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Abstract: Proteins are useful chiral selectors. In order to understand the recognition 

mechanism and the chiral discrimination, binding of the (R)- and (S)-enantiomers of a 

series of designed amino alcohol inhibitors based on propranolol to cellobiohydrolase 

Cel7A (Trichoderma reesei) has been studied more closely. X-ray crystal structures were 

determined of the protein complex with the (R)- and (S)-enantiomers of the strongest 

binding propranolol analog. The combination of the structural data, thermodynamic data 

from capillary electrophoresis and microcalorimetry experiments and computational 

modeling give a clearer insight into the origin of the enantioselectivity and its opposite 

thermodynamic signature. The new crystal structures were used in computational 

molecular flexible dockings of the propranolol analogues using the program Glide. The 

results indicated that several water molecules in the active site were essential for the 

docking of the (R)-enantiomers, but not for the (S)-enantiomers. The results are discussed 

in relation to the enantiomeric discrimination of the enzyme. Both dissociation constants 

(Kd-values) and thermodynamical data are included to show the effects of the structural 

modifications in the ligand on enthalpy and entropy in relation to the enantioselectivity. 

 

Introduction  

 Access to enantiomerically pure material is of great importance in many scientific areas and paticularly in 

biology and medicine. This can be accomplished either through asymmetric synthesis or by separation of the 

enatiomers from the racematic mixture. Proteins have been successfully used as chiral selectors in liquid 

chromatographic and capillary electrophoretic techniques to determine the enantiomeric composition of 

various drugs.1 However, in most cases it is difficult to foresee affinity and selectivity in the interplay 

between the enantiomers and the protein (selector), as well as which kind of interactions that are involved. 

This requires determination of the influence of different functionalities of the ligands, which amino acid 

residues of the protein that are involved in the chiral discrimination and how flexible the protein-ligand 

interactions are. The binding of a ligand to an enzyme can be studied by enzyme activity and inhibition, 

thermodynamical data and kinetic studies. Together with experimental affinity and selectivity, such studies 

give useful information regarding the interactions between ligand and protein. Another very attractive way 

to gain knowledge of a chiral recognition mechanism is to use the X-ray crystal structure of the ligand-protein 

complex. Such a structure can provide accurate information about positioning and consequent interactions 

and can be further studied and evaluated by computational methods. This approach is also a powerful tool 

for structure-based design of new ligands.   

 A protein that has been successfully exploited as a chiral selector is cellobiohydrolase Cel7A (also known 

as CBH I or CBH 1) from the filamentous fungus Trichoderma reesei (a clonal derivative of Hypocrea 

jecorina). Cel7A plays a key role in the fungal cellulolytic enzyme system and it is the major secreted enzyme 

when the fungus grows on cellulose. The enzyme can thus be produced in large quantities at a reasonable 

cost,2 an important factor for making Cel7A attractive as a chiral selector and commercial columns are 

available.3  

Cel7A has a bimodular organisation with two independently folded domains, a large catalytically active 

module of ~430 amino acids and a small CBM1 cellulose-binding module of ~35 amino acids, connected by 

a flexible and highly glycosylated linker peptide of ~30 amino acids. Three-dimensional structures have been 

determined for both the catalytic4 and the cellulose-binding5 modules. Although some enantioselectivity for 

rac-propranolol was found with the isolated CBM of Cel7A,6 the major selective site is within the active site 

of the catalytic module. An intriguing structural aspect of the catalytic module is that the active site is buried 

within a 50 Å-long cellulose-binding tunnel.7 This seems to be an important feature for enantioselectivity 

since the homologous endoglucanase Cel7B in T. reesei, which has very similar structure but an open cleft 



 

 

rather than a tunnel, showed very poor enantioselectivity.8 The substrate binding site can harbor 10 glucose 

residues of a cellulose chain, with 7 glucosyl-binding subsites , numbered -7 to -1, from the non-reducing 

end of the chain, and three subsites, numbered +1 to +3, towards the reducing end of the chain, from the 

catalytic centre that catalyses hydrolysis of the glycosidic bond between subs ites -1 and +1.9 

 Previously, Cel7A has been used as a chiral selector to resolve numerous pharmaceuticals.10 The enzyme 

has proven to be particularly useful for separation of enantiomers of adrenergic b-blockers, which is also the 

most extensively studied application. The experimental conditions in both HPLC and capillary 

electrophoresis (CE) regarding pH,11 type of buffer,12 temperature13 and ionic strength14 have systematically 

been varied, not only to optimise the separations, but also to obtain information about the physical chemical 

parameters relating to selectivity and affinity. Furthermore, propranolol has been shown to have an inhibitory 

effect8 and together with alprenolol, binding energies have been determined in thermodynamical studies. 
13,15,16  

 Important insight into the structural basis for ligand binding and chiral discrimination has been provided 

by the X-ray crystal structure of Cel7A in complex with (S)-propranolol bound at the active site14 and the 

structure of the homologous enzyme Cel7D from Phanerochaete chrysosporium in complex with (R)-

propranolol.17 An overlay of these two structures revealed that the enantiomers were binding in similar 

locations in glucosyl-binding subsites -1 and +1 with the secondary amine interacting with the catalytic 

carboxylic acid residues (Glu and Asp), and the naphthyl moiety stacking with the corresponding tryptophan 

residues (normally the glucosyl-binding platform in site +1). However, in this comparison the amino alcohol 

side-chains were adopting different conformations. Under the assumption that the enantiomers would b ind 

similarly in the two enzymes, it was suggested that the major reasons why (S)-propranolol is more tightly 

bound than (R)-propranolol are two favourable hydrogen bonds between the hydrolytic group and the enzyme, 

and further van der Waals interactions of the slightly deeper positioned side-chain of the (S)-enantiomer.14 

In light of the complete loss of enantiomeric separation upon mutation of either of the catalytic glutamates, 17 

it was also concluded that the major driving force behind binding and enantioselectivity of these compounds 

is the bidentate interaction between their positively charged secondary ammonium and the two negatively 

charged glutamate residues, while the other interactions contributed less. It  should be pointed out that even 

if the catalytic domains of Cel7A and Cel7D have similar sequence (56% identity) and highly conserved 

catalytic sites, there are distinct structural differences around the propranolol binding site, particularly near 

the naphthyl moiety, which affects the binding differently in the two enzymes. Unfortunately, no direct 

comparison of the enantiomers could be made since X-ray structures could not be obtained of Cel7A with 

(R)-propranolol or of Cel7D with (S)-propranolol despite many trials. The lack of truly comparable structures, 

i.e. with both enantiomers in the same enzyme, has also hampered the use of computational methods for 

studies of the chiral recognition mechanism.    

 In a previous study, computational modelling based on the Cel7A/(S)-propranolol structure was used to 

design propranolol analogues and to elucidate the importance of different ligand motifs. The aim was to study 

both weakening and reinforcement of the binding and the relation to selectivity , as well as using the system 

as a model for rational design of more powerful inhibitors. Several ligands with higher affinity were indeed 

obtained.18   

 In this work the binding of both the (S)- and the (R)-enantiomer to Cel7A is studied by X-ray 

crytallography, capillary electrophoresis, microcalorimetry and computational modelling.  Scheme 1 shows 

the compounds involved in the study. This is the first time crystal structures of complexes of both enantiomes 

have been available facilitating a comparable in-depth study of the enantioselectivity.  

 



 

 

 
Scheme 1. Ligands based on propranolol designed for binding to Cel7A. The S enantiomers are shown. 

 

Results and Discussion 

Protein structures 

 Crystals of the catalytic module of T. reesei Cel7A were soaked with the (S)- and the (R)-enantiomers of 

9, respectively. The crystals were isomorphous with previous crystal structures19 and complete diffraction 

data sets to 1.60 and 1.05 Å resolution for (S)-9 and (R)-9, respectively (Fig. 1), were obtained using 

synchrotron radiation. The ligands were clearly visible in the electron density prior to inclusion in the 

structure models. Statistics of crystallographic data and the refined structures are summarised in Table  1. The 

structure of the Cel7A protein is almost identical in the two complexes, with a rmsd of 0.13 Å, and there is 

also a high similarity of the protein structures when compared to the previous complex with (S)-1 (PDB 

accession code 1DY4)19 with rmsd values of 0.12 and 0.16 Å for the (S)- and the (R)-9 complexes, 

respectively. 

 The electron density of the (S)-9 complex shows that the side-chain of Tyr371, which covers the ligand 

binding site, is present in two discrete positions related by ~110 degree rotation around chi1 (Fig 1a) and 9.2 

Å shift of the O(H) atom, as was observed in previous structures19 Tyr371 was predominantly positioned 

above glucosyl-binding subsite +1 in the (S)-1 complex, and above subsite -1 in structures with bound 

carbohydrates. In the current (S)-9 complex there seems to be a preference for the position above site -1. 

Flexibility is also evident for Thr246 and Tyr247 at the tip of the so-called “exo-loop”20 that meets Tyr371 

above the ligand binding site. For these residues, however, the positional shifts are less then 1 Å for 

corresponding atoms and it is not clear if they take on discrete conformations in conjunction with the flip of 

the Tyr371 side-chain. All other residues with alternate conformations (listed in the Experimental section) 

are distant from the ligand binding site. 

 The density for the ligand (S)-9 is as good as for surrounding protein atoms (Fig. 1a) indicating that it is 

binding at full occupancy. Around the catalytic centre, the position of (S)-9 is practically identical to that of 

(S)-1, but the larger phenanthryl group seems to cause a slight shift “upwards” of the ligand atoms closest to 

the aromatic moiety (Fig. 2). The ether oxygen is shifted 0.64 Å and the largest distance is 1.67 Å between 

the atoms in the phenanthryl of (S)-9 and the corresponding atoms in the naphthyl of (S)-1. This displacement 

is within the plane of the aromatic system, which remains at similar distance to the hydrophobic Trp376 

binding platform (3.5-4.0 Å). The B factors (temperature factors) are slightly elevated for the phenanthrene 

atoms indicating some flexibility. 

   The found interactions of (S)-1 and (S)-9 with the protein were very similar in the two complexes. In 

addition, the hydroxyl groups introduced in 9 fit well into their respective sites and make favourable hydrogen 

bonds with the protein (Table 2). The ligand O3 hydroxyl occupies the site dedicated for binding the 6 -

hydroxyl of a glucose residue in subsite -1, whereas O4 utilises the site for the 3-hydroxyl of the same 

glucosyl residue.  

 In the (R)-9 complex, only the conformation of Tyr371 situated above subsite -1 is visible. On the other 

hand, alternate conformations are evident for Arg251 and Asp259 which are in van der Waals contact with 

the phenanthrene of (R)-9 on the side opposite to the Trp376 platform. The Arg251 sidechain extends to the 



 

 

active site from a surface loop where a stretch of six residues, Asp249-Gly254, shows elongated density for 

both sidechain and main chain. Interestingly, Asp249 and Asn250 in the loop are located at a crystal contact, 

suggesting that binding events at the active site may be transmitted via Arg251 to the crystal contact surface 

and perhaps affect protein crystallisation, and may have contributed to previous failures in producing crystals 

containing the (R)-enantiomers. On the same side of the protein there was yet another loop close to a crystal 

contact, Pro194-Asn197, with clearly elongated density where alternate conformations were modelled. We 

were also surprised to find a disordered region on the opposite side of the protein. Alternate conformations 

were included for 22 residues here, no. 13-20, 25-30 and 85-92. This region forms the crystal contact with 

two neighbouring protein molecules and the Ca positional shifts are largest for Thr26 and Asn27 (~1.2 Å), 

which interact with Ser87 (1.0 Å shift of Ca) of a symmetry-related protein. 

 
 

Figure 1. Electron density for a) (S)-9 and b) (R)-9 in the crystal structures in complex with Cel7A, shown in divergent stereo. The density 

maps were contoured at 1.0 sigma around the ligands. The orientation of view is the same for both panels. All the structure figures were made 

as follows: Molecular objectives were created with O,24 and the images were rendered with POV-RayTM 25 utilising the Molray web-interface.26 

 

 



 

 

 
Figure 2. Binding of (S)-9 (atomic colours, with blue carbons) at the active site of Cel7A and comparison with (S)-1 (wheat; PDB-code 1DY4),19 

in divergent stereo. The sidechains of a number of binding-site residues are shown with carbons in gold, and alternate conformations for 

Thr246, Tyr247 and Tyr371 in magenta. Hydrogen bonds with the ligand and the closest distance to Trp376 are indicated with cyan bubbled 

lines. An interacting water molecule is presented as a red sphere. Selected segments of the main chain are shown, rainbow coloured blue to red 

from N- to C-terminus. 

 

 

 The hydrogen bonding pattern between the molecules is different for the two modelled conformations 

indicating that it is a matter of a transition between two discrete conformations rather than continuous 

disorder (Fig. 3). Similar disorder was not observed in the structures of Cel7A in complex wi th (S)-1 or (S)-

9. It thus seems that the binding of the (R)-enantiomer of b-blockers tend to induce conformational changes 

in the protein and one may speculate if this is the reason that we could not obtain a crystal structure of Cel7A 

in complex with (R)-1. 

 The bound (R)-9 molecule shows slightly weaker density (Fig. 1b) and higher B factors than surrounding 

protein atoms indicating some flexibility. Superposition of the Cel7A/(R)-9 complex with that of P. 

chrysosporium Cel7D with (R)-1 bound (PDB code 1H46)17 showed a nearly perfect overlap of (R)-9 and 

(R)-1 with less than 0.5 Å between corresponding atoms (Fig. 4). There are small differences in the position 

of the amino nitrogen in the ligands (0.43 Å) and of the catalytic residue side-chains, which alter the 

interaction pattern slightly. The interaction between the nitrogen and the catalytic nucleophile (Glu212 in 

Cel7A, Glu207 in Cel7D) is similar, but in Cel7A/(R)-9 the amino nitrogen is closer to the catalytic acid/base 

Glu217 than to assisting aspartate residue Asp214, while the opposite is true for Cel7D/(R)-1 (Table 2). As 

with (S)-9 the two additional hydroxyl groups on (R)-9 provide further hydrogen bonds to the protein. 

 

 

 

 



 

 

 

 

Figure 3. Alternate conformations in the structure of Cel7A in complex with (R)-9. The hydrogen bonding patterns at the crystal contact 

interface differ depending on which conformations occur at the contact surface. The Ca-trace of three symmetry-related Cel7A proteins in the 

crystal is shown with selected residue sidechains numbered, the catalytic residues in magenta and the (R)-9 molecules in green. 

 

 

 

 
 

 
Figure 4. Binding of (R)-9 (atomic colours, with light-green carbons) at the active site of Cel7A and comparison with (R)-1 in P. chrysosporium 

Cel7D (violet, PDB-code 1H46),17 in divergent stereo. The sidechain of a number of binding-site residues are shown with carbon in gold. 

Hydrogen bonds with the ligand and the closest distance to Trp376 are indicated with cyan bubbled lines. Interacting water molecules are 

represented as red spheres. Selected segments of the main chain are shown, rainbow coloured blue to red from N- to C-terminus. 

 



 

 

 
 

Figure 5. Comparison of the binding of (S)-9 (violet) and (R)-9 (green) at the active site of Cel7A, in divergent stereo. Selected sidechains, 

main chain, water molecules and ligand-protein interactions are shown in associated colours. 

 

   The (S)- and the (R)-9 enantiomers bind very similarly at the end of the ligand sidechain with less than 0.5 Å 

atom deviations and the two hydroxyl groups at the end and the secondary amino group form similar interactions 

in the enantiomer complexes (Fig 5; Table 2). Proceeding along the sidechain to the stereogenic centre the 

enantiomers exhibit different conformations and interactions with the protein. The hydroxyl at the stereogenic 

centre of (S)-9 interacts directly with the protein through hydrogen bonds with Gln175 and Glu212, while the 

corresponding hydroxyl of (R)-9 interacts indirectly via a hydrogen bond mediated by a water molecule. The 

phenanthryl groups are at about the same distance from Trp376 platform (~3.5-4.5 Å) but are slightly tilted relative 

to each other (~10 degrees) and in the case of (R)-9 the ring system is also buried deeper in the cleft. The distance 

between corresponding phenanthrene atoms range from 2.4 to 3. Å. Schematic illustrations of protein-ligand 

interactions (LigPlots) are provided in Supplementary figure S1.  

 

Calculation of affinity and selectivity 

 The crystal structures of Cel7A in complex with (S)-9 and (R)-9, denoted Cel7A/S9 and Cel7A/R9 

respectively, were initially prepared for molecular flexible dockings with Glide .27,28 Glide is a computational 

program for finding the correct binding modes for a large set of test cases with high docking accuracy across 

a diverse range of receptor types. Initial computations were performed without explicit water molecules 

present. To evaluate the docking performance the (R)- and (S)-enantiomers of 9 were docked back into empty 

protein structures of Cel7A/R9 and Cel7A/S9, respectively. For (S)-9, the resulting poses were very similar 

to the ligand conformation in the crystal structure. However, in the attempts to dock (R)-9 into the Cel7A/R9 

protein structure, the ligand did not obtain positions or conformations similar to the one in the crystal 

structure. In general, the phenanthrene moiety had shifted quite some distance towards the tunnel entrance, 

and the hydroxyl at the stereogenic centre was positioned in a fashion as in the case of (S)-9.  

 A comparison of the original complexes of the two enantiomers of 9 disclosed that the water molecules in 

the active site were quite differently positioned (Fig. 6) and in the case of (R)-9 it was very likely that the 

water molecules restricted the flexibility of the ligand through bridging interations between the ligand and 

the protein. This was not the case for the (S)-enantiomer. 



 

 

 
Figure 6. Superposition of crystal structures of complexes with (R)-9 (green) and (S)-9 (red) showing water molecules present in the active 

site. The hydrogen bond between the hydroxyl at the stereogenic centre of (R)-9 and water is indicated. 

 This modelling indicated that the presence of water was crucial for the structure of the (R)-enantiomer 

complex. Through a careful elimination of water molecules and repeated dockings, we could identify 14 

water molecules in the vicinity of the ligand, which influenced the docking result. Five of these water 

molecules, between Glu217 and Arg267, formed a cluster via hydrogen bonds to each other and the 

surrounding amino acid residues. This cluster seemed important to position the phenanthrene moiety in the 

cavity. Furthermore, a water molecule close to the stereogenic centre of (R)-9 in the crystal structure was at 

hydrogen bonding distance to both the hydroxyl of the ligand and a second water molecule. To favour this 

directionality of the hydroxyl at the stereogenic centre, both water molecules were required in the dockings. 

In Cel7A/R9, a glycerol molecule was present close to Asp173 and at hydrogen bonding distance to the 

dihydroxy functionality of (R)-9, whereas a water molecule was observed in the same position in the 

Cel7A/S9 structure. This indicated an important hydrogen bond, and for simplicity the hydroxyl of the 

glycerol in Cel7A/R9 was replaced with a water molecule for docking purposes. Another five water 

molecules, surrounding the remaining part of the phenanthrene ring system, were kept in the Cel7A/R9 

structure even if these were found to be of minor importance. It should be noted that these were located where 

Tyr371 was positioned in the (S)-9 complex, shielding the ligand from the bulk water molecules of the 

solvent. In order to have two comparable protein structures, 14 water molecules in similar positions were 

kept in the Cel7A/S9 structure. This initial docking evaluation gave the first clear indication of the importance 

of the water molecules in the ligand–protein interaction.  

 The protein structures were prepared for the docking through energy minimisation of the water molecules 

in the structures, keeping all other atoms fixed. An excess of water molecules were present in these 

minimisations to restrict the freedom to move for the relevant water molecules, therefore keeping them in 

essentially the same place. The excess water molecules were removed before Protein Preparation and Grid 

construction was performed prior to the Glide dockings. The enantiomers of all ligands shown in Scheme 1 

were docked into their respective protein structures. This provided us with poses of both enantiomers of 9 

which correlated well with the experimental ligand conformations found in the respective crystal structures 

and confirmed the set-up. When (S)-1 was docked into the Cel7A/S9 structure, the ligand conformation and 

positioning showed very good agreement with the previously published crystal structure (PDB accession code 

1DY4).19 To evaluate the difference between the two enantiomeric crystal structures, (R)-9 was docked into 

Cel7A/S9 and (S)-9 into Cel7A/R9. However, the resulting ligand poses did not correlate with their respective 

crystal structures. Concidering the differences in positioning of the enantiomers in the crystal structure, as 

described above, this was not too surprising. As a result, all (S)-enantiomers fitted in the ligand-free Cel7A/S9 

and (R)-enantiomers in Cel7A/R9. 

 To compare the docking results to the experimentally obtained dissociation constants (Kd), both GlideScore 

and Emodel scorings for all ligands were plotted as a function of log Kd. For both enantiomers it was shown 

that the Emodel scorings correlated better with the experimental data than those of GlideScore did (Fig. 7 

and 8). At a closer examination of the resulting poses, it was noted that compounds containing the dihydroxyl 

functionality had less favoured ligand conformations, with one of the hydroxyl groups at the end of the amino 

alcohol side-chain in an eclipsed conformation. These conformations give a conformational penalty, which 



 

 

affects the GlideScore more than the Emodel scoring. The conformations of Cel7A/1 and Cel7A/2 in solution 

were recently studied by various NMR techniques, and the results concur with our results in the solid state.29 

 

 

 
Figure 7. Calculations for the (S)-enantiomers. a) GlideScore versus log Kd for all ligands, r2 = 0.28. b) Emodel scoring versus log Kd for all 

ligands, r2 = 0.87. 

 
Figure 8. Calculations for the (R)-enantiomers. a) GlideScore versus log Kd for all ligands, r2 = 0.58. b) Emodel scoring versus log Kd for all 

ligands, r2 = 0.64. 

 

 The results from docking and scoring showed an unexpectedly good correlation with the experimental 

affinities, in particular the Emodel scoring function, concidering that it was concluded in a recently reported 

assessment of docking programs and scoring functions (including Glide and GlideScore) that none of the 

programs or scoring functions made a useful prediction of ligand binding affinity.30 Hence, the docking 

results ability to distinguish between compounds close in affinity exceeded our expectations. Comparing the 

results from Emodel scoring function, it can be seen that the more strongly bound compounds are predicted 

to show a greater selectivity, which is in agreement with experimental data.31 

 
Water molecules in the active site 

 

 As described above, several of the water molecules present in the crystal structure of Cel7A/(R)-9, were 

important to obtain a good working model, i.e. a model where the (R)-9 ligand molecule adopts the same 

position and conformation as in the crystal structure. To determine the interaction energies for the water 

molecules, the GRID program was used with water as a probe (OH2) to identify positions of strongly bound 

water molecules.32,33 When the receptor was used without ligand or water molecules present, the only energy 

density of interest shown was at -10 kcal/mol and overlapped with the ammonium group of the ligand. As 

noted before, several of the water molecules included in the docking experiments were involved in additional 

hydrogen bonds to neighbouring water molecules and/or to the ligand. Therefore we also performed 

calculations with the ligand included in the protein and then with different combinations of the water 

molecules from the crystal structure to obtain values from an environment more closely related to what was 

found in the crystal structure (Fig. 9). 

 In the presence of the ligand, water molecules W3, W4 and W8 were calculated to have interaction energies 

between -13 and -10 kcal/mol. The binding cavity was explored with a water probe, while keeping one or 

several alternating water molecules in the positions given by the crystal structure. The resul ts showed that 

both W1 and W2 have interaction energies of about -11 kcal/mol. The clustered water molecules W3-7 were 

suggested to restrict the ligand movement and were calculated to have interaction energies between -9.8 and 

-13.6 kcal/mol, where W3 and W4 were most strongly bound. This confirms that when the water molecules 

are clustered, as seen in the crystal structure of Cel7A/(R)-9, they most probably do impose a limitation on 

the flexibility of the ligand. Furthermore, the hydroxyl from glycerol, in the vicinity of Asp173 in Cel7A/R- 



 

 

9 was also calculated to be tightly bound, which justifies the use of a water molecule in this position in the 

dockings. Thus, the GRID computations support the importance of the water molecules W1-W8 obtained in 

the crystallographic study.  

 

 
Figure 9. Water molecules W1-W8 (light green oxygens), which were important for the docking results of (R)-9 (dark green carbons), studied 

with respect to displacement energies using GRID. 

 

Thermodynamical data 

 Enthalpies and entropies have been determined for weaker binding ligands (S)-1, (R)-1, (R)-2, (S)-3 and 

(R)-3 using capillary electrophoresis (CE) at pH 5.2 (Table 3). The results show that the selectivity is entropy-

driven for all the amino alcohols in the study and that the additional dihydroxy functionality makes the 

enthalpy term more negative, in accordance with stronger electrostatic interactions.  

 Attempts to determine binding energies of 9 were made by means of microcalorimetry using the same 

buffer and pH as in the CE experiments (Table 3).34 However, only data from (S)-9 were obtained under these 

conditions, and show the same importance of the entropy factor as for example (S)-propranolol (1).  

 Unfortunately, the free energies, DG°, from microcalorimetry and CE experiments differ in absolute values. 

Hence, the two experimentally different methods do not seem to be comparable with respect to the absolute 

numerical values even though the relative importance of entropy vs enthaly is maintained. Regardless the 

experimental conditions, both data sets show the importance of the entropy contribution. Concerning (R)-9, 

no reliable data were obtained at pH 5.2 due to a too low signal-to-noise ratio. Similar behaviour has 

previously been observed in measurements of alprenolol, which would be expected to have similar 

interactions and selectivity mechanisms as propranolol in this system.35 In addition, since the buffer and pH 

have a great impact on the absolute numbers, a comparison is not possible between the previously obtained 

Kd-values20 and those calculated from the thermodynamical experiments presented here. However, a similar 

common trend would be expected. 

 

Conclusions 

 In conclusion, we present the crystal structure of the complexes of Cel7A with the (S)- and the (R)-

enantiomers of the designed propranolol derivative 9. Both enantiomers bind to the active site of the enzyme, 

but show some significant conformaiontal differences and altered interactions with the protein and water 

molecules in the active site. A microcalorimetric study confirms earlier results, which shows that the binding 

and enantioselectivity are entropy driven. A computational analysis of the docking of the ligands to the 

protein, indicates that a likely origin of the entropic force behind the chiral discrimination is due to the 

presence of important water clusters in the (R)-enantiomeric complexes. The water molecules impose a 

limitation on the flexibility of the ligand and the intra-molecular interactions reduced the free movement of 



 

 

several water molecules instead of expelling them from the site, which is further supported by the 

thermodynamical data. This is new and important information, not only in further studies of Cel7A and the 

binding and selectivity of different ligands, but also to provide a model system for further computational 

calculations and other studies of the effect of water on binding and selectivities. 

 

Experimental 

 

Protein crystallisation and structure determination 

The catalytic domain of T. reesei Cel7A was prepared and crystallised as previously described,19 using the 

hanging-drop vapour-diffusion method36 with 3 or 6 mg/mL Cel7A protein in 10 mM sodium acetate, pH 5.0, 

18 or 19.4% (w/v) monomethyl ether polyethylene glycerol 5000, 14% (v/v) glycerol and 11 mM CoCl 2. 

Crystals appeared within 1-5 days at room temperature. A few grains of dry powder of the inhibitors, (R)-9 

and (S)-9, respectively, were added to the surface of the drops and allowed to diffuse into the crystals for 

24h, whereafter individual crystals were picked with 0.1-0.5 mm loops and flash-frozen in liquid nitrogen. 

Synchrotron X-ray diffraction data were recorded at 100 K. Data for the Cel7A/(S)-9 complex were collected 

at beamline I711, MAX-lab. Lund, Sweden, and indexed, integrated and scaled with Mosflm and Scala37,38 

Data for the Cel7A/(R)-9 complex were collected at beamline ID23-1, ESRF, Grenoble, France, and 

processed and scaled using Denzo and Scalepack39 The crystals belonged to space group I222 with one 

protein molecule per asymmetric unit. 

 Initial phases were obtained from the refined protein coordinates for Cel7A in complex with (S)-

propranolol (PDB accession code 1DY4).19 The structures were refined with altering cycles of model building 

using O24 and maximum likelihood refinement using Refemac 5.0 through the ccp4i interface , with isotropic 

temperature factor refinement for the (S)-9 complex and anisotropic for the (R)-9 complex.38,40 Water 

molecules were added with ARP/wARP38 during refinement and manually selected or discarded by visual 

inspection. The models contain the complete catalytic domain of Cel7A (residues 1 through 434), one N-

acetyl glucoseamine residue covalently linked to Asn270, two Co2+ ions, one molecule of 9, and 688 and 700 

water molecules in the (S)- and (R)-9 complexes, respectively. The (R)-9 complex also contains one glycerol 

molecule and the (S)-9 complex a second N-acetyl glucoseamine residue, linked to Asn284. Statistics from 

diffraction data processing and structure refinement are summarised in Table 1. 

 Alternate conformations were modelled at 50% occupancy in the electron density for 23 residues in the 

(S)-9 complex: Gln7, Pro13, Ser47, Thr55, Gln98, Met111, Asp114, Glu119, Pro159, Pro194, Ser195, Ile215, 

Thr246, tyr247, Asp249, Gly253, Gly254, Asp328, Ser342, Ser357, Tyr371, Ser388 and Val407; and for 50 

residues in the (R)-9 complex: Gln7, Pro13 – Ser20, Cys25 – Gly30, Ser47, Thr55, Ser80, Thr85 – Ser92, 

Met111, Asp114, Leu140, Tyr158, Pro194 – Asn197, Ile215, Asp249 – Gly254, Asp259, Tyr266, Ser272, 

Gln293, Asp328, Ser342, Ser357, Val407 and Ser409. 

The (S)- and (R)-9 complex structures were superimposed with each other and with the previously published 

structures of Cel7A in complex with (S)-1 (PDB code 1DY4)19 and P. chrysosporium Cel7D in complex with 

(R)-1 (PDB code 1H46)17 using the least-squares fitting algorithm of the O program.24 

The atomic coordinates and experimental structure factor amplitudes have been deposited with the Protein 

Data Bank. PDB accession codes are 2V3R and 2V3I for the (S)- 9 and (R)-9 complexes, respectively. 

Microcalorimetry 

Thermodynamical quantities were obtained on a Thermometric 2277 Thermal Activity Monitor (Järfälla, 

Sweden) and all data were analysed using Digitam 4.1 (Thermometric AB, Järfälla Sweden) for determination 

of enthalpy, DH, and the equilibrium constant, K. The measurements were performed at 25 °C in 50 mM 

sodium acetate buffer, pH 5.2, and all entities were dissolved in the same buffer. The buffer system of Cel7A 

was exchanged using PD-10 desalting column (Amersham Biosciences, now Cytiva AB, Uppsala, Sweden) 

prior to the experiments, and the concentration was determined on a Shimadzu UV-2401 PC (Kyoto, Japan) 

spectrophotometer at 280 nm, l = 78800 M-1cm-1. The titrand volume of 700 mL of 1.43 mM Cel7A was 

titrated with 15 injections of 20 mL ligand (7mM) in quadruplicate. Dilution experiments were performed as 

a triplicate using 700 mL of buffer solution, injecting 20 mL of 7 mM ligand solution 15 times. The mean 

value for each injection was subtracted from the corresponding injection value of the titration before 

calculation of DH and K based on a 1:1 complex model. 

Computational methods 

The preparation of the protein structures and docking studies were performed using the MacroModel 9.1 

software41,42 with the Maestro interface (version 7.5)43  

 



 

 

 Preparation of ligand 
All ligands were built in Maestro and minimised using Multiple Minimizations with water as a solvent. Merck 

molecular force field (static) (MMFFs)44 was used with Truncated Newton conjugate gradient (TNCG) as 

minimisation method. Next a Conformational Search45,46 (MMFFs, TNCG, water as solvent) was performed 

and the global minimum structure of each ligand was used for docking.  

 
Protein preparation of docking studies to the empty protein 
The structures of Cel7A/R9 and Cel7A/S9 were retrieved from the PDB files of the refined crystal structures, 

hydrogens were added and cobalt atoms were removed. The ligand was corrected with respect to bond orders 

and charge and amino acid residues were adjusted accordingly: His228 was protonated and positively charged 

and Asp214 was rotated 180°, protonated and the negative charge removed. All water molecules were 

removed, as well as the glycerol present in Cel7A/R9 for dockings to the empty protein. The ligands (R)-9 

and (S)-9 were docked into the structures prepared through Protein Preparation (Refinement only) and grid 

generation using Grid Receptor as implemented in Glide 4.0.28 

 
 Protein preparation for docking studies to predict affinity and selectivity 
The PDB file for Cel7A/R9 was treated as above with two exceptions; the hydroxyl on the glycerol present 

close to Asp214 was replaced with a water molecule and a total of 34 water molecules in the part of the 

enzyme close to the active site were kept in the structure. Keeping the protein frozen, a Monte Carlo Multiple 

Minimization,46,47 using MMFFs with water as a solvent and TNCG as the minimisation method, was 

performed to obtain correct conformations of the water molecules. The number of water molecules present 

in the structure was reduced through a stepwise removal of water molecules followed by redocking of (R)-9 

in an iterative process to determine the importance of the removed water molecules with respect to the 

resulting poses of the ligand.  

The 73 water molecules in Cel7A/S9 were minimized after the same principles as for Cel7A/R9. Only 14 

water molecules were included in each of the final structures. The water molecules in Cel7A/S9 were selected 

to resemble the positioning of the necessary water molecules in the structure of Cel7A/R9. 
 
Docking studies of complex Cel7A/R9 and Cel7A/S9 
The protein structures containing the selected water molecules were prepared using Protein Preparation 

(Refinement only) and receptor Grid generation as implemented in Glide (version 4.0). The ligands were 

prepared as described above and docking using both Standard-Precision Glide (SP) and Extra-Precision Glide 

(XP). 

 

Interaction energies of water in the active site 

Six sets of the Cel7A/R9 receptor were used in the GRID33 calculations, all derived from the X-ray structure data 

files used in the docking experiments and new PDB files were made from the following combinations: protein 

without water or ligand present, protein with (R)-9 present, protein with (R)-9 and W1 present, protein with (R)-9 

and W2 present, protein with (R)-9 and W3, W5 and W7 present alternatively with W4 and W6 present. Hydrogens 

were removed and all HETATM were placed last in the PDB file. Water was used as a probe (OH2) with the grid 

spacing of 0.5 Å (NPLA = 2) and the grid dimensions in Å were set to Xmax/Xmin, 10/46; Ymax/Ymin, 37/68; 

Zmax/Zmin, 69/105, centered on Glu175. To analyze the results, PyMOL (version 0.99rc6)47 was used for 

visualization. 
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Table 1. Summary of statistics for X-ray diffraction data and the refined Cel7A complex structures. Protein crystals were of space group I222 

with one protein molecule per asymmetric unit. 

[a] Taken from TRUNCATE.21[b] Values in the highest resolution shell are given in parentheses. [c] Rmerge = ShSi |Ih,i-<Ih>| / ShSI |Ih,i|. [d] 

Calculated using MOLEMAN2.22[e] A stringent-boundary Ramachandran plot was used.23 

 
  

Parameter  (S)-9 complex, 2V3R  (R)-9 complex, 2V3I 

Data collection[a]     

X-ray source, beamline  Max-lab, I711  ESRF, ID23-1 

Wavelength (Å)  1.082  0.925 

Cell dimensions (Å, °)  82.9, 82.9, 110.6; 90°, 90°, 90°  83.0, 82.9, 110.7; 90°, 90°, 90° 

Resolution (Å) [b]  25 – 1.60 (1.69-1.60)  30 – 1.05 (1.07-1.05) 
Unique reflections  50,461  174,883 

Average multiplicity [b]  7.3 (7.2)  9.6 (6.2) 

Completeness (%)[b]  100.0 (100.0)  99.2 (90.0) 

Rmerge (%)[b,c]  7.7 (36.0)  10.8 (35.6) 

<I/sI> [b]  20.9 (8.0)  18.1 (5.3) 

Structure refinement [d]     

R-factor / R-free (%)  13.6 (17.9)  12.0 (14.0) 

No. of protein atoms (Average B, Å2)  3400 (12.9)  3594 (12.5) 
No. of water molecules (Average B, Å2)  688 (26.5)  700 (26.7) 

No. of GlcNAc atoms (Average B, Å2)  28 (35.4)  14 (17.5) 

No. of ligand atoms (Average B, Å2)  25 (11.6)  25 (17.0) 

r.m.s. bond length (Å)  0.012  0.016 

r.m.s. bond angle (°)  1.41  1.77 
No. Ramachandran plot outliers (%)[e]  2 (0.5)  4 (1.0) 

 



 

 

 

Table 2. Ligand-protein interaction distances in Å in the crystal structures of Cel7A in complex with (S)-9, (R)-9, (S)-1, and P. 

chrysosporium Cel7D with (R)-1. 

Ligand atom – protein residue (S)-9 (S)-1 (R)-9 (R)-1 (Cel7D) 

PDB code 2V3R 1DY4 2V3I 1H46 

Ring system – Trp376 (closest atom distance) 3.36 3.62 3.53 3.24 (Trp373) 

Amine – Glu212 (nucleophile)  2.75 2.81 2.81 2.53 (Glu207) 
Amine – Glu217 (acid/base)  2.79 2.83 2.86 3.10 (Asp209) 

Ether O – Gln175 3.02 2.98 - - 

(S)-OH – Glu212 2.87 2.98 - - 

(S)-OH – Gln175 2.90 2.76 - - 

(R)-OH – water - - 2.78 3.00 
3OH – Trp367 NE 2.91 - 2.95 - 

3OH – Glu217 2.61 - 2.64 - 

4OH – Asp173 2.62 - 2.74 - 

4OH – water 3.03 - 2.93 - 

 

 

 

 

 
  



 

 

Table 3. Thermodynamical data of selected ligands. 

Compound DH (kJ*mol-1) DS (J*mol-1*K-1) DG (kJ*mol-1) KD (µM) 

(R)-1 [a] 8.3 93 -19.9 620 

(S)-1 [a] 14.2 128 -24.3 245 

(R)-2 [a] -4.4 69 -24.9 134 

(S)-2 [a] - - -29.6 41 

(R)-3 [a] 3.8 75 -18.6 720 
(S)-3 [a] 13.2 124 -23.6 330 

(S)-9 [b] 13.5 132 -26.1 1.8 

[a] Thermodynamical data obtained using CE.34 [b] Data obtained from calorimetric titrations. 

 


