed, whereas citrate showed no single full permeation event. Furthermore, free-energy calculations provided the thermodynamic insights into the
selective uptake mechanism of the OpdH channel. The free-energy landscape
shows clear distinction between the transport profiles of succinate and citrate.
Succinate experiences no significant barrier along the pathway, while citrate encounters a energy barrier of 4 kcal/mol which indicates thermodynamically unfavourbale process. In addition to functional characterization of succinate as a
natural substrate, our results provided the molecular and thermodynamic basis
for the substrate specificity (preference of succinate over citrate) of the OpdH
channel.
The bacterial cell wall is the first line of defense against antibiotic action. The
major goal of the OM research community is to understand how antibiotics transport across the OM. Till now, many effective antibiotics have been discovered to
target bacteria and their pharmacological action is well characterized, but their
uptake across the outer membranes is not fully resolved. This thesis focussed on
characterizing the dynamics and nutrient transport of the OM channel at atomic
level which could be later extended to the study of antibiotics. X-ray crystallography, MD simulations and electrophysiology working together to provide molecular insights into the translocation of antibiotics across the outer membrane. From
the MD point of view, the small pore size of many OM channels especially, with
the narrow substrate specific channels of P. aeruginosa and A. baumanii and the
long time scales involved in the permeation of antibiotics are a challenge. For
a rational design of antibiotics, high-throughput screening and accurate thermodynamic calculations of the antibiotic-channel interaction are essential. However, testing the permeation properties of a large database of compounds very
rapidly using free-energy calculations is not possible with the present computational power. There is a clear need of high-resolution datasets to test and benchmark different computational methods in predicting the thermdoynamics properties of antibiotic translocation through OM channels. For charged molecules,
applied-field MD simulations (in combination with single-channel electrophysiology) can be used to accelerate the screening of transport through OM channels.
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The successful application of this approach was shown in Chapter 4. An attractive computation alternative developed by Carlos et al. [94] can be used for simulating the nutrient and antibiotic transport by integrating the degrees of freedom
directly involved in the transport process in brownian dynamics. From biological
view-point, many of the OM channels specific functions are yet known. Future
investigations should more focus on characterizing the biological functions of
these channels. As a part of this thesis, major efforts have been put to understand
the mechanisms underlying in the function of OM channels from a molecular
perspective. The findings presented in this thesis improve the understanding of
basic biology of molecular influx in Gram-negative bacteria.
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