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Abstract
Background
Channels and pores in biomacromolecules (proteins, nucleic acids and their complexes) play significant biological roles, e.g., in molecular recognition and enzyme substrate specificity.

Results
We present an advanced software tool entitled MOLE 2.0, which has been designed to analyze molecular channels and pores. Benchmark tests against other available software tools showed that MOLE 2.0 is by comparison quicker, more robust and more versatile. As a new feature, MOLE 2.0 estimates physicochemical properties of the identified channels, i.e., hydropathy, hydrophobicity, polarity, charge, and mutability. We also assessed the variability in physicochemical properties of eighty X-ray structures of two members of the cytochrome P450 superfamily.

Conclusion
Estimated physicochemical properties of the identified channels in the selected biomacromolecules corresponded well with the known functions of the respective channels. Thus, the predicted physicochemical properties may provide useful information about the potential functions of identified channels. The MOLE 2.0 software is available at http://​mole.​chemi.​muni.​cz.
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Background
The number of known three-dimensional (3D) structures of biomacromolecules (proteins, nucleic acids and their complexes) has increased rapidly over recent years, enabling relationships between structure and function to be analyzed at an atomic level. The functions of biomacromolecules usually depend on interactions with other biomacromolecules as well as ions and small molecules, such as water, messenger and endogenous compounds, pollutants and drugs, which can occupy “otherwise empty spaces” in biomacromolecular structures [1]. Thus, information about the nature of empty spaces in a biomacromolecule can provide valuable insights into its functions.
Biomacromolecular empty spaces can be classified as pockets, cavities, voids, channels (tunnels) or pores (Figure 1). A pocket usually refers to a shallow depression on a biomacromolecular surface, whereas a cavity describes a deeper pocket or cleft. If the cavity is encapsulated inside a biomolecule (having no connection to a water accessible surface), it is called a void. A channel or tunnel is a pathway inside a cavity connecting an internal point (typically the deepest apex) with an exterior. A pore is considered here as a channel that passes through the biomacromolecule from one point on the surface to another.[image: A13321_2013_Article_478_Fig1_HTML.jpg]
Figure 1
                        Classification of biomacromolecular “empty spaces”: A)
                        pockets, B)
                        cavities, C)
                        channels (or tunnels), and D) pores.
                      




The present work focused on pores and channels because they have been shown to play significant roles in many biologically relevant systems. For example, internal pores of ion channels maintain a highly selective ionic balance between the cell interior and exterior, [2–6] photosystem II channels are involved in photosynthesis, [7, 8] ribosomal polypeptide exit channels allow nascent peptides to leave the ribosome during translation, [9] and active site access/egress channels enable substrate/product to enter/leave the occluded active sites of various enzymes (e.g., cytochrome P450, [10–15] acetylcholinesterase, [16–18] etc.). Information about the nature of active site access paths can also be utilized in biotechnology applications aimed at designing more effective and selective enzymes [19–21]. Unquestionably, identification and characterization of channels are fundamental to understanding numerous biologically relevant processes and serve as a starting point for rational drug design, protein engineering and biotechnological applications.
Over the last few years, numerous computational approaches have been developed for detection and characterization of empty spaces in biomacromolecules, particularly proteins [22]. The main strategies used in the developed algorithms can be grouped into four classes [23]. The first class comprises grid-based methods, which project biomacromolecular structures onto a 3D grid, process the void grid voxels and connect them into pockets or tunnels. These methods are used in numerous software tools, such as POCKET [24], LIGSITE [25, 26], dxTuber [27], HOLLOW [28], 3V [29], CAVER 1.x [30] and CHUNNEL [31]. Sphere-filling methods belong to a second class. These methods carpet biomacromolecules with spheres layer by layer. A cluster of carpeting spheres is considered a pocket. This method is implemented in PASS [32] and SURFNET [33]. The third class involves slice and optimization methods. These methods split a biomacromolecular structure into slices along a start vector defined by the user and then optimization methods are used to determine the largest sphere. These approaches are implemented in the software HOLE [34] and PoreWalker [35]. The fourth class represents methods utilizing Voronoi diagrams, in which the shortest path is searched from a starting point to the biomacromolecular surface. This approach was used in the previous version of MOLE 1.x [19] and it is also utilized in other software tools, e.g., MolAxis [36, 37], CAVER 2.0 [38] and CAVER 3.0 [39].
Here, we present an advanced and fully automatic software tool, MOLE 2.0, based on a new, fast and robust algorithm for finding channels and pores. MOLE 2.0 provides an improved approach for channel identification. The algorithm introduces several preprocessing steps that result in increased speed (up to several times faster), accuracy (more relevant channels are identified) and robustness. New capabilities include the computation of pores and better identification of channel start points. It contains extended options for starting point selection and allows improved computation of channel profiles together with estimation of their basic physicochemical properties. The implemented automatic filtering of obtained channels facilitates selection of the relevant channels. MOLE 2.0 offers an innovative user experience, as it can be used effectively even without knowledge of the underlying algorithms whilst at the same time allows the tunnel detection algorithm to be tweaked interactively, such that the results are immediately available for inspection and comparison. MOLE 2.0 also introduces a new, intuitive and user-friendly interface. MOLE 2.0 can be used as a stand-alone application or as a plugin for the widely used software PyMOL [40]. Some functionality is also available in a platform-independent manner via the web-based application MOLEonline 2.0 [41].

Implementation
MOLE 2.0 algorithm
The algorithm for finding channels implemented in MOLE 2.0 involves seven steps: i) computation of the Delaunay triangulation/Voronoi diagram of the atomic centers, ii) construction of the molecular surface, iii) identification of cavities, iv) identification of possible channel start points, v) identification of possible channel end points, vi) localization of channels, and vii) filtering of the localized channels (Figure 2).[image: A13321_2013_Article_478_Fig2_HTML.jpg]
Figure 2Scheme showing the steps i-vii involved in the channel calculation algorithm (see the text for details). Illustrated for cytochrome P450 3A4 (PDB ID: 1TQN).




Step i: computing the delaunay triangulation/voronoi diagram
In the first step, the Delaunay triangulation of the atomic centers is computed using an incremental algorithm that utilizes pre-sorted input points according to the Hilbert curve [19, 42]. The Voronoi diagram is then constructed as the dual of the Delaunay triangulation. The Voronoi diagram can be represented as a graph with vertices corresponding to the circumcenters of the Delaunay tetrahedrons and edges present if two tetrahedrons share a common side (i.e., share exactly three vertices).

Steps ii and iii: approximating the molecular surface and identifying cavities
The molecular surface is approximated by iterative removal of boundary tetrahedrons from the outermost layers (i.e., tetrahedrons found at the interface between the molecule and the external environment). Boundary tetrahedrons produced by the triangulation are removed in this step if they are sufficiently large to fit a sphere with a given probe radius (tetrahedron T fits a sphere S with probe radius r if the center C of sphere S can be placed inside the tetrahedron and the distance to all vertices of T is greater than or equal to the sum of r, with the van der Waals radius of an atom corresponding to the given vertex). Next, tetrahedrons that are too small to fit a sphere with interior radius are removed. Remaining tetrahedrons form one or more connected components. We call the components that contain at least one tetrahedron on the molecular surface cavity diagrams. It should be noted here that the cavity diagram is a purely geometrical concept to help identify regions of space (volume) that can contain tunnels and only very loosely corresponds to the cavities shown in Figure 1B).

Steps iv and v: identifying possible start and end points of channels
The algorithm includes two ways to specify potential channel start and end points:

                    	Computed: Start and end points are defined as the centers of the deepest tetrahedrons in each cavity. The depth of the tetrahedron is defined as the number of Voronoi edges from the closest boundary tetrahedron.

	User-defined: Specified by a 3D point (that can also be defined as a centroid of several residues). Next, cavities that have at least one tetrahedron with a centroid within the origin radius from the user-specified point are found. Finally, for each such cavity, the start point is selected as the circumsphere center of the tetrahedron closest to the original point. Potential channel end points are placed in the centers of certain boundary tetrahedrons in such a way that the distance between two end points is at least the cover radius. This is achieved by picking the largest boundary tetrahedron and marking it as an exit, then removing all boundary tetrahedrons within the cover radius. This process is repeated until all non-exit boundary tetrahedrons are removed.




                  

Step vi: computing channels
Once the potential start and end points have been identified, channels are computed as the shortest paths between all pairs of start and end points in the same cavity diagram. To achieve this, Dijkstra’s algorithm is used with edge weights given by the following formula:[image: A13321_2013_Article_478_Equ1_HTML.gif]

 (1)


where l(e) is the length of the edge, d(e) is the distance of the edge to the closest atom van der Waals sphere and ϵ is a small number to avoid division by zero [19].
At this stage, each channel is represented by a sequence of tetrahedrons. The next step is to approximate the channel centerline by a natural cubic spline of the circumsphere centers of the tetrahedrons. Additionally, a “radius spline” is computed that determines the centerline distance to the closest atom van der Waals sphere.

Step vii: filtering of channels
The above-described steps usually generate a large number of channels. However, many of these channels are either too narrow (i.e., have a bottleneck with a small radius) to be considered relevant or are duplicated (i.e., too similar to each other). To obtain the most relevant channels, the algorithm contains a filter with two criteria.
The first criterion deals with bottlenecks using parameters that define the maximum bottleneck length and minimum bottleneck radius. These two parameters ensure that there is enough room for a ligand to pass through each region of the tunnel.
The second criterion is necessary because channels generated using steps (i-vi) of the algorithm often have very similar centerlines that only deviate towards the ends of the channels near the molecular surface. Therefore, for practical purposes, these channels can be considered identical. To remove duplicate channels, a parameter called the cutoff ratio is introduced. The centerlines of each pair of tunnels are compared, and if two channels “share” at least the cutoff ratio percentage of the centerline, the longer one is removed.


Lining and physicochemical properties of identified channels
The channel lining amino acids residues are the residues that surround the centerline of the channel. The centerline is uniformly divided into layers, and each layer is defined by the residues lining it. A new layer starts whenever there is a change in the list of residues lining the tunnel along its length. The lining of the channel is then described as a sequence of layer lining residues. For each layer, the length (distance between the first and last atom of the layer projected to the tunnel centerline) and radius (bottleneck) are computed. Additionally, the orientation of each residue is determined to check whether the residue faces the tunnel with its backbone or side-chain moiety.
Basic physicochemical properties of protein channels are computed from the set of lining amino acids residues. In MOLE 2.0, the charge according to the amino acid side-chain type (Arg, Lys +1e; Glu, Asp −1e), hydropathy[43], hydrophobicity[44], mutability[45] and polarity[46] are computed. The properties are calculated for the unique residues surrounding the channel by averaging tabulated values (Additional file 1: Table S1) for every amino acid residue that has a side chain oriented towards the tunnel. The only exception is charge, which is calculated as the sum of the charges of individual amino acid side chains. For amino acids that have their main chains oriented towards the tunnel, tabulated values for glycine (Gly) are used to compute the hydrophobicity and hydropathy, and the value for asparagine (Asn) is used to evaluate polarity. Amino acids residues that have their main chains lining the channel are not considered when computing mutability. MOLE 2.0 also enables calculation of the weighted physicochemical properties (except the charge) of the channel. The weighted properties are evaluated by applying the above methods separately for each layer and then computing the weighted average, where the weight is given by the length of the layer. We note that the calculated physicochemical properties should be interpreted with care, because the used calculation comes from an assumption that the side chains making the channel wall determine the internal environment of the channel.

Merging channels to pores
The MOLE 2.0 algorithm can compute pores by merging channels. There are three modes for computing pores. The first automatic mode evaluates pores as “channels” between all pairs of end points in a given cavity. In the second mode channels are computed among a set of user-selected end points. Finally, the third mode first computes channels from a user-defined start point and then merges them to form a pore. This mode also imposes a so called “pore criterion” that stipulates that the end points of the pore must be further away than the average length of the channels that formed the pore. In all modes, pores that are too similar are removed using the same criteria as for channels.

Complexity of the algorithm
The worst-case complexity of the algorithm is (N2 log N), where N is the number of atoms in the molecule. However, in most practical cases, the complexity is O(M log M), where M is the number of vertices in the Voronoi diagram. In the worst case, M = N2. However, as shown by Dwyer et al.[47], in most cases M = O(N). Thus, as a result of the use of the incremental algorithm and Hilbert curve ordering, the complexity of calculating the Delaunay triangulation of most molecular structures is O(N log N). Finally, the complexity of all the remaining steps of the algorithm is at most O(M log M).
MOLE 2.0 (Figure 3) supports protein files in PDB format. Once the protein is loaded, the GUI provides a full interactive 3D rendering of the protein and the option to tune individual parameters of the channel computation. The GUI displays information about the identified cavities and once channels or pores are computed, a detailed view of them can be displayed that provides information about the channel’s profile, lining and physicochemical properties (Figure 4). Information on the channels can be exported in several formats, including XML, CSV, PDB and PyMOL for enhanced visualization.[image: A13321_2013_Article_478_Fig3_HTML.jpg]
Figure 3MOLE 2.0 graphical user interface. The left side of the window contains an interactive visualization of the molecule, cavities and computed tunnels. The panel on the right allows the user to tune the computation parameters, select which results are visualized and export them.



[image: A13321_2013_Article_478_Fig4_HTML.jpg]
Figure 4MOLE 2.0 channel details. Channel profile, i.e., plot of radius vs. distance from the start point (left), together with a list of lining amino acid residues and physicochemical properties (right).




The command line version of MOLE 2.0 requires the user to specify the input parameters in an XML file. The output can be obtained in XML format as well as a PDB or PyMOL script together with 3D representations of channels that can be loaded to Jmol [48] (http://​www.​jmol.​org). The complete documentation can be found on the web page http://​mole.​chemi.​muni.​cz.

Case study: properties of channels of cytochrome P450s BM3 and P450cam
Channels were calculated using MOLE 2.0 with parameters set as follows: minimal bottleneck radius 1.25 Å, probe radius 3 Å, surface cover radius 10 Å and origin radius 5 Å. The heme cofactor was used as the start point in all structures, while all other non-protein (“HETATM”) groups were ignored. The PDB database contains a relatively large number of X-ray structures of the two selected cytochrome P450s: 43 structures with 54 chains for P450cam (CAM) and 37 structures with 80 chains for P450BM3 (BM3). All crystal structures were divided into monomers and superimposed using the PyMOL 0.99rc program [40]. The identified channels were sorted into specific families according to the nomenclature of Wade and coworkers [15]: channels were included in a particular family if they had at least one point that trespassed a 4 Å wide cube in space assigned to a specific area for that channel family (i.e., through the B/C loop for channel 2e). Only the shortest channel in each channel family was selected for each protein structure. Other similar channels were designated as duplicates. The remaining channels were visually checked and meandering channels were also removed. Duplicates were also excluded from the comparison of physicochemical properties.


Results and discussion
Benchmarking study
MOLE 2.0 was compared with four other software tools: MOLE 1.4 [19], MolAxis [36], CAVER 2.0 [38] and CAVER 3.0 [39] (beta version). The main features of the software tools are listed in Table 1. By comparison, MOLE 2.0 provides the richest set of input and output features and has the advantage that both command line and graphical user interfaces are available. The need for a start point is made easier by the fact that MOLE 2.0 enables active sites annotated in the Catalytic Site Atlas (CSA, http://​www.​ebi.​ac.​uk/​thornton-srv/​databases/​CSA/​) [49] to be used as well as automatic identification of start points in a given structure. Data generated by MOLE 2.0 can be exported to PyMOL [40], which is a popular visualization software, and conveniently, MOLE 2.0 can also be called directly from PyMOL via a plug-in module. In the MOLE 2.0 GUI, a user can select and change the channel end points, which may facilitate the detection of complex channels and pores. The calculation of channels can be customized through nine parameters, whose default values enable automatic identification of channels in many common protein structures. Hence, MOLE 2.0 can be readily used by a new user but provides sufficient flexibility for an advanced user. Besides setup of these parameters, users can adjust the surface of a molecule and filtering of detected channels. It should be noted that MOLE 2.0 is the only software currently available that allows a user to compute cavities and estimate physicochemical properties of identified channels.Table 1
                          Basic features of software tools for channel identification
                        


	Features
	Software

	 	MOLE 2.0
	MOLE 1.4
	MolAxis
	CAVER 2.0
	CAVER 3.0

	Input and output
	Command line interface
	Yes
	Yes
	Yes
	Yes
	Yes

	GUI
	Yes
	Web
	Web
	No
	No

	Suggested start points from CSA
	Yes
	Yes
	No
	No
	No

	Automatic suggestion of start points
	Yes
	No
	Yes
	No
	No

	Possibility to set end point
	Yes
	No
	No
	No
	No

	PyMOL export
	Yes
	Yes
	No
	Yes
	Yes

	PyMOL plugin
	Yes
	Yes
	No
	Yes
	Yes

	Settings of calculation
	Number of parameters
	9
	9
	11
	8
	35

	Adjustable surface of a molecule
	Yes
	No
	Limited
	No
	Yes

	Channel filtering
	Yes
	No
	Limited
	No
	Yes

	Cavity computation
	Yes
	No
	No
	No
	No

	 	Computation of physicochemical properties
	Yes
	No
	No
	No
	No




The performance of all the considered software tools was compared on a set of thirteen diverse biomacromolecules containing several channels or pores: two RNAs, three membrane proteins, the photosystem II oxygen evolving center and seven representatives of enzymatic groups, which have all been targeted in research studies dealing with molecular channels (Figure 5). This comparison was carried out on the laptop with CPU Intel Core i5-430 M 2.26 GHz and 4GB RAM, running native Windows 7. For MolAxis, the webserver (http://​bioinfo3d.​cs.​tau.​ac.​il/​MolAxis/​) was used. The software tools were used to identify channels with a radius of at least 1.25 Å along most of their length. Because some channels may be “partially closed” by an amino acid side chain, we also considered channels with a radius less than 1.25 Å provided this narrowing was not longer than 3 Å. Such channels may still be biologically active because they allow at least adaptive penetration of a water molecule (radius ~1.4 Å) upon dynamical changes. If two channels shared more than 70% of their length, only the shortest one was reported. This feature eliminated very similar (duplicate) channels. Full details of the setup of all the software tools and post-processing of results are provided in the Additional file 1. We used the same start points for all the software tools (in Additional file 1: Table S2).[image: A13321_2013_Article_478_Fig5_HTML.jpg]
Figure 5
                          Channels found in the analyzed molecules.
                        




Both versions of MOLE (2.0 and 1.4) together with MolAxis were able to process the largest molecular system considered in the benchmarking, i.e., the large ribosomal subunit containing almost 100,000 atoms. Consistently, MOLE 2.0 displayed the shortest processing times for both small and large systems. For small systems, MOLE 2.0 gave similar processing times to those of MolAxis (one order of magnitude faster than the CAVER tools), whereas for large systems, MOLE 2.0 was one order of magnitude faster than MolAxis and the CAVER tools were not able to calculate the largest system (large ribosomal subunit 1JJ2) (Figure 6 and Additional file 1: Table S3). Such enhancement of processing times may be a considerable advantage if a large number of structures need to be processed (e.g., in analyses of structures from molecular dynamics simulations).[image: A13321_2013_Article_478_Fig6_HTML.jpg]
Figure 6Performance of software tools. Time taken for the channel calculation with respect of the number of atoms in a biomacromolecule (cf. Additional file 1: Table S3).




MOLE 2.0 found channels in all the tested molecules, whereas the other software tools did not detect any channels in some cases: MOLE 1.4 and MolAxis in three cases, CAVER 2.0 in six cases and CAVER 3.0 in five cases (Figure 5 and Additional file 1: Table S4). All software tools predicted a rather similar set of channels. The software tools that had end points localized directly on the convex hull (e.g., MOLE 1.4, CAVER 2.0) predicted longer channels with large radii where the probe left the biomacromolecular surface (this behavior could be easily recognized from the “bulky ends” of the identified channels outside the structure). In the case of gramicidin D, which forms a transmembrane pore, MolAxis and CAVER 2.0 predicted a clearly incorrect set of channels, whereas the other tools identified appropriate channels inside the pore. It should be noted that MOLE 2.0 has a new feature of automatic identification of pores in a biomacromolecular structure, which makes it easier to characterize pores and avoids the need for manually merging two (or more) channels into a single pore (a process that cannot be overlooked if one wants to analyze pores with software tools primarily designed for the analysis of channels rather than pores).
For several of the molecules containing biologically important channels/pores with known functionality and properties, we evaluated the physicochemical properties by MOLE 2.0 and related them to the known function of the channel/pore (Figure 7 and Table 2).

                  	Gramicidin D (1GRM) is known to form a polar pore in membranes (Figure 7A), [50] which was also reflected in the physicochemical properties identified using MOLE 2.0 as the polar part of the pore surface was predicted to be 100%. However, the predicted polarity of the pore was not high.

	The ribosomal polypeptide (1JJ2) exit channel directs a nascent protein from the proteosynthetic center to the outside of the ribosome [9]. MOLE 2.0 showed that the channel (Figure 7B) is highly polar and lined by amino acids side chains bearing positive charges (7 arginines). In addition, the channel is also lined by 16 RNA backbone phosphate groups. This clearly suggests a fragmental charge along the channels, which is necessary to prevent the nascent peptide from sticking to the channel wall inside the ribosome.

	In the cytochrome c oxidase (1M56), MOLE 2.0 identified two channels with different polarities (Figure 7C), which may be involved in the transfer process required for the proper functioning of this enzyme [51].

	The central pore (Figure 7D) of the nicotinic acetycholine receptor (2BG9) was suggested to be lined by 18 negatively charged amino acids, which explains the experimentally observed selectivity for cation permeation [52].

	The final analyzed channel was present in carbonic anhydrase (3EYX), which can utilize inorganic carbon sources CO2 and HCO3−−[53]. MOLE 2.0 predicted that the channel (Figure 7E) is highly polar, in agreement with expectations.




                  [image: A13321_2013_Article_478_Fig7_HTML.jpg]
Figure 7Found channels. A–gramicidin D (1GRM), B–large ribosomal subunit (1JJ2), C–cytochrome c oxidase (1M56), D–nicotinic acetylcholine receptor (2BG9), E–carbonic anhydrase (3EYX) by MOLE 2.0. Nonpolar channel in cytochrome c oxidase structure is shown in blue, polar channel is shown in red.




                
Table 2
                        Physicochemical properties of the studied biologically important channels/pores
                      


	PDB
	Length (Å)
	Hydropathy
	Hydrophobicity
	Polarity
	Charge
	Mutability
	Polar length
	Nonpolar length

	1GRM
	25.2
	−0.4
	−0.8
	3.38
	0 (0–0)
	-
	100%
	0%

	1JJ2
	79.8
	−1.7
	−0.6
	20.8
	4 (6–2)c
	68
	92%
	8%

	1M56a
	36.2
	3.0
	1.0
	0.6
	0
	83
	4%
	96%

	1M56b
	41.9
	1.3
	0.8
	12.3
	0
	84
	48%
	52%

	2BG9
	143.7
	−1.1
	−0.2
	22.3
	−8 (10–18)
	85
	81%
	19%

	3EYX
	11.5
	0.1
	0.1
	17.0
	1 (2–1)
	73
	100%
	0%


a the nonpolar channel in Figure 7C (blue), b the polar channel in Figure 7C (red), c MOLE 2.0 counts the charge on amino acids only, whereas the ribosome channel is also lined by 16 phosphates.


Taken together, the above findings indicate that physicochemical properties may provide useful information about the nature of the channel and its biological function. However, the predicted physicochemical properties may be highly sensitive to the choice of X-ray structure, as discussed later.

Case study: properties of channels in cytochrome P450 BM3 and P450cam
Cytochrome P450s (P450) are heme-containing monoxygenases the active sites of which are deeply buried inside their structures [11, 54] and are connected to the exterior by access channels [15]. Hence, channels are considered to play an important role in the metabolism of P450 substrates [12]. Two bacterial cytochrome P450 enzymes - P450cam (CAM, which is also known as CYP101) [55] and P450 BM3 (BM3, which is also known as CYP102) [56]-have been extensively studied by X-ray diffraction in both ligand-free and ligand-bound states; to date, more than 80 structures have been published. Thus, both cytochrome P450s are suitable systems for testing the performance of MOLE 2.0 in predicting the physicochemical properties of channels.
Channel families
More channels were identified in BM3 than in CAM structures. As each independent chain within an asymmetric unit can have different channels [57], it is worthwhile testing all chains within a crystal structure for channel identification. Therefore, we analyzed all 80 chains within the 37 BM3 crystal structures and 54 chains within the 43 CAM crystal structures. It should be noted that CAM can be found in either closed or open states, which differ in the conformation of the F/G loop. Channels were found (using the setup described in the Methods section) only in the open CAM structures (i.e., only in 5 crystal structures: 1K2O, 1PHA, 1QMQ, 1RE9 and 1RF9).
CYP structures contain several different types of active site access channels, which have been classified according to their position in relation to conserved secondary structures in the cytochrome P450 fold by Wade and coworkers [15]. There are two specifically named channels, which are considered to enable the exchange of water molecules between the active site and the enzyme exterior, i.e., the water channel neighboring the B-helix, which is the only channel leading to the CYP proximal side [12], and the solvent channel between the β4 sheet, F and I helices. Other channels are labeled by numerals and only those that are present either in CAM or BM3 structures are noted here. Channels close to the B/C and F/G loops belong to the 2× family–channel 2a is located close to the β1 sheet, F/G and B/B’ loops and it has been suggested to be the main access channel of CAM [58, 59]; channel 2f neighbors channel 2a and the solvent channel and it is located between the β5 sheet and F/G loop; channel 2b also neighbors channel 2a and is located between the B/C loop, β1 and β3 sheets; channel 2c neighbors channel 2a and is located close to the B/C loop, G and I helices; channel 2ac connects channels 2a and 2c and is located between the B/C and F/G loops; channel 2d is located between the N-terminus and A helix (Figure 8).[image: A13321_2013_Article_478_Fig8_HTML.jpg]
Figure 8Cytochrome P450 access and egress channels calculated by MOLE 2.0. Channels were imposed on a cartoon representation of structures of cytochrome P450 BM3 (in views A and B; PDB structure 1BU7 was used) and cytochrome P450 CAM (in views C and D; PDB 1RE9 was used). Important secondary structures are colored as follows: the I helix is yellow, the F/G-loop is orange, the B/C-loop is red and the heme cofactor is shown as black balls. The images on the left (A and C) show views from the side in a plane horizontal to the plane of the heme; the images on the right (B and D) show views from above the distal side. Arrows indicate the viewpoints of the respective images. Channels are shown as connected spheres colored as follows: on the proximal side, channel W is colored in cyan; on the distal side channel S is shown in red; 2a–blue; 2ac–brown; 2b–light green; 2c–green; 2d–pink; 2f–magenta.






Variability of results
We identified 209 channels along with 73 duplicates within the 80 BM3 chains. Such a large number of channels allowed us to analyze the variability in geometrical or physicochemical properties of the identified channels between individual X-ray structures of a specific protein. The variability was evaluated as the standard deviation calculated for each channel type (W, S, 2a, 2b, 2c, 2ac, 2d, 2f). Then, the total standard deviation of a given property was calculated as a channel-number weighted average of the channels’ individual standard deviations. We also calculated the relative variability as the total standard deviation divided by the channel-number weighted mean value of a given property.

                  	The channel length variation was usually between 10% and 20% of the average channel length, i.e., around 5 Å in the case of BM3.

	The bottleneck radius showed a deviation of about ± 0.23 Å (less than 15%).

	The variability in the distance of bottlenecks from the start point was rather large, i.e., up to 8 Å (53%). This is not surprising because the position of bottlenecks is sensitive to the actual structure of the channel (and conformation of the lining amino acids side chains), i.e., it depends on the choice of X-ray structure [14]. The large variability in the position of bottlenecks has been also identified in molecular dynamics simulations [60]. Based on the large variability of this parameter, we do not recommend that this parameter is viewed as a robust feature of any channel found in only one crystal structure.

	The charge along a channel exhibited a deviation in the order of 0.6 e (about 21%).

	The hydropathy index of amino acids ranges between hydrophilic (−4.5) and hydrophobic (4.5). The variation of this value was in the order of 0.5 (less than 9%).

	The hydrophobicity index is a similar measure to the hydropathy index but has a smaller range of values between hydrophilic (−1.14) and hydrophobic amino acids (1.81). It exhibited a lower variation than the hydropathy index of about 0.14. However, its relative error was similar (less than 9%). It also seemed to be more consistent between systems as values for the same types of channels did not differ much between both proteins.

	Polarity values range from 0 for nonpolar amino acids through values of about 2 for polar amino acids towards values around 50 for charged amino acids. Polarity can therefore easily distinguish between polar channels and channels lined with charged amino acids. For instance, the solvent channel in BM3 was predicted to have a similar charge to that of channel 2f (−0.7 vs. -0.4). However, the solvent channel showed a significantly higher polarity index (9.4 vs. 2.0 for channel 2f). This indicates that the solvent channel is lined with more highly charged residues that cancel each other out, whereas channel 2f is mostly lined with nonpolar and polar residues. The variation of the polarity was in the order of ± 2.5. The relative error was about 47%. However, this value should be interpreted with care owing to the low polarity of the analyzed channels (the channel number weighted mean value was only 6.4 out of a possible range of 0–50).

	Mutability values range from the lowest mutability of 44 for Cys to a value of 177 for the most easily interchangeable Ser. The variation of mutability was in the order of ±3 and the relative error was the lowest of all the indices mentioned (less than 4%).




                
The results showed that the geometrical properties and physicochemical properties of the found channels typically varied by less than 20% except for the distance of bottlenecks from the starting point.

Properties of CAM and BM3 channels
From a geometrical perspective, the most open channels were usually found within the open CAM structures, particularly 2a channels, which have a bottleneck radius larger than 2.6 Å. Channels belonging to the 2× family (mainly channels 2a, 2f, and in the case of BM3, channel 2b) were predicted to have bottleneck radii large enough to allow substrates/products to pass (> 2 Å) in both the CAM and BM3 structures, i.e., comparable or even larger than the solvent channel bottleneck radius (> 1.4 Å, radius of water molecule). The most closed channel was the water channel. However this does not necessarily mean that small molecules cannot pass through it as it might partially open to allow molecules to enter due to bottleneck fluctuations, as shown previously for the 2b channel within the structure of mammalian cytochrome P450 2A6 [14]. It is also worth noting that the solvent channel was predicted to be ~7 Å longer in CAM than in BM3, whereas other channels were typically longer in BM3. In contrast, the most open channels 2a and 2f in CAM were ~12 Å shorter than in BM3. However, this was partly because we used a probe radius of 3 Å to construct the overall shape of the protein, and therefore we only detected channels below this radius.
The water and solvent channels were clearly the most hydrophilic. The hydrophilicity also appeared to correlate with the polarity of the channels because the water and solvent channels were also predicted to be the most polar channels. The higher polarity index indicates that polar and charged amino acid residues line the solvent and water channels. On the other hand, the mutability index did not differ significantly between the individual channels. The mutability was also relatively high, which may indicate that the channels are lined with amino acids that can be relatively easily interchanged. This finding is in accord with the relatively low sequence homology between individual members of CYP family [60].
Ranking the channels according to their average hydrophobicity supported the hypothesis that the water and solvent channels are involved in water transfer into the active site [61], as the water channel was the most hydrophilic channel in both the CAM and BM3 structures, followed by the solvent channel (according to the hydropathy and hydrophobicity indices). BM3 was also predicted to contain the rather polar channel 2b. The more hydrophobic channels 2f and 2a were present in both the CAM and BM3 structures. Channels 2ac and 2d were more hydrophobic still. Finally, the most hydrophobic channel was channel 2c. However, the last three channels were found rather infrequently, i.e., only present in some BM3 structures (Additional file 1: Tables S5 and S6).


Conclusions
We present the advanced software tool MOLE 2.0 designed to analyze molecular channels and pores. We benchmarked MOLE 2.0 against similar software tools and showed that by comparison it is faster and capable of analyzing large and complex systems containing up to hundreds of thousands of atoms. As a new feature, MOLE 2.0 estimates physicochemical properties of the identified channels. We compared the estimated physicochemical properties with the known functions of selected biomacromolecular channels and concluded that the properties correlated with the functions. We also assessed the variability of physicochemical properties by analyzing a large number of X-ray structures of two members of the cytochrome P450 superfamily. We propose that the physicochemical properties may provide useful clues about the potential functions of identified channels. The software is available free of charge at http://​mole.​chemi.​muni.​cz.

Availability and requirements
Project name: MOLE 2.0

                Project home page:
                http://​mole.​chemi.​muni.​cz
              
Operating systems: Mac OS, Linux, Windows
Programming language: C#
Other requirements: NET 4.0 for Windows based systems, Mono framework 2.10. or newer (http://​www.​mono-project.​com) for other OS.
License: MOLE 2.0 license
Restrictions: free of charge

Acknowledgement
This work was supported by the Czech Science Foundation (GD301/09/H004 to CMI, P208/12/G016 to MO, P303/12/P019 to KB) and the Operational Program Research and Development for Innovations–European Regional Development Fund (CZ.1.05/2.1.00/03.0058 to MO, KB, PB and CZ.1.05/1.1.00/02.0068 to JK and RSV), European Social Fund (CZ.1.07/2.3.00/20.0017 to KB, PB) and a student project of Palacký University (PrF_2013_028 to VN). C.M.I. and D.S. thank Brno City Municipality for financial support provided through the program Brno Ph.D. Talent. Access to the MetaCentrum supercomputing facilities provided under the research intent MSM6383917201 is gratefully acknowledged.

References
1.
Matthews BW, Liu L: A review about nothing: are apolar cavities in proteins really empty?. Protein Sci. 2009, 18: 494-502.CrossRef

2.
Walz T, Smith BL, Agre P, Engel A: The three-dimensional structure of human erythrocyte aquaporin CHIP. EMBO J. 1994, 13: 2985-2993.

3.
Jiang Y, Lee A, Chen J, Cadene M, Chait BT, MacKinnon R: Crystal structure and mechanism of a calcium-gated potassium channel. Nature. 2002, 417: 515-522. 10.1038/417515a.CrossRef

4.
Doyle DA, Morais Cabral J, Pfuetzner RA, Kuo A, Gulbis JM, Cohen SL, Chait BT, MacKinnon R: The structure of the potassium channel: molecular basis of K + conduction and selectivity. Science. 1998, 280: 69-77. 10.1126/science.280.5360.69.CrossRef

5.
Alexander SPH, Mathie A, Peters JA: Guide to Receptors and Channels (GRAC), 5th edition. Br J Pharmacol. 2011, 164 (Suppl): S1-S324.CrossRef

6.
MacKinnon R: Potassium channels and the atomic basis of selective ion conduction (Nobel Lecture). Angewandte Chemie (International ed. in English). 2004, 43: 4265-4277. 10.1002/anie.200400662.CrossRef

7.
Murray JW, Barber J: Structural characteristics of channels and pathways in photosystem II including the identification of an oxygen channel. J Struct Biol. 2007, 159: 228-237. 10.1016/j.jsb.2007.01.016.CrossRef

8.
Guskov A, Kern J, Gabdulkhakov A, Broser M, Zouni A, Saenger W: Cyanobacterial photosystem II at 2.9-A resolution and the role of quinones, lipids, channels and chloride. Nat Struct Mol Biol. 2009, 16: 334-342. 10.1038/nsmb.1559.CrossRef

9.
Voss NR, Gerstein M, Steitz TA, Moore PB: The geometry of the ribosomal polypeptide exit tunnel. J Mol Biol. 2006, 360: 893-906. 10.1016/j.jmb.2006.05.023.CrossRef

10.
Wade RC, Winn PJ, Schlichting I, Sudarko : A survey of active site access channels in cytochromes P450. J Inorg Biochem. 2004, 98: 1175-1182. 10.1016/j.jinorgbio.2004.02.007.CrossRef

11.
Otyepka M, Skopalík J, Anzenbacherová E, Anzenbacher P: What common structural features and variations of mammalian P450s are known to date?. Biochim Biophys Acta. 2007, 1770: 376-389. 10.1016/j.bbagen.2006.09.013.CrossRef

12.
Otyepka M, Berka K, Anzenbacher P: Is there a relationship between the substrate preferences and structural flexibility of cytochromes P450?. Curr Drug Metab. 2012, 13: 130-142. 10.2174/138920012798918372.CrossRef

13.
Berka K, Hendrychová T, Anzenbacher P, Otyepka M: Membrane position of ibuprofen agrees with suggested access path entrance to cytochrome P450 2C9 active site. J Phys Chem A. 2011, 115: 11248-11255. 10.1021/jp204488j.CrossRef

14.
Hendrychova T, Berka K, Navratilova V, Anzenbacher P, Otyepka M: Dynamics and hydration of the active sites of mammalian cytochromes P450 probed by molecular dynamics simulations. Curr Drug Metab. 2012, 13: 177-189. 10.2174/138920012798918408.CrossRef

15.
Cojocaru V, Winn PJ, Wade RC: The ins and outs of cytochrome P450s. Biochim Biophys Acta. 2007, 1770: 390-401. 10.1016/j.bbagen.2006.07.005.CrossRef

16.
Gilson MK, Straatsma TP, McCammon JA, Ripoll DR, Faerman CH, Axelsen PH, Silman I, Sussman JL: Open “back door” in a molecular dynamics simulation of acetylcholinesterase. Science. 1994, 263: 1276-1278. 10.1126/science.8122110.CrossRef

17.
Wiesner J, Kriz Z, Kuca K, Jun D, Koca J: Acetylcholinesterases–the structural similarities and differences. J Enzyme Inhib Med Chem. 2007, 22: 417-424. 10.1080/14756360701421294.CrossRef

18.
Sanson B, Colletier J-P, Xu Y, Lang PT, Jiang H, Silman I, Sussman JL, Weik M: Backdoor opening mechanism in acetylcholinesterase based on X-ray crystallography and molecular dynamics simulations. Protein Sci. 2011, 20: 1114-1118. 10.1002/pro.661.CrossRef

19.
Petrek M, Kosinová P, Koca J, Otyepka M: MOLE: a Voronoi diagram-based explorer of molecular channels, pores, and tunnels. Structure. 2007, 15: 1357-1363. 10.1016/j.str.2007.10.007.CrossRef

20.
Pavlova M, Klvana M, Prokop Z, Chaloupkova R, Banas P, Otyepka M, Wade RC, Tsuda M, Nagata Y, Damborsky J: Redesigning dehalogenase access tunnels as a strategy for degrading an anthropogenic substrate. Nat Chem Biol. 2009, 5: 727-733. 10.1038/nchembio.205.CrossRef

21.
Biedermannová L, Prokop Z, Gora A, Chovancová E, Kovács M, Damborsky J, Wade RC: A single mutation in a tunnel to the active site changes the mechanism and kinetics of product release in haloalkane dehalogenase LinB. J Biol Chem. 2012, 287: 29062-29074. 10.1074/jbc.M112.377853.CrossRef

22.
Brezovsky J, Chovancova E, Gora A, Pavelka A, Biedermannova L, Damborsky J: Software tools for identification, visualization and analysis of protein tunnels and channels. Biotechnol Adv. 2012, 31: 38-49. 10.1038/nbt.2463.CrossRef

23.
Lee P-H, Helms V: Identifying continuous pores in protein structures with PROPORES by computational repositioning of gating residues. Proteins. 2011, 80: 421-432.CrossRef

24.
Levitt DG, Banaszak LJ: POCKET: a computer graphies method for identifying and displaying protein cavities and their surrounding amino acids. J Mol Graph. 1992, 10: 229-234. 10.1016/0263-7855(92)80074-N.CrossRef

25.
Hendlich M, Rippmann F, Barnickel G: LIGSITE: automatic and efficient detection of potential small molecule-binding sites in proteins. J Mol Graphics Model. 1997, 15: 359-363. 10.1016/S1093-3263(98)00002-3.CrossRef

26.
Huang B, Schroeder M: LIGSITEcsc: predicting ligand binding sites using the Connolly surface and degree of conservation. BMC Struct Biol. 2006, 6: 19-10.1186/1472-6807-6-19.CrossRef

27.
Raunest M, Kandt C: dxTuber: detecting protein cavities, tunnels and clefts based on protein and solvent dynamics. J Mol Graph Model. 2011, 29: 895-905. 10.1016/j.jmgm.2011.02.003.CrossRef

28.
Ho BK, Gruswitz F: HOLLOW: generating accurate representations of channel and interior surfaces in molecular structures. BMC Struct Biol. 2008, 8: 49-10.1186/1472-6807-8-49.CrossRef

29.
Voss NR, Gerstein M: 3V: cavity, channel and cleft volume calculator and extractor. Nucleic Acids Res. 2010, 38: W555-W562. 10.1093/nar/gkq395.CrossRef

30.
Petrek M, Otyepka M, Banás P, Kosinová P, Koca J, Damborský J: CAVER: a new tool to explore routes from protein clefts, pockets and cavities. BMC Bioinformatics. 2006, 7: 316-10.1186/1471-2105-7-316.CrossRef

31.
Coleman RG, Sharp KA: Finding and characterizing tunnels in macromolecules with application to ion channels and pores. Biophys J. 2009, 96: 632-645. 10.1529/biophysj.108.135970.CrossRef

32.
Brady GP, Stouten PFW, Brady GP: Fast prediction and visualization of protein binding pockets with PASS. J Comput Aided Mol Des. 2000, 14: 383-401. 10.1023/A:1008124202956.CrossRef

33.
Laskowski RA: SURFNET: A program for visualizing molecular surfaces, cavities, and intermolecular interactions. J Mol Graph. 1995, 13: 323-330. 10.1016/0263-7855(95)00073-9.CrossRef

34.
Smart OS, Neduvelil JG, Wang X, Wallace BAA, Sansom MSP: HOLE: a program for the analysis of the pore dimensions of ion channel structural models. J Mol Graph. 1996, 14: 354-360. 10.1016/S0263-7855(97)00009-X.CrossRef

35.
Pellegrini-Calace M, Maiwald T, Thornton JM: PoreWalker: a novel tool for the identification and characterization of channels in transmembrane proteins from their three-dimensional structure. PLoS Comput Biol. 2009, 5: e1000440-10.1371/journal.pcbi.1000440.CrossRef

36.
Yaffe E, Fishelovitch D, Wolfson HJ, Halperin D, Nussinov R: MolAxis: efficient and accurate identification of channels in macromolecules. Proteins. 2008, 73: 72-86. 10.1002/prot.22052.CrossRef

37.
Yaffe E, Fishelovitch D, Wolfson HJ, Halperin D, Nussinov R: MolAxis: a server for identification of channels in macromolecules. Nucleic Acids Res. 2008, 36: W210-W215. 10.1093/nar/gkn223.CrossRef

38.
Medek P, Benes P, Sochor J: Multicriteria tunnel computation. CGIM '08. Proceedings of the Tenth IASTED International Conference on Computer Graphics and Imaging; Innsbruck, Austria. 2008, 57-61.

39.
Chovancova E, Pavelka A, Benes P, Strnad O, Brezovsky J, Kozlikova B, Gora A, Sustr V, Klvana M, Medek P, Biedermannova L, Sochor J, Damborsky J: CAVER 3.0: a tool for the analysis of transport pathways in dynamic protein structures. PLoS Comput Biol. 2012, 8: e1002708-10.1371/journal.pcbi.1002708.CrossRef

40.
Schrödinger L: The PyMOL Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC. 2010, (see PyMOL page: http://​www.​pymol.​org/​citing)

41.
Berka K, Hanák O, Sehnal D, Banáš P, Navrátilová V, Jaiswal D, Ionescu C-M, Svobodová Vareková R, Koca J, Otyepka M: MOLEonline 2.0: interactive web-based analysis of biomacromolecular channels. Nucleic Acids Res. 2012, 40: W222-W227. 10.1093/nar/gks363.CrossRef

42.
Liu Y, Snoeyink J: A comparison of five implementations of 3D Delaunay tessellation in combinatorial and computational geometry. Combinatorial Computational Geometry. 2005, 52: 439-458.

43.
Kyte J, Doolittle RF: A simple method for displaying the hydropathic character of a protein. J Mol Biol. 1982, 157: 105-132. 10.1016/0022-2836(82)90515-0.CrossRef

44.
Cid H, Bunster M, Canales M, Gazitúa F: Hydrophobicity and structural classes in proteins. Protein Eng Design Selection. 1992, 5: 373-375. 10.1093/protein/5.5.373.CrossRef

45.
Jones DT, Taylor WR, Thornton JM: The rapid generation of mutation data matrices from protein sequences. Bioinformatics. 1992, 8: 275-282. 10.1093/bioinformatics/8.3.275.CrossRef

46.
Zimmerman JM, Eliezer N, Simha R: The characterization of amino acid sequences in proteins by statistical methods. J Theor Biol. 1968, 21: 170-201. 10.1016/0022-5193(68)90069-6.CrossRef

47.
Dwyer RA: Higher-dimensional voronoi diagrams in linear expected time. Discrete Comput Geom. 1991, 6: 343-367. 10.1007/BF02574694.CrossRef

48.
Herráez A: Biomolecules in the computer: Jmol to the rescue. Bioch Mol Biol Educ. 2006, 34: 255-261. 10.1002/bmb.2006.494034042644.CrossRef

49.
Porter CT, Bartlett GJ, Thornton JM: The Catalytic Site Atlas: a resource of catalytic sites and residues identified in enzymes using structural data. Nucleic Acids Res. 2004, 32: D129-D133. 10.1093/nar/gkh028.CrossRef

50.
Andersen OS, Koeppe RE, Roux B: Gramicidin channels. IEEE Trans Nanobioscience. 2005, 4: 10-20. 10.1109/TNB.2004.842470.CrossRef

51.
Brzezinski P, Gennis RB: Cytochrome c oxidase: exciting progress and remaining mysteries. J Bioenerg Biomembr. 2008, 40: 521-531. 10.1007/s10863-008-9181-7.CrossRef

52.
Unwin N: Refined structure of the nicotinic acetylcholine receptor at 4A resolution. J Mol Biol. 2005, 346: 967-989. 10.1016/j.jmb.2004.12.031.CrossRef

53.
Teng Y-B, Jiang Y-L, He Y-X, He W-W, Lian F-M, Chen Y, Zhou C-Z: Structural insights into the substrate tunnel of Saccharomyces cerevisiae carbonic anhydrase Nce103. BMC Struct Biol. 2009, 9: 67-10.1186/1472-6807-9-67.CrossRef

54.
Pochapsky TC, Kazanis S, Dang M: Conformational plasticity and structure/function relationships in cytochromes P450. Antioxid Redox Signal. 2010, 13: 1273-1296. 10.1089/ars.2010.3109.CrossRef

55.
Poulos TL, Finzel BC, Howard AJ: High-resolution crystal structure of cytochrome P450cam. J Mol Biol. 1987, 195: 687-700. 10.1016/0022-2836(87)90190-2.CrossRef

56.
Ravichandran K, Boddupalli S, Hasermann C, Peterson J, Deisenhofer J: Crystal structure of hemoprotein domain of P450BM-3, a prototype for microsomal P450’s. Science. 1993, 261: 731-736. 10.1126/science.8342039.CrossRef

57.
DeVore NM, Scott EE: Nicotine and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone binding and access channel in human cytochrome P450 2A6 and 2A13 enzymes. J Biol Chem. 2012, 287: 26576-26585. 10.1074/jbc.M112.372813.CrossRef

58.
Ludemann SK, Lounnas V, Wade RC: How do substrates enter and products exit the buried active site of cytochrome P450cam? 1. Random expulsion molecular dynamics investigation of ligand access channels and mechanisms. J Mol Biol. 2000, 303: 797-811. 10.1006/jmbi.2000.4154.CrossRef

59.
Lüdemann SK, Lounnas V, Wade RC: How do substrates enter and products exit the buried active site of cytochrome P450cam? 2. Steered molecular dynamics and adiabatic mapping of substrate pathways. J Mol Biol. 2000, 303: 813-830. 10.1006/jmbi.2000.4155.CrossRef

60.
Nebert DW, Nelson DR, Coon MJ, Estabrook RW, Feyereisen R, Fujii-Kuriyama Y, Gonzalez FJ, Guengerich FP, Gunsalus IC, Johnson EF: The P450 superfamily: update on new sequences, gene mapping, and recommended nomenclature. DNA Cell Biol. 1991, 10: 1-14. 10.1089/dna.1991.10.1.CrossRef

61.
Skopalík J, Anzenbacher P, Otyepka M: Flexibility of human cytochromes P450: molecular dynamics reveals differences between CYPs 3A4, 2C9, and 2A6, which correlate with their substrate preferences. J Phys Chem B. 2008, 112: 8165-8173. 10.1021/jp800311c.CrossRef



Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
All authors contributed extensively to the work presented in this paper. DS wrote MOLE 2.0 application. All authors read and approved the final manuscript.


OEBPS/sidebar.gif





OEBPS/A13321_2013_Article_478_Fig3_HTML.jpg





OEBPS/contact.gif





OEBPS/A13321_2013_Article_478_Fig1_HTML.jpg
channel (tunnel) pore





OEBPS/A13321_2013_Article_478_Fig4_HTML.jpg





OEBPS/A13321_2013_Article_478_Fig6_HTML.jpg
- = g
S 3 S

‘Time of calculation [s]

.1
0

~4=MOLE 2.0
~#-MOLE 14

MolAxis
-“—CAVER 2.0
=#=CAVER 3.0

20000

40000
1

mber of atoms

60000

80000 100000





OEBPS/A13321_2013_Article_478_Equ1_HTML.gif





OEBPS/A13321_2013_Article_478_Figa_HTML.gif





OEBPS/A13321_2013_Article_478_Fig8_HTML.jpg
istal side.

roximal side

CAM

fstal side.

roximal side





OEBPS/A13321_2013_Article_478_Fig5_HTML.jpg
cytochrome

cytochrome ¢
(1M56)

Oxidoreductase

cellobiose @ & o
phosphorylase no channels
(ecan = found

acetylcholin- 2 1o channels | no channels | no channels | no channels
e Lo found found found found

::‘m':;::ase no channels no channels | no channels
prred found % found found

calcium Xl

' ) no channels
ﬁTstfye A found

g o

carbonic
anhydrase
(GEYX)

no channels
found

gramicidin D
(GEYX)

Membrane protein

GPCR
(thod)opsin
(3CAP)

no channels
found

error, too large | error, too large
system system

(1s5L)





OEBPS/A13321_2013_Article_478_Fig7_HTML.jpg





OEBPS/A13321_2013_Article_478_Fig2_HTML.jpg





