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Abstract 

In silico ligand docking is a versatile and common technique when predicting ligands and inhibitors for protein 
binding sites. The various docking programmes aim to calculate binding energies and to predict interactions, thus 
identifying potential ligands. 
The currently available programmes lack satisfying means by which to account for structural water molecules which 
can either mediate protein-ligand contacts or be displaced upon ligand binding. The present project aims to generate 
data to facilitate the global work of developing scoring functions in docking programmes to account for structural 
water molecules contribution to ligand binding to fill the said void. This is done by validating the performance of 
docking using a simple model system (cytochrome C peroxidase (CCP) W191G) containing four well ordered, deeply 
buried structural water molecules which are known to either interact with a ligand or to be displaced upon ligand 
binding.  
Known ligands were docked into eight (crystallographically determined) receptor set-ups comprising the receptor 
and no, one or two of the water molecules. The performance was validated by comparison of the binding modes of 
the docked ligands and the crystal structures, comparison of docking scores of the ligands in the different set-ups, 
enrichment of the ligands from a database of decoys and finally by predicting new ligands from the decoy database. 
In addition a high resolution crystal structure of CCP W191G in complex with 3-aminopyridine (3AP) was determined 
in order to resolve ambiguities in the binding mode of this ligand.  
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1 Abstract 
In silico ligand docking is a versatile and common technique when predicting ligands and 
inhibitors for protein binding sites. The various docking programmes aim to calculate binding 
energies and to predict interactions, thus identifying potential ligands. 
The currently available programmes lack satisfying means by which to account for structural 
water molecules which can either mediate protein-ligand contacts or be displaced upon 
ligand binding. The present project aims to generate data to facilitate the global work of 
developing scoring functions in docking programmes to account for structural water 
molecules contribution to ligand binding to fill the said void. This is done by validating the 
performance of docking using a simple model system (cytochrome C peroxidase (CCP) 
W191G) containing four well ordered, deeply buried structural water molecules which are 
known to either interact with a ligand or to be displaced upon ligand binding.  
Known ligands were docked into eight (crystallographically determined) receptor set-ups 
comprising the receptor and no, one or two of the water molecules. The performance was 
validated by comparison of the binding modes of the docked ligands and the crystal 
structures, comparison of docking scores of the ligands in the different set-ups, enrichment 
of the ligands from a database of decoys and finally by predicting new ligands from the 
decoy database. In addition a high resolution crystal structure of CCP W191G in complex 
with 3-aminopyridine (3AP) was determined in order to resolve ambiguities in the binding 
mode of this ligand.  

1.2 Popular scientific abstract 

Potential drug candidates are commonly identified using docking programmes where a large 

database of compounds is docked to the active site of a target protein. The programmes 

calculate certain parameters to predict the best fitting compound. The parameters are 

complicated to get biologically accurate and thus development of the docking programmes 

is needed. To distinguish what parameters need to be altered, validations of the docking 

performance with simple, well ordered systems in context of a single aspect is the first step 

towards development. The predictive calculations of the contribution of structural water 

molecules (water molecules that mediate the binding of ligands to proteins by interacting 

with both entities) to ligand-binding in a model system is validated in the present study. CCP 

W191G and combinations of its four structural water molecules were used to build a set of 

receptors. Docking of known ligands and potentially binding compounds into these receptor 

set-ups made three validation methods of the docking programmes performance possible.   
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2 List of abbreviations 
3AP - 3-aminopyridine 
3HPY - 3-hydroxypyridine 
BTP - Bis-tris-propane  
CC - Cytochrome C 
CCP - Cytochrome C peroxidase 
DEAE - Diethylaminoethyl cellulose 
EDS - Electron density server 
EDTA - Ethylenediaminetetraacetic acid 
ESRF - European synchrotron radiation facility 
IPTG - Isopropyl β-D-1-thiogalactopyranoside  
ITC - Isothermal titration calorimetry 
KPi - Potassium phosphate 
MES - 2-(N)morpholino-ethanesulfonic acid 
MPD - 2-methyl-2,4-pentanediol 
RMSD - Root mean square difference 
Tris-HCl - Tris(hydroxymethyl)aminomethane-hydrochloride  
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3 Introduction 

3.1 Function and reaction pathway of cytochrome C peroxidase 
Cytochrome C peroxidase (CCP) from baker’s yeast (Saccharomyces cerevisiae) mitochondria 
catalyzes the extremely rapid (107 M-1 s-1) oxidation of cytochrome C (CC) by H2O2 (Wang 
1990) (Goodin 1991). The monomeric, 294 residue protein carries out this task by oxidizing 
its ferrous heme centre from Fe3+ to Fe4+=O (Wang 1990). This is accomplished by H2O2 
binding to the unoccupied axial coordination 
site, creating an oxyferryl center (Fe4+=O) 
(Goodin 1991). Thus far the reaction is similar 
to most other peroxidases, but CCP has a 
biologically rather unique manner of 
stabilizing the intermediate, charged state. 
Other peroxidases (e.g. horse radish 
peroxidase and ascorbate peroxidase) carry 
the second charge of this oxidative reaction 
on the porphyrin ring itself by creating a 
porphyrin π-cat ion radical (Goodin 1991) 
(Pipirou 2009). CCP on the other hand creates 
an indolyl radical cation on the adjacent 
Trp191 residue, by reversible oxidation 
(Figure 1) (Goodin 1991) (Miller 1995). When 
Trp191 is in the charged state, it is 
electrostatically stabilized primarily by the 
carboxylate group of Asp235 but also by the 
peptide carbonyl groups of His175 and 
Leu177.  
The reaction can be summarized as (Musah 1997): 

 𝐹𝑒3+ Trp +  H2O →  Fe4+O2− Trp •+ +  𝐻2𝑂                                     (1) 

The oxidative state of CCP is reduced in a three step reaction where the oxidated enzyme 
first takes up one electron from CC2+, then disposes of the oxyferryl, followed by uptake of 
an electron from another CC2+, thus regaining the starting condition of CCP with a net of two 
oxidized CC molecules. The reactions can be summarized as (Musah 1997): 

 𝐹𝑒4+𝑂2− 𝑇𝑟𝑝 •+ +  𝐶𝐶2+ →  𝐹𝑒4+𝑂2− 𝑇𝑟𝑝 +  𝐶𝐶3+                              (2) 

 𝐹𝑒4+𝑂2− 𝑇𝑟𝑝 +  2𝐻+  ⇄  𝐹𝑒3+ 𝑇𝑟𝑝 •+ +  𝐻2𝑂                                     (3) 

 𝐹𝑒3+ 𝑇𝑟𝑝 •+ +  𝐶𝐶2+ →  𝐹𝑒3+ 𝑇𝑟𝑝 +  𝐶𝐶3+                                      (4) 

The electron transfer pathway for the reaction has not yet been proven. It has been 
proposed to be carried out by a covalent electron transfer (ET) pathway. In protein 
chemistry, covalent ET pathways link the donor and acceptor of a redox reaction by 
covalently bonded, short backbone peptide stretches with minimal jumps across non-
covalent links, thus enhancing the transfer efficiency and rate. The proposed ET pathway of 
CCP consists of Trp191, Glu192, Ala193 and Ala194 (Hays 2009). A CC-CCP complex (Figure 2) 

Figure 1. Depicting the heme region of wt CCP from PDB 
ID 2PCB. The figure illustrates the radical charge carrying 
Trp191 and the three amino acids, His175, Leu177 and 
Asp235, which stabilize it in the charged state.  
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has been structurally characterized in which the methyl group of Ala194 is positioned within 
4.0 Å of the CC heme edge (Pelletier 1992) which supports this hypothesis.  

 
Figure 2. Depicting the CC-CCP complex and proposed covalent ET pathway from PDB ID 2PCB. Carbon atoms of CC are 
coloured green while carbon atoms of CCP are coloured grey. The carbon atoms of the proposed covalent ET pathway 
consisting of Trp191, Glu192, Ala193 and Ala194 as well as the CC heme residue are coloured purple.   

3.2 Mutagenesis study of CCP 
In 1994 Fitzgerald et al. (Fitzgerald 1994) mutated the previously mentioned Trp191 to Gly, 
thus creating a well-defined ~180 Å3 deeply buried cavity as seen in Figure 3.  
The mutation does not seem to hinder the first part of the native reaction with H2O2 

(equation (1)), creating a relatively stable intermediate oxyferryl centred state with a t½ ≈ 
400 s (Fitzgerald 1994). The radical that is carried by Trp191 in the wt reaction seems to be 
transferred to another residue, Tyr236 (Musah 1997). When attempts were undertaken to 
make the mutant oxidize CC, very little product was formed (Fitzgerald 1994).  

Figure 3. The cavity formed when Trp191 is mutated to Gly. Two views of the ~180 Å
3 

cavity depicted from PDB ID 1AC4. 
The left figure shows the inside of the cavity while the right figure shows the surrounding residues Asp235 and His175 as 
well as the channel leading to the outer surface of the protein. 



 Validation of docking performance in context of a structural water 
molecule-using model system 

 

10 
 

A few ligands were tried as substitutes for the mutated Trp but this did not restore activity 
(Fitzgerald 1994). The protein becomes destabilized when the cavity is introduced, Tm is 
decreased by 10oC for W191G compared to wt but binding of imidazole to the cavity 
increase stability to an intermediate level between W191G and wt (Fitzgerald 1994).  

3.2.1 Ligands of the cavity 

The cavity has been proven to, mainly, bind heterocyclic +1 charged compounds (preferably 
imidazole derivatives) but also more complex ring systems and non-charged compounds 
(Fitzgerald 1994) (Musah 1997) (Musah R.A 2002) (Brenk 2006) (Graves 2008). The ligands 
orient their charged groups towards Asp235 and their ring systems stack with His175 in a 
similar manner as the wt Trp191 side-chain is oriented (Figure 1) (Musah R.A 2002). In total, 
71 compounds have been screened and published as potential ligands of CCP W191G, 45 of 
which bound in the cavity and had their structure in complex with CCP determined and 
deposited in the Protein Data Bank (PDB) (Appendix A) (Fitzgerald 1994) (Musah 1997) 
(Musah R.A 2002) (Brenk 2006) (Graves 2008).  

3.2.2 Water molecules occupying the cavity 

When ligands are absent, five water 
molecules and one monovalent cation 
(most often K+ but sometimes Na+) 
occupy the cavity in an ordered fashion 
(Figure 4) (Musah R.A 2002). Forming 
hydrogen bonds with each other and 
the polar groups of the cavity walls, 
these water molecules occupy five 
rather distinct locations in the cavity. 
One of the water molecules (number 3 
in the present study but commonly 
referred to as 308 in other papers) is 
not introduced alongside the mutation 
but is also present in wt CCP (Figure 6) 
(Musah R.A 2002).  
 
On ligand binding, the ion is always 
displaced from the cavity, while some 
of the water molecules may stay. 
Superimposing the 45 published crystal 
structures of CCP W191G in complex 
with relevant ligands revealed that four 
distinct structural water molecule 
locations are possible when a ligand is 
present in the cavity (Figure 5). Three 
of these positions are identical to three of the positions held by waters when no ligand is 
present (Figure 6). Depending on the view point, the fourth position is either occupied by 
displacing one water molecule when the ligand enters the cavity or a new water molecule 
may enter the cavity together with the ligand to fill the position.  

Figure 4. The five water molecules and the monovalent cations 
locations in the apo-CCP W191G structure. The monovalent cation 
is depicted in purple and the water molecules are depicted in red. 
Water molecules and monovalent cations are extracted from the 
PDB IDs 1AA4, 1BEJ, 1CMQ, 1CMT, 1CMU and 1KXN. 
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The fact that the cavity is buried deep in 
the protein core and that the water 
molecules are ordered makes this mutant 
very interesting for studying water-
mediated protein-ligand interactions 
especially in the context of molecular 
docking. 

3.3 Docking 
In molecular docking, computer-stored 
databases comprised of vast amounts of 
compounds are docked to receptors to 
identify potential ligands based on 
predicted parameters such as polar and 

non-polar interactions, hydrophobic effect 
and receptor and ligand desolvation. 
When a compound is docked to a binding 
site, potential binding modes are 
generated using the six degrees of 
translational and rotational freedom of 
one entity related to the other, as well as 
the conformational degrees of freedom of 
the ligand and the protein (Leach 2006). 
The roughly 30 various docking 
programmes available today 
predominantly treat the ligand as flexible 
but the receptor as (more or less) rigid 
which is far from the biological truth 
(Leach 2006).  
 
This difficulty of predicting and scoring the 
above parameters and binding modes 
unambiguously generates false negative 
and positive scoring compounds as has 
been made obvious previously. One 
example being Warren et al. who docked 
1303 known ligands into 7 receptors using 
10 different docking programmes and 
compared the docking poses to the 
structurally determined binding modes. 
The result for the different algorithms 
performance ranged from 0 % to 90 % 
satisfyingly predicted docking modes 
(Warren 2006). Yet, the scoring functions 
of docking programmes such as DOCK 
(Lorber 1998) (Wei 2002) are generally 
more successful than random high 

Figure 5. Views of the superimposed structural water 
molecules of the 45 crystal structures containing CCP W191G 
in complex with relevant ligands. Three views are provided to 
give an understanding of the relative location of the four 
water molecules. 
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throughput screenings and molecular docking is thus commonly used in academia and 
industry for hit discovery. Nevertheless, the docking algorithms still need development and 
optimization to make sure no potential hit is discarded (Klebe 2006).  

3.3.1 Scoring functions 

Scoring functions, which predict the 
plausibility of a compound being a ligand, 
are divided into three main methods 
based on their characteristics (Leach 
2006): 
Knowledge based methods use the 
gathered information from previous 
binding studies in the form of statistical 
potentials from large sets of protein-
ligand complex structures to derive the 
scoring function. Force-field or physics 
based scoring methods attempt to 
approximately calculate the atomic 
interaction energies in the system using 
energy terms such as van der Waal 
energy, electrostatic energy or 
desolvation energy. Regression or 
empirical based methods use statistical 
binding data to construct equations for 
scoring functions but are somewhat 
biased since the published ligands most 

frequently have a good fit to their respective binding site and thus few negative interactions 
(such as steric clashes or same charge proximity) are included in the scoring function. 

3.3.2 Evaluation of docking performance 

To validate the docking programmes performance four assessments are generally used; 
prediction of binding modes, enrichment of ligands from decoys, correlation of affinity with 
docking score and predicting new ligands. 

3.3.2.1 Binding mode prediction 

The orientation predicted to be the most favourable for a certain known ligand can be 
compared to the actual crystallographically determined orientation by calculating the root 
mean square difference (RMSD) between the location of the ligands heavy atoms in the 
predicted and crystallographically determined binding mode. If the docking programme 
positions the ligand in the same manner in the receptor as in the crystal structure a low 
RMSD value will be obtained. Vice versa, if the ligand orientation differs in the predicted 
binding mode from the crystallographically determined binding mode a high RMSD value will 
be obtained and thus imply a bad fit. Typically, 2 Å is accepted as a good pose (Kramer 1999) 
but for smaller ligands 1 Å is a more realistic limit (Brenk 2006). 
 

Figure 6. Comparison between the locations of well ordered 
water molecules in apo-structures and with bound ligand in 
the cavity of CCP W191G. Apo-structure water molecules and 
monovalent cations are depicted as red stars respective purple 
stars. The four potential locations for water molecules when 
ligand is bound are depicted as green sticks. 
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3.3.2.2 Enrichment of ligands from decoys 

The enrichment plot is a common docking validation tool. The curve originates in a 
combination of two datasets, one small dataset of known actives and a larger dataset of 
inactives (decoys). All ligands in the datasets are docked into the binding site and the 
combined dataset is sorted by a mutual parameter (e.g. predicted score). Known actives are 
usually extracted from published data and characterize as “active” based on e.g. IC50 values, 
binding constants or inhibition constants. The decoy dataset is usually made up of a large 
database of potential ligands.  
 
The enrichment plot plots % dataset (X-axis) versus % known ligands (Y-axis) and can thus be 
interpreted by reading how much of the database one has to browse through to find a 
certain precentage of the known ligands. A random distribution would be a diagonal line 
from the origin to 100% by 100% indicating that the sought after, known ligands, are spread 
randomly throughout the dataset. If molecular docking is successful, enrichment better than 
random has to be achieved. Perfect enrichment, indicating excellent performance, is 
characterized by an initially very steep curve reaching close to 100% on the Y-axis as most of 
known actives will be found in the first part of the database. 

3.3.2.3 Correlating affinity with docking scores 

A third parameter which is commonly used to evaluate the performance of scoring functions 
is to correlate the predicted binding affinity with the experimentally determined binding 
affinity. For current scoring functions a correlation coefficient of R2 ≈ 0.6 is often found. 

3.3.2.4 Predicting new ligands 

The prediction of new ligands using docking and subsequently verifying if those predictions 
hold true using e.g. crystallographic and binding data is arguably the most stringent, but 
time consuming, docking performance validation technique. 
Different techniques can be used to browse the docked compounds to identify potential 
false positive or negative predictions. One method that can be used is a pharmacophore 
search. 

3.3.2.4.1 Pharmacophore search 

This search is based on the fact that a necessary but not sufficient condition for a compound 
to be a ligand is that the compound has certain features positioned in a specific spatial 
arrangement defined by the binding pocket. These may for instance be hydrogen bond 
donors and/or acceptors positioned to interact with the receptor in question or ring 
structures that stack with specific side-chains. The search parameters can be a rather 
intricate pattern if the binding pocket has many demanding features. To specify the 
pharmacophore a known ligand from a crystal structure can be used as a starting point. To 
define the spatial arrangement of the required feature corresponding atoms from the ligand 
can be picked and a tolerance is usually added around these points to allow for variance in 
hydrogen-bond distances and angles. The pharmacophore can for instance be used to filter 
docking poses for those that comply with the required features for further analysis.  

3.3.3 Structural water molecules 

One particular problem in molecular docking is the treatment of structural water molecules. 
Three different approaches are currently used: penalizing the presence of water molecules, 
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awarding rational placement of structural water molecules in an active site or cavity and no 
correction for water. 
 
The docking programme GOLD allows water molecules to be “switched on and off” with a 
penalty for enabled waters thus favouring water displacement by working with the first 
approach (Verdonk 2005). The FlexX programme leans toward the second approach by 
awarding interactions of the ligand with the water molecule and penalizing for vacant 
interaction sites at the water molecule (Kramer 1999) (Rarey 1999). In a recent extension to 
DOCK 3.5, interactions between a ligand and structural water molecules were scored in the 
same way as interactions with protein atoms (Huang 2008). No penalties to account for the 
entropically unfavourable fixation of water molecules in the active site were added.  
 
The performance of the developed scoring functions is mixed. Verdonk et al found no 
statistically significant improvements for binding mode predictions. The group did not 
undertake enrichment studies. (Verdonk 2005). The FlexX extension led to improvements in 
27.5% of the test cases, while 23% of them deteriorated. Again, enrichment was not 
evaluated (Rarey 1999). Huang et al. (Huang 2008) deduced that out of 24 screened 
potentially water mediated protein-ligand interaction targets (using 256 structural water 
configurations), water inclusion increased enrichment for 12 of the targets and left the other 
12 unaffected. Unlike the other groups, they did not evaluate the performance of their 
modified scoring function in respect of binding mode prediction. Taken together, it is clear, 
that more work in this area including proper validation studies are needed.  
 
To improve scoring functions, rather simple, controlled systems focusing on a single aspect 
are preferred to study the effects of, for instance, structural water molecules. As the cavity 
of CCP W191G is deeply buried and thus has little flux of water molecules, accompanied by 
the fact that the water molecules that actually occupy the cavity are well-ordered and 
specifically located, the system makes an excellent model for studying solvent interactions 
and their contribution to ligand binding.  

3.4 Parallel research using CCP W191G as a model system  
Prof. C. Sotriffer’s group in Würzburg, Germany, is working on molecular dynamics 
simulations with the goal to estimate the entropic and enthalpic contributions of the 
structural water molecules in CCP W191G to ligand binding affinity (Olano 2004) (Li 2003). 
The energy contributions derived from this study are intended to be added to the DOCK 3.5 
scoring function in order to improve the scoring. 
During molecular dynamics simulations using the CCP W191G complex with 3-aminopyridine 
(3AP) it was observed that the ligand moves away significantly from its position in the crystal 
structure and the question arose if this ligand can adopt a second binding mode. The 
resolution of the available complex is too low (2.10 Å) to answer this questions. There is 
therefore a need to determine the structure of this complex at higher resolution. 

3.5 Aims of the present study 
The main objective of this study is to investigate the performance of molecular docking in 
the context of structural water molecules using a simple model system. In particular, the 
following questions shall be addressed: 
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1) If the known ligands were docked into receptors where emphasis was laid on differences 
of the four structural water molecules, would the docking programme predict the same 
binding mode with the same water molecule(s) as found in the crystal structures for the 
ligands? Would the ligands also get a better score with the correct water molecule(s) 
(determined from the crystal structures) present than with any other water molecule(s)?  
2) How does the enrichment of ligands among a database of decoys change if structural 
water molecules are included? 
3) Is it possible to predict which water molecules new ligands will associate with? 
In addition, a high resolution structure of CCP W191G in complex with 3AP is to be 
determined in order to elucidate how many binding modes this ligand has. 
 
To tackle the first question, the binary value of presence or absence of the four potential 
water molecules was simulated during docking by creating different receptor set-ups 
containing none, sole or paired water molecules. Known ligands were docked into the 
different receptors and the best scoring binding mode for each ligand docked into each 
receptor set-up was saved. The binding mode was compared to that found in the crystal 
structure and it was investigated if the scoring function was able to identify the correct 
receptor set-up among the decoy structures. 
The second question was addressed by creating a large database of decoys with the 
potential to bind to the different receptor set-ups and by docking this database into each 
receptor. Enrichment plots were generated to evaluate the ability of the scoring function to 
identify known ligands mixed into the decoy database. 
To find potential ligands the same large database was searched using two techniques; 
pharmacophore search and differences in the scores between the different receptor set-ups, 
visual inspection of the hits was used to approve them for selection. Validation of the 
predicted and selected ligands was attempted by determining the binding mode of these 
compounds. 

4 Results 
As outlined above, the main focus of the present project was to evaluate the performance of 
molecule docking in the context of structural water molecules. The work can be divided into 
two different parts; retrospective studies with known ligands and prospective studies trying 
to predict new ligands together with associated water molecules. 

4.1 Retrospective studies 

4.1.1 Docking the known ligands 

4.1.1.1 Analysis of available water molecule combinations from crystal structures  

Superimposing the 45 crystal structures of CCP W191G in complex with relevant ligands 
(Appendix A) revealed four discrete locations of the structural water molecules (Figure 5).  
In 31 of the structures only one of the water molecules was present, one structure had no 
water molecules and nine structures contained two water molecules in the cavity (Appendix 
B). In the structures in which two water molecules were found in the cavity, one of the water 
molecules was always water molecule 3. In four complexes the occupancy of the ligands was 
below 100 % (in some unit cells the ligand is present in the cavity while in others it is absent 
and thus the apo-structure water molecules are present instead). Using the online tools of 
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the electron density server (EDS) (Kleywegt 2004), electron density maps were downloaded 
for these complexes to identify which waters interacted with the ligand and which were 
from the empty cavities. Comparing the occupancy of the water molecules and the ligand 
atoms combined with bond length plausibility solved the enigmas (Appendix B).  
 
Eight different receptor set-ups were created based on the actual water molecule 
combinations observed in the 45 crystal structures. 
 water 1(W1)   water 1&3(W13) 

water 2(W2)  water 2&3(W23) 
water 3(W3)  water 3&4(W34) 
water 4(W4)   no water(NW) 

The location of W1 was taken from PDB ID 2EUU and is there numbered 182, W2 was taken 
from PDB ID 2AS6 and is there numbered 1005, W3 and W4 were taken from PDB ID 1AEF 
and are there numbered 308 and 452.  

4.1.1.2 Receptor set-up preparations 

The crystal structure of PDB ID 1AC4 was used as scaffold to build the eight receptor set-ups. 
The receptor was stripped of hydrogens atoms, ligand and waters (except of those needed 
for the particular receptor set up). Positions of polar hydrogen atoms of the receptor and 
original ligand were minimized to create an appropriate hydrogen bond pattern in the cavity. 
Spheres for the ligand were created manually (Brenk 2006). DOCK 3.5.54 programme suite 
was used to generate grids and calculate solvmaps (Lorber 1998) (Wei 2002).  

4.1.1.3 Ligand preparations 

The 45 previously tested and published ligands in Appendix A were compiled into a 
database. The ligands were docked to all eight receptor set-ups using DOCK 3.5.54 (Lorber 
1998) (Wei 2002). The top scoring docking mode for each ligand in each receptor was stored. 
In the same way as in the Huang study (Huang 2008), the water molecules were considered 
as part of the receptor. Energetically, all water molecules were treated equally and no 
penalties to compensate for the entropically unfavourable fixation of water molecules in the 
binding sites or awards for interactions with the surrounding protein atoms were added. 
Interactions between the water molecules and ligand atoms were scored in the same way as 
interactions between ligand atoms and other receptor atoms. 
The orientations of the ligands in the crystal structure files were extracted and the water 
molecule(s) interacting with them were noted to be able to distinguish the correct set-up for 
each ligand. Docking a ligand into the correct receptor set-up, theoretically, should yield the 
best value (total score) from docking and the lowest RMSD-value since this should be the 
correct, energy-minimized set-up.  

4.1.2 Comparison between predicted and structurally determined binding modes 

To assess the performance of the docking, the docking score and the binding mode of the 

ligands in the different receptors were compared. This was done using two values; total 

score and RMSD value. 

4.1.2.1 Total score 

For each ligand a unique score with each receptor set-up is generated by combining the 
calculated values for electrostatic interactions, van der Waal interactions and desolvation 
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energies. The set-up with the most favourable interaction pattern for each ligand can thus 
be determined by comparison of the total score. 

4.1.2.2 Binding mode 

The other value used for the assessment was the RMSD between the positions of the heavy 
atoms in the predicted and crystallographically determined binding modes. The way a 
certain ligand was positioned (one for each of the eight different receptor set-ups) was thus 
compared to the orientation in the crystal structure.  

4.1.2.3 Confirming the correct set-up 

When analysing the data from the comparison, it could for some ligands be suspected that a 
water molecule was missing. This was because the values looked better for another receptor 
set-up than for the one the crystal structure of that ligand postulated. Again the electron 
density maps of the EDS were used to study the suspicious structures. Some of the 
structures indeed proved to have unfulfilled electron density in the cavity corresponding to 
the sought after water molecules while some others did not. This action resulted in there no 
longer being any ligands whose correct set-up was W1, W2, W4 or NW thus, in essence, 
making them void. But for reasons discussed further in the Discussion part of this paper, 
these set-ups were retained in this study.  

4.1.2.4 Interpreting comparison results 

In Appendix B, the names of the ligands (including their PDB ID) are set versus the eight 
different receptor set-ups. Green background colour of the data in the table denotes the 
best value for total score in each row (i.e. for each ligand) or an RMSD value lower than 1 Å 
(indicating a correct binding mode). Total scores not more than 2 units larger than the top 
score were considered being “in the same range” as the top score and were coloured yellow.  
Counting the coloured cells for only the correct set-up for each ligand, 17 total score cells are 
green, 19 are yellow and one cell has a larger value than 0 and is thus considered a fail.  
This preponderance of good values, where 36 out of the 45 ligands score well with the 
correct water molecule, is very interesting and promising.  
The RMSD values on the other hand are not as bright. When looking only at the correct set-
ups for each ligand, 25 RMSD cells are green and have the correct binding mode, but a 
massive 20 fails. Thus almost half of the ligands are oriented the wrong way by the docking 
programme. 
 
The second column of the table shows the correct set-up for each ligand derived from the 
crystal structures (and in some cases with the help of their electron density maps). The cells 
in this column also hold information on the identification numbers of the interacting waters 
in the crystal structure. Green background implies that docking of that particular ligand 
results not only in a correct binding mode but also a better total score with the correct set-
up than with any other set-up. A yellow background means that the binding mode is correct 
with the correct set-up but some other set-up than the correct one scores better, though the 
correct set-up scores “in the same range” (ranges above) as the top scoring set-up. Red 
background indicates that at least one of the two values is a fail (i.e. >0 for total score or >1 
Å for RMSD values) with the correct set-up.  
When both values are taken into account (summing up the second column), only 11 of the 
ligands are green denoting correct binding mode and better values with the correct set-up 
than with any other. 11 values are yellow thus not yielding the best total score but it is “in 
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the same range” as the best total score and the binding mode is correct and the same 20 
ligands as before are still fails.  
 
Since set-ups NW, W1, W2 and W4 turned out to be unrepresented with any of the known 
ligands, Appendix B was modified by deleting the results from the docking into these set-ups 
to analyze if this made any changes to the final result. If large changes would appear this 
would serve as proof of the docking algorithm being unable to distinguish between factual 
set-ups and decoy set-ups. The diminished dataset (not shown) was reanalysed. As it turned 
out, no large changes from the results presented above were detected. 20 total scores are 
better with the correct set-up than any other set-up, 17 have total scores for the correct set-
up scoring “in the same range” as the top scoring set-up and 1 fail is detected. 25 ligands still 
have the correct binding mode with the correct set-up and the same 20 are still fails. When 
both values were considered 11 have the correct binding mode and the best total score with 
the correct set-up, 12 have the correct binding mode and score “in the same range” as the 
top scoring set-up with its correct set-up and 20 have failed values on one or both accounts. 
A summary of the comparison of docking scores and modes using all set-ups and the 
reduced dataset is presented below as Table I. 

Table I. Summary of comparison of docking scores and modes. Figures denote the number of ligands in that particular 
category and values in brackets denote the percentage that figure constitutes of the total amount (45) of ligands. 

  With aspect 
of total score 

With aspect of 
RMSD values 

With aspect of 
both values 

Using all set-ups Scoring better with the correct set-up than 
any other / Correct binding mode 

17 (38%) 25 (56%) 11 (24%) 

The correct set-up scoring “in the same 
range” as the top scoring set-up 

19 (42%) N/A 11 (24%) 

Failed docking 1 (2%) 20 (44%) 20 (44%) 
     
Using only set-ups 
represented in 
crystal structures 

Scoring better with the correct set-up than 
any other / Correct binding mode 

20 (44%) 25 (56%) 11 (24%) 

The correct set-up scoring “in the same 
range” as the top scoring set-up 

17 (38%) N/A 12 (27%) 

Failed docking 1 (2%) 20 (44%) 20 (44%) 

4.1.3 Enrichment of ligands among a database of decoys 
To further validate the performance of the docking results another assessment was carried 
out. Enrichment plots were constructed for every one of the eight receptor set-ups using the 
docked 45 ligands as known actives and a database of potential ligands as decoys. 
In order to assemble the decoy database a database containing 2.2 million commercially 
available compounds (Brenk R 2008) was queried on parameters fitting well with CCP 
W191G’s demands on ligands (i.e. less than or equal to 15 heavy atoms, less than or equal to 
3 rotatable bonds and consisting of one ring system which may be fused to one other ring 
system). The compounds were protonated at pH 5±2 and for all compounds with a charge of 
+1 stereoisomers and tautomers of the compounds were added to the database which 
finally consisted of ~34.000 compounds (of which ~11.000 were unique compounds). The 
database was docked to all receptor set-ups and the top scoring binding mode for each 
compound in each set-up was stored. In order to have a more stringent decoy database in 
addition all binding modes which obtained a positive van der Waal scores were rejected.  
  
All plots are shown in Appendix C. The Top Scoring curve is calculated by using the highest 
total score for each ligand and decoy.  The enrichment for the receptor set-ups W1 and W13 
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is close to random while for the remaining set-ups about 50 % of the ligands are found in the 
top 15-25 % of the database.  No improvement of the best set-ups (W3 and NW) is achieved 
by using the combined top scores (i.e. the Top Scoring curve). The presence or absence of 
W3 has no influence on enrichment (i.e. NW≈W3, W1≈W13, W2≈W23 and W4≈W34) 

4.2 Prospective study 

4.2.1 A search for novel, water molecule specific, ligands 

Step two in the docking project was to predict new ligands based on the seven receptor set-
ups containing water molecules and the database of potential ligands prepared for the 
enrichment plots and ROC curves. Potential ligands were searched among the docked 
compounds in two different ways; pharmacophore search and a search for differences in the 
scores between the different receptor set-ups, all hits were approved by visual inspection.  

4.2.1.1 Pharmacophore search 

In order to identify compounds that form hydrogen bonds with the water molecules in 
question in the predicted binding modes, a pharmacophore search was conducted as 
described below and depicted in Figure 7. Four searches were conducted, one for each water 
molecule, and this resulted in a few hundred hits. The hits were visually inspected to identify 
compounds with the following features: +1 charged, preferably able to form a hydrogen 
bond to the carboxyl group of Asp235, no carboxyl group, preferably not chiral and a pKa of 
>5 to ensure protonation of the ligand in the binding assay. Finally five compounds were 
selected for purchase, cyclohexaneamine and furfurlyamine predicted to interact with W2 
and 3-hydroxy-2-methylpyridine, 3-chloro-4-aminopyridine and 3-hydroxypyridine predicted 
to interact with W4 (Figure 8).  

4.2.1.2 Differences in total scores between the different receptor set-ups 

An alternative approach to identify potential ligands with explicit gain from certain water 
molecules presence was implemented to supplement the pharmacophore search. The 
docking hit lists were analyzed to identify compounds that scored better with a single set-up 
than with any other. The eight total scores (one for each set-up) for each compound were 
compared and if the value was at least eight units better for a compound in a certain set-up 
than any other set-up, the compound was saved for visual inspection according to the 
parameters given above. In total, ~50 interesting compounds were identified but after visual 
inspection no compound could fulfil all the demands.  
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Figure 7. Visualization of the four pharmacophore searches. A pharmacophore (blue spheres) was specified for each 
receptor set-up. A ligand atom that forms a hydrogen bond to the water molecule (green) in question was used to define a 
hydrogen-bond donor feature and tolerance of 0.5 Å was added to this feature to allow for variability in hydrogen bond 
length and angle. Purple ligands are taken from PDB ID 2EUU, 2AS6 (top row) and 1AEF (bottom row).  
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4.2.1.3 Complications with W1 

It was not possible to find any potential 
ligands for W1 using any of the two 
automated techniques described above. This 
problem was solved by visual inspection of 
the top scoring W1 docked compounds 

Figure 8. Docking modes of predicted ligands from 
pharmacophore search. Water molecules are colored green 
and ligands purple, Asp235 is denoted as it is assumed to 
form a key interaction with the ligand. The top two ligands 
are predicted to interact with W2 as well as fulfilling the 
demanded features. The ligands IUPAC-names are 
cyclohexaneamine and furfurylamine. The bottom three 
figures depict the compounds predicted to interact with W4, 
3-hydroxy-2-methylpyridine, 3-chloro-4-aminopyridine and 
3-hydroxypyridine.  
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according to the criteria stated above. This way, two potential W1 ligands were selected for 
purchase; 2-aminoimidazole and 4,5-dihydro-1H-imidazole-2-ylamine with the predicted 
docking modes shown in Figure 9. 

 
Figure 9. The two compounds predicted to interact with W1 selected by visual inspection. Water molecules are coloured 
green and ligands purple, Asp235 is denoted as it is a vital part of the demanded features of compounds to facilitate 
binding. The left ligand is 2-aminoimidazole and the right one is 4,5-dihydro-1H-imidazole-2-ylamine. 

4.2.2 Validating predictions 

4.2.2.1 Structural determination to validate predictions 

In order to determine if the identified compounds bind to CCP W191G and if so, with which 
binding mode and with which water molecule, it was intended to determine the structure of 
the complexes. CCP W191G was thus purified as described below (Fitzgerald 1994) and by 
following this protocol pure protein was obtained (Figure 10).   
Unfortunately crystallisation of pure protein fractions proved non-reproducible for unknown 
reasons. Two crystals were obtained out of ~400 trials in which drop conditions and protein 
concentrations were varied.  
One of the crystals were soaked in a ligand solution of 3-aminopyridine (3AP) (to support the 
molecular dynamics simulations described above) as described below and frozen for later 
dispatch to the European Synchrotron Radiation Facility (ESRF), Grenoble, France. Since none 
of the potential ligands had arrived at the time of the two crystals forming, the other crystal 
was frozen with the intention of getting an apo-structure. When no more crystals had 
formed and samples needed to be dispatched to the ESRF, the apo-crystal was defrosted, 
briefly soaked in ligand solution of 3-hydroxypyridine (3HPY) (selected to interact with W4) 
and quickly frozen again since the crystal immediately started to disintegrate. 
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Figure 10. Gels from electrophoresis experiments. Gels visualizing the purification progress of the protein samples. The left 
gel shows lysed bacterial cells prior to and post addition of IPTG (which induces protein expression) and have the following 
lanes: 1) cells grown in terrific broth (TB) pre IPTG. 2) cells grown in super broth (SB) pre IPTG. 3) ladder. 4) cells grown at 
22

o
C in TB for 20 hours after IPTG induction. 5) cells grown at 37

o
C in SB for 20 hours after IPTG induction. 6) cells grown at 

37
o
C in TB for 20 hours after IPTG induction. 5) cells grown at 22

o
C in SB for 20 hours after IPTG induction. The molecular 

weight of CCP W191G is 34kDa. A band with this size is present after addition of IPTG but absent before the induction. The 
right figure shows three steps during purification. Lane 1) sample pre loading onto gel-filtration column. 2) sample pre 
loading onto gel-filtration column diluted 2x. 3) sample pre heme reconstitution 4) sample pre heme reconstitution diluted 
2x. 5) ladder. 6) sample pre crystallization by dialyzation. 7) sample pre crystallization by dialyzation diluted 2x.  

An incomplete dataset of the damaged crystal was collected at the ESRF and preliminary 
refined to a resolution of 2.10 Å (Table II). Analysing the difference electron density map 
with COOT (Emsley 2004) revealed that electron density for some side chains and backbone 
regions is missing. At other locations unexplainable electron density is present, such as 
around Gly 191 and in the cavity. There is clearly difference electron density in the binding 
site which does not fit to the apo-structure indicating that a ligand is bound (Figure 11). The 
density is large enough to fit the ligand but it does not entirely fit to the flat structure of 
3HPY. There is clearly electron density for a water molecule which corresponds to the 
position of W4.  

Table II. Table containing data from structural determination of CCP W191G in complex with 3-hydroxypyridine. 

Parameter Data collection 

Space Group P212121 

Unit Cell Dimensions (Å) a=50.614, b=70.412, c=102.604, α=β=γ=90 

Resolution Range (Å) 30.0-2.10 

Observations 62298 

Unique Observations 36930 

Redundancy 1.7 

Completeness (%) 85.5 

I/σI 134.4 (1.5) 

Rmerge (%) 7.5 (39.4) 

 Refinement Statistics 

Resolution Range 30-2.10 

R-value % (Rwork/Rfree) 20.3/27.9 

Number of Atomsa 2338/43/7/210 

Mean B-factora (Å2) 34.7/29.7/58.3/42.3 

RMS bond length deviation (Å) 0.020 
RMS bond angle deviation (o) 1.752 
a
=Protein/Heme/3HPY/Water   Values in brackets are for highest resolution shell (2.18-2.10 Å)  
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Figure 11. Omit maps of 3-hydroxypyridine in complex with CCP W191G. Two views of the ligand (purple) showing the 
doubtful fit of the electron density. The correctly predicted water molecule is denoted in green. The unexplained electron 
density around Gly191 is also presented. 

4.3 High resolution structure of CCP W191G in complex with 3-
aminopyridine 
The previously mentioned collaboration partner in Würzburg, Germany, required a high 
resolution structure of CCP W191G in complex with 3-aminopyridine (3AP) to facilitate their 
work. CCP W191G was thus purified, crystallized and soaked in ligand solution as described 
below. A dataset with a resolution of 1.25 Å was collected at the ESRF and refined (Table III). 
The difference electron density map clearly shows that the ligand, W4, and W3 are present 
in the binding site and that the ligand adopts only one defined binding mode (Figure 12). 

Table III. Table containing data from structural determination of CCP W191G in complex with 3-aminopyridine.  

Parameter Data collection 

Space Group P212121 

Unit Cell Dimensions (Å) a=50.853, b=75.362, c=106.884, α=β=γ=90.0 

Resolution Range (Å) 30.0-1.25 
Observations 417457 
Unique Observations 113329 
Redundancy 3.7 
Completeness (%) 99.2 
I/σI 42.3(4.5) 
Rmerge (%) 3.2 (18.5) 

 Refinement Statistics 

Resolution Range 30.0-1.25 
R-value % (Rwork/Rfree) 14.9/16.4 
Number of Atomsa 2423/43/7/507 
Mean B-factora (Å2) 14.31/11.41/13.72/30.89 
RMS bond length deviation (Å) 0.008 
RMS bond angle deviation (o) 1.181 
a
=Protein/Heme/3AP/Water  Values in brackets are for highest resolution shell (1.29-1.25 Å). 
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5 Discussion 
The present study is motivated by the 
difficulty of accurately predicting the 
contributions of structural water 
molecules to ligand binding affinity. 
Unlike ever-present amino acids, 
structural water molecules can either be 
displaced upon ligand binding, be used 
for interactions in ligand binding or only 
appear upon ligand binding (Ladbury 
1996). Validating docking performance 
by specifically concentrating on a model 
system which contains structural water 
molecules in a deeply buried pocket 
may cast some light on the matter. The 
outcome of this study will help to guide 

the future development work in this 
area. 

5.1 Retrospective studies 
Eight receptor set-ups were prepared because when analysing the crystal structures, these 
eight were all represented. After docking the known ligands and subsequently verifying the 
correct set-up for some ligands that were suspected to have too few water molecules 
reported in their crystal structure, it was clear that there were no single water molecule 
binding ligands, unless the water in question was W3. This, in essence, made NW, W1, W2 
and W4 decoy set-ups. Since the docking algorithm and scoring function should be able to 
distinguish between a single water molecule set-up and its double counterpart by scoring 
them differently (especially if one of them was a decoy set-up), keeping all eight set-ups 
served as an additional parameter by which docking performance could be validated. In 
addition, the fact that there are no single water molecule set-ups (apart from W3) 
represented in published structures to date does not prove they do not exist. Combining 
these two arguments resulted in the redundant set-ups being retained. 
 
The four water molecules have somewhat different characteristics and could thus be 
predicted to act in different ways. W3 is, as stated earlier, the deepest buried of the four 
water molecules and always present, in wt CCP, apo-CCP W191G as well as with ligand 
bound. It is out of reach for smaller ligands and thus cannot form interactions with them, but 
it is on the other hand not a steric hindrance for binding either. From analyzing the crystal 
structures with respect to hydrogen bond ability it was estimated that only 10 of the 45 
ligands actually interact directly with W3. Whether or not W3 is interacting with the ligand, it 
is hydrogen bonding with the backbone and side-chains of the residues surrounding it. These 
interactions probably stabilize the protein and W3 may thus indirectly facilitate ligand-
binding by creating a favourable binding environment. This hypothesis is supported in 
Appendix B where the total scores for ligands docked into set-up W3 are better than set-up 
NW in 35 out of the 45 cases. But since the docking software is not able to account for 
protein stabilization or indirect ligand-binding facilitation, the exceptional total scores of W3 

Figure 12. Omit map of 3AP in the cavity of CCP W191G at a 
resolution of 1.25 Å.
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must be derived from calculations included in the scoring function. Electrostatic interactions 
calculated by the docking programme, are, unlike hydrogen-bonds, long range interactions, 
and are therefore probably the reason for the higher values. The constant presence of W3 is 
the reason why no potential ligands for that particular set-up were selected for purchase. 
The other water molecules are more interesting for predictions since they are absent in most 
cases. 
 
W1 is the opposite of W3, out of the four water molecules investigated it is positioned most 
centrally in the pocket, thereby restricting the space available for ligand binding. This is 
supported by the enrichment plots which are close to random for the set-ups W13 and W3, 
the difficulty  of finding new ligands with any of the two methods used in this study and the 
actual number of known ligands interacting with this water (only three of the 45 known 
ligands interact with W13). 
W2 is, as shown earlier (Figure 6), not present in the apo-structure of CCP W191G but its 
position is occupied in the presence of certain ligands. This should make W2 behave in a 
somewhat different manner compared to the other three water molecules (from an energy 
perspective) since a water molecule has to be moved to occupy the location. Nine ligands in 
Appendix B generate the best total score or “in the same range” as the best total score as 
well as correct binding mode when docked to W23 but, even when electron density maps 
were analyzed, the position for W2 is not occupied. This supports the hypothesis that 
fixating W2 in the binding site is energetically unfavourable. If a penalty for W2 had been 
added to the scoring function the correct set-up may have been the top scoring one.  The 
molecular dynamics simulations should generate data on the exact penalties to be added for 
each water molecule and thus hopefully improve the docking.  
The reason why W2 is not present in the apo-structure is most likely because the location of 
W2 is too close to W4. It is impossible to occupy both locations simultaneously and as W2 
seems to be energetically unfavorable, W4 is first choice. But why W2 is more common 
when ligands are bound and W4 is more common in apo-structures is open for discussion. 
Three of the 45 known ligands interact with W4 while 11 interact with W2. W2 is not quite 
as deeply buried as W3 but further from the center of the cavity than W1 and W4. 
Perchance the (compared to the other water molecules) relatively close proximity of the 
surface of the protein is the key. W2 is viz the water molecule closest to the channel through 
which flux between the surface and the core of the protein passes, thus the ligand may bring 
water molecules on the way into the cavity, occupying W2. Alternatively, W4 may have a 
better location to form hydrogen bond networks in the apo-structure and thus it is preferred 
in that situation.  

5.1.1 Docking scores and modes validation 

The colour coding of the cells in Appendix B are easily interpreted visualizations of the 
results that answers the questions on validation of the docking scores and modes of the 
known ligands. The cut-off values used to interpret the results (i.e. RMSD values of > 1.0 Å 
and total scores of > 0.0 considered fails and scores “in the same range” being < 2 units 
larger than top total score) were chosen since a ligand with a positive total score does most 
probably have a positive van der Waal score or steric clashes with the receptor and binding 
poses with RMSD value of >1.0 Å compared to the crystallographically determined pose will 
very likely form different hydrogen-bond patterns than the ones present in the crystal 
structure (Brenk 2006). Concerning the “in the same range” values, it was considered 
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necessary to show that the best total score is in most cases by no means an extreme value, 
vastly separated from the rest, but most of the ligands score well in several set-ups. To 
illustrate this, 31 of the ligands score “in the same range” as the top total score in 48 cases. 
 
The scoring function was able to identify the correct set-up among the decoy set-ups in most 
of the cases (80% of the ligands score perfect or “in the same range” as perfect with the 
correct set-up). However, the scoring function does not perform well for the right reasons 
since 44 % of the ligands are predicted in an incorrect binding mode. Only in 24% of the 
cases did the scoring function identify the correct receptor set-up and predict the correct 
binding mode. The docking studies in this paper were done using DOCK 3.5 since there is a 
respectable knowledge base on that programme suite possessed by the group this study was 
performed in. In addition, DOCK uses a physics based scoring function which can easily be 
altered by adding more sophisticated energy terms (Wei 2002), for example derived from 
molecular dynamics simulations.  DOCK however, only saves the top scoring binding mode 
for each ligand in each receptor set-up. These are tough conditions as the correct binding 
mode for the 20 ligands with failed RMSD values in Appendix B may be ranked 2 or 3 and are 
thus discarded. 

5.1.2 Enriching ligands among a database of decoys 

The enrichment plots of Appendix C illustrate the ability of the docking programme to 
identify known actives from a database of decoys. The curves for W1 and W13 are close to 
randomly distributed as they form an almost diagonal curve. This is, as explained above, on 
account of the steric obstruction W1 exercise on the cavity. W4 and W34 on the other hand 
could not be distinguished as less favourable set-ups than W2 and W23 as the curves are 
almost identical. But W34 is just as uncommon as W13 (both set-ups are represented three 
times in the 45 crystal structures). In these curves (W4, W34, W2 and W23) ~50 % of the 
known actives are found in the first 15-25 % of the total database.  
 
The W3 and NW set-ups perform by far the best by finding ~50 % of the known actives in the 
first 10% of the dataset. The similarity between the W3 and NW curves is explained by, as 
argued above, W3 being deeply enough buried to, regularly, not interact with the ligands at 
all and thus, in effect generate the same environment for the ligand as the NW set-up (even 
though it does seem to take part in electrostatic interactions with ligands). Since W3 is the 
most common set-up and that it, in addition, scores well with most ligands (W3 is top 
scoring in 23 cases and “in the same range” as the top scoring in 15 cases) even though they 
may be oriented in the wrong manner (20 ligands have the failed values on RMSD for W3) 
say something about the promiscuousity of the unhindered cavity. 
The Top Scoring curve, expected to generate a better fitting curve than any of the others 
since it takes the best part of each one is in essence identical to the NW and W3 curves. 
Since W3 and NW are the best scoring set-ups, the Top Score curve is calculated almost 
solely from docking scores from NW and W3 (out of the 2331 decoys building the Top Score 
curve, W3 generated the score for 1685 of them while NW generated the score for 535). It is 
thus not very surprising that the Top Scoring curve does not stand out as expected. The 
reason for this curves similarity may thus be the promiscuousity of the unobscured cavity to 
accommodate a wider range of ligands in higher numbers of potential docking modes than 
the obstructed cavities of W1, W2, W4 and their corresponding double water molecule set-
ups. 
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5.2 Prospective studies 
The issue of predicting new, unknown ligands and their corresponding water molecules was 
addressed by selecting potential ligands predicted by database search. It was intended to 
validate the results using X-ray crystallography but for unexplained reasons it turned out to 
be difficult to obtain crystals of CCP W191G. Due to a lack of time a binding assay could not 
be carried out. However, for one ligand a crystal structure could be obtained and despite 
problems with refinement, it is obvious from the omit map (Figure 11) that electron density 
to accommodate the predicted water molecule, and potentially the ligand in the cavity, is 
present. This is indeed promising for the predictive study’s results. A future recommendation 
is to continue the attempts to crystallize the protein with the predicted ligands to validate if 
they bind in the expected manner.   

5.2.1 Predicting new ligands 

Acceptors were not used for the pharmacophore search to supplement the donor search as 
all water molecule-interacting ligand-atoms were donors and thus the water molecules were 
oriented to be acceptors when preparing the receptor set-ups. Reasons why no W3 ligands 
were selected from the pharmacophore or exceptional total score-search have already been 
addressed above.  
The search for exceptional differences in total scores for the different receptors should 
theoretically generate better results than it did. Though, the cut-off value of eight units 
might in retrospect have been a bit too large as it is known (from figures stated above) that 
ligands score similarly in several set-ups. One recommendation for the future could thus be 
to decrease the cut-off and thereby generate more hits to visually inspect. In addition, if a 
ligand is benefitted by interacting with a certain water molecule, the advantage might still be 
valid when the ligand is docked to the double water molecule set-up containing that water 
molecule (since W3 is deeply buried, ever-present and may perchance not interact at all with 
the ligand). The high total score should thus be retained and that ligand would not show up 
as interesting (i.e. since it scores well with both its single and respective double water 
molecule set-up it is not singled out by scoring more than eight units better than any other 
receptor). A future prospect may be to rerun the search, this time omitting the W1, W2 and 
W4 set-ups to verify if any changes to the result can be detected. 

6 Recommendations 
The work carried out in this study is not finished and is halted at this point only because of 
the time limit for the project being at its end. To properly finish this particular chapter of 
structural water molecule contribution to docking performance, some more results must be 
obtained. 
A validation of the new predicted water and ligand combinations must self-evidently be 
made. This is thought to be most appropriately conducted by a combination of X-ray 
crystallography and measuring binding affinities. High resolution crystal structures, like the 
one with 3AP presented in the present study could, in a very convincing way, prove the 
presence or absence of the predicted water molecules together with the binding mode of 
the ligands. Binding affinities of the ligands to the receptor should be determined, especially 
for ligands for which no crystal structure can be obtained.  
When the collaborators in Würzburg finish their molecular modelling, the derived energy 
terms could be added to the scoring function, the new scoring function could subsequently 
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be validated with the same test sets and methods as applied in this study and the results 
could be directly compared.  
If the predicted ligands for some reason do not generate sufficient data to interpret the 
results from the predictions and thus more ligand predictions are necessary, the exceptional 
total score-script created for, and used in, the present study could be re-run. In that case, 
the W1, W2 and W4 set-ups should be left out since they may score very similar to their 
corresponding double water molecule set-ups. Also trying smaller cut-off values than eight 
units may be attempted since it is clear that several ligands score well with several set-ups 
and the differences may thus not be as large as initially believed.  

7 Conclusions 
CCP W191G contains a cavity which holds defined, deeply buried structural water molecules. 
The four distinct locations can be occupied or unoccupied depending on the ligand bound in 
the cavity. 45 previously known ligands were docked into the cavity to validate the 
performance of the docking algorithm and scoring function. The validation was performed 
by comparing binding modes generated by molecular docking and revealed by X-ray 
crystallography, by evaluating the ability to identify the correct receptor set-up among decoy 
set-ups and to enrich ligands from a database of decoys and finally by predicting new ligands 
from the decoy database. Overall, the binding mode comparison is the most striking result 
since it shows that 44 % of the known ligands were docked in the wrong orientation showing 
that the docking algorithm and scoring function awards incorrect orientations higher than 
correct ones. In addition, the enrichment plots calculated from the docking scores highlight 
that the cavity is rather promiscuous when unobstructed by water molecules and no 
improvements (but also no change for the worse) are observed when different receptor set-
ups are considered simultaneously. This underlines clearly the need for better scoring 
methods to consider structural water molecules. 
In addition, a high resolution crystal structure of CCP W191G in complex with 3-
aminopyridine was determined to 1.25 Å resolution. In this structure only one binding mode 
of the ligand is present which points out that the molecular dynamics simulations performed 
with this ligand present in the binding site do not reflect the experimental results. 

8 Materials & Methods 

8.1 Docking studies 

8.1.1 Preparations 

8.1.1.1 Receptor set-up preparations 

All docking set-ups originated from the 1AC4 PDB file but water molecule locations were 
extracted from 2EUU (W1), 2AS6 (W2) and 1AEF (W3 and W4). The positions of polar 
hydrogen atoms in the receptor were minimized using the MAB force fields as implemented 
in Moloc (Gerber molecular design, Switzerland) with the ligand and the interacting water 
molecule(s) present in the cavity to create a hydrogen bond pattern that is optimised for 
ligand binding. The spheres which act as matching points during ligand placement were 
created manually while the generation of grids and calculations of solvmaps were done as 
described previously (Brenk 2006).  
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8.1.1.2 Ligand preparations 

Protonation-states of the known 45 ligands were calculated using in house scripts whereby 
ligands containing basic groups with an estimated pKa of 5±2, both charged and neutral 
forms were stored. A format suitable for docking was generated by using the following tools:  
Corina (Molecular Networks, Germany), which creates 3D conformations of the ligands, 
Omega (Openeye, USA), which samples low energy conformers and AMSOL 
(http://comp.chem.umn.edu/amsol), which calculates partial atomic charges and 
desolvation energies for the transfer from high dielectric media (i.e. water) to low dielectric 
media (i.e. cyclohexan). The final compound representations were stored in the flexibase 
format (Lorber 1998). 

8.1.1.3 Docking and visualisation 

Ligands were docked into the eight receptor set-ups using DOCK 3.5.54 (Lorber 1998) (Wei 
2002) using the same parameters as in (Brenk 2006). Only the top scoring docking mode was 
stored for each ligand. Generated binding modes with their docking scores were visualized 
and analyzed using Sybyl (Tripos, USA) 

8.1.1.4 RMSD calculations 

To extract the ligands from the 45 PDB deposited structures, an online utility called Relibase 
(Hendlich 2003) was used. Relibase contains all PDB deposited structures and has the ability 
to superimpose chosen entries and to store them as mol2 files. Relibase was searched for 
binding sites with a sequence similarity of at least 95 % to the cavity of PDB ID 1AC4, 
structures with valid ligands were selected and superimposed on the crystal structure of 
1AC4 and the alignment was stored as a multimol2 file. Pipeline Pilot (Accelrys software inc., 
USA) was used to filter the ligands from the superimposed multimol2 file to create a ligand 
database. To be able to correlate and match the heavy atoms of each ligands crystal 
structure to the predicted structure, the database was converted to the smarts format using 
an in-house python script based on OpenEye’s OEToolkit (Openeye, USA). Finally another in-
house script calculated the RMSD between the heavy atoms and created an output file 
listing the RMSD and docking score for each ligand. 

8.1.2 Validations  

8.1.2.1 Binding mode and docking score comparison 

Lists with RMSD data and docking scores for each ligand docked into each receptor were 
compiled and analyzed using Excel (Microsoft, USA) (Appendix B). 

8.1.2.2 Database preparations 

New, potential ligands were identified by querying the in-house database of 2.2 million 
commercially available compounds (Brenk R 2008). An initial query to find ligands with less 
than or equal to 15 heavy atoms, less than or equal to 3 rotatable bonds and consisting of 
one ring system which may be fused to one other ring system, yielded ~57.000 hits. Since +1 
charged ligands have a higher probability of binding than other charged states, the hits were 
protonated at pH 5±2 and the compounds which, within this range, had a +1 charge were 
filtered out. Stereoisomers and tautomers of the hits were enumerated and added to the list 
and thus the initial database consisted of ~34.000 ligands (of which ~11.000 were unique 
compounds, the rest being stereoisomers, protonation states and tautomers of these). 
Docking this database to the eight set-ups was done in the same manner as described above.  

http://comp.chem.umn.edu/amsol
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8.1.2.3 Enrichment plots  

The docking scores were validated using enrichment plots calculated in Excel. The known 
ligands were used as actives and the database of new potential ligands was used as decoys. 
Compounds in the database with positive van der Waal interaction scores after docking were 
discarded from the database before merging the two datasets. This left only the best scoring 
compounds to be validated with the known ligands, thus increasing the level of difficulty. 
Datasets of the docked, known ligands and the docked and van der Waal score filtered, 
potential ligands were merged and ranked by total score. 
Enrichment plots were calculated comprising % database as X-axis and % known ligands as Y-
axis. 

% 𝑑𝑎𝑡𝑎𝑏𝑎𝑠𝑒 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑔𝑎𝑛𝑑𝑠 𝑏𝑟𝑜𝑤𝑠𝑒𝑑

(𝑎𝑐𝑡𝑖𝑣𝑒𝑠 + 𝑑𝑒𝑐𝑜𝑦𝑠)
                                           (5) 

% 𝑘𝑛𝑜𝑤𝑛 𝑙𝑖𝑔𝑎𝑛𝑑𝑠 =
𝑎𝑐𝑡𝑖𝑣𝑒𝑠 (𝑘𝑛𝑜𝑤𝑛 𝑙𝑖𝑔𝑎𝑛𝑑𝑠)𝑓𝑜𝑢𝑛𝑑

𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒𝑠
                                   (6) 

8.1.3 Identifying potential ligands 

To identify water molecule interacting ligands two approaches were used; pharmacophore 
searches and exceptional total score-searches. The resulting hits from either approach were 
further filtered by visual inspection. To be deemed worth purchasing, compounds had to be: 
+1 charged, preferably able to form a hydrogen bond with the carboxyl group of Asp235, no 
carboxyl group, preferably not chiral and a pKa of >5 to ensure protonation of the ligand in 
the follow-up binding assay.  

8.1.3.1 Pharmacophore search  

Pharmacophore searches were carried out using the Unity module of Sybyl. The location of 
the ligand atom interacting with the water molecule of a certain set-up was used as a centre 
for the search. Any compound with a donor functionality within a tolerance radius of 0.5 Å 
from the centre were considered a possible new ligand as all four water molecule-interacting 
atoms on the three ligands in PDB ID 2EUU, 2AS1 and 1AEF were hydrogen bond donors. 

8.1.3.2 Exceptional total score-search 

A python script was written to compare the eight total scores (one for each receptor) for 
each ligand. If the score of a ligand was eight units better for one set-up than for all of the 
others the ligand was considered interesting.  

8.2 Purification of CCP W191G  
CCP W191 as purfied as described previously (Fitzgerald 1994). E.coli cells were transformed 
with plasmid pT7CCP (Fitzgerald 1994) containing the DNA sequence encoding CCP W191G. 
Cells were grown in terrific broth (TB) at 37oC in an Infors HT multitron incubator until an 
O.D of 0.8-1.2 was reached, Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added (0.5 
mM) and growth was continued for 20 hours at 22 oC.  
Cells were harvested using a Beckmans J6MC centrifuge and resuspended in ~20 ml 200 mM 
Potassium phosphate (KPi) buffer (pH 7,5) containing 1mM ethylenediaminetetraacetic acid 
(EDTA), and 0,2% w/v NaN3. Cells grown in 1 litre of TB were purified at a time, the other 
pellets were frozen and stored at -20 oC. Cell lysis was done by sonication in a Sanyo 
soniprep 150, lysate was separated from cell debris using a Beckmans Avanti J-25 centrifuge.  
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Lysate was batch loaded onto a XK 16/20 Diethylaminoethyl cellulose (DEAE) Sepharose fast 
flow column (GE Healthcare) by mixing 30ml resin and the lysate in ~50mM KPi buffer for 1 
hour and then packing the column. An ÄKTA purifier system was used to wash the column 
with 50 mM KPi buffer (pH 6.0) and to elute bound fractions using a stepwise gradient from 
50 mM KPi buffer (pH 6.0) to 500 mM KPi buffer (pH 6.0). Eluted fractions containing CCP 
W191G (determined by absorbance measurements of λ=280 and 408 on a WPA Biowave II 
spectrophotometer), were concentrated to 5ml using Vivaspin 20 ml, 10.000 mwco 
concentration tubes (Sartorius stedim biotech) and a Sigma 4K15 centrifuge.  
 
The sample was loaded onto a 300ml Superdex 200 prep grade column (XK 26/70) (GE 
Healthcare). Protein was eluted with 100 mM KPi buffer (pH 6.0) containing 1mM EDTA. As 
some protein molecules lack heme at this point, this was reconstituted via a pH dependent 
process where the pH was first increased to 7.0, 1-1.5 fold molar excess of heme was added 
and allowed to bind for 30min before the pH was decreased to 6.0 again. The sample was 
diluted to a conductivity of 8.0 mS and then once again loaded onto an XK 16/20 DEAE 
Sepharose fast flow column. The column was washed with 100 mM KPi buffer (pH 6.0) and 
samples were eluted using a step gradient to 500 mM Kpi (pH 6.0).  
 
CCP W191G containing fractions were concentrated to >2 mM using Microcon 0.5ml, 10.000 
mwco concentration tubes and an Eppendorf 5415D centrifuge. The protein crystallized 
during dialysis against cold water for four days in Slide-a-lyzer 10.000mwco, 0.1-0.5ml 
dialysis frames (Pierce, Thermo scientific). Aliquots where stored as crystal suspensions in 
water at -80oC. The progression of purification was monitored using 12 % acrylamide 
tris(hydroxymethyl)aminomethane-hydrochloride (Tris-HCl) electrophoresis gels run on a Bio 
Rad power pac basic in an Invitrogen novex minicell. 

8.3 Structure determination 
CCP W191G crystal aliquots were thawed, briefly centrifuged, the supernatant was decanted 
and the pellet was resuspended to a concentration of 1.5 mM in 500 mM 2-(N)morpholino-
ethanesulfonic acid (MES) buffer (pH 6.0) with Bis-Tris-Propane (BTP) as counter ion. Crystals 
were grown using hanging drop technique with 25 % 2-methyl-2,4-pentanediol (MPD) as 
reservoir solution. Drop conditions were screened as 2:0:2, 3:0:2, 4:0:2, 4:2:2, 3:1:2, 3:2:2 
and 3:3:2 of 25 % MPD to water to protein, though 3:2:2 and 3:3:2 were the ones yielding 
result, i.e. crystals. Protein concentration (prior to addition to drops) was screened from 1.5 
mM down to 0.6 mM, 0.7 mM being the concentration in which crystals formed. 
Crystals were soaked for 1 hour in 50 mM ligand stock made up of 125 mM Acetic acid, 25% 
MPD buffer (pH 4,5 with BTP as counter ion) before mounting straight to an X-ray generator 
or flash frozen in N2(l) for later use. 
 
Diffraction data was collected at the ID14-1 beamline at the ESRF. Data was integrated and 
scaled using the HKL (Otwinowski 1997) software suite. The phase was calculated using 
molecular replacement and the PDB structure 1AC4 as guiding model with the MOLREP 
(Vagin 1997) utility of the CCP4 (CCP4 1994) software suite. Refinement of the structures 
was carried out using REFMAC5 (Murshudov 1997) (Winn 2001) from the CCP4 software 
suite and manual alterations (including side-chain adjustments and water molecule 
additions) were done in COOT (Emsley 2004). The 3-aminopyridine refinement parameters 
were obtained from CCP4’s library while the 3-hydoxypyridine parameters were obtained 
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from the PRODRG web utility (Schüttelkopf 2004). Figures presented in this paper were 
created using PyMOL (DeLano scientific, USA). 
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Appendix A 
Appendix A. A list of the known 45 ligands for CCP W191G. 

Structure PDB ID & IUPAC name Published by 

 

1AC4 
2,3,4-trimethylthiazole 

(Musah R.A 2002) 

 

1AC8 
3,4,5-trimethylthiazole 

(Musah R.A 2002) 

 

1AEB  
3-methylthiazole 

(Musah R.A 2002) 

 

1AED  
3,4-dimethylthiazole 

(Musah R.A 2002) 

 

1AEE 
Aniline 

(Musah R.A 2002) 

 

1AEF 
3-aminopyridine 

(Musah R.A 2002) 

 

1AEG 
4-aminopyridine 

(Musah R.A 2002) 

 

1AEH 
2-amino-4-methylthiazole 

(Musah R.A 2002) 

 

1AEJ 
1-vinylimidazole 

(Musah R.A 2002) 
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Structure PDB ID & IUPAC name Published by 

 

1AEK 
Indoline 

(Musah R.A 2002) 

 

1AEM 
Imidazo[1,2-a]-pyridine 

(Musah R.A 2002) 

 

1AEN 
2-amino-5-methylthiazole 

(Musah R.A 2002) 

 

1AEO 
2-aminopyridine 

(Musah R.A 2002) 

 

1AEQ 
2-ethylimidazole 

(Fitzgerald 1994) 

 

1AES 
Imidazole 

(Fitzgerald 1994) 

 

1AET 
1-methylimidazole 

(Fitzgerald 1994) 

 

1AEU 
2-methylimidazole 

(Fitzgerald 1994) 

 

1AEV 
2-aminothiazole 

(Musah 1997) 

 

1CMP 
1,2-dimethylimidazole 

(Fitzgerald 1994) 
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Structure PDB ID & IUPAC name Published by 

 

1RYC 
Benzimidazole 

(Fitzgerald 1994) 

 

2ANZ 
2,6-diaminopyridine 

(Brenk 2006) 

 

2AQD 
2,5-diaminopyridine 

(Brenk 2006) 

 

2AS1 
3-thiophenecarboxamidine 

(Brenk 2006) 

 

2AS2 
2-iminepiperidine 

(Brenk 2006) 

 

2AS3 
Phenol 

(Brenk 2006) 

 

2AS4 
3-fluoro-1,2-
dihydroxybenzene 

(Brenk 2006) 

 

2AS6 
Cyclopentaneamine 

(Brenk 2006) 

 

2EUN 
Pyrimidine-2,4-diamine 

(Brenk 2006) 

 

2EUO 
1-methyl-4-aminopyridine 

(Brenk 2006) 



 Validation of docking performance in context of a structural water 
molecule-using model system 

 

39 
 

Structure 
 
 

PDB ID & IUPAC name Published by 

 

2EUP 
6-amino-3-picoline 

(Brenk 2006) 

 

2EUQ 
3-thienylmethylamine 

(Brenk 2006) 

 

2EUR 
4-pyridinemethanol 

(Brenk 2006) 

 

2EUS 
Benzyleamine 

(Brenk 2006) 

 

2EUT 
2-amino-4-picoline 

(Brenk 2006) 

 

2EUU 
1H-imidazol-2-ylmethanol 

(Brenk 2006) 

 

2RBT 
N-methylbenzylamine 

(Graves 2008) 

 

2RBU 
Cyclopentanecarboximidamide 

(Graves 2008) 

 

2RBV 
(1-methyl-1H-pyrrol-2-
yl)methylamine 

(Graves 2008) 
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Structure PDB ID & IUPAC name Published by 

 

2RBW 
1,2-dimethyl-1H-pyridin-5-
amine 

(Graves 2008) 

 

2RBX 
pyrimidine-2,4,6-triamine 

(Graves 2008) 

 

2RBY 
1-methyl-5-
imidazolecarboxaldehyde 

(Graves 2008) 

 

2RBZ 
3-methoxypyridine 

(Graves 2008) 

 

2RC0 
2-imino-4-methylpiperidine 

(Graves 2008) 

 

2RC1 
2,4,5-trimethyl-3-oxazoline 

(Graves 2008) 

 

2RC2 
1-methyl-2-vinylpyridinium 

(Graves 2008) 
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Appendix B 
Appendix B. Comparison table of previously known ligands for CCP W191G (of which crystal structures in complex with the receptor have been published) docked into the cavity of eight 
different receptor set-ups (comprising CCP W191G and no, one or two structural water molecules). The top row holds the names of the set-ups denoted by the water molecule(s) they 
contain. The first column contains the PDB ID and IUPAC names of the ligands. The second column holds the correct set-up (determined from the crystal structure) for each ligand and the 
number of that water molecule in the respective crystal structure. A "+" denotes that there is no corresponding water molecule in the crystal structure but there is unfulfilled electron 
density on the correct location. A "-" denotes that a water molecule has been sought using electron density maps, but no unfulfilled density was found. An "O" denotes that that ligand 
has less than full occupancy and thus the waters within brackets are apo-structure water molecules (not interacting with the ligand). An “I” denotes that the ligand is expected to interact 
with W3 based on hydrogen bonding ability of the ligand. The background colour of the second column is the rating of the docking of that ligand. Green translates as a perfect fit where 
the docking of that particular ligand generates a RMSD value below 1.0 Å and a better total score with the correct water molecule present (i.e. correct receptor set-up) than with any other 
set-up. Yellow means some other set-up than the correct one yields a better total score but the correct set-up generate a score “in the same range” as the top scoring set-up. To be 
deemed "in the same range”, total scores are not allowed to be more than 2 units larger than the best score. Red background colour means the ligand has failed docking as one or both of 
the values too high to be valid. Total scores above 0 and RMSD values larger than 1.0 Å were deemed bad altogether, since they imply a very bad fit and thus some rows lack a green field 
or two. The rest of the table holds all docking data used to compare the docking of the ligands into the different receptor set-ups. Green background colour translates as RMSD values 
smaller than 1.0 Å or the best value for total score for each ligand. Yellow background colour denotes a total score in the same range as the best total score.  

    NW W1  W2 W3 W4 W13 W23 W34 

PDB ID & ligand name Set-up Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD 

1AC4 
2,3,4-trimethylthiazole 

W3 
3=308 -15.180 2.87 76.240 2.48 -11.170 3.63 -17.100 2.88 -3.840 2.47 89.860 3.09 -14.040 2.41 -3.800 3.63 

1AC8 
3,4,5-trimethylthiazole 

W3 
3=405 -20.180 2.60 85.260 0.90 -17.200 2.63 -17.060 2.38 -5.230 2.76 68.060 3.78 -16.860 2.38 -5.060 2.45 

1AEB  
3-methylthiazole 

W3 
3=405 -24.780 0.41 -10.260 2.41 -24.900 2.00 -27.740 0.27 -23.400 1.89 -18.730 3.02 -26.740 1.91 -27.640 2.51 

1AED  
3,4-dimethylthiazole 

W3 
3=405 -24.670 0.65 1.840 2.31 -26.870 2.60 -27.550 2.80 -23.890 2.29 9.620 0.97 -29.240 2.73 -25.400 2.62 

1AEE 
Aniline 

W23 
2=401 
3=308 

-22.570 0.49 7.750 1.40 -27.350 0.31 -25.280 0.70 -19.820 1.14 4.510 1.27 -29.750 0.32 -23.090 1.13 

1AEF 
3-aminopyridine 

W34 I 
3=308 
4=452 

-26.810 2.62 -4.030 2.39 -28.150 3.14 -30.660 2.62 -26.260 0.21 -6.580 2.82 -29.960 2.66 -30.460 0.33 

1AEG 
4-aminopyridine 

W3 I 
2=- 
3=308 

-26.770 2.63 -12.560 2.54 -27.390 0.30 -30.310 0.58 -26.960 2.68 -12.160 2.43 -30.500 0.35 -28.120 2.70 
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    NW W1  W2 W3 W4 W13 W23 W34 

PDB ID & ligand name Set-up Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD 

1AEH 
2-amino-4-methyl 
-thiazole 

W34 
3=405 
4=+ 

-29.270 3.53 -17.920 3.44 -29.990 3.58 -31.580 3.55 -23.740 1.99 -19.780 3.44 -31.520 3.58 -19.440 2.04 

1AEJ 
1-vinylimidazole 

W3 
3=405 -26.590 1.10 -12.010 2.11 -25.830 0.91 -31.290 1.10 -25.240 2.10 -18.180 1.61 -28.730 1.56 -24.000 3.23 

1AEK 
Indoline 

W3 
3=405 -16.990 1.04 42.050 1.03 -0.450 2.35 -15.530 0.91 -2.760 2.69 28.930 1.05 -1.630 2.16 13.000 2.35 

1AEM 
Imidazo[1,2-a] 
-pyridine 

W3 
3=405 -11.720 2.46 25.300 1.99 -12.400 2.37 -11.190 1.12 -3.870 2.96 18.710 1.96 -8.990 2.96 -3.390 2.97 

1AEN 
2-amino-5-methyl 
-thiazole 

W3 
2=- 
3=308 

-30.380 0.59 -19.320 0.53 -31.640 0.37 -34.230 0.43 -19.230 1.13 -16.570 0.51 -34.120 0.36 -19.530 1.82 

1AEO 
2-aminopyridine 

W3 
2=- 
3=308 

-32.230 0.60 -17.590 0.54 -32.720 1.85 -34.540 0.47 -26.490 2.38 -19.670 0.52 -35.400 0.37 -30.280 2.31 

1AEQ 
2-ethylimidazole 

W13 
1=405 
3=+ 

-25.430 0.61 -24.620 0.32 -19.720 3.08 -28.500 0.48 -17.410 2.33 -26.990 0.32 -21.160 3.08 -18.640 2.56 

1AES 
Imidazole 

W3 
3=308 -12.430 2.17 -4.760 1.77 -13.590 2.12 -12.840 2.14 -13.060 2.14 -5.110 1.77 -13.330 2.22 -13.110 2.16 

1AET 
1-methylimidazole 

W3 
3=308 -26.950 0.96 -18.380 2.18 -27.700 1.84 -30.200 0.85 -24.400 2.70 -20.610 2.15 -30.360 1.85 -29.350 2.92 

1AEU 
2-methylimidazole 

W13 
1=308 
3=+ 

-25.990 0.97 -25.060 0.69 -23.380 2.52 -30.000 0.65 -24.360 1.64 -27.080 0.56 -25.920 2.35 -27.440 1.68 

1AEV 
2-aminothiazole 

W34 I 
3=308 
4=401 

-28.890 2.55 -16.810 2.86 -31.170 2.57 -32.730 2.85 -26.030 2.48 -20.300 2.87 -34.910 2.63 -29.500 2.55 

1CMP 
1,2-dimethylimidazole 

W3 
3=308 -29.180 0.37 -10.320 2.87 -25.770 2.52 -33.160 0.34 -24.140 1.70 -13.390 2.90 -27.470 2.38 -26.990 2.15 

1RYC 
Benzimidazole 

W3 
3=452 -28.140 0.39 5.530 1.73 -27.630 0.54 -30.340 0.53 -15.530 1.25 3.060 1.65 -29.730 0.66 -18.130 1.31 
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NW W1  W2 W3 W4 W13 W23 W34 

PDB ID & ligand name Set-up Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD 

2ANZ 
2,6-diaminopyridine 

W23 I 
2=+ 
3=1000 

-32.820 0.47 -10.900 2.04 -32.500 0.41 -35.970 0.29 -27.450 2.17 -10.840 2.62 -36.820 0.43 -29.310 2.15 

2AQD 
2,5-diaminopyridine 

W3 
3=1000 -31.380 0.33 -11.480 2.12 -32.710 1.75 -33.990 0.21 -24.880 1.90 -9.930 2.32 -35.800 1.75 -25.710 1.90 

2AS1 
3-thiophenecarbox 
-amidine 

W3 
2=- 
3=1000 

-28.070 1.54 -12.330 3.40 -31.040 1.55 -31.010 1.57 -19.710 2.57 -12.460 3.68 -33.280 1.56 -17.090 2.59 

2AS2 
2-iminepiperidine 

W3 
3=1000 -25.240 0.76 7.270 2.40 -27.240 2.03 -27.670 0.88 -17.940 2.18 0.030 2.38 -25.990 2.01 -24.380 1.22 

2AS3 
Phenol 

W23 O I 
2=1557 
3=1000 
(4=1001) 

-22.000 1.38 7.480 2.77 -21.160 2.57 -21.300 0.55 -21.050 2.63 2.810 1.88 -22.270 0.92 -22.420 0.72 

2AS4 
3-fluoro-1,2-dihydroxy 
-benzene 

W23 O 
2=1561 
3=1000 
(4=1001) 

-20.250 3.31 8.640 2.00 -18.690 3.33 -22.260 3.33 -17.500 3.23 16.390 1.80 -22.480 3.30 -20.010 3.19 

2AS6 
Cyclopentanamine 

W23 
2=1005 
3=1000 

-14.740 0.97 16.960 2.35 -12.540 0.46 -16.330 0.96 -9.120 1.23 15.090 2.35 -13.600 0.47 -12.480 2.42 

2EUN 
Pyrimidine-2,4-diamine 

W3 I 
2=- 
3=11 

-30.940 0.30 -8.970 2.88 -31.620 0.40 -34.640 0.34 -25.630 1.49 -10.940 2.90 -34.970 0.43 -27.780 3.55 

2EUO 
1-methyl-4-amino 
-pyridine 

W3 I 
3=51 -24.670 2.35 -1.700 2.77 -23.970 3.60 -28.380 0.50 -17.690 1.89 -3.970 2.79 -26.340 3.59 -15.380 2.23 

2EUP 
6-amino-3-picoline 

W3 
2=- 
3=37 

-29.660 0.46 -3.350 3.14 -29.140 0.84 -33.960 0.38 -18.310 3.00 -4.690 3.14 -34.670 0.56 -13.060 1.12 

2EUQ 
3-thienylmethylamine 

W23 
2=268 
3=66 

-18.630 1.08 14.280 2.41 -25.650 2.25 -21.370 1.09 -17.650 2.36 9.630 1.42 -22.780 2.28 -16.610 2.35 
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NW W1  W2 W3 W4 W13 W23 W34 

PDB ID & ligand name Set-up Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD 

2EUR 
4-pyridinemethanol 

W3 
2=- 
3=26 

-24.030 1.23 -0.540 2.59 -21.630 0.61 -23.460 3.10 -16.350 1.41 -12.900 2.47 -23.840 0.70 -19.380 3.33 

2EUS 
Benzylamine 

W23 
2=32 
3=31 

-18.520 0.71 21.530 3.38 -16.760 0.70 -21.360 0.67 -4.360 2.54 21.730 3.41 -19.980 0.80 -2.500 2.12 

2EUT 
2-amino-4-picoline 

W3 
2=- 
3=122 

-30.360 0.71 -13.560 2.30 -29.380 0.47 -30.840 0.59 -16.630 3.17 -12.250 2.23 -31.640 0.46 -19.310 0.81 

2EUU 
1H-imidazol-2-yl 
-methanol 

W13 
1=182 
3=37 

-24.540 1.04 -23.280 0.89 -21.070 2.51 -28.770 0.82 -21.100 2.86 -24.500 0.96 -24.610 2.47 -22.820 2.61 

2RBT 
N-methylbenzylamine 

W3 
3=4064 -18.190 0.77 39.360 1.14 8.290 3.07 -20.360 0.77 7.570 3.02 34.980 1.33 14.340 3.49 22.440 2.82 

2RBU 
Cyclopentanecarbox 
-imidamide 

W3 
2=- 
3=542 

-14.860 0.73 31.170 3.45 -12.650 0.64 -16.010 0.73 -3.580 2.70 36.570 1.02 -15.930 0.66 -4.870 2.38 

2RBV 
(1-methyl-1H-pyrrol-2-yl) 
-methylamine 

W23 
2=441 
3=408 

-14.720 0.31 22.750 1.25 -14.010 2.23 -16.720 0.40 -11.110 2.38 21.070 1.20 -16.610 2.22 -10.060 2.43 

2RBW 
1,2-dimethyl-1H-pyridin 
-5-amine 

W23 I 
2=9247 
3=534 

-19.220 3.08 34.570 3.07 -18.850 3.04 -22.740 3.10 -4.010 0.61 57.100 2.63 -22.250 3.09 3.710 3.24 

2RBX 
pyrimidine-2,4,6 
-triamine 

W23 O I 
(1=2360) 
2=+ 
3=2253 
(4=2381) 

-31.760 1.63 3.090 2.03 -29.850 1.77 -34.280 3.04 -21.170 2.60 -2.970 3.11 -33.360 3.03 -19.480 1.19 

2RBY 
1-methyl-5-imidazole 
carboxaldeshyde 

W23 O I 
(1=2467) 
2=2379 
3=2121 
(4=2463) 

-23.680 1.00 6.140 3.25 -25.020 1.11 -25.170 1.13 -16.970 2.72 3.930 2.65 -28.060 1.09 -22.580 3.09 
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NW W1  W2 W3 W4 W13 W23 W34 

PDB ID & ligand name Set-up Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD Total Score RMSD 

2RBZ 
3-methoxypyridine 

W3 
3=2093 -21.140 0.84 6.540 1.93 -19.800 1.13 -23.370 3.53 -16.920 2.45 -2.810 1.88 -21.810 3.51 -17.680 2.43 

2RC0 
2-imino-4-methyl 
-piperidine 

W3 
3=2012 -14.110 3.08 1.560 2.56 -12.410 2.43 -18.910 3.08 -7.200 0.90 -2.930 2.58 -14.040 2.41 0.140 0.97 

2RC1 
2,4,5-trimethyl-3 
-oxazoline 

W3 
3=+ 2.740 2.18 33.080 3.56 15.080 3.51 4.840 2.93 36.540 2.36 37.630 3.63 17.430 2.93 35.060 1.83 

2RC2 
1-methyl-2-vinyl 
-pyridinium 

W3 
3=2185 -19.590 2.77 25.570 3.72 -12.240 2.55 -19.600 2.00 -2.020 2.95 34.510 2.73 -7.240 2.76 -3.870 2.96 
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Appendix C 
Appendix C. Enrichment plots and ROC curves of the known ligands and database of decoys. The plots are calculated using the docking data of the known ligands into all receptor sites and 
the decoy database set-up to identify new ligands. The Top Scores curve is calculated by taking the top total score value for each compound from both datasets. 
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