
Biophysical Chemistry 138 (2008) 42–49

Contents lists available at ScienceDirect

Biophysical Chemistry

j ourna l homepage: ht tp : / /www.e lsev ie r.com/ locate /b iophyschem
Molecular dynamics simulations of the bacterial periplasmic heme binding proteins
ShuT and PhuT

Ming Liu a, Ji Guo Su a,b, Ren Kong a, Ting Guang Sun a, Jian Jun Tan a, Wei Zu Chen a, Cun Xin Wang a,⁎
a College of Life Science and Bioengineering, Beijing University of Technology, Beijing 100124, China
b College of Science, Yanshan University, Qinhuangdao 066004, China
⁎ Corresponding author. Tel.: +86 10 67392724; fax: +
E-mail address: cxwang@bjut.edu.cn (C.X. Wang).

0301-4622/$ – see front matter © 2008 Elsevier B.V. Al
doi:10.1016/j.bpc.2008.09.001
a b s t r a c t
a r t i c l e i n f o
Article history:
 ShuT and PhuT are two per

Received 29 April 2008
Received in revised form 1 September 2008
Accepted 1 September 2008
Available online 6 September 2008

Keywords:
Protein binding proteins
Heme
PhuT
ShuT
Molecular dynamics simulation
Gaussian network model
Principal component analysis
iplasmic heme binding proteins that shuttle heme between the outer and inner
membranes of the Gram-negative bacteria. Periplasmic binding proteins (PBPs) generally exhibit
considerable conformational changes during the ligand binding process, whereas ShuT and PhuT belong to
a class of PBPs that do not show such behavior based on their apo and holo crystal structures. By employing a
series of molecular dynamic simulations on the ShuT and the PhuT, the dynamics and functions of the two
PBPs were investigated. Through monitoring the distance changes between the two conserved glutamates of
ShuT and PhuT, it was found the two PBPs were more flexible than previously assumed, exhibiting obvious
opening–closing motions which were more remarkable in the apo runs of ShuT. Based on the results of the
domain motion analysis, large scale conformational transitions were found in all apo runs of ShuT and PhuT,
hinting that the domain motions of the two PBPs may be intrinsic. On the basis of the results of the principle
component analysis, distinct opening–closing and twisting motion tendencies were observed not only in the
apo, but also in the holo simulations of the two PBPs. The Gaussian network model was applied in order to
analyze the hinge bending regions. The most important bending regions of ShuT and PhuT are located around
the midpoints of their respective connecting helixes. Finally, the flexibilities and the details of the
simulations of ShuT and PhuT were discussed. Characterized by the remarkably large flexibilities, the loop
constituted by Ala 169, Gly170 and Gly171 of ShuT and the β-turn constituted by Ala176, Gly177 and Gly178
of PhuT may be important for the functions of the two PBPs. Furthermore, the Asn254 of ShuT and the
Arg228 of PhuT may be indispensable for the binding or unbinding of heme, since it is involved in the
important hydrogen bonding to the propionate side-chains of heme.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Located between the inner and outer membrane of the Gram-
negative bacteria, periplasmic binding proteins (PBPs) mediate solute
transport or initiate chemotaxis by activating flagellar motion [1–3].
Having only one membrane, Gram-positive bacteria employ a similar
but membrane-anchored version of PBPs [4,5]. Furthermore, several
eukaryotic receptors contain extracellular ligand binding domains
that are homologous to PBPs [2]. PBPs bind a great variety of
substrates 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 diverse primary structures. Despite
obvious diversity in their primary structures, all PBPs share a very
similar tertiary structure, namely: two globular domains connected by
a variable connecting domain. Based on the similarities of the primary
structure [1,7] or on the topology of their globular domains [8–10],
86 10 67392837.
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PBPs can be divided into three classes, which are characterized by the
number of the connecting domains. Three classes have been identified
and classes I, II and III have three, two, and one connecting domains,
respectively [3,11].

The connecting domains of the classes I and II PBPs are constituted
by either three or two flexible β-strands respectively, whereas the
connecting domain of the PBPs of the class III are constituted by a long
rigid α-helix. During the substrate binding process, the two lobes of
the PBPs belonging to classes I and II twist and get close to each other,
and eventually enclose the ligand, resembling a Venus flytrap [2].
Unlike the PBPs of classes I and II, the PBPs of class III do not show
significant differences between the ligand-free (apo) and the ligand-
bound (holo) states on the basis of crystal structures [11–18]. As far as
these observations are concerned, it is natural to expect that the PBPs
of the third class may adopt a different mechanism to capture their
substrates. According to a previous study [19], however, it was
revealed that the bacterial periplasmic vitamin B12 binding protein
BtuF which belongs to a class III PBP, is more flexible than previously
assumed. The apo structure of BtuF fluctuated between the open and
the closed states, resembling a Venus flytrap, whereas the holo BtuF
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Table 1
The details about the seven MD simulation systems

MD systema Starting structureb Num of atoms Simulation time (ns) Description

ShuT_holo 2R7A/A 24097 20 heme-bound
ShuT_apo_1 2RG7/A 30523 20 heme-free
ShuT_apo_2 2RG7/B 30808 20 heme-free
ShuT_apo_3 2RG7/C 30946 20 heme-free
PhuT_holo 2R79 23772 20 heme-bound
PhuT_apo_1 2R79 23040 20 heme-free
PhuT_apo_2 2R79 23040 20 heme-free

a The suffix apo and holo here indicate whether heme is included in the specific
system. For ShuT, each system is obtained from different crystal structure; for PhuT, all
simulation systems are prepared by processing the only crystal structure of the holo
PhuT, and the only difference between two apo PhuT runs is the seed for allocating the
initial velocity.

b For PhuT, the PDB entry is given; for ShuT, both the PDB entry and the chain used in
the specific run are listed.
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stayed in a stable closed state during molecular dynamics (MD)
simulations [19]. The ShuT from Shigella dysenteriae and the PhuT
from Pseudomonas aeruginosa are two bacterial periplasmic heme
binding proteins, which shuttle heme between the outer and the inner
membranes [14]. Characterized by their singular connecting α-
helixes, the two newly crystallized PBPs obviously fall into the third
class. Both the apo and holo structures of the ShuT were crystallized.
The Cα root mean square deviation (RMSD) between the two
structures is merely 0.51 Å

´ , and no obvious conformational differences
were found between the two structures. For PhuT, only the holo
structure was determined, and the Cα RMSD between the holo ShuT
and the holo PhuT for 232 common Cα atoms is 1.4Å. By comparing all
crystallized PBPs of the third class [11–13,15–18], it was shown that
ShuTand PhuTmore closely resembled BtuFwhich reflected the closer
similarity in ligands, i.e. heme and B12. Since having a similar tertiary
structure with BtuF, it is reasonable to speculate that PhuT and ShuT
may share a similar mechanism.

In this current work, a series of MD simulations were applied in
order to investigate both the dynamics and the functions of the two
periplasmic heme binding proteins. According to the MD trajectories,
it was found that both of the two PBPswere capable of exhibiting large
scale conformational changes in their apo forms to some extent,
resembling a Venus flytrap. Particularly, clear opening–closing
motions were observed in two of the apo ShuT simulations. Based
on the domain motion analysis (DMA) and the principal component
analysis (PCA), we found the domain motions of the two PBPs were
mainly subjected to closure motions. The hinge bending regions of
the two PBPs were also given by the results of DMA, and these
bending regionswere validated by using the Gaussian NetworkModel.
According to these analyses, it was suggested that the residues
around the midpoints of the connecting helixes of ShuT and PhuT
were important for the opening–closing motions of the two PBPs.
Finally, the flexibilities of the two PBPs were discussed according to
the details of the MD simulations. Characterized by the large root
mean square fluctuations, it was suggested that the β-turn constituted
by Ala176, Gly177 and Gly178 in PhuT, and the loop around Ala169, Gly
170, and Gly171 in ShuT may be related to the functions of the two
PBPs. In addition to this, we discovered that the hydrogen bond
between the propionate side-chains of heme and the Asn254 of ShuT
and the Arg228 of PhuT were critical for the stabilization of the two
PBPs.

2. Materials and methods

2.1. Molecular dynamics simulation

The coordinates of the ShuT and the PhuT were downloaded from
the Protein Data Bank [20], and altogether nine structures were
included (2R79, 2R7A and 2RG7). For the ShuT, whose holo and apo
structures were both crystallized, eight structures were available.
Among the eight structures, half of them were from the holo group
(2R7A), and the other half were from the apo group (2RG7). Although
there were four structures present in the holo group, only one
structure (chain A) was bonded by heme according to the correspond-
ing electron density map [19]. As to the PhuT, only one holo structure
was crystallized. Therefore, in order to investigate the dynamics of the
apo PhuT, one had to remove the ligand from the holo PhuT to “create”
an artificial “apo” structure.

To compare the dynamics and functions of the bacterial periplasmic
heme binding proteins, seven initial simulation systems were set up by
employing VMD 1.86 [21]. For all simulation systems, the explicit TIP3
water model was applied [22]. Some sodium and chlorine ions were
added in order to neutralize the systems by using the Autoionizemodule
of VMD 1.86. All MD simulations were performed with the NAMD 2.6
[23] in a 26 nodes HP cluster, and the CHARMM 27 all-atom force field
[24,25]wasused. For each simulation, all bond lengthswere constrained
by employing the SHAKE algorithm [26] and the integration time step of
2 fs was used as well. Every system was simulated at a constant
temperature of 310 K and a constant pressure of 1 atm through the
Langevin piston method [27] for 20 ns. The coordinate for each
simulation was saved every 5000 steps. The details of these systems
are listed in Table 1.

2.2. Domain motion analysis

To better understand the conformational changes of ShuT and
PhuT, the domain motion analysis (DMA) was performed with the
DynDom 1.5 [28] and the default parameters were used. DynDom
analyzes the conformational changes of a protein in terms of dynamics
domains, hinge axes, and hinge bending regions. This program was
performed in three consecutive steps, i.e. searching the dynamics
domains, determining the interdomain screw axes and finally deter-
mining the bending regions. On completion, the dynamics domains,
the screw axes and the bending regions will be given according to the
previous calculations. Only when the ratio of interdomain to intra-
domain displacement is higher than a given value (one was used in
this current work), can the calculations about the interdomain screw
axes and the bending regions be reasonable.

2.3. Gaussian network model

Gaussian network model (GNM) is a schematic, coarse-grained
model which is topology-based and independent of sequence
specificity [29]. It describes the three-dimensional structure of protein
as an elastic network of Cα atoms connected by identical harmonic
springs within a certain cutoff distance. The GNM method has been
proved in numerous application studies to be a simple and useful tool
for investigating large scale conformational motions, domainmotions,
and collective dynamics of the biomolecular systems [30–36]. It was
also used to find kinetically hot residues and folding cores of proteins
[29,34]. In this current study, the GNM analysis was done by using our
own codes with a cutoff of 7.0 Á̊.

2.4. Principal component analysis

Principal Component Analysis (PCA) enables isolation of the
essential subspace from the local fluctuations via the calculation of a
set of eigenvectors which describe correlated motions of atoms within
the MD simulation [37]. To find out the dominant motion over a MD
simulation, it is helpful to filter out all other motions by projecting the
whole MD trajectory along the direction described by a selected
eigenvector. The projections of a trajectory on the eigenvectors of its
covariance matrix are called principal components. Through calculat-
ing the two extreme projections on the time-averaged structure from
the simulation, one can qualitatively understand themoving directions
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of each part of the protein. This method has been proved to be an
effective tool for investigating the motion tendencies of proteins from
MD simulations [37,38]. In this work, the PCA was performed with a
module of Gromacs 3.3 [39], and the trajectories were obtained from
the previous MD simulations.

3. Results and discussion

3.1. The overall conformational changes

Conformational changes in PhuT and ShuT occurring over the
simulations were monitored by Cα RMSDs computed for each run,
with respect to their corresponding starting structures. The RMSDs for
the holo and the apo simulations described in Table 1 are plotted in
Fig. 1A and B, respectively. As illustrated in Fig. 1A, the RMSDs for the
holo ShuT and PhuT simulations did not change much after reaching
their respective equilibriums. The average RMSD for the holo run of
ShuT from 7 to 20 ns is 2.26±0.25 Å, whilst the holo run of PhuT from 5
to 20 ns is 1.81±0.17 Å. Visualizing the final structures of the holo ShuT
and PhuT, it seems that both of them were very similar with their
respective starting structures. As to the three apo ShuT and the two
apo PhuT simulations (Fig. 1B), the RMSDs were much higher,
suggesting the heme-free structures were much more flexible than
the heme-bound ones. Amongst the three apo runs of ShuT, the
fluctuations of RMSDs in the ShuT_apo_1 run were the most
Fig. 1. The Cα RMSDs plots for the holo ShuT and PhuT simulations (A), and for the three
apo ShuT and the two apo PhuT simulations (B). All plots in the two figures have been
smoothed by the adjacent average method for clarity.

Fig. 2. The Cα RMSDs plots for the ShuT (A) and the PhuT (B) in combination with their
respective N- and C-domains. All plots in the two figures have been smoothed by the
adjacent average method for clarity.
prominent, which may imply large conformational changes. Although
the RMSDs for the ShuT_apo_2 runwas not as fluctuant as those in the
ShuT_apo_1 run, the raise of RMSDs in the end of this simulation may
imply a conformational transition of the ShuT. The RMSDs plot of the
ShuT_apo_3 run was relatively smooth, except for the medium
fluctuations occurring between 9 and 15 ns. For the RMSD plots of
the two apo PhuT simulations, one is nearly as fluctuant as the
ShuT_apo_2 run but with smaller amplitude, whereas the other was
relatively smooth.

Suggested by the RMSDs plots for the five independent apo runs, it
seems that both the ShuT and the PhuT showed conformational
changes over their respective simulation processes to some extent.
Characterized by large fluctuations of RMSDs, the conformational
changes in the ShuT_apo_1 and the PhuT_apo_1 runs may be the most
pronounced in their respective groups. To further investigate these
conformational changes, we calculated the RMSDs of the N-domains
and the C-domains of the two PBPs for each run, and the results for the
ShuT_apo_1 and the PhuT_apo_1 runs are plotted in Fig. 2A and B,
respectively. Fig. 2A shows the RMSDs plots for the N/C-domains of
ShuT are very different from those of the overall structure in this very
run. The RMSDs for the N- and C-domains are almost much smaller
than those of the whole protein over the entire simulation process,
excepting for the overlap seen between the C-domain RMSDs plot and
the whole protein within the first 5 ns. In Fig. 2B, one can still observe
that the RMSDs for the N/C-domains are smaller than those of the
whole structure of PhuT in spite of the smaller differences. According



Fig. 3. The distance changes between the Cα atoms of the two glutamate residues in the
holo ShuT and PhuT simulations (A), and in the three apo ShuT as well as the two apo
PhuT simulations (B). All plots in the two figures have been smoothed by the adjacent
average method for clarity.

Table 2
The details about the seven MD simulation systems

MD systems Min/Max
distance change (Å´ )

Ratioa Domain
motion

Closureb

(%)
Bending residues
(Residue number)

ShuT_holo −5.02/2.41 0.77 No – –

ShuT_apo_1 −5.61/13.01 2.30 Yes 99.1 114–117, 140–144
ShuT_apo_2 −3.42/10.23 2.13 Yes 75.6 118–120, 142–143
ShuT_apo_3 −6.07/4.36 1.52 Yes 45.1 31–32, 41–44, 116–117
PhuT_holo −0.62/3.85 0.55 No – –

PhuT_apo_1 −6.46/3.71 1.18 Yes 94.3 145–146, 190–192,
271–272

PhuT_apo_2 −6.44/5.11 1.21 Yes 77.5 145–148, 185–192,
225–226, 228–229,
231–232, 235–236,
271–272

a The ratio of interdomain to intradomain displacement. In the current work, only
when this ration is over one, did we consider that the conformational changes of a
protein are caused by domain motions.

b The measurement of the degree of closuremotion. The higher the value is, themore
the domain motion of a protein is like the standard closure motion.
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to these observations, it was indicated that both of the apo ShuT and
PhuT exhibited relatively large scale conformational changes during
simulation processes.

3.2. The domain motions of ShuT and PhuT

From previous studies on BtuF, it has been revealed that two
conserved glutamate residues near the apex of each lobe of BtuF acting
as negatively charged “knobs’’ play an important role in the inter-
recognition of BtuF and BtuC by inserting into the two positively
charged “pockets’’ on the periplasmic surface of BtuC [40,41]. The
distance changes between the Cα atoms of the two conserved
glutamate residues, i.e. the Glu50 and Glu180, were calculated as an
evaluation of the opening–closing motion of BtuF [19]. Since sharing
the similar tertiary structure and topology with BtuF, it is reasonable
to monitor the similar property for the two newly crystallized PBPs in
order to evaluate the domainmotions. By performing a series of BLAST
searches [42], it was found that Glu–Glu pair are conserved among the
three PBPs (see supplemental figure: SFig. 1), and the Glu78–Glu213
pair of PhuT and the Glu74–Glu207 pair of ShuT might be functionally
similar with the Glu50–Glu180 pair of BtuF. The Cα distance changes of
the two Glu–Glu pairs are plotted in Fig. 3A and B for the holo and apo
runs, respectively.

As shown in Fig. 3A, owing to the constraint from heme, the Glu–
Glu Cα distance changes of the two heme-bound runs fluctuated in a
very narrow range from the beginning to the end of the simulations.
This result confirms that the holo structures of ShuT and PhuT did not
exhibit large scale conformational changes during simulation pro-
cesses, which is basically in line with the observations from the
previous B12-bound BtuF simulations [19]. Concerning the five apo
runs for ShuT and PhuT, the distance change plots displayed much
larger fluctuations compared to those of the two holo runs. With the
distance changes ranging from −5.61 Å to 13.01 Å, the ShuT_apo_1 run
exhibited a clear opening–closing motion within the 20 ns simulation
time scale. The ShuT_apo_2 run did not exhibit a clear opening–
closing motion within the first 15 ns, however, the Glu–Glu Cα
distance in this run increased by 9.3 Å from 5 ns to the end of the
simulation compared with the initial conformation. Unlike the first
two apo runs of ShuT of which the Glu–Glu Cα distance remarkably
changed within the 20 ns MD simulations, the Cα distance between
the two conserved glutamates in the ShuT_apo_3 run did not change
that severely. Except for the steep decrease in the distance from 9 ns to
13 ns, this plot was fairly flat compared with those of the first two apo
runs of ShuT. Moreover, the final structure of ShuT in this run was
more compact than the starting structure. With the ranges from
−6.46 Å to 3.71 Å and from −6.44 Å to 5.11 Å, the Glu–Glu Cα distance
changes for the two apo PhuT run were smaller compared with the
first two apo runs of ShuT, suggesting the domain motions of the apo
PhuT were not as remarkable as those of the apo ShuT. To further
explore the domain motions of the two PBPs, the domain motion
analysis (DMA) was performed with the DynDom 1.5 [28] and the
corresponding results are summarized in Table 2. According to the
ratio of interdomain to intradomain displacement, two main conclu-
sions can be drawn. Firstly, all apo ShuT and PhuT did exhibit domain
motions during MD simulation processes, but the holo ones did not.
Secondly, the domain motions of apo ShuT were more remarkable
than those of apo PhuT. These findings agree with those obtained
directly from the MD trajectories. Furthermore, we also noticed that
those domain motions were mainly subjected to the so-called closure
type (Table 2) which is synonymous to the opening–closingmotions in
this very study.

3.3. The bending region analysis

Revealed by previous MD simulations, both of the ShuT and the BtuF
[19] are capable of opening and closing in their apo forms. By visualizing
the trajectories of the ShuT_apo_1 simulation, it was found that the
maximum distance increase of 13.01 Å (around 8 ns) was accompanied
bya bendingof the connectingα-helix. The two terminals of thisα-helix
stretched upwards relative to their respective initial positions, and the
linker was bent around its midpoint at which the Asn144 is located
(Fig. 4). As to the ShuT_apo_2 run, the linker was also bent around the



Fig. 4. The extreme conformation of the apo ShuT with the largest distance increase of
13.01 Å. The connectingα-helix was obviously bent around the Asn144 which is located
at the midpoint of the linker.
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Asn144 at 19 ns. These observations reminded us of a similar and even
more pronounced phenomenon in the previous MD simulation on BtuF
[19]. In that work, amaximumdistance increase of 10 Å accompanied by
a kink of the connectingα-helixwas found. The regularα-helicaln−n+4
backbone hydrogen bonding pattern was broken around the Ser116
which is also located around the midpoint of the linker [19].

Through performing the DMA, the detailed information about the
hinge bending regions of ShuT and PhuT were given in the last column
Fig. 5. The normalized fluctuations driven by the slowest modes of ShuT (A) and PhuT
(B) calculated by the GNM.
of Table 2. The bending residues of apo ShuT can be roughly divided
into four regions. Regions I, II, III and IV comprise residues 31 to 32, 41
to 44, 114 to 120, and 140 to144, respectively. As for the PhuT, the
bending residues can also be roughly divided into four regions,
although the distribution of these bending residues are more
scattered than ShuT. Regions I, II, III and IV consist of residues 145
to148, 185 to 192, 225 to 236 and 271 to 272, respectively. Since only
two PDB files are needed when performing DMA with DynDom, the
data of the bending residues were usually full of much noise. For the
sake of validating this data and simplifying the following analyses, the
GNM method was performed on the apo structures of the two PBPs.
The normalized fluctuations driven by the first slowest modes of ShuT
and PhuT were plotted in Fig. 5A and B, and the bending regions
mentioned above were represented as black dots. Based on our prior
knowledge of GNM [33], the bending regions are supposed to be
located at the regions where the normalized fluctuations are near to
zero. Therefore, only regions III and IV in ShuT, and regions I, and IV
were selected for the following analyses. Among these regions, region
IV seemed to be indispensable for the domainmotions of ShuT, since it
could even be detected by visual inspection of the corresponding MD
trajectories.

Fig. 6A and B depict the local structures which contain all validated
the hinge bending regions for ShuT and PhuT. Fig. 6A shows that the
connecting α-helix of ShuT is sandwiched by the two shorter α-
helixes which belong to the N- and C-domains, respectively. The two
shorter helixes are tightly packed against the two terminals of the
center connecting α-helix, thus causing any bending to occur at the
two terminals sterically impossible. By contrast, the hindrance around
the midpoint of the connecting helix does not seem to be that strong
since the shorter helix in the N-domain dips down to the interior of
the protein at that very position. Consequently, bending at the
midpoint of the connecting helix may be more energetically favorable
Fig. 6. The local structures of the connecting helix and the two corresponding shorter
helixes of ShuT (A) and PhuT (B) are displayed by cartoon representation. The residues
involved in the formation of salt bridges are represented by stickmodel, and the regions
that are important for the domain motions are highlighted by the color of dark gray.



Table 3
The first three motion modes of the ShuT and the PhuT in each MD simulation

MD system Motion modes

First Second Third

ShuT_holo Ca/33.5% N/8.6% T/6.7%
ShuT_apo_1 C/50.1% T/20.0% T/7.2%
ShuT_apo_2 C/37.1% T/11.2% T/9.0%
ShuT_apo_3 Tb/36.0% C/14.9% N/6.6%
PhuT_holo Nc/16.1% T/11.1% N/8.9%
PhuT_apo_1 T/29.3% C/13.4% N/8.9%
PhuT_apo_2 C/34.4% T/11.3% C/8.1%

a Closure motion. In this current study, it is the synonym of opening and closing.
b Twisting motion.
c Not identified.

Fig. 8. The Cα RMSFs of the ShuT (A) and PhuT simulations (B) calculated from all of the
previous MD simulations.
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than at other positions of the center linker. In addition, this bending
region seems to be more important for the opening–closing motion
than for the twisting motion, since it is absent from the ShuT_apo_3
run (Table 2) whose domain motion was more like a twisting motion.
As the counterpart of the region IV of ShuT, the region I in PhuT
(Fig. 6B) may play a similar role in the domain motions of PhuT.
Although the region III of ShuT was not discovered by visual
inspection of the MD trajectories, it did be revealed by the results of
DMA on all apo runs. Region III is the only reasonable bending region
in the ShuT_apo_3 run where the closure motion accounts for just
45.1% of the entire domain motions. This suggests that this region is
more important for the twisting motion. According to Fig. 6A, the
Asp137 and Arg146 in the connecting α-helix make strong electro-
static interactions with the Arg124 and Asp265 in the two shorter
helixes, respectively. By applying the Salt Bridge detector of VMD 1.8.6
[21], we found the two shorter helixes were anchored to the con-
necting helix by forming two salt bridges, thereby highly stabilizing
the conformation of the corresponding regions. Based on the previous
BLAST analyses (SFig. 1), these four charged residues are conserved
between ShuT and PhuT, implying the importance of these residues.
Fig. 6A and B shows the region III of ShuT and the region IV of PhuT are
located around the salt bridges formed by those conserved residues.
Therefore, it seems that these salt bridges may be partly accounted for
in the twisting motions of the two PBPs.

3.4. The motion modes of ShuT and PhuT

According to the results of DMA, it was found that the domain
motions of ShuT and PhuT were mainly subjected to the closure type.
Only in the ShuT_apo_3 run, the twisting motion was in the dominant
position. To further explore the motion modes of the two PBPs, the PCA
methodwas applied and the dominantmotionmodes of ShuTand PhuT
were revealed. For each simulation, the first three motion modes are
listed in Table 3. According to these results, ShuT exhibits not only
the opening–closing motion, but also the twisting motion in all MD
trajectories. With regard to the PhuT, the twisting motion tendencies
were observed both in the holo and two apo runs, whereas the opening–
Fig. 7. Porcupine plots of the first (A), second (B) and third motion mod
closing motion tendency was found only in the two apo runs. The
respective percentages of the first three motion modes to the overall
motions are also shown in Table 3. Except for the holo PhuT run, the first
three motion modes of each run accounted for at least 40% of their
respective overall motion. Moreover, the first motion mode of ShuT, i.e.
the opening–closing motion, accounted for over 50% of the overall
motion, thereby confirming the opening–closing motion is indispen-
sable for the domain motions of ShuT.

As a case study, the first threemotionmodes of the ShuTcalculated
from the ShuT_apo_1 run are depicted by porcupine plots in Fig. 7A, B
and C, respectively. The length of the cone in each Cα atom represents
the magnitude of movement and the direction is from one extreme
conformation to the other. Fig. 7A illustrates the opening–closing
es (C) of the apo ShuT calculated from the ShuT_apo_1 simulation.



48 M. Liu et al. / Biophysical Chemistry 138 (2008) 42–49
motion of ShuT, which has been observed in first two apo runs of ShuT.
Fig. 7B represents the twistingmotion. Despite the small magnitude of
movement, the third principle component depicted by Fig. 5C also
suggests a twisting-like motion of the ShuT. Combining these results
with the observations in the apo ShuT simulations, the two lobes of
apo ShuT not only become close and distant to each other, but they
can also twist about the linker as well, all of which are associated with
the results obtained from the DMA.

3.5. The flexibilities of PhuT and ShuT

The Cα root mean square fluctuations (RMSFs) of all simulations
are calculated as a measurement of the flexibilities of the two PBPs.
Fig. 8A and B hold the plots of the RMSFs of both the ShuT and the
PhuT simulations, respectively. According to Fig. 8A, it was found that
the two lobes (23–131 and 158–277) of ShuT were muchmore flexible
than the connecting α-helix (132–157), especially in the ShuT_apo_1
run. This is in accordance with the results of DMA and PCA. The most
prominent features in Fig. 9A are the two high peaks around Gly171
and Ile228, which are shared by all of the four ShuT simulations. Gly
171 is located at a loop that connects the two β-strands which are
comprised by the residues from 162 to 167 and 175 to 179, res-
pectively. The loop around Gly171 and the nearby short α-helix
constituted by the residues ranging form Ile228 to Arg232 were
gradually moving close to each other in the holo ShuT simulation.
Eventually, the carbonyl oxygen of Ala169 in the loop hydrogen,
bonded to the guanidinium nitrogen of Arg230 in the short α-helix,
thus stabilizing the corresponding local conformation. Although this
hydrogen bond was not observed in the three apo ShuT simulations,
the 169–171 loop and the 228–232 short helix still got close to each
other in the three cases. Additionally, the short α-helix constituted by
Asp252 to Leu257 seemed to be much more flexible in the three apo
ShuT runs than in the holo ShuT run. When checking the trajectory of
the holo ShuT simulation, we found that a hydrogen bond formed
between the side-chain of Asn254 and the nearby propionate side-
chain of heme at the very beginning of the simulation (Fig. 9A). In the
apo runs, the Asn254 did not hydrogen bond to any substrate any
longer; hence facilitating the motion of the corresponding part.

Fig. 8B shows that the most obvious differences among the RMSFs
calculated from the three PhuT simulations, emerge from the β-turn
constituted by the Ala176, Gly177 and Gly178, which correspond to
Ala169,Gly170 andGly171of ShuT (SFig.1), respectively. Thisβ-turnwas
very flexible in the two apo runs of PhuT, but not in the holo run. In the
Fig. 9. The two different binding modes of the heme in PhuT (A) and ShuT (B). The Asn254 of S
are represented by dashed lines.
two apo runs of PhuT, this β-turn pointed towards the five-strand β-
sheet of the C-domain at the very beginning, but ended up bending
towards the opposite direction, i.e. towards the heme binding pocket.
Because of the rearrangement of this β-turn, the conformation of the
loop (184–186) connectingwith theα-helix (187–196) and theβ-strand
(179–183) also slightly adjusted during theMD simulation process, thus
resulting in large fluctuations in the corresponding positions of PhuT. As
for the holo run of PhuT, this β-turn was much more stable than in the
apo runs. By visualizing theMD trajectories of the holo PhuT simulation,
we found the Arg228 kept hydrogen bonding with the adjacent
propionate side-chain of heme (Fig. 9B). Just because of the hydrogen
bonding, the motion of the β-turn (176–178) was highly constrained.
According to the previous sequence alignment (SFig.1), it was found the
Arg288 of PhuT is corresponding to the Asn222 of ShuT. Although this
substitution is conserved, the Asn222 of ShuT is not capable of hydrogen
bonding to the propionate side-chains of heme any more. This is due to
the binding mode of heme in ShuT is different from that in PhuT. The
propionate side-chains of heme pointed to the inside of the heme
binding site, rather than in the similarway to the crystal structure of the
holo PhuT, i.e. to the outside. Owing to the differences in the binding
modes of heme, the distance between the propionate side-chains of
heme and the Asn222 of ShuT was too large to form hydrogen bonds. It
was for this reason that theflexibilities of the 176–178β-turn of the holo
PhuT were not comparable to those of the corresponding loop of the
holo ShuT (Fig. 8A and B). Taking this result into consideration, it was
suggested the Arg228 was important for the heme binding process of
PhuT.

4. Conclusion

In this study, the dynamics and functions of the two bacterial
periplasmic heme binding protein, i.e. PhuT and ShuT, were
investigated with MD simulations. Through monitoring the distance
changes between the Cα atoms of the two conserved glutamates of
ShuT, remarkable opening–closing motions were found in the apo
ShuT simulations. Furthermore, the connecting α-helix of ShuT were
bent at Asn144 which are located around the midpoint of the linker.
Based on the results of the DMA, domain motions were found in all
apo runs of ShuT and PhuT, thus hinting that the domain motions of
the two PBPsmay be intrinsic. Moreover, distinct opening–closing and
twisting motion tendencies were found not only in the heme-free, but
also in the heme-bound simulations of ShuT and PhuT on the basis of
the results of PCA.Whilst considering these results, it is suggested that
huT and the Arg228 of PhuTare labeled by corresponding texts and the hydrogen bonds
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ShuT and PhuT may also take the “Venus flytrap” mechanism just as
the PBPs of classes I and II do. Combining with the results of GNM
analyses, the hinge bending regions of the two PBPs were revealed
with the domain motion analysis. The most important bending
regions of ShuT and PhuT are located around the midpoints of their
respective connecting helixes because of the specific architectures of
the two PBPs. This finding is consistent with the visual inspection of
the MD trajectories of the apo ShuT. Finally, the flexibilities and the
details of the simulations of PhuT and ShuT were discussed.
Characterized by their remarkably large flexibilities, it was found
that the loop constituted by Ala 169, Gly170 and Gly171 of ShuT; and
the β-turn constituted by Ala176, Gly177 and Gly178 of PhuT, may be
closely related to their respective functions. Furthermore, the Asn254
of ShuT and the Arg228 of PhuT may be indispensable in the binding
or unbinding of heme, since they were involved in the important
hydrogen bonding to the propionate side-chains of heme.
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