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ABSTRACT: BtuF is the periplasmic binding protein (PBP) in the vitamin B12 uptake system inEscherichia
coli where it is associated with the ABC transporter BtuCD. When the ligand binds, PBPs generally
display large conformational changes, commonly termed the Venus flytrap mechanism. BtuF belongs to
a group of PBPs that, on the basis of crystal structures, does not appear to display such behavior. Using
480 ns multicopy molecular dynamics simulations of apo and holo forms of the protein, we investigate
the dynamics of BtuF. We find BtuF to be more flexible than previously assumed, displaying clear opening
and closing motions which are more pronounced in the apo form. The protein behavior is compatible
with a PBP functional model that postulates a closed conformation for the ligand-bound state, whereas
the empty form fluctuates between open and closed conformations. Elastic network normal-mode analysis
suggests that all BtuF-like PBPs are capable of similar opening and closing motions. It also makes the
typical Venus flytrap domain motions a likely common means of how PBP-ABC transporter interaction
could occur.

Periplasmic binding proteins (PBPs) are found between
the inner and outer membrane of Gram-negative bacteria
where they mediate solute transport or initiate chemotaxis
by activating flagellar motion (1-4). PBPs bind a broad
palette of substrates ranging from sugars, amino acids, and
peptides to a variety of ion compounds and vitamins (3).
There is also some evidence that PBPs might be involved
as chaperones in the refolding of denatured proteins (5).
Having only one membrane, Gram-positive bacteria employ
similar but membrane-anchored versions of PBPs (6, 7) to
acquire nutrients from their environment. Furthermore, many
eukaryotic receptors contain extracellular ligand binding
domains which are homologous to PBPs (3).

The large spectrum of substrates recognized by PBPs is
reflected in a large gene family encoding many binding
proteins with rather diverse sequences (3). Despite diversity
in primary structure, PBPs share a common structural motif
of two globular domains connected by a variably organized
linker region. Ligand binding takes place in a cleft between
the two lobes and generally induces a large conformational
change during the course of which the domains close around
the bound substrate. This is commonly termed the “Venus
flytrap” motif (8). To explain the PBP working mechanism,
two functional models have been proposed, both character-
ized by an equilibrium between empty and ligand-loaded
forms of the protein. According to the first model, which
was first introduced on the basis of small-angle X-ray
scattering data and computer modeling results for the
arabinose PBP (9), the empty form of the protein exists in a
stable open conformation and ligand binding triggers a

transition toward an equally stable closed state. The second
model is based on X-ray crystallographic results first
described for the lysine-arginines-ornithine binding protein
and proposes that the empty form of the protein exists in a
dynamic equilibrium between open and closed states, whereas
when the ligand binds, the protein exhibits only the closed
conformation (10).

PBPs can be classified on the basis of similarities in
primary sequence (1, 11) or by the topology of their globular
domains (12-14) in terms of the arrangement of secondary
structure elements. An alternative classification is based on
the number of interdomain connections. Three groups have
been identified so far, and they are characterized by either
one (group III), two (group II), or three (group I) interdomain
connections (2, 15). To date, more than 100 X-ray structures
of PBPs and related binding proteins have been determined
from a variety of organisms, including eubacteria, archaea,
and eukaryotes (4). Remarkably, only X-ray structures of
group I or II PBPs appear to exhibit large conformational
changes between empty and ligand-bound states, with the
group I maltose binding protein being a prominent and
widely studied example (16). In contrast, group III PBPs,
with their lobes connected by only a singleR-helix, appear
to undergo no comparable conformational changes upon
substrate binding. The structures of four group III PBPs have
been determined by X-ray crystallography: zinc binding
protein TroA (17, 18), surface manganese binding protein
PsaA (19), ferrochrome binding protein FhuD (20, 21), and
vitamin B12 binding protein BtuF (15, 22). Crystal structures
of TroA, FhuD, and BtuF of both empty and ligand-bound
states are available.

BtuF is the periplasmic binding protein in the Btu (B12

uptake) system inEscherichia coli(23), which to date is
the only import system with crystal structures of all its key
components available. These components include TonB-
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dependent transporter protein BtuB (24), which transfers
vitamin B12 across the outer membrane, and ABC transporter
BtuCD (25) in the inner membrane. ABC transporters form
a large class of proteins occurring in all forms of life (26).
They are involved in multidrug resistance in cancer and in
a number of human genetic diseases. Crystal structures are
available for only two full ABC transporters: one is the lipid
flippase MsbA (27-29), and the other is the vitamin B12

importer BtuCD (25), to which BtuF delivers the cyano-
cobalamin after binding it in the periplasmic inter-membrane
space. Once docking occurs, a stable BtuCD-F complex is
formed, and transport across the inner membrane is initiated
(30). A likely docking interface has been proposed (15), and
the BtuCD-F complex was successfully reconstituted in lipid
vesicles where it was functionally characterized (31). How-
ever, both the structure of the BtuCD-F complex and the
functional details of the transport process are still unknown.

Against this background, we want to address the question
of the BtuF function mechanism. Does BtuF fit into one of
the two existing functional models for PBPs, or does it
represent a new group? Are there only minor conformational
differences between the empty and loaded state, as the X-ray
structures suggest, or could this be a limitation imposed by
the crystallization procedures? For other ABC transporter-
associated PBPs like maltose binding protein, the large
conformational changes upon ligand binding suggest a clear
means of distinguishing between empty and loaded PBPs
and also a possible way of PBP and ABC transporter
interaction and communication. If the Venus flytrap mech-
anism applies to BtuF as well, this could hint at a more
general scheme of PBP-ABC transporter interaction, which
would be particularly interesting because the crystal structure
of the ABC transporter BtuCD is known. Thus, the dynamics
of BtuF may be of more general interest in understanding
the mechanism of ABC transporters.

To this purpose, we used multicopy molecular dynamics
(MD) simulations (32, 33) to explore the conformational
space accessible to BtuF. Four MD studies on periplasmic
binding proteins have been reported so far. Simulations of
the glutamine binding protein (34), the PBP homologue
ligand binding domain of glutamate receptor GluR2 (35),
and the maltose binding protein (36) focused on the transition
between the open and closed state, whereas a simulation
study of ferrochrome binding protein FhuD explored the
conformational space accessible to an apo form of the protein
created by removing the bound ligand (37). In our study,
we consider BtuF in both the ligand-free and ligand-bound
forms, each of which is additionally characterized in a ligand-
added and ligand-removed state. We also performed elastic
network normal-mode analysis (refs38and39and references
cited therein) of BtuF and all BtuF-like (group III) periplas-
mic binding proteins to gain insight into structure-inherent
and possibly functionally relevant conformational changes
characterized by the proteins’ lowest-frequency normal
modes. Elastic network normal-mode analysis has been
successfully applied to crystal structures and electron mi-
croscopy data in predicting conformational changes in
proteins such as membrane channel opening (40) or riboso-
mal movements (41, 42).

We find BtuF to be more flexible than previously assumed,
displaying clear opening and closing motions which are more
pronounced in the apo form. This protein behavior is

compatible with the second PBP functional model. Elastic
network normal-mode analysis suggests that all group III
PBPs are capable of similar opening and closing motions.

EXPERIMENTAL PROCEDURES

Simulation Systems.Molecular dynamics simulations were
performed using GROMACS 3.2.1 and the ffgmx force field
(43, 44). The 1N4D (3.0 Å resolution, ligand-free) and 1N4A
(2.0 Å resolution, ligand bound) BtuF crystal structures (22)
were used as starting structures. Four different simulation
systems were created: two featuring the unmodified apo and
holo X-ray structures and two containing modified ones
where the cobalamin ligand had been removed in one case
and added in the other. In every case, the protein was then
inserted into a truncated octahedral box and solvated with
∼15000 simple point charge water molecules (45). One
chloride ion was added to neutralize the system’s net charge.
Standard protonation states were assumed for titratable
residues.

Multicopy MD simulations (32, 33) were performed; for
each system, three production runs were initiated using a
different temperature seed to generate the random distribution
of starting velocities. The simulations were started with the
protein and vitamin B12 position-restrained. A force constant
of 1000 kJ mol-1 nm-2 was applied during the first 10 ps of
the simulation, and in course of the following 20 ps, force
constants were lowered to 10 kJ mol-1 nm-2. After that point,
no position restraints were applied and production runs
began. Twelve individual production runs were performed,
with simulation times ranging from 30 to 50 ns, yielding a
total simulation time of 480 ns (Figure 1).

In the simulations, all bond lengths were constrained so
that an integration time step of 2 fs could be used for LINCS
(65). Systems were simulated at a temperature of 310 K,
maintained separately for water and protein by a Berendsen
thermostat (46) with a time constant of 0.1 ps. A Berendsen
barostat (46) was used with isotropic pressure coupling with
a time constant of 1 ps and a reference pressure of 1 bar.
Electrostatic interactions were calculated using particle mesh
Ewald summation (47, 48), and twin range cutoffs of 0.9
and 1.4 Å were applied in computing the van der Waals
interactions.

Vitamin B12 Force Field Parameters.A vitamin B12

topology was developed for the GROMACS ffgmx force
field, starting from AMBER cyanocobalamin parameters as
a template (49). Due to inconsistencies in that topology, such
as the negatively charged cobalt and numerous redundant
dihedral definitions each with a force constant of zero, a
simple conversion of the parameter set was not possible.
Instead, a different strategy was followed. For the cobalt,
van der Waalsε and σ parameters were taken from a
corrinoid topology for the MM2 force field (50) from which
the AMBER topology had originally been derived; elsewhere,
GROMACS atom types were assigned. Once atom types are
defined, parameters describing bonded interactions can be
derived from connectivity patterns. Additionally, vitamin B12

could be subdivided into parts already available in the ffgmx
force field. For example, the corrinoid ring contains glutamine-
like ligands, while the lipid-like phosphate group, sugar, and
heterocycle group all resemble parts of NADH or FADH.
For each part of vitamin B12 (Figure 2A) thus described, their
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bonded and nonbonded ffgmx interaction parameters were
adopted.

Additionally, quantum mechanical calculations using
GAUSSIAN 03 (51) were carried out to investigate the
detailed charge distribution. This was done for both the whole
molecule and a core section of vitamin B12 consisting of the
corrinoid ringπ-electron system and the five-body part of
the heterocycle liganding the cobalt. Adjacent carbons were
included as methyl groups. Geometries of both versions of
vitamin B12 were optimized at the HF level with the STO-
3G basis set, followed by a single-point calculation at the

B3LYP (52, 53) level of density functional theory (DFT)
using the Lanl2dz basis set (54) and pseudopotential for the
cobalt atom and 6-31G** basis sets for the other atoms.
Natural population analysis (NPA) (55) was used to estimate
the atomic charges from the electron densities. These all-
atom charges were then summed and averaged to fit the
united-atom nature of the ffgmx force field. The only
difference in partial charges derived from the full and partial
QM approach was found in sections directly adopted from
the ffgmx force field, mainly the amino groups of the
glutamine-like ligands. Therefore, part QM/part ffgmx

FIGURE 1: Four different simulation systems generated on the basis of the apo and holo BtuF crystal structures. From left to right are the
unmodified apo X-ray structure (no-B12), the modified apo model with added ligand (B12-added), the unmodified holo crystal structure
(B12-bound), and the modified holo structure with the ligand removed (B12-removed). For each system, three multicopy MD simulations
were performed using a different random distribution of starting velocities. BtuF is colored according to its main structural components:
N- and C-terminal domains colored blue and red, respectively, with the domain connectionR-helix colored yellow.

FIGURE 2: We developed vitamin B12 force field parameters for the ffgmx GroMACS force field. Segments of vitamin B12 resemble
molecule parts for which GroMACS parameters are already available (A). Charge groups (boxes) and partial charges either come from
molecule segments already known to GroMACS or are based on quantum mechanical (QM) calculations. QM parts are highlighted in
yellow. The gray dotted line frames atoms among which no nonbonded interactions have been calculated (B). As reflected by snapshots
(wireframe) from a 1 ns MDsimulation in water that have been superimposed on the vitamin B12 X-ray structure (ball and stick), our
topology yields a stable description of cyanocobalamin (C).
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charges were used for simulations to yield a greater
consistency with the ffgmx force field. To stabilize ring
geometry, nonbonded interactions are not computed among
atoms of the corrinoid ring or the N-heterocycle. Partial
charges and applied exclusions are summarized in Figure
2B.

As an initial test, vitamin B12 was solvated, and 1 ns of
unrestrained MD was performed, implementing the protein
run simulation settings. As indicated by simulation snapshots
superimposed on the X-ray structure (Figure 2C), our
topology appears to yield a stable description of vitamin B12

for MD simulations, with flexible regions as expected.
Elastic Network Normal-Mode Analysis.To detect func-

tionally relevant large-scale movements in BtuF and BtuF-
like periplasmic binding proteins, elastic network normal-
mode analysis was performed using the NOMAD-Ref server
(38). The first five lowest-frequency modes were calculated
using the server’s standard settings: all heavy atoms
included, a 5 Å distance weight parameter, and a 10 Å
distance cutoff used for mode calculation. Only atom pairs
closer than the distance cutoff are linked by Hookean springs,
whereas the distance weight parameter is applied in the
calculation of pair interactions to yield a smoother cutoff.
Where possible, the proteins were considered in their open
conformation. The protein X-ray structures that were ana-
lyzed include apo BtuF (1N4D) (22), gallichrome-bound
FhuD (1EFD) (20) [at present, the apo FhuD structure (21)
is not yet available from the Protein Data Bank], TroA in
the zinc-bound open conformation (1TOA) (17), and zinc-
bound PsaA (1PSZ) (19).

Domain Motion Analysis.On the basis of the apo and holo
BtuF extreme conformations depicted in panels C and D of
Figure 4, a domain motion analysis was carried out using
the DynDom web server at http://www.cmp.uea.ac.uk/
dyndom/ (56-58). Standard settings were used.

RESULTS

Conformational Changes.Structural changes in BtuF
occurring throughout the simulations were monitored by CR

root-mean-square deviations computed for each run with
respect to their corresponding starting structure (Figure 3)
and CR distance changes calculated between conserved
glutamates 50 and 180 (Figure 4), which have been proposed
to be key residues in the BtuF-BtuC docking interface (15).

Root-mean-square deviation (rmsd) plots in Figure 3 are
presented separately for each of the four starting structures:
no-B12 and B12-removed (apo BtuF, Figure 3A) and B12-
added and B12-bound (holo BtuF, Figure 3B). Each panel
holds nine graphs representing the CR rmsds of the full
protein and its N- and C-terminal domains (residues 1-105
and 130-244). Three main observations are made. (1)
Different copies of the same simulations with different
starting velocities yield different conformational changes as
reflected by different rmsds. (2) The rmsds of the individual
N- and C-terminal domains are always smaller than the rmsd
of the whole protein. (3) The maximum rmsds for the whole
protein range between 1.6 and 2.6 Å, except for copy 2 of
the unmodified no-B12 X-ray structure, for which the
maximum rmsd is 6.3 Å. At the same time, the rmsds of N-
and C-terminal domains do not exceed 3 Å.

Glu50-Glu180 CR distance plots in Figure 4 are given
separately for the apo and holo runs of BtuF, each holding
the results for unmodified (no-B12 and B12-bound) and
modified X-ray starting structures (B12-added and B12-
removed). In the apo simulations, the Glu50-Glu180 CR

distance increases during four runs, decreases in one run,
and reverts to the starting distance after an initial increase
of 2 Å in the remaining sixth run (Figure 4A). In the holo
simulations, the distance between the two conserved glutamates
increases during one run and decreases during three runs.

FIGURE 3: CR rmsd plots for the four different BtuF simulation systems and the three copies of each: no-B12 (A), B12-removed (B),
B12-added (C), and B12-bound (D). The rmsds of N- and C-terminal domains are always smaller than the corresponding rmsd of the whole
protein.
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Of the remaining two cases, in one the distance change
reverts to 0 Å after an increase of 2 Å. In the second, the
Glu CR distance fluctuates around its starting length with an
amplitude of 2 Å (Figure 4B). The largest distance changes
constitute an increase of 10 Å and a decrease of 2.5 Å in
the apo simulations, while in the holo runs, a maximum
increase of 4 Å and a decrease of 6.2 Å are observed. Runs
starting from the unmodified no-B12 X-ray structure exhibit
both increases and decreases in the Glu50-Glu180 CR

distance. In all B12-removed simulations, the distance
decreases. In the holo BtuF simulations, both an increase
and a decrease in glutamate distance are observed for the
B12-bound runs, but no increase is detected for the B12-added
runs. BtuF conformations corresponding to minimum and
maximum values of the Glu50-Glu180 CR distance reveal
opening- and closing-like motions of the N- and C-terminal
domains in both the apo and holo form of the protein, with
larger motions in the apo form (Figure 4C,D). The maximum
distance increase of 10 Å in the apo no-B12 copy 2 simulation
is due to a wide opening motion of the domains, accompanied
by a kink of theR-helix connecting the two domains: at

Ser116, the regularR-helical n-n + 4 backbone hydrogen
bonding pattern is broken when its backbone oxygen is tilted
outward. In this scenario, either Gln115 forms backbone
hydrogen bonds to both Asp119 and Gln120 or the side chain
of Gln120 folds back and H-bonds with its own carbonyl
oxygen, which in turn brings its amino group into possible
interaction distance of the Ser116 backbone oxygen. The
helix kink is not observed in the other runs.

A DynDom analysis of the extreme conformations reveals
the opening and closing domain motions in apo BtuF are
characterized by a 56° rotation with residues Ala87, Thr88,
Ile90, Glu91, Ser116, Leu117, Ala225, Ser226, and Pro227
acting as hinges. For holo BtuF, no domain motion was
detected.

Simulation and X-ray.To relate the simulation results to
the available crystal structures, we identified the protein-
protein contacts in the apo BtuF crystal (22) (Figure 5A),
compared the average no-B12 structure with the apo crystal
structure (Figure 5B), and computed the average radius of
gyration for holo and apo BtuF. Additionally, elastic network
normal modes were calculated for the apo BtuF crystal
structure and the other three group III PBPs for which crystal
structures are available (Figure 6).

The distribution of BtuF crystal contacts over the protein’s
Connolly surface is highlighted in green (Figure 5A). A
distance cutoff of 4 Å was used between the protein and its
adjacent copies in the unit cell to identify residues involved
in crystal contacts. Figure 5B shows the energy-minimized
average structure of all no-B12 runs superimposed on the apo
crystal structure. Structural differences are quantified in a
CR displacement plot whereR-helix andâ-sheet sections are
marked with blue rectangles. The two structures are not
identical but nevertheless are very similar. Maximum dis-
placements occur in loop regions, and the overall CR rmsd

FIGURE 4: Opening and closing motions of BtuF as reflected by
the change in the CR distance between conserved glutamates 50
and 180 (A and B). The extreme conformations are based on minima
and maxima in the Glu distance graph. Both apo (C) and holo (D)
forms display opening and closing motions, but the conformational
changes in the apo form are larger.

FIGURE 5: In the X-ray structural models, no opening or closing
motions are observed. Crystal contacts (green) might hinder an
opening of BtuF (A), or the open conformation could be part of
the BtuF crystal; however, the majority of the conformation is in
the closed state. When the average structure from all no-B12 runs
(red) is computed and superimposed on the apo crystal structure
(white), the difference between the two is small (B). Larger
deviations occur mainly in the loop regions (R-helix andâ-sheet
components are highlighted in blue in the CR displacement plot),
and the overall rmsd is 2.5 Å (dashed line).
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between the no-B12 simulation average and the crystal
structure is 2.5 Å.

The radius of gyration (Rg) of BtuF was calculated for
each trajectory and then averaged to obtain the meanRg for
the apo and holo BtuF. In case of the latter, vitamin B12 was
included in the calculations. An averageRg of 19.1( 0.25
Å was determined for the ligand-free simulations (no-B12

and B12-removed), while for the ligand-bound BtuF runs (B12-
added and B12-bound), an averageRg of 18.5( 0.1 Å was
found.

Normal Modes.Elastic network normal-mode analysis on
the apo BtuF crystal structure reveals a converse in- and out-
of-plane bending motion around thex-axis of the N- and
C-terminal domains in the first lowest-frequency mode and
an opening- and closing-like motion of the two lobes around
the out-of-planez-axis in the second lowest-frequency mode
(Figure 6A). Together, the two modes provide a good
description of the conformational changes observed in the
simulations. When elastic network analysis is performed on
the three other BtuF-like PBPs, the same kind of bending
and opening-closing motions are observed among the first
four lowest-frequency modes: the first and second modes
in the case of FhuD (Figure 6B), the second and third modes
for TroA (Figure 6C), and the second and fourth modes for
PsaA (Figure 6D). The other modes (modes 3 and 4 for BtuF
and FhuD, modes 1 and 4 for TroA, and modes 1 and 3 for
PsaA) describe bending motions around they-axis.

DISCUSSION

Domain Motions.Multicopy molecular dynamics simula-
tions (480 ns) (32, 33) were performed to explore the
conformational space accessible to the apo and holo forms
of the periplasmic vitamin B12 binding protein, BtuF. For
each of the four starting structures, three copies were
generated, each using a different random distribution of initial
velocities leading to different trajectories. This procedure
yields an improved sampling of the total conformational
space, as reflected by different rmsds produced by the same
starting structures (Figure 3). With computer power steadily

increasing, multicopy MD simulation will become increas-
ingly more important, as it provides a simple yet effective
means of enlarging the sampling rate of conformational
space.

Even though protein structure evolves differently in the
12 BtuF trajectories, the root-mean-square deviations of
singles domains are always smaller than the corresponding
rmsds of the whole protein (Figure 3). However, the rmsd
depends not only on the structural similarity between two
structures but also on the protein size, being roughly
proportional with its radius of gyration (59, 60). Here the
difference in domain and total rmsd we observe mainly arises
because the N- and C-terminal domains are more stable than
the overall protein. This is due to rigid body-like motions
of the domains relative to each other. The same pattern has
also been observed in the simulation study of apo-holo
transitions of maltose binding protein, where structures of
both the open and closed states were known as a control on
the simulation results (36).

The N and C domains move in an opening- and closing-
like manner. This is reflected by changes in the CR distance
of conserved glutamates 50 and 180 (Figure 4), which have
been proposed to be key residues in the BtuF-BtuC docking
interface (15, 30). Opening and closing are observed in both
apo and holo simulations, but the motions are larger in the
apo runs. Furthermore, in the apo simulations, BtuF tends
more toward opening, whereas the holo simulations display
a closing trend.

The elastic network normal-mode analysis we performed
on BtuF confirms our simulation findings of opening and
closing motions: the conformational changes observed in
the simulation are described well by a combination of the
first two lowest-frequency modes (Figure 6A). As these two
independent methods suggest the same conformational
changes and we previously obtained accurate results for
domain motions in maltose binding protein, we believe it is
likely that the opening and closing motions observed in BtuF
represent a real section of conformational space accessible
to the protein. In addition, it is remarkable that elastic

FIGURE 6: Elastic network normal-mode analysis. The opening and closing motions observed in the BtuF simulations are mainly a combination
of the first two lowest-frequency modes. The modes describe a converse out-of-plane motion of the domains around thex-axis (first mode)
and an in-plane opening-closing motion around they-axis (second mode) (A). The same motions are found for the other group III periplasmic
binding proteins: FhuD (B), TroA (C), and PsaA (D).
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network analysis yielded very similar results for the other
three BtuF-like periplasmic binding proteins for which crystal
structures are available. All protein models show comparable
out-of-plane bending and opening and closing motions within
the first four lowest-frequency normal modes (Figure 6B-
D). In case of FhuD, the modes are the same as those for
BtuF (first and second), whereas for TroA and PsaA, said
motions are found in the second and third modes and second
and fourth modes, respectively. The fact that the same
motions being described by different normal modes reflects
a key limitation of any normal-mode analysis: functionally
conformational changes are to be found among the lowest-
frequency normal modes, but so far there is no procedure
for pinpointing this to particular mode numbers.

Link to Experiment and PreVious Simulations of FhuD.
Our simulations show that especially apo BtuF is clearly
more flexible than previously assumed on grounds of the
available X-ray structure (15, 22). A possible explanation
for why this has not yet been detected is that crystal packing
might hinder conformational changes. This is supported by
the distribution of crystal contacts on the surface of the apo
protein (Figure 5A). BtuF is capable of opening but is locked
in a closed conformation in the protein crystal. On the other
hand, crystal contacts are also present in the apo form of
maltose binding protein, and here the protein could be
trapped in an open conformation even though there is no
obvious energetic barrier separating the open and closed state
(61). However, open maltose binding protein is stabilized
by a special interface region on the opposite side of the three-
stranded linker region (60), that bridges residues of both the
N and C terminal domains. This structural feature is
apparently not present in BtuF and BtuF-like PBPs due to
theR-helical nature of the single domain linker region. It is
therefore plausible that the BtuF crystal actually does contain
some protein in an open conformation comparable to the ones
we observe in our simulation, but the majority of protein
conformations present in the crystal represent a closed form.
Thus, the open form would remain undetected when the
protein structure is determined from such a crystal. The
average structure calculated of all apo runs starting from the
unmodified no-B12 X-ray structure also supports this hy-
pothesis. After energy minimization, the difference between
the MD average structure and the X-ray structural model is
only small (Figure 5B); the total CR rmsd is 2.5 Å, and larger
deviations occur mainly within loop regions.

Periplasmic binding proteins have also been studied using
small-angle X-ray scattering which can be used to determine
conformational transitions by measuring the protein’s radius
of gyration. Although no such study of BtuF has yet been
reported, SAXS data on the structurally related FhuD show
no change upon ligand binding (11, 62). For maltose binding
protein, on the other hand, a difference in the radius of
gyration of ∼1 Å was found (63). The average radii of
gyration computed from all our BtuF simulations in this study
yield a difference of 0.6 Å between the apo and holo state
(Figure 5C), matching exactly theRg changes calculated from
the apo and holo crystal structures of FhuD and BtuF (37).
An Rg difference of 0.6 Å is generally interpreted as no
significant conformational changes occurring, as indicated
by a CR rmsd of 1.12 Å between the apo and holo BtuF
X-ray structures. Furthermore, such a small difference would
likely be challenging to resolve experimentally.

MD simulation studies on BtuF have not been previously
reported. However, a 30 ns simulation of the related apo
FhuD found only a relatively small closing motion, which
however already significantly exceeded the scale of motions
observed in the X-ray structures (37). Although it is possible
the large-scale dynamics of the closely related FhuD and
BtuF would differ, the different conformational changes
observed in the two studies might be only a sampling issue.

Biological Implications.On the basis of our simulation
data, BtuF appears to be more flexible than previously
assumed from the available X-ray structures. Displaying clear
opening and closing motions, BtuF seems to follow the same
Venus flytrap mechanism (8) that has been postulated for
group I and II PBPs. If our simulation results are correct,
BtuF does not represent a new functional group but is instead
compatible with the second PBP functional model (10). In
the apo runs, a broad range of wide open and tightly closed
conformation is visited (Figure 4C), whereas in the holo
simulation, BtuF exhibits a closed conformation with only
comparably small fluctuations (Figure 4D). The observed
trends to open upon ligand removal (Figure 4A) and to close
upon ligand addition (Figure 4B) further support this
hypothesis.

Thus, our findings hint at a more general scheme of PBP
and ABC transporter interaction: both molecular recognition
(empty or loaded PBP) and transporter-binding protein
communication seem likely to rely at least partly on domain
mobility in the binding protein. In the B12 uptake system,
the former is likely to involve conserved surface BtuF
glutamates and BtuC arginines. A similar mode of interaction
between charged residues has also been proposed for the
FhuD-FhuB interaction (37). A promising candidate for the
further investigation of this would be the full BtuCD-F
complex whose structural details are still unknown. In our
lab, we created possible BtuF-BtuCD docking complexes,
and multicopy MD simulations of the systems in a realistic
lipid-water environment are currently underway.

Considering both the BtuF simulation results and their
remarkable agreement with normal-mode analysis results for
all BtuF-like periplasmic binding proteins, we suggest that
the Venus flytrap mechanism is likely to apply to other group
III periplasmic binding proteins as well. It will be exciting
to see this hypothesis investigated further by both theoretical
and experimental means such as long-time multicopy MD
simulations or double spin-labeled EPR studies like the ones
carried out recently on maltose binding protein (64).
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