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Abstract Periplasmic binding proteins are the initial recep-
tors for the transport of various substrates over the inner
membrane of gram-negative bacteria. The binding proteins
are composed of two domains, and the substrate is entrapped
between these domains. For several of the binding proteins it
has been established that a closed-up conformation exists even
without substrate present, suggesting a highly flexible apo-
structure which would compete with the ligand-bound protein
for the transporter interaction. For the leucine binding protein
(LBP), structures of both open and closed conformations are
known, but no closed-up structure without substrate has been
reported. Here we present molecular dynamics simulations
exploring the conformational flexibility of LBP. Coarse
grained models based on the MARTINI force field are used
to access the microsecond timescale. We show that a standard
MARTINI model cannot maintain the structural stability of
the protein whereas the ELNEDIN extension to MARTINI
enables simulations showing a stable protein structure and
nanosecond dynamics comparable to atomistic simulations,
but does not allow the simulation of conformational flexibility.
A modification to the MARTINI-ELNEDIN setup, referred to
as domELNEDIN, is therefore presented. The domELNEDIN
setup allows the protein domains to move independently and
thus allows for the simulation of conformational changes.
Microsecond domELNEDIN simulations starting from either

the open or the closed conformations consistently show that
also for LBP, the apo-structure is flexible and can exist in a
closed form.
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Introduction

The leucine binding protein (LBP) belongs to the superfamily
of binding proteins [1]. More than 100 crystal structures of
periplasmic binding proteins (PBP) from different sources and
in different conformations have been solved, showing a con-
served structural fold, despite high sequence diversity [2]. The
protein fold consists of two domains connected by a three-,
two- or one-stranded hinge (group I, II and III, respectively)
[1]. The movement of the domains is a classical example of
hingemotion [3], and the mechanism of ligand entrapment has
been referred to as a Venus flytrap model [4]. LBP is a group I
PBP, and structures have been established for both open and
closed conformations [5, 6], with the substrate leucine bound
in the cleft between the domains in the closed conformation.
In gram-negative bacteria, binding proteins found in the peri-
plasm, act as primary receptors in adenosine triphosphate
(ATP)-binding cassette (ABC) transport systems, trafficking
various substrates across the plasma membrane at the cost of
ATP hydrolysis [7]. Despite the great variety in substrates
ranging from nutrients such as sugars and amino acids in
prokaryotes to poly-saccharides, lipids and hormones in eu-
karyotes [8], the ABC transport systems seem to share overall
mechanism (for recent reviews see ref [8–10]). For the ABC-
importers present in gram-negative bacteria such as E. coli, a
binding protein entraps the substrate in a closed conformation
[11], and docks in this form to the membrane transporter,
which is interacting closely with the ATP binding domains
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on the cytoplasmic side. The ATP-binding and hydrolysis then
help fuel the conformational shifts necessary to open the
binding protein, release the substrate to the membrane trans-
porter, change the membrane transporter to an occluded state,
and finally release the substrate to the cytoplasm [8].

The role of the substrate in the mechanism for the different
ABC transporters, as well as the complex interplay between
binding protein, conformational changes, and ATP interaction
have still not been settled on [8–10]. Some of the unsettled
issues regarding the substrate role are addressed in the present
study of LBP.

Molecular dynamics (MD) simulations can provide valu-
able information to better understand the conformational
changes of the PBPs. PreviousMD studies of binding proteins
have shown that conformational changes between open and
closed states can be observed in unbiased simulations on the
10–50 ns timescale [12–18]. However, sampling of changes
will in many cases be out of reach for unbiased MD simula-
tions where all atoms (AA) of the biomolecular system are
represented, and different biased MD approaches [19–22] and
network models [23, 24] have also been applied to study the
domain motions of binding proteins. To our knowledge, only
one MD simulation of LBP has been published [25]. This
100 ns simulation of the open LBP apo-structure showed great
flexibility in the structure, but no overall conformational shift
[25]. To access longer timescales withMD simulations, coarse
grained (CG) models can be applied. In CG models atoms are
grouped in “beads” on the amino acid level for proteins
[26–31], allowing for time steps in the 10s of femtoseconds
and unbiased simulations on the microsecond time scale. The
MARTINI CG force field (FF) represents such a model
[29–31], where the amino acid representations have been
fitted to match the experimentally observed partitioning be-
tween hydrophilic and hydrophobic environments [31]. The
model has gained great popularity in recent years and lipids,
water, carbohydrates as well as amino acids have been param-
eterized for the FF [30–32]. However, the MARTINI CG
protein model contains a bias toward the initial structure.
The protein secondary structure is stabilized using dihedral
restraints on the backbone [30, 31]. This is sufficient for
stabilizing the structure of peptides while for larger proteins
extra restraints on the structure need to be introduced. One
approach for doing this is the ELNEDINmodel [33], where an
elastic network (EN) is applied to the whole protein with
bonds connecting all CG backbone beads which are within a
specific distance in the initial structure.

In the present study we examine the conformational
changes of LBP, using a modification to the MARTINI-
ELNEDIN [33] CG method which is applicable to multi-
domain proteins. The approach, referred to as domELNEDIN,
keeps the residue-level coarse-graining while at the same time
allowing the protein to change conformation in an unbiased
manner during the MD simulation as ENs are not applied

globally, but only locally in the protein domains. We show
that this is a sufficient degree of stabilization to avoid a
collapse of the structure and keep it stable on the nanosecond
timescale.

The progress of the paper is as follows. Atomistic simula-
tions of 100 ns are carried out for both the open and closed
structures, showing no overall conformational change. The
ability to produce a stable structural scaffold with nanosecond
dynamics comparable to the atomistic simulation is then
established for the ELNEDIN and domELNEDIN models of
LBP, while the standard MARTINI is seen to fail as expected.
Following this, domELNEDIN simulations are carried out
starting from both the open and closed conformations, to study
the conformational flexibility of LBP in water on the micro-
second timescale. To illustrate the differences between the
ELNEDIN and domELNEDINmodels on the long time scale,
results from the corresponding ELNEDIN simulations are also
reported, and to inspect the sensitivity of the domELNEDIN
model toward the assigned protein domain boundaries, four
different domain setups are tested. Finally, the model limita-
tions as well as the biological implications of the results are
discussed.

Methods

MD simulations of LBP were carried out starting from a
closed (pdb 1USK [6]) or open (pdb 1USG [6]) conformation
of the protein. For the closed conformation two different
setups were applied; either with or without the leucine ligand
present in the binding cleft. In all setups counter ions were
added (9 Na+) and the protein was solvated with water in a
cubic box with dimensions of 100 Å. The GROMACS pack-
age version 4.0.7 [34, 35] was used for all simulations and the
pressure and temperature were kept constant at 1 bar and
300 K, respectively, using the Berendsen coupling algorithm
[36]. For MARTINI CG simulations it has been shown that
the simulated time typically should bemultiplied by a factor of
4 to roughly account for the increase in diffusion observed for
CGwater beads [29, 30]. Throughout this paper, the simulated
timemultiplied by 4 will therefore be referred to as “effective”
time for the CG simulations, and this is the time used in all
figures.

Atomistic simulations The simulations were performed with
the AMBER03 FF [37] for the protein and the SPC water
model [38] for the solvent. Partial charges for the leucine
ligand were derived from Antechamber [39, 40] (see supple-
mentary material Table S1). The temperature and isotropic
pressure were kept constant with time constants τT=0.1 ps
and τP=1 ps. PME was used for the long-range electrostatics
interactions and a cut-off of 10 Å was used for the short-range
electrostatics contributions, while the van der Waals interactions
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were cut off at 14 Å. Bond lengths were constrained using the
LINCS algorithm [41] for the protein. The setups were
energy-minimized followed by a relaxation of the solvent
and ions, with position restraints (1000 kJ·mol−1·nm−2)
applied to all heavy atoms of the protein for 20 ps. Simu-
lations starting from either open or closed conformations
without the leucine ligand present, as well as the closed
conformation including the ligand were carried out for
100 ns without any restraints.

MARTINI CG simulations The simulations were performed
with version 2.1 of the MARTINI CG FF [31]. The coarse
grained representation of LBP was generated usingMARTINI
scripts, topologies and parameters [31]. Standard MARTINI
CG water beads were used to model the solvent [29]. The
leucine ligand was represented by one backbone bead of type
P5 and a side chain bead of type C1. The setups were energy-
minimized and the solvent and ions were relaxed with position
restraints (1000 kJ·mol−1·nm−2) applied to all backbone
beads of the protein for 1 ns. For the temperature and pressure
settings, the time constants τT=1 ps and τP=5 ps were ap-
plied. Non-bonded interactions were cut-off at 1.2 nm and
shifted from 0.9 nm for the Lennard-Jones potential and from
0.0 nm for the electrostatic potential. Neighbor lists were
updated every 10 steps. Setups with the closed conformation
including the ligand and the open conformation without the
ligand were simulated for 25 ns (100 ns “effective” time)
using a 25 fs time step.

ELNEDIN simulations The applied version of ELNEDIN
[33] is based on modifications to version 2.1 of the MARTINI
CG FF [31]. In ELNEDIN simulations, an EN is put on the
backbone beads of a slightly modified MARTINI CG model
of the protein, to maintain the initial tertiary structure [31].
The interaction between first and second neighbor backbone
beads is defined by bond and angle parameters. All other pairs
of backbone beads, for which the distance in the input struc-
ture is below some cut-off RC, are assigned a harmonic
network bond with the force constant KS [33]. Thus, the two
input parameters, RC and KS, define the network. For two
different setups of LBP (the open formwithout leucine and the
closed form with leucine present in the binding cleft) nine
different ENs were tested in 25 ns simulations (100 ns “effec-
tive” time), varying the cut-off distance RC (Å) ∈ {8, 9, 10}
and spring force constant KS (kJ·mol−1·nm−2) ∈ {50, 500,
5,000}. For the EN providing the best overlap with the atom-
istic simulations, {RC, KS}={8 Å, 500 kJ·mol−1·nm−2}, 1 μs
simulations (4 μs “effective” time) were carried out for setups
starting from either the closed or open conformations of LBP
without ligand present.

All ELNEDIN setups were solvated as in the MARTINI
CG simulations. Setups were energy-minimized with position
restraints (1000 kJ·mol−1·nm−2) and the solvent and ions

were relaxed while all protein beads were restrained with the
same force constant for 50 ps using 1 fs time step followed by
a 1 ns equilibration using 10 fs time step with restraints put
only on the backbone beads of the protein. For the temperature
and pressure the settings τT=0.5 ps and τP=1.2 ps were
applied. Neighbor lists were updated every five steps. The
non-bonded interactions were treated with the same shifts and
cut-offs as applied for the MARTINI CG simulations. All
simulations were run using a 10 fs time step.

domELNEDIN simulations There is no unique way to assign
each residue in a protein to one or the other structural domain.
Four different domain definitions for LBP were therefore
tested in this study. Based on visual inspection of both the
open and closed conformations it was decided to define do-
main 1 as residues 1–120 and 250–330 and domain 2 as
residues 121–249 and 331–345. This is referred to as the
“main” domain assignment. Apart from this, a “main loose”
definition was applied, where four amino acids in each of the
three domain linkers were released from the ENs. Automatic
domain boundary assignments from the pDomains server [42]
and the DomFOLDpdp server [43] were also tested, as de-
scribed in the Results section and listed in Table 1.

Preparation of the setups as well as the production run
parameters for the domELNEDIN simulations were the same
as for the ELNEDIN model, except the ENs were applied
within the protein domains only, as described in Results. For
the open form of LBP, and closed form with leucine posi-
tioned in the binding cleft, 25 ns simulations (100 ns “effec-
tive” time) were carried out with the ENs {RC, KS}={8 Å,
500 kJ·mol−1·nm−2} and {9 Å, 500 kJ·mol−1·nm−2}. For the
EN providing the best overlap with the atomistic simulations,
{RC,KS}={8 Å, 500 kJ·mol−1·nm−2}, 1 μs simulations (4 μs
“effective” time) were carried out for setups starting from
either the closed or open conformations of LBP, without the
leucine ligand present.

Scripts and example input and output files for converting
an ELNEDIN setup to a domELNEDIN setup can be found on
http://www.birc.au.dk/∼leat/domELNEDIN, and the protocol
flow can be seen in supplementary material Fig. S1.

Analysis The conformational stability of LBP structures is
examined by evaluating the root mean-square deviations

Table 1 Protein domain boundary assignments

Domain 1 Domain 2

Main 1–120+250–330 121–249+331–345

Main loose 1–118+252–328 123–247+333–345

pDomains [42] 1–124+247–332 125–246+333–345

DomFOLDpdp [43] 1–119+249–332 120–248+333–345
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(RMSDs) of the protein backbone based on Cα atoms (for the
AA simulations) or the backbone beads (for the CG simula-
tions). The RMSD is compared to the structure in the first
frame of the simulation, unless stated otherwise. The RMSD
and root mean-square fluctuations (RMSF) of individual res-
idues were examined for the last 80 ns of simulation for the
AA simulations and last 80 ns of “effective” time for the CG
simulations, for the protein with the backbone aligned as
described above. To compare the large-amplitude fluctuations
in the AA and CG (ELNEDIN or domELNEDIN) simula-
tions, the covariance matrix of the positional fluctuations was
constructed for the coordinates of Cα atoms obtained from the
last 80 ns of AA simulations or the backbone beads obtained
from the last 80 ns of “effective” time of the CG simulations.
Trajectories were fitted to the same reference structure, i.e., the
X-ray structure of the closed conformation of LBP was used
as a reference structure for the simulations starting from the
closed conformation of LBP, and the X-ray structure of the
open conformation of LBP was used as a reference structure
for the simulations starting from the open conformation of
LBP. The eigenvectors found when diagonalizing the covari-
ance matrix were then used in the root mean-square inner-
product (RMSIP) analysis, that quantifies the overlap between
the essential subspaces (described by the 10 first eigenvectors)
obtained from the AA and CG simulations, Eq. (1) [44–46]:

RMSIP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where η i
AA η j

CG are the i th and j th eigenvectors from the AA
and various CG (ELNEDIN or domELNEDIN) simulations.

Results

Structure and dynamics on the nanosecond timescale

Atomistic simulations As seen in Fig. 1, the AA MD simula-
tion starting from the open conformation shows more flexi-
bility than the ones starting from the closed conformation with
ligand present. However, both simulations clearly produce a
structural ensemble around their starting conformations, and
show no sign of conformational change. A 100 ns simulation
starting from the closed conformation without ligand present
was also carried out (closed AA w/o lig.), and it can be seen
that also the ligand-free structure is highly stable (RMSD of
1.5±0.1 Å over the last 50 ns), and even more so than when
the ligand is present (RMSD of 1.9±0.2 Å over the last 50 ns).

Standard MARTINI CG In the MARTINI CG model for
proteins, each residue is mapped to a backbone bead and zero

to four side chain beads, and even though detailed interactions
are lost in the coarse graining, the resolution is high enough to
represent the particular physicochemical properties of the
different amino acids. As directional hydrogen bonds are not
possible to represent in the CG model, secondary structure
elements are not self-contained, and the local structure is
therefore predefined by restraining backbone angles and di-
hedrals to values supporting helix or extended structures,
based on structural analysis of the initial atomic resolution
structure [31]. For purely α-helical structures or membrane
proteins completely surrounded by lipid membrane, MARTI-
NI CG simulations have been reported where no further
restraints on the structure have been imposed [47–50]. How-
ever, as β-sheets are defined by hydrogen bonds between
sequence distant strands, this form of local structure is poorly
described by the model. Moreover, as water does not stabilize
protein structure in the same manner as a lipid bilayer, the
standard MARTINI CG model does generally not succeed in
maintaining the tertiary structure of globular proteins. The
MARTINI CG simulations of LBP in water are no exception.
For both the simulation starting from the open and the one
starting from the closed conformation of the protein, the
tertiary structure is observed to collapse into a packed globular
structure in an unspecific manner (see Fig. 1 and 2), which
does not resemble the known structure of the protein in a
closed conformation. The collapse of tertiary structure
resulting from MARTINI CG simulations has been the main
motivation for the previously proposed ELNEDIN [33] ex-
tension to the MARTINI FF as well as the modification,
domELNEDIN, presented in this work. The inability of the
standard MARTINI CG model to keep the structure stable for
even 100 ns makes this model irrelevant for further studies of
LBP, and instead the focus will be on the above mentioned
extensions to the MARTINI CG model, where the tertiary

Fig. 1 RMSDs for the protein backbone in the AA and standard MAR-
TINI CG simulations starting from the closed and open conformations of
LBP. For the closed conformation, data from atomistic simulations both
with (closed AA w lig.) and without (closed AA w/o lig.) the leucine
ligand present are shown
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structure of the protein is stabilized by the application of an
EN to the backbone beads.

The ELNEDIN extension The ELNEDIN extension to MAR-
TINI CG was intended to stabilize the overall protein struc-
ture, while at the same time allowing for structural fluctuations
on the nanosecond timescale, comparable to that observed for
AA simulations [33]. This was achieved through the applica-
tion of an EN to the backbone beads of a MARTINI CG
model. Minor modifications to the standard MARTINI CG
model were introduced with the ELNEDIN extension, as the
backbone beads now were placed in the Cα positions instead
of at the center-of-mass of the backbone atoms. Two param-
eters were used to define the network and tune the dynamics,
namely the cut-off distance, RC, for applying an EN bond
between two beads, and the force constant, KS, of the har-
monic EN bonds forming the network.

For the purpose of establishing the optimal set of parame-
ters to describe the dynamics of LBP using the ELNEDIN
model, simulations were carried out with all possible combi-
nations of three different force constants and three different
cut-offs, as described in the Methods section. The choice of
the scaffold parameters to use for further simulations is made
based on a comparison with the protein dynamics observed in
an atomistic simulation. Just as in the original ELNEDIN
study, the RMSD as a function of time and the RMSD per
residue are used to quantify the global and local structural
deformations, while the RMSF per residue and the essential
subspace overlap (quantified by the RMSIP) are used to
describe the local and large-amplitude fluctuations, respec-
tively. As expected, the RMSD and RMSF values decrease
in a systematic manner with the increase of the cut-off and

force constant values (see supplementary material Figs. S2,
S3, S4, S5, S6 and S7). The RMSIP cannot be expected to
show such a systematic behavior, but in this case the overlap
consistently increases when increasing the cut-off and force
constant (see supplementary material Tables S2 and S3). The
RMSIP values are in all cases found to be between 0.50 and
0.75, and the overlap is thus considered highly satisfactory for
all the tested parameter sets. From Figs. S2, S3, S4, S5, S6 and
S7 it is seen that the parameters giving the best overlap with
the atomistic data is KS=500 kJ·mol−1·nm−2, suggested as
default value for the ELNEDIN model [33], and a cut-off of
RC=8 Å. The cut-off suggested as default for the ELNEDIN
model is RC=9 Å, and the effect of changing the cut-off by
1 Å is also seen in Fig. 3 for both the open and closed
conformation.

As previously documented, the ELNEDIN extension to the
standard MARTINI CG model succeeds in reproducing a
structural scaffold similar to what is seen in atomistic simula-
tions of 100 ns [33]. For the case of LBP this is achieved
building the EN using the parameters RC=8 Å and KS=
500 kJ·mol-1·nm-2. It should be recognized as a quality of
the model that, despite quite different overall levels of dynam-
ics, the ELNEDIN setup giving the best fit to the atomistic
simulations is the same for both the closed and open confor-
mations. A major drawback, though, is that the structural
scaffold is limited to a single protein conformation, not
allowing studies that involve rearrangements of the protein
domains. To circumvent this bias toward the initial conforma-
tion, we have examined the effect on the protein structure and
dynamics when removing the EN bonds between protein
domains.

The domELNEDIN extension There is no unique definition of
how to divide a protein into domains, and various criteria have
been used such as structure, function, folding units, sequence
or evolution [51]. In the growing number of known protein
structures, domains containing highly conserved combina-
tions of secondary structure elements repeated in different
proteins or within the same protein are observed [52]. The
structural difference between different protein conformations
is seen mainly to arise from hinge, shear, or rotational motions
between these structural domains [3]. In the case of LBP,
where the structure of both an open and closed conformation
is known, it is clearly a two-domain protein. The RMSD
between the crystal structures of the open and closed confor-
mation of LBP used for this work is 7.0 Å, while the RMSD
between the same domains of these two conformations
are 0.7 Å for domain 1 and 0.6 Å for domain 2, when using
the main domain assignment (Table 1). The structural
rearrangements between the conformations are thus mainly
caused by movements in the hinge region of the protein. The
individual LBP domains could therefore be restrained with
EN bonds as in an ELNEDINmodel, while still allowing for a

Fig. 2 Snapshots of the (a) closed and (b) open conformations of LBP at
the first frame of the standard MARTINI CG simulation, with corre-
sponding structures after 25 ns of CG simulation (100 ns of “effective”
time). The protein is colored by residue number going from the N-
terminus in red to the C-terminus in blue
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full description of the structural ensemble covering the whole
functional cycle. This is the concept of the domELNEDIN
model; an EN is applied within each domain with the same
type of parameter setup as for ELNEDIN, the difference
being that no EN bonds are applied connecting the protein
domains. For LBP, the differences between ELNEDIN and
domELNEDIN are seen in Fig. 4 for both the open and the
closed conformations. In order for the domELNEDIN model
to be successful, the non-bonded interactions between protein
domains should be well described by the MARTINI CG FF.
MARTINI has previously successfully been used to study
macro-assemblies of proteins [33] and the aggregation of
proteins [33, 47, 48, 53, 54], and recently a thorough study
of side chain dimerization showed that the MARTINI FF
produced dimerization free energies which in aqueous solu-
tion correlated reasonably with those obtained with the atomic
resolution FFs OPLS [55, 56] and GROMOS [57, 58]. It
would therefore seem reasonable to expect that the correct
packing and interaction of protein domains can be described
within the FF as well, as domain packing holds many similar-
ities to protein-protein interaction.

Just as for the ELNEDIN model, simulations were carried
out to establish the most suitable set of EN parameters for a
domELNEDIN simulation of LBP. If the annihilation of
the inter-domain EN bonds does not completely destabilize
the structure, it is to be expected that the dynamics on the
100 ns time scale is similar for the ELNEDIN and
domELNEDIN models, and therefore only the parameters

KS=500 kJ·mol−1·nm−2 and RC=8 Å and 9 Å were inspected.
As the protein domains are allowed to move independently, it is
not expected that the dynamics will be dampened in a system-
atic manner going toward a higher cut-off and force constant.
Still, the overall best parameter fit is also for domELNEDIN
achieved when applying the cut-off RC=8 Å (see supplemen-
tary material Fig. S8 and Table S4). In Fig. 5, the RMSD and
RMSF data are compared for the ELNEDIN and
domELNEDIN simulations, and in Table S4 in the SI, the
RMSIP values are compared. It is clear that even though the
overall RMSD indicates more changes in the protein structure
for the domELNEDIN simulations, the RMSD and RMSF per
residue are very similar between the two models, and as well
are the RMSIP values. The ELNEDIN and domELNEDIN
extensions to the MARTINI CG FF thus show the same level
of dynamics and structural stability on the 100 ns time scale
while using the same EN parameter set. This is achieved for the
domELNEDIN model despite the removal of the EN bonds
stabilizing the domain interfaces, and thus conformational
changes are allowed in an unbiased manner within this model.
The difference between the ELNEDIN and domELNEDIN
models should therefore be noticeable and important on the
microsecond time scale.

Long time scale events

For a number of the binding proteins it has been established that
the apo-structure is flexible and occupies a wide range of

Fig. 3 RMSD as a function of simulation time and RMSF and RMSD
per residue for the last 80 ns of simulation obtained from ELNEDIN
simulations of the closed conformation of LBP with ligand (a) and the

open conformation without ligand (b). The force constant parameter, KS,
of the EN is in all cases 500 kJ·mol-1·nm-2 and the cut-off, RC, is either 8
Å or 9 Å as indicated on the figure
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conformations ranging from a full opened to a closed confor-
mation [15, 59–64] and the open-to-closed transition is expected
to take place on the nanosecond to microsecond timescale [59].
A closed conformation without substrate has not yet been ob-
served for LBP, and to study the conformational flexibility of
LBP when substrate is not present, microsecond long
domELNEDIN simulations have been carried out, starting from
both the open and closed conformations. For both cases, the
domELNEDIN simulations are compared to the corresponding
ELNEDIN simulations. Furthermore, the sensitivity toward the
domain boundary definitions and toward the choice of initial
topology to use for the domELNEDIN setups are tested.

Starting from the open conformation In Fig. 6, the develop-
ment of the protein backbone RMSDs over the full simula-
tions are depicted compared to the crystal structures of both

the open and the closed conformations. The ELNEDINmodel
applied to the open conformation is expected to result in
simulations producing a structural ensemble around the crys-
tal structure of the open conformation. However, a change
toward the closed conformation is observed on the microsec-
ond time scale, going from an RMSD of 7.0 Å to 5–6 Å with
respect to the crystal structure of the closed conformation. As
is clear from Fig. 4b, there are only a few EN bonds
connecting the domains in the open conformation (red lines),
and they are all positioned in the hinge region. This is why an
overall structural change is allowed without conflicting too
much with the globally applied EN in the ELNEDIN setup.
However, the conformational change has a limit, as further
change toward the closed conformation would be energetical-
ly highly unfavorable, due to the necessary change in the EN
bonds bridging the domains.

Fig. 4 Comparing the ELNEDIN and domELNEDIN models for ENs
generated with RC=8 Å, and using the main domain assignment. a
Closed conformation. b Open conformation. Bonds are colored as

follow: gray – bonds present in both the ELNEDIN and domELNEDIN
models, red—bonds present in the ELNEDIN model, but removed in the
domELNEDIN setup

Fig. 5 Backbone RMSD as well
as RMSF and RMSD per residue
in the ELNEDIN and
domELNEDIN simulations of
closed form with ligand (a) and
open form without ligand (b) of
LBP. The EN scaffolds were
parameterized with RC=8 Å and
KS=500 kJ·mol−1·nm−2

J Mol Model (2013) 19:4931–4945 4937



In the domELNEDIN simulations the open conformation is
free to close up, and for all setups the structure clearly ap-
proaches the closed conformation, and to a significant higher
degree than seen for the ELNEDIN simulation, resulting in
RMSDs as low as 3 Å with respect to the crystal structure of
the closed conformation, starting from an RMSD of 7 Å.

Even though the protein domains are structurally very sim-
ilar between the conformations, there are a few differences in
their topology parameters since equilibrium angle values for the
backbone as well as the EN bonds are assigned based on the
exact atom positions in the initial structures. Out of the ∼1080
bonds forming the EN for the domELNEDIN simulations ∼50
are unique for the closed or open structures (around 10 of these
involve residues in the domain linkers) while the rest are shared
between the setups for the two conformations. A setup was
made named “topology swap”, where the topology input for the
closed conformation was applied to the open conformation,
enforcing the EN bonds and equilibrium backbone angles of
the closed conformation. For this setup, a simulation starting
from the open conformation is seen to reach a closed structure
which has an RMSD as low as 1.6 Å compared to the crystal
structure of the closed form. The application of local intra-
domain structural parameters from the known closed structure
thus allowed the domains to adapt to each other in the process
of closing (induced fit), changes that could not be accommo-
dated using the topology of the open conformation.

The division of a protein into structural domains will often
be done in the most sensible way by a trained eye [65], and the
well-established fold databases CATH [66] and SCOP [67]
rely on human expertise. However, with the pace at which
new protein structures are submitted to the protein data bank
(PDB [68, 69]), the human expert assignments lag behind,
and the development of methods for high-quality automatic
assignment of domain boundaries is an active field of
research [65, 70–72]. To inspect how the outcome of the
domELNEDIN simulations of LBP depends on the domain
boundary assignment, four different assignments have been
tested (Table 1). The main domain assignment was based on
our judgment from visual inspection of both the closed and
open conformations, and it is identical to the assignment by
CATH. The “main loose” assignment has the same boundaries
as main, except four amino acids in each of the three domain
linkers are released from the ENs. This setup was chosen to
test if a more flexible linker region would alter the outcome.
Two alternative protein domain boundaries were also acquired
from two public available servers for automatic protein do-
main assignment. One is the DomFOLDpdp server [43],
which based on the amino acid sequence predicts the protein
fold using the nFOLD3 method [73, 74], and then use the
Protein Domain Parser (PDP) program [75] to establish the
number of domains and their boundaries. The other is the
pDomains server [42], which for a protein PDB Id can provide

Fig. 6 Backbone RMSDs in ELNEDIN and domELNEDIN simulations
starting from the open conformation of LBP. a Compared to the crystal
structure of the open conformation. b Compared to the crystal structure of
the closed conformation. Left-most graphs show results from the
ELNEDIN simulation, the domELNEDIN simulation using the main
domain assignment and the “topology swap” setup, where the topology

for the closed conformation is applied to the domELNEDIN simulation
starting from the open conformation. The right-most graphs show results
from domELNEDIN simulations using three alternative domain assign-
ments in the setup. The protein domain boundaries corresponding to
main, main loose, pDomains and DomFOLDpdp can be seen in Table 1

4938 J Mol Model (2013) 19:4931–4945



an overview of domain assignment results from seven differ-
ent methods, as well as provide a consensus assignment based
on these results. In the consensus assignment, the different
methods contribute with a weight which is based on
benchmarked knowledge of each method’s performance for
that particular type and size of protein [65, 70, 76]. For the
closed conformation two consensus assignments were
presented, the first consensus assigned it as a one-domain
protein while the second consensus was a two-domain assign-
ment. The two-domain consensus assignments for the open
and closed structures used in this study were identical, except
residue 333 was assigned to domain 1 in the closed confor-
mation and domain 2 in the open conformation. As seen in
Table 1, we used the consensus assignment as given to the
open conformation.

The four simulations using different domain assignments
show the same overall result; in all cases the LBP starts from
an open conformation and ends up in a closed conformation
after 4 μs of simulation. However, as could be expected, the
highest degree of flexibility is observed for the “main loose”
setup. For this setup a number of structural changes between
open and closed-like conformations are seen on the 4 μs time
scale, while the three other setups only show a single change
toward the closed conformation in the same time frame. All
four simulations differ in the time it takes before the protein
makes the change to the closed conformation. For the simu-
lation using the pDomains assignment, the conformational
change is observed within the first 0.4 μs, while it is observed
after 3.8 μs of simulation when the main assignment is ap-
plied. However, multiple repeat simulations of the setups are
required, to conclude whether the observed differences are
inherent to the domain assignments, or simply a result of the
stochastic nature of the event. Furthermore, using the
domELNEDIN model, the dynamics of the domain move-
ments will very likely be dependent on how tight the linkers
between the domains are bound to the domains themselves.

Starting from the closed conformation In all simulations of
the closed conformation LBP stays more or less closed as seen
in Fig. 7, even though the ligand is not present. In the
ELNEDIN simulation it is under no circumstances expected
to observe any opening of the protein, as several EN bonds are
applied between the domains, keeping them tightly together
(Fig. 4a). Also for the domELNEDIN simulations, the closed
conformation is very stable and no opening is observed. Thus,
even though the protein is free to change its conformation in a
long time scale simulation, it stayed in the stable closed
conformation.

Similar to the “topology swap” setup for the open confor-
mation, a setup was made where the topology input for the
open conformation was applied to the closed conformation,
enforcing the EN bonds and equilibrium backbone angles of
the open conformation onto the closed structure. In this

simulation, the protein clearly remained closed, while remod-
eling the structure locally, to better fit with the EN bonds and
equilibrium angles specific for the open conformation, thus
resulting in an elevated RMSD to the closed structure while
keeping an even higher RMSD to the open structure. This
observation corroborates that the application of the topology
from a different conformation does not force a conformational
change in itself, but merely alters the internal domain
structure.

The different domain assignments, applied as described in
the previous sub-section, do also in this case not alter the
outcome of the simulations. Even the release of the linkers
from the ENs of the protein domains in the “main loose” setup
does not affect the overall structural changes within the 4 μs
time frame.

Discussion

As both standardMARTINI CG and ELNEDIN simulations do
not allow the study of conformational flexibility, the discussion
only concerns the AA and domELNEDIN simulations.

Flexible apo-structure moves from open to closed
conformation

For several of the binding proteins, it has been established that
the apo-structure is very flexible, and has a structural diversity
which goes all the way from a completely open to a closed-up
conformation [12, 15, 18, 59–64] and with an open-to-close
exchange on the nanosecond or microsecond timescale [12,
15, 18, 59]. For both AA and domELNEDIN simulations
starting from the open conformation, we also see a highly
dynamical structure, which fluctuates around a fully open
conformation on the 100 ns timescale (Fig. 1 and Fig. 6b).
Then, in the domELNEDIN simulations extending to the
microsecond timescale, conformational changes toward a
closed conformation are clearly observed (Fig. 6). For some
of the binding proteins, structural information on a closed
conformation without ligand has been established. In most
of these cases, the ligand bound and unbound structures are
almost identical [61, 64]. However, a case has also been
reported, where the closed conformation without substrate
seems to close up in a distinguishable different conformation
than when the substrate is present [59]. In the domELNEDIN
simulations, the closed-up structure obtained from the simu-
lations starting from the open conformation has a backbone
RMSD of around 3 Å (Fig. 6b) compared to the crystal
structure of the closed conformation with ligand bound. The
degree of closing of the open apo-structure could be depen-
dent on the exact domain definitions applied in the setup, but it
seems not to be (Fig. 6). That the RMSD does not go below
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3 Å can be because LBP actually closes up in a different
manner when leucine is not present. Similarly, the stable
domELNEDIN model of the closed conformation without
leucine present also has an RMSD of 2.5–3 Å to the closed
X-ray structure (Fig. 7a). However, the coarse model descrip-
tion may in itself be the reason for the observed RMSD,
resulting in a stable closed conformation which is different
from the X-ray structure.

A limitation of the domELNEDIN model is that the ENs
set up inside the protein domains are based on the original
structure, and any induced fit going from an open to a closed
structure will thus not be supported. As the RMSDs between
the domains in the closed and open structures are 0.7 Å for
domain 1 and 0.6 Å for domain 2, this effect was not expected
to be significant. However, if the simulation starting from the
open conformation is applied the closed structure topology
(topology swap), and thus, inside the domains, enforced the
equilibrium distances between backbone beads corresponding
to the closed structure, LBP was observed to undergo a
conformational change all the way from the open conforma-
tion to a structure with RMSD of only 1.6 Åwith respect to the
crystal structure of the closed conformation (Fig. 6b). This
shows that induced fit of the domains indeed play a role in the
complete close-up of the protein, but from these simulations it
cannot be determined if this fit is induced by interaction with
the substrate or if it could also take place in the apo-situation.

To address this, atomistic simulations are needed, e.g., starting
from a reverse coarse graining of the closed up apo-structure
observed in the domELNEDIN simulations, and both with
and without a leucine ligand included in the setup.

While the observation of induced fit here required the
previous knowledge of the structure in both open and closed
conformations, it could also be imagined that the introduction
of a non-uniform stiffness of the ENs would allow for the
simulation of induced fit between protein domains, e.g., by
making the network weaker in areas based either on distance
to the protein surface or based on knowledge from a short AA
simulation. Structures from multiple protein conformations
could also be used to derive a common domELNEDIN model
for a particular protein, where the differences in the
domELNEDIN models established from the individual struc-
tures are removed or modified, to allow for a model which is
not biased by one structure in particular. It has to be tested,
though, if such setups would still produce dynamics compa-
rable to atomistic simulations on the nanosecond timescale.

Highly stable closed conformation

The simulations starting from the closed conformation with
the leucine ligand removed from the setup show a very stable
structure, also on the microsecond timescale (Fig. 7a). Even
when the topology for the open conformation is applied in the

Fig. 7 Backbone RMSDs in ELNEDIN and domELNEDIN simulations
starting from the closed conformation of LBP. a Compared to the crystal
structure of the closed conformation. b Compared to the crystal structure
of the open conformation. Left-most graphs show results from the
ELNEDIN simulation, the domELNEDIN simulation using the main
domain assignment and the “topology swap” setup, where the topology

for the open conformation is applied to the domELNEDIN simulation
starting from the closed conformation. The right-most graphs show
results from domELNEDIN simulations using three alternative domain
assignments in the setup. The protein domain boundaries corresponding
to main, main loose, pDomains and DomFOLDpdp can be seen in Table 1
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simulation starting from the closed conformation, the structure
keeps a stable closed conformation, although the internal
domain structure and backbone are changed to match those
in the open conformation.

When interpreting the results, it should be kept in mind that
the simulations starting from the closed apo-structure are
artificial in the sense that the crystal structure used for the
setup contained the substrate. It could be that an energetic
barrier would keep the structure from closing this tightly
in vivo without leucine present, and the leucine ligand would
induce a fit in the structure, as discussed in the previous sub-
section.

Also, it cannot be ruled out that the observation of the
microsecond stability of the closed conformation is due to
an over-stabilization of the protein-protein interaction in the
MARTINI CG FF. However, also the AA simulations of the
closed ligand-free conformation show a very stable structure
at the 100 ns timescale (Fig. 1), while, e.g., the maltose
binding protein has been seen to go from closed to open
conformation in a 30 ns simulation, when removing the ligand
form the binding site [13]. As described in the Results section,
MARTINI has previously successfully been used to study
protein-protein interactions [33, 47, 48, 53, 54, 58], and it
therefore seems reasonable to expect that the interaction of
protein domains can be described within the FF as well.
Naturally, the coarse model is a compromise, and in a very
recent update to the MARTINI protein model (version 2.2

[77]), the description of side-chains have been further im-
proved by adding particles with opposite charges on polar
side chains as well as moving the charge on charged side-
chains away from the van der Waals center of the charged
bead, to allow for a higher resolution in the modeling of
electrostatics interactions [77]. The water model has also been
extended with particles with opposite and movable charges, to
allow for polarization of the water beads [78]. Using this new
version of the MARTINI CG protein and water model togeth-
er with domELNEDIN on the closed conformation with the
substrate removed, microsecond long simulations consistently
show a stable structure (data not shown).

All microsecond domELNEDIN simulations in this study
agree that LBP can close up without the leucine ligand pres-
ent, as also observed for several other binding proteins [15,
59–64]. Nomatter if the closed-up conformation is identical to
the one observed for the substrate-bound state, or if it deviates
with an RMSD of 3–4 Å, as seen in the simulations starting
from the open conformation, the existence of a closed confor-
mation without substrate has implications for the ABC-
transporter mechanism, that we will consider in the following.

The binding protein interacts with a transmembrane per-
mease, and in this way helps ensure that the substrate transport
is unidirectional [79]. In the few crystal structures of full
ABC-transporter complexes, where the interaction between a
transmembrane permease and its binding protein can be seen
[80–83], the two subunits of the permease interact with each

Fig. 8 Schematic of leucine transport through the membrane. The
steps involved when LBP closes up without substrate bound, as
suggested by the present study, is also included, and gray arrows
indicate where it differs from the substrate-transport cycle. (I) LBP in
the open, substrate-free form (dark gray ) and unbound substrate
(black ) in the periplasm. (II) The substrate binds to LBP. (III) LBP
closes up. (IV) LBP docks to the transmembrane permease (TMP)

(light gray ), which is connected with the ATP-binding domains
(ATP_BD) on the cytoplasmic side. (V) Binding triggers the opening
of LBP and release of the substrate to the permease, if substrate is
present, as well as release of the binding protein back to the peri-
plasm. (VI–VII) The substrate is transported through the permease
and released into the cytoplasm. (VIII) The permease is back in a
state ready to interact with a closed up binding protein
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their domain of the binding protein. It therefore seems plausi-
ble that the binding protein in its closed form docks to the
permease while it is in an inward facing or occluded confor-
mation (Fig. 8 IV). An ATP-driven conformational change to
an outward facing form of the permease would then break
open the binding protein, for the substrate to be released into
the permease (Fig. 8 V). Yet another conformational change
would convert the permease to an occluded conformation,
releasing the binding protein in its open form into the peri-
plasm again (Fig. 8 VI) [83]. The permease interaction would
by this mechanism help the binding protein overcome the
energy barrier going from the closed to the open conforma-
tion, ensuring that the ligand is not released erroneously when
first captured by the binding protein.

At a first glance, this mechanism seems unlikely to be
combined with the presence of a closed conformation without
substrate, as this would result in seemingly futile ATPase
activity. Nonetheless, experimental data and observations also
support that empty binding protein interacts with the perme-
ase. Modeling the kinetics of a binding-protein dependent
transport system it is clear that a model where only the
substrate bound binding protein is recognized by the permease
does not explain the experimental data, whereas a model
where the substrate-bound and empty binding proteins com-
pete for the permease interaction do [84, 85]. The histidine
binding protein has been shown to have equal affinity for the
transmembrane permease whether loadedwith substrate or not
[86], and the binding protein without substrate competes
efficiently with the loaded binding protein, and thus inhibits
the substrate transport [87]. It was also found that the ATPase
activity is stimulated by the substrate-free binding protein,
albeit at a lower level than when substrate is present [86].
Similar measurements have been carried out for the vitamin
B12 importer. In this case the ATPase activity was equally
stimulated by the binding protein with or without substrate,
which suggests that the transporter is unable to distinguish
between empty or B12-loaded binding protein [88]. These
observations point to an overall inefficient substrate transport,
as ATP hydrolysis does not seem tightly coupled to substrate
transport. However, it has recently been recognized for other
ATP-burning machines, that they too operate at efficiencies
much lower than 100 % [89, 90], and it could be that it is
rather an unlikely scenario to have biological machines run-
ning at maximal efficiency.

Conclusions

Using MD simulations we have studied the conformational
flexibility of LBP when the substrate leucine is not present.
CG models are used to access the dynamics on the microsec-
ond timescale, and in this study three CGmodels based on the
MARTINI CG FF have been evaluated for the purpose. The

standardMARTINI CG FF [29–31] is shown not tomaintain a
stable structure at the 100 ns timescale. The ELNEDIN model
[33], where harmonic bonds are added between close-by
backbone beads forming a global EN, is shown to provide
simulations with a stable structure as well as dynamics com-
parable to atomistic simulations on the 100 ns timescale.
However, due to the EN, this model does not allow the
description of conformational flexibility. The domELNEDIN
extension, presented in this work, is a modification to
ELNEDIN where all EN bonds connecting protein domains
are annihilated while keeping the bonds inside the protein
domains. The domELNEDIN simulations of LBP show the
same qualities as ELNEDIN on the 100 ns timescale, repro-
ducing both the structural stability and the nanosecond dy-
namics comparable to atomistic simulations, while at the same
time allowing for unbiased movements of the protein
domains.

In microsecond long simulation, four different ways of
assigning the 345 residues of LBP to the two protein domains
were tested, and the outcome of the domELNEDIN simula-
tions was seen not to depend significantly on the exact domain
assignment. As the formation of harmonic bonds in the ENs is
based on interatomic distances in the initial structure used for
the setup, the domELNEDIN model topology established
from respectively the open and closed conformations of LBP
differ. Applying the closed conformation domELNEDIN
model in a simulation starting from the open conformation
and vice versa can therefore enable the modeling of a more
complete conformational change. It is in this way observed
that for LBP, an induced fit between the domains is needed for
the open conformation to close up completely.

For several of the binding proteins, taking part in ABC
transport systems, it has been established that a closed-up
conformation exists without ligand present [15, 59–64]. All
microsecond domELNEDIN simulations presented in this
study show that this is also the case for LBP. Due to the
coarseness of the model, it cannot be determined if the closed
empty conformation is identical to the substrate-bound con-
formation, or if the substrate is what induces the fit in the
structure. Whether the closed up apo-structure is identical or
just very similar to the closed holo-structure, our results sup-
port previous experimental observations, which imply that the
ABC-transport system is not exclusively triggered by a
substrate-bound binding protein [86–88].

As it cannot be ruled out that protein-protein interaction, and
thereby the closed conformation, is over-stabilized by the
MARTINI CG FF, we will in a subsequent study test this
hypothesis in more detail. Determining the free energy associ-
ated with the open-to-closed transition, e.g., by employing
potential-of-mean-force calculations on the system, would give
quantitative input to this discussion. Using the domELNEDIN
approach together with the latest MARTINI CG FF improve-
ments, we also plan to model how the conformational
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flexibility of LBP is affected by the presence of substrate, and
how the stability of the closed conformation of a binding
protein, with and without the substrate bound, is affected by
the interaction with the transmembrane permease.
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