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Introduction to Supporting Information 

The information provided here supplements several sections in the main text.  To 

supplement Methods Part 1: HER2 Virtual Screen, we present protocols for: (1) kinase 

domain homology modeling, and (2) expression and purification of HER2 kinase. To 

supplement Methods Part 2: Protocols to Coordinate or Displace Bridging Waters, we 

present protocols for: (1) solvated footprint reference preparation, and (2) geometric and 

energetic stability of water coordination and displacement.  To supplement Results Part 

2: Development of Virtual Screen Protocols to Incorporate Bridging Waters, we present 

the solvated footprint references derived for HIVPR and PARP1 systems used during 

the development of the COOR (coordination) and DISP (displacement) virtual screening 

protocols. 

	
Methods Part 1: HER2 Virtual Screen 

Kinase Domain Homology Model.  To construct a homology model of HER2 in 

the fully active form for virtual screening, we used the previously reported x-ray 

structure of EGFR complexed with erlotinib (PDB 1M17)1 as a template.  The model 

was constructed by manually mutating residues to the desired HER2 sequence based 

on the EGFR template using the program Chimera2 to maximize side chain overlap 

between new and old side chain positions.  To make use of different knowledge-based 

scoring functions for compound prioritization (discussed further below), erlotinib from 

the EGFR template was prepared as a reference along with two coordinating water 

molecules.   

To refine the constructed homology model complex, the AMBER163 suite of 

programs was employed to assemble and prepare the complex HER2 complex, 
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protonate the system as necessary and assign molecular modeling force field 

parameters, and equilibrate the structure through controlled energy minimization and 

short molecular dynamics simulations to relax the system prior to the virtual screen.  

The receptor and ligand were parameterized using the ff14SB4 and GAFF5 force fields 

respectively which as  solvated in a periodic box (10 Å3) of TIP3P6 water molecules.  

Ligand partial atomic charges were based on the AM1BCC method.7, 8  The refinement 

protocol consisted of five sequential steps that included energy minimization (max. 

10,000 cycles), MD heating (100 ps), MD density equilibration (500 ps), MD 

equilibration (4 x 200 ps), and MD production (100 ns).  Minimizations were executed on 

CPUs and all other steps were executed on GPUs using the AMBER Particle Mesh 

Ewald molecular dynamics (PMEMD) program.9  Production runs were performed in the 

NPT ensemble (T = 298.15 K, P = 0.987 atm) using Langevin dynamics,10 during which 

heavy atoms in the protein and the ligand were weakly restrained (0.1 kcal/mol-Å2 

restraint weight).  The time step for the production run was 2 fs, SHAKE11 was used to 

constrain bond stretching, and coordinates were written every 100 steps.  Following the 

MD simulations of HER2 we retained 10,000 evenly spaced frames and selected a 

specific frame (frame #4859) for docking that (1) contained both bridging waters with the 

intended hydrogen bonding pattern, (2) had good Cα overlap with the centroid of MD 

trajectory, and (3) had no steric clashes.   

To evaluate the overall quality of the final HER2 homology model (frame #4859), 

with that of the original EGFR template (PDB 1M17), we used the PROCHECK12 

software package to compute common stereochemical features.  Overall, there was 

nothing unusual about the model compared to the template as shown in Table S1.  
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Specifically, the model had the majority (99.6%) of residues in allowed Ramachandran 

plot regions, favorable Morris classification scores (1, 1, 2),13 a reasonable G-factor (-

0.07), and all bond lengths (100%), most bond angles (95.2%), and most planar groups 

(94.9%) were within stereochemical limits.  

 

Table S1.  Stereochemical features of the HER2 homology model vs the EGFR template. 
  HER2 Homology Model EGFR Template (PDB 1M17) 

Ramachandran 
Plot 

Most favoreda 89.0% 82.7% 
Additional allowedb 10.2% 16.5% 

Generously allowedc 0.4% 0.4% 
Disallowedd 0.4% 0.4% 

Residue 
Stereochemistry Morris classificatione 1, 1, 2 1, 1, 2 

Overall 
Properties 

G-factorsf -0.07 0.23 
Main chain bond lengthsg 100.0% 99.9% 
Main chain bond anglesh 95.2% 97.9% 

Planar groupsi 94.9% 98.0% 
aPercent of residues in the most favored regions.  
bPercent of residues in the additional allowed regions.  
cPercent of residues in the generously allowed regions. 
dPercent of residues in the disallowed regions. 
eOverall assessment (on a scale of 1-4, 1 = best, 4 = worst) using Morris et al.13 classification scheme.   
fG-factor indicates the overall normality of the stereochemistry (larger = better).   
gPercent of bond lengths within stereochemical limits. 
hPercent of bond angles within stereochemical limits. 
iPercent of planar groups within stereochemical limits. 
Feature definitions taken from the PROCHECK operating manual (www.ebi.ac.uk/thornton-
srv/software/PROCHECK).   

 

Expression and Purification of HER2 Kinase Domain.  The cDNA encoding 

the HER2 cytoplasmic domain (residues 703-1029) was cloned into the Xba1 and Xho1 

restriction enzyme sites of the pFastbac HTb vector (Invitrogen).  Recombinant 

baculovirus was generated using the Invitrogen Bac-to-Bac system.  To produce protein, 

Spodoptera frugiperda (Sf9) cells in 1-liter spinner flasks were infected with baculovirus 

and harvested after 3 days by centrifugation.  To purify HER2, cell pellets were 

suspended in lysis buffer (50 mM Tris pH 8.5, 100 mM NaCl, 5 mM 2-mercaptoethanol, 

1mM phenylmethylsulfonyl fluoride, 1% NP-40, 5 µg/mL aprotinin, 5 µg/mL leupeptin).  
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Cells were lysed in a French pressure cell at 800 psi.  Lysates were clarified by 

centrifugation at 10,000 x g for 10 minutes (4°C) then syringe filtered (0.8 µm).  The 

clarified lysate was added to 2 mL of Ni-NTA agarose (Qiagen), and loaded onto a 

column.  The resin was washed with 10 column volumes of a wash buffer A containing 

20 mM Tris (pH 8.5), 10% glycerol, 500 mM NaCl, 10 mM imidazole and 5 mM 2-

mercaptoethanol.  The resin was subsequently washed with 10 column volumes of a 

wash buffer B containing 20 mM Tris (pH 8.5), 10% glycerol and 5 mM 2-

mercaptoethanol, and 10 column volumes of wash buffer A. The protein was eluted in 1 

mL fractions by a step gradient using elution buffers containing 20 mM Tris (pH 8.5), 10% 

glycerol, 5 mM 2-mercaptoethanol, and imidazole (at concentrations of 25, 50, 75, and 

100 mM).  The resulting fractions were analyzed by SDS-PAGE on 10% acrylamide 

gels and visualized by Coomassie Blue staining.  Peak fractions were pooled and 

concentrated using an Amicon nitrogen concentrator (10 kDa NMWL membrane, 

Millipore).  Protein concentrations were determined with the Bio-Rad dye binding assay.  

 

Methods Part 2: Protocols to Coordinate or Displace Bridging Waters 

Solvated Footprint Reference Preparation.  Molecular models for HIVPR 

(1HPX14, 2.00 Å) and PARP1 (1EFY15, 2.20 Å) were relaxed using the same general 

setup and refinement procedures described above for HER2.  Minor differences include 

a somewhat shorter MD production run (20 ns), with coordinates being written every 

100 steps, to identify a suitable frame to construct the two references.  For each MD 

frame, the five closest waters from the geometric center of the ligand were retained 

using CPPTRAJ.16  The total interaction energy (ES + VDW) between each water 
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molecule and the rest of the complex (protein + ligand) was calculated and the single 

water with the most favorable interaction was retained.  Then, the 1000 most favorable 

waters (one from each frame) were clustered into different water "sites" using the 

average linkage algorithm in CPPTRAJ with a distance (between oxygen atoms) cutoff 

of 2 Å.   

 For each water site that contained the desired bridging water, an individual MD 

frame was then identified to define a "specific reference" structure for the COOR or 

DISP protocols respectively.  The procedure employed four distinct steps: (1) The 

similarity between the ES footprint (FPSES)17 of each water and the mean footprint of all 

waters in a site were calculated to identify one water (corresponding to one frame) with 

the highest overall similarity using DOCK6.8.  (2) The identified frame was examined in 

terms of total interaction energy between the bridging water and other species (ligand + 

receptor) to verify it was not an outlier using box plots.18  (3) The backbone RMSD 

between the candidate frame and the structural centroid over all 1000 frames 

(computed using CPPTRAJ clustering using the average linkage algorithm and a Cα-Cα 

distance cutoff of 1 Å) was examined to make sure it was less than 2 Å.  (4) The ligand-

receptor footprint was computed to confirm that the overall interactions in the identified 

frame were favorable.  All candidate MD frames were rank-ordered by descending 

FPSES (step 1) and the first frame that met all four criteria listed above was used to 

generate the molecular references.  Structures of the three species (receptor, ligand, 

bridging water) were then extracted from the relevant MD frame in MOL2 format 

minimized individually in Cartesian space using DOCK6.8, and assembled into the final 

COOR and DISP references as outlined in Figure S1.   
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Geometric and Energetic Stability of Water Coordination and Displacement.  

For each system (HIVPR, PARP1), we selected four representative compounds based 

on their categorization as coordinating or displacing (eq 1 and 2 main text) and subject 

to visualization in the binding site.  For each compound, 20 ns MD simulations were 

then performed in triplicate with different random seeds to ascertain if the docked 

ligands would maintain their predicted coordination or displacement.  The simulations 

employed a relatively weak protein backbone restraint (weight = 0.1 kcal/mol-Å2) which 

reduced large protein backbone conformational changes however side chains were free 

to move.   

 For the COOR studies, positive controls were the cognate ligands KNI-272 

(HIVPR, PDB 1HPX14) and NU1098 (PARP1, PDB 1EFY15) which coordinate bridging 

waters.  For the DISP studies, positive controls employed ligands DMP323 (HIVPR, 

PDB 1QBS23) and 4AN (PARP1, PDB 2PAX45) which were previously reported as being 

rationally designed to displace bridging waters.  As the coordination and displacement 

positive controls originated from different crystallographic structures of the same 

proteins, to eliminate potential noise arising from using different protein coordinates, 

ligand DMP323 from 1QBS was docked into 1HPX and ligand 4AN from 2PAX was 

docked into 1EFY followed by energy minimization of each complex in Cartesian space 

which yielded small RMSDs (DOCK6 Hungarian method19) of 0.83 Å, and 0.68 Å 

respectively.   

 Following the MD simulations, each trajectory was post-processed and the five 

most populated water sites were identified using the protocols described above.  If 

water coordination simulations remain stable, we expected to see highly populated 
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water site(s) with similar molecular footprints to that of the COOR reference.  In contrast, 

if water displacement simulations remain stable, we expected to see direct long-lived 

interactions between the ligand with residues in the binding site previously engaged by 

water, and similar molecular footprints to the DISP reference.   

 

Results Part 2: Development of Virtual Screen Protocols to Incorporate Bridging 

Waters 

Solvated Footprint References.  As shown in Figure 3 (main text), for the 

COOR and DISP protocols, separate molecular references were required for similarity-

based rescoring of the docked molecules.  Here, for HIVPR, we selected MD frame 

#699 (Figure S1a) from a 20 ns simulation (see Methods for frame selection criteria) 

where the top populated water site matches the well-known "flap water"20 labeled 

WAT301 in PDB 1HPX.14  Figures S1b, c show the two solvated footprints derived from 

the ligand alone (COOR reference, magenta) or the ligand + water (DISP reference, 

blue) respectively.  The footprints highlight the extensive VDW interactions made 

between the ligands and receptor versus the more sparse but specific ES patterns.  In 

the COOR ES footprint in Figure S1b where the bridging water is included as part of the 

receptor, the peak labeled WAT (-1.99 kcal/mol) represents the ES interaction between 

ligand KNI-272 and the bridging water.  In the DISP ES footprint in Figure S1c, where 

the bridging water is included as part of the ligand, the appearance of two new peaks 

(compare Figure S1c vs S1b) at positions Ile50 and Ile149 in the ES footprint (sum = 

1.41 kcal/mol) reflect the geometry of the water bridge in Figure S1a.   
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For the PARP1 system, MD frame #3 (Figure S1d) was selected as the 

representative coordinates to generate COOR and DISP references as it contains a 

previously annotated bridging water labeled WAT52 in PDB 1EFY.15  Here, the water 

mediates hydrogen bonding between a carboxylate oxygen in Glu327 and the amine 

hydrogen in ligand NU1098, which can be seen in the peak labeled WAT (-1.74 kcal/mol) 

in the COOR ES footprint show in Figure S1e and the significant increase in size of the 

ES peak at position Glu327 (-4.76 kcal/mol) in the DISP ES footprint in Figure S1f.   

 

Figure S1.  MD-based molecular references used to rescore docked molecules to HIVPR (a-c, 
MD frame #699) and PARP1 (d-f, MD frame #3).  Panels a and d show water-mediated H-
bonding as dashed lines with cognate ligands in magenta and key pocket residues in gray.  
Panels b and e show the solvated molecular footprints for the COOR references (cognate ligand 
alone) which include water as part of the receptor and panels c and f show the solvated 
molecular footprints for the DISP references (cognate ligand + water) which include water as 
part of the ligand.   
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