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ABSTRACT. Aldose reductase is an enzyme found in mammalian tissues which reduces 

glucose to sorbitol. Aldose reductase is of interest as a drug target due to its role in the 

generation of diabetic complications such as diabetic cataracts and diabetic neuropathy. 

Much drug discovery is dependent on the ability to accurately predict how proteins and 

their inhibitors may bind. HADDOCK is a computational protein docking program which 

accounts for conformational variability between the bound and unbound states of proteins 

and their inhibitors by allowing bonds to rotate for both the ligand and the protein 

binding site. I have used an ensemble of 31 different aldose reductase protein structures 

in four docking experiments to assess the success of docking a small ligand into different 

conformations of the same protein, and to identify protein conformational features 

impacting docking success. Through these experiments, I have found that the important 

binding site conformational changes which often determine docking success are centered 

around a specificity pocket, which can open for larger ligand binding by the shifting of a 

loop containing the Leu301 residue. Smaller ligands tend not to occupy this site, allowing 

the Leu301 residue to move into the specificity pocket and close it off from ligand 

binding. The results of the four docking experiments indicate that docking success is 

higher in structures that contain a specificity pocket with an open conformation, 

especially for larger ligands such as the phenoxyacetic acid derivative ligand from the 

1t40 structure. Smaller ligands do not exhibit such a strong requirement for the open 

specificity pocket, and often dock successfully into both open and closed site protein 

structures. Larger ligands require buried site settings, as well as a larger definition of the 

binding site provided by the 10Å restraints to effectively sample acceptable poses. 

Smaller ligands also require a larger definition of the binding site to effectively sample 

acceptable poses, but do not exhibit a preference for protocol like larger ligands do. This 

understanding may be used to improve the docking phase of drug design by utilizing 

protein structures conducive to successful docking. 
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Introduction 

Drug design. 

 The process of drug design is the process of developing drugs or medications based on 

structural and chemical knowledge about a biological target. The process occurs in three main 

steps. First, a biological target must be identified. Generally, the target is a macromolecule 

identified as having a function that contributes to human disease. Once a fully characterized drug 

target has been identified, an inhibitor is designed which will bind selectively and accurately to 

the target. The discovery of a potential inhibitor is followed by testing in vitro, and animal and 

human clinical studies for safety and efficacy (1,2). 

 Traditionally, drug design has been carried out through a process called High Throughput 

Screening (HTS). HTS involves using robotic technology to rapidly screen a large number of 

compounds to identify their potential for inhibiting a target protein. While HTS is effective 

because of its capacity to test a large number of compounds, it has significant limitations based 

on cost and resource availability (1,3). One major concern with HTS is that it requires the 

screening of many potential inhibitors. Because there is a great amount of trial and error with this 

method, HTS is generally not very productive in terms of identifying effective drug compounds. 

 One method that has emerged as a way to potentially improve on the success of HTS is a 

fragment-based approach to drug design. Fragment-based approaches identify small fragments, 

or small compounds with low molecular weights, which bind to the protein or site of interest 

with high affinity. These fragments are used to identify parts of the binding site that bind 

efficiently to the small fragment functional groups. This allows for the reduction in number of 

materials being used to classify the target, as the libraries of potential inhibitors are smaller as 
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they are carefully selected based on structural similarity to successful fragments (2,4,5,6). While 

a fragment-based approach to drug design has been shown to improve the success of HTS, both 

rely on a significant amount of trial and error, leaving room for the development of more 

effective methods for classifying drug targets. 

 In more recent history, drug design has come to rely largely on computer-aided methods 

to improve success. Ideally, computer-aided methods use experimental information to predict the 

affinity of a compound. There have already been many success stories with these methods (ex. 

the discovery of the HIV protease inhibitors which prevented thousands of deaths from AIDS in 

the United States beginning in the 1990s), and the technology behind these methods is still 

relatively new and constantly maturing (7). Computer-aided methods have developed into two 

branches - structure-based approaches and ligand-based approaches. Structure-based approaches 

tend to be similar to HTS in that these approaches use information from both the target and the 

ligand, whereas ligand-based approaches focus solely on information from the ligand (8). One 

example of a computer-aided, structure-based approach is molecular docking. 

 

Docking. 

 Computational molecular docking is a virtual screening and modeling method used to 

examine how compatible small molecules are for binding to their macromolecular targets based 

on structural and electrostatic data. This process generally uses known crystal structures to 

predict the bound conformations of these compounds. These crystal structures are useful because 

they provide information to guide docking. For example, by examining the active sites of 

multiple crystal structures of the same protein, differences in the site structure can be identified 

and may highlight some of the ways the site does or does not adapt to the ligand in binding (9). 



8 
 

This sort of information is important in guiding docking experiments because it may identify 

features that may inhibit successful docking and, therefore, guide selection of an appropriate 

protein starting structure. Molecular docking can be divided into a few different types, such as 

protein-protein docking, protein-ligand docking, or ligand-DNA docking (10). However, the 

most commonly used in drug discovery and design is protein-ligand docking (11). The basic 

questions addressed by protein-ligand docking are which ligand structures will bind to the 

protein of interest, how they are positioned in the protein binding site, and with what affinity. In 

order to find a ligand which will bind successfully to the target protein, the docking program 

uses a search algorithm to sample many positions of the compound within the protein binding 

site, as well as different protein site conformations. This is achieved by sampling many structures 

with the ligand in different poses within the binding site, and through the introduction of protein 

and ligand flexibility. Flexibility is accomplished by allowing bond rotations for the ligand 

during all stages of the docking, followed by allowing rotation of protein binding site residue 

sidechains, then also allowing rotations of protein binding site sidechains and backbone bonds. 

The structures produced by this process of sampling are then submitted to a scoring program 

which assesses binding affinity. The scoring function generally assesses the thermodynamic 

quality of the interaction produced by all protein-ligand complexes which satisfy the 

experimental restraints so as to find the most stable complex and subsequently distinguish that 

complex from the other “decoy” structures produced (12). Any docking pose also has an energy 

term calculated for the restraints. Poses which satisfy the restraints have the lowest energy, while 

poses that do not satisfy the restraints have an energy penalty associated with them. The 

alignment of the docked pose with the known conformation of the bound ligand is possible in a 

validation experiment such as the current study, where the structure of the target-bound ligand is 
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known. The quality of docking solutions here are generally determined by its RMSD value, 

which is calculated as the average deviations of the docked ligand nonhydrogen atoms from the 

ligand in the crystal structure, after aligning the binding site of the docked and experimental 

structures. 

 There are many different docking programs which have been developed in order to 

attempt to remedy various challenges, and each has a slightly different approach to docking. This 

is achieved by changing what structural information is used, creating distinct search algorithms 

and scoring functions, or altering the default methods of the program (12,13). 

One of the major limitations of molecular docking that has come into focus in recent 

years is difficulty accounting for molecular flexibility. When proteins bind with a small molecule 

such as a ligand, the binding process often causes a conformational change in both the ligand and 

the protein binding site during the binding process. Most molecular docking programs have 

difficulty accounting for these conformational changes, partially because the number of possible 

changes is immense. As a result, a few different methods of docking have been developed called 

soft docking, side-chain flexibility, molecular relaxation, and protein ensemble docking (13). 

Each of these methods attempt to incorporate protein and ligand flexibility but are only capable 

of accounting for a certain amount of flexibility. For example, soft docking allows general 

flexibility in both the protein and the ligand but can only incorporate small conformational 

changes (14). Side-chain flexibility, like that used in the docking program SLIDE, keeps a fixed 

backbone during the docking process, and samples different conformations of the sidechain (15). 

Molecular relaxation works by rigidly docking the protein-ligand complex, and then relaxing the 

protein backbone and side chains near the binding site (16). While this may demonstrate the 

flexibility of the complex once bound, the initial rigid-body docking may limit the ways in which 
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the protein and ligand may bind to each other by restricting the movement of the structures, and 

so the method’s capacity to create complementary structures. Ensemble docking, the method 

used in this experiment, uses many conformations of the same protein for a single ligand to dock 

into, so multiple beginning conformations of the protein structure are allowed. However, docking 

methods still need a way to incorporate movement of the binding site to accommodate binding 

ligands that are structurally distinct from known ligands. 

 

HADDOCK. 

 HADDOCK, or High Ambiguity Driven protein-protein DOCKing, is a program created 

by the Bonvin group at the Utrecht Bioinformatics Center. HADDOCK incorporates flexible 

docking in a unique way by using a completely flexible ligand in combination with a partially 

flexible protein around the binding site. HADDOCK defines the interface residues which may 

participate in the binding of the ligand and allow those residues to remain flexible during 

docking, along with a fully flexible ligand (17,18,19). When HADDOCK was first developed in 

2003, most protein-protein docking programs operated by making the primary protein 

completely fixed, or rigid, while the secondary protein orients itself around the first. These 

programs sampled bound complexes based only on predicted compatibility between electrostatic 

properties and rigid structures of the two proteins. In addition to incorporating protein flexibility 

into the docking process, one of the ways HADDOCK distinguished itself from other docking 

programs was to incorporate experimentally acquired data from nuclear magnetic resonance 

(NMR) titration and mutagenesis (the changing of genetic information resulting in a mutation) 

among others. The Bonvin group found that when such data was taken into consideration during 

the flexible docking process, the best solution produced by HADDOCK was nearly identical to 
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the experimentally discovered structure (20). Since then, HADDOCK has evolved to be able to 

model other and multiple biological complexes in addition to protein-protein complexes, as well 

as the ability to incorporate additional experimental data to contribute to more focused and 

efficient sampling (18,20,21,22). 

 One of the things that originally set HADDOCK apart from other programs - and 

continues to do so today - is its ability to incorporate external data into the docking process. 

HADDOCK does this in two ways. First, HADDOCK uses experimentally determined input 

structures from the Protein Data Bank (PDB) for the structures to be docked together, which are 

obtained through X-Ray crystallography and NMR (18). The three-dimensional coordinate files 

are obtained by downloading from the protein data bank (http://www.rcsb.org/pdb/) and 

modified by editing the ligand coordinates out of the protein and creating two separate PDB files. 

Once the structure files have been modified, the user can upload the new, separate protein and 

ligand files to the webserver for HADDOCK to use in the docking protocols 

(http://milou.science.uu.nl/services/HADDOCK2.2/). 

 The second way HADDOCK introduces the use of experimental data in the docking 

process is by requiring the user to use data-derived restraints to guide the docking interaction 

surface. These distance restraints are implemented as ambiguous interaction restraints (AIRs) 

and represent the force between the ligand and the residues it may potentially interact with on the 

protein (23). AIRs are selected based on experimental data and generally represent residues that 

have been identified as active and involved in binding the ligand (18,20,23). In this experiment, 

the binding site is known from inspection of the protein-ligand complex structure, so residues in 

or around the binding site are used in the AIRs. 
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 There are a number of other docking programs which differ from HADDOCK in a 

number of ways depending on how they identify the binding site of the protein, how they process 

the complexes, what their scoring functions look like, and how their sampling algorithms work. 

These programs have often been compared to one another via benchmark experiments (24). 

AutoDock Vina and GOLD are highly successful flexible docking programs. In a benchmark 

experiment of 53 protein-peptide complexes, GOLD tested better than AutoDock Vina by 

producing structures nearly identical to the native structures in 30% of cases, as opposed to 19% 

of cases for AutoDock Vina (25,26). One of the biggest and most-referenced benchmarking 

experiments was for the program GOLD, and used a large, well-curated benchmark set of 

protein-ligand structures for validated drug targets called the Astex Non-Native Set with 1115 

complexes corresponding to 56 native cases from an earlier set called the Astex Diverse Set. In 

the benchmark experiment on the Astex Non-Native Set, GOLD produced top-ranked successful 

solutions for 80% of native cases, and 61% for non-native cases (27). More recently, the Bonvin 

group has been participating with HADDOCK in the Drug Design Data Resource’s 

(https://drugdesigndata.org/) D3R Grand Challenges 2 and 3 in 2017 and 2018, respectively. 

While they were not as successful in Challenge 2, their revised strategy based on lessons learned 

from 2017 lead them to achieve a top1 success rate of 63% and top5 success rate of 71% in the 

sampling stage of 24 target structures of the 2018 Challenge 3. This gave HADDOCK 6th of 44 

and 3rd of 47 best performing group ranking in the D3R Challenges 2 and 3, respectively 

(28,29). 
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Ensemble docking. 

 Ensemble docking refers to the process of docking a single ligand into an ensemble of 

protein structures. The ensemble should be made up of multiple conformations of the same 

protein. These ensembles can be created using various computational or experimental methods, 

but here the ensembles are selected from PDB structures in the Astex Non-Native Set (27, 30). 

Ensemble docking can increase the likelihood of success of the docking experiments, and 

consequently demonstrating which features may inhibit ligand binding (31). By docking the 

ligand into multiple conformations of the protein as opposed to a single experimental or 

modelled structure, the solutions may provide important information regarding both affinity of 

the protein for the ligand as well as possible conformational features of the binding site and 

protein-ligand complex (32,33,34,35).  

 

Human aldose reductase. 

 Human aldose reductase is of interest as a drug target for its connection with 

complications from diabetic mellitus. Diabetic mellitus, commonly called Type II diabetes, is a 

metabolic disease that occurs when the body is unable to produce or process insulin. Diabetes 

mellitus is the most common form of diabetes and affects nearly 10% of the population in the 

United States alone (36,37,38). Aldose reductase is an enzyme found in the polyol pathway and 

catalyzes the reduction of glucose to sorbitol. Sorbitol appears to be an intermediate sugar 

alcohol in the synthesis of fructose from glucose, but the actual function of sorbitol and other 

polyols in the body is unknown as they are not easily digested (39,40). Under normal conditions 

in the body, very little glucose enters the polyol pathway and rather is processed by the 

hexokinase pathway. Since very little glucose is broken down through the polyol pathway under 
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normal conditions, the typical levels of sorbitol in the body are very low. However, under high 

glucose conditions - such as those in a body affected by diabetes mellitus - the amount of glucose 

in the body is too much to be processed by the hexokinase pathway, so much of it is diverted to 

the polyol pathway (41,42). This is found to lead to a build-up of sorbitol in various locations. 

This is significant because sorbitol is not able to diffuse through cell membranes easily, and the 

increased osmotic stress on the cells may cause serious complications such as the development of 

cataracts in the lens of the eye. There are implications that a similar process may also contribute 

to the development of diabetes related retinopathy, nephropathy, and neuropathy among others 

(43,44,45). 

Since aldose reductase has been identified as a potential drug target, many aldose 

reductase inhibitors have been developed. There has been a wide variety in the structural classes 

of inhibitors for aldose reductase, but the most common and effective are carboxylic acid 

derivatives, especially those with ring structures (Figure 1) (45,46). The carboxylic acid 

derivatives tend to be most effective at inhibiting aldose reductase because of the way they 

interact with the anion binding site, particularly around the Tyr48, His110, and Trp111 residues. 

Though inhibitors for aldose reductase are being explored and created with the guidance of 

structural features of the enzyme, Epalrestat is the only one which has been marketed as a 

pharmaceutical therapy in Japan, China, and India, and only a handful have made it into late 

stage clinical testing. Inhibitors have demonstrated a wide variety of complications including 

pharmacokinetics, specificity (though this has improved in recent years), standardization of 

measurements, among others (45,46). One of the most significant complications that has been 

encountered in creating an inhibitor for aldose reductase is finding a compound with high 

specificity. A few of the features that have been identified as significant in creating specificity 
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are the presence of a carboxylate anion group to interact with the portion of the active site 

between the nicotinamide ring of the NADP coenzyme and site residues Tyr48, His110, and 

Trp111. The wide diversity in potential inhibitor types can be seen in Figure 1, a diagram from 

“Updates on Aldose Reductase Inhibitors for Management of Diabetic Complications and Non-

diabetic Diseases.” Overall, much exploration is still to be done in relation to aldose reductase 

inhibitors, and particularly their role as a therapy for diabetic complications. 

 

Figure 1. Potential types of inhibitory structures for the aldose reductase protein, taken from 

“Updates on Aldose Reductase Inhibitors in Management of Diabetic Complications and Non-

Diabetic Diseases.” 

 

 For the experiments that I performed, 31 conformers of the human aldose reductase 

protein were identified from the Astex Non-native Set (27). Though these structures are 

conformers of the same protein, each was crystallized using a different ligand creating a binding 

site with a slightly different shape than the others. This experiment used the 31 aldose reductase 

conformers as an ensemble into which a single ligand was docked. This experiment was then 
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repeated with two other ligands known to bind to the aldose reductase protein. The initial aim of 

the experiment was to demonstrate the performance for several ligands on the entire ensemble. 

The data from these projects was compiled to identify specific qualities which may limit docking 

success of aldose reductase. For example, the aldose reductase protein appears to have an alpha 

helix which closes a specificity pocket in the binding site when the helix collapses as seen in 11 

of the ensemble structures. These features limiting docking success of the aldose reductase 

protein can be overcome by using ensemble methods but selecting a most-similar structure 

should also select a compatible protein conformation. Finally, to test the knowledge obtained 

from the first part of this experiment, a single protein structure from the ensemble identified as 

being structurally most similar to the protein-ligand crystal structure was chosen for each of the 

remaining 28 unique ligands, and the protein-ligand pairs were submitted to HADDOCK for 

docking. 

 

Experimental 

Ensemble selection. 

 The ensemble for the aldose reductase protein was created using 31 protein 

conformations. The structures were selected from the Astex Non Native Validation Set (27). X-

Ray crystal structures as provided by the Protein Data Bank were used to represent the various 

conformations of the aldose reductase protein. These structures demonstrated differences in 

conformation due to the ligands they were crystallized with as well as the conditions under 

which they were crystallized. The full ensemble with PDB codes, ligand structures, and affinity 

information can be viewed in Table 1. The ligands shown in this table illustrate the range of 

structures and compounds known to bind aldose reductase, and their relative affinities. When 
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comparing docking results for any given ligand, its similarity to the ligand shown in the Table 

may indicate a more compatible protein conformation. Protein conformations crystallized with a 

smaller ligand and which have a closed specificity pocket are highlighted in purple. 

 

 

Table 1. Structures and affinity data for the aldose reductase ensemble 

PDB 

Code 

Ligand Structure 

in the Protein 

Complex Crystallization information IC50 

1t40 

 

Aldose reductase 

complexed with NADP and 

IDD552 at ph 5 

11 nM 

1el3 

 Aldose reductase 

complexed with IDD384 

inhibitor 

108 nM 

1iei 

 

  

 

  

Aldose reductase 

complexed with 

Zenarestat inhibitor 

4.4-44 nM 

1pwl 

 

  

 

  

Aldose reductase 

complexed with NADP 

and Minalrestat inhibitor 

9-73 nM 
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1t41 

 

  

 

  

Aldose reductase 

complexed with NADP 

and IDD552 at ph 8 

11 nM 

1x96 

 

  

 

  

Aldose reductase 

complexed with citrates in 

active site 

- 

1x97 
 

  

 

  

Aldose reductase 

complexed with 

stereoisomer 2R4S of 

Fidarestat inhibitor 

570 nM 

1x98 
 

  

 

  

Aldose reductase 

complexed with 

stereoisomer 2S4R of 

Fidarestat inhibitor 

11000 nM 

1z89 
 

  

 

  

Aldose reductase 

complexed with novel 

Sulfonyl-pyridazinone 

inhibitor 

0.8-1 nM 

1z8a 

  

  

Aldose reductase 

complexed with novel 

Sulfonyl-pyridazinone 

inhibitor 

0.8-1 nM 
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2acq 

 

  

 

  

Aldose reductase 

complexed with α-D-

glucose-6-phosphate 

- 

2acr 

 

  

 

  

Aldose reductase 

complexed with 

cacodylate ion 

- 

2dux 
 

  

 

  

Aldose reductase 

complexed with 

Zopolrestat inhibitor after 

3 days soaking 

1.9-81 nM 

2duz 
 

  

 

  

Aldose reductase 

complexed with 

Zopolrestat inhibitor after 

3 days soaking 

1.9-81 nM 

2dv0 
 

  

 

  

Aldose reductase 

complexed with 

Zopolrestat inhibitor after 

6 days soaking 

1.9-81 nM 

2fz8  

  

 

  

Aldose reductase 

complexed with 

Zopolrestat inhibitor at 

1.48Å resolution and 1 

day soaking 

1.9-81 nM 
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2fz9 
 

  

 

  

Aldose reductase 

complexed with 

Zopolrestat inhibitor after 

6 days soaking 

1.9-81 nM 

2fzd 

  

  

Aldose reductase 

complexed with Tolrestat 

inhibitor at 1.08Å 

resolution 

1-1000 nM 

2hvn 

  

  

Aldose reductase 

cocrystallized with 

Zopolrestat after 1 day 

1.9-81 nM 

2hvo 

 

  

 

  

Aldose reductase 

cocrystallized with 

Zopolrestat after 10 day 

1.9-81 nM 

2ikg  

  

 

  

Aldose reductase 

complexed with 

nitrophenyl-oxadiazol 

type inhibitor at 1.43Å 

resolution 

530 nM 

2ikh 

 

  

 

  

Aldose reductase 

complexed with 

nitrofuryl-oxadiazol 

4100 nM 
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inhibitor at 1.55Å 

resolution 

2iki 

  

  

Aldose reductase 

complexed with 

halogenated IDD-type 

inhibitor 

400 nM 

2ikj 

  

  

Aldose reductase 

complexed with nitro-

substituted IDD-type 

inhibitor 

6 nM 

2ine 

  

  

Aldose reductase 

complexed with 

phenylacetic acid 

96000 nM 

2inz 

 

  

 

  

Aldose reductase 

complexed with 2-

hydroxyphenylacetic acid 

3500 nM 

2iq0 

  

  

Aldose reductase 

complexed with hexanoic 

acid 

68200 nM 

2iqd 

  

  

Aldose reductase 

complexed with lipoic 

acid 

- 
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2is7 

  

  

Aldose reductase 

complexed with 

dichlorophenylacetic acid 

4400 nM 

2j8t 

 

  

 

  

Aldose reductase 

complexed with NADP 

and citrate at 0.82Å 

resolution 

- 

2nvc 
 

  

 

  

Aldose reductase 

complexed with novel 

naphtho[1,2-d]isothiazole 

acetic acid derivative 

550 nM 

 

 

HADDOCK file creation. 

 Protein structure files for use on the HADDOCK server were obtained as experimentally 

obtained crystal structures available on the Protein Data Bank (http://www.rcsb.org/pdb). One 

PDB file was downloaded for each protein structure in the ensemble. The PDB files were 

prepared by first removing any water molecules, as well as any other unnecessary molecules at 

the end of the file which do not correspond to the aldose reductase protein or ligand. The aldose 

reductase protein does have an NADP cofactor in the binding site which was retained in the 

docking experiments, but any other molecules or cofactors were removed. To allow HADDOCK 

to distinguish between the protein and ligand, the chain ID of the protein remained “Chain A,” 

and the chain ID of the ligand was changed to “Chain B.” Three files were created from the 
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edited version of the original PDB file. First, the ligand is chopped out and a xxxx_protein.pdb 

file is created containing just the protein and NADP cofactor, or “Chain A.” Next, the 

xxxx_ligand.pdb file is created by pasting the ligand atom coordinates into a new text file 

containing only “Chain B.” Finally, a target.pdb file is created containing both “Chain A,” and 

“Chain B.” The target.pdb file provides a reference structure for analysis of the solutions 

produced by HADDOCK. All files were created in plain text. A protein, ligand, and target file 

were created for each of the 31 structures in the ensemble.  

 

Restraints file generation. 

 Residues that have been identified being involved in binding the ligand were used to 

guide the docking process by incorporating them into restraints files. The production of the 

restraints files was based on a list of residue contacts by the ligand in the native 1t40 crystal 

structure. Any residue contacted by the ligand within 5Å or 10Å of the binding site were 

included in the list of residues. These residue contacts were then used to produce both ambiguous 

and unambiguous restraints files, denoted as “ambig.tbl” and “unambig.tbl”, respectively. 

Restraints files were created using the HADDOCK server tool 

(http://milou.science.uu.nl/services/GenTBL/) to generate Ambiguous Interaction Restraints 

(AIR) files. The ambig.tbl AIR file is used by HADDOCK in the first, rigid body stage of 

docking. In this stage, the restraints require both that the ligand contacts a protein residue from 

the restraints list, and also that each protein residue must contact the ligand. The restraints at this 

stage help to ensure the ligand is in the binding site. In the later stages of docking, the ligand 

must still contact a protein residue from the restraints list, but any one of the protein residues 

may contact the ligand rather than all of them. In these later stages, the unambig.tbl restraints file 
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is used. During this stage of the docking, the ligand will theoretically find the most favorable 

conformation for binding to the protein, but the restraints do not bias the ligand position or 

orientation within the binding site. Residue contacts used to create the AIR files for the 5Å and 

10Å restraints can be found in Table 2. To understand what this means practically, a visual 

representation of these residue contacts on the 1t40 protein can be found in Figure 2. 

 

Table 2. List of contact residues used to make the ambig.tbl and unambig.tbl AIR files for the 

5Å and 10Å restraints. Residue contacts were identified on the native 1t40 protein crystal 

structure. 

 

 

       

Figure 2. Visual representation of contact residues at the binding site on the native 1t40 protein 

crystal structure for both 5Å and 10Å restraints. 
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HADDOCK protocol. 

 Docking was performed using the HADDOCK2.2 Guru Interface 

(https://milou.science.uu.nl/services/HADDOCK2.2/haddockserver-guru.html). The HADDOCK 

webserver utilizes a three-stage docking protocol. The first stage of the HADDOCK protocol is a 

rigid-body docking. In this stage, standard rigid-body docking is employed where the two 

molecules are rigid and rotate and translate to find viable conformations. The second stage of the 

HADDOCK protocol is a semi-flexible docking in which the best 200 structures obtained from 

the rigid-body stage are subjected to limited flexibility through rotations and translations, and 

flexible protein sidechains, then fully flexible backbone and sidechains at the active site. The 

final stage of the HADDOCK protocol is the water refinement stage. The water refinement stage 

introduces water to the structures produced by the semi-flexible docking and allows for 

flexibility of the backbone and sidechains for residues at the interface. The water refinement 

stage often improves scoring of solutions due to atom rearrangements from being solvated by 

water.  

 

HADDOCK scoring. 

HADDOCK’s scoring function calculates a weighted sum which corresponds to the total 

decrease in energy from the unbound protein structure to the complex created by the protein-

ligand docking. The sum is calculated in two parts. First, a weighted sum is calculated for each 

docking stage in the HADDOCK protocol. The sum for each stage is calculated as follows: 
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As can be seen above, HADDOCK scores are generated by calculating the van der Waals energy 

of a structure (Evdw), electrostatic energy (Eelec), desolvation energy (Edesolv), restraints energy 

(Eair), buried surface area (BSA), and creating a weighted average of those values. The BSA 

measures difference in exposed surface area on the ligand and protein versus the protein-ligand 

complex. The BSA in particular is notable because it does not affect the water refinement stage 

of docking. For clustering, scores are averaged for the top4 scoring structures in the cluster to 

generate a single representative score. Because scores are a measure of decrease in free energy, 

best scoring clusters are the clusters with the most negative scores. 

 

Parameters. 

For each protein-ligand pair, four docking protocols were submitted to the HADDOCK 

webserver. Each pair was run using both 5Å and 10Å restraints, as well as two sets of docking 

parameters, the New 1000 Standard settings and New 1000 Buried Site settings. Both the 

standard and buried parameters used the default settings unless otherwise denoted. Instructions 

for the standard and buried settings are as follows: 
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Analysis. 

 The HADDOCK docking protocol automatically clusters output structures according to 

similarity when providing results of a docking submission and assigns a score to each cluster 

produced. All clusters are composed of at least four output structures with iRMSD values within 
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2Å of each other (47). The iRMSD values, or interface RMSD values are calculated for all 

structures produced in the docking, and the RMSD for the clusters are the average of the top4 

scoring structures in that cluster. The iRMSD is calculated by first aligning the input and docked 

proteins by their binding site residues, then calculating the RMSD of nonhydrogen atoms on the 

docked versus target ligand. The full results output file for each HADDOCK submission was 

downloaded from the webserver. Using .csh analysis scripts prepared by the Bonvin group in 

combination with prepared target.pdb files, each output file was analyzed through ProFit, 

yielding an iRMSD value for each cluster in the output files. Acceptable clusters were 

considered to be clusters with RMSD of 2.0Å or less, as is standard in the field. 

 

Ensemble docking protocol. 

 Three ensemble docking experiments were performed, each using the 31 protein 

ensemble. Three ligands, from the crystal structures 1t40, 2inz, and 1x97, were selected to dock 

into the ensemble, and can be seen in Figure 3. These three ligands were selected to represent a 

spectrum of possible inhibitor types for the aldose reductase protein. The 1t40 ligand is a larger 

ligand, with a slight L shape. As can be seen in the 1t40 structure, the double ring portion of the 

ligand structure occupies what is called the specificity pocket in the aldose reductase protein 

binding site. In contrast, the 2inz ligand is a very small ligand selected to contrast the 1t40 

ligand, as the specificity pocket in the associated 2inz protein is closed due to a shift in an ⍺-

helix which causes the Leu301 residue to move into that section of the binding pocket. The 1x97 

ligand was selected to represent a possible intermediate between the large 1t40 and small 2inz 

ligands; it is an amide rather than a carboxylic acid, and overall has a very different shape than 
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the other two ligands. Examination of the binding site of the 1x97 protein revealed a closed 

specificity pocket like that seen for the 2inz protein. 

 
Figure 3. Ligands from the crystal structures 1t40 (left), 2inz (middle), and 1x97 (right) were 

selected to bind into the ensemble of 31 aldose reductase protein structures. 

 

 Each of the three ligands were docked using the ensemble of 31 aldose reductase protein 

structures. The 1t40 ligand was docked into the full 31 structures using the standard and buried 

protocols, under 5Å and 10Å restraints, with no deviation from the methods outlined above. The 

2inz ligand was docked using the same methods, with two changes. First, the ligand was docked 

into a smaller ensemble of just 25 protein structures. Seven of the aldose reductase structures of 

the original ensemble were identified as the same aldose reductase protein crystallized with the 

same ligand, zopolrestat, only under slightly different conditions. This resulted in the family of 

seven structures having identical ligands and nearly identical binding sites. In light of this, one of 

the seven structures was chosen to represent the structure family instead of docking the full set, 

reducing the ensemble to 25 protein structures instead of 31. The second change to methods 

employed in the docking of the 2inz ligand is when setting HADDOCK parameters, instead of 

setting “RMSD Cutoff for clustering” under Parameters for clustering to 2.0Å, “RMSD Cutoff 

for clustering” for the 2inz ligand was set to 1.5Å. When the 2inz ligand was originally docked 
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using the 2.0Å cutoff, a large number of the clusters produced had an RMSD between 2.0Å and 

3.0Å and included structurally dissimilar ligand positions in a single cluster. Due to the very 

small size of the ligand from 2inz, even large rotations such as 180° can still result in an RMSD 

value less than 2.0Å. Therefore, the clustering was repeated with a lower cutoff to attempt to 

give a more clear picture of distinct ligand poses. The 1x97 ligand was docked into the full 31 

structures using the standard and buried protocols, under 5Å and 10Å restraints, with no 

deviation from the methods, similar to the docking experiment using the 1t40 ligand. 

 

Pairwise docking protocol. 

 In addition to the ensemble docking experiments using the 1t40, 2inz, and 1x97 ligands, a 

pairwise docking experiment was performed in which 28 different ligands were docked into the 

single protein structure from the ensemble most similar to their native crystal structure. 

Similarity in protein structure was determined by comparing protein structures in the ensemble to 

the structure containing the ligand to be docked and calculating the RMSD of those structures 

using ProFit. Protein structures with the lowest RMSD value were considered to be most similar 

to the native crystal structure. This process was performed for every ligand in the ensemble 

except for 1x96, 2acr, and 2j8t. These select proteins are apo structures containing a citrate 

molecule from the crystallization solution as their bound small molecule rather than an inhibitor, 

so were excluded from this experiment. In the event that 1x96, 2acr, or 2j8t were identified as the 

most similar protein structure for a particular ligand to dock into, the second most similar protein 

was selected for submission to the HADDOCK webserver. Each protein-ligand pair was 

submitted to the HADDOCK webserver using the standard and buried protocols, under 5Å and 

10Å restraints, with no deviation from the methods outlined previously. Protein-ligand pairs 
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chosen for pairwise docking and the similarity between the ligand’s native protein structure and 

the chosen nonnative protein from the ensemble can be found in Table 3. Proteins with closed 

specificity pockets, as well as small ligands whose native proteins exhibit a closed specificity 

pocket are highlighted in purple. Protein-ligand pairs which are most similar are towards the top 

of the chart, and similarity decreases moving toward the bottom of the chart. 
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Table 3. Structural similarity of chosen and native structures for pairwise 

docking 

Native structure 

of selected 

ligand 

Nonnative 

Protein 

Input site 

RMSD 

backbone 

Input protein 

site RMSD all 

atoms 

1x98 1z8a 0.070 0.465 

1z8a 1x98 0.070 0.465 

2inz 2iqd 0.070 0.081 

2iqd 2inz 0.070 0.081 

2fz8 2hvn 0.074 0.083 

2hvn 2fz8 0.074 0.083 

1x96 1x98 0.076 0.095 

2dux 2duz 0.076 0.094 

2duz 2dux 0.076 0.094 

2acr 2acq 0.082 0.109 

2ine 2iq0 0.089 0.127 

2iq0 2ine 0.089 0.127 

2hvo 2fz8 0.094 0.106 

2is7 2ine 0.101 0.313 

2j8t 1z8a 0.101 0.300 

1x97 1x96 0.106 0.141 

2acq 2ine 0.113 0.549 

1el3 2is7 0.135 0.188 

2dv0 2fz9 0.159 0.191 

2fz9 2dv0 0.159 0.191 

1pwl 1t41 0.183 0.445 

1t40 2fz9 0.183 0.417 

1t41 1pwl 0.183 0.445 

2ikg 2ikh 0.202 0.346 

2ikh 2ikg 0.202 0.346 

1z89 2fz9 0.209 0.365 

2nvc 2is7 0.228 0.400 

2ikj 1t40 0.249 0.522 

2iki 1z89 0.328 0.321 

2fzd 2ikh 0.505 0.815 

1iei 2duz 0.657 1.156 
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Results 

I. 1t40 ligand ensemble docking. 

When the unbound structures were docked using 5Å restraints, the 1t40 ligand docked 

successfully into 2 of the 31 unbound structures under the standard protocol, including the native 

structure as measured by obtaining any acceptable cluster of 2.0Å or less. However, 16 of the 31 

were successfully docked under the buried protocol. For the 5Å restraints, acceptable clusters 

were found to be top1 scoring for 1 of the 2 acceptable cases of the standard protocol, and both 

were found to be top5 scoring. This means that 30 of the 31 dockings identified an incorrect 

bound structure of the ligand as the top scoring ligand. Under the buried protocol, 15 of 16 

acceptable cases were found to be top1 scoring, and all 16 cases produced top5 acceptable 

clusters. Average cluster i-RMSD for the top1 scoring results of all 31 structures is 3.710Å. The 

top1 results is an average of the RMSD values of each of the top scoring clusters for each 

protein-ligand pair, regardless of whether or not that cluster is acceptable under the 2.0Å cutoff 

for success. Best acceptable clusters as defined by i-RMSD (<2.0Å) were plotted for both 

protocols against site RMSD and can be viewed in Figure 4. As can be seen in Figure 4, in all 

cases but one and the native structure, the buried protocol is necessary for producing an 

acceptable cluster during the docking. Using the buried protocol generated acceptable ligand 

structures in 100% of the 16 unbound structures most similar to the native 1t40 (with site RMSD 

less than 0.750Å). 

Docking the 1t40 ligand into the ensemble was much more successful under the 10Å 

restraints as compared to docking under the 5Å restraints. When the unbound structures were 

docked using 10Å restraints, the 1t40 ligand docked successfully into 9 of the 31 structures under 

the standard protocol, including the native structure using the 2.0Å cutoff for success. Under the 
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buried protocol, 24 of 31 were successfully docked. For the 10Å restraints, clusters were found 

to be top1 scoring for 5 of the 9 acceptable structures under the standard protocol. The standard 

cluster produced top5 scoring solutions for all 9 of the acceptable clusters. Under the buried 

protocol, clusters were found to be top1 scoring for 17 of the 24 acceptable cases, and 22 of 24 

acceptable solutions were found to be top5 scoring. Average cluster i-RMSD for the top1 scoring 

results is 3.588Å. Best acceptable clusters as defined by i-RMSD (<2.0Å) were plotted for both 

protocols against site RMSD and can be viewed in Figure 5. As can be seen in Figure 4 and 

reemphasized in Figure 5, unbound structures with site RMSD less than 0.750Å are more likely 

to produce acceptable structures than those complexes with site RMSD above 0.750Å. Using 

10Å restraints, more structures with smaller site RMSDs under the standard protocol were 

successful compared to the 5Å restraints (where none were successful). In addition, for some of 

the most difficult cases with large sites RMSD, the buried protocol was able to achieve success 

using 10Å restraints, while none of the 5Å restraints dockings produced acceptable structures. 

Unbound structures for each protein were compared to the target’s crystal structure and 

measured to assess conformational differences which may influence docking success. Two 

RMSD values were calculated for the backbone, and for the full set of atoms for all residues 

within 5Å of the ligand as compared to the target structure. These RMSD values were plotted 

against Top1 RMSD values for both the 5Å and 10Å restraints as seen in Figures 6 and 7, 

respectively. Several cases have backbone and all-atom site RMSD values that differ. These 

cases are those that were successful with a large site RMSD. This is likely because overall, their 

sites are not dramatically different from the 1t40 site but may have a single sidechain with a 

large movement that does not prevent docking. 
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Differences in protein structure were also assessed at specific locations in the protein 

binding sites. The target 1t40 protein has an open specificity pocket around residues Ala300 and 

Leu301. RMSD values were calculated for these residues as compared to the target as was done 

to assess overall conformational features of the structures. Particular interest was paid to residues 

Trp111 and Leu301 as these were indicated as influential residues on docking success in the 

literature (27). The site of the specificity pocket was also visually inspected to determine if the 

pocket was open or closed. An example of an open versus a closed specificity pocket can be seen 

in Figure 8. In general, unbound structures with an open specificity pocket are considered to be 

more similar to the native 1t40 protein. Those with an open specificity pocket also tend to have a 

corresponding site RMSD value less than 0.750Å as compared to the 1t40 crystal structure. With 

the exception of 1iei, unbound structures with a site RMSD value more than 0.750Å have a 

specificity pocket that has collapsed entirely and is closed off for potential docking 

conformations. While most of the unbound structures fall into either the open or closed 

categories regarding conformation of their specificity sites, 2ikh, 2fzd, and 1iei do not strictly 

adhere to this rule. Each of these three unbound structures have a specificity pocket which can be 

described as technically open but constrained in conformation. These unbound structures are 

notable as they each gave top1 acceptable solutions even though their site is not in the ideal open 

conformation for the 1t40 ligand to bind. The complete list of structures from the ensemble with 

their site RMSD compared to the 1t40 site as well as conformational classification can be found 

in Table 4. 
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Figure 4. Success of docking 1t40 into 31 target proteins including the native protein under 5Å 

restraints for both the standard and buried protocols. 

 

 
Figure 5. Success of docking 1t40 into 31 target proteins including the native protein under 10Å 

restraints for both the standard and buried protocols. 
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Figure 6. Influence of protein site RMSD on Top1 success of 1t40 docking into 31 target 

proteins including the native protein under 5Å restraints. 

 

 
Figure 7. Influence of protein site RMSD on Top1 success of 1t40 docking into 31 target 

proteins including the native protein under 10Å restraints. 
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  Table 4. Conformational features of structures in the ensemble 

  

Unbound 

Structure 

Input 

protein 

site 

RMSD 

backbone 

Input 

protein 

site 

RMSD 

all 

atoms 

specificity 

pocket open 

or closed Leu301 Trp112 

Other 

Notable 

Residue 

Changes 

  1t40 0 0 open 0 0 - 

  2fz9 0.183 0.417 open 0.334 0.083 - 

  2dv0 0.204 0.429 open 0.264 0.106 - 

  2ikj 0.249 0.522 open 0.312 0.164 - 

  1t41 0.26 0.409 open 0.186 0.1 - 

  1z89 0.273 0.48 open 0.375 0.069 - 

  1pwl 0.277 0.388 open 0.239 0.13 - 

  2iki 0.373 0.531 open 0.306 0.11 Phe312 

  2hvo 0.395 0.492 open 0.536 0.107 Ala300 

 

 1t40 Ligand Structure 
 

2ikg 0.402 0.601 open 0.239 0.048 Ala300 

2dux 0.405 0.493 open 0.537 0.082 Ala300 

2duz 0.406 0.491 open 0.477 0.081 Ala300 

2fz8 0.412 0.498 open 0.529 0.078 Ala300 

2hvn 0.43 0.513 open 0.551 0.091 Ala300 

2ikh 0.435 0.58 constrained 0.854 0.091 Ala300 

1x96 0.676 0.9 closed 1.691 0.203 Ala300 

1el3 0.678 0.948 closed 1.58 0.185 Ala300 

2nvc 0.684 0.97 closed 1.561 0.221 Ala300 

  1x98 0.687 0.887 closed 1.688 0.179 Ala300 

  2inz 0.692 0.95 closed 1.704 0.306 Ala300 

  1x97 0.695 0.912 closed 1.72 0.236 Ala300 

  2is7 0.695 0.961 closed 1.609 0.328 Ala300 

  2iqd 0.697 0.955 closed 1.698 0.334 Ala300 

  2j8t 0.697 0.964 closed 1.78 0.235 Ala300 

  1z8a 0.707 0.986 closed 1.744 0.177 Ala300 

  2acr 0.711 0.962 closed 1.684 0.332 Ala300 

  2acq 0.718 0.957 closed 1.735 0.363 Ala300 

  2ine 0.719 0.984 closed 1.737 0.336 Ala300 

  2iq0 0.721 0.972 closed 1.724 0.349 Ala300 

  2fzd 0.731 1.022 constrained 1.081 0.159 Ala300 

  
1iei 0.737 1.094 constrained 0.822 0.291 

Cys299, 

Ala300 

  

*Though the specificity pockets for 2ikh and 1iei are classified as open, 

they are slightly constrained as compared to other structures. 
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Figure 8. Specificity pocket conformations using the crystal structures for 2fz9 (left, open) and 

2inz (right, closed) overlaid with the 1t40 target. 

 

 

II. 2inz ligand ensemble docking. 

When the 2inz ligand was docked into 25 unbound structures using 10Å restraints, 

acceptable clusters as defined by i-RMSD (<2.0Å) were produced for 18 of 25 unbound 

structures including the native structure under the standard protocol. Under the buried protocol, 

17 of 25 were successfully docked. The 2inz ligand was docked into the same set of unbound 

structures as the 1t40 ligand, however, six structures were removed from the ensemble because 

they were identified as being a family of seven structures with identical bound ligands as well as 

crystal structures which were nearly identical to each other. Primary differences in structures and 

bound ligands for this family were found in the methods used to obtain a crystal structure, for 

example, differences in pH during crystallization. Because of this, the unbound structure for 

2hvo was chosen to represent this family of unbounds. For the 10Å restraints, none of the 

clusters were found to be top1 or top5 scoring for the standard protocol. Under the buried 

protocol, 8 of the 17 acceptable cases produced top1 scoring clusters, and 9 of the 17 acceptable 
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clusters provided top5 scoring solutions. Average cluster i-RMSD for the top1 scoring results is 

3.650Å. Best clusters as defined by i-RMSD (<2.0Å) were plotted for both protocols against site 

RMSD and can be viewed in Figure 9. These RMSD values were plotted against Top1 RMSD 

values for the 10Å restraints as seen in Figure 10. 

The 2inz ligand appears to dock most successfully into structures with a closed 

specificity pocket, though some clusters were found to be acceptable for structures with an open 

specificity pocket as well. Under the standard conditions, the acceptable clusters produced for 

structures with an open specificity pocket were ranked very poorly with a ranking greater than 

15. In contrast, this was only the case for some of the acceptable clusters produced for these 

clusters under the buried protocol. Overall, the 2inz ligand appears to be relatively difficult to 

dock because very few acceptable clusters were ranked well. 

 

 
Figure 9. Success of docking 2inz into 25 target proteins including the native protein under 10Å 

restraints for both the standard and buried protocols. 
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Figure 10. Influence of protein site RMSD on Top1 success of 2inz docking into 25 target 

proteins including the native protein under 10Å restraints. 

 

III. 1x97 ligand ensemble docking. 

When the unbound structures were docked using 5Å restraints, the 1x97 ligand docked 

successfully into 27 of the 31 unbound structures under the standard protocol, including the 

native structure as measured by obtaining any acceptable cluster of 2.0Å or less. However, 18 of 

the 31 were successfully docked under the buried protocol. For the 5Å restraints, clusters were 

found to be top1 scoring for 3 of the acceptable cases under the standard protocol.  Average 

cluster i-RMSD for the top1 scoring results of all 31 structures is 5.340Å, although the average i-

RMSD for the acceptable clusters was 1.312Å. The 3 acceptable cases seemed to have scores (-

43.086, -39.399, -43.148) similar to the average score of the rest of the not acceptable, top1 

scoring solutions (-45.319). Of the 27 acceptable standard cases, 21 produced top5 acceptable 
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clusters. None of the 18 acceptable, buried solutions ranked top1 scoring, but 10 produced top5 

acceptable clusters. Best acceptable clusters as defined by i-RMSD (<2.0Å) were plotted for both 

protocols against site RMSD and can be viewed in Figure 11. 

When the unbound structures were docked using 10Å restraints, the 1x97 ligand docked 

successfully into 29 of the 31 structures under the standard protocol, including the native 

structure using the 2.0Å cutoff for success. Under the buried protocol, 22 of 31 were successfully 

docked. For the 10Å restraints, clusters were found to be top1 scoring for 2 of the acceptable 

cases under the standard protocol, and top5 scoring for 17 of the 29 acceptable cases. Under the 

buried protocol, none of the solutions produced top1 scoring clusters, but 5 of the 22 acceptable 

solutions gave top5 scoring clusters. Average cluster i-RMSD for the top1 scoring results is 

4.791Å, and 1.495Å for top1 acceptable clusters. Best acceptable clusters as defined by i-RMSD 

(<2.0Å) were plotted for both protocols against site RMSD and can be viewed in Figure 

12.  These RMSD values were plotted against Top1 RMSD values for both the 5Å and 10Å 

restraints as seen in Figures 13 and 14, respectively. 

Though 1x97 has a closed specificity pocket in the native structure, success does not 

appear to be dependent on conformation of the specificity pocket. The 1x97 ligand docked 

successfully into all of the structures with a closed specificity pocket with a few exceptions. 

However, the 1x97 ligand also docked successfully into most of the structures with an open 

specificity pocket as well. In the native 1x97 crystal structure, however, the 1x97 ligand does not 

occupy the specificity pocket. To dock the 1x97 ligand, the standard protocol appears to be more 

successful than the buried protocol, and the 10Å restraints more successful than the 5Å restraints. 

Overall, the 1x97 ligand appears to be difficult to dock as very few high-ranking structures were 

produced for any of the protocols. 
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Figure 11. Success of docking 1x97 into 31 target proteins including the native protein under 5Å 

restraints for both the standard and buried protocols. 

 

 
Figure 12. Success of docking 1x97 into 31 target proteins including the native protein under 

10Å restraints for both the standard and buried protocols. 
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Figure 13. Influence of protein site RMSD on Top1 success of 1x97 docking into 31 target 

proteins including the native protein under 5Å restraints. Of the top1 solutions shown here, 8 

were produced under the standard protocol, including the 3 acceptable solutions. 
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Figure 14. Influence of protein site RMSD on Top1 success of 1x97 docking into 31 target 

proteins including the native protein under 10Å restraints. Of the top1 solutions shown here, all 

were produced under the buried protocol, except for the 2 acceptable solutions. 

 

 

IV. Pairwise docking. 

Based on the results of the ensemble docking experiments with the 1t40, 2inz, and 1x97, I 

designed a pairwise docking experiment to test the docking of multiple ligands with only a single 

input protein structure for each. The pairwise docking experiment was a similarity-based 

approach in which the ligands from the ensemble structures were docked into a second structure 

from the ensemble which was most similar to their native protein structure. The unbound 

structure which was selected for a ligand to dock into was the structure which had the lowest 

RMSD when compared to the native protein. The 1x96, 2acr, and 2j8t are apo structures, and so 

had no ligand to be docked in a protein-ligand pair. Though this approach did not require the 

unbound protein and the ligand’s native structure to have the same specificity pocket 

conformation, the similarity-based approach often resulted in pairs exhibiting matching 
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specificity pocket conformations. In other words, ligands which came from structures with an 

open specificity pocket were docked into unbound structures with open specificity pockets, and 

ligands which came from structures with closed specificity pockets were docked into unbound 

structures with a closed specificity pocket. Each protein-ligand pair was submitted to the same 

docking protocols as the other projects. 

Under the 5Å restraints, the pairwise docking experiment was most successful when the 

buried protocol was used. When the 5Å restraints were used, protein-ligand pairs produced 

acceptable clusters as defined by having an RMSD of less than 2.0Å for 7 of 28 pairs under the 

standard protocol, and 16 of the 28 pairs under the buried protocol. For the 5Å restraints, 15 of 

28 protein-ligand pairs produced top1 scoring acceptable clusters, only 1 of which came from the 

standard protocol. The average cluster i-RMSD for top1 scoring clusters of all protein ligand 

pairs regardless of whether or not they were acceptable is 3.268Å. This is good as it indicates 

that within the ensemble, most top ranked solutions produced by the protein-ligand pairs were 

acceptable, though there were a few that were not. Under the standard protocol, 6 protein-ligand 

pairs produced top5 acceptable clusters, and 16 produced top5 acceptable clusters under the 

buried protocol. Best i-RMSD clusters were plotted for both protocols against site RMSD and 

can be viewed in Figure 15. 

The 10Å restraints were much more successful than the 5Å restraints, and like the 5Å 

restraints, the buried protocol was more successful than the standard protocol. When the protein-

ligand pairs were docked using 10Å restraints, acceptable clusters were produced for 14 of 28 

cases under the standard protocol using the 2.0Å cutoff for success, and 25 of 28 were 

successfully docked under the buried protocol. Use of the 10Å restraints improved top1 scoring 

success to produce 16 acceptable top1 ranked solutions. 2 of these top1 acceptable solutions 
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came from the standard protocol, with the rest being produced under the buried protocol. The 

average i-RMSD of top1 ranked solutions regardless of acceptability is 3.434Å. For the 10Å 

restraints, top5 ranked acceptable clusters were produced for 4 protein-ligand pairs under the 

standard protocol, and 18 pairs under the buried protocol of the 14 acceptable cases. Best i-

RMSD clusters were plotted for both protocols against site RMSD and can be viewed in Figure 

16.  These RMSD values were plotted against Top1 RMSD values for the both the 5Å and 10Å 

restraints as seen in Figures 17 and 18, respectively. 

Pairwise docking is most successful under the buried protocol using 10Å restraints, and 

the influence of restraint and protocol choice is particularly important for docking into closed site 

structures. Ligands which docked into open site structures had near perfect success when the 

buried protocol was used for under both sets of restraints. Docking into open site structures is 

challenging under the standard protocol but improved slightly from 42.9% to 50.0% sampling 

success. Docking into closed site structures appears to be much more challenging in general. 

When the 5Å restraints were used, only 1 closed site protein-ligand pair was able to be docked 

successfully when the standard protocol was used. However, when the 10Å restraints were used, 

the buried protocol was most successful giving 64.3% sampling success compared to the 50.0% 

sampling success under the standard protocol. Similarly, top1 solutions were almost all produced 

by open site structures, with the closed site structures only producing a single top1 ranking 

acceptable solution of the 15 under the 5Å restraints and 3 top1 ranking acceptable solutions of 

the 16 under the 10Å restraints. One notable difference between docking open versus closed site 

protein-ligand pairs is that the open site structures benefited primarily from the buried protocol, 

but the closed site structures showed similar success under both the standard and buried 

protocols. It is possible that this is because the closed site structures generally consist of docking 
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smaller ligands that may be more compatible with the more rigid protocol of the standard 

protocol. 

 

 

 
Figure 15. Success of the pairwise docking of 28 ligands and target proteins under 5Å restraints 

for both the standard and buried protocols. 
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Figure 16. Success of the pairwise docking of 28 ligands and target proteins under 10Å restraints 

for both the standard and buried protocols. 

 

 
Figure 17. Influence of protein site RMSD on Top1 success of the pairwise docking of 28 ligand 

and target proteins pairs under 5Å restraints. 
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Figure 18. Influence of protein site RMSD on Top1 success of the pairwise docking of 28 ligand 

and target proteins pairs under 10Å restraints. 

 

Discussion 

Comparison to GOLD.  

 Very frequently, when discussing efficacy of docking programs, the GOLD program is 

evaluated as it is one of the top molecular docking programs in the field in both sampling and 

scoring capabilities (48,49). It has been subjected to many benchmark docking experiments and 

tested with many validation sets. Because of this, it is useful to compare the different strategies 

and results of GOLD and HADDOCK to assess and contextualize the results of the aldose 

reductase docking experiments. 

 Before the actual results of HADDOCK and the aldose reductase docking experiments 

can be assessed in the context of GOLD, it is important to understand how GOLD measures 
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success, and how that differs from the way HADDOCK measures success. In order to assess the 

efficacy of GOLD, docking was performed using the Astex Diverse set. Using GOLD, docking 

runs were performed five times for each structure using the default settings for the program. To 

measure success, the average success rate was generated by averaging the Top1 results of all five 

docking runs (27). This was repeated 10 times for each unbound structure when they performed 

unbound docking with the Astex Non-Native set. Their Top1 results were defined by how many 

times successful structures within 2.0Å RMSD of the experimental structure were generated as a 

top-ranked solution. In our protocol, each docking was only performed once for each set of 

conditions. In total, each docking run produced several clusters from 200 sampled poses, and 

success rates were based off of the number of successful clusters generated across the ensemble 

under each condition. Both programs have been submitted to numerous benchmarking 

experiments in an attempt to measure the quality of the docking programs. In performing the 

benchmark experiment on the Astex Diverse Set, GOLD produced top-ranked successful 

solutions for 80% of native cases, compared to 61% success for non-native cases for Astex Non-

Native set (27). For just the aldose reductase docking, GOLD produced top-ranked successful 

solutions for 100% of native docking trials, and 36% for non-native docking. In the Bonvin 

group’s most recent participation in the D3R challenge of 2018 showed HADDOCK gave a top1 

success rate of 63% and top5 success rate of 71%. In the D3R challenges, however, rather than 

measuring success by averages, success was measured by individual poses produced by 

HADDOCK. The D3R challenges also differed from the Astex benchmark experiment because 

the D3R challenges measured success for a single protein with multiple different ligands. 

 The GOLD benchmark experiment also used the 1t40 ligand for docking, but the results 

of my 1t40 ligand ensemble docking experiment were much better. Where the GOLD benchmark 
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achieved 36% for non-native docking of the 1t40 ligand, my 1t40 ligand ensemble docking 

experiment gave 76.7% success. The top1 success under my ensemble docking experiment was 

53.3%, which was not quite as high as the 63% top1 success rate achieved by the GOLD 

benchmark experiment. However, my ensemble docking experiment did exhibit slightly higher 

top5 success at 73.3% compared to GOLD’s 71%. 

 There are a few ways in which the GOLD program differs from HADDOCK. First, the 

style of docking performed by the two programs are slightly different. GOLD uses a style of 

molecular docking called soft docking which allows general flexibility in both the protein and 

the ligand but can only incorporate small conformational changes (14). In contrast, the 

HADDOCK program incorporates flexible docking in a unique way by using a completely 

flexible ligand in combination with a partially flexible protein around the binding site. 

HADDOCK defines the interfaces which may participate in the binding of the ligand and allow 

those residues to remain flexible during docking, along with a fully flexible ligand (17,18,19). 

Protein-ligand flexibility is particularly important for the aldose reductase protein, and the effects 

of flexibility and conformational differences is discussed in the following sections (Influence of 

the specificity pocket, Influence of ligand structural features, and Measuring docking difficulty). 

 Another difference between the HADDOCK and GOLD programs that is important to 

recognize is the difference in their sampling procedures. In molecular docking, the sampling 

procedure comes from the search algorithm employed. GOLD uses genetic algorithms to sample 

protein-ligand binding poses (50). In a basic sense, genetic algorithms sample many different 

protein-ligand complexes, and the various conformations “compete” with each other based on 

their conformational free energy. Over the course of many rounds of sampling, complexes with 

the lowest conformational free energy are selected to represent the “sampled” poses. This allows 
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for efficient sampling of a large three-dimensional search space for complexes which may 

actually represent the “true” conformation of the protein-ligand complex (51). HADDOCK, 

rather than using an algorithm focused on competitive sampling like a genetic algorithm, uses a 

restraints-based method to guide sampling (52). This guides the sampling process, so that only 

poses in which the ligand interacts with the known binding residues are sampled. 

GOLD uses a new scoring function called Chemscore. Because GOLD uses a genetic 

algorithm for sampling, the original Goldscore algorithm measured “fitness” of sampled poses, 

or how low the conformational free energy term is for a particular pose. This was achieved by 

measuring the protein-ligand hydrogen bonding, protein-ligand van der Waals forces, as well as 

intramolecular hydrogen bonding and strain in the ligand to find the overall free energy of the 

pose. Their new Chemscore function performs the same calculation, but also incorporates the 

energy for overall hydrogen bonding, acceptor-metal, and lipophilic interactions, as well as the 

loss of conformational entropy of the ligand, and the influence of clashes between the protein 

and ligand (48). Clashes are the non-hydrogen atom overlap between the protein and ligand and 

is measured by RMSD. 

 

Comparison to D3R challenges.  

One of the docking experiments we performed is a pairwise docking in which ligands 

were docked into a protein from the ensemble that most closely resembles the ligand’s native 

structure. This experiment was designed to mimic the experiments performed by the Bonvin 

group in the D3R Challenges at the University of California, San Diego. 

The D3R Grand Challenge is an event hosted by the Drug Design Data Resource 

community at UC San Diego. These data sets are made using one protein and many ligands with 
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their measured affinities. The data are used to create blind prediction challenges through which 

participants can submit possible solutions. This allows for these challenges to serve as a sort of 

benchmarking experiment in which many different docking programs can be compared by their 

docking and scoring functions (54). 

The Bonvin group has participated in the D3R Challenges twice in 2017 and 2018. In the 

2017 challenge, participants predicted the poses of 36 crystal ligand structures binding into a 

single Farnesoid X nuclear receptor, as well as the affinities of 102 ligands in two stages. In 

Stage 1, participants were given the files for the apo structure of the Farnesoid receptor, as well 

as affinity data for all ligands. In Stage 2, participants were given crystal structures for protein-

ligand complexes of 36 targets. Initially in Stage 1, the Bonvin group identified 4 possible 

receptors for the Farnesoid receptor for ensemble docking. Once given crystal structures in Stage 

2, however, they found that receptor conformation was the limiting factor for docking success. 

As a result, they revised their docking protocol, and proceeded using a pairwise approach. In the 

pairwise approach, the Bonvin group selected the most similar ligand to the native ligand of the 

35 targets from the full data set of 102 ligands. The ligand which was identified as being most 

similar was then used to dock into the target, nonnative structure. This was different from my 

pairwise approach which selected the most similar protein structure for each ligand to their 

native structure for docking. They found that after utilizing a pairwise approach, 13 of 35 

structures gave high quality top-scoring solutions (which they defined as within 2.5Å of the 

native complex) for a sampling success of 37.1% (55). 

In the 2018 challenge, participants predicted the structures created by binding 24 small 

molecules to Cathepsin S. In the 2018 challenge, the team chose a total of 36 template structures 

to compare to the crystal structures of the ligands. They then selected one template for each of 
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the 24 ligand structures based on similarity to the ligand. They also selected only the top 10 

conformers of the crystal ligand structures to use for ensemble docking based on their 

compatibility to their respective protein templates. Finally, they altered their HADDOCK 

protocol in the water refinement stage by keeping all hydrogen atoms, doubling the MD steps 

compared to the default value in HADDOCK, and altering the default scoring function for 

HADDOCK by cutting the weight of the electrostatic energy term in half, as well as not utilizing 

a rigid body it0 stage. This change in protocol gave high quality, top1 ranked structures for 15 of 

24 targets corresponding to a success rate of 62.5% using the 2.5Å limit for success (56). 

Like the results found by the Bonvin group in the D3R challenges, initial ensemble 

docking approaches of the aldose reductase ensemble indicated that protein conformation is an 

important predictor of docking success. Specifically, in the case of aldose reductase, the 

ensemble docking experiments show that the conformation of the specificity pocket in the 

binding site will likely determine whether or not a ligand will dock successfully. In response to 

this, a pairwise approach was used in the aldose reductase experiment. The hypothesis behind the 

pairwise approach was that ligands will most likely dock into protein structures which are most 

similar to their native protein. When using the pairwise approach, acceptable clusters as defined 

by an RMSD value of less than 2.0Å were produced for 16 of 28 pairs under the buried protocol 

with 5Å restraints giving a success rate of 57.1%. However, the buried 10Å restraints gave the 

best results, 25 of 28 pairs (89.3%) giving acceptable solutions. This is an impressive result when 

compared to the D3R results from 2018, where a pairwise approach gave high quality, top1 

ranked structures for 15 of 24 targets (62.5%) for the Bonvin group (56). This is also higher 

success than GOLD achieved on the Astex Non-Native Set, where GOLD produced top-ranked 

successful solutions for only 61% success (27). To be fair, the GOLD experiment did not 
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perform a pairwise experiment and instead employed an ensemble docking approach, so some of 

the cases are expected to fail as the ligands are not docked into the best, most similar input 

structures. Similarly, while the pairwise results showed improvement from the original ensemble 

docking experiment in which the 1t40 ligand was docked into the full ensemble of 31 protein 

crystal structures, this makes sense because most of the protein structures in the ensemble 

docking are not similar to the 1t40 protein structure and so are expected to fail compared to the 

best choice input structure. Even under the buried protocol with 10Å restraints which gave the 

best results, the pairwise docking approach gives greater success than traditional ensemble 

docking. Using the buried protocol under 10Å restraints, the pairwise approach improves 

docking from a success rate of 77.4% to a success rate of 89.3%. This is consistent with the 

results of the D3R challenges in that a pairwise approach to docking leads to better docking 

success than a traditional ensemble docking approach. This indicates that protein conformation is 

an important indicator of docking success. Though docking success cannot be predicted with 

certainty based on protein conformation - as evidenced by not achieving 100% success in the 

pairwise docking experiment - careful selection of protein-ligand pairs based on structural 

similarities does improve docking success. 

This approach does not give any indication to scoring success however, or the ranking of 

acceptable solutions. Scoring was not very successful for the pairwise docking. Acceptable 

solutions for the 10Å buried results for the pairwise docking were top ranked for 13 of 25 

solutions giving 52.0% of solutions ranked top1, and top5 ranked for 19 of 25 solutions giving 

76.0% of solutions ranked top5. For context, pairwise docking of the D3R challenge from 2018 

gave 63% top1 scoring success and 71% top5 scoring success. For the 1t40 10Å buried ensemble 

docking results, acceptable solutions were top ranked for 17 of 24 acceptable solutions or 70.8% 



57 
 

of the solutions. They were top5 ranked for 22 of the 24 acceptable solutions or 91.6% of the 

solutions. This indicates that overall, while the pairwise gives better sampling success than a 

traditional ensemble docking approach, it may not improve scoring of acceptable solutions. 

 

Sampling success versus scoring success.  

 Scoring success of docking the 1t40 ligand into the 31 structure ensemble appears to be 

largely unaffected by size of restraint definition of 5Å or 10Å. Under 5Å restraints, 51.6% of 

top1 ranking solutions were acceptable. Using the 10Å restraints, the buried protocol did 

introduce 4 top-ranked unacceptable decoys, however, scoring success did improve slightly as 

54.8% of top1 ranked solutions to be acceptable. Under both conditions, however, the overall 

top1 ranked solution from docking into all 31 members of the ensemble was an acceptable 

structure, and acceptable clusters tended to score better than unacceptable clusters. 

 Under the 5Å restraints, open site structures gave 94.1% top1 acceptable scoring success, 

while solutions for the closed site structures gave no top1 ranked acceptable solutions. Under the 

10Å restraints, top1 acceptable scoring success for the open site structures went down to 76.5% 

with the introduction of top ranked decoys but scoring success of top1 ranked acceptable 

solutions for the closed site structures increased to 28.6%. 

 Trends observed in docking the 1t40 ligand into the ensemble were also observed in 

docking the 2inz ligand into the ensemble. Though the 2inz ligand was only docked into 5 of the 

ensemble structures under 5Å restraints, the 5 structures were the native 2inz protein as well as 

the 4 most similar structures to the native 2inz structure. Under 5Å restraints, the buried settings 

had 40.0% sampling success. Like the 1t40 docking experiment, sampling success was improved 

under the 10Å restraints with the buried protocol giving 68.0% sampling success. Overall, under 
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the 10Å buried protocol, 16% of top1 ranked solutions were acceptable, and 36% of top5 ranked 

solutions were acceptable. Though clusters produced in the 2inz ensemble docking experiment 

scored more poorly overall than the 1t40 ensemble docking experiment, similar trends in scoring 

can be observed. In the 1t40 ensemble docking experiment, open site structures which are similar 

to the native 1t40 protein, demonstrated higher scoring success than closed site structures, which 

are dissimilar to the native 1t40 protein. The 2inz ligand ensemble docking presents a similar 

result in that closed site structures similar to the native 2inz protein demonstrate higher top1 

acceptable scoring success (35.7%) than open site structures that are dissimilar to the native 2inz 

protein structure (27.3%). The difference between scores of structures with open versus closed 

specificity pockets is not nearly as great as that exhibited in the 1t40 ensemble docking 

experiment, however this may be due to the overall poorer scoring experienced in docking the 

2inz ligand. 

 Trends in sampling and scoring success observed in the 1t40 and 2inz ensemble docking 

experiments appear to reflect clashes with respect to the 1t40 ligand. Verdonk et al. define a 

clash as the overlap of atoms between protein and ligand experienced when docking (27). They 

calculate the severity of clashes by subtracting the sum of Van der Waals radii of atoms involved 

in an interaction from the distance between the protein and ligand atoms. In their ensemble 

docking experiment using GOLD, they found that as the worst clash of a structure with respect to 

the 1t40 ligand becomes more severe, docking performance goes down. When the worst clash 

was less than 0.5Å, nonnative docking had 79.1% sampling success. Sampling success decreased 

for nonnative docking only slightly when the worst clash was less than 2.0Å, to 70.6% sampling 

success. However, above 2.0Å, sampling success decreased dramatically to 57.8% (57). The 

results of the aldose reductase ensemble docking experiments reflected similar results as seen in 
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Table 5. Similar to the results found by Verdonk et al., sampling success is 100% for structures 

with clashes less than 2.0Å. Structures with clashes which are 2.0Å or greater have much lower 

sampling success at 53.3%. Scoring success, however, does not reflect the same trend.  

The most similar structures having clash severity under 0.5Å did not produce top ranking 

acceptable solutions for every cluster but did demonstrate high scoring success nonetheless 

(81.8%). Structures with clashes between 0.5Å and 1.0Å only demonstrated 50% scoring 

success, however, two of the four structures representing this bracket produced top scoring 

unacceptable decoys, skewing the scoring success for this bracket. With that in mind, it is likely 

that scoring success is also likely to be high (greater than 80%) for structures with clashes less 

than 2.0Å and drop off significantly for structures with clashes that are greater than 2.0Å.  

 

Table 5. Effect of clash severity on success of aldose reductase 

docking with ligand 1t40. 

Worst Clash 
Number of 

Structures 

Sampling 

Success (%) 

Top1 

Scoring 

Success (%) 

dclash < 0.5 11 100 81.8 

0.5 ≤ dclash < 1.0 4 100 50 

1.0 ≤ dclash < 2.0 1 100 100 

2.0 ≤ dclash 15 53.3 33.3 

 

 

 Clash severity is an important indicator of structural differences between proteins of the 

ensemble. More severe clashes indicate a region of the binding pocket occupied by residues of 

the nonnative protein structure. While slight shifts in the binding pocket may not make much of a 

difference in docking success, large shifts often do. A large clash often indicates large structural 

shifts that may make the difference in docking. This is clear when comparing structural features 
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to clash size. Each of the structures which have a clash larger than 2.0Å are structures with a 

closed specificity pocket, with the exception of 2fzd. However, even 2fzd has a largely 

constrained specificity pocket and has been identified as a challenging structure for docking. 

 Number of clashes may also indicate structural changes that may prove challenging for 

docking, but do not provide as clear of a cut-off for predicting docking success. As number of 

clashes increases, it is more likely that large scale structural changes will also be present. In the 

case of aldose reductase, number of clashes is measured in respect to the 1t40 protein, and more 

than 12 clashes is accompanied by a clash severity of 2.0Å or greater except in the case of the 

2ikh protein. Similarly, all structures with more than 12 clashes have a closed specificity pocket 

with the exception of 2ikh and 2fzd, which both have constrained specificity pockets. Number of 

clashes as an indication of binding success also reflects similar results to the influence of clash 

severity as can be seen in Table 6. As clash number increases, sampling success only slightly 

decreases, with the lowest sampling success coinciding occurring for structures with between 11 

and 15 clashes (40%). As seen with clash severity, two of the structures in this bracket produced 

top scoring unacceptable decoys, skewing the scoring success for this bracket. However, most 

structures in this bracket are structures with closed specificity pockets, so it makes sense that this 

bracket exhibits overall poor sampling success. The other half of the structures containing a 

closed specificity pocket have at least 16 clashes and demonstrate 85.7% sampling success. This 

means that though high clash number may indicate a more difficult structure to dock into, this 

may be overcome for some structures with the use of the 10Å restraints and buried protocol. Like 

with clash severity, number of clashes does not seem to be a strong indicator of scoring success, 

though structures with fewer clashes did have higher scoring success. Nearly all structures with 

more than 10 clashes were closed site structures, so the 11 to 15 clash and 16 to 20 clash brackets 
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are expected to have low scoring success. However, structures with the least top1 scoring success 

(20%) were not structures with the most clashes but were structures in the 11 to 15 clash bracket. 

Again, because nearly all structures with more than 10 clashes were closed site structures, this 

likely indicates that the challenge that comes with docking into an incompatible structure may be 

overcome by use of the 10Å restraints and buried protocol.  

 

Table 6. Effect of number of clashes on success of aldose reductase 

docking with ligand 1t40. 

Number of Clashes 
Number of 

Structures 

Sampling 

Success (%) 

Top1 

Scoring 

Success (%) 

0 - 5 5 100 80 

6 - 10 9 100 77.8 

11 - 15 10 40 20 

16 - 20 7 85.7 57.1 

 

 

 The results of these two experiments indicate that increased docking success will be seen 

in both increased sampling success, and increased scoring success. Information such as number 

of clashes may be useful for guiding a similarity-based approach, as a large number of clashes 

typically indicates higher instance of severe clash size. However, it is difficult to quantify how 

many clashes is too many clashes for successful docking, as successful docking with the 1t40 

ligand was seen in structures with up to 13 clashes. More useful is information regarding clash 

severity. High clash severity typically indicates a large-scale change in the binding site. In the 

case of aldose reductase, a clash larger than 2.0Å indicates a large-scale change in the specificity 

pocket, usually indicating a total collapse of the specificity pocket. Understanding that high clash 

severity is indicative of large-scale changes may help to guide similarity-based protocols by 
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indicating which protein structures have large differences. For example, in a similarity based 

approach, high clash severity would indicate that docking success is unlikely in attempts to dock 

the 1t40 ligand into a protein with a clash size of 2.0Å or greater such as 2inz or 2iqd - which is 

in fact the case as 1t40 did not dock successfully into either protein. It is important to note that 

number of clashes or severity of clash do not tell the whole story and are not perfect indicators of 

docking success.  

 

Influence of specificity pocket.  

 One of the observations from the 1t40 ensemble docking experiment is that the aldose 

reductase protein has a specificity pocket which may be open or closed depending on the 

particular conformer. The conformation of the specificity pocket appears to be largely 

determined by the position of residues 299 through 303, with Leu301 being of particular 

significance. When the site is open, these residues form an ⍺-helix extended by random coil 

which gives structure to the opening of the binding pocket. Refolding of the ⍺-helix generally 

occurs in structures with a closed site, and the support provided by the ⍺-helix isn’t there to 

prevent shifts in the random coil residues from invading the binding pocket, as can be seen in 

Figure 19. The Leu301 residue is particularly important as it tends to exhibit the most change in 

position with this structural change. Specifically, when a large-scale shift in the ⍺-helix, the 

Leu301 is dragged across the opening of the specificity pocket. Though the surrounding residues 

may also experience position shifts related to changes in the ⍺-helix, none are quite as critical as 

the Leu301. This is largely because the Leu301 residue is in a tightly constrained region of the 

specificity pocket surrounded by the sidechains of many other residues and demonstrates 
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changes in sidechain orientation as well as changes in position of the backbone. This causes the 

Leu301 sidechain to occupy the region of the specificity pocket required for large ligand binding.  

 

 

Figure 19. Refolding of the helix containing Leu301 (surface shown in pink) moves it into the 

opening of the specificity pocket, changing the protein’s binding site conformation from 

containing an open specificity pocket as in the 1t40 protein (shown in blue) to containing a 

closed specificity pocket like that of the 2inz protein (shown in green). The 1t40 ligand is 

presented here as the stick structure with the protein structures shown as the colored spaghetti 

and the NADPH cofactor represented by the collection of spheres. 

 

 

 In general, most structures fell into the categories of either having an open specificity 

pocket to accommodate a large ligand like 1t40, or a closed specificity pocket from 

crystallization with a small ligand like 2inz. However, the 2ikh and 2fzd proteins did not follow 

this trend and exhibited specificity pockets which were constrained rather than fully opened or 

closed. Both proteins were crystallized using larger ligands (Figure 20), but neither ligand is 

quite the same size as the 1t40 ligand. The 2ikh and 2fzd ligands also have more linearity than 
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the 1t40 ligand which exhibits an “L” shape. As a result, the 2ikh and 2fzd ligands still present 

with a specificity pocket which is technically open but is more restricted compared to the 1t40 

protein. 

 

 
Figure 20. The two proteins with constrained specificity pockets were crystallized with large 

ligands 2ikh (left), and 2fzd (right). 

 

 

 As is the case in structures with a closed specificity pocket, the constraining of the 

specificity pocket in the 2ikh and 2fzd structures comes from the change in position of residues 

299 through 303, and particularly important is the Leu301 residue extending from the ⍺-helix. 

The 2ikh protein structure is much less constrained than the 2fzd protein structure. Like the 2inz 

structure, the 2ikh protein loses the ⍺-helix which supports the Leu301 residue and helps to 

prevent the collapse of the specificity pocket. It is likely that the specificity pocket remaining 

open in the 2ikh structure when it is closed in the 2inz structure is due to the size of the ligand it 
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is crystalized with. While the 2ikh ligand is more linear than the 1t40 ligand, it is still a fairly 

large ligand so must require more space in the binding site than a small ligand like the 2inz 

ligand would require. However, though the 2ikh ligand is a larger ligand, it is lacking the 

benzothiazole ring which would ordinarily sit in the specificity pocket. As a result, the Leu301 

residue is dragged slightly into the opening of the specificity pocket without closing it off 

completely, and the Leu301 sidechain doesn’t rotate fully to occupy the site. In contrast, the 2fzd 

protein structure has a more constrained specificity pocket. In the 2fzd structure, the ⍺-helix is 

maintained but translated forward, forcing the Leu301 residue to shift as well and be dragged 

into the opening of the specificity pocket. While the 2ikh ligand is long where the benzothiazole 

ring should be on the 1t40 ligand, the 2fzd ligand is bulky. This means that the 2fzd ligand 

requires more room in the “turn” into the specificity pocket. The remainder of the binding pocket 

outside of the ⍺-helix and Leu301 residue for the 2fzd protein structure largely maintains the 

same structure as the 1t40 protein. Because there is enough space in the “turn” into the 

specificity pocket, that region of the binding pocket is able to maintain its structure and 

accommodate the bulkiness of the 2fzd ligand. Meanwhile, much of the specificity pocket is not 

required for binding the 2fzd ligand, so the Leu301 residue is able to shift to adjust to the 

translation of the ⍺-helix, and the Leu301 sidechain is able to rotate further into the site to reduce 

steric clash without closing off the specificity pocket completely. Conformation of the specificity 

pockets for 2ikh and 2fzd as compared to the 1t40 protein crystal structure can be seen in Figure 

21. 
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Figure 21. Conformation of the specificity pockets for 2ikh (green, top row) and 2fzd (green, 

bottom row) as compared to the 1t40 protein crystal structure (blue) with the surface of the 

pockets shown in pink for critical residues 299 through 303, including Leu301.  

 

 

  It is important to note that the way shifts in the binding site affects residue Leu301 is 

critical to the availability of the specificity pocket because of the residue’s limited capacity for 

structural change (27). Upon examining the binding sites of structures with closed and 

constrained specificity pockets, it can be seen that the Leu301 residue is right on the wall of the 

binding pocket. As stated previously, when large changes are made to the positions of residues 

299 through 303 as is found in structures with closed or constrained binding pockets, the 

sidechain of Leu301 must occupy the space that would be the opening of the binding pocket in 

order to relieve steric clash. This makes docking particularly challenging because HADDOCK is 

unable to induce large-scale movements in the protein to give the Leu301 residue the space to 
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move back out of the binding pocket. Ultimately, this means that docking large ligands into 

protein structures with these types of conformational changes will frequently be unsuccessful. 

 In examining the results of docking experiments using the 2ikh and 2fzd structures, it can 

be seen how different magnitudes of structural change to particular regions of the binding site 

can affect docking success. Because neither the 2ikh or 2fzd proteins have a completely open or 

completely closed specificity pocket, they provide excellent examples of “intermediate” 

structures. As stated previously, the 2ikh protein only exhibits slight restriction of the specificity 

pocket with the Leu301 residue displaying an RMSD of 0.854 of all nonhydrogen atoms with 

respect to the 1t40 protein structure, while the 2fzd protein has a much more constrained 

specificity pocket with an RMSD of 1.081 for the Leu301 residue. Docking using the 2ikh 

protein structure was much more successful than docking with the 2fzd protein. Acceptable 

clusters as defined by an RMSD value of less than 2.0Å were produced when docking the 1t40 

ligand into the 2ikh protein using the buried protocol for both the 5Å and 10Å restraints. 

Acceptable clusters were also produced for the 2inz ligand into the 2ikh protein using the buried 

protocol under 10Å restraints, as well as docking submissions of the 1x97 ligand into the 2ikh 

protein under 5Å and 10Å restraints and both the standard and buried protocols. In general, the 

2ikh protein seems to follow the same trends displayed by traditional ensemble docking 

experiments using the 1t40 and 2inz ligands. Docking into the 2ikh protein is most successful 

using the 10Å restraints and the buried protocol.  

 To fully examine the effects of smaller scale changes to the binding site, it is important to 

also look at the docking results of the 2fzd protein, which still has an open specificity pocket, but 

whose specificity pocket is more severely restricted than that of the 2ikh protein. Acceptable 

clusters as defined by an RMSD value of less than 2.0Å were produced when docking the 1t40 
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ligand into the 2fzd protein under 10Å restraints and the buried protocol, as well as docking the 

2inz ligand into the 2fzd protein under 10Å restraints for both the standard and buried protocols. 

However, no acceptable clusters were produced when the 1x97 ligand into the 2fzd protein, or - 

as stated above - when the 2fzd ligand was docked into the 2ikh protein for the pairwise docking 

experiment. Clearly, though the specificity pocket was not completely collapsed in the 2fzd 

protein structure, the translation of residues 299 through 303 in the binding pocket creates a 

significant change in the conformation of the protein because the 2fzd protein was not identified 

as even one of the top 5 most similar protein structures for any of the protein structures included 

in the aldose reductase ensemble. This significant difference in docking success for the 2ikh and 

2fzd protein structures indicates that the two categories of open versus closed, while a good 

starting point for predicting protein-ligand binding, do not encompass some more complicated 

structural changes that take place and can determine docking success. Rather, the docking results 

for these two proteins indicate that a higher magnitude of change likely indicates more difficulty 

docking. 

 Furthermore, while certain regions of the binding site like the specificity pocket may be 

critical for large versus small ligands, in some cases, the binding site may exhibit other structural 

changes to adapt to ligands which also do not neatly fall neatly into the categories of large versus 

small. The 1pwl structure is an excellent example of this. The 1pwl ligand, while not as long as 

the 1t40 ligand, is much bulkier as can be seen in Figure 22, and also has an open specificity 

pocket. 
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Figure 22. The 1pwl structure also represents a somewhat intermediate structure because 

compared to the 1t40 ligand (left), the 1pwl ligand (right) is bulkier and not as long, perhaps 

indicating how proteins may adapt to the binding of different size ligands. 

 

 

 While the two ligands’ native proteins both fall into the same category of having an open 

specificity pocket, examination of the full binding site shows that the specificity pocket may not 

have as large a role in structures which contain shorter but bulkier ligands like 1pwl. Because 

1pwl doesn’t have significant length like some of the other large ligands and does not occupy the 

specificity pocket making the pocket non-critical for binding. Instead, slight shifts  in position of 

residues His47, Val48, Tyr48, Phe122, and Phe123 (less than 0.5Å per residue for all 

nonhydrogen atoms) on the opposite end of the binding pocket create more room for a large 

ligand to position itself into as seen in Figure 23. 
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Figure 23. The 1pwl protein (green) induces shifts in residues on the opposite end of the binding 

pocket to the specificity pocket to adjust to larger ligands like the 1t40 (blue). The surface of the 

binding pocket in this region can be found in pink to visualize the structural change between the 

two protein structures. 

 

 

 Like the 2ikh protein, the slight changes in position of the binding site residues compared 

to the 1t40 conformation make the 1pwl structure fairly successful in docking experiments. 

Acceptable clusters as defined by an RMSD value of less than 2.0Å were produced when 

docking the 1t40 ligand into the 1pwl protein using the buried protocol for both the 5Å and 10Å 

restraints. Acceptable clusters were also produced when docking the 2inz ligand into the 1pwl 

protein under the 10Å restraints using both the standard and buried protocol, as well as for the 

standard and buried protocols under 5Å and 10Å restraints when docking the 1x97 ligand. In the 

pairwise docking experiment, the 1pwl protein was found to be the most similar nonnative 



71 
 

protein for the 1t41 ligand. When this pair was submitted for docking, acceptable clusters were 

produced for the buried protocol under 5Å and 10Å restraints. The 1pwl ligand was also docked 

into the 1t41 protein for the pairwise experiment and produced acceptable clusters for the 

standard and buried protocol under 5Å and 10Å restraints. These results indicate that the smaller 

scale changes in residue positions in the binding site outside of the specificity pocket act as 

another method for protein structures to adapt to large ligands. 

 Overall, docking results from intermediate structures such as 2ikh, 2fzd, and 1pwl are just 

as important as results from structures such as 1t40 and 2inz. In predicting binding capacity, 

looking to large scale conformational changes can be a great indicator of general binding trends 

within a protein ensemble. However, it is important to recognize smaller scale conformational 

changes, as proteins may adapt to large or small ligands in less critical regions of the binding 

pocket as well. Depending on their magnitude, such changes may determine whether a protein-

ligand pair will bind. Those smaller scale changes can also give significant insight into 

particularly difficult docking cases. 

 

Influence of ligand structural features. 

 While features of the binding pocket are clearly influential in docking experiments, 

another area of interest is in the way ligand structural features influence docking success. 

Specifically, to examine the influence of ligand structural features on docking success, 

compatibility with the binding site must be examined. However, another way thought to be 

useful in examining ligand compatibility with the binding site is using ligand affinity as a 

predictor of docking success. To assess ligand affinity, IC50 values were obtained from the 

Protein Data Bank (http://www.rcsb.org/pdb) for the full ensemble of 31 aldose reductase 
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conformers and can be found in Table 1 (page 13). An IC50 value represents the half maximal 

inhibitory concentration. In other words, the IC50 is a measure of the potency of an inhibitor, or 

how concentrated an inhibitor must be to achieve 50% inhibition of the protein of interest. 

Because the IC50 values correspond to the ligand structures, results of the pairwise docking 

experiment were used to evaluate the connection between affinity and docking success. The 

hypothesis was that a high IC50 value, corresponding to a low affinity, would give poor docking 

results in sampling, scoring, or both.  

 Ultimately, results from the pairwise docking experiment reveal that IC50 values may 

only indicative of sampling success when using the 5Å restraints. In the ensemble, there are 11 

ligands with relatively high IC50 values, as well as 5 ligands which do not have IC50 data 

available. The native structures for 3 of the 5 ligands which do not have IC50 data available are 

apo structures and were not docked in the pairwise docking experiments. Neither of the 2 

remaining ligands which do have IC50 data available docked successfully under the 5Å restraints 

using either the standard or the buried protocol but docked successfully for both protocols under 

the 10Å restraints. Of the 11 ligands with high IC50 values, 7 did not dock successfully for either 

the standard or the buried protocol under 5Å restraints. However, all but two of those 7 ligands 

produced an acceptable solution as defined by an RMSD value of less than 2.0Å for at least one 

if not both protocols under the 10Å restraints. The two low affinity ligands which did not dock 

successfully at all were the 2fzd and 1x98 ligands. These ligands are particularly interesting 

because they are the only two which did not produce even one acceptable solution. The 

remaining 4 low affinity ligands docked successfully into at least one protocol under the 5Å and 

both protocols under the 10Å restraints. All of the 15 high affinity ligands with low IC50 values 

docked successfully into at least one protocol, usually the buried, under both the 5Å and 10Å 
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restraints. The only exceptions are the 1el3 and 1z8a ligands, which did not dock successfully 

using either protocol under the 5Å restraints. It may be possible to use high IC50 values as a way 

to predict sampling success under the 5Å results. It appears as though under the 5Å restraints, the 

most difficult ligands to dock under 5Å had high IC50 values. However, this is not a surefire 

way to predict sampling success as 4 of the ligands with high IC50 values did dock successfully 

under the 5Å restraints, and IC50 gives no indication of possible sampling success under the 10Å 

restraints. Furthermore, a low IC50 value gives no indication that a ligand will provide 

successful sampling. 

 One way that IC50 values may be useful is in predicting quality of solutions for docking 

experiments. In general, low affinity ligands with a high IC50 value tended to give poorer scores 

for the top solutions they produced in the pairwise docking experiments. Under the 5Å restraints, 

only 3 low affinity ligands, 2ikg, 2nvc, and 2fzd, produced good scores of less than -50.000 for 

their top ranked solutions. All other low affinity ligands produced poorer than the average score 

for the full ensemble of -57.884 for their top ranked solutions. The average score for all low 

affinity ligands under 5Å restraints is -46.620. Scoring success improved slightly for low affinity 

ligands under 10Å restraints, with 5 ligands producing good scores of less than -50.000 for their 

top ranked solutions. Similarly, the average score for the top ranked solutions provided by low 

affinity ligands under the 10Å restraints is -47.599 compared to the average score of the full 

ensemble which is -56.348. This shows that low ligand affinity may indicate poorer overall 

scoring, while higher ligand affinity may be indicative of better-quality solutions. 
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Natural Structural Fluctuations: Zopolrestat. 

 Within the ensemble selected for the aldose reductase docking experiments, there was a 

family of 7 structures of identical ligands with nearly identical protein structures. The seven 

structures - 2hvo, 2hvn, 2dux, 2duz, 2fz8, 2fz9, and 2dv0 - represent aldose reductase protein 

structures bound to zopolrestat ligands and crystallized under a variety of conditions. The 

zopolrestat ligand is comparable in size to the 1t40 ligand which served as the basis to the aldose 

reductase experiments. The zopolrestat ligand as compared to the 1t40 ligand can be seen in 

Figure 24. 

 

 
Figure 24. The zopolrestat inhibitor (right) though similar, has a slightly different structure than 

the 1t40 ligand (left). The zopolrestat ligand has seven associated protein structures which have 

slightly different conformations due to the conditions under which they were crystallized. 

 

 

 The zopolrestat ligand has been of interest as a case study in docking experiments 

because it illuminates the ways crystallization may affect docking. Historically, crystal structures 

have often been regarded as a unique protein-ligand structure for each unique protein-ligand pair. 

However, evidence has emerged that proteins may adopt different, distinct binding modes under 
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different conditions (58). The 7 zopolrestat structures have been used to exhibit this new 

understanding of the effects of external conditions on protein conformations and formation of 

protein-ligand complexes. Zopolrestat is a verified drug candidate which has undergone some 

clinical testing. It has been identified as being a potential inhibitor of aldose reductase, and in 

trials has been reported to decrease activation of protein kinases which has an impact on 

transforming growth factor ꞵ1-induced synthesis of fibronectin and type IV collagen in 

mesangial cells (46). 

 Experiments using zopolrestat with the aldose reductase protein indicate that the 

conditions under which binding occurs can create distinct changes in the conformation of the 

binding site. In experiments performed by Steuber et al., molecular dynamics simulations were 

followed by actual protein-ligand complex crystallizations under varying conditions. In these 

experiments, Steuber et al. found a few key features which change under different crystallization 

conditions and which may influence results of docking experiments. One of their key findings is 

that depending on the size and shape of the ligand the aldose reductase protein is crystallized 

with, there may be a significant shift in residues Trp112, Ala300, Leu301, and Phe123. Residues 

Trp112 and Leu301 have also been mentioned as critical residues for docking in papers by 

Verdonk et al. A second key finding by Steuber et al., is that changes in crystallization 

conditions may induce changes in the binding mode due to changes in orientation of the 

sidechains of critical residues as well as the orientation of the benzothiazole ring in the 

specificity pocket, and the way atom orientation changes interactions between the protein and 

ligand (27). These results were consistent between molecular dynamics simulations and actual 

structure crystallizations (58). 



76 
 

Experiments with zopolrestat crystallized under varying conditions are important because 

they provide information regarding specificity of inhibitors that is consistent with but had not 

been identified through experiments with the 1t40 ligand, IDD552. In 2004, experiments were 

done in which the IDD552 aldose reductase inhibitor was crystallized under two conditions, pH5 

and pH8. Observation of the protein-ligand complex obtained from the aldose reductase-IDD552 

interaction illuminated the critical interaction between the carboxylic head of the ligand inhibitor 

and the Tyr49 residue in the binding site of the protein. Similar to the experiments performed by 

Steuber et al., the IDD552 crystallization also identified shifts in binding mode of the protein-

ligand complex under different crystallization conditions. However, Ruiz et al. determined that 

the residue shifts in the case of the IDD552 inhibitor were not significant enough to indicate two 

distinct binding modes (59). 

The work done by Steuber et al. and Ruiz et al. with the aldose reductase protein 

highlight that there are natural fluctuations in the binding site of proteins which may not be 

accounted for by a crystal structure. Because crystal structures are static, frozen-in 

representations of the protein-ligand complex, they do not give a full image of the dynamic 

properties of protein-ligand complexes. This may have important implications for protein-ligand 

docking (58,59).  

Examining the results of docking the 1t40 ligand into structures from the zopolrestat 

protein-ligand complexes shows that natural fluctuations in protein structure do impact docking 

success though in small ways. However, small scale changes, such as a 0.551Å shift in the 

critical Leu301 residue for all nonhydrogen atoms for the 2hvn zopolrestat crystal structure, may 

also have an impact on docking success by influencing which protocols will be successful for 

docking. Under 10Å restraints, success using the standard protocol was obtained for 5 of the 7 
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structures. All 7 structures were able to be successfully docked with the 1t40 ligand using the 

buried protocol under the 10Å restraints. The two zopolrestat structures most challenging to 

dock, the 2fz9 and 2dv0 structures had shifts in specificity pocket residue Ala300 which were 

distinct from the other zopolrestat structures. While the other zopolrestat structures demonstrated 

RMSD shifts between 1.330Å and 1.417Å in the Ala300 residue with respect to the 1t40 

structure, the 2fz9 and 2dv0 structures gave RMSD shifts of 0.366Å and 0.473Å respectively for 

all nonhydrogen atoms. Since the Ala300 residue affects conformation of the specificity pocket 

without being critical to the structural integrity of the specificity pocket like the Leu301 residue, 

it is likely that the small scale residue shifts require careful choice of protocol for success, rather 

than preventing docking success of the 1t40 ligand all together. 

 

Measuring docking difficulty. 

 One key consideration for predicting docking success is examining features of the 

binding site of the proteins to be docked into. As described previously, the aldose reductase has a 

binding site made of two conjoined pockets - the main pocket which binds the carboxylic head of 

the ligand, and the specificity pocket in which the benzothiazole ring sits. Examination of the 

aldose reductase binding site shows that the specificity pocket contains certain residues which 

are prone to position shifts which change the conformation of the specificity pocket. While some 

shifts appear to be natural fluctuation in residue position and have minimal influence on docking, 

there may also be large scale shifts which drag residues across the opening of the specificity 

pocket effectively closing it off. The large-scale shifts appear to be generally influenced by the 

ligand used for crystallization. In the case of the aldose reductase protein, understanding the 

connection between ligand size and residue shifts can indicate why a ligand may dock into some 
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proteins but not others. Specifically, a large ligand will dock best into structures with a fully 

open binding pocket, rather than a binding site with a closed or highly constrained specificity 

pocket. This observation from the aldose reductase docking experiments emphasizes an 

important lesson for improving docking experiments in general - when designing docking 

experiments, a thorough examination of the structural features of the binding site should be used 

to guide selection of docking pairs and/or docking ensembles. Ideally, structures selected for 

docking experiments should exhibit structural features in the binding site which resemble those 

found in the binding site of the native structure. 

 Trends in the aldose reductase ensemble docking experiments also indicated that ligand 

composition may be just as significant as protein conformation in predicting docking difficulty. 

For the aldose reductase docking experiments, 3 ligands were selected to dock into the 31 protein 

structure ensemble to represent ligands of small, intermediate, and large sizes. The overall 

scoring success of the 3 ensemble docking experiments indicate that in general, larger ligands 

produce better scoring solutions than smaller ligands. Under 10Å restraints, the small 2inz ligand 

had an average top-ranked cluster score of -40.081, the intermediate 1x97 ligand had an average 

score of -48.082, and the large 1t40 ligand had an average score of -59.734. As size increases, so 

does the score of top-ranked solutions from the docking experiments. As ligands become larger, 

however, they also increase in complexity. This increase in complexity may also give the ligands 

a more distinct binding mode. For example, the 1t40 ligand which has a carboxylic head on one 

end and a benzothiazole ring on the other with a ketone, fluorobenzene ring, and ether group 

between is going to have a more specific orientation in the binding site than a small ligand like 

2inz which only has a carboxylic head attached to a phenol. Though a larger ligand requires 

more space in the binding site, it may have more specific interactions and therefore have a more 
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distinct orientation than a smaller ligand. This is also reflected in the Top1 ranking of solutions. 

The 1t40 ligand gave the highest Top1 success rate at 54.8% compared to the 6.5% success rate 

produced by the 1x97 ligand or the 32.0% success rate produced by the 2inz ligand. This 

indicates that the larger, more complex ligand may in fact be the easiest to dock of all 3 selected. 

Though the 1t40 ligand may be combatting steric clashes with binding site residues in certain, 

more constrained protein structures, this is often relieved by the use of 10Å restraints and the 

buried protocol. Further reflecting the lack of difficulty with which the larger, more complex 

1t40 ligand docks is the overall sampling success rates of the 3 ensemble docking experiments. 

By far, the 2inz ligand was the most difficult to dock in terms of sampling success only 

producing acceptable clusters as defined by an RMSD value of less than 2.0Å for 68.0% of 

structures in the ensemble using the buried protocol under 10Å restraints. Under the same 

conditions, the 1x97 ligand produced a sampling success rate of 71.0%, and the 1t40 ligand 

produced a sampling success rate of 77.4%. In all regards, the 1t40 ligand was the easiest to dock 

in ensemble docking experiments. The results of the ensemble docking experiments for the 

aldose reductase protein point to ligand size and complexity as the major factor for predicting 

docking difficulty, surprisingly identifying the most complex ligand as the easiest to dock. 

 Trends in measuring docking difficulty observed in the ensemble docking experiments 

were confirmed by the pairwise docking experiment performed. For the pairwise docking 

experiment, ligands were docked into the nonnative protein from the ensemble which most 

resembled their native protein. All ligands whose native protein had a closed specificity pocket 

were paired with nonnative proteins with a closed specificity pocket, and all ligands whose 

native protein had an open specificity pocket were paired with a nonnative protein which also 

had an open specificity pocket. Beyond observed conformation of the specificity pocket, residue 
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shifts in the binding site were measured, and ligands were paired with the nonnative protein 

whose binding pocket had the smallest degree of change relative to their native protein as 

measured by RMSD. Because protein-ligand pairs were matched according to protein similarity, 

protein conformation was less important for measuring docking difficulty in the pairwise 

docking experiment. In addition, the ligands were used in their bound conformations, reducing 

the difficulty of ligand conformation sampling. However, the pairwise docking experiment does 

also reflect the observation that ligand size and complexity may be a determinant of docking 

difficulty. While the overall sampling success rate improved through use of the pairwise 

approach to 89.3% using the buried protocol under 10Å restraints, structures can be separated 

into categories based on conformation of the specificity pocket - and by extension, the size and 

complexity of the ligand - to observe differences in docking success in regard to ligand size and 

complexity. As stated previously, structures crystallized with larger, more complex ligands 

generally have an open specificity pocket, while protein structures crystallized with a smaller, 

less complex ligand exhibit a closed specificity pocket. Since the pairwise docking is a 

similarity-based approach, proteins are paired with ligands which resemble the size and 

complexity of their native ligand. In consequence, the protein-ligand pair results can be used to 

draw conclusions about ligand conformation. Using the pairwise docking approach, all open 

pocket structures were docked successfully using the buried protocol under 10Å restraints except 

the 2ikh-protein-2fzd-ligand pair, giving a success rate of 94.1%. Under the same conditions, all 

but 2 closed pocket structures were docked successfully with the pairwise docking approach, 

giving a success rate of 81.8%. Closed pocket structure pairs also scored more poorly under the 

same docking conditions with an average score of -45.942 compared to open pocket structure 

pairs which gave and average score of -63.081. Furthermore, of the 28 total protein-ligand pairs, 
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closed pocket structure pairs produced significantly fewer Top1 ranking solutions than open 

structure pairs, with Top1 success rates of 27.3% and 76.5% respectively. The worse sampling 

and scoring success for closed structure pairs compared to open structure pairs points to protein-

ligand conformation as a method of measuring docking difficulty, mirroring the results of the 

ensemble docking experiments also performed with the aldose reductase protein ensemble. 

Furthermore, while using similarity of protein structures in large scale structural motifs 

like specificity pocket conformation to guide docking experiments may increase overall docking 

success, there are some cases which exhibit more complex conformational features and therefore 

are more challenging to dock. Specifically, the 2fzd structure presents a type of drug-induced 

conformation which appears to be more challenging to dock than other aldose reductase 

conformers. The 2fzd ligand represents a drug called tolrestat. The tolrestat inhibitor was studied 

alongside the 7 zopolrestat inhibitors, and unlike the zopolrestat structures which presented a 

case for natural fluctuation in the binding site, the tolrestat complexes obtained indicated the 

possibility of induced change in the binding site. Steuber et al. found that the tolrestat inhibitor 

was actually able to form two complexes with the aldose reductase protein - one with a single 

tolrestat molecule in the binding site, and one with 4 tolrestat molecules in the binding site (58). 

In order to accommodate the tolrestat molecules in either complex formed, the aldose reductase 

induced 1.081Å shift in the Leu301 residue for all nonhydrogen atoms when either 1 or 4 

molecules were present, leading to the constrained binding site conformation observed in the 

aldose reductase ensemble docking experiments. Clearly, as the 2fzd protein and ligand have 

such poor docking performance, the general patterns observed in the aldose reductase docking 

experiments may not be useful for predicting docking success of the tolrestat structure. However, 

understanding that a drug-induced structural change may present distinct challenges from natural 
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fluctuations in protein structure point to the importance of researching protein structures as part 

of careful selection and inclusion of proteins for ensemble docking. 

 

1x97 ensemble docking. 

 To contrast the distinct conformations represented by the 1t40 and 2inz ligands, the 1x97 

ligand was selected to represent an intermediate structure. The 1t40 ligand is large and represents 

a set of structures in the ensemble with open specificity pockets, while the 2inz ligand is small 

and represents a set of structures with closed specificity pockets. What is noteworthy about the 

1x97 structure, is that it does not have a small ligand like the 2inz ligand, but the native protein 

also does not have an open specificity pocket like the native structure of the 1t40 ligand. The 

1x97 structure’s combination of features from both conformational classifications represented in 

the ensemble likely indicate that there are ways for protein structures to adapt to and 

accommodate ligands of different sizes other than large scale shifts in the binding pocket. 

 Results of the 1x97 ensemble docking experiment, however, indicate that it may in fact 

represent a distinct structure classification. The prediction that the 1x97 conformer may represent 

an intermediate of the two identified aldose reductase conformations was made using visual 

inspection of the 1x97 ligand and binding site. This idea may be supported in comparing the 10Å 

buried results across the 3 ensemble docking experiments. Under 10Å buried conditions, the 1t40 

ligand had the most docking success (77.4%), the 2inz ligand the least (68.0%), and the 1x97 

right between (71.0%). However, in general, trends observed in the initial 1t40 ensemble 

docking experiment that were consistent in the 2inz ensemble and pairwise docking experiments 

were not observed in the 1x97 ensemble docking experiment. 
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 Factors influencing sampling success appear to be only partially consistent between the 

1x97 ensemble docking experiment and the other aldose reductase docking experiments. Results 

of the 1t40 and 2inz ensemble docking experiments, as well the pairwise docking experiment 

indicate that sampling success is increased when an expanded definition of the binding site is 

used under the 10Å restraints. This observation does hold true for the 1x97 ensemble docking 

experiment. However, results from the other docking experiments also indicated that sampling 

success was increased by using the buried protocol. When the 1x97 ligand was docked into the 

31 structures of the ensemble, sampling success was actually increased using the standard 

protocol. Under the 10Å restraints, docking under the standard protocol gave 93.5% sampling 

success, while docking under the buried protocol only gave 71.0% sampling success. Because 

the actual sampling of poses is more successful using the standard protocol as opposed to the 

buried protocol, it may also be true that instead of representing a structure between the 1t40 and 

2inz structures, the 1x97 structure may actually have a distinct type of conformation not defined 

by the specificity pocket. 

 The 1x97 structure did prove more difficult to dock in terms of scoring success overall, 

only providing 3 acceptable Top1 ranked solutions under the 5Å restraints and 2 acceptable Top1 

ranked solutions under the 10Å restraints. However, trends from the 1x97 ensemble docking 

experiment are the opposite of those indicated in the other docking experiments. First, as is the 

case to improve sampling success, scoring success in docking the 1x97 ligand is greatest when 

the standard protocol is used. Under both sets of restraints, all other aldose reductase docking 

experiments indicate that poses are higher ranked on average using the buried protocol. 

However, poses generated from docking the 1x97 ligand into the ensemble demonstrate higher 

rank under the standard protocol than the buried. Second, once again in contrast to the trends 
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observed in its counterparts, the scoring success of the 1x97 structure is greatest using the 5Å 

restraints as opposed to the 10Å restraints. Average rank of acceptable solutions for docking the 

1x97 ligand into the ensemble is 5 under the 10Å restraints, but that average rank increases to 3.4 

under the 5Å restraints. Not only is this in contrast to the results obtained in other aldose 

reductase docking experiments, but this observation is also in contrast to the trend observed for 

sampling success of the 1x97 ensemble docking. Though sampling success appears to improve 

slightly using the 10Å restraints, scoring success is improved greatly under the 5Å restraints. 

Once again, this reversal of trends in docking success of the 1x97 ligand indicate that the 1x97 

may represent a structural class of its own. 

 In fact, 1x97 may represent both an intermediate structure between the large, open 1t40 

and the small, closed 2inz, as well as a distinct conformational classification. The 1x97 ligand is 

very bulky, but not very long with 3 ring structures all connected. Because of this the 1x97 

protein opens up the binding pocket slightly in the region adjacent to the specificity pocket. 

Similarly, because the 1x97 ligand is not very long, it does not require use of the specificity 

pocket in the way that the 1t40 ligand does, so the specificity pocket collapses similar to the 2inz 

structure. The combination of large-scale changes in the specificity pocket and smaller scale 

changes elsewhere in the binding site to accommodate a larger ligand point to the possibility of 

the 1x97 structure as an intermediate structure. However, findings from El-Kabbani et al. 

indicate that the 1x97 ligand also has a distinct interaction with the aldose reductase protein, 

supporting the possibility that there may be a third conformational class in the aldose reductase 

ensemble not defined by the specificity pocket conformation (60). According to El-Kabbani et 

al., the 1x97 ligand is identified as an aldose reductase inhibitor called Fidarestat. The Fidarestat 

inhibitor, rather than having the carboxylic acid of the 1t40 or 2inz ligands, contains an amide. 
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This is significant because the 1t40 and 2inz ligands create a hydrogen bond with the oxygen on 

the Tyr48 sidechain as well as electrostatic interactions with the NADPH cofactor. However, the 

Fidarestat inhibitor also forms hydrogen bonds with the Tyr48, His110, and Trp111 residues 

(60). Furthermore, Fidarestat has a distinct interaction with the Leu301 residue in the specificity 

pocket - the same residue whose sidechain invades the specificity pocket in the collapse seen in 

other protein structures in the ensemble. The Fidarestat inhibitor creates a hydrogen bond with 

the main-chain nitrogen of the Leu301 residue (60). In the 1x97 protein structure, rather than the 

Leu301 sidechain swinging inward to occupy the specificity pocket as is the case with 2inz, the 

Leu301 backbone is dragged across the specificity pocket to interact with the Fidarestat inhibitor, 

effectively closing the specificity pocket (60). In this sense, because the interaction with the 

Leu301 residue is distinct as compared to the other ensemble structures, the 1x97 structure may 

represent a separate conformational class distinct from the open/closed classes represented by 

1t40 and 2inz. 

 

Conclusion 

 Overall, dockings performed with the buried site settings gave higher sampling success 

than dockings performed with the standard site settings. Since the buried site settings reduce the 

van der Waals forces in the initial rigid body docking stage, the buried settings may make 

docking easier in general by allowing ligands to move into the binding site that would otherwise 

be structurally incompatible. With the stepwise incorporation of flexibility through 

HADDOCK’s three stage docking protocol, a protein may be able to adapt to the ligand once the 

buried protocol allows its movement into the binding site. The one exception to the observation 

regarding increased success under the buried settings is the 1x97 ligand. The 1x97 ligand 
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demonstrated higher sampling success under the standard settings, but this appears to be an 

anomaly as sampling success was increased under the buried settings when a similarity based 

experimental design was used. 

 Sampling success as well as scoring success is improved when a larger definition of the 

binding site is used. For all aldose reductase docking experiments, both sampling and scoring 

success were improved using the 10Å restraints. For the 2inz ligand ensemble docking, only 5 

dockings were performed, but they were the most similar to the native 2inz structure and still 

performed better under the 10Å restraints. The 10Å restraints did introduce some top-ranking 

unacceptable decoys, but the previously top-ranked acceptable solutions were still high-ranked. 

Likely, the larger restraints make docking easier because including more atoms as part of the 

binding site allows for more potential distinct interactions between the ligand and protein and 

may allow the protein to better adapt to the ligand. 

The purpose of this work was to identify ways that structural features of protein 

conformations may be used to guide docking through docking experiments with the aldose 

reductase protein. Specifically, the presence of the specificity pocket in the binding site of the 

aldose reductase protein allows for the docking of large ligands like the 1t40 ligand. The binding 

site has the NADPH cofactor and residues Tyr49 and His111 to bind the carboxylic acid and 

orient the ligand in the binding site, making the specificity pocket the region dictating docking 

success. The conformation of this specificity pocket is determined by the position of critical 

residue Leu301. When the Leu301 residue shifts position too much, it prevents docking of large 

ligands. In this way, examining the conformation of the specificity pocket for large scale changes 

proved to be a good predictor of docking success. This may be able to be generalized to other 
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protein-ligand docking pairs to say that in general, specific residues may be subject to large scale 

position changes which could prevent successful ligand binding. 

The pairwise experiment docked ligands from the aldose reductase ensemble into the 

nonnative protein conformer from the ensemble which was most similar to their native protein 

structure. This pairwise docking experiment proved to improve docking success overall, 

indicating that a similarity-based approach is beneficial to docking success. This information 

may be useful in general as employing a similarity-based approach may improve docking 

success by preventing the pairing of incompatible protein and ligand structures. 

 

Future Directions 

Important lessons were learned from these docking experiments that may be 

generalizable to other proteins, such as the importance of restraint size and protocol selection. 

Furthermore, the aldose reductase docking experiments illuminated that proteins may have 

certain critical residues which may be subject to large scale shifts that are strong predictors of 

docking success. However, what is still unclear is how smaller scale residue shifts may predict 

docking success. It would be useful to perform similar docking experiments on other proteins 

with the potential for large scale shifts in critical residues, specifically if the protein has 

demonstrated that those critical residues may exhibit a wide variety of positions within the 

protein. One of the limitations of generalizing the lessons learned from the aldose reductase 

docking experiments is that the aldose reductase protein really only exhibits two conformational 

classifications based on the conformation of the specificity pocket. This is useful in highlighting 

the impact of large-scale changes but cannot demonstrate how smaller scale changes may impact 

docking success very well. It would be useful to perform docking experiments on a protein that 
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demonstrate a range of structural classifications to see the impact of small shifts in the position 

of critical residues on docking success. 
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