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BtuF is the periplasmic binding protein (PBP) that binds vitamin B;, and delivers it to the periplasmic surface
of the ABC transporter BtuCD. PBPs generally exhibit considerable conformational changes during ligand
binding process, however, BtuF belongs to a subclass of PBPs that, doesn't show such behavior on the basis of
the crystal structures. Employing steered molecular dynamics on the Bi,-bound BtuF, we investigated the
energetics and mechanism of BtuF. A potential of mean force along the postulated vitamin By, unbinding
pathway was constructed through Jarzynski's equality. The large free energy differences of the postulated By,
unbinding process suggests the B,-bound structure is in a stable closed state and some conformation changes
may be necessary to the By, unbinding. From the result of the principal component analysis, we found the
Potential of mean force BtuF-B;, complex shows clear opening-closing and twisting motion tendencies which may facilitate the
Principal component analysis unbinding of By, from the binding pocket. The intrinsic flexibility of BtuF was also explored, and it's suggested
BtuF the Trp44-Gln45 pair, which is situated at the mouth of the By, binding pocket, may act as a gate in the By,
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binding and unbinding process.
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1. Introduction

Located between the inner and outer membrane of Gram-negative
bacteria, periplasmic binding proteins (PBPs) mediate solute transport
or initiate chemotaxis by activating flagellar motion [1-3]. With only
one membrane, Gram-positive bacteria employ a similar but mem-
brane-anchored version of PBPs [4,5]. PBPs bind many kinds of sub-
strates ranging from sugars, amino acids, and peptides to a variety of
ion compounds and vitamins [6]. Accordingly, the PBP family consists
of many proteins with rather diverse sequences. Despite obvious di-
versity in their primary structure, all PBPs share a similar tertiary
structure: two globular domains connected by a variably linker. On the
basis of the similarities in primary structure [2,7] or by the topology of
their globular domains [8-10], PBPs can be divided into three classes
which are characterized by the number of the linker connecting the
two lobes. Three groups have been identified so far, and group I, II, III
have three, two, and one interconnection domains, respectively [3,11].

BtuF is the periplasmic binding protein in the vitamin By, uptake
system in E. coli, which to date is the only import system with crystal
structures of all its key components available [ 12,13]. The whole uptake
system is composed of BtuB [14], BtuF [11,15] and BtuCD [16]. BtuCD is
the inner membrane transporter mediating B, uptake, which falls into
the ATP-binding cassette (ABC) transporter family [16]. The ABCs are
involved in diverse processes such as nutrient uptake, protein secre-
tion, drug and antibiotic resistance, antigen presentation, etc. [17-20].
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On the basis of biochemical data and the structures of full ABC
transporters determined in recent years, a possible docking model of
BtuCDF has been suggested by Borths and co-workers, revealing that
two negatively charged “knobs” near the apex of each BtuF lobes and
two positively charged “pockets” on the periplasmic surface of BtuC
may form interprotein salt bridges (Fig. 1) that are critical for proper
interaction between BtuFand BtuC[11]. Inspiringly, this docking model
has been proved recently, and the crystal structure of the BtuCDF
complex in the post-translocation state has been reported [21].
Characterized by its single linker (Fig. 1), BtuF undoubtedly falls
into the third group, and only tiny differences are observed between
the B1»-bound and -free crystal structures [11,15]. Suggested by crystal
structures, the two lobes of PBPs belonging to group I and II will twist
and get close during the substrate binding process, and eventually
enclose the ligand, resembling a Venus flytrap [1]. Without large
conformational differences observed in crystal structures, the PBPs of
group III, however, seem to employ a different working mechanism
[22]. Nevertheless, a different voice emerges from a recent work [13],
which suggested the conformational changes of BtuF may be larger
than previously assumed, and the By,-bound structure is in the closed
state. According to Kandt's results [13], the mechanism of BtuF cap-
turing By, is associated with the model raised by Byung-Ha Oh and co-
workers [23]. Despite these advances, both of the functional details of
BtuF and the mechanism of By, translocation process remain elusive.
Against these backgrounds, we want to explore the working
mechanism of BtuF further. We applied SMD simulation on the BtuF-
By, complex to explore the energetics of the B, unbinding process. A
PMF along a postulated pathway was successfully constructed em-
ploying Jarzynski's equality [24]. Furthermore, a principal component
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Fig. 1. The schematic of the docking model of the BtuF and BtuC. BtuF is shown by the cartoon representation in the upper part of the figure and the two negatively charged knobs, i.e.
the Glu 50 at one lobe and the Glu 180 in the other, are shown by the VDW representation. BtuC is beneath the BtuF with the cartoon representation too, and the two positively
charged Arg-pockets are represented by the VDW mode. The spring under the By, illustrates the pulling direction in the SMD simulations is along the minus z-axis, which is parallel

with the real By, translocation pathway constituted by BtuC.

analysis (PCA) was employed to analyze the motion modes of the B;,-
bound BtuF and the intrinsic flexibility of the BtuF was investigated too.

2. Materials and methods
2.1. Modeling

Avitamin B, topology was developed for the CHARMM force field
[25] using the AMBER cyanocobalamin parameters as a template [26].
The charges, inner molecular coordinates, and all force constants were
obtained from the template. Altogether, five MD simulations were
performed on the vitamin By, alone to test the performance of the

Fig. 2. Superposition of the average B12 MD structure with the crystal structure. The
superimposed average structure is represented by line and the By, X-ray structure is
shown in the ball-and-stick representation.

new topology. The average structure of the five test simulations is
superimposed on the By, crystal structure (Fig. 2) obtained from the
BtuF-B;, complex (PDB entry: 1N4A [15]), and the average root mean
square deviation (RMSD) relative to the crystal structure is 0.95 A. The
relatively small differences between the two structures reflect our
topology yields a stable description for B,.

In the BtuF-B;, MD simulation, the complex was solvated in a water
box using the VMD [27] plug-in: Solvate 1.2, and then the system was
ionized employing another plug-in Autoionize and the entire system
holds neutral. All simulations were carried out using NAMD 2.6 [28]
employing the CHARMM 27 force field [29]. All bond lengths were
constrained, and the system was equilibrated for 2 ns at constant
temperature (310 K) and pressure (1 atm) through Langevin piston
method [30]. The C, RMSD of the equilibrated BtuF-B;, complex is
0.17 nm relative to the crystal structure. After reaching equilibration, the
MD simulation was continued for another 10 ns for the following analysis.

2.2. Steered molecular dynamics simulations

After manually docking BtuF onto the periplasmic surface of BtuC
on the basis of the likely docking mode, the vitamin By, is positioned
over the entrance to the translocation pathway [11]. Therefore, the
direction that is parallel to the B, conduction channel constituted by
BtuC was regarded as the pulling direction to model the By, unbinding
pathway. Without loss of generality, the B;, was pulled along the
minus z-axis (Fig. 1).

In the constant velocity Steered Molecular Dynamics (cv-SMD)
simulations,! a virtual spring was attached to the By, center of mass
(COM) and was pulled along the minus z-axis with the constant

! In constant velocity SMD simulation, the atom or the centroid of a collective atoms
being pulled is called the SMD atom. At the beginning of cv-SMD simulation, a virtual
spring with given force constant is attached to the SMD atom and a dummy atom is
attached to the other side of the spring. We call the system without the virtual spring
and dummy atom the former system, and the former system plus the virtual spring
and dummy atom the SMD system. The dummy atom is pulled in a given velocity, and
the motion of the SMD atom obviously submits to the second law of Newton and the
law of Hooke.
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velocity of 5x10™% nm/ps. The force constant of the virtual spring is
3500 pN/nm, which is determined by trial and error according to the
standard suggested by Park and colleagues [31]. The cv-SMD simulations
were repeated four times with the same initial conditions for the
potential of mean force (PMF) calculation employing Jarzynski's equality
[24]. In every cv-SMD simulation, C, atoms in the interconnection do-
main of BtuF were constrained (k=5000 pN/nm) to prevent unexpected
deformations. The B;, molecule was slowly pulled out of the binding
site along the minus z-axis for d=18 nm (displacement), therefore
the simulation time of every cv-SMD simulation is d/v=3.6 ns.

Since the classical methods of free energy calculation can not be
applied in nonequilibrium process, to get over this problem techni-
cally, Jarzynski's equality [24] was employed for the free energy cal-
culation in SMD simulations. According to Jarzynski's equality [24],
the external work done on a system can be associated with the free
energy change of the system:

eI = (e W) 1)

where the average <-> is taken over the ensemble of trajectories; AF
represents the free energy change, and W is the external work done on
the system. Though the equality above is feasible theoretically, direct
application of Eq. (1) is costly because the exponential average equal-
ity itself is dominated by small work values that are insufficiently
sampled [32]. For practical use, the second order cumulant expansion
[31] was applied for it needed only a few of trajectories:
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where ¥y, M, B represents the free energy difference, the number of
trajectories and 1/kgT, respectively, and W; is the external work done
on the former system in the ith SMD simulation. For cv-SMD simu-
lations, the work done on the SMD system can be represented as:

t
Wyt = —kv/0 dt'[&(ry) — 70 — vt'] (3)
where ¢ is the SMD atom position on a certain pathway at time t' €[0, t].
2.3. Principal component analysis

Principal component analysis (PCA) enables isolation of the essen-
tial subspace from the local fluctuations via calculation of a set of
eigenvectors which describe correlated motions of atoms within the
MD simulation [33]. To find out the dominant motion over a MD
simulation, one can filter out all other motions by projecting the whole
MD trajectory along the direction described by a selected eigenvector,
and the projections of a trajectory on the eigenvectors of its covariance
matrix are called principal components (pc's). It is helpful to calculate
the two extreme projections on the time-averaged structure from the
simulation and performing an interpolation between these extremes.
In this work, the PCA is performed with Gromacs 3.3[34], and the
trajectory is from the previous MD simulation on BtuF-B;, complex.

3. Results and discussion
3.1. The rationality of the PMF construction

As is shown by Eq. (3), one has to exclude of the elastic potential for
the application of Jarzynski's equality [24], otherwise the PMF will be
somewhat distorted. Instead of calculating the elastic potential, one
can omit the elastic potential as long as it's small. It is not impossible
to calculate the elastic potential, but a much easier way is to use a hard
spring [31]. Thereby, the first thing needs to be checked is whether the
elastic potential can be omitted. Due to the application of the constant
velocity scheme, one can expect that the plot of the displacement of

SMD atom, i.e. the COM of By,, along the minus z-axis vs. simulation
time should be linear and closely follows that of the displacement of
the constraint position [31]. In Fig. 3A, noticing all four profiles are
very close to the line representing the displacement of the con-
straint position, therefore the hard spring condition holds. Again, by
inspecting all four simulations, it's found that the magnitude of the
elastic potential is less than 15 k] mol~ !, which is small compared with
the magnitude of PMF. Further, the fluctuation of external work was
calculated, which is often used as a measure of the applicability of
Jarzynski's equality [31]. Basically, only when the fluctuation of work
is comparable to the temperature, Jarzynski's equality [24] is con-
sidered practically applicable [35-37]. Here we report the standard
deviation (SD) of the external work for the unbinding process of By is
ca. 11.7 k] mol™ !, i.e. 4.5 kgT, which is reasonable for PMF calculation
employing Jarzynski's equality [31].

3.2. Energetics of the By Unbinding

Two profiles are involved in Fig. 3B. One is the average external
work with the corresponding SD as a function of the displacement of
the SMD atom relative to the initial position, the other is the PMF.
Fig. 3B can be roughly divided into two parts according to the SMD
simulation process lies behind. In Part I (0-0.9 nm), both of the two
profiles are monotone increasing, which is corresponding to the
pulling process within the By, binding pocket. As to the Part II (0.9-
0.18 nm) representing the pulling process in water, the two profiles
seem to be about to reach a plateau.
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Fig. 3. PMF construction from the SMD simulations. (A) The trajectory of B;; COM
displacement along minus z direction. Different colors represent data from different cv-
SMD simulations (B) The PMF (lower) along the -z direction and the average work
profile (upper) with error bars. The bars represent the standard deviation of the
external works. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 4. The distance change between the two characteristic residues (Glu 50 and
Glu 180) as a function of the simulation time. The largest fluctuation of the distance
change is less than 0.2 nm over the entire simulation, suggesting the BtuF-B;, complex
is stable.

The two profiles are hard to be distinguished in the Part I, but are
distinct in the Part I This is owing to the larger fluctuation of the
external work in Part II. According to the Jarzynski's equality, the
larger the external work fluctuation, the lower the corresponding PMF
as long as the hard spring condition holds [31,32]. It is the relative
large external work fluctuation in Part II that results in the fall of PMF.
The factor causing the large fluctuation of external work in Part II is
quite simple. Apparently, the motion of By, in the XY plane (remem-
bering the B, was pulled along the minus z-axis) is constrained in
a very limited range by the residues along the unbinding pathway,
hence the fluctuation of the external work is very small (Fig. 3B, Part
I); whereas, By, is free of these constraints when is pulled in water
thus results in the relatively large fluctuation of the external work in
Part II. Visualizing the four SMD simulations, it is found the four
trajectories of the motion of B12 are nearly coincident within the
binding pocket, but are very different from each other in water (data
not shown).

To some extent, PMF can reveal further structural and functional
information [38]. In Part I, no local minimum is found in the PMF
profile, which suggests that no favorable interactions facilitating the
unbinding of By, exist along the binding pocket. Considering the major
function of PBPs is capturing ligand, this result is reasonable, or else
the ligands will be likely to escape from the “cage” before the PBPs
docking onto their cognate transporter. Although some tiny fluctua-
tions are found in the PMF profile of the Part II, they are irrelevant to
the interaction between BtuF and By,.

According to the calculation on the ensemble of the external works
through Jarzynski's equality [24], the free energy difference for the By,
unbinding is ca. 113 k] mol™!, and the free energy change over the
entire pulling process is ca. 117 k] mol™ .. The free energy difference
between the state of the Bj>-bound and the By,-pulled-out is much
larger than the previously reported BtuF-b12 binding free energy,
which is around 30 k] mol™! [12]. This is not surprising since the
free energy difference between the state of the Bq-bound and the
B1>-pulled-out is not simply equal to the binding free energy. Basically,
the free energy difference in this work represents how hard the By, is
released by BtuF under the current condition. Obviously, this large free
energy difference suggests nearly in no case can By, be released by BtuF
under the current circumstance. According to results given by Kandt and
colleagues, the By,-bound structure is in a “closed” state [13], and the
large free energy difference given by our work is just supportive to their
points.

A natural guess is that the BtuF may undergo a series of con-
formation changes to facilitate the release of B;,. Based on the recently
published crystal structure of BtuCDF complex, relatively large con-
formational changes have been observed both in the BtuF and the
BtuCD [39]. Nevertheless, the crystal structure of the BtuCDF complex
is in the post-translocation state, therefore, one cannot figure out
whether the large conformation changes are possible in the first stage
of By, translocation, i.e. the Bj; unbinding process. Further, one must
notice that the BtuF-B;, complex is quite stable as was revealed not
only by the long time multi-copy MD simulations done by Kandt and
colleagues [13], but also by the PMF profile given by this work.
Combined these backgrounds, it is speculated that large conformation
changes of BtuF may not happen before the release of B, because of
the strong affinity between BtuF and B;,, whereas, small and stepwise
conformation changes may take place after BtuF docking onto the
periplasmic surface of BtuC to facilitate the release of By,.

3.3. The motion modes of BtuF

Suggested by Kandt's multi-copy simulations, the conformation of
the B;,-free BtuF fluctuates between the open and the closed state, and
the BtuF-B;, complex stays at the closed state [13]. Though the force
fields being used are different, it's still observed the similar phenomenon
in our simulation. As is shown in Fig. 4, no clear opening—closing motion
is observed over the 10 ns BtuF-B;, complex MD simulation. Though a
large fluctuation occurs in the end of the simulation, the conformation of
the complex is still tight and the orientation of By, is identical with that
in the crystal structure. Superimposing the backbone of BtuF at that
frame (corresponding to the largest distance change) onto the crystal
structure, the RMSD is merely 0.17 nm.

Fig. 5. Principal component analysis of the BtuF-B,, complex simulation. (A). Porcupine plot of the first pc (projection along the first eigenvector). (B). Porcupine plot of the second pc
(projection along the second eigenvector). By, is excluded from the plots for simplicity. The length of the cone in each C, represents the magnitude of movement and the direction is

from one extreme to the other.
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From the results of PCA based on a series MD simulation, we
learned that the By,-free BtuF not only shows opening-closing motion
but also the twisting motion [40]. This result is in line with those of the
normal mode analysis (NMA) revealed in Kandt's work [13]. Combined
with the two major observations, it is suggested that the conformation
of the B,-free BtuF may fluctuate between the open and the closed
states and twist about the linker in the mean time. Following the
similar protocol, we explored the motion modes of the BtuF-B;, com-
plex in virtue of the power of PCA. The first two motion modes of the
Bi2-bound BtuF are shown in Fig. 5A and B, respectively. It's obvious
that the complex still shows the opening-closing and twisting motions
like the B1,-free BtuF. Additionally, the opening-closing motion is more
prominent than the twisting motion as is suggested by the corre-
sponding eigenvalues. Though these motions are hard to distinguish
within the MD accessible time scale, the results of the PCA suggest that
BtuF is more flexible than previously assumed.

3.4. The intrinsic flexibility of BtuF

After discussing the motion modes, we want to explore the flexi-
bility of the BtuF-B;, complex in order to figure our which part of it
contributes most to the conformation changes. Intuitively, one may
expect that the largest deviation should occur nearby the two free
terminals of BtuF since the BtuF-B;, complex is rather stable. After
checking the RMSF (Fig. 6) carefully, however, it is found the most
flexible regions are located at the loops which are around the mouth of
the By, binding site and the most rigid region was the interconnection
domain (residue ID: 106-126), which roughly coincided with the
experimental result [15]. Again, as a reflection of the symmetry of the
structure of BtuF, the RMSF is somewhat symmetric with respect to
the interconnection domain.

From Fig. 6, six large fluctuations are found: GIn45 in one lobe, and
Asp 169, Arg171, Val172, Pro173 and Gly207 in the other. For the first five
residues, it is of interest that all of them are located at the loops that
interact with the periplasmic loops of BtuC (data not shown). Taking this
fact into consideration, it's not difficult to understand the reason lies
behind the exceptional flexibility of these residues. As to the Gly207,
which locates far away from the By, binding site, however, further works
need to be done to figure out why it is abnormally flexible.

As is illustrated by Fig. 6, the most flexible residue of BtuF over the
B1>-bound BtuF MD simulation is Gln45 whose RMSF is ca. 0.17 nm.
Visualizing all of the four SMD trajectories completely, it is found that
two residues, i.e. GIn45 and Trp44, always block the unbinding path-
way of Bi,. Especially the Trp44, which interacts with the By, by its
aromatic side chain [11], is the last obstacle for B, to overcome in our
SMD simulations. Superimposing the Bi,-bound structure onto the
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Fig. 6. RMSFs of the C, atoms of BtuF. Except the expectable large fluctuation in the N
and C-terminal, two flexible regions can be found near the By, binding site. The most
flexible residue GIn45 is labeled by text.

Fig. 7. Superposition of the holo and apo BtuF. The holo BtuF is colored by black and the
apo BtuF is colored by gray. The (GIn45 and Trp44) are highlighted by the licorice
representation in each structure. B12 in the holo BtuF is colored by gray and black.

Bq,-free structure, it's observed that the orientations of the GIn45 and
the Trp44 are different between the two states. Both the side chains of
the GIn45 and the Trp44 point to the center of the By, binding site
(Fig. 7). In particular, the aromatic side chain of Trp44 in the B;»-bound
state bends to the corrin ring of the B;,, whereas this aromatic side
chain bends against the corrin ring of the Bi,. According to these
observations, the Trp44 and GIn45seems to act as a gate of the By,
binding pocket. After BtuF docking onto the periplasmic side of BtuC,
the conformation of the two special residues may change at first to
facilitate the unbinding of By5.

The different conformations of the Trp44 in the apo and holo BtuF
remind us the “IN” and “OUT” orientations of the “heme tyrosine” in
the two bacterial periplasmic heme binding proteins, i.e. ShuT and
PhuT, respectively [41]. The “heme tyrosine”, however, is not an actual
gate. The real role of it is to coordinate with the Fe ion at the center of
the heme corrin ring thus stabilize the conformation of heme [41].
Again, in the [22], which is closely similar with BtuF in tertiary struc-
ture, no gate residues are found either. It seems that the gate residues
are not shared by every PBPs of the third class.

Through the sequence alignment of the BtuFs from five different
bacteria, it is found that the “gate” is comprised by Trp-Gln in three
cases. For the other two sequences, the gate region is substituted by
the His-Gln and the Asn-Arg pair, respectively [15]. Though the gate
region in BtuF is not highly conserved, the substitutions seem not
random. Considering the His-GIn pair, the substitution of His for the
former Trp also has an aromatic side chain which may act as that of the
Trp. As to the Asn-Arg pair, although the Asn doesn't have an aromatic
side chain, the long side chain of it may play a leading role in the
postulated “gating mechanism”.

4. Conclusion

In this work, firstly we explored the energetics of Bj, unbinding
from BtuF in virtue of the SMD simulation and the equality of Jarzynski
[24]. Suggested by the relatively small fluctuation of the external
work, the PMF along the selected pathway is considered as reasonable.
Owing to the monotone increasing nature of the PMF, it is likely no
favorable interactions that facilitate the unbinding of B;, existing
along the postulated unbinding pathway. Again, since the free energy
change for B, unbinding from BtuF is rather strong, it is suggested the
BtuF-B;; complex is in a stable closed form, which is consistent with
Kandt's results [13]. According to the newly reported crystal structure
of the BtuCDF complex [39] and our SMD simulations, BtuF is sup-
posed to undergo a series of conformations changes to facilitate the
release of By, after docking onto the periplasmic surface of BtuC.
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Secondly, based on the results of PCA, we found even the B;,-bound
BtuF shows the opening and twisting motion tendency. This property
of BtuF may be helpful to the delivery of By,. Finally, the intrinsic
flexibility of the BtuF was explored. With the relatively large flexibility,
residues such as Trp44, GIn45, Asp169, Arg171, Val172 and Pro173 may
play a role in the realistic process of Bj, unbinding. Especially the
Trp44-GIn45 pair, which is located at the mouth of the By, binding
pocket, may act as a gate in the B;, unbinding process according to the
observations on the SMD simulations and the comparison between
the holo and apo crystal structure of BtuF.
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