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1. Abstract 

Geometric detection of protein cavities (also referred to as pockets) and protein-ligand 

cut-off distances represent two different classes of methods that have been largely 

used as criteria to determine which amino acids in a protein constitute the ligand-

binding site. Therefore, they all play a critical role in both the visualization and the 

analysis of tridimensional structures, the development of molecular docking protocols 

and the identification of similar binding sites in other proteins. However, in many cases 

the individual use of these methods may not be sufficient to recognize the amino acids 

with higher conservation, or greater protein-ligand interaction potential, which are all 

characteristic properties in binding sites. Here we propose a combined strategy 

intended to identify a consolidated, ‘elite’ set of amino acids comprising a particular 

binding site in a protein. To achieve this goal, we will use the crystallographic structures 

of a collection of human enzymes that will be evaluated by three different methods 

within each category herein mentioned. Next, a consensus set of amino acids derived 

from the combination of the best performance pair of methods out of these two classes 

will be elucidated and compared with the sets obtained by its component approaches. 

In this study, we aimed to identify a rapid and intuitive approach for scientists working 

on molecular modeling and structure-based drug discovery, by facilitating the selection 

of amino acids that share a profile of features strongly associated with their occurrence 

in binding sites and that, according to our hypothesis, more correctly circumscribe 

these functional regions. 

 

 

 

 

 

 



2. Introduction 

 

Proteins perform their biological functions through the interactions with other 

molecules such as small ligands, nucleic acids or other proteins [1]. Remarkably, just a 

very specific group of amino acid residues participate in these interactions, which occur 

in well-defined locations of the proteins known as binding sites [2]. In line with the 

corresponding MeSH (Medical Subject Headings) term retrieved using a PubMed 

search, a binding site refers to all those parts of a macromolecule that directly 

participate in a specific combination with other molecule [3]. In comparison, and 

according to the analogue definition found in the protein database Uniprot, a binding 

site is considered as a group of amino acids involved in ligand binding, which are 

separated by no more than three of them [4]. It suggests that a definitive agreement 

on the concept of binding site has not apparently been reached yet. In addition, the 

definition provided by Uniprot is particularly interesting because, although it certainly 

considers the binding site from a functional perspective, also involves a criterion of 

proximity for the selection of its component amino acids. In this context, it should be 

taken into account that binding site residues are not necessarily positioned on a 

consecutive manner in the original sequence. Instead, these amino acids are frequently 

distributed in a rather random pattern throughout the entire chain, although they 

become close enough after the folding process in order to adopt the tridimensional 

structure required to carry out their collective function (Figure 1) [5].  

 

Enzymes are probably one of the most studied types of proteins, because they 

represent the ‘workhorses’ employed by nature to catalyze a number of different 

chemical reactions in cells, including those related to growth, repair and maintenance 

[6], [7]. This class of proteins therefore constitute one of the most relevant 



pharmacological targets, which accounts for near half of the molecular entities 

deposited in the database Uniprot [7], [8]. 

 
 

Figure 1. Schematic representation of a protein binding site. Crystallographic structure of the complex 

Keap1–SRS-59 (PDB code: 4L7D) with a zoom-in of the binding site, which includes some constituent 

amino acid residues and an inhibitory compound (SRS-59) in a wireframe representation (the first colored 

cyan and the second colored yellow). A 2D structure of SRS-59 is also included as an inset. In all cases, 

oxygen and nitrogen atoms are colored red and blue, respectively. Taken from [9]. 

 

 

Just as other proteins, enzymes carry out their biological functions through the 

interaction with other molecules [1] commonly called substrates, but not via a random 

binding to its surface. On the contrary, these interactions occur on specific zones called 

binding sites, which are more commonly known as ´active´ sites [10] as long as they are 

related to the recognition and chemical conversion of substrates and not to allosteric 

regulation [11]. This region is formed by amino acids forming a cavity able to recognize 

and interact with a particular ligand out of thousands of other molecules in a living cell 

[10]. Unlike protein-protein interfaces, which are shallow and rather poorly structured, 

enzyme binding sites are often characterized by a large and deep cavity [12]. According 

to current evidence, there are several typical features of an active site [2], [11], among 

which three stand out over the rest (Figure 2). First, their component amino acids 



frequently exhibit a high evolutionary conservation degree. Second, they exhibit a 

geometrical complementarity (size and shape) with their cognate ligands. Finally, the 

constituent amino acids directly participate in ligand binding, so that both electrostatic 

and hydrophobic interactions are essential to the recognition and binding process [10].  

 

 

 

Figure 2. Features of binding sites in enzymes. This image illustrates several of the underlying 

characteristics of enzyme binding sites, most frequently referred to as active sites. Taken from Kahraman 

and Thornton (2008).  

 

 

The identification and characterization of binding sites in enzymes and other proteins, 

known as binding site analysis (BSA), has demonstrated to be crucial to understand the 

molecular recognition and interaction of specific ligands [2]. Most of methods related 

to BSA may be grouped together in two different categories, which elucidate directly 

or indirectly the amino acid set that constitute a particular enzyme binding site: the 

geometric detection of cavities and the cut-off distances to ligand (Figure 3). 



Approaches within the first category use geometric techniques to describe the form of 

the enzyme binding site and calculate the molecular or solvent-accessible surface area, 

requiring no previous knowledge of complexed ligands [11], [13]–[15]. A second 

category of methods, in contrast, describe an enzyme binding site using threshold or 

cut-off distances calculated from one or more points or 3D coordinates of a complexed 

ligand, and finally selecting all amino acids falling within a spherical radius around these 

points [16]–[19]. Both classes of approaches have frequently been employed during the 

last decade in virtual protocols involving molecular modeling for BSA, comparison with 

other enzymes for detection of similar binding sites, or drug discovery approaches such 

as molecular docking. In various programs that implement this last technique, the 

conformational space of a particular ligand is explored and evaluated using a 

predetermined scoring function, but within a specific region delimited within which an 

´elite´ set of amino acids is considered [16]–[19]. However, the rates of success and 

computational time required varies widely among methods, so alternative newer 

approaches have been continuously developed  during the last few years [11]. 

 

    
 

  



Figure 3. Main classes of methods used to identify binding sites. (Left) Surfnet, a method of geometrical 

detection based on the construction of ‘gap’ spheres and contour surfaces (grid colored white). (Right) 

Distances to any of the ligand atoms (inhibitor methotrexate - MTX) calculated within a spherical radius 

(cut-off) of 6.5 Å. On both images is represented the crystallographic structure of the enzyme human 

dihydrofolate reductase (hDHFR; PDB code: 1U72) using the software UCSF Chimera v1.11.2rc. 

 

 

In this research proposal, we hypothesize that a ´consensus´ approach generated from 

both geometric detection of cavities and cut-off distances to ligand is able to delimit 

and characterize the binding sites in proteins in a more appropriate manner than any 

other methods from either of these two classes (used in an individual basis). To achieve 

this objective, we started from a set of 3D structures of enzymes with different catalytic 

activities, which were used to identify and characterize the binding sites of enzymes of 

different catalytic activities using different methods of both types under study. We 

evaluated each method as a function of their capacity to select amino acids with a high 

conservation, geometric complementarity and van der Waals (vdW) overlap with 

cognate ligands. Once a consensus built from the best methods of each category 

become elucidated, it will be compared with the other individual methods using the 

same criteria. This study will be useful not only to pinpoint the importance of using a 

fast and intuitive approach focused on an appropriate delimitation of an enzyme 

binding site, but also to understand any advantage of disadvantage of the methods 

among enzymes with distinct catalytic mechanisms. We believe our results will be 

helpful to complement the structure-based molecular modeling protocols used in 

diverse drug discovery campaigns for the characterization of discrete sub-cavities, as 

well as to serve a potential benchmark to novel schemes of application to other 

proteins exhibiting different topologies and functions. 

 

 

 



3. Materials and Methods 

3.1. Dataset collection 

Crystallographic structures of a set of human 60 enzymes were retrieved from Protein 

Data Bank (http://www.rcsb.org), worldwide repository of protein 3D structures, using 

protein-ligand complexes based on distinct types of catalytic activity: Oxidoreductases, 

Transferases, Hydrolases, Lyases, Isomerases, Ligases. Therefore, a group of ten 3D 

structures for each of these types were selected if presented in a native, monomeric 

form with a resolution lower than 2.5 Å. 

 

Each evaluated enzyme had unique PDB and Uniprot codes, and just one ligand was 

selected for each one, avoiding irrelevant ions (such as sodium NA, zinc ZN, magnesium 

MG, calcium CA, chloride CL or unknown UNX) or too small chemical groups (sulfate 

ion SO4 or glycerol GOL). Table 1 shows the selected group of enzymes. 

 

            

OXIDOREDUCTASES 

PDB CODE 
UNIPROT 

CODE 
EC 

NUMBER 
MACROMOLECULE 

NAME RESOLUTION LIGAND 

3ZWS Q02127 1.3.5.2 DHODH 1,60 AVQ 

5AC2 P00352 1.2.1.36 ALDH1A1 1,85 K9P 

4QHV P00374 1.5.1.3 DHFR 1,61 IXF 

4BG1 O75936 1.14.11.1 BBOX 1,89 IVL 

4J14 QY96A2 1.14.13.98 CYP46A1 2,50 X2N 

4JZR Q9GZT9 1.14.11.29 PH2D 2,10 4JR 

4JIR P15121 1.1.1.21 AKR1B1 2,00 EPR 

4GWG P52209 1.1.1.44 PGAM1 1,39 MES 

4ANP P00439 1.14.16.1 PAH 2,11 3QJ 

3NKS P50336 1.3.3.4 PPO 1,90 ACJ 

TRANSFERASES 

PDB CODE 
UNIPROT 

CODE 
EC 

NUMBER 
MACROMOLECULE 

NAME RESOLUTION LIGAND 

5ANJ P24941 2.7.11.22 CDK2 1,60 ZXC 

5IH5 P48730 2.7.11.1 CK1D 2,25 AUE 

5FTO Q9UM73 2.7.10.1 ALK_TKR 2,20 YMX 

http://www.rcsb.org/


5FBO Q06187 2.7.10.2 BTK 1,89 5WE 

5FTG P35790 2.7.1.32 Cho5α1 1,45 NBR 

5H84 Q92830 2.3.1.48 Gcn5 2,00 1VU 

5A1I P31153 2.5.1.6 MAT2A 1,09 SAM 

5DXT P42336 2.7.1.153 P110α 2,25 5H5 

4D4M Q16875 2.7.1.105 PFKF23 2,32 BKV 

1P4R P31939 2.1.2.3 AICAR/ATIC 2,55 354 

HYDROLASES 

PDB CODE 
UNIPROT 

CODE 
EC 

NUMBER 
MACROMOLECULE 

NAME RESOLUTION LIGAND 

4YS9 P0AEY0 3.4.19.12 ATXN3 2,00 MAL 

5ANS P36639 3.6.1.55 MTH1 1,60 RX8 

5FP0 P34913 3.1.3.76 sEH 2,35 SZC 

5F02 P07711 3.4.22.15 CatL1 1,43 5T9 

5CLS P50579 3.4.11.18 MetAP2 1,75 52T 

4RSY P09960 3.3.2.6 LTA4H 1,93 B3N 

5E7J O00571 3.6.4.13 DDX3X 2,23 AMP 

4X6I P43235 3.4.22.38 CTSK 1,87 3Y1 

5A09 P08246 3.4.21.37 ELA2 1,81 JJD 

5A81 Q6PL18 3.6.1.3 ATAD2 2,03 78J 

LYASES 

PDB CODE 
UNIPROT 

CODE 
EC 

NUMBER 
MACROMOLECULE 

NAME RESOLUTION LIGAND 

5EH7 P00918 4.2.1.1 CA II 1,42 5O5 

4XXS P56817 4.3.1.23 BACE1 1,86 SI5 

3MO7 P11172 4.1.1.23 UMPS 1,35 UFT 

3PCV Q16873 4.4.1.20 LTC4S 1,90 LMT 

3DKO Q15375 4.2.99.18 EPHA7 2,00 IHZ 

1R3Q P06132 4.1.1.37 UROD 1,70 1CP 

2WM1 Q8TDX5 4.1.1.45 ACMSD 2,01 13P 

5CJF Q9ULX7 4.2.1.1 CA XIV 1,83 520 

4QJX Q8N1Q1 4.2.1.1 CA XIII 1,95 WWO 

3MDZ P43166 4.2.1.1 CA VII 2,32 EZL 

ISOMERASES 

PDB CODE 
UNIPROT 

CODE 
EC 

NUMBER 
MACROMOLECULE 

NAME RESOLUTION LIGAND 

5BQG O14684 5.3.99.3 mPGES-1 1,44 4UJ 

5D75 Q00688 5.2.1.8 FKBD25 1,83 FK5 

3RDD P62937 5.2.1.8 Cyclophilin A 2,14 EA4 

4LAX Q02790 5.2.1.8 FKBP52 2,01 FK5 

4ITS Q9Y606 5.4.99.12 Pus1 1,85 MES 

4IMO P41222 5.3.99.2 L-PGDS 1,88 PWZ 

4DH0 P62942 5.2.1.8 FKBP12 2,10 MR8 



3UI5 Q9Y237 5.2.1.8 Parvulin 14 1,40 D1D 

2PNY Q9BXS1 5.3.3.2 IDI2 1,81 POP 

2ICK Q13907 5.3.3.2 IDI1 1,93 DMA 

LIGASES 

PDB CODE 
UNIPROT 

CODE 
EC 

NUMBER 
MACROMOLECULE 

NAME RESOLUTION LIGAND 

4ZZ3 P22102 6.3.3.1 GARFT 2,50 4DW 

5C91 P46934 6.3.2 NEDD4 2,44 4YU 

2XEU P78317 6.3.2 Rnf4 1,50 SUC 

4ZYF Q00987 6.3.2 MDM2 1,80 4T4 

4YBS O15164 6.3.2 TRIM24 1,83 4BK 

4Q93 P54577 6.1.1.1 TyrRS 2,10 STL 

4KMN Q13490 6.3.2 cIAP1-BIR3 1,52 436 

4K87 P07814 6.1.1.15 EPRS 2,30 ADN 

3CMQ O95363 6.1.1.20 FARS2 2,20 FA5 

3TDC O00763 6.4.1.2 ACC2 2,41 0EU 

 

Table 1. List of enzymes used in this study. Enzymes were differentiated into the categories 1) 

Oxidorreductases, 2) Transferases, 3) Hydrolases, 4) Lyases, 5) Isomerases, and 6) Ligases. Unique PDB 

and Uniprot codes, as well as Enzime Comission (EC) number were reported for each enzyme under 

study. Resolution and name of each co-crystallized ligand in an abbreviated form are reported for all the 

3D structures downloaded from PDB. All ligands in the complexes had a molecular weight between 

170,06 g/mol and 928,20 g/mol.  

 

3.2. Identification of binding sites residues 

Once retrieved the 3D structures, we will identify the amino acid residues taking part 

of each binding site using six different methods. On the one hand, we will employ three 

methods based on geometric detection of cavities, namely CASTp (Computed Atlas of 

Surface Topography of proteins) [13], Surfnet [14] and LIGSITE [15]. On the other hand, 

we will use three methods based on cut-off distances to ligand depending on the 

following reference point(s): 1) to all ligand atoms, 2) to ligand center of mass/gravity, 

and 3) to medium point between most distant ligand atom pair. For these last three 

approaches, an amino acid residue will be considered as part of the corresponding 

binding site if it is within a cut-off distance of 6.5 Å [20] to the reference point(s). All 



the six methods (except LIGSITE) will be used via the software UCSF Chimera v1.10.1 [21]. 

Because the methods based on cut-off distances to ligand do not give as an output a 

tridimensional cavity from set of constituent amino acid residues, both the volume and 

surface area of these binding sites were estimated using the program Surfnet. The 

binding sites predicted by each program were analyzed by visual inspection to 

corroborate the correspondence among algorithms and the partial or complete 

coverage of the cognate ligand (Figure 4). 

 

 

Figure 4. Correspondence between binding sites according to different methods. The binding sites 

predicted by CASTp (cyan surface representation) and Surfnet (gray mesh representation) to an analog 

región in their correpsonding protein (PDB ID: 1U72) which envolves and interacts with the ligand of 

interest (MTX; red licorice representation). 

 

 

 



         

 

Figure 5. Evaluation criteria for the binding sites residues employed in this study. The conservation degree 

(left), molecular interaction with ligand (center) and a volume correspondingly similar to ligand (right) 

were evaluated for the different binding sites predicted. Taken from Kharaman & Thornton, 2008. 

 

3.3. Performance evaluation and consensus generation 

The binding sites predicted by each method were evaluated according to three 

different criteria: evolutionary conservation degree of their constituent ligands, protein-

ligand vdW contacts, and proportion of volume (and surface area) with respect to the 

ligand (Figure 5). The protein-ligand vdW contacts are used here to encompass the 

aminoacid residues involved in intermolecular interactions (either hydrophobic or h-

potential bonds) with the co-crystallized ligand, and the volume/surface-area 

proportion evaluates the complementary between shapes of a binding site and their 

corresponding ligand. All of these criteria have been previusaly reported as critical to 

determine the characteristics of binding site residues in enzymes [10]. 

 

Initally, we used the web server Consurf (http://consurf.tau.ac.il/)[22], which calculates 

the evolutionary conservation of each amino acid in a 3D structure and assigns them a 

http://consurf.tau.ac.il/


discrete score in a range between one and nine, being the last one number reserved 

for those residues with the highest level of conservation. With the aim of facilitate the 

analysis, two categories were considered for the binding site residues: 1) “high 

conservation”, if having a score >=7, and 2) “moderate and low conservation”, if having 

a score =<6. For the second point, any overlap >= 0.4 Å (no allowance) between vdW 

(van der Waals) atom radii of the binding site residues and the corresponding co-

crystallized ligand  were inferred according to Tsai and coworkers [23] using the next 

formula: 

 

Overlapij = rVDWi + rVDWj – dij – allowanceij 

 

Likewise, we estimated both the volume and surface area of each binding site and the 

corresponding ligand, using a Connolly molecular surface (MS) and a probe/grid with 

a radius/size equal to 1.4 Å, which corresponds to the typical radius of a water molecule 

[10], [24]. Then, the lists of residues predicted by each method were compared with the 

lists of residues estimated to be highly conserved or involved in protein-ligand vdW 

contact, and the volume/surface area of each resulting predicted cavity compared with 

the volume/surface area of its corresponding ligand. We use the software UCSF 

Chimera v1.11.2rc [21] for the structural alignment and visualization of the enzymes of 

interest. The methods of each type (geometric detection and cut-off distances to 

ligand) with the best performance according to all these criteria will be used to build a 

‘consensus’ of predicted amino acid residues, which were compared with the other 

individual methods. In addition, we developed a comparative evaluation of the 

performance of consensus and the other methods included here among the different 

enzyme classes under study.  

 



4. Results 

 

Once retrieved the 3D structures of the selected enzymes, we identified the binding 

site amino acid residues (calculating also their volume and surface area) using the three 

methods based on geometric cavities detection and the three methods based on cut-

off distances-to-ligand. We developed a set of in-house Python scripts to retrieve the 

information derived from each file and the different employed web-servers/software.   

 

After a general analysis among methods, we observed an important variation among 

the enzymes (Tables 2 and 3), although LIGSITE and Center of mass were showed to 

have the better performance in our dataset. For oxidoreductases, LIGSITE was the best 

of its class, displaying a better average of predicted residues for each enzyme according 

to conservation level (77%) and vdW contact to its cognate ligand (15%). One example 

of this enzyme class is human dihydrofolate reductase, as shown in Figure 6, for which 

LIGSITE and distance-to-any-ligand-atom had the best performance (each for family 

method). However, the consensus (generated from LIGSITE and Distance to Center of 

Mass) showed a superior performance compared to the individual approaches. 

 

              

 Conservation degree vdW overlaps Volume proportion* 

Enzyme class 
Best 

method Enrichment 
Best 

method Enrichment 
Best 

method Value 

Oxidoreductases Ligsite 78 Ligsite 15 CASTp 8.5 

Transferases Ligsite 83 Ligsite 20 CASTp 5.1 

Hydrolases Ligsite 71 Ligsite 19 Surfnet 3.9 

Lyases Ligsite 87 Ligsite 33 Surfnet 4.3 

Isomerases Ligsite 74 Surfnet 21 CASTp 3.5 

Ligases Ligsite 68 Ligsite 18 CASTp 6.9 

 

Table 2. Geometric cavity detection methods with the best performance per enzyme class. All the enzymes 

were evaluated in terms of the three criteria for binding site amino acid residues: conservation degree, 

vdW overlaps and volume proportion. The enrichment corresponds to the average percentage of 

residues correctly predicted (as part of the binding site) for the best method within each enzyme 



category. *The volume proportion of a binding site is estimated with respect to the volume of the ligand 

(1.0 as an ideal value). 

              

 Conservation degree vdW overlaps Volume proportion* 

Enzyme class 
Best 

method Enrichment 
Best 

method Enrichment 
Best 

method Value 

Oxidoreductases MDAP 31 COM 27 ALA 3.7 

Transferases MDAP 46 COM 33 COM 7.2 

Hydrolases COM 50 COM 43 ALA 2.1 

Lyases MDAP 49 MDAP 39 ALA 2.7 

Isomerases ALA 41 COM 30 MDAP 8.0 

Ligases MDAP 58 COM 46 COM 14.7 

 

Table 3. Cut-off distance-to-ligand methods with the best performance per enzyme class. All the enzymes 

were evaluated in terms of the three criteria for binding site amino acid residues: conservation degree, 

vdW overlaps and volume proportion. Each method of this category was abbreviated as follows: ALA=All 

ligand atoms, COM=Ligand center of Mass, MDAP= Medium point between the most distant ligand 

atom pair. The enrichment corresponds to the average percentage of residues correctly predicted (as 

part of the binding site) for the best method within each enzyme category.  *The volume proportion of 

a binding site is estimated with respect to the volume of the ligand (1.0 as an ideal value). 

 
 
 

 
 

Figure 6. Comparison of the methods for predicting active site residues according to their conservation 

degree. The methods LIGSITE (left) and distance to any ligand atom (center) were shown to exhibit better 

performances than other methods. In contrast, the consensus set constructed from methods LIGSITE and 

distance to COM ligand (right) favored the prediction of amino acid residues highly conserved (side 

chains in red licorice representation) but within a particular distance from the ligand of interest (IXF, in 

white licorice representation) and not necessarily surrounding other co-factors (NDP, in green licorice 

representation).  

 
 
 



In Figure 7, we observed that LIGSITE was the best method to select the most conserved 

residues in the ligand binding site, but showed just moderate results in terms of the 

selection of residues in vdW overlap with ligand, for which distance to ligand COM 

(center of mass) showed a better performance. LIGSITE has been used to improve and 

extend other methods such as POCKET, in this case by developing a exploration of the 

x, y, and z directions to establish a solvent excluded surface using a probe sphere that 

rools over the protein [25], and was compared to other methods such as CAST and 

SURFNET , which demonstrated similar success rates for a set of 3D structures evaluated 

[15]. Unfortunately, there is not information available of the comparison of these 

methods with methods based on cut-off distances-to-ligand here included. 

Interestingly, our consensus between these methods improves the quality of the 

prediction of this approach in terms of the group of criteria evaluated in this study. On 

the other hand, it is interesting that a best performance in the volume proportion of 

the binding site with respect to the corresponding ligand was displayed by methods 

based on geometric detection in contrast to those using distances to ligand, but the 

contrary tendency in lower ratio of surface area (Figure 8). 

 

 
 

Figure 7. Comparison among all the methods used for predicting enzyme binding sites in terms of vdW 

overlaps and conservation degree. Methods based on cut-off distances-to-ligand were abbreviated as 
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follows: ALA=All ligand atoms, COM=Ligand center of Mass, MDAP= Medium point between the most 

distant ligand atom pair. 

 

 
 

Figure 8. Comparison among all the methods used for predicting enzyme binding sites in terms of 

proportion of volume and surface area compared to their corresponding ligand. Methods based on cut-

off distances-to-ligand were abbreviated as follows: ALA=All ligand atoms, COM=Ligand center of Mass, 

MDAP= Medium point between the most distant ligand atom pair. 

 

In the comparison among enzyme classes we could not find out any robust 

discriminating pattern in the performance of selection of residues for the different 

evaluated methods. For LIGSITE, the average between enzyme types had a range of 

68-86% (consurf) and 15-33% (overlaps). However, we detect some differences 

between methods using geometric and distances to ligand criteria, especially in the 

estimation of more similar volume and surface area of binding sites compared to the 

ligand. This was the case principally for oxidoreductases (8.53 vs 3.74) and transferase 

(5.09 vs 7.22).  

 

In Figure 9, we can observe the results of the best methods for a particular enzyme  

compared to the consensus in the context of the volume proportion of the binding site 

(compared to ligand). The method LIGSITE, represents one type, and the distance to 

any ligand aom represents the other one. Although both of these methods covered a 
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volume which proved to occupy the ligand, but they extended notably from them in a 

different manner and showed different sizes and forms. In contrast, the consensus 

employed in this study proved to restrict the volume of the binding site to a space 

much more similar to the volume occupied for the corresponding ligand. Interestingly, 

for hydrolases we observed not only the best results in terms of similarity of volume 

and surface area of predicted binding sites compared to those of ligand, but also for 

the most similar between geometric and distance methods (3.94 and 2.14 for volume; 

3.90 and 2.16 for surface area). 

 
 

 

 
 

 
 



 
 

Figure 9. Comparison of methods for enzyme binding site detection according to proportion similarity 

between volume and surface area respect to the ligand. Two of the methods used for the prediction of 

residues of the enzyme human DHFR for the calculation of volume and surface area of its binding site 

were LIGSITE (top, orange mesh representation) and distance to any ligand atom (center, purple mesh). 

The volume of the ligand in each case is illustrated as a white mesh. The consensus set of amino acid 

residues (bottom, cyan mesh) was constructed using the methods with better averages throughout all 

the evaluated enzymes (LIGSITE and COM-center of mass) favoring the prediction of a binding site with 

a size and shape more similar to those observed for the ligand. 

 

 

5. Discussion 

In spite of a certain degree of variability observed for our results among the different 

enzyme classes, LIGSITE was the method with best performance along the entire data 

according to the evaluation criteria. On the other hand, the low performance of LIGSITE 

to select residues in vdW overlap with the ligand indicates certain limitations not only 

for this method but also for other from the same type (geometric detection) for this 

specific criterion. Interestingly, CASTp and Surfnet had better performances in the 

estimation of volume and surface area most similar to that of ligand along the 

evaluated enzymes. Also, the distance to center of mass was the best method for its 

class compared to distance to any ligand atom and distance to most distant ligand 

atom pair. However, it called out attention that these methods showed better 

performances for similarity of volume of binding site compared to that of ligand in 



contrast to those methods using geometric detection in most cases. It indicates that 

probably forcing the selection of residues to a certain zone around the cognate ligand 

tend to favor a volume and surface area (even shape) most similar to the ligand itself.  

  

In the context of comparison of methods we found certain differences among the 

enzyme classes with higher values of volume and surface area for oxidoreductases and 

transferases. This fact could indicate that the presence of more than one ligand being 

close to each other in the binding site would account why geometric methods estimate 

a unique, large cavity, in contrast to distance methods that allow delimiting the region 

of interest around the cognate ligand. In contrast, the results obtained for hydrolases 

in terms of the similarity between geometric and distance methods suggest that having 

just one ligand (the other is water) as part of their catalytic activity could improve the 

prediction along different methods. According to evidence about this enzyme class 

having a ligand binding site much less buried compared to other enzymes (more 

superficial) [26], it could expect this fact would facilitate its detection by distinct 

methods. However, we observed in many cases that these cognate ligands extend 

outside from the binding site, and certain water molecules, although not directly 

involved in the chemical reaction, could be involved and even improve the ligand 

stability inside the binding cavity. Certainly, structurally conserved water molecules 

have been previously reported in scientific literature for several enzymes [27], [28].  

 

Finally, we would like to discuss the positive influence of the consensus especially in 

improving the percentage of residues in vdW contact with the ligand. Although LIGSITE 

is able to display a similar performance to select highly conserved residues in the 

binding site, none of the individual methods is near to the consensus performance in 

terms of the selection of vdW contact (it showed a percentage almost 3 times over 

LIGSITE). These suggest that the construction of a consensus set among methods can 



notably improve the results in terms of the evaluated criteria. Likewise, the analysis of 

the volume and surface area proportion of different methods compared to consensus 

suggests that the individual methods might fail by predicting active sites as cavities 

including residues not only lacking critical physicochemical specific features 

characteristics of binding site residues, but also either outside a cavity of interest or too 

distant from a ligand of interest.  

 

The results obtained in this study showed that a consensus of approaches using 

geometrical detection of cavities and using distances to the cognate ligand has a better 

performance that the methods used separately in terms of the three evaluation criteria. 

This strategy could be implemented in future workflows involving molecular modeling 

of proteins or the comparison of several of them, applying a simple and intuitive 

algorithm that allows a better delimitation of the ligand binding site. Likewise, 

considering the large numbers of files generated (approximately 20 files for each 

enzyme), the use of scripts proved a valuable tool for accelerate the data analysis.  

However, it is important to continue exploring novel programming strategies aimed at 

automatizing the entire process of identification of cavities and comparison of 

methods, which will make possible to increment the number of evaluated enzymes and 

understand whether similar results could also be observed or not in other type of 

proteins. We strongly believe that a correct identification and characterization of a 

binding site may have an ultimate influence in the molecular modeling of proteins 

and/or design of active compounds, which would lead to potential applications to 

either pharmaceutical or biotechnological industry. 
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