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Abstract

Protein dynamics play an important role in small molecule binding and can pose a significant 

challenge in the identification of potential binding sites. Cryptic binding sites have been defined as 

sites which require significant rearrangement of protein structure to become physically accessible 

to a ligand. MixMD is a computational protocol which maps the surface of the protein using 

molecular dynamics of the unbound protein solvated in a 5% box of probe molecules with explicit 

water. This method has successfully identified known active and allosteric sites which did not 

require reorganization. In this study, we apply the MixMD protocol to identify known cryptic sites 

of 12 proteins characterized by a wide range of conformational changes. Of these 12 proteins, 

three require reorganization of side chains, five require loop movements, and four require 

movement of more significant structures such as whole helices. In five cases, we find that standard 

MixMD simulations are able to map the cryptic binding sites with at least one probe type. In two 

cases (Guanylate Kinase and TIE-2), accelerated molecular dynamics, which increases sampling 

of torsional angles, was necessary to achieve mapping of portions of the cryptic binding site 

missed by standard MixMD. For more complex systems where movement of a helix or domain is 

necessary, MixMD was unable to map the binding site even with accelerated dynamics, possibly 

due to the limited timescale (100ns for individual simulations). In general, similar conformational 

dynamics are observed in water-only simulations and those with probe molecules. This could 

imply that the probes are not driving opening events but rather take advantage of mapping sites 

that spontaneously open as part of their inherent conformational behavior. Lastly, we show that 

docking to an ensemble of conformations from the standard MixMD simulations perform better 

than docking the apo crystal structure in 9 cases, and even better than half of the bound crystal 

structures. Poorer performance was seen in docking to ensembles of conformations from the 

accelerated MixMD simulations.
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SUPPLEMENTAL INFORMATION
Data regarding the specific mapping of each probe in the standard and accelerated MD is given in Tables S1-S5. Binding site RMSDs, 
compared to the apo and bound structures is given in Figures S1-S24.
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INTRODUCTION

Identifying and characterizing protein binding sites is a crucial first step to be able to predict 

and manipulate the binding characteristics of potential ligands.1 Structural flexibility of 

protein targets has major consequences on molecular recognition, as the binding site(s) may 

sample many different conformational states.2, 3 The ideal approach to identify binding sites 

in a prospective manner is to utilize the unbound structure of the protein. However, due to 

the flexible nature of proteins, using the unbound structure can present other difficulties.4 

Numerous static methods, both geometry-based and energy-based, have been unsuccessful 

in predicting sites with large movements.5

Cosolvent molecular dynamics (MD) techniques have been developed to map and predict 

favorable small-molecule “hotspots” for binding to proteins.6-10 These techniques have the 

advantage of incorporating a fully flexible protein using MD and allowing for the 

competition of a small molecule with water at the protein surface. Several methods have 

been developed recently which have successfully utilized cosolvent MD techniques 

including: MixMD11,12, SILCS13, MDMix6, as well as methods presented by Arcon et al.7, 

Uehara and Tanaka9, Kimura et al.14, and Tan et al.15

The advantages and disadvantages of each method are highly dependent on probe types, 

solvent setup, and sampling. Mixed-solvent MD (MixMD) is our probe-mapping technique 

that has been extensively developed since its introduction in 2011, and it has demonstrated 
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utility in mapping both orthosteric and allosteric binding sites.11, 16-19 The MixMD protocol 

accommodates full protein flexibility and preferentially locates hot spots along the surface of 

the protein.11, 17 The method is based on using MD simulations of the protein in a mixture 

of water and an organic solvent (isopropanol, acetonitrile, pyrimidine, etc). Binding hot 

spots are identified by where the probe solvent has the highest occupancies on the protein 

surface. When the protein is allowed to be fully flexible during the simulation, the proper 

locations are found and random sites on the surface are reduced.11

The dynamic nature of proteins is a difficult challenge for traditional methods for structure-

based drug design. In particular, working with cryptic sites presents a significantly 

demanding task. Cryptic sites are binding sites that are closed in the apo state and open 

through a structural rearrangement to bind ligands. The rearrangement can be as small as a 

side-chain rotation or as large as domain movement. Dynamic computational methods 

embrace protein flexibility20 and are necessary to address cryptic sites. Computational 

techniques to identify cryptic or “transient” sites have used several methods to account for 

protein dynamics.21, 22 TRAnsient Pockets in Proteins (TRAPP)23 uses four techniques 

(tCONCORD24, implicit solvent MD, L-RIP25 and RIPlig25) for generating ensembles of 

protein structures to cluster and compare the RMSD to identify pockets on the protein that 

are transient, hence cryptic. The drawback of this method is that the center of the pocket 

must be known. The most recent method utilized Markov state models on MD simulations to 

identify “exposons” which successfully highlight the cryptic sites of two β-lactamases.26 

Gao et al. were able to generate bound conformations in long microsecond MD simulations 

using unbound starting structures for only 8 of the 39 systems they studied.27 Oleinkovas et 
al. were unable to uncover cryptic sites for three systems using microsecond length MD 

simulations and therefore developed SWISH (Sampling Water Interfaces through Scaled 

Hamiltonians) to enhance sampling based on replica exchange MD.28

Cimermancic et al. identified a collection of proteins with cryptic sites for their binding-site 

prediction web server, Cryptosite.4 A site was defined as being cryptic if it was not 

identifiable by FPocket29 or ConCavity30 using the unbound structure. This technique 

identified 93 distinct proteins for which a support vector machine model, based on the bound 

and unbound structures, was able to predict the cryptic binding sites in the unbound 

structures where as other programs had limited success due to the sites’ cryptic nature.4 The 

cryptic site definition used in the development of the Cryptosite dataset is based on the 

comparison of one bound and one unbound structure. This definition has received some 

criticism because not all unbound structures for these particular proteins present a cryptic 

binding site.31 If the set of apo structures is expanded to include all unbound structures for 

the 93 Cryptosite proteins,32 the solvent-mapping technique FTMap33 detects hot spots 

within 5 Å of the proposed cryptic binding site in 88% of those proteins.32 Additional 

inspection of the crystal structures showed that about half of the proteins had at least one 

unbound structure which could bind the ligand, without clashing with the protein.32

Overall, these cases serve as challenging proteins for cosolvent MD techniques, such as 

MixMD. Though cosolvent MD has been used on individual cases of cryptic pockets,15 

there are only two studies which provide a systematic examination across many proteins, 

those of Kimura et al.14 and Schmidt et al.34 Kimura et al. chose eight systems from the 
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Cryptosite study with varying degrees of pocket dynamics to investigate their ability to 

identify these cryptic binding sites with the aid of cosolvent MD simulations. They 

performed 100 ns MD runs on each system using Desmond and either 5% concentrations of 

isopropanol, resorcinol, or acetic acid as probes. They were able to map 6 of the 8 cryptic 

sites, with success defined as ranking the site in the top-three based on the free energy 

computed from probe occupancy.14 Schmidt et al. utilized 10-500 ns cosolvent MD with 

10% phenol on seven proteins to identify pocket cores which overlapped with the proposed 

cryptic sites in their chosen proteins.34 They were successful in identifying these sites on six 

of the seven proteins.

Here, we aim to push MixMD to examine a range of conformational changes, particularly 

larger conformational changes. Accelerated MD35 was necessary in cases where standard 

MD is unable to map the binding site, and it has shown utility in other cosolvent MD 

studies.36 The main goal of this project is to successfully map the cryptic binding sites of 12 

systems from the Cryptosite4 dataset (using standard MixMD and/or accelerated MixMD). 

Unbound protein structures were used in our simulations to determine the ability of MixMD 

to induce conformational changes and allow mapping of cryptic sites. The accelerated MD 

method allows us to observe hidden sites that open upon large-scale motions of the protein 

backbones. We were able to visualize protein dynamics leading to the sampling of the 

cryptic site with small molecule probes in 7 of the 12 systems studied (Table 1).

METHODS

Choice of Protein Systems:

The 93 known cryptic sites from the Cryptosite4 dataset were examined to identify proteins 

that would be amenable to MixMD. We required the functional unit of the protein to be 

monomeric, based on the biological unit described in the Protein Data Bank37 for each 

structure. In most cases, we required the electron density map to be available and that the 

residues in the binding site be well-resolved and fit the experimental density. We focused on 

binary protein-ligand systems, so the unbound structure must not have cofactors/ions present 

in the binding site. This led to the selection of 12 systems: Ricin A-chain, Adipocyte Lipid 

Binding Protein (ALBP), Androgen Receptor (ligand binding domain), β-secretase 

(BACE-1), Guanylate Kinase (kinase domain), β-lactamase, TIE-2 (kinase domain), Protein 

Tyrosine Phosphatase 1B (PTP1B, allosteric site), Hepatocyte Growth Factor Receptor (c-

Met, kinase domain), UDP-N-Acetylglucosamine Pyrophosphorylase (UAP1), 

Arylalkylamine N-acetyltransferase (AANAT), and Hsp90. The PDBIDs of the bound and 

unbound structures, as well as a brief description of the protein dynamics necessary to 

identify the cryptic binding site are listed in Table 1. An exception should be noted: PDBID 

2am9 was chosen as the apo structure for the Androgen Receptor rather than 2ax9 (unbound 

structure from Cryptosite) because that structure was missing several important residues in 

the binding site. With our selection criteria, none of our systems overlap with those 

investigated in the study by Kimura et al.14 However, the Schmidt et al.34 paper appeared 

during the course of this project, and we happen to share two proteins in common with that 

study (Hsp90 and β-lactamase).
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Setup of MixMD:

The unbound crystal structure of each protein was used in our simulations (See Table 1). The 

structures were stripped of all non-protein atoms. Hydrogen atoms were then added and 

histidine, asparagine, and glutamine tautomers were corrected by visual inspection using 

MOE38 with guidance from MolProbity39. To neutralize the system, sufficient sodium or 

chloride ions were added using tleap of AmberTools 1840. Five different probes were used in 

our MixMD simulations including isopropanol (IPA), pyrimidine (PYR), acetonitrile (ACN), 

and a concurrent set of methylammonium (MAI) + acetate (ACT) ions, for a total of four 

solvation setups. Parameters for IPA, PYR, and ACN were based on those chosen by Lexa et 
al.19 ACT and MAI parameters were developed by Ghanakota and Carlson.41 The tleap 

module of AmberTools was used to generate the mixed-solvent boxes. First, a 7 Å shell of 

probe molecules was added around the protein. Second, TIP3P42 water molecules were then 

added by the SolvateBox command, altering the box radius to obtain a ratio of ~5% of probe 

(or ~2.5% of each ACT and MAI as a mixture). Phenol was also used as a probe at 10% with 

RESP charges and the GAFF2 force field used as parameters for MD, analogous to recent 

mixed-solvent MD work by Schmidt et al.34 However, across all 12 proteins, we were 

surprised to find that we could not map any binding sites with strong occupancies (≥35σ as 

defined below) using phenol; therefore, results are not presented in this work.

MD simulations.

Simulations were performed in Amber1840 using FF14SB force field43. The SHAKE 

algorithm44 was applied to restrain all bonds to hydrogen atoms, and a time step of 2 fs was 

used. Particle Mesh Ewald was used as implemented for the GPUs (pmemd.cuda)45. A 300K 

temperature was maintained using the Andersen Thermostat46. Solvent waters and probes 

were first minimized with 250 steps of steepest descent minimization, followed by 4750 

steps of conjugate gradient keeping the protein restrained with a 500 kcal/mol-Å2 weight. 

The whole system was then minimized with 250 steps of steepest descent minimization 

followed by 2250 steps of conjugate gradient. The temperature was gradually increased to 

300 K in three 20 ps steps with a 10 kcal/mol-Å2 restraint on the protein and an additional 

270 ps of dynamics at 300 K using the same restraint on the protein. Restraints were 

removed from the side chains and gradually removed from the backbone over two 20 ps 

equilibration steps with backbone restraints of 5, and 1 kcal/mol-Å2, and one 60 ps 

equilibration step with 0.1 kcal/mol-Å2 backbone restraints. Finally, fully unrestrained 

dynamics were performed for 1.4 ns to allow for equilibration. The minimization, heating, 

and equilibration steps were performed using the sander module of Amber18. The 

pmemd.cuda module of Amber18 was then used to perform 100 ns of unrestrained, standard 

MD and accelerated MD for production. Ten independent simulations were carried out for 

each probe (PYR, ACN, IPA, phenol, and ACT+MAI) resulting in a production simulation 

time of 1 μs for each probe in both classical MD and accelerated MD. Both standard and 

accelerated MD were conducted for all probes with all 12 protein systems; however, the 

results of the accelerated MD are only discussed below where the standard MD was 

inadequate to find appropriate mapping. Data regarding the specific mapping of each probe 

in the standard and accelerated MD is given in the Supplemental Information, Tables S1-S5. 

Greater RMSD sampling is clearly seen in the accelerated MD. One 100 ns production run 

of each apo protein in water alone was simulated with both standard and accelerated MD 
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using the same equilibration procedure described above. This was to note the degree of 

sampling for the same time length without the presence of probe molecules.

Accelerated MixMD:

The accelerated MD method by McCammon and coworkers35, 47 was chosen as it is fully 

implemented in Amber 18.40 Accelerated MixMD is based on altering the potential energy 

landscape to accelerate the timescale in MD simulations and enhance torsion angle 

sampling. A bias potential was added to the true energy potential to enhance the escape rate 

from the potential wells and therefore accelerate and extend the time scale in MD 

simulations. The boost energy lies above the minimum of the potential energy surface. The 

calculation method from literature35 was used, and the potential energy threshold boosts 

were calculated using:

αP = Natoms × 0.2
EthresholdP = Average Potential Energy + αP
αD = 0.2 × 3.5 (Nresidues + Nprobes)
EthresholdD = 3.5 (Nresidues + Nprobes) + Dihedral average energy

Where α is the tuning factor that determines the depth of the modified energy potential well. 

P is the potential energy, D is potential for dihedral torsions, and E is the threshold energy 

(boost energy value). The boost factor measures the extent to which the simulation has been 

accelerated. Potential energy values and dihedral energy values were averaged over the 1.7 

ns of unrestrained equilibration dynamics for each run.

Processing MixMD simulations.

The location of the probe atoms from the last 10 ns of the 10 runs were binned onto a 200 x 

200 x 200 grid with 0.5 Å spacing, using the grid command from the cpptraj module from 

AmberTools48. The location of the probes appear as a mesh of occupancy density according 

to the formula (x-μ)/σ where x is the occupancy at the individual grid point, μ and σ are the 

mean and standard deviation of all grid points, respectively. The apo crystal structure was 

used to align and examine the maps of the corresponding probes and identify locations of 

maximal occupancy, and maps were contoured at a value of 35σ. The maps were visualized 

using the isomesh command in PyMOL49. Higher σ values for a given location indicates 

higher occupancy of the probe molecule at that location (phenol simulations showed no 

mapping at 35σ occupancies, though weak mapping was occasionally seen at lower 

occupancies). The location, maximum σ value, and rank of each potential probe’s binding 

site was determined using the MixMD Probe View50 plugin for PyMOL49. Binding-site 

RMSDs were calculated using only heavy atoms after backbone alignment to the unbound 

structure using cpptraj48.

To determine if the maps had reached convergence, the location and σ-values of the probe 

maxima across 10-ns intervals from the trajectory were calculated (50-60 ns, 60-70 ns, 

70-80 ns, 80-90 ns, and 90-100 ns). The average and standard deviation of the occupancies 

(in σ) for each mapped point, across the 5 different intervals, are reported in Supplemental 

Information, Tables S1-S5. A grid point was determined to be in the binding site if it was 

within 4 Å of the bound ligand and within 2 Å of the probe binding site determined by the 
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Probe View plugin. Analysis focused on the top-8 most highly occupied sites on the maps, 

but the mapped cryptic sites were primarily within the top-4 most occupied sites as we have 

observed in previous work.16

It is important to note that for each mapped hotspot there were probe maxima on the grids 

throughout the 50-100ns range (i.e., the hotspots were always there), but the occupancies of 

those maxima could shift between the 10-ns intervals. We found that the occupancies differ 

from system to system and probe to probe, with standard deviations ranging from 3.89 to 

over 24.76 σ (Tables S1-S5). The greatest fluctuation is seen in the charged maps. The 

simulations with large standard deviations indicate a local maximum was only occupied at 

greater than 35σ during some of the assessed intervals, including the 90-100 ns interval 

which labeled it a hotspot. It is not surprising some systems did not demonstrate the strong 

mapping until later in the simulation, given the complex conformational changes required 

for binding.

Docking ligands to the apo state, bound state, MixMD ensembles, and water-only MD 
ensembles.

All proteins were set up as described above. The ligand was extracted from the bound crystal 

structure and hydrogens were added using MOE38, while inspecting for appropriate 

protonation and tautomerization.

MixMD ensembles were selected from the individual probe simulations. Ten representative 

structures for each of the 4 probe-mixture simulations were selected, giving a total of 40 

structures used for each protein for either accelerated or standard MixMD. The snapshots 

from each of the 10 runs were clustered with cpptraj48 using hierarchical agglomerative 

clustering based on the all-atom RMSD of the binding site defined by the apo residues 

within 4 Å of the ligand. Only snapshots from the last 10 ns of the 10 individual probe 

mixMD runs were used for clustering as those were the snapshots used to determine the 

mapping. The clustering parameter epsilon was set to 3 Å and 10 clusters were required. The 

centroid of each cluster was chosen as a representative. The same procedure was used to 

generate 10 clusters from the one water-only MD simulation; the only exception being that 

the entire trajectory was used.

We aimed to do the docking in a “prospective” manner to show how the MixMD data might 

be used for drug discovery, so the docking center of the binding sites were determined as the 

average of the clustered grid points determined with MixMD Probe View50, combining 

maps from the four probe mixture simulations. The sites generated from Probe View were 

determined to be in the binding site if they were also on listed as top sites in Tables S1-S5. 

In some instances, clusters were combined if more than one of the clusters from MixMD 

Probe View mapped to the binding site. The conformation ensemble and docking center 

were determined separately for the standard and accelerated MixMD simulations.

GOLD v5.851 was used to perform docking to either the single apo structure, single bound 

structure, or ensemble of MixMD structures. The chemscore52 scoring function was used, 

and a radius of 12 Å around the calculated site centers was used. Do_cavity was set to 0 and 

otherwise default parameters were used. The top pose was saved and the RMSD to the 
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bound conformation of the ligand was calculated using the rms_cur function in PyMOL.49 

We specifically did not look to identify the poses with the best RMSD because in a 

prospective application, only the top poses would be used.

RESULTS & DISCUSSION

In this study, we performed MixMD simulations on twelve proteins which contain cryptic 

binding sites. This set does not overlap with that of Kimura et al.14 and was chosen to 

provide a challenging set to test the limits of MixMD. The degree of protein movement 

necessary to reveal the binding site varied from single side-chain movements in the case of 

Ricin and Adipocyte Lipid Binding Protein to larger domain movements in c-Met and 

PTP1B (see Figure 1). In general, we found good performance of standard MixMD to map 

cryptic binding sites, unless a helix was required to move (Table 1). In two cases, guanylate 

kinase and TIE-2, accelerated MixMD was needed to map the cryptic site. Specific details 

for mapping in each system are given farther below.

The goal of the MixMD protocol is to map binding hotspots using MD. Ideally, the 

simulations should sample the open conformation, uncovering the cryptic sites, during the 

analyzed time frame. When looking at the RMSD of the binding site residues for each 

system (Supplemental Information, Figures S1-S24), we observe some conformational 

sampling away from the unbound state that are more open, but the conformations do not 

necessarily fully replicate the bound structure. This is still enough dynamics in some probe-

protein simulations to allow the smaller probes to sample the cryptic portions of binding 

sites. Binding site RMSDs approach 2 Å, compared to the bound structure in some runs for 

some probe-protein simulations. Comparisons to simulation of the protein in water alone 

(black line in Figures S1-S24) indicate the dynamics are the same magnitude whether the 

probes are present or not. This is slightly different than the findings of Schmidt et al.34 Their 

protocol identified cryptic sites based on the differences between protein conformations 

from MD simulations in water alone compared to simulations using the mixed phenol-water 

solvent. It could be implied that the phenol probe may have induced conformational changes 

in their systems, though it is possible that the probes were opportunistic occupants of 

random reorganizations of the sites. Our comparison of MixMD to water-only MD would 

tend to point to our probes mapping inherent conformational states in our simulations.

To provide an example of how our data might be used in a “prospective” application, we 

used the MixMD and water-only MD simulations to provide binding-site conformations for 

docking calculations. We centered the docking site on the average of clustered points from 

sites determined with MixMD Probe View,50 which overlapped with the protein in the apo 

state for half of our targets as one might expect for a cryptic site (Ricin, Androgen Receptor, 

BACE-1, TIE-2, AANAT, and PTP1B). Of course, half of the sites did not coincide with the 

protein, so some knowledge of the binding site was needed for some systems. This same 

weakness is seen in the study of Kimura et al.14 but not in the Schmidt et al.34 paper. 

However, it should be noted that all cosolvent methods like these suffer from the 

identification of spurious, extra sites on the surface of the proteins, which can complicate 

identifying the cryptic sites a priori.
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We docked the known ligand (from the bound structure, see Table 1) into MD ensembles and 

compared the top pose to docking the ligand to the apo and bound states of each target. 

Table 2 shows that docking to the ensemble from the standard MixMD simulations out-

performed the apo structure in 9 of 12 targets, but the accelerated MixMD out-performed the 

apo structure in 5 targets. Furthermore, the MixMD ensemble from standard MD performed 

better than the bound structure in 6 targets. It is encouraging that the sites obtained from 

MixMD for some targets would be on par with self-docking of the bound ligand to the 

bound crystal structure. The larger ligands of BACE-1 and AANAT did not successfully 

reproduce the bound structure for any of the protein conformations. For AANAT, β-

Lactamase, UAP1, c-MET, and PTP1B the ligand was docked into the non-cryptic portion of 

the binding site identified from MixMD. Of course, the success of the docking to the 

structures was dependent upon the target, which is a known issue with docking protocols in 

general.54-56 It cannot be ruled out that part of the success of docking to the MixMD 

conformations could have been the use of ensemble docking over using single crystal 

structures. It should be noted that for the standard MD simulations, the water-only 

ensembles performed comparably with the MixMD ensembles, but the MixMD ensembles 

were better than the water-only ensembles derived from accelerated MD.

The discussion below highlights the conformational sampling observed for each target and 

details the ability of MixMD to map the revealed binding sites. Each structure’s known 

conformational change upon ligand binding can be seen in Figure 1. A summary of the 

mapping is also included in Table 1 and Supplemental Information Tables S1-S5. All probe 

maps in the figures are presented with a threshold of 35σ to represent the probe occupancy, 

and results for standard MD are presented unless noted otherwise. Analysis focused on the 

top-8 most highly occupied sites on the maps.

Ricin (A-chain):

The Ricin A-chain is responsible for the enzymatic depurination of a specific adenosine 

residue in the 28S rRNA.57 Ricin only requires the movement of Tyr80 to accommodate an 

aromatic ring from the nucleotide base. In the case of the bound ligand in 1br6, this is 

mimicked by the pterin ring of a bound inhibitor.58 The RMSD between Tyr80 in the 

unbound (PDBID: 1rtc57) and the bound (PDBID: 1br658) is 2.96 Å, whereas all other 

binding site residues within 4 Å of the ligand have RMSDs less than 0.6 Å. This makes it the 

most amenable to MixMD as the rotation of one amino acid should occur during the MD 

simulation and allow for mapping by the probe molecules.

In our simulations with ACN and the ACT+MAI probes, Tyr80 does move out of the pocket. 

The location of the tyrosine in the average structure from the ACT+MAI simulations most 

closely resembles the bound conformation, allowing the two probes to enter and map the 

binding site when contoured at 35σ as seen in Figure 2. It is important to note that the MAI 

site is the top site for that probe, and ACT site is ranked second for the ACT probe (in terms 

of occupancy at 35σ). The other sites that are mapped at 35σ are all on or near exposed sites 

on the surface of the protein. The top ACT site has a phosphate buffer molecule bound in at 

least one Ricin structure (5u4l). Accelerated MD yields the same top site for IPA and ACN, 

which is occupied by crystal additive EDO in two Ricin structures (5j57 and 4ljr) and a 
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crystallographic ACT in a third structure (5j56). These are the third and fourth sites for IPA 

and ACN respectively with standard MD. Therefore, we have successfully mapped the 

cryptic binding site of Ricin and were able to find other lower-ranked sites where small 

molecules could bind. The biological implications of the other binding sites are unknown.

Adipocyte Lipid Binding Protein:

Adipocyte Lipid Binding Protein (ALBP) functions to solubilize intracellular hydrophobic 

lipids.59, 60 The binding site is a deep hydrophobic cavity where the polar head group of the 

fatty acid ligand is bound at the bottom of the cavity by two arginine residues (R106 and 

R126) and a tyrosine (Y128).59 Phenylalanine 57 (F57) has also been previously identified 

as a potential key residue for binding the fatty acid ligand due to its conformational change 

upon ligand binding59. The RMSD between the unbound (1alb)60 and bound (1lic)59 forms 

for F57 is 5.27 Å. However, the structure as a whole does not demonstrate significant 

dynamics in standard MD; the RMSD of all atoms between the bound and unbound 

structures is 1.16 Å. Large dynamic movements of the whole protein are not seen in our 

simulations, yet the probes were able to sample the binding site.

With standard MD, although we do not get significant movement of F57, we observe 

mapping of the hydrophobic core with both ACN and IPA (Figure 3A). These probes appear 

to be small enough to get into this deep hydrophobic pocket without the aid of accelerated 

MD. We would expect the ACT probe to map the acid moiety of the bound; however, this 

was not observed with standard MD. Accelerated MD was necessary to allow ACT to 

sample the bottom of this deep site. The ACT probe, with accelerated MD, bound near the 

two arginine residues which interact with the acid moiety of the bound ligand (Figure 3B). 

The simulation in this study has started with the unbound structure of the protein where F57 

occupies the location of the hydrophobic tail of the fatty acid ligand (Figure 1). The bound 

structure has the phenyl ring of F57 exposed and oriented away from the binding site with 

the ligand in contact with Cβ of the residue indicating a large movement to allow for ligand 

binding.

Accelerated MD also demonstrates surprisingly different mapping with the uncharged 

probes. Here, the smaller uncharged probes, IPA and ACN, do not map the binding site as 

they did with standard MD, but PYR is able to map the binding site. Although the 

accelerated MD simulation with PYR did not map the tail where F57 was displaced, the loop 

appears to open some allowing probe molecules to map the interior of the binding site. In 

our simulations, F57 does not open to mimic the unbound structure; however, there is 

significant rotation of the phenyl ring. Therefore, we successfully mapped the cryptic site, 

although the complete opening of the phenylalanine residue was not observed.

Androgen Receptor:

The androgen receptor is a hormone receptor that controls gene expression and cell 

differentiation in humans.61, 62 The cryptic site of interest is an allosteric site, not the 

primary orthosteric binding site of the protein.61 Previous investigations into this receptor 

using the MixMD methodology with standard MD have demonstrated clear mapping of the 

allosteric site.16 The site itself is not as difficult to map as most of the other systems because 
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it does not require backbone rearrangement to map the site, but it still can clearly be 

classified as cryptic due to the need for side-chain movement to make the site accessible. 

K720 and M734 move to accommodate the ligand with RMSDs between the unbound 

(2am9)62 and bound (2piq)61 conformations of 2.08 Å and 2.18 Å, respectively. These 

values are larger than the RMSD to the starting apo structure of the seven residues within 4 

Å of the ligand (RMSD = 1.38 Å). The average RMSD over the last 10 ns of all standard 

MixMD simulations combined for K720 and M734 were 2.94 and 2.50 Å respectively, while 

the binding site RMSD was 1.94 Å. The average structure from the simulations shows K720 

in the bound conformation, and M734 is closer to the bound conformation in three of the 

four probe simulations (Figure 4). Therefore, we see appropriate dynamics during the 

standard MixMD simulation for these two residues, allowing access to the binding site.

As expected, this site was mapped at 35σ after 100 ns by two of the five probes (PYR and 

IPA). Our mapping with standard MD reproduces the mapping seen by Ghanakota et al. 
Accelerated MixMD simulations were also able to map the active site and the other 

allosteric site, however with slightly decreased occupancies of the sites at 35σ. This is 

potentially due to the increase in the total potential energy applied during accelerated MD, 

which could cause the solvent molecules to spend less time and a grid point giving a lower 

occupancy value over the last 10 ns of simulation time analyzed for probe occupancy.

β-secretase (BACE-1):

BACE-1 is an aspartyl protease which functions to cleave the amyloid precursor protein 

(APP) into the amyloid β peptide, which misfolds and oligomerizes to form the main 

component of the plaques of patients with Alzheimer’s disease.63, 64 The peptide binding 

site is characterized by a large cleft which is covered by a flap region (residues 67-77) that is 

open in the unbound structure (1w50), but it closes and makes contacts with the peptide in 

the bound conformation.63, 64 The RMSD between the unbound structure (1w50)64 and the 

bound structure (3ixj)63 is 1.46 Å and the RMSD of the flap residues is 4.37 Å. This binding 

site of BACE-1 is a shallow peptide-binding groove. In our simulations, the flap starts in the 

unbound, open state and closes in many of the simulations as can be seen in the average 

structures. The average RMSD of the flap residues for all snapshots in the last 10 ns used for 

the occupancy calculation was 3.80 Å and while the entire binding site RMSD was 2.63 Å. 

The open portion of the binding site is mapped by PYR and ACT. MAI maps the catalytic 

aspartate residues with the flap region closing in these simulations. It is not surprising that 

we are able to map this binding site, as it is an accessible binding site. However, it is 

interesting to note that in all simulations the flap closes on the binding site and the probes 

are able to map the formed binding site. Figure 5 displays the mapping of the binding site.

There has been some debate regarding the cryptic nature of this binding site. Vajda et al. 
noted that, upon inspection of the 52 unbound structures of BACE-1, there were two equal 

portions of those unbound structures. One portion represented a similar conformation to the 

bound-state, and the other portion was uniquely unbound in character.31 Using FTMap33, 

Beglov et al. found that the top hotspot for 1w50 was not in the cryptic binding site; 

however, there were several unbound structures identified where the site was mappable.32 

The mapping we observe is encouraging in that, even though the site may not be as cryptic 
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as initially thought, we observe that MixMD can provide dynamics that sample both the 

bound and unbound state and provide the ability to map a dynamic pocket.

Guanylate Kinase:

Guanylate kinase catalyzes the transfer of a phosphate from ATP to GMP forming GDP, 

assisting with the balance of GTP and GDP in the cell.65, 66 This structure displays a large 

domain movement between the unbound (1ex6)65 and bound (1gky)66 structure. The GMP 

binding domain (residues 31-82) assembles upon GMP binding. The all-atom RMSD of the 

GMP binding domain between the unbound and bound structures is 8.21 Å. Although the 

domain demonstrates significant dynamics, especially with accelerated MD, it does not 

completely adopt the bound conformation during the simulation. The average RMSDs 

(standard MD/accelerated MD) of the GMP binding domain between the starting apo 

structure and the simulation snapshots used to calculate the occupancy are 2.61 Å/7.03 Å, 

2.80 Å/7.77 Å , 2.50 Å/8.70 Å and 2.45 Å/7.75 Å for PYR, ACN, ACT+MAI, and IPA 

simulations, respectively.

No mapping of the cryptic portion of the binding site near the guanine ring is seen using 

standard MixMD; however, accelerated MixMD was able to provide enough conformational 

sampling. The accelerated MixMD simulations could map the cryptic GMP binding site as 

well as the ATP and Mg2+ binding sites with ACT, MAI, and PYR (Figure 6 A & B). The 

location of the phosphate is clearly mapped with the ACT probe as expected. This site is the 

second ranked site, which is initially mapped with high sigma values of 60 and 75σ. The top 

site corresponds to the ATP binding site, which is more exposed and requires less dynamics, 

whereas the cryptic site is the Guanylate binding site. Analysis of the PYR simulations 

displays mapping of the guanine of nucleotide at around 75σ. There is significant occupancy 

of MAI near the magnesium(II) binding site located near Asp98. Magnesium(II) was not 

present in either the unbound structure or with bound substrate (5GP), allowing the 

positively charged MAI ion to bind in this location. ACT was also able to map the ATP 

binding site (residues 9-16).

TIE-2 (Kinase Domain):

TIE-2 is a receptor tyrosine kinase involved in regulation of angiogenesis.67, 68 The tyrosine 

kinase domain is crystallized and catalyzes the autophosphorylation of SH2 and SH3 

domains utilizing ATP.67, 68 This binding site is cryptic as there is a large domain movement 

which adapts to the peptide and nucleotide ligands (Figure 1). The all-atom RMSD of the 

residues within 4 Å of the bound ligand in pdb 2oo867 is 3.47 Å compared to the unbound 

structure (1fvr68). This domain movement includes an α-helix which closes on the bound 

ligand, the nucleotide binding loop (residues 833-836), and the activation loop (residues 

980-983) moves out of the binding site, to allow for binding. In all probe simulations, on 

average, both the nucleotide binding loop and the activation loop move out of the binding 

site. The average RMSD (standard MD/accelerated MD) of the binding site to the initial 

starting structure for all snapshots analyzed from the MD run are 2.48/3.40 Å, 2.70/3.98 Å, 

2.81/3.97 Å, and 2.46/3.71 Å for the PYR, ACN, ACT+MAI, and IPA simulations, 

respectively. The helix remains in the unbound conformation. Mapping near the nucleotide 

binding loop is only seen with standard MD (Figure 7A), while both sites are mapped using 
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accelerated dynamics (Figure 7B). The following paragraph discusses the accelerated MD 

results for TIE-2.

The dynamic movement of the two loops have allowed for mapping of the binding site in 

two of our probe simulations. The MAI probe maps near E972 of the helix, which does not 

close in our simulations. This MAI site overlaps perfectly with a morpholino group of the 

bound ligand in 2p4i. PYR could map precisely to the PYR moiety of the ligand which is 

near the nucleotide binding loop. This loop is disordered and unresolved in the bound crystal 

structure. The MAI and PYR sites are the top occupied sites for their respective simulations 

with occupancy > 75σ. At 35σ, there are two other PYR sites on the protein. The top site for 

IPA is also near the binding site where the activation loop has moved, and maps where D982 

was located in the unbound structure. TIE-2 is a receptor tyrosine kinase which dimerizes 

upon binding of its substrate ligand, although these sites do not appear to be involved in 

dimerization. The asymmetric unit of the apo structure is a dimer and no mapping occurs for 

any probe at the dimer interface at 35σ.

Hsp90:

Hsp90 is a molecular chaperone involved in the folding and stabilization of proteins in the 

cell, and it has been the target of the development of cancer therapies.69, 70 The ATP binding 

site is partially occluded in the unbound form by a disorganized portion of a helix (residues 

106-109 of 2qfo), which is fully structured in the bound state (2wi7).69 With standard MD 

we observe extensive mapping of the binding site with the uncharged probes, despite little 

rearrangement of the helix (Figure 8). The RMSD between the bound and unbound 

structures is 6.72 Å, whereas in all of our analyzed snapshots the average RMSD to the 

unbound structure is only 1.3 Å. It is important to note that no mapping of the occluded 

portion of the site is observed using accelerated MD, though we are unsure why. This 

indicates that even with slight movements of the protein, the probes are small enough to be 

able to sample the active site.

β-lactamase TEM-1 (M182T mutant):

Beta-lactamase TEM-1 is a protein which confers resistance to β-lactam containing 

antibiotics such as penicillin in bacteria.71, 72 The bound structure (1pzo) contains two 

inhibitor molecules in the active site, with the CBT 301 site being cryptic.71 TEM-1 β-

lactamase has been a textbook case for cryptic sites and was used in one of the first attempts 

at identifying cryptic sites.73, 74 These studies were successful at uncovering hidden 

allosteric sites by using Markov State Models of 81 microseconds of MD to observe clusters 

of structures for which residues outside of the binding site displayed correlated motions with 

binding site residues. They also identified the pocket with LIGSITE as the largest pocket 

available from these models. Those studies did not map the binding site but confirmed the 

large pocket and residues that were involved in the allosteric site. 73, 74 A second site was 

also confirmed in this study to interact with Alanine 232 and Alanine 249; however, no 

small molecules have been targeted to this site, and mutation to cysteine affects enzyme 

activity.73 In our simulations, this site is mapped nearby with ACN and IPA with MixMD 

(Figure 9).
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The challenge of mapping the cryptic (allosteric) site of this protein is due to occlusion by 

an alpha helix (residues 217-225, unbound (1jwp72)-bound RMSD 4.71 Å). This helix must 

first move from its initial position during simulation to allow solvent probes to map the site. 

A second alpha helix must also move slightly to accommodate the ligand (residues 272-280, 

apo-bound RMSD 2.0 Å). This cryptic site is more of a challenge than the previously 

described sites since it requires manipulation of the entire peptide backbone to reveal the 

binding site as opposed to only a few side chains. Consistent with this assessment of 

difficulty, by 100 ns, simulations failed to map the cryptic sites at the location where the 

ligand binds at 35σ. This is most likely because the helix blocking the binding site had not 

moved dramatically from its original position to facilitate probe binding to the binding site 

(average RMSD to starting apo structure of residues 217-225: 1.77 Å, residues 272-280: 

1.94 Å). There was some mapping with ACT near the edge of the binding site.

It seems that there is also no mapping of the cryptic site near the alpha helices with 

accelerated MixMD as well, but if the occupancy threshold is lowered to 20σ, sparse 

mapping of PYR begins to appear in the site obstructed by the helix. ACT also maps in the 

area occupied by ligands above the helix site at the lower 20σ occupancy. Investigation of 

the individual PYR simulations revealed that half of the runs successfully mapped the 

binding site with at least one or two rings, and one of the runs showed complete opening of 

the cryptic site and thorough mapping at the position of the bound ligand. Given that 

complete mapping occurred once and that mapping improved with more simulation time, it 

is plausible that we could achieve complete mapping of the cryptic site in every replicate 

given an even longer simulation.

c-Met:

c-Met is another receptor tyrosine kinase which has a large domain movement upon ligand 

binding.75, 76 c-Met has a short alpha-helix (Residues 1222-1230) which is required to move 

out of the binding site for a ligand to bind. The helix is not structured in the ligand bound 

structure (3f82)76. The RMSDs between the apo (1r1w75) and holo (3f8276) binding site 

residues within 4 Å of the bound ligand in 3f82 is 3.09 Å. Neither standard nor accelerated 

mixMD were able to map the cryptic binding site. The accelerated mixMD simulations, 

which show the most dynamics, do not show significant conformational sampling with 

average binding-site RMSDs between the snapshots and the initial starting apo structure of 

1.85 Å, 2.00 Å, 1.99 Å, and 2.01 Å for the PYR, ACN, ACT+MAI, and IPA runs, 

respectively. However, we do map several sites in the protein with ACN, ACT, and MAI. 

Most of these sites do appear to be pockets in the protein, but no crystal structures exist with 

a small molecule present in them. The pyridine ring of the inhibitor in 3f82 is mapped by 

PYR. This portion of the ligand is in part of the binding site where the helix dynamics is not 

necessary and the site is more exposed.

PTP1B:

Protein Tyrosine Phosphatase 1B (PTP1B) is a negative regulator of the insulin receptor 

through phosphorylation and has shown to be a promising target in the potential treatment of 

type II diabetes.77 The allosteric site of PTP1B is a known cryptic site that requires some 

conformational changes to be exposed.77, 78 Helix α7 at the allosteric site is involved in 
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interactions that keeps it in a conformation making it difficult for mapping of the allosteric 

site. Binding of inhibitors to this site cause disruption of these interactions and displacement 

of the helix from its position. Crystal structures that have a ligand at the allosteric site do not 

have the helix α7 resolved. The crystal structure used in our studies was void of any ligands 

at this site and included a resolved helix structure. This made it a challenge in our studies to 

examine whether the MixMD method will be able to induce conformational changes and 

cause the helix to move. The MixMD simulations did not show any mapping for the cryptic 

site caused by α7 helix near the allosteric site in this system.

AANAT:

AANAT catalyzes the Coenzyme A-dependent acetylation of serotonin as the first step in the 

synthesis of melatonin.79 The bound structure contains a bisubstrate inhibitor which spans 

both the substrate and coenzyme binding sites.80 In the unbound structure, a large portion of 

the helix of motif D is unstructured and occluding the coenzyme binding site. With standard 

MD this large loop does not move and the cryptic portion of the binding site is not mapped, 

but the non-cryptic portion of binding site is successfully mapped. No mapping of the site is 

seen in the cryptic portion of the binding site with accelerated MD likely because the 

structural rearrangement is simply not possible in the 100-ns simulation time window.

UAP1:

UDP-N-acetylglucosamine pyrophosphorylase (UAP1) from Candida albicans is involved in 

cell wall synthesis for this yeast strain. C. albicans is a fungal pathogen which generates 

infection in patients with weakened immune systems. It is known that this pathogen exhibits 

a high level of drug resistance, especially in drugs targeting cell wall synthesis.81 Crystal 

structures have been reported for both the apo protein as well as the holo protein containing 

its natural substrate UDP-N-acetylglucosamine (UDP-GlcNAc) in its active site.82 The 

bound structure has three loops which are closed on the reaction product, which is also a 

substrate for the reverse reaction, producing a induced-fit binding mechanism.82 Even 

though the binding site is open in the unbound state, it remains open during the simulations, 

and we get slight mapping with ACN near the uridine binding site with standard MixMD.

CONCLUSION

We have employed the MixMD protocol, using both conventional as well as with accelerated 

MD simulations, for detecting cryptic binding sites of 12 proteins, with varying levels of 

success. MixMD was successful at mapping systems with a wide range of movement. We 

were able to map the binding site and observe appropriate conformational sampling for 

Ricin, Adipocyte Lipid Binding Protein (ALBP), Androgen Receptor (AR), BACE-1, 

Hsp90, Guanylate Kinase and TIE-2. The first three (Ricin, ALBP, and AR) were thought to 

be weak binding pockets by Beglov et al. as they only require single side-chain motions; 

however, very few bound ligands towards these proteins were investigated in that study. Our 

dynamics were also able allow for loop movements in the case of BACE-1 where the flaps 

are able to close on the binding site. Guanylate Kinase displayed movement of the GMP 

binding domain to allow mapping of the binding site. Additionally, for Guanylate Kinase, 

we were able to map the more exposed ATP with our charged probes (ACT and MAI). In 
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TIE-2, two loops were required to move, both the nucleotide binding loop and the activation 

loop. In our simulations, both loops vacated the binding site only when accelerated 

dynamics was performed.

The success of MixMD to map cryptic sites is comparable to the previous methods in that 

we were successful in mapping 7 different cryptic binding sites. The most comparable large 

scale studies from Gao et al.27, Schmidt et al.34 and from Kimura et al.14, were able to 

identify 6, 7, and 8 binding sites, respectively. Direct comparisons between those methods 

and ours is a bit difficult because there is little overlap between our protein systems and 

those used in the studies above (only 2 of 39 systems from Gao et al., 2 of 7 systems in 

Schmidt et al., and none with Kimura et al.). We are confident that the reason the MixMD 

could not map the pockets that required larger motions was not due to lack of convergence 

because the backbone RMSDs were stable. It is possible longer simulations may allow for 

these motions, but given the lack of success using accelerated MixMD on these systems, it is 

unlikely.

In some cases, accelerated MixMD was required to map the cryptic binding site (Guanylate 

Kinase and TIE-2). We hypothesized that the decreased barrier of torsional rotation in 

accelerated MD would allow for more torsional sampling and better reveal the cryptic sites. 

This was true particularly in the use of the charged probes (Tables S4 and S5). In ALBP and 

Guanylate Kinase, accelerated dynamics was necessary to map the charged interactions in 

the binding site. Interestingly in some instances, mapping was not observed with accelerated 

dynamics yet could be seen with standard dynamics (acetate in ALBP and mapping of 

Hsp90). It would be difficult to speculate on the reason for this as many of these systems 

have complex dynamics, and the increased torsional energy may not allow for the 

appropriate sampling of the solvent in the binding site.

The cases where MixMD failed, all required whole helices to move to open the pockets. In 

the cases of PTP1B and c-Met, these were C-terminal helices. The c-MET termini were 

capped with an acetyl group as this is a domain from a larger protein. The terminus of the 

structure for PTP1B (2f6v) was not capped, as the terminal carboxylate was present in the 

structure, suggesting this was the end of the construct. It is possible that the dynamics of 

these helices may require the presence of the other protein domains. TEM-1 β-lactamase 

requires the movement of two helices; however, neither motion was observed in the 

simulations. It is possible that the time-scale for the MD was not long enough to observe 

helix movement or a different energy threshold may be necessary for accelerated dynamics 

to soften the torsional energy well more frequently and allow for increased large-scale 

motions. It is also possible that other probes could also be explored for these systems, such 

as ethanol, imidazole, or N-methyl acetamide. There was no consistent probe which mapped 

well across all of the systems, suggesting a variety of probes should be used with MixMD, 

unless first-hand knowledge of the chemical requirements of the desired site are known.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Cryptic binding sites of the 12 proteins. The figures on the left for each protein show the 

overall structure of each protein, while the figures on the right display the dynamics within 

the active site. The dynamics are also described in Table 1. The unbound structure is shown 

in gray and the bound structure is in cyan. The ligand is drawn as sticks, and carbons are 

colored black.
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Figure 2. 
Binding site of Ricin (A-chain) with standard (A) or accelerated (B) MixMD. The 

occupancy of each probe is shown in mesh (PYR = purple, ACN = orange, IPA = blue, ACT 

= red, MAI = green) at 35σ. The surface and backbone of the bound structure (1br6) are in 

white and cyan, respectively. The ligand is drawn as sticks and carbons are colored black.
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Figure 3. 
Mapping of Adipocyte Lipid Binding Protein with standard (A) or accelerated (B) MixMD. 

The occupancy of each probe is shown in mesh (PYR = purple, ACN = orange, IPA = blue, 

ACT = red, MAI = green) at 35σ. The bound structure (1lic) is shown with a cyan backbone 

and semitransparent, white surface.
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Figure 4. 
A) Structure of Androgen Receptor with active site ligand (magenta (2am9)) and two 

allosteric sites (black (cryptic, 2piq) and brown (2pix)). Mapping of Androgen Receptor 

with standard (B) or accelerated (C) MixMD. The occupancy of each probe is shown in 

mesh (PYR = purple, ACN = orange, IPA = blue, ACT = red, MAI = green) at 35σ. The 

backbone of the bound cryptic structure (2piq) is shown in cyan. B) and C) are close-ups of 

cryptic binding site with the protein surface shown in semitransparent white.
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Figure 5. 
Mapping of BACE-1 with standard (A) or accelerated (B) MixMD. The occupancy of each 

probe is shown in mesh (PYR = purple, ACN = orange, IPA = blue, ACT = red, MAI = 

green) at 35σ. The bound structure (3ixj) is shown with a cyan backbone and white, 

semitransparent surface. The ligand is drawn as sticks and carbons are colored black.
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Figure 6. 
Mapping of Guanylate Kinase with standard (A) or accelerated (B) MixMD. The occupancy 

of each probe is shown in mesh (PYR = purple, ACN = orange, IPA = blue, ACT = red, MAI 

= green) at 35σ. The bound structure (1pzo) is shown with a cyan backbone and white 

surface. The ligand is drawn as sticks and carbons are colored black.
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Figure 7. 
Mapping of TIE-2 with standard (A) or accelerated (B) MixMD. The occupancy of each 

probe is shown in mesh (PYR = purple, ACN = orange, IPA = blue, ACT = red, MAI = 

green) at 35σ. The backbone of the bound structure (2oo8) is in cyan, and its 

semitransparent surface is in white. The ligand is drawn in stick and carbons are colored 

black.
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Figure 8. 
Mapping of Hsp90 with standard (A) or accelerated (B) MixMD. The occupancy of each 

probe is shown in mesh (PYR = purple, ACN = orange, IPA = blue, ACT = red, MAI = 

green) at 35σ. The backbone of the bound structure (2wi7) is shown in cyan, and its surface 

is white and semitransparent. The ligand is drawn in stick and carbons are colored black.
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Figure 9. 
Alternate binding site of β-lactamase. The occupancy of each probe is shown in mesh (PYR 

= purple, ACN = orange, IPA = blue, ACT = red, MAI = green) at 35σ. The backbone of the 

bound structure (1pxo) is shown in cyan.
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