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Abstract: BtuCD–BtuF from Escherichia coli is a binding protein-dependent adenosine 

triphosphate (ATP)-binding cassette (ABC) transporter system that uses the energy of  

ATP hydrolysis to transmit vitamin B12 across cellular membranes. Experimental studies 

have showed that during the transport cycle, the transporter undergoes conformational 

transitions between the “inward-facing” and “outward-facing” states, which results in the 

open–closed motions of the cytoplasmic gate of the transport channel. The opening–closing 

of the channel gate play critical roles for the function of the transporter, which enables the 

substrate vitamin B12 to be translocated into the cell. In the present work, the extent of 

opening of the cytoplasmic gate was chosen as a function-related internal coordinate. Then 

the mean-square fluctuation of the internal coordinate, as well as the cross-correlation between 

the displacement of the internal coordinate and the movement of each residue in the protein, 

were calculated based on the normal mode analysis of the elastic network model to analyze 

the function-related motions encoded in the structure of the system. In addition, the key 

residues important for the functional motions of the transporter were predicted by using  
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a perturbation method. In order to facilitate the calculations, the internal coordinate was 

introduced as one of the axes of the coordinate space and the conventional Cartesian 

coordinate space was transformed into the internal/Cartesian space with linear approximation. 

All the calculations were carried out in this internal/Cartesian space. Our method can 

successfully identify the functional motions and key residues for the transporter  

BtuCD–BtuF, which are well consistent with the experimental observations. 

Keywords: ABC transporter; BtuCD–BtuF; functional motions; key residues; elastic 

network model; internal coordinate; normal mode analysis; perturbation method 

 

1. Introduction 

Adenosine triphosphate (ATP)-binding cassette (ABC) transporters form a large family of proteins 

that use energy from ATP to power the transport of various substrates across biological membranes [1–3]. 

ABC transporters have been found both in prokaryotes and eukaryotes, which play important roles in 

nutrient uptake, toxin export, antigen processing and osmotic regulation [1,4,5]. Many human diseases, 

such as cystic fibrosis, Alzheimer’s disease, Stargardt disease, age-related macular degeneration, 

adrenoleukodystrophy, Tangier disease and obstetric cholestasis, have been linked to defects of ABC 

transporters [1,6–10]. The investigation of the molecular mechanism of ABC transporters is not only 

helpful for our understanding of many biological processes, but also has potential applications in the 

treatment of these related diseases. 

BtuCD–BtuF is a type II ABC transporter system that uses the energy of ATP to translocate vitamin 

B12 from the periplasm to the cytoplasm of Escherichia coli [4,11,12]. The crystal structures of full-length 

BtuCD–BtuF complex at two distinct states have been determined by X-ray crystallography [13,14]. 

One is the nucleotide-bound intermediate state (protein data bank (PDB) code: 4FI3) and the other is 

the apo BtuCD–BtuF complex (PDB code: 4DBL), as shown in Figure 1a,b, respectively. BtuF is the 

substrate binding protein that binds vitamin B12 with high affinity and specificity in the bacterial 

periplasm, and then delivers it to the transporter [15,16]. BtuCD is the ABC transporter that mediates 

the uptake of the substrate into the cell, which consists of two transmembrane domains (TMDs)  

(i.e., BtuC subunits) and two cytoplasmic nucleotide-binding domains (NBDs) (i.e., BtuD subunits),  

as shown in Figure 1a. The dimeric TMDs form the substrate translocation channel, whose 

cytoplasmic gate (around BtuC residue 143) controls the translocation of substrate into the cell [17]. 

The two NBDs of the transporter are responsible for ATP binding and hydrolysis. Each NBD 

monomer consists of a helical domain and a RecA-like domain, as shown in Figure 1c. The TMDs and 

NBDs are connected through two coupling helices, as shown in Figure 1a. 

Based on the various structures of BtuCD–BtuF complex at different states, a peristaltic transport 

mechanism has been proposed by Korkhov et al. for this transporter [13]. The transport cycle is 

triggered by the docking of BtuF to the periplasmic face of BtuCD. Then, the two NBD monomers 

move together and bind two ATP molecules. The closure of the NBD dimer results in the shortening of 

the distance between the two TMDs–NBDs coupling helices and also induces the conformational 

rearrangements in the TMDs, which trap the substrate B12 in the translocation cavity. After  
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the hydrolysis of ATP and release of the hydrolysis products, the closed NBD dimer will open.  

The opening of NBD dimer pulls the two coupling helices to swing away, which then drives  

the cytoplasmic gate in TMDs to open. After the opening of the cytoplasmic gate, the vitamin B12 was 

squeezed out of the cavity in TMDs and ejected into the cytoplasm. Then, the transporter arrives at the 

apo BtuCD–BtuF complex state. After the release of BtuF, the transporter returns to the initial 

conformation and a new transport cycle will be allowed. Experimental studies have shown that during 

the transport cycle, the NBDs and the coupling helices undergo large-scale rigid body movements,  

as in other ABC transporters. However, the motions of TMDs and BtuF resemble peristalsis rather than 

large-scale rigid body movements, which is different from that of type I ABC transporter [13].  

To illustrate this point, the residue displacements between the two published structures of the full-length 

BtuCD–BtuF at the nucleotide-bound intermediate (Figure 1a) and the apo complex (Figure 1b) states 

were calculated. The calculation result is displayed in Figure 1d, and the residue displacements are 

mapped onto the protein structure in Figure 1e. From these figures, it is found that the NBDs and the 

cytoplasmic side of TMDs have relatively large displacements, whereas the displacements of the 

residues in BtuF and the periplasmic side of TMDs are not distinct. 

As discussed above, the BtuCD–BtuF system undergoes functional domain motions during the 

substrate transport cycle and there exist long-range allosteric couplings between different domains of 

the protein. Several questions are raised needing to be answered. Whether are these domain motions 

and long-range allosteric communication encoded in the structural topology of the transporter?  

How can we effectively extract the functional motions from the tertiary structure of the protein? It is 

believed that the collective motions in proteins usually involve some key residues that mediate the 

conformational changes between spatially separated subparts of the proteins [18,19]. How can we 

identify these functionally key residues in the structure of the transporter? 

Normal mode analysis (NMA) of the elastic network model (ENM) is a simple yet effective method 

to reveal the motion modes encoded in protein tertiary structure, which has been largely used to explore 

the collective domain motions and identify the function-relevant key residues of proteins [20–31]. 

However, the motion modes revealed by the conventional NMA approach do not necessarily 

correspond to a specific function of proteins. Hub and de Groot introduced a quantity that is directly 

relevant to a specific protein function, and then proposed an analysis method to detect the collective 

motion that is maximally correlated to that quantity [32]. Capozzi et al. introduced variables of  

inter-helical angles, combined with NMA, to analyze the fluctuation dynamics of the helices in the  

EF-hand proteins [33]. Motivated by these approaches, in the present work, a new method was 

proposed to analyze the channel-gating function of the transporter and identify the functionally key 

residues in the protein structure. As described above, the open-closed motions of the cytoplasmic 

channel gate control the translocation of the substrate into the cell. In this study, the extent of opening 

of the cytoplasmic gate was chosen as an internal coordinate that is relevant to the channel-gating 

function of the transporter. Then, the mean-square fluctuation of the internal coordinate (MSFIC) for 

each normal mode was calculated to evaluate the contribution of each mode to the channel-gating motions, 

and the modes with relative large MSFIC value are identified as the function-related motion modes. 

Moreover, the cross-correlation between the displacement of the internal coordinate and the movement 

of each residue in the protein was computed to reveal the functional motions of the transporter.  

In addition, the functionally key residues were identified by using a perturbation method, in which the 
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residues whose perturbation largely influences the fluctuation along the internal coordinate were 

considered as the key residues. In order to facilitate these calculations, the internal coordinate was 

introduced as one of the axes of the coordinate space and the conventional Cartesian coordinate space 

was transformed into the internal/Cartesian space with linear approximation. All the calculations were 

carried out in this internal/Cartesian space. Using this method, the functional motions and key residues 

for the transporter BtuCD–BtuF were investigated and compared with the experimental observations. 

 

Figure 1. The tertiary structure of BtuCD–BtuF complex at the nucleotide-bound 

intermediate state (protein data bank (PDB) code: 4FI3) (a) and the apo complex state 

(PDB code: 4DBL) (b). BtuCD consists of two transmembrane domains (TMDs, i.e., BtuC 

subunits) and two cytoplasmic nucleotide-binding domains (NBDs, i.e., BtuD subunits). 

BtuF binds to the periplasmic side of BtuCD. The TMDs of BtuCD form the substrate 

translocation channel, whose cytoplasmic gate is marked by red circle in panel (a). In this 

study, the extent of opening of the cytoplasmic gate is chosen as the internal coordinate 

that related to the channel-gating function of the protein. The coupling helices that connect 

TMDs and NBDs are also marked by red circles in the figure; The top view of NBDs is 

displayed in panel (c), in which the helical and RecA-like domains are highlighted by dotted 

circles; The residue displacements between the two states of BtuCD–BtuF are displayed (d); 

In order to intuitively display the calculation results, the residue displacements are also 

mapped onto the protein structure (e), where the yellow-red color indicates larger residue 

displacements and the blue color denotes lower displacements. 
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2. Results and Discussion 

2.1. The Contribution of Each Motion Modes to the Channel-Gating Function of BtuCD–BtuF 

In the present work, the extent of opening of the cytoplasmic gate was chosen as the internal 

coordinate that is related to the channel-gating function of BtuCD–BtuF. The extent of opening of the 

gate is defined as the average distance between residues located on the opposite sides of the 

cytoplasmic gate. X-ray crystallographic studies have shown that the residues around 143 from the  

two monomers of TMD form the cytoplasmic gate [17]. In the present work, the crystal structure of 

BtuCD–BtuF at the nucleotide-bound intermediate state (PDB code: 4FI3) was used for our calculation. 

Four residues around the cytoplasmic gate, i.e., Ser143, Arg144, Leu147 and Ala148, in each 

monomer were chosen, and the average distance between the residue pairs formed by these residues 

from the two monomers, i.e., Ser143–Ser143, Arg144–Arg144, Leu147–Leu147 and Ala148–Ala148, 

was calculated to serve as the functional internal coordinate. 

In our method, the mean-square fluctuation of the internal coordinate (MSFIC) for each normal 

mode was calculated by using Equation (14) in the Methods section to evaluate the contribution of 

each mode to the channel-gating function of the system. It is believed that the low-frequency normal 

modes correspond to the large-scale collective motions, which are usually relevant to protein function. 

Therefore, in this work, we only analyze the first 30 slowest normal modes. The MSFIC values for 

these 30 modes were calculated and shown in Figure 2. From this figure, it is found that the MSFIC 

values of modes 10, 13, 25 and 26 are relative large, which implies that these modes are mainly 

responsible for the channel-gating motion of BtuCD–BtuF. While the MSFIC values for modes  

1–5, 7–9, 16–24 and 27–29 are almost zero, which indicate that these modes are not related to the 

channel-gating function of the system. Modes 6, 11, 12, 14, 15 and 30 have small MSFIC values, 

implying that they moderately contribute to the protein functional motion. 

 

Figure 2. The calculated mean-square fluctuation of the internal coordinate (MSFIC) 

values for the first 30 slowest ANM modes. From this figure, it is found that the MSFIC 

values for modes 10, 13, 25 and 26 are relatively large. 

Then, the four normal modes with relative large MSFIC values were further analyzed in detail.  

In mode 10, as shown in Figure 3a and Movie S1 in the Supplementary Information, the two 
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monomers of NBDs undergo a tweezers-like motion, where the C-terminal part of NBDs as the pivot 

and the N-terminal part as the tips. During the tweezers-like motion, the two NBD monomers move 

relatively as rigid bodies, which results in the increase of the distance between these two monomers 

and induces the opening of ATP binding pocket. The tweezers-like motion of NBDs also drives the 

two coupling helices, which connect NBDs and TMDs, to move apart. Through the connecting helices, 

the conformational motions in NBDs are transmitted to TMDs. The two monomers of TMDs perform  

a hinge bending motion, where the bending hinge is located at the middle region of the TMD  

dimer interface. The hinge bending motion of TMDs causes the opening of the cytoplasmic gate  

and slightly closing of the periplasmic gate of the substrate transport channel. The opening of the 

cytoplasmic gate enables the vitamin B12 to be squeezed out of the cavity in TMDs and translocated 

into the cytoplasm. Along this mode, the two lobes of BtuF bend inward slightly, which results in the 

closing of the substrate-binding cleft. It is also found that the conformational motion of BtuF is 

coupled with the channel-gating motion of TMDs through their connecting interface. 

 

Figure 3. The motions of modes 10 (a), 13 (b), 25 (c) and 26 (d), which are relevant to the 

channel-gating function of the transporter. The close-up views of the NBDs for all the 

modes are also displayed. In this figure, the structure of the transporter is displayed in gray 

tube, and the amplitude and direction of the motions are denoted by the length and 

direction of the blue arrows. The red arrows and dotted lines respectively represent the 

motion direction and axis of the subdomains of the protein. 

In mode 13, the two monomers of NBDs rotate reversely around their axes, respectively, where the 

rotation axis passes through the interface between the RecA-like subdomain and helical subdomain in 

each NBD monomer, as shown in Figure 3b and Movie S2 in the Supplementary Information.  

The rotation motions of these two monomers are symmetric with respect to the two-fold axis of NBDs, 
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which results in the opening of the NBD dimer at the TMD side. Molecular dynamics (MD) simulation 

studies also found that the NBD dimer experiences rotation motions during the transport cycle [34,35]. 

The large-scale motions of NBDs also cause the connecting helices at the interface of NBDs and 

TMDs to move apart. For TMDs, the motion of the two monomers mainly appears as a hinge bending 

motion that is similar to mode 10, which results in the opening of the cytoplasmic channel gate and 

slightly closing of the periplasmic channel gate. The motion in TMDs is coupled with the collective 

motion of NBDs through the TMDs–NBDs connecting helices. These motions in TMDs and NBDs 

drive the conformational transition of the transporter from the nucleotide-bound intermediate state to 

the “inward-facing” state, which enable the vitamin B12 to be squeezed out of the substrate cavity in 

TMDs and translocated into the cell. For the vitamin B12 binding protein BtuF, the two lobes of the 

protein move towards each other, but the motion amplitude is very small. These results indicate that 

there exist long-range allosteric couplings among the motion of BtuF, the large-scale rotation motion 

of NBDs and the channel-gating motion of TMDs. 

In mode 25, the two monomers of NBD undergo a tweezers-like motion, along with a reverse 

rotation around their respective axes passing through the interface of the two subdomains within each 

NBD monomer, as shown in Figure 3c and Movie S3 in the Supplementary Information. During the 

motion these two monomers move relatively as rigid bodies, and the motions of these two monomers 

are asymmetrical, where the motion amplitude of one monomer is distinctly larger than the other. The 

tweezers-like motion of NBDs causes the two NBD monomers to move apart at the TMD side, which 

induces the opening of ATP binding pocket. The conformational change of NBDs also drives the  

two NBDs–TMDs connecting helices to swing away from each other. Through the connecting helices,  

the movements in NBDs are transmitted to TMDs, which trigger a hinge bending motion for the  

two TMD monomers. The bending hinge is located at the periplasmic side of the TMD dimer interface. 

The motion amplitudes of these two monomers are also asymmetrical, which are coupled with the 

asymmetrical movements of NBDs. For BtuF, it rotates a whole. It should be noted that in this mode  

a BtuC loop is greatly extended as shown in Figure 3c and Movie S3. This dramatic conformational 

change is due to the simplification of the ANM model. In ANM, the number of residue connections is 

less for the loose structural parts of the protein, such as surface loops, and the fluctuation amplitude 

may be dramatically large. 

Mode 26 represents a hinge bending motion of BtuF, as shown in Figure 3d and Movie S4 in the 

Supplementary Information. The two lobes of BtuF move towards each other as rigid bodies, and the 

bending hinge is located at the middle region of the linking helices that connect these two lobes. The 

hinge bending motion results in the closing of the substrate-binding pocket of BtuF. The conformational 

motion of BtuF also drives the closing of the periplasmic channel gate and opening of the cytoplasmic 

gate in TMDs through the BtuF–TMDs interaction interface. For NBDs, the two monomers undergo  

a slight closing motion. From Figure 3d and Movie S4, it is found that in this motion mode the periplasmic 

loops of BtuC are inserted into the vitamin B12 binding pocket of BtuF. Experimental studies have 

indicated that the insertion of periplasmic BtuC loops into the B12 binding pocket abrogates the 

binding affinity of BtuF for vitamin B12 and squeezes the B12 out of the binding pocket [13,14].  

For the homogenous maltose transporter MalFGK2, the insertion of periplasmic MalG loops into the 

maltose-binding pocket of the maltose-binding protein was also observed [36]. 
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The above results indicate that not all the low-frequency normal modes are relevant to the  

channel-gating function of BtuCD–BtuF. For the first 30 slowest normal modes, only four modes 

distinctly contribute to the channel-gating function of the protein. Our proposed method can evaluate 

the contribution of each normal mode to a specific function of the protein and then effectively identify 

the functional related modes. In addition, our analysis results show that for the vitamin B12 transport 

system, the motions in TMDs is allosterically coupled with the domain motions of NBDs and BtuF. 

The performance of the transporter function involves long-range communications between different 

domains in the protein. 

2.2. The Motions of BtuCD–BtuF Relevant to the Channel-Gating Function 

In our method, the normalized cross-correlation between the displacement of the internal coordinate 

and the movement of each residue in the protein was calculated according to Equation (15) in the 

Methods section to reveal the functional motions of BtuCD–BtuF. In our calculation, the first 30 slowest 

normal modes were added up according to their contributions to the channel-gating of the transporter. 

The modes that are related to protein channel-gating function will have large contributions to the value 

of the normalized cross-correlation, whereas the non-function-related normal modes will be excluded 

from the contribution to the cross-correlation value automatically. 

The calculation result is shown in Figure 4 and Movie S5 in the Supplementary Information. It is 

found that the two monomers of NBDs mainly appear as a tweezers-like motion, in which the  

C-terminal region of NBDs serves as the pivot and the N-terminal part serves as the tips. Accompanied 

with the tweezers-like motion, these two NBD monomers also simultaneously undergo a slight rotation 

around their respective axes. The rotation directions for these two monomers are reverse, and the 

rotation axis for each NMD monomer passes through the interface of the two subdomains in  

the monomer. These two NBD monomers move as rigid body, and their motions are symmetric 

relative to the two-fold axis of NBDs. The collective motions of NBDs result in the two monomers to 

move apart from each other at the TMDs side, and cause the opening of the ATP binding pocket.  

Many studies have showed that the tweezers-like motion, along with reverse rotations, is a common 

functional motion mode of NBDs from various ABC transporters [33,35,37–45]. It is also found that  

in each NBD monomer the motion amplitude of the helical subdomain is distinctly larger than  

that of the RecA subdomain, which is well consistent with other experimental and computational  

studies [33,35,37–45]. The large-scale motion of NBDs also drives the NBDs–TMDs connecting 

helices to move away from each other. Through the connecting helices, the conformational movements 

of NBDs are coupled with the motions in TMDs. Experimental and computational studies also 

revealed that the connecting helices undergo large-scale swing motions during the substrate transport 

cycle, which play an important role for the conformational communication between NBDs and  

TMDs [34,35,40,42,44–46]. For TMDs, the two monomers perform a hinge bending motion, where the 

bending hinge is located at the periplasmic side of TMD dimer interface. Along this motion, the 

cytoplasmic sides of the TM helicases move away from each other, which results in the opening of the 

cytoplasmic channel gate, whereas the periplasmic sides of TMDs have a slightly tendency to contract 

the channel gate. Many studies also indicated that the hinge-bending motion is the intrinsic dynamical 

properties encoded in the structure of TMDs in BtuCD–BtuF [34,35,42,46]. The hinge-bending motion 
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of TMDs drives the conformational transition from the intermediate state to the “inward-facing” state 

for the transporter. For the substrate binding protein BtuF, the two lobes of the protein undergo a slight 

open-closed motion, which is coupled with the hinge-bending motion of TMDs. Our calculation results 

show that for the functional motion of the transporter, the NBDs and the cytoplasmic side of TMDs 

undergo large conformational changes, whereas the movements in BtuF and the periplasmic side of 

TMDs are relatively small. This agrees well with the experimental observations [13]. Our calculation 

results also indicate that there exist long-range allosteric couplings between different domains of the 

transporter, which enables these domains to move cooperatively to carry out the transport function of 

the system. The above results are consistent with the experimental data [17]. 

 

Figure 4. The functional motion that contributes to the channel-gating of BtuCD–BtuF. 

The functional motion was obtained by adding up the first 30 slowest normal modes of the 

system according to their contributions to the channel-gating of the transporter. In this 

figure, the structure of the protein is displayed in gray tube, and the amplitude and 

direction of the functional motion are denoted by the length and direction of the blue 

arrows. The red arrows and dotted lines respectively represent the motion direction and 

axis of the subdomains of the system. 

2.3. The Key Residue Interactions that Control the Channel-Gating Motion of BtuCD–BtuF 

In the present work, the functionally key residues were identified using a perturbation method, in 

which the residue interaction whose perturbation largely influences the fluctuation along the internal 

coordinate was considered as the key residue interaction. In this method, each residue interaction 

represented by a spring was perturbed, and then the change of the mean-square fluctuation of the 

internal coordinate δ((∆r)2) in response to the perturbation was calculated based on Equation (18) 

provided in the Methods Section. Considering that the low-frequency normal modes usually correspond 

to the collective functional motions, only the first 30 slowest normal modes were considered in our 
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calculation. The residue interactions with relative large δ((∆r)2) values were identified as the key 

residue interactions responsible for the channel-gating motions of the transporter. Figure 5 displays the 

residue interactions with the first 5 percent largest δ((∆r)2) values. According to their locations on the 

structure of BtuCD–BtuF, these key residue interactions were grouped into four regions. 

 

Figure 5. The functionally important residue interactions predicted by the perturbation 

method. The structure of BtuCD–BtuF is displayed in gray tube and the predicted key 

residue interactions are denoted by blue lines. According to their locations on protein 

structure, these key residue interactions are grouped into four regions that are denoted by 

ellipses and the numbers 1–4 in the figure. 

Group 1 represents the interactions between the transmembrane (TM) helices around the substrate 

transport channel in TMDs, as shown in Figure 5. These interactions control the relative motions of  

the TM helices. As discussed in the above section, the channel-gating function of the transporter is 

achieved by the hinge-bending motions of the TM helices. The residue interactions in Group 1 control 

the opening and closing of the cytoplasmic channel gate, and thus play a dominant role in the 

conformational transitions of the transporter from the intermediate state to the “inward facing” state. 

Experimental studies also revealed that the residues in the TM helices forming the substrate transport 

channel play crucial roles for the function of the transporter [47]. 

Group 2 is located at the NBD dimer interface, as shown in Figure 5. According to the discussion in the 

above section, during the substrate transport cycle the two monomers of NBDs undergo a tweezers-like 

motion, which induces the opening and closing of the ATP binding pocket. The inter-subunit 

interactions in Group 2 control the relative movements of the tips of the tweezers, and thus these 

interactions are crucial for the functional motions of NBDs, as well as the binding and hydrolysis  

of ATP. Our NMA calculation results also indicate that the tweezers-like motion of NBDs is 

significantly coupled with the channel-gating motion of TMDs, therefore, the residue interactions in 

Group 2 impact on the channel-gating function of the transporter through an allosteric mechanism. 
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Experimental studies also found that point mutations in ATPase sites of NBDs significantly reduce the 

ATP hydrolysis and vitamin B12 transport activity [48]. 

Group 3 is located around the two coupling helices that connect NBDs and TMDs as shown  

in Figure 5. The analysis of the functional motions in the above section has revealed that coupled with 

the channel-gating motion of the transporter, the two NBDs–TMDs connecting helices swing back and 

forth with large scales. Through these two connecting helices, the movements of the two NBD 

monomers can transmit to TMDs, which then induce the opening and closing of the channel gate. 

Therefore, the NBDs–TMDs connecting helices mediate the coupling of the functional motions 

between NBDs and TMDs. The connecting helices exhibit a high degree of sequence and architecture 

homology among different ABC transporters, which implies a common coupling mechanism between 

NBDs and TMDs [49–51]. The functional importance of the connecting helices has been proved by 

many mutagenesis studies, in which the residue substitutions in this region impair the transport 

function of several ABC transporters [52–54]. 

Group 4 is located at the interface between BtuCD and BtuF as shown in Figure 5. It has been 

accepted that the substrate transport cycle is initiated by the docking of BtuF to the periplasmic side of 

BtuCD [13,55]. There exists a long-range allosteric communication between BtuF and BtuCD [17]. 

Our NMA calculation results also show that the open-closed motion of BtuF is coupled with the 

channel-gating motion of BtuCD. The residue interactions in Group 4 mediate the coupled  

inter-domain motions between BtuF and BtuCD. Experimental studies have showed that BtuF binds 

BtuCD with unusually high affinity [56], and the mutations of the residues at the BtuF-BtuCD 

interaction interface resulted in a considerable loss of the transport activity of the transporter, which 

indicates that the interactions between BtuF and BtuCD are functionally significant [57]. 

3. Experimental Section 

3.1. Anisotropic Network Model (ANM) 

In ANM (Anisotropic Network Model), a protein is considered as an elastic network, in which each 

residue is simplified as a point represented by its Cα atom. If the distance of two residue Cα atoms is 

less than the cutoff value (12.0 Å is adopted in this work), a spring is connected between them. All the 

springs are assumed to have the same force constant. In this model, the potential energy of the system 

can be written as [21,58] V = 12γ ∆ ∆  (1)

where, γ is the force constant of the springs in the model; ∆  is the 3N-dimensional column vector of 

the residue fluctuation, N is the number of residues in the protein; the superscript T represents the 

transpose of the column vector; and H is the Hessian matrix, which is expressed as 

= ⋯⋯⋮ ⋮ ⋮ ⋮⋯  (2)

where Hij is a dimensional sub-matrix, whose elements are given as 
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=  (3)

The Hessian matrix H can be decomposed as = UΛ  (4)

where U is the orthogonal matrix whose column ui represents the eigenvector of H, and Λ is the 

diagonal matrix whose diagonal element λi is the eigenvalue of H. There are six modes with zero 

eigenvalues, which correspond to three overall translational and three overall rotational motions of  

the protein. These eigenvectors with zero eigenvalue are removed from our analysis. The rest of the 

3N-6 eigenvectors with non-zero eigenvalues represent the modes of motions within the protein structure. 

The low-frequency normal modes correspond to the large-scale collective motions, which are usually 

related to protein functional motions. While, the high-frequency normal modes are responsible for 

geometric irregularity in the local structure of proteins. 

The mean-square fluctuation for the ith residue can be calculated from the inverse of the Hessian 

matrix expressed as 〈 ∆ 〉 = 〈 ∆ 〉 + 〈 ∆ 〉 + 〈 ∆ 〉 =
γ

, + , + ,  (5)

The B-factor of the ith residue can be calculated by 

= 8π3 〈 ∆ 〉 = 8π3γ , + , + ,  (6)

in this work, the calculated B-factors were compared with the experimental data to determine the value 

of the spring constant γ. 

The cross-correlation between ith and jth residues can be obtained by 〈∆ ∙ ∆ 〉 = 〈∆ ∙ ∆ 〉 + 〈∆ ∙ ∆ 〉 + 〈∆ ∙ ∆ 〉 =
γ

, + , + ,  (7)

3.2. The Internal Coordinate Related to the Channel-Gating Function of BtuCD-F 

In the structure of BtuCD–BtuF, TMD dimer forms the substrate transport channel whose cytoplasmic 

gate controls the translocation of the substrate into the cell. During the substrate transport cycle, 

BtuCD–BtuF undergoes large-scale domain movements, which results in the open–closed motions of 

the channel gate. In the present work, the extent of opening of the cytoplasmic gate was chosen as an 

internal coordinate that is relevant to the channel-gating function of the transporter. The extent of 

opening of the gate is defined as the average distance between residues located on the opposite sides of 

the cytoplasmic gate. In the computation, four residues around the cytoplasmic gate in each monomer 

were chosen, i.e., Ser143, Arg144, Leu147 and Ala148. Then the average distance between the residue 
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pairs formed by these residues from the two monomers, i.e., Ser143–Ser143, Arg144–Arg144,  

Leu147–Leu147 and Ala148–Ala148, was calculated as the functional internal coordinate. The motions 

along this internal coordinate are considered to be responsible for the channel-gating function of  

the transporter. 

The distance between two residues located on the opposite sides of the cytoplasmic gate can be 

calculated as = − + − + −  (8)

where, xi, yi, zi, and xj, yj, zj represent the position of the ith and jth residues, respectively. 

The deviation of the distance in response to the displacements of the ith and jth residues can be 

expressed as ∆ = ∆ + ∆ + ∆ + ∆ + ∆ + ∆  (9)

Then, the displacement of the average distance for the four residue pairs located on the opposite 

sides of the cytoplasmic gate can be computed as ∆r = ∆ + ∆ + ∆ + ∆4  (10)

where ∆r1, ∆r2, ∆r3, ∆r4 are, respectively, the displacements in the distance for each of the four residue 

pairs, which can be calculated by Equation (9). 

To facilitate the analysis, the above function-related internal coordinate was introduced as one of 

the axes of the coordinate space. In order to maintain the completeness and non-redundancy of the 

coordinate space, one of the Cartesian coordinates, assumed as the Cartesian coordinate, should be 

replaced by this internal coordinate. Then, the conventional Cartesian coordinate space was transformed 

into the internal/Cartesian space with linear approximation expressed by matrix notation as ∆ ∆ = ∆  (11)

where {∆r/∆R} is the 3N-dimensional column vector of the internal/Cartesian space, which is 

composed of the introduced one internal coordinate and 3N-1 Cartesian coordinates; {∆R} is the  

3N-dimensional Cartesian displacements; and A is the transformation matrix. 

3.3. Methods to Analyze the Function-Related Motions and Identify the Functionally Important 

Residue Interactions 

In order to perform normal mode analysis (NMA) in this new internal/Cartesian coordinate space, 

the Hessian matrix in the conventional Cartesian space can be transformed into that in the 

internal/Cartesian space by ′ =  (12)

where H′ is the Hessian matrix in the conventional Cartesian space and H′ is the Hessian matrix in the 

internal/Cartesian space. Then, the Hessian matrix H′ can be decomposed as ′ = ′Λ′ ′  (13)
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where U′ is the orthogonal matrix whose column  represents the eigenvector of H′, and Λ′ is the 

diagonal matrix whose diagonal element λ  is the eigenvalue of H′. The first six eigenvectors with zero 

eigenvalue are removed from our analysis, and the remaining nonzero eigenvectors are considered in 

our analysis. 

The following analysis methods were applied to explore the function-related motion modes and 

identify the functionally important residue interactions in the studied transporter. 

3.3.1. The Mean-Square Fluctuation of the Internal Coordinate for Each Normal Mode 

The mean-square fluctuation of the internal coordinate for each normal mode can be calculated by 〈 Δ 〉 =  (14)

where kB is the Boltzmann constant; T is the absolute temperature; γ is the spring constant; and ∆r 

represents the internal coordinate, which is the mth element in the column vector of the 

angular/Cartesian coordinate displacements. In the present work, this quantity is used to evaluate the 

contribution of each normal mode to the channel-gating motion of the protein. 

3.3.2. The Cross-Correlation between the Displacement of the Inter-Distance and the Movement of 

Each Residue in the Transporter 

The cross-correlation between the displacement of the inter-distance and the movement of the ith 

residue can be calculated by 〈Δ Δ 〉 = 〈Δ Δ 〉 + 〈Δ Δ 〉 + 〈Δ Δ 〉=
γ

, + , + ,  (15)

where , ,  are the unit vectors in the directions of x, y and z axes, respectively. In this study, this 

quantity is used to reveal the amplitudes and directions of the functional motions for the protein. 

3.3.3. The Perturbation Method to Identify Functionally Key Residue Interactions 

Similar to the method proposed by Zheng and Brooks [27], in the perturbation approach, each spring 

was perturbed and the residue interactions whose perturbation has large influence on the mean-square 

fluctuation of the internal coordinate were identified as the functionally key residue interactions. 

If the force constant of the spring γij connecting the ith and jth residues is perturbed, the change of the 

interaction energy in response to the perturbation can be computed by δE = 12 δγ −  (16)

Then, the change of the Hessian matrix elements can be calculated by δ , =  (17)
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here, k and l represent the kth and lth residues, respectively, and α, β = 1, 2, 3 denote x, y, z components of 

the coordinate, respectively. According to the change of the Hessian matrix, the change in the mean-square 

fluctuation of the internal coordinate in response to the perturbation can be written as δ〈 ∆ 〉 = − δ  (18)

where  represents the internal coordinate, which is the element in the column vector of the 

angular/Cartesian coordinate displacements. In the present work, the functionally key residue 

interactions are identified as those with relative larger δ((∆r)2) values. 

4. Conclusions 

BtuCD–BtuF from Escherichia coli is an ABC transporter that carries substrate vitamin B12 across 

cellular membranes using the energy of ATP hydrolysis. During the substrate transport cycle,  

the translocation channel formed by TMDs undergoes an open–closed motion. In the present work,  

the structure-encoded conformational motions and the key residue interactions responsible for the  

channel-gating function of the transporter were analyzed using a new ENM-based method. In our 

method, the extent of opening of the cytoplasmic gate was introduced as an internal coordinate that is 

relevant to the channel-gating function of the protein, and the conventional Cartesian coordinate space 

was transformed into the internal/Cartesian space, in which the introduced internal coordinate serves as 

one of the coordinate axes. NMA of ENM in this new internal/Cartesian coordinate space was carried 

out to analyze the functional motions related to the channel-gating of the transporter. Besides that, the 

functionally important residue interactions that allosterically control the channel-gating motion of the 

transporter were identified by using a perturbation method. 

Our calculation results show that for the first 36 slowest normal modes, only four modes distinctly 

responsible for the channel-gating function of BtuCD–BtuF. For NBDs, the functional motion mainly 

appears as a tweezers-like motion along with a slight rotation. TMDs undergo a hinge-bending motion, 

which results in opening of the cytoplasmic channel gate. The motion of TMDs results in the vitamin 

B12 to be squeezed out of the substrate cavity and ejected into the cytoplasm. The vitamin B12 

binding protein BtuF mainly exhibits a slight open–closed movement for its two lobes. It is found that 

the movements of NBDs and the cytoplasmic side of TMDs are relative large, whereas the motions in 

BtuF and the periplasmic side of TMDs are very small. Our results also indicate that the functional 

motions of TMDs are allosterically coupled with the large-scale motions in NBDs and BtuF through 

the inter-domain interfaces. Besides that, our studies found that the functionally important residue 

interactions that control the channel-gating motion of the transporter are mainly located at the 

following regions: the interactions between the TM helices around the substrate transport channel in 

TMDs, the NBD dimer interface, the two coupling helices region that connect NBDs and TMDs, and 

the interface between BtuCD and BtuF. Our calculation results are consistent with the available 

experimental observations. The present study is helpful for our understanding of the vitamin B12 

transport mechanism of BtuCD–BtuF. 

Supplementary Materials 

Supplementary materials can be found at http://www.mdpi.com/1422-0067/16/08/17933/s1. 



Int. J. Mol. Sci. 2015, 16 17948 

 

 

Acknowledgments 

This work was supported in part by grants from the National Natural Science Foundation of  

China (11204267, 11247010), the Natural Science Foundation of Hebei Province (A2014203126),  

the Natural Science Foundation for Distinguished Young Scholars of Hebei Province of China 

(C2015202340), and the Foundation for Outstanding Talents of Hebei Province of China (C201400305). 

Author Contributions 

Ji-Guo Su and Hai-Long An conceived and designed the study. Xiao Zhang, Shu-Xin Zhao and  

Yi-Dong Wu wrote the program code and performed the simulations. Xing-Yuan Li, Yan-Xue Hou 

and Jian-Zhuo Zhu contributed in data analysis and manuscript preparation with valuable discussions.  

Ji-Guo Su and Hai-Long An wrote the manuscript. All authors read and approved the manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Dassa, E.; Bouige, P. The ABC of ABCs: A phylogenetic and functional classification of ABC 

systems in living organisms. Res. Microbiol. 2001, 152, 211–229. 

2. Davidson, A.L.; Chan, J. ATP-binding cassette transporters in bacteria. Annu. Rev. Biochem. 2004, 

73, 241–268. 

3. Rees, D.C.; Johnson, E.; Lewinson, O. ABC transporters: The power to change. Nat. Rev. Mol. 

Cell Biol. 2009, 10, 218–227. 

4. Locher, K.P.; Borths, E. ABC transporter architecture and mechanism: Implications from the 

crystal structures of BtuCD and BtuF. FEBS Lett. 2004, 564, 264–268. 

5. Rice, A.J.; Park, A.; Pinkett, H.W. Diversity in ABC transporters: Type I, II and III importers.  

Crit. Rev. Biochem. Mol. Biol. 2014, 49, 426–437. 

6. Gottesman, M.M.; Ambudkar, S.V. Overview: ABC transporters and human disease.  

J. Bioenerg. Biomembr. 2001, 33, 453–458. 

7. Borst, P.; Elferink, R.O. Mamalian ABC transporters in health and disease. Annu. Rev. Biochem. 

2002, 1, 537–592. 

8. Štefková, J.; Poledne, R.; Hubáček, J.A. ATP-binding cassette (ABC) transporters in human 

metabolism and diseases. Physiol. Res. 2004, 53, 235–243. 

9. Abuznait, A.H.; Kaddoumi, A. Role of ABC transporters in the pathogenesis of Alzheimer’s 

disease. ACS Chem. Neurosci. 2012, 3, 820–831. 

10. Tarling, E.J.; de Aguiar Vallim, T.Q.; Edwards, P.A. Role of ABC transporters in lipid transport 

and human disease. Trends Endocrinol. Metab. 2013, 24, 342–350. 

11. Borths, E.L.; Poolman, B.; Hvorup, R.N.; Locher, K.P.; Rees, D.C. In vitro functional characterization 

of BtuCD-F, the Escherichia coli ABC transporter for vitamin B12 uptake. Biochemistry 2005, 44, 

16301–16309. 



Int. J. Mol. Sci. 2015, 16 17949 

 

 

12. Joseph, B.; Jeschke, G.; Goetz, B.A.; Locher, K.P.; Bordignon, E. Transmembrane gate movements 

in the type II ATP-binding cassette (ABC) importer BtuCD-F during nucleotide cycle. J. Biol. Chem. 

2011, 286, 41008–41017. 

13. Korkhov, V.M.; Mireku, S.A.; Locher, K.P. Structure of vitamin B12 transporter BtuCD-F in a 

nucleotide-bound state. Nature 2012, 490, 367–372. 

14. Hvorup, R.N.; Goetz, B.A.; Niederer, M.; Hollenstein, K.; Perozo, E.; Locher, K.P. Asymmetry in 

the structure of the ABC transporter-binding protein complex BtuCD–BtuF. Science 2007, 317, 

1387–1390. 

15. Cadicux, N.; Bradbeer, C.; Reeger-Schneider, E.; Mohanty, A.K.; Wiener, M.C.; Kadner, R.J. 

Identification of the periplasmic cobalamin-binding protein BtuF of Escherichia coli. J. Bacteriol. 

2002, 184, 706–717. 

16. Chimento, D.P.; Mohanty, A.K.; Kadner, R.J.; Wiener, M.C. Substrate-induced transmembrane 

signaling in the cobalamin transporter BtuB. Nat. Struct. Biol. 2003, 10, 394–401. 

17. Goetz, B.A.; Perozo, E.; Locher, K.P. Distinct gate conformations of the ABC transporter BtuCD 

revealed by electron spin resonance spectroscopy and chemical cross-linking. FEBS Lett. 2009, 

583, 266–270. 

18. Zheng, W.; Brooks, B.R.; Doniach, S.; Thirumaial, D. Network of dynamically important residues 

in the open/closed transition in polymerases is strongly conserved. Structure 2005, 13, 567–577. 

19. Zheng, W.; Tekpinar, M. Large-scale evaluation of dynamically important residues in proteins 

predicted by the perturbation analysis of a coarse-grained elastic model. BMC Struct. Biol. 2009,  

9, 45. 

20. Haliloglu, E.; Bahar, I.; Erman, B. Gaussian dynamics of folded proteins. Phys. Rev. Lett. 1997, 

79, 3090–3093. 

21. Atilgan, A.R.; Durrell, S.R.; Jernigan, R.L.; Demirel, M.C.; Keskin, O.; Bahar, I. Anisotropy of 

fluctuation dynamics of proteins with an elastic network model. Biophys. J. 2001, 80, 505–515. 

22. Bahar, I.; Lezon, T.R.; Yang, L.; Eyal, E. Global dynamics of proteins: Bridging between 

structure and function. Annu. Rev. Biophys. 2010, 39, 23–42. 

23. Hinsen, K. Analysis of domain motions by approximate normal mode calculations. Proteins 1998, 

33, 417–429. 

24. Zimmermann, M.T.; Kloczkowski, A.; Jemigan, R.L. MAVENs: Motion analysis and visualization 

of elastic networks and structural ensembles. BMC Bioinform. 2011, 12, 264. 

25. Atilgan, C.; Atilgan, A.R. Perturbation-response scanning reveals ligand entry-exit mechanisms of 

ferric binding protein. PLoS Comout. Biol. 2009, 5, e1000544. 

26. Ming, D.; Cohn, J.D.; Wall, M.E. Fast dynamics perturbation analysis for prediction of protein 

functional sites. BMC Struct. Biol. 2008, 8, 5. 

27. Zheng, W.; Brooks, B. Identification of dynamics correlations within the myosin motor domain by 

the normal mode analysis of an elastic network model. J. Mol. Biol. 2005, 346,745–759. 

28. Haliloglu, T.; Gul, A.; Erman, B. Predicting important residues and interaction proteins.  

PLoS Comput. Biol. 2010, 6, e1000845. 

29. Su, J.G.; Li, C.H.; Chen, W.Z.; Wang, C.X. Identification of key residues for protein conformational 

transition using elastic network model. J. Chem. Phys. 2011, 135, 174101. 



Int. J. Mol. Sci. 2015, 16 17950 

 

 

30. Su, J.G.; Qi, L.S.; Zhu, Y.Y.; Du, H.J.; Hou, Y.X.; Hao, R.; Wang, J.H. Prediction of allosteric 

sites on protein surface with an elastic-network-model-based thermodynamic method. Phys. Rev. E 

2014, 90, 022719. 

31. Su, J.G.; Du, H.H.; Hao, R.; Xu, X.J.; Li, C.H.; Chen, W.Z.; Wang, C.X. Identification of 

functionally key residues in AMPA receptor with a thermodynamic method. J. Phys. Chem. B 

2013, 117, 8689–8696. 

32. Hub, J.S.; de Groot, B.L. Detection of functional modes in protein dynanmics. PLoS Comput. Biol. 

2009, 5, e1000480. 

33. Cspozzi, F.; Luchinat, C.; Micheletti, C.; Pontiggia, F. Essential dynamics of helices provide  

a functional classification of EF-hand proteins. J. Prot. Res. 2007, 6, 4245–4255. 

34. Oloo, E.O.; Tieleman, D.P. Conformational transitions induced by the binding of MgATP to  

the vitamin B12 ATP-binding cassette (ABC) transporter BtuCD. J. Biol. Chem. 2004, 279, 

45013–45019. 

35. Weng, J.; Fan, K.; Wang, W. The conformational transition pathways of ATP-binding cassette 

transporter BtuCD revealed by targeted molecular dynamics simulation. PLoS ONE 2012, 7, e30465. 

36. Jacso, T.; Schneider, E.; Rupp, B.; Reif, B. Substrate transport activation is mediated through 

second periplasmic loop of transmembrane protein MalF in maltose transport complex of 

Escherichia coli. J. Biol. Chem. 2012, 287, 17040–17049. 

37. Vashisth, H.; Brooks, C.L. Conformational sampling of maltose-transporter components in 

Cartesian collective variables is governed by the low-frequency normal modes. Structure 2012, 20, 

1453–1462. 

38. Damas, J.M.; Oliveira, A.S.F.; Baptista, A.M.; Soares, C.M. Structural consequences of ATP 

hydrolysis on the ABC transporter NBD dimer: Molecular dynamics studies of HlyB. Prot. Sci. 

2011, 20, 1220–1230. 

39. Jones, P.M.; George, A.M. Nucleotide-dependent allostery within the ABC transporter ATP-binding 

cassette: A computational study of the MJ796 dimer. J. Biol. Chem. 2007, 282, 22793–22803. 

40. Oliveira, A.S.F.; Baptista, A.M.; Soares, C.M. Conformational changes induced by ATP-hydrolysis 

in an ABC transporter: A molecular dynamics study of the Sav1866 exporter. Proteins 2011, 79, 

1977–1990. 

41. Chen, J.; Lu, G.; Lin, J.; Davison, A.L.; Quiocho, F.A. A tweezers-like motion of the ATP-binding 

cassette dimer in an ABC transport cycle. Mol. Cell 2003, 12, 651–661. 

42. Weng, J.; Ma, J.; Fan, K.; Wang, W. The conformational coupling and translocation mechanism 

of vitamin B12 ATP-binding cassette transporter BtuCD. Biophys. J. 2008, 94, 612–621. 

43. Linton, K.J.; Higgins, C.F. Structure and function of ABC transporters: The ATP switch provides 

flexible control. Eur. J. Physiol. 2007, 453, 555–567. 

44. Oliveira, A.S.F.; Baptista, A.M.; Soares, C.M. Inter-domain communication mechanisms in  

an ABC importer: A molecular dynamics study of the MalFGK2E complex. PLoS Comput. Biol. 

2011, 7, e1002128. 

45. Oldham, M.L.; Chen, J. Crystal structure of the maltose transporter in a pretranslocation 

intermediate state. Science 2011, 332, 1202–1205. 



Int. J. Mol. Sci. 2015, 16 17951 

 

 

46. Sonne, J.; Kandt, C.; Peters, G.H.; Hansen, F.Y.; Jensen, M.Ø.; Tieleman, D.P. Simulation of the 

coupling between nucleotide binding and transmembrane domains in the ATP binding cassette 

transporter BtuCD. Biophys. J. 2007, 92, 2727–2734. 

47. Joseph, B.; Korkhov, V.M.; Yulikov, M.; Jeschke, G.; Bordignon, E. Conformational cycle of the 

vitamin B12 ABC importer in liposomes detected by double electron-electron resonance (DEER). 

J. Biol. Chem. 2014, 289, 3176–3185. 

48. Tal, N.; Ovcharenko, E.; Lewinson, O. A single intact ATPase site of the ABC transporter BtuCD 

drives 5% transport activity yet supports full in vivo vitamin B12 utilization. Proc. Natl. Acad.  

Sci. USA 2013, 110, 5434–5439. 

49. Saurin, W.; Koster, W.; Dassa, E. Bacterial binding protein-dependent permeases: Characterization of 

distinctive signatures for functionally related integral cytoplasmic membrane proteins. Mol. Microbiol. 

1994, 12, 993–1004. 

50. Davidson, A.L.; Dassa, E.; Orelle, C.; Chen, J. Structure, function, and evolution of bacterial 

ATP-binding cassette systems. Microbiol. Mol. Biol. Rev. 2008, 72, 317–364. 

51. Hollenstein, K.; Dawson, R.J.; Locher, K.P. Structure and mechanism of ABC transporter proteins. 

Curr. Opin. Struct. Biol. 2008, 17, 412–418. 

52. Mourez, M.; Hofnung, N.; Dassa, E. Subunit interactions in ABC transporters: A conserved 

sequence in hydrophobic membrane proteins of periplasmic permeases defines an important site 

of interaction with the ATPase subunits. EMBO J. 1997, 16, 3066–3077. 

53. Köster, W.; Böhm, B. Point mutations in two conserved glycine residues within the integral 

membrane protein FhuB affect iron (III) hydroxamate transport. Mol. Gen. Genet. 1992, 232, 

399–407. 

54. Dawson, R.J.P.; Hollenstein, W.; Locher, K.P. Uptake or extrusion: Crystal structures of full ABC 

transporters suggest a common mechanism. Mol. Microbiol. 2007, 65, 250–257. 

55. Locher, K.P.; Lee, A.T.; Rees, D.C. The E. coli. BtuCD structure: A framework for ABC 

transporter architecture and mechanism. Science 2002, 296, 1091–1098. 

56. Lewinson, O.; Lee, A.T.; Locher, K.P.; Rees, D.C. A distinct mechanism for the ABC transporter 

BtuCD–BtuF revealed by the dynamics of complex formation. Nat. Struct. Mol. Biol. 2010, 17, 

332–338. 

57. Fowler, C.C.; Sugiman-Marangos, S.; Junop, M.S.; Brown, E.D.; Li, Y. Exploring intermolecular 

interactions of a substrate binding protein using a riboswitch-based sensor. Chem. Biol. 2013, 20, 

1502–1512. 

58. Eyal, E.; Yang, L.; Bahar, I. Anisotropic network model: Systematic evaluation and a new web 

interface. Bioinformatics 2006, 22, 2619–2627. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


