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Introduction 

Recent work in the Hsieh-Wilson group has identified chondroitin sulfate-E (CS-E) binds 

to the EphB3 receptor with high specificity and physiologically relevant affinity and is 

responsible for the direction of retinal neuron growth.1  However, CS-A, which is less 

sulfated than CS-E, does not bind to EphB3, nor does it direct neuronal growth.  

Furthermore, while EphB2 shares ~60% sequence identity (extracellular region) with 

EphB3, experiments show that it does not bind any glycosaminoglycans (GAGs).  We have 

previously applied computational methods (GAG-Dock) to similar GAG-protein systems 

with great success, both for systems with known crystal structures and for identifying novel 

interactions with the protein tyrosine phosphatase σ (RPTPs) and Nogo receptors (NgR).2  

We believe that predictions of the interaction between CS-E and EphB3 will be useful in 

studying and understanding the role of this interaction in neuron growth. 

Using the GAG-Dock method, we explain the differential binding of CS ligands to the 

EphB3 and EphB2 receptors.  Our results identify the previously unknown binding site for 



 

 

108 
CS-E on the EphB3 receptor and suggest experiments that can be used to validate our 

predictions. 

GAG-Dock Overview 

GAG-Dock2 is a docking method based on the DarwinDock3-11 and GenDock methodology 

that has been accommodated to work with large, highly charged, surface-binding ligands 

characteristic of GAGs.  Because the binding sites for proteins that bind GAGs are 

typically not known, it is necessary to sample the entire surface of the protein.  The surface 

of the protein is broken into regions, which are then evaluated using a “coarse” level of 

docking, which generates 10,000 ligand poses for each region.  Based on the ranking of 

these regions by energy, a subset is docked to using a “fine” level of docking.  The “fine” 

docking is carried out to a completeness threshold of 5%; however, due to the 

computational difficulty of these systems, a limit of 50,000 ligand poses is placed on the 

completeness. 

Modifications to GAG-Dock 

GAG-Dock is used almost identically to the way that it was used in our work on RPTPs 

and NgR.  The key difference has to do with the way in which regions of the protein were 

sampled.  The extracellular domains of EphB3 and EphB2 are very large and the location 

of the CS binding site was not previously known.  It was therefore necessary to sample the 

majority of the protein surface.  As in our previous work, spheres were generated that cover 

the entire surface of the protein.  These spheres were divided into overlapping 

boxes/regions, however at a smaller size: 15Å/side (instead of 20Å) with 3Å overlap 
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(instead of 5Å).  This was done to reduce the computational cost of working with an 

octasaccharide ligand.  However, this resulted in an excessive number of boxes to test.  

Knowing that the CS binding site must be positively charged to match the negative charge 

of the ligand, we used electrostatics to eliminate most of the sphere regions.  Specifically, 

we calculated the electrostatic potential for the proteins (Fig. 4-1A) using the Adaptive 

Poisson-Boltzmann Solver (APBS12-14) method and mapped the potential onto the spheres.  

Regions were ordered based on the number of positively charged spheres, and the 25% 

with the largest number of positive spheres were kept for docking.  This resulted in 45 

regions (238-1108 positive spheres) for EphB3 and 47 regions (180-1211 positive spheres) 

for EphB2.  (Fig. S4-11) 

All other parts of the GAG-Dock procedure were the same.  Because CS ligands of 

sufficient size had already been prepared for our prior work, we used the same CS-A, CS-

D, and CS-E octasaccharides. 

“Coarse” docking was applied using CS-A, CS-D, and CS-E to the 45 EphB3 regions and 

47 EphB2 regions.  The top 13 EphB3 regions for CS-E binding were reexamined using 

“fine” docking for CS-A, CS-D, and CS-E. 

EphB2 and EphB3 Models 

Because no crystal structures of the full EphB3 or EphB2 extracellular regions exist, it was 

necessary to use homology modeling to generate the protein structures.  EphB3 (PDB: 

3P1I15) and EphB2 (PDB: 2QBX16) ephrin ligand binding domain crystal structures were 
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used with a crystal structure of the EphA2 ectodomain (PDB: 2X1117) to generate the 

homology models for EphB3 and EphB2 using SWISS-MODEL18-21. 

The human EphB2 model was constructed for the sequence corresponding to protein 

residues 20-529 by using the 2.3 Å resolution structure for human EphB2 (PDB: 2QBX) 

for protein residues 20-194 and combining it with a homology structure for residues 195-

529 based on a lower resolution (4.3 Å) human Ephrin type-A receptor 2 (EphA2) structure 

(PDB: 2X11). This required aligning 2QBX structure to the full 2X11 homology structure 

and extracting residues 195-529 to attach to 2QBX structure. This was followed by 

minimizing hinge residues 192-197 using the DREIDING22 force field in MPSIM23 while 

keeping all other residues fixed and then minimizing all the residues. 

The human EphB3 model was constructed for the sequence corresponding to protein 

residues 39-544 by using the 2.1 Å resolution structure for human EphB3 (PDB: 3P1I) for 

protein residues 39-209 and combining it with a homology structure for residues 210-544 

based on human Ephrin type-A receptor 2 (EphA2) structure (PDB: 2X11). This required 

aligning 3P1I structure to the full 2X11 homology structure and extracting residues 210-

544 to attach to 3P1I structure. This was followed by minimizing hinge residues 207-212 

using the DREIDING force field in MPSim, while keeping all other residues fixed and then 

minimizing all the residues.  A schematic of the domains present in our EphB2 and EphB3 

models is shown in Fig. 4-1A. 
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Results 

We observed significant differences in the amount and placement of positive charge on the 

electrostatic potential surfaces of the EphB2 and EphB3 models (Fig. 4-1B, S4-11). Since 

CS-E is a highly sulfated GAG, we expected this to provide a structural basis for the 

selectivity of CS-E toward EphB3. This was verified by the GAG-Dock predictions for the 

CS-E octa-saccharide bound to each of the two proteins. We found from coarse docking 

that CS-E bound to EphB3 (–345 kcal/mol) more strongly than to EphB2 (–119 kcal/mol). 

We also docked two other CS octa-saccharides, CS-A and CS-D, to EphB3 and EphB2. 

The binding energies from coarse binding for these ligands also indicated better binding to 

EphB3 than to EphB2 (Fig. 4-2). 

Comparisons of the binding energies from fine docking of the three CS octasaccharides 

(Fig. 4-3) showed that CS-E bound strongly to EphB3 (–381 kcal/mol) while CS-A did not 

(–280 kcal/mol). This is in agreement with experimental results for CS-E and CS-A 

binding to EphB3 found by the Hsieh-Wilson group. In our calculations CS-D (–374 

kcal/mol) bound comparably to CS-E; however, there are no experimental results for CS-D 

binding as it is difficult to obtain pure molecules of CS-D for ligand binding experiments. 

Overall GAG-Dock predicts binding sites and energies that correspond well with the 

known experimental data for CS binding to EphB2 and EphB3. The predicted CS-E 

binding region on EphB3 contains eight arginines (R309, R344, R363, R391, R408, R420, 

R440, and R478) as well as two lysines (K378, K434).  However, no single binding pose 

can access more than six of these attractive positive residues.  Furthermore, distinct binding 
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motifs were apparent in the docking output.  Therefore, for CS-E bound to EphB3, we 

identified five different binding motifs (Modes 1-5), all in the area of the first fibronectin 

III domain (Fig 4-1E, S4-10).  Modes 1 and 2 (Fig 4-1C, 4-1D) are predicted to have 

comparable binding energy (-377.5 kcal/mol and -381 kcal/mol, respectively) and each is 

found 10 times in the best 25 poses making them the most likely candidates for the actual 

ligand binding site.  Detailed images for Mode 1 and Mode 2 are shown in Fig. 4-1D/E.  

Mode 3 has an energy of -380.5 kcal/mol, making it comparable in energy to Modes 1 and 

2, but is only represented by 3 poses.  Modes 4 and 5 each have one pose, with energies of -

351.9 kcal/mol, and -318.7 kcal/mol, respectively.  Given the presence of multiple 

competing binding sites and the inability of any one pose to interact with all of the charged 

residues in the region, it is possible that more than one position of the ligand is biologically 

relevant.  Furthermore, it is possible that the less represented binding modes might leave 

available charged sites that could allow dimerization of two EphB3 proteins, which is a 

possible mechanism for activation. 

Per-residue nonbond energies for each of the five binding modes is shown in Table S4-1.  

Table S4-2 focuses on the arginine and lysine residues in the binding sites and clearly 

shows that, while each of these charge residues contributes to the binding energy, the 

pattern of interactions with these residues differs between the binding modes. 

While the best pose from Mode 1 is ~3 kcal/mol worse in energy than the best pose from 

Mode 2, the poses from Mode 1 are very consistent in their placement (Fig S4-14) and 

make very good contact with the protein (Fig S4-13).  A detailed image of the best Mode 1 
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pose is shown in Fig S4-12.  The poses for Mode 2 are less consistent in their placement 

(Fig S4-15B).  The best pose for Mode 2 (detailed, Fig S4-15A) shows that while the mode 

generally fits to the protein well (Fig S4-15C), the middle part of the ligand loses contact 

with the protein (Fig S4-15D).  Similar analysis for Modes 3-5 are shown in Fig S4-16 – 

S4-20.  Pharmacophores for all five binding modes are shown in Fig 4-4 – 4-8. 

Suggested Post-Prediction Validations 

To provide a means for experimentally validating our novel CS-E/EphB3 binding site, we 

propose several targeted mutations of key residues involved in CS-E binding. The most 

significant contributions for ligand binding come from eight arginines (R309, R344, R363, 

R391, R408, R420, R440, R478) and two lysines (K378, K434) in the binding site, as 

expected for a highly negatively charged ligand. (Table S4-2) We suggest that mutation of 

these residues to glutamine (or asparagine) should dramatically reduce the binding while 

minimizing the risk of large structural changes that more severe mutations (e.g., to alanine) 

could cause.  Our methodology in determining suggested mutations is described in the 

supplemental information. 

The differences in the orientations of our five predicted binding modes suggests that 

specific residues may play a larger role in binding, leaving others to play a lesser role. 

Since Modes 1 and 2 represented 80% of the top 25 poses, we will focus our results on 

mutations for these two modes. While all ten positively charged residues contributed to the 

overall binding energies, the strongest five contributions for Mode 1 were R440 (-174.5 

kcal/mol), R363 (-137.7 kcal/mol), R309 (-128.0 kcal/mol), K434 (-125.7 kcal/mol), and 
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R344 (-120.9 kcal/mol). The strongest six contributions for Mode 2 were R440 (-167.1 

kcal/mol), K434 (-142.9 kcal/mol), K378 (-130.6 kcal/mol), R363 (-120.6 kcal/mol), R420 

(-115.5 kcal/mol), and R309 (-98.4 kcal/mol). R440 was the strongest contributor for both 

Mode 1 and Mode 2, suggesting that it should be the first target for specific mutations. 

R309 and R344 both contributed more strongly to Mode 1, and K378 and R420 both 

contributed more strongly to Mode 2. Mutation of these residues may be able to provide 

experimental evidence for which Mode is best. Since R391, R408, and R478 did not 

contribute strongly to either Mode 1 or Mode 2 mutations of these residues could provide 

experimental information on whether Modes 3-5 are relevant.  Contributions for all 

residues are presented in Table S4-1. 

We carried out in silico mutations of the key Mode 1 residues to glutamine, which led to 

the following changes to the binding energy (positive indicates weaker interactions): 

R440Q +165.9 kcal/mol, R363Q +131.0 kcal/mol, R309Q +122.7 kcal/mol, R344Q +120.6 

kcal/mol, K434Q +114.5 kcal/mol. For Mode 2 the changes to binding energy were: 

R440Q +160.7 kcal/mol, K434Q +133.8 kcal/mol, K378Q +111.2 kcal/mol, R363Q +100.4 

kcal/mol, R420Q +95.2 kcal/mol, R309Q +94.0 kcal/mol. 

We recommend that numerous simultaneous mutations be done for tests of our predictions. 

The reason is that because a large number of charged residues contribute to the binding, 

mutation to a single residue may be insufficient to significantly alter binding.  Moreover 

since other positive residues are available in the same regions, the ligand might find new 

interactions in the absence of just one or two key residues.  
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A more rigorous validation of our predicted binding modes would be to perform 

mutations that unambiguously increase binding affinity.  Consequently we identified 

mutations of several residues that GAG-Dock suggests should increase binding affinity. 

We selected these mutations to allow additional contacts with the charged and polar groups 

on CS-E. Again we considered mutations to glutamine, since the mutated structures may be 

more likely to fold to the proper structure, than say mutations to alanine. Eight individual 

mutations for Mode 1 predicted to make new contacts with the ligand are (negative 

indicates stronger binding): T448Q (-18.77 kcal/mol), V339Q (-13.65 kcal/mol), I446Q (-

12.48 kcal/mol), A442Q (-11.97 kcal/mol), N445Q (-11.42 kcal/mol), T319Q (-11.20 

kcal/mol), N323Q (-4.23 kcal/mol), and N322Q (-0.78 kcal/mol).  Seven individual 

mutations for mode 2 predicted to make new contacts are: E424Q (-117.08 kcal/mol), 

V339Q (-16.14 kcal/mol), T422Q (-16.14 kcal/mol), T338Q (-14.13 kcal/mol), N445Q (-

7.44 kcal/mol), N323Q (-2.97 kcal/mol), and S341Q (-0.92 kcal/mol).  These single residue 

mutations are summarized in Table S4-3 for Mode 1 and Table S4-5 for Mode 2.  (Modes 

3-5 in Tables S4-7, -8, -10) 

Based on their individual predicted contributions to binding, we suggest the following set 

of 7 mutations for the first experiments to test Mode 1: T319Q, N322Q, V339Q, A442Q, 

A443N, I446Q, and T448Q.  We predicted that this set of mutations for Mode 1 improves 

binding energy by 66.03 kcal/mol, or 16.5% better than binding to the wild-type.  The 

predicted binding site for this set of mutations for Mode 1 is shown in Fig 4-9A.  Energies 

for all sets of mutations tested for Mode 1 are shown in Table S4-4. 
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The presence of E424 in the neighborhood of Mode 2 is puzzling, since it has a 

repulsive interaction with the ligand.  Mutating E424 to glutamine resulted in a significant 

increase in binding energy, but might also modify the binding site. Therefore, we propose 

two sets of mutations for Mode 2.  The first set is: N323Q, T338N, V339Q, S341Q, 

T422Q, and N445Q.  This improved binding energy by 46.64 kcal/mol or 11.4% better 

than the wild-type.  The second set for mode 2 adds the E424Q mutant, resulting in an 

improvement of 163.84 kcal/mol or 40%.  The predicted binding site for the non-E424Q set 

for Mode 2 is shown in Fig 4-9B.  Energies for all sets of mutations tested for Mode 2 are 

shown in Table S4-6. 

We applied this same procedure also to Modes 3-5, with the results reported in Tables S4-

7, S4-9, and S4-11.  Detailed images and pharmacophores of the predicted mutant binding 

sites for the selected sets of mutations are shown in Figures S4-21 to S4-28. 

Since we found five competitive binding modes for CS-E/EphB3, it may be that CS-E 

binding recognizes a binding region or ensemble of binding sites rather than a specific 

binding site that is typical for binding of small molecules. We selected CS-E 

octasaccharide as a representative of the natural, extended polysaccharide. The 

experimental system may well be more complicated with interactions beyond a single 

octasaccharide binding mode. Indeed none of our five predicted binding modes interacts 

with all 10 positively charged residues within the binding region. We suggest that these 

additional charged residues may serve two purposes. First, the extra, non-shared residues 

could allow for a single polysaccharide to bind to two proteins using one mode for the first 
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protein and a different mode for the second protein, possibly allowing for dimerization 

and activation of the proteins. Second, the presence of extra positive residues could allow 

for the ligand to migrate within the binding region without losing adhesion to the protein. 

To test this second possibility we suggest mutations expected to increase binding affinity. 

A single mutation from arginine or lysine to glutamine or asparagine might not change the 

binding as much as we predict, because the CS-E might move its preferred binding region 

slightly to account for the reduced arginines. This suggests that validation be done with 

multiple simultaneous mutations. Of course, mutating multiple residues simultaneously 

may increase the likelihood of misfolding, rendering the study useless. For a single 

beneficial mutation, such misfolding is less likely, although the change in binding affinity 

may be less dramatic. 

Conclusions 

Studying the CS-E/EphB3 system computationally was a difficult challenge: a large, highly 

negatively charged ligand, and a protein with a completely unknown binding site.  

Furthermore, the related CS-A ligand was shown not to bind experimentally, and neither 

CS-A nor CS-E bound to the similar EphB2 protein.  Our goal was to identify structural 

explanations for these differences.  In both cases we successfully identified the cause to be 

related to the charges on the ligand and/or the protein.  EphB2 lacks the positively-charged 

region of EphB3 and thus cannot bind the negatively-charged CS ligands.  Similarly, the 

reduced negative charge of CS-A relative to CS-E means that it does not bind with 

sufficient strength to EphB3.  The pattern of sulfation does not appear to be a significant 

factor, as CS-D binds comparably to CS-E.  This is likely due to flexibility of the sulfate 
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groups on the ligand and the arginine and lysine sidechains on the protein.  Specific 

patterns are not needed for such a general interaction. 

We have further used our predicted structural information to suggest mutation experiments 

that would validate one or more of our binding modes for CS-E.  As mentioned previously, 

we consider mutations from arginine/lysine to alanine to lack subtlety.  Loss of binding 

from such mutations could be due to larger structural changes than simple binding site 

modification.  Instead, we have suggested sets of mutations to improve binding, which 

would validate our binding modes with much less ambiguity.  We encourage our 

experimental colleagues to attempt these sets of mutations: 

• T319Q, N322Q, V339Q, A442Q, A443N, I446Q, and T448Q 

• N323Q, T338N, V339Q, S341Q, T422Q, and N445Q (optionally E424Q) 

The first set should increase binding affinity for CS-E if our predicted Mode 1 is the correct 

binding pose, and the second set should increase binding affinity for Mode 2. 

This project highlights the role that computation can have in studying complicated 

biological systems, and in complementing and directing experiment.  The specificity of the 

binding site predictions suggests clear follow-up experiments to further understanding of 

the role of CS-E in EphB3 activation, which, hopefully, will suggest new directions for 

computation. 
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Figures & Tables 

 

Figure 4-1 – (A) Model of EphB3. (B-C) Electrostatics mapped onto the surfaces of EphB3 and EphB2. Circled region 
denotes binding region for top five EphB3/CS-E binding modes (cyan region in D-E). (D) Predicted best EphB3/CS-E 
binding mode. (E) Overlay of predicted Top five EphB3/CS-E binding modes. The general orientation of binding 
modes shown in yellow. 
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Figure 4-2 –Plot of the energy of the best pose in each region after coarse docking for CS-A, CS-D, and CS-E docked to 
EphB2 and EphB3.  It is clear from the chart that the binding energies are much worse for EphB2 than EphB3.  
Additionally, CS-A has a much worse binding energy to EphB3 than CS-D and CS-E. 

 

Figure 4-3 – Plot of the energy of the best pose in each region after fine docking for CS-A, CS-D, and CS-E docked to 
EphB3.  After fine-level docking, CS-E binds slightly better than CS-D, and both bind significantly better than CS-A. 
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Figure 4-4 – Pharmacophore for best pose in EphB3/CS-E mode 1. 

 

Figure 4-5 – Pharmacophore for best pose in EphB3/CS-E mode 2. 
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Figure 4-6 – Pharmacophore for best pose in EphB3/CS-E mode 3. 

 

Figure 4-7 – Pharmacophore for best pose in EphB3/CS-E mode 4. 
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Figure 4-8 – Pharmacophore for best pose in EphB3/CS-E mode 5. 
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Figure 4-9 – Mutations to Gln predicted to increase EphB3/CS-E binding. Mutated residues are colored orange. Red 
hydrogen bond markers denote new hydrogen bonds with the ligand due to mutations and blue markers denote hydrogen 
bonds to the ligand that are common to both mutant and wild type. (A) Mutations for binding mode 1: T448Q, V339Q, 
I446Q, A442Q, T319Q, A443N, N322Q. Binding energy improved by 66.0 kcal/mol or 16.5% over wild type. (B) 
Mutations for binding mode 2: V339Q, T422Q, T338N, N445Q, N323Q, S341Q. Binding energy improved by 46.6 
kcal/mol or 11.4% over wild type. 
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Supplemental Information 

Mutation Methodology 

In order to identify mutations that could validate our predicted CS-E/EphB3 binding modes 

we performed in silico mutations.  Each residue – excluding proline and glycine – in the 5Å 

binding site was individually mutated to glutamine using SCREAM24.  Simultaneously, the 

rest of the sidechains were also optimized to allow them to accommodate the mutated 

sidechain’s position.  The binding site and ligand were then minimized for 50 steps of 

conjugate gradient minimization using DREIDING22 in MPSim23.  At the end of this 

procedure mutations were identified that increased the binding energy of the ligand, 

summarized in Tables S4-3, S4-5, S4-7, S4-8, and S4-10.  Based on these single mutants, 

sets of combined mutants that should increase binding were identified and tested.  Again, 

SCREAM was used to perform the mutations as well as optimize the remaining sidechains 

in the binding site, followed by 50 steps of minimization.  In some cases two mutant 

sidechains would clash, resulting in non-optimal interactions with the ligand.  Thus 

additional sets that omitted some mutations were tested.  Additionally, glutamine proved to 

be too large to make a good interaction with the ligand in some cases, thus asparagine was 

tried instead.  In the end, one set of mutants was identified for each mode that maximized 

ligand binding and resulted in each mutated residue making a new hydrogen bond with the 

ligand.  An additional set was generated each for Mode 2 and Mode 5.  These modes have 

nearby glutamic acids (E424 and E361, respectively).  We are wary of mutating these 

residues because they may have a special role in the structure or function of the EphB3 

receptor or binding site.  However, sets of mutations were generated for Mode 2 and Mode 
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5 that included the respective E424Q and E361Q mutations.  The binding energies for 

the sets of mutations are summarized in Tables S4-4, S4-6, S4-7, S4-9, and S4-11. 

Supplemental Figures & Tables 

 

Figure S4-10 – Schematic showing placement of CS-E binding modes bound to EphB3. 



 

 

129 

 

Figure S4-11 – Electrostatic surfaces of (A) EphB3 and (B) EphB2.  Sphere regions used for coarse docking are shown in 
green for (C) EphB3 and (D) EphB2.  Note that the regions sampled cover the positively charged regions of the proteins. 
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Figure S4-12 – Detailed view of the best CS-E/EphB3 Mode 1 binding pose. 
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Figure S4-13 - The best CS-E/EphB3 Mode 1 binding pose, with the VDW surface of the protein shown to illustrate how 
well the ligand fits to the protein. 
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Figure S4-14 – The placement of all CS-E/EphB3 Mode 1 poses.  The top pose in this mode is the #3 pose overall (-
377.46 kcal/mol), but this mode shows the most consistency in placement. 
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Figure S4-15 – (A) Detailed view of CS-E docked to EphB3 in top pose from binding mode 2.  (B) Placement of all CS-E 
poses docked to EphB3 in binding mode 2.  The top pose in this mode is the #1 pose overall (-380.80 kcal/mol), but 
shows less consistency in pose placement than Mode 1.  (C) Top view of the best Mode 2 pose appears to fit closely to the 
protein surface, but the rotated view (D) shows that the middle section of the octasaccharide is separated from the surface. 
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Figure S4-16 – (A) Detailed view of CS-E docked to EphB3 in top pose from binding mode 3.  (B) Placement of all CS-E 
poses docked to EphB3 in binding mode 3.  The top pose in this mode is the #2 pose overall (-380.53).  This mode shows 
less contact with the surface of the protein..  (C) Top view of the best Mode 3 pose appears to fit closely to the protein 
surface, but the rotated view (D) shows that the much of the octasaccharide is separated from the surface. 
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Figure S4-17 – Placement of only CS-E pose docked to EphB3 in binding mode 4.  This mode contains only one pose in 
the top 25 poses.  This pose is #6 overall (-351.91 kcal/mol). 
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Figure S4-18 – Placement of the only CS-E pose docked to EphB3 in binding mode 4, with the protein surface shown. 
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Figure S4-19 – Placement of the only CS-E pose docked to EphB3 in binding mode 5. This mode contains only one pose 
in the top 25 poses.  This pose is #22 overall (-318.65 kcal/mol). 
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Figure S4-20 – Placement of the only CS-E pose docked to EphB3 in binding mode 5, with the protein surface shown. 
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Table S4-1 – Nonbond interactions by residue for the top pose in each of the five binding modes.  As expected, 
favorable interactions are dominated by arginines and lysines (green), unfavorable interactions are dominated by glutamic 
acids (red). Ordered by nonbond energy for Mode 1. 

 

Res	 Num	 Mode	1	 Mode	2	 Mode	3	 Mode	4	 Mode	5	 Res	 Num	 Mode	1	 Mode	2	 Mode	3	 Mode	4	 Mode	5	
ARG	 440	 -174.5	 -167.1	 -128.4	 -137.4	 -57.1	 THR	 448	 -0.9	 -5.6	 -2.0	 -1.4	 -0.3	
ARG	 363	 -137.7	 -120.6	 -57.8	 -127.1	 -138.0	 GLY	 530	 -0.9	 -1.4	 -2.3	 -1.0	 -4.1	
ARG	 309	 -128.0	 -98.4	 -40.8	 -45.4	 -38.8	 GLY	 382	 -0.7	 -1.3	 -7.2	 -0.2	 -9.7	
LYS	 434	 -125.7	 -142.9	 -48.7	 -61.4	 -54.9	 ALA	 383	 -0.7	 -1.2	 -6.3	 -0.8	 -6.9	
ARG	 344	 -120.9	 -71.5	 -50.8	 -115.5	 -143.2	 CYX	 389	 -0.7	 -1.8	 -2.2	 -0.3	 -1.0	
LYS	 378	 -85.9	 -130.6	 -167.5	 -175.6	 -92.9	 ALA	 452	 -0.2	 -0.5	 -1.0	 -0.5	 -2.2	
ARG	 420	 -59.6	 -115.5	 -149.5	 -72.9	 -162.5	 GLN	 450	 -0.1	 -6.8	 -16.2	 -2.8	 -10.1	
ARG	 391	 -57.7	 -69.6	 -139.1	 -158.2	 -56.5	 ALA	 388	 -0.1	 0.1	 -1.1	 -6.0	 2.3	
ARG	 408	 -56.3	 -55.9	 -46.9	 -55.7	 -124.8	 SER	 390	 0.0	 1.1	 0.6	 -8.3	 1.9	
ARG	 478	 -40.6	 -47.1	 -120.7	 -48.4	 -121.1	 VAL	 339	 0.0	 1.4	 -0.9	 0.4	 0.2	
ASN	 323	 -17.0	 -6.2	 1.8	 2.3	 0.5	 GLY	 345	 0.1	 -0.1	 -0.6	 0.2	 -5.4	
ASN	 322	 -10.5	 -14.5	 -1.5	 -1.4	 0.2	 ILE	 347	 0.1	 -0.1	 -0.6	 0.2	 -3.4	
ALA	 443	 -9.2	 -8.0	 -1.6	 -3.8	 -0.7	 CYX	 380	 0.2	 0.2	 -2.3	 -0.3	 -0.4	
THR	 319	 -7.0	 -2.9	 -0.6	 -0.4	 0.2	 SER	 360	 0.2	 0.3	 0.6	 0.9	 -7.1	
TYR	 325	 -6.4	 -5.0	 0.1	 0.3	 0.8	 TYR	 531	 0.3	 0.2	 -1.8	 0.1	 -5.7	
THR	 338	 -6.4	 -10.4	 -0.5	 0.1	 0.1	 PRO	 439	 0.7	 0.8	 1.1	 2.7	 0.8	
SER	 341	 -6.3	 -5.0	 -0.2	 -4.0	 0.6	 GLY	 385	 0.7	 1.1	 1.8	 2.5	 0.5	
PRO	 342	 -3.8	 -2.5	 -2.0	 -2.2	 0.6	 GLY	 384	 0.8	 1.3	 2.9	 1.3	 2.4	
ASN	 449	 -3.3	 -3.8	 -4.2	 0.4	 -8.0	 CYX	 320	 0.8	 -0.1	 -0.2	 -0.7	 -0.6	
ALA	 442	 -3.1	 -2.9	 0.6	 0.9	 0.4	 VAL	 346	 0.8	 0.8	 0.7	 0.5	 1.4	
THR	 422	 -2.7	 -9.5	 -10.6	 -2.3	 -5.5	 HSE	 381	 1.0	 1.9	 -1.8	 -0.8	 -3.2	
TRP	 359	 -2.2	 -1.7	 -0.8	 -1.8	 -0.7	 VAL	 444	 1.5	 2.8	 0.3	 0.5	 0.5	
SER	 435	 -2.1	 -2.3	 -0.7	 -0.1	 -0.4	 TYR	 441	 2.0	 3.1	 -5.0	 -4.6	 -0.1	
THR	 447	 -1.7	 -0.1	 -0.3	 0.6	 -6.3	 SER	 387	 2.0	 4.1	 0.4	 0.9	 -0.7	
PRO	 438	 -1.6	 -1.3	 0.0	 0.8	 0.4	 ILE	 446	 2.2	 1.3	 -0.5	 0.7	 0.6	
LEU	 437	 -1.6	 -2.1	 1.4	 1.0	 0.2	 PRO	 436	 2.9	 -5.5	 1.2	 0.6	 0.0	
ASN	 445	 -1.5	 -2.4	 -1.0	 -2.3	 0.2	 PHE	 324	 3.2	 2.4	 0.2	 -0.1	 -0.7	
ALA	 529	 -1.0	 -0.8	 -0.1	 -0.8	 -2.8	 GLU	 361	 65.7	 64.1	 48.1	 62.9	 98.6	
HIS	 321	 -0.9	 -1.1	 0.8	 -0.3	 1.1	 GLU	 424	 79.6	 100.8	 103.3	 108.3	 92.6	
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Table S4-2 – Comparison of the arginine and lysine interactions with the five binding modes.  Note that the best 
interactions differ for each binding mode.  Ordered by nonbond energy for Mode 1.  For instance, R344 contributes much 
more strongly to mode 1 than to mode 2.  Similarly, R420 contributes much more strongly to mode 2 than to mode 1.  
Mutations targeting mode-specific residues could be used to identify which mode is correct. 

 

Res	 Num	 Mode	1	 Mode	2	 Mode	3	 Mode	4	 Mode	5	
ARG	 440	 -174.5	 -167.1	 -128.4	 -137.4	 -57.1	
ARG	 363	 -137.7	 -120.6	 -57.8	 -127.1	 -138.0	
ARG	 309	 -128.0	 -98.4	 -40.8	 -45.4	 -38.8	
LYS	 434	 -125.7	 -142.9	 -48.7	 -61.4	 -54.9	
ARG	 344	 -120.9	 -71.5	 -50.8	 -115.5	 -143.2	
LYS	 378	 -85.9	 -130.6	 -167.5	 -175.6	 -92.9	
ARG	 420	 -59.6	 -115.5	 -149.5	 -72.9	 -162.5	
ARG	 391	 -57.7	 -69.6	 -139.1	 -158.2	 -56.5	
ARG	 408	 -56.3	 -55.9	 -46.9	 -55.7	 -124.8	
ARG	 478	 -40.6	 -47.1	 -120.7	 -48.4	 -121.1	



 

 

141 

 

Figure S4-21 – Structure with proposed mutations for Mode 1: T319Q, N322Q, V339Q, A442Q, A443N, I446Q, and 
T448Q.  We predict that this set of mutations for Mode 1 improves binding energy by 66.03 kcal/mol, or 16.5% better than 
binding to the wild-type. 

 

Figure S4-22 – Pharmacophore with proposed mutations for Mode 1: T319Q, N322Q, V339Q, A442Q, A443N, I446Q, 
and T448Q.  We predict that this set of mutations for Mode 1 improves binding energy by 66.03 kcal/mol, or 16.5% better 
than binding to the wild-type. 
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Figure S4-23 – Structures with proposed mutations for Mode 2. (A) Mutations: N323Q, T338N, V339Q, S341Q, T422Q, 
and N445Q.   This improves binding energy by 46.64 kcal/mol or 11.4% better than the wild-type.  (B) Adds the E424Q 
mutant, resulting in an improvement of 163.84 kcal/mol or 40%.  

A	

B	
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Figure S4-24 – Pharmacophores for proposed mutations for Mode 2. (A) Mutations: N323Q, T338N, V339Q, S341Q, 
T422Q, and N445Q.   This improves binding energy by 46.64 kcal/mol or 11.4% better than the wild-type.  (B) Adds the 
E424Q mutant, resulting in an improvement of 163.84 kcal/mol or 40%. 

A	
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Figure S4-25 – Structure and pharmacophore for Mode 3 mutation: S387Q.  This improves binding energy by 7.84 
kcal/mol or 1.53% better than the wild-type. 



 

 

145 

 

Figure S4-26 – Structure and pharmacophore for Mode 4 mutations: S341Q, A388Q, I446Q.  This improves binding 
energy by 25.71 kcal/mol or 6.43% better than the wild-type. 
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Figure S4-27 – Structures with proposed mutations for Mode 5. (A) Mutations: A383Q, T448Q, A529Q.   This improves 
binding energy by 29.11 kcal/mol or 8% better than the wild-type.  (B) Adds the E361Q mutant, resulting in an 
improvement of 133.82 kcal/mol or 37%. 

A	

B	
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Figure S4-28 – Pharmacophores with proposed mutations for Mode 5. (A) Mutations: A383Q, T448Q, A529Q.   This 
improves binding energy by 29.11 kcal/mol or 8% better than the wild-type.  (B) Adds the E361Q mutant, resulting in an 
improvement of 133.82 kcal/mol or 37%. 

A	 B	
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Table S4-3 - Binding energies for all mutations to glutamine that improve binding energy for the best pose in mode 1.  
Note that most mutations do not make new hydrogen bonds (highlighted in red).  The increase in binding energy for those 
mutations can be attributed to Coulomb energy.  We only wish to use mutants that make new contacts with the ligand 
(highlighted in green). 

 

 

 

residue	 energy	 rel.	to	wt	 %	incr.	 new	hbond?	
E361	 -477.71	 -76.57	 16.03	 no	
E424	 -473.64	 -72.49	 15.18	 no	
T448	 -419.91	 -18.77	 3.93	 yes	
V339	 -414.79	 -13.65	 2.86	 yes	
I446	 -413.62	 -12.48	 2.61	 yes	
A442	 -413.11	 -11.97	 2.50	 yes	
N445	 -412.56	 -11.42	 2.39	 yes	
T319	 -412.34	 -11.20	 2.34	 yes	
L437	 -408.68	 -7.54	 1.58	 no	
A529	 -407.92	 -6.78	 1.42	 no	
A443	 -406.67	 -5.53	 1.16	 no	
A452	 -406.09	 -4.95	 1.04	 no	
N323	 -405.37	 -4.23	 0.89	 yes	
A383	 -405.12	 -3.98	 0.83	 no	
N449	 -404.09	 -2.95	 0.62	 no	
T338	 -403.90	 -2.76	 0.58	 no	
I347	 -403.35	 -2.20	 0.46	 no	
S435	 -403.08	 -1.94	 0.41	 no	
S341	 -402.80	 -1.66	 0.35	 no	
T422	 -402.79	 -1.64	 0.34	 no	
Y531	 -402.41	 -1.27	 0.27	 no	
F324	 -402.13	 -0.99	 0.21	 no	
H381	 -401.95	 -0.81	 0.17	 no	
N322	 -401.93	 -0.78	 0.16	 yes	
Y441	 -401.87	 -0.73	 0.15	 no	
W359	 -401.70	 -0.56	 0.12	 no	
S360	 -401.61	 -0.47	 0.10	 no	
V444	 -401.52	 -0.38	 0.08	 no	
wt	 -401.14			 		 		
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Table S4-4 – Binding energies in kcal/mol for different sets of mutations for best pose in binding mode 1.  Sets are 
ranked by binding energy.  Set 8.2 (66 kcal/mol or 16.5% improvement in binding energy) is the best set where all mutated 
residues make a new contact with the ligand. 

 

set	 round	 energy	 rel.	to	wt	 %	incr.	 muta4ons	
set7	 1	 -476.91	 -75.77	 18.89	 Q319	 Q323	 Q322	 Q339	 Q442	 N443	 Q445	 Q446	 Q448	
set5	 1	 -472.46	 -71.32	 17.78	 Q319	 Q323	 Q322	 Q339	 Q442	 		 Q445	 Q446	 Q448	
set8	 1	 -471.38	 -70.24	 17.51	 Q319	 		 Q322	 Q339	 Q442	 N443	 Q445	 Q446	 Q448	
set3	 1	 -471.34	 -70.20	 17.50	 Q319	 Q323	 		 Q339	 Q442	 N443	 Q445	 Q446	 Q448	
set8.2	 2	 -467.18	 -66.03	 16.46	 Q319	 		 Q322	 Q339	 Q442	 N443	 		 Q446	 Q448	
set2	 1	 -464.81	 -63.66	 15.87	 Q319	 		 		 Q339	 Q442	 		 Q445	 Q446	 Q448	
set7.2	 2	 -463.32	 -62.17	 15.50	 Q319	 Q323	 Q322	 Q339	 Q442	 N443	 		 Q446	 Q448	
set3.2	 2	 -462.70	 -61.55	 15.34	 Q319	 Q323	 		 Q339	 Q442	 N443	 		 Q446	 Q448	
set4	 1	 -462.00	 -60.86	 15.17	 Q319	 		 		 Q339	 Q442	 N443	 Q445	 Q446	 Q448	
set1	 1	 -460.38	 -59.24	 14.77	 Q319	 Q323	 		 Q339	 Q442	 		 Q445	 Q446	 Q448	
set4.2	 2	 -459.85	 -58.70	 14.63	 Q319	 		 		 Q339	 Q442	 N443	 		 Q446	 Q448	
set6	 1	 -459.00	 -57.86	 14.42	 Q319	 		 Q322	 Q339	 Q442	 		 Q445	 Q446	 Q448	
set6.2	 2	 -448.17	 -47.03	 11.72	 Q319	 		 Q322	 		 Q442	 		 		 Q446	 Q448	
set5.2	 2	 -446.28	 -45.14	 11.25	 Q319	 Q323	 Q322	 		 Q442	 		 		 Q446	 Q448	
set2.2	 2	 -444.95	 -43.81	 10.92	 Q319	 		 		 		 Q442	 		 		 Q446	 Q448	
set1.2	 2	 -435.31	 -34.17	 8.52	 Q319	 Q323	 		 		 Q442	 		 		 Q446	 Q448	
wt	 		 -401.14			 		 T319	 N323	 N322	 V339	 A442	 A443	 N445	 I446	 T448	
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Table S4-5 - Binding energies for all mutations to glutamine that improve binding energy for the best pose in mode 2.  
Note that most mutations do not make new hydrogen bonds (highlighted in red).  The increase in binding energy for those 
mutations can be attributed to Coulomb energy.  We only wish to use mutants that make new contacts with the ligand 
(highlighted in green). 

 

residue	 energy	 rel.	to	wt	 %	incr.	 new	hbond?	
E424	 -525.91	 -117.08	 22.26	 yes	
E361	 -468.11	 -59.28	 11.27	 no	
V339	 -424.97	 -16.14	 3.07	 yes	
T422	 -424.27	 -15.44	 2.94	 yes	
T338	 -422.96	 -14.13	 2.69	 yes	
A442	 -417.47	 -8.64	 1.64	 no	
N445	 -416.27	 -7.44	 1.42	 yes	
S435	 -415.01	 -6.18	 1.17	 no	
Y325	 -414.43	 -5.60	 1.06	 no	
I446	 -412.76	 -3.93	 0.75	 no	
T319	 -412.71	 -3.88	 0.74	 no	
N323	 -411.80	 -2.97	 0.56	 yes	
Y441	 -411.07	 -2.24	 0.43	 no	
I347	 -410.22	 -1.39	 0.26	 no	
S341	 -409.75	 -0.92	 0.17	 yes	
A388	 -409.66	 -0.83	 0.16	 no	
Y531	 -409.30	 -0.47	 0.09	 no	
S360	 -408.96	 -0.13	 0.02	 no	
A452	 -408.86	 -0.03	 0.00	 no	
wt	 -408.83			 		 		



 

 

151 
Table S4-6 - Binding energies in kcal/mol for different sets of mutations to best pose from binding mode 2.  Sets are 
ranked by binding energy.  Set 4 (163.5 kcal/mol or 40% improvement in binding energy) and Set 11 (46.6 kcal/mol or 
11.4% improvement in binding energy) are both selected for mode 2 due to the presence of residue E424.  It is interesting 
to find E424 in such close proximity to a negatively charged ligand like CS-E and we are unsure of what other role E424 
may be playing in the protein.  Thus, mutations to E424 may have unexpected consequences, even with a relatively close 
mutant such as glutamine. 

 

set	 energy	 rel.	to	wt	 %incr		 muta3ons	
set4	 -572.31	 -163.48	 39.99	 Q323	 N338	 Q339	 Q341	 N422	 Q424	 Q445	
set8	 -571.53	 -162.70	 39.80	 		 N338	 Q339	 Q341	 N422	 Q424	 Q445	
set2	 -571.27	 -162.44	 39.73	 Q323	 Q338	 Q339	 Q341	 N422	 Q424	 Q445	
set6	 -568.59	 -159.76	 39.08	 		 Q338	 Q339	 Q341	 N422	 Q424	 Q445	
set3	 -546.79	 -137.96	 33.74	 Q323	 N338	 Q339	 Q341	 Q422	 Q424	 Q445	
set1	 -544.24	 -135.41	 33.12	 Q323	 Q338	 Q339	 Q341	 Q422	 Q424	 Q445	
set7	 -542.07	 -133.24	 32.59	 		 N338	 Q339	 Q341	 Q422	 Q424	 Q445	
set5	 -540.38	 -131.54	 32.18	 		 Q338	 Q339	 Q341	 Q422	 Q424	 Q445	
set11	 -455.47	 -46.64	 11.41	 Q323	 N338	 Q339	 Q341	 Q422	 		 Q445	
set9	 -455.03	 -46.20	 11.30	 Q323	 Q338	 Q339	 Q341	 Q422	 		 Q445	
set10	 -451.95	 -43.12	 10.55	 Q323	 Q338	 Q339	 Q341	 N422	 		 Q445	
set13	 -448.74	 -39.91	 9.76	 		 Q338	 Q339	 Q341	 Q422	 		 Q445	
set15	 -448.39	 -39.56	 9.68	 		 N338	 Q339	 Q341	 Q422	 		 Q445	
set12	 -447.20	 -38.37	 9.38	 Q323	 N338	 Q339	 Q341	 N422	 		 Q445	
set14	 -443.97	 -35.14	 8.59	 		 Q338	 Q339	 Q341	 N422	 		 Q445	
set16	 -441.47	 -32.64	 7.98	 		 N338	 Q339	 Q341	 N422	 		 Q445	
wt	 -408.83			 		 N323	 T338	 V339	 S341	 T422	 E424	 N445	
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Table S4-7 - Binding energies for all mutations to glutamine that improve binding energy for the best pose in mode 3.  
Note that only one residue was able to make a new contact with the ligand.  This is a strong indicator that binding mode 3 is 
not a reliable result.  The increase in binding energy for those mutations can be attributed to Coulomb energy. 

 

 

 

residue	 energy	 rel.	to	wt	 %	incr.	 new	hbond?	
E424	 -511.04	 -104.87	 20.52	 no	
E361	 -471.32	 -65.16	 12.75	 no	
I446	 -419.60	 -13.44	 2.63	 no	
T338	 -415.66	 -9.50	 1.86	 no	
A388	 -415.12	 -8.96	 1.75	 no	
V346	 -415.10	 -8.94	 1.75	 no	
S435	 -414.11	 -7.95	 1.56	 no	
S387	 -414.00	 -7.84	 1.53	 yes	
T447	 -413.63	 -7.47	 1.46	 no	
S390	 -413.47	 -7.31	 1.43	 no	
I347	 -413.13	 -6.97	 1.36	 no	
Y325	 -412.65	 -6.48	 1.27	 no	
N445	 -412.47	 -6.31	 1.23	 no	
Y531	 -411.85	 -5.69	 1.11	 no	
A529	 -411.72	 -5.56	 1.09	 no	
S360	 -411.18	 -5.02	 0.98	 no	
F324	 -410.95	 -4.78	 0.94	 no	
L437	 -410.48	 -4.32	 0.85	 no	
S341	 -408.40	 -2.24	 0.44	 no	
T319	 -408.29	 -2.12	 0.42	 no	
A443	 -408.18	 -2.02	 0.39	 no	
N323	 -408.08	 -1.91	 0.37	 no	
V339	 -407.77	 -1.61	 0.31	 no	
V444	 -407.03	 -0.87	 0.17	 no	
W359	 -406.77	 -0.61	 0.12	 no	
N322	 -406.33	 -0.16	 0.03	 no	
Y441	 -406.20	 -0.04	 0.01	 no	
wt	 -406.16			 		 		
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Table S4-8 - Binding energies for all mutations to glutamine that improve binding energy for the only pose in mode 4.  
Note that most mutations do not make new hydrogen bonds (highlighted in red).  The increase in binding energy for those 
mutations can be attributed to Coulomb energy.  We only wish to use mutants that make new contacts with the ligand 
(highlighted in green). 

 

Table S4-9 - Binding energy in kcal/mol for the only set of mutations to the only pose from binding mode 4. Mutation 
results in 25.7 kcal/mol or 6.4% improvement in binding energy. 

 

residue	 energy	 rel.	to	wt	 %	incr.	 new	hbond?	
E424	 -495.76	 -95.77	 19.32	 no	
E361	 -465.02	 -65.03	 13.12	 no	
A443	 -419.46	 -19.46	 3.93	 no	
A388	 -412.03	 -12.04	 2.43	 yes	
S341	 -411.02	 -11.03	 2.22	 yes	
N449	 -410.33	 -10.33	 2.08	 no	
Y531	 -410.20	 -10.21	 2.06	 no	
I446	 -407.81	 -7.82	 1.58	 yes	
T338	 -407.64	 -7.64	 1.54	 no	
I347	 -405.08	 -5.08	 1.03	 no	
W359	 -402.47	 -2.48	 0.50	 no	
T422	 -402.32	 -2.33	 0.47	 no	
Y441	 -402.25	 -2.25	 0.45	 no	
S435	 -401.01	 -1.01	 0.20	 no	
wt	 -399.99			 		 		

set	 energy	 rel.	to	wt	 %	incr.	 muta3ons	
set1	 -425.70	 -25.71	 6.43	Q341	 Q388	 Q446	
wt	 -399.99			 		 S341	 A388	 I446	
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Table S4-10 - Binding energies for all mutations to glutamine that improve binding energy for the only pose in mode 5.  
Note that most mutations do not make new hydrogen bonds (highlighted in red).  The increase in binding energy for those 
mutations can be attributed to Coulomb energy.  We only wish to use mutants that make new contacts with the ligand 
(highlighted in green). 

 

Table S4-11 - Binding energy in kcal/mol for mutations to the only pose from binding mode 5.  Set 1, which includes a 
mutation to E361, improves binding energy by 133.8 kcal/mol or 37%.  Set 2, which skips the mutation to E361, improves 
binding by 29.1 kcal/mol or 8.1%.  Similarly to binding mode 2, it is interesting to find E361 (a different glutamic acid) in 
such close proximity to a negatively charged ligand like CS-E and we are unsure of what other role E361 may be playing in 
the protein.  Thus, mutations to E361 may have unexpected consequences, even with a relatively close mutant such as 
glutamine. 

 

residue	 energy	 rel.	to	wt	 %	incr.	 new	hbond?	
E361	 -464.85	 -103.36	 22.23	 yes	
E424	 -462.29	 -100.79	 21.68	 no	
A383	 -378.48	 -16.98	 3.65	 yes	
T448	 -369.95	 -8.46	 1.82	 yes	
A388	 -369.66	 -8.17	 1.76	 no	
A529	 -369.62	 -8.13	 1.75	 yes	
S390	 -369.57	 -8.08	 1.74	 no	
I347	 -368.36	 -6.87	 1.48	 no	
H381	 -366.63	 -5.13	 1.10	 no	
V444	 -365.92	 -4.42	 0.95	 no	
S435	 -365.33	 -3.83	 0.82	 no	
T422	 -364.86	 -3.37	 0.72	 no	
Y325	 -364.47	 -2.98	 0.64	 no	
T338	 -362.17	 -0.67	 0.14	 no	
N323	 -361.95	 -0.45	 0.10	 no	
I446	 -361.70	 -0.20	 0.04	 no	
wt	 -361.50			 		 		

set	 energy	 rel.	to	wt	 %	incr.	 muta3ons	
set1	 -495.32	 -133.82	 37.02	Q361	 Q383	 Q448	 Q529	
set2	 -390.61	 -29.11	 8.05	 		 Q383	 Q448	 Q529	
wt	 -361.50			 		 E361	 A383	 T448	 A529	
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