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Abstract

Mixed-solvent molecular dynamics (MixMD) is a hotspot-mapping technique that relies on 

molecular dynamics simulations of proteins in binary solvent mixtures. Previous work on MixMD 

has established the technique’s effectiveness in capturing binding sites of small organic 

compounds. In this work, we show that MixMD can identify both competitive and allosteric sites 

on proteins. The MixMD approach embraces full protein flexibility and allows competition 

between solvent probes and water. Sites preferentially mapped by probe molecules are more likely 

to be binding hotspots. There are two important requirements for the identification of ligand-

binding hotspots: 1) hotspots must be mapped at very high signal-to-noise ratio and 2) the hotspots 

must be mapped by multiple probe types. We have developed our mapping protocol around 

acetonitrile, isopropanol, and pyrimidine as probe solvents because they allowed us to capture 

hydrophilic, hydrophobic, hydrogen-bonding, and aromatic interactions. Charged probes were 

needed for mapping one target, and we introduce them in this work. In order to demonstrate the 

robust nature and wide applicability of the technique, a combined total of 5 μs of MixMD was 

applied across several protein targets known to exhibit allosteric modulation. Most notably, all the 

protein crystal structures used to initiate our simulations had no allosteric ligands bound, so there 

was no pre-organization of the sites to predispose the simulations to find the allosteric hotspots. 

The protein test cases were ABL Kinase, Androgen Receptor, CHK1 Kinase, Glucokinase, PDK1 

Kinase, Farnesyl Pyrophosphate Synthase and Protein-Tyrosine Phosphatase 1B. The success of 

the technique is demonstrated by the fact that the top-four sites solely map the competitive and 

allosteric sites. Lower-ranked sites consistently map other biologically relevant sites, 

multimerization interfaces, or crystal-packing interfaces. Lastly, we highlight the importance of 

including protein flexibility by demonstrating that MixMD can map allosteric sites that are not 

detected in half the systems using FTMap applied to the same crystal structures.
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Introduction

Traditional structure based drug discovery (SBDD) often relies on targeting an active site as 

a means of inhibiting protein function. However, such an approach may prove to be 

challenging in some protein targets. Allosteric sites on proteins allow an opportunity to 

circumvent such issues. Allostery has traditionally been defined as the modulation of 

function as a result of an effector binding at a site distant from the orthosteric site. Our 

evolving understanding of allosteric modulation has moved us from the sole view of an 

induced fit mechanism to include mechanisms dominated by population shift and 

conformational selection. Indeed, several studies have shown the existence of allostery in the 

absence of any notable change between the effector bound and unbound conformations, 

further strengthening the argument of a more dynamic view of allosteric mechanisms.1

Allostery is clearly important for drug design. It has a role in regulatory feedback 

mechanisms that control the activity of many enzymes, and they can provide an avenue to 

target disease.2 Furthermore, targeting allosteric sites can allow one to circumvent decreased 

effectiveness of inhibitors targeting the orthosteric/active site as a result of escape mutations. 

Moreover, it has been shown that targeting allosteric sites allows one to achieve selectivity 

when structural similarities in the orthosteric sites across multiple protein subtypes prevents 

one from achieving selectivity.3

Many discoveries of allosteric sites have been serendipitous outcomes of high throughput 

screens.4 Experimental approaches such as tethering thiol-containing small molecules to 

surface cysteine residues have also found success in identifying allosteric sites.5 There are 

several computational techniques that complement the detection of these allosteric sites. 

Computational methods for the detection of allosteric sites range from sequence-based 

analysis of evolutionarily conserved residues in the allosteric network6 to molecular 

dynamic (MD) simulations that detect an allosteric network through correlated motion of 

residues.7 These promising methods have only been applied to a handful of protein targets 

and further assessment needs to be done to evaluate their robustness.

To take full advantage of allosteric sites, it is essential to assess whether these sites are 

“druggable” and thereby amenable to drug discovery efforts. Common experimental 

approaches to assess the druggability of binding sites include NMR-based fragment 

screening8 and crystallography-based methods such as the multiple solvent crystal structures 

(MSCS) technique.9,10 Computational probe-mapping techniques, inspired by such 
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experimental approaches, provide a cost-effective alternative. MixMD is one such probe-

mapping technique that embraces the dynamic aspect of proteins. The MixMD method uses 

an MD simulation of the protein in a binary solvent of water and a miscible, organic solvent 

to determine the location where the solvent probes preferentially bind. Our earlier efforts in 

optimizing the MixMD technique have shown that full protein flexibility is required to map 

true hotspots with the method.11 Also, we have optimized the protocol to reduce the number 

of spurious minima identified on the protein surface.12 Spurious sites are a common 

drawback in similar methods. Most recently, we showed that a decrease in concentration of 

probes from 50% to 5% further improved the detection of hotspots over spurious sites.13

Probe-mapping techniques similar to MixMD have been presented by several groups. The 

first to be reported used MD simulations with isopropanol as a single probe at a 

concentration of 20%.14 A second probe-mapping technique termed SILCS utilized 1M 

benzene + 1M propane in water as the solvent mixture to carry out MD simulations.15,16 The 

third method used either isopropanol or a mixture of small fragments (acetic acid, 

acetamide, isopropylamine, and isopropanol) at a concentration of 20%.8 All probe-mapping 

techniques reported thus far rely on binning the probe locations onto a grid and identifying 

hotspots through some form of occupancy calculation. Each probe-mapping method has its 

merits and drawbacks. In our method, we have emphasized the use of water-miscible organic 

probes, simulated at low concentrations that are amenable to experimental verification.

Probe-mapping techniques such as MixMD take protein flexibility and competition of 

organic molecules with water into account. In principle, using drug-like fragments should 

facilitate the assessment of druggability for potential binding sites on the protein surface. 

Competition with water in MixMD allows one to explicitly assess if unfavorable solvation 

effects can impede binding. In this study, we extend MixMD in pursuit of allosteric sites and 

show that MixMD can map both active and allosteric sites on seven representative proteins. 

The most important factor in this study is that the crystal structures used to initiate the 

MixMD simulations had no allosteric ligands bound, so there was no preorganization of the 

allosteric site to bias the simulations.

Methods

Protocol for MixMD simulations

The crystal structures used as the starting conformations for the MixMD simulations are 

given in Table 1 by their PDB identification numbers (PDBid). The protein structures were 

stripped of water molecules and any cofactors or active-site ligands. This was followed by 

the addition of hydrogen atoms using Protonate 3D in MOE.17 The asparagine and 

glutamine residues were flipped as necessary to achieve optimal hydrogen bonding. 

Histidine tautomers were corrected when required. A sufficient number of sodium or 

chloride ions were added to neutralize each system using the tleap suite of AmberTools.18 A 

layer of probe molecules was added around the protein using tleap followed by the addition 

of a sufficient number of TIP3P19 water molecules as necessary to create a 5% v/v ratio of 

probe to water. The force field parameters for the probes acetonitrile, isopropanol, and 

pyrimidine were from our previous work.20 Methyl ammonium + acetate is a new probe set 

for MixMD, and the protocol and verification are given in the supplementary information 
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(see Table S1 and Figures S1–S2). MD simulations were carried out in AMBER 1118 using 

the FF99SB21 force field. The SHAKE algorithm22 was used to restrain bonds to hydrogen 

atoms, and a time step of 2 fs was used. Particle Mesh Ewald as implemented for the GPUs 

(PMEMDCUDA23) was used. Non-bonded cutoff was 10 Å, and the Andersen Thermostat24 

was used to maintain temperature at 300 K. Using this approach, three separate simulations 

with the probes acetonitrile, isopropanol, and pyrimidine were setup for each protein target. 

The systems were then subjected to an equilibration protocol to gradually increase the 

temperature and allow proper relaxation of all the atoms in the system as described 

previously.12 This was followed by a simulation of 20 ns. For each protein and probe pair, 10 

independent simulations were carried out resulting in 200 ns of cumulative production 

simulation time.

Processing MixMD results

For each protein target, the location of all probe atoms from the last 5 ns of the ten runs were 

binned onto a grid of 0.5-Å spacing, using the ptraj module from AmberTools.18 The raw 

bin counts (x) in each of the grid points were converted to sigma values using the equation 

(x − μ)/σ where μ is the mean of all the binned grid data and σ is the standard deviation of 

all the binned grid data. This allows us to represent the location of the probes in a manner 

commonly implemented for electron density from X-ray crystallography. The resulting maps 

were contoured at various sigma values and examined in the presence of the average protein 

structure to identify locations of maximal occupancy. A higher sigma value for a particular 

location on the grid signifies a higher residence time for a probe molecule at that particular 

location across all ten MixMD simulation runs. The maps in this study have been color 

coded as orange for acetonitrile, blue for isopropanol, and magenta for pyrimidine to 

represent the respective MixMD simulations from which they have been derived. These 

maps were visualized in PyMOL.32

Results and Discussion

A recurring theme across all the protein targets was the consistent identification of the active 

and allosteric sites in the top-four hotspots identified by MixMD. The lower-ranked hotspots 

in each protein corresponded to cofactors or additives found in crystal structures and their 

protein-packing interfaces, which are in principle easier to desolvate. Below, we explain our 

choice of targets, our assessment of the cosolvent probes, and the results for each system. 

Lastly, we compare our method to FTMap33–36 and demonstrate that dynamic sampling and 

competition with water are needed for superior performance in mapping binding sites.

Choice of protein targets and conformations

The definition of allostery is broad and in general is used to imply anything that does not 

modulate a protein’s activity by interacting with the competitive site. Under such a 

definition, there are many protein targets to choose from to test the ability of MixMD to 

identify allosteric sites. In order to avoid misinterpretation of allosteric sites, we focused our 

attention on those targets for which experimental data clearly supported an allosteric 

mechanism; moreover, we limited our choice of protein targets to those that had a verified 

allosteric site confirmed through crystallography. This allowed a proper and fair comparison 
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of our MixMD mapping results for competitive and allosteric molecules in crystal structures. 

In order to provide a robust analysis of the technique, we chose to start MixMD simulations 
from crystal structures with no allosteric ligand bound. Complex allosteric mechanisms exist 

where allosteric effectors modulate the quaternary relationship of a multimeric complex of a 

protein. Simulating a large, multimeric complex is computationally expensive. As an 

example, Bacterial L-lactate dehydrogenase exists in a tetrameric state that can be 

modulated by its allosteric effector, fructose 1,6-bisphosphate. In order to accurately map the 

allosteric sites, such a system would need to be simulated as a tetramer which is 

computationally expensive.37,38 These large systems were left out from the current analysis 

and will be the subject of a future study. Careful curation left us with seven protein targets 

that had crystal structures with a competitive ligand bound but no allosteric ligands: ABL 

Kinase, Androgen Receptor (AR), PDK1 Kinase, Farnesyl Pyrophosphate Synthase (FPPS), 

Glucokinase, CHK1 Kinase, and Protein Tyrosine Phosphatase 1B (PTP1B). It would have 

been best to start from an apo structure with no ligands in both sites, but these were not 

available for all the systems to allow an even comparison. We acknowledge that the set has 

several kinases, but this simply reflects the intense interest in allosteric control of kinases 

over the last several years.

Identifying and ranking hotspots on the protein surface

Assessing the relative importance of hotspots mapped on the protein surface is essential in 

establishing their significance. We assessed the mapped sites based on two main criteria. 

First and foremost, sites mapped at a high sigma value were given greater preference 
because they are maximally occupied. The occupancies are measured in units of σ, which is 

the standard deviation across the entire grid. The maps in our figures present “signals” that 

are 20–90 times the “noise” across the grid. This is one reason our method has fewer 

spurious minima than others. Second, hotspots must be mapped by more than one probe 

type, which implies “bindability” by diverse chemical functionalities. Indeed, such an 

approach to identifying hotspots has been highlighted by Vajda and co-workers in their FT-

MAP technique where sites mapped by multiple probes were identified as hotspots.33 It is 

important to note that our use of binary solvent is essential when we require sites to be 

mapped by multiple probes. This is a condition that cannot necessarily be met in ternary 

solvent simulations that have been reported earlier.8,15,16 This gives MixMD a distinct 

advantage.

To illustrate the identification of hotspots with MixMD, Figure 1 shows ABL with probe 

occupancies contoured at varying sigma values. At 90σ in Figure 1A, the only hotspot 

mapped is in the allosteric site. However, upon decreasing it to 85σ (Figure 1B), we see that 

a second hotspot appears in the active site of ABL. As we continue decreasing the sigma 

value to 75σ (Figure 1C), a third hotspot appears which maps the hinge region of the active 

site in ABL. In lowering the sigma value further, we see that a fourth site appears on the 

protein surface at 50σ. Throughout this study, we have found it ideal to focus on the top-four 

hotspots. The supplemental information shows the same detailed process for ranking 

hotspots in all the other protein systems (see Figures S3–S11). In general, occupancy maps 

at 35σ clearly show the presence of the top-four sites before other spurious minima.
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As the maps are contoured at lower sigma values successively in Figure 1D–F, the top-four 

sites increase in size and start to fuse, but smaller, less relevant sites start to appear. This 

fusion of mapped hotspots can be seen in the case of hotspot 2 and hotspot 3 that 

collectively map the entire competitive binding site (Figure 1F). Contouring our maps at 20σ 
allowed us to examine the full extent that the probes occupied the various binding sites. This 

was a common feature across all the protein targets in this study. Unless otherwise stated, all 

maps in our figures are contoured in two ways: one at 35σ to clearly show the presence of 

the top-four sites before other spurious minima and another at 20σ to show the full extent of 

mapping the binding sites. For clarity, those spurious sites are not shown in the “focused” 

20σ figures. The 35σ maps are “raw” and show all sites in the occupancy grid.

Mapping active and allosteric sites with MixMD

ABL—In analyzing the MixMD maps, we found that the active and allosteric sites are 

captured in the first-four hotspots for all systems examined. As mentioned earlier in the case 

of ABL, the top-three hotspots correspond to sub-sites in the active and allosteric sites. In 

ABL, the first hotspot lies in the allosteric site whereas the second and third hotspots map 

the entire active site (Figure 2A). However, it was interesting to find the fourth hotspot on 

the side of the protein. Upon checking the PDB for molecules that may complement this 

hotspot, we found that this location is part of the binding interface for the SH2 domain 

present in the full length protein. As shown in Figure 2B, the structure of the full length 

protein of ABL has a tyrosine residue from the SH2 domain occupying the location of the 

fourth hotspot. Clearly, this site has an important role in the functionality of ABL. One can 

envision that targeting such a site may likely disrupt the function of the kinase and thereby 

achieve allosteric modulation of ABL function. It is important to stress that while some sites 

mapped by MixMD may have no known allosteric regulatory role, these may be leveraged in 

the future to yield such a response.

AR—In the case of the AR, the first-four hotspots map the active and allosteric sites (Figure 

3A). As observed for ABL, the individual hotspots map sub-sites of the active and allosteric 

site which, when contoured at successively lower sigma values, fuse to map the entire 

binding site at 20σ. It is notable that for AR the active and the allosteric site are the only 

ones mapped in the first-four sites.

MixMD sites with lower sigma values could also provide relevant information for SBDD. 

The AR maps contoured at 35σ (Figure 3B) show that most lower-ranked hotspots mapped 

by multiple probes can be traced back to sites of biological and functional relevance (eg, 

locations of cofactors, substrates, or crystallographic additives). AR is activated by Nuclear 

Receptor Co-activator 2, and its binding location overlays with MixMD maps in Figure 3B. 

Several other crystal additives and protein-packing interfaces also coincide with the maps. 

This agreement between MixMD and the location of experimentally observed sites provides 

additional support that MixMD properly samples the protein surface for “easily desolvated” 

sites without getting stuck in irrelevant local minima. Similar results were observed for 

lower-ranked hotspots in other protein targets.
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PDK1 and CHK1—While such striking results were not achieved for PDK1, it is 

nonetheless important that allosteric sites and active sites were consistently captured in the 

first four hotspots (Figure 4). The active-site hinge region in PDK1 was mapped as the top 

hotspot whereas the allosteric site was mapped by the fourth hotspot. The second hotspot 

could be traced to a location occupied by a crystallographic additive in another PDB 

structure, and the third hotspot corresponded to the binding location of the proline ring of a 

peptide bound in the 3QC4 crystal structure of PDK1. These results suggest that MixMD 

identifies sites that could be easily desolvated, a prerequisite for druggable binding sites. 

Similar results were seen for CHK1 where the active site near the hinge region was mapped 

as the top hotspot (Figure 5). The allosteric site was ranked as the fourth hotspot and the 

hotspots ranked second and third denoted sub-sites for binding the peptide substrate of 

CHK1 on its surface.

FPPS—MixMD simulations were performed on the proteins as monomers. This allowed 

the simulations to be completed in a reasonable amount of time. FPPS was interesting in this 

regard, since it functions as a dimer, but we simulated it as a monomer because the active 

and allosteric sites do not involve the second monomer (of course, second active and 

allosteric sites are contained in that second monomer). We assumed MixMD would identify 

part of the dimer interface. It is notable that the interface contains the first hotspot because 

dimerization must be highly favorable. A tyrosine residue from one of the monomers 

overlaps with the first hotspot as shown in Figure 6. This provides promising evidence in 

support of the use of MixMD as a technique to probe the location of biologically relevant 

binding partners of protein-protein interactions. The allosteric site was mapped by the 

second hotspot, and two sub-sites of the active site in FPPS were mapped by the third and 

fourth hotspots.

Gluokinase reveals a small weakness of MixMD—We found that the active site of 

glukokinase was not well mapped by probes. In particular, the sub-site that binds sugar 

molecules in the active site was not mapped. Instead, the sugar-binding site was mapped by 

water molecules, which is likely reasonable given the structure of saccharides. Sugar-

binding proteins are generally not considered druggable,39,40 so this result supports our 

proposal that MixMD preferentially identifies druggable binding sites. Part of the ATP 

cofactor’s site was mapped with the fourth hotspot, but charged probes would be needed to 

map the phosphate tail of ATP. Notably, the allosteric site was extensively mapped by the 

first hotspot when contoured at 20σ (Figure 7). However, the second- and third-ranked 

hotspots could not be traced back to examples from the PDB of molecules that could bind at 

these locations.

PTP1B reveals a clear need for charged probes in MixMD—In PTP1B, our 

standard probes mapped the allosteric site as expected (second hotspot in Figure 8A). The 

first, third, and fourth hotspots captured the locations of crystal additives and protein-

interaction sites as shown in Figure 8A. However, the active site was not identified.

It would have been fulfilling to map the binding site of ATP’s phosphates in glucokinase, but 

it was not a compelling case for developing charged probes. PTP1B was the example that 

proved we needed them. The active site of PTP1B is charged and known to bind 
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phosphorylated residues. Our MixMD probes did not map the binding site, which is known 

to accommodate inhibitors. Similar results were obtained by Bakan et al. who had initially 

carried out a simulation of PTP1B with isopropanol probes and found no mapping of the 

active site.8 However, they showed that acetate probes could map the active site. Indeed, we 

found that a MixMD simulations of acetate + methyl ammonium ions (a ternary solution 

balanced for system neutrality) mapped the active site well, specifically identifying the sites 

known to bind phosphorylated tyrosines as hotspots 1 and 2 (Figure 8B). PTP1B acts as a 

negative regulator of insulin signaling by dephosphorylating key residues of the insulin 

receptor which inactivates it.41

We have developed MixMD to identify druggable sites, and our probes were chosen because 

they are similar to drug-like molecules. Clearly, the MixMD technique can be adapted to 

identify other functionally relevant sites by tailoring the set of probes. However, using maps 

from charged probes has the hazard of pulling the search for leads out of drug-like space. 

Targeting the charged binding site of PTP1B in the context of drug discovery has proven 

difficult as multiple iterations of medicinal chemistry efforts have been met with limited 

success in replacing the charged site on inhibitors.42,43 Several reviews and druggability 

detection methods on the subject have expressed the view of PTP1B as an undruggable 

target due to the difficult and slow progress in optimizing compounds.43–45 In fact, this is 

one of the primary reasons drug discovery efforts targeting phosphatases have been ignored 

in favor of kinases, even though kinases and phosphatases are known to work in tandem to 

regulate major disease-related pathways.43 The discovery of an allosteric site on PTP1B has 

renewed interest in alternative strategies of targeting PTB1B.46

Comparison of MixMD to FTMap

MixMD simulations take a long time; do such costly simulations have an advantage over 

quick methods that map proteins using static crystal structures. Table 1 shows that the 

conformational change between competitive- and allosteric-bound states is large for ABL, 

but the rest of the systems have RMSD < 3Å. Those conformational changes are small 

enough that some methods might be able to predict the allosteric site using only the 

competitive-bound crystal structures we used to initiate the MixMD simulations. If other 

methods cannot identify the allosteric sites from the crystal structures, it would highlight the 

importance of including protein flexibility and explicit competition with water through MD 

simulations.

A reviewer specifically asked that we add a comparison of MixMD against the widely used 

FTMap method.33–36 FTMap identifies hotspots by minimizing millions of small probe 

molecules on a static protein structure. Druggable sites are identified by clusters of different, 

overlapping probe types.33 FTMap uses 16 types of probe molecules, and at least two kinds 

of probes must have minima that overlap on the protein surface. The crystal structures we 

used for MixMD (see Table 1) were submitted to the FTMap server,36 and the results are 

summarized in Figure 9. In four of the seven systems (ABL, AR, CHK1, and PTP1B), the 

allosteric sites were not identified by FTMap. Furthermore, many potentially spurious sites 

outside the competitive and allosteric sites were identified (black molecules in Figure 9), 

which makes it difficult to know which sites to target in prospective applications. Lastly, we 
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should note that FTMap had small difficulties with FPPS. Sites 1 and 2 mapped the 

competitive site well and occupied the same space as known ligands, but only the far edges 

of sites 3 and 6 had small overlap with the a few atoms in ligands. For the allosteric site, 

FTMap’s site 4 was the same sort of small overlap at the edges. All other matching sites in 

all other systems in Figure 9 had excellent overlap with the whole probes occupying the 

same volumes as the known ligands.

FTMap has a strong track record, and it came as no surprise that it identified the active sites 

in every one of the proteins. Some pre-organization of the binding sites was possible from 

the competitive ligands bound in the crystal structures, but that was an advantage to both 

FTMap and MixMD. We were pleased that MixMD simulations achieved superior results 

using only three cosolvents (plus charged probes for PTP1B) in comparison to the sixteen 

diverse probes used in FTMap. However, there were a few instances where that probe 

diversity may have given FTMap an advantage over MixMD. FTMap actually identifies the 

sugar site in glucokinase that we missed. It also identifies the binding site of the phosphate 

tail of ATP in glukokinase. After our PTP1B simulations, we did not go back and add 

charged probes in our simulations of glucokinase, so we do not know if MixMD would have 

identified the site of the phosphate tail using the more representative probes. FTMap also has 

interesting results for PTP1B that are different from our own. Sites 2 and 5 from FTMap 

overlay the site of an octylglucoside that was present in the crystal structure; octylglucoside 

is a non-ionic detergent additive. We are not aware of any biological significance for the 

molecule, but it creates a large cavity where the His-tag on the N-terminus is packed against 

the C-terminus of PTP1B in the crystal structure. The cavity closes in the MixMD 

simulations, but it is completely reasonable that FTMap identified this cavity.

Limits of conformational sampling with MixMD

Proteins exist in an ensemble of functionally relevant conformations, and studying the effect 

of starting conformation on MixMD performance is especially important in the context of 

allosteric control. As noted in the previous section, Table 1 shows that ABL is the member 

of our set with the largest conformational change possible. If the reader compares the ABL 

structure in Figure 2A (average structure from the MixMD simulations) to the ABL structure 

in Figure 9 (crystal structure used to initiate MixMD and FTMap), it is clear that there is a 

conformational change in the αI′-helix (inside the red circle in Figure 2A, but the αI’-helix 

is to the left of the red circle around the allosteric site of ABL in Figure 9). MixMD started 

with helix in the extended conformation, but the structures spontaneously adopted the bent 

conformation by the end of all the simulations. The kinked αI′-helix is seen in the 

autoinhibitory state when a myristate tail binds in the adjacent allosteric site. It is known that 

molecules can bind to the allosteric site with the helix in either state, but inhibition only 

happens when the helix is induced to bend.47 This raises an important point that ligands may 

bind to the sites identified by MixMD and result in allosteric regulation – either inhibition or 

activation – but they may bind without any alteration of activity.

Another issue for ABL is the active (DFG-in) and inactive (DFG-out) conformation of the 

activation loop. The simulations shown in Figure 2 have the DFG-out conformation, so we 

ran an additional set of MixMD simulations using the DFG-in, active conformation from 
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PDB structure 1M52 to examine the effect of starting conformation. We found there was no 

inter-conversion between the two conformational states of the DFG loop during either set of 

the MixMD simulations. However, it is important to note that the competitive and allosteric 

sites were consistently mapped as the top-two hotspots starting from either conformation.

Interestingly, the third-ranked hotspot in MixMD of the inactive form (Figure 10A) was 

missing in MixMD results from the active form (Figure 10B). This is because the activation 

loop in the active form occupies the hotspot present in the inactive form and precludes the 

mapping of this site by probe molecules. Also, we saw different rankings of hotspots 

between the two conformations. For instance, the fourth-ranked hotspot in the inactive form 

of ABL (Figure 10A) is ranked sixth in the active form (Figure 10B). In its place, a hotspot 

in the peptide substrate binding site takes precedence in the active form of ABL. This is in 

perfect agreement from the standpoint of catalytic activity, as the DFG-in form of ABL 

binds peptide substrates to phosphorylate them. These subtle changes in MixMD rankings 

starting from different conformations opens up exciting prospects for the use of MixMD in 

understanding the functional relevance of different conformations of proteins.

Conclusion

MixMD simulations map hotspots on protein surfaces while allowing for protein flexibility 

and competition with water. In this study, we have successfully demonstrated the application 

of MixMD to several allosteric systems, identifying the active and allosteric sites within the 

top-four sites. Also, sites that do not correspond to active and allosteric sites represent 

locations of cofactor binding sites and protein multimerization/packing interfaces. While our 

choice of probes reflects the need to map druggable and easy-to-desolvate binding sites, we 

have proven that one can easily extend the technique by employing a different set of probes 

to map charged binding sites if needed. Furthermore, we highlight the advantage of MixMD 

simulations to identify allosteric sites compared to the hotspot-mapping technique FTMap. 

We have also explored the role of protein starting conformation on MixMD, using ABL as a 

test case. The subtle changes in MixMD rankings between the active and inactive 

conformations of ABL were found to reflect the underlying differences in the functional 

relevance of these protein conformations. In future studies, we intend to explore the 

relationship between protein starting conformation and MixMD results in further detail in 

order to establish the significance of these findings.
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Figure 1. 
The MixMD maps for ABL are contoured at varying sigma values from 90σ to 20σ to show 

the degree of molecular surface mapped by the probe atoms. The occupancy maps are color 

coded to represent MixMD results derived from different probes: acetonitrile (orange mesh), 

isopropanol (blue mesh), and pyrimidine (purple mesh). (A) At 90σ, the allosteric site shows 

the highest occupied points. (B) Maps contoured at 85σ, show a second hotspot in the active 

site. (C–F) When contouring the MixMD maps at successively lower sigma values, 

additional hotspots appear and are numbered based on their order of appearance. Unless 

sites are mapped by more than one probe type when contoured at 20σ they are ignored. The 

active site ligand (PDBid: 3KFA, green) and allosteric site ligand (PDBid: 3K5V, brown) are 

only shown for reference in E and F to orient the reader towards the location of the active 

and allosteric sites. We emphasize that no ligands were present in the MixMD simulations.
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Figure 2. 
The first four hotspots from the ABL MixMD maps identify the active and allosteric sites: 

acetonitrile map (orange mesh), isopropanol map (blue mesh), and pyrimidine map (purple 

mesh). The active site ligand (PDBid: 3KFA, green) and the allosteric ligand (PDBid: 3K5V, 

brown) are shown for reference. (A) The four hotspots are shown contoured at 20σ with the 

spurious sites not shown. The red circle notes the αI′-helix that is referenced in a later 

section on conformational sampling. (B) MixMD maps of ABL contoured at 35σ with all 

sites shown. Superimposed on the structure are molecules from the PDB that occupy 

mapped hotspots on the protein surface. The crystal structure of the full length ABL protein 

(PDBid: 1OPK, dark green ribbon) was also superimposed to show the SH2 domain 

interface mapped by the fourth hotspot in MixMD. A different structure (PDBid: 1OPL) has 

a tyrosine residue (peptide in black) at the packing interface that occupies a small, lower-

ranked hotspot at the bottom of the structure.
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Figure 3. 
(A) The location of just the top-four hotspots for the AR are shown contoured at 20σ: 

acetonitrile (orange), isopropanol (blue), and pyrimidine (purple). The active site ligand 

(PDBid: 2AM9, green) and the allosteric ligand (PDBid: 2PIX, brown) are shown for 

reference. A part of the α-helix obstructing the view has been hidden to provide a better 

view of the hotspots mapping the active site. (B) The MixMD maps are shown at 35σ that 

hotspots ranked five or lower correspond to crystal additives and packing contacts in other 

structures. Clearly, these are locations on the protein surface that can be desolvated and 

occupied. The different molecules are color coded as follows, Nuclear Receptor Co-

Activator 2 in PDBid: 2QPY (black), glycerol in PDBid: 4HLW (yellow), and packing 

interface in PDBid: 2QPY (pink).
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Figure 4. 
Just the top-four hotspots for PDK1 are shown contoured at 20σ, and raw occupancy maps 

are shown at 35σ. Maps are shown in mesh: acetonitrile (orange), isopropanol (blue), and 

pyrimidine (purple). The active site ligand (PDBid: 3RCJ, green) and the allosteric ligand 

from (PDBid: 4AW0, brown) are shown for reference. The first hotspot maps the hinge 

region of the active site. The second hotspot is located at the top of the protein. An additive 

bound at this site is overlaid on top from another PDK1 protein structure (PDBid: 3RWQ, 

pink). The third-ranked hotspot is known to bind a peptide (PDBid: 3QC4, yellow) and the 

fourth hotspot corresponds to the allosteric site. Lower-ranked hotspots in the 35σ frame 

overlap with protein contacts in PDBid: 3NAX (cyan) and PDBid: 3OTU (black).
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Figure 5. 
(A) CHK1 is shown with just the top-four hotspots contoured at 20σ. Maps are shown in 

mesh: acetonitrile (orange), isopropanol (blue), and pyrimidine (purple). The first and the 

fourth hotspots map the active (PDBid: 1ZYS, green) and allosteric site (PDBid: 3JVS, 

brown). The second and the third-ranked hotspots map sub-sites in the binding groove for 

the peptide substrate. (B) Maps contoured at 35σ show lower-ranked hotspots overlap with 

different CHK1 structures showing protein-packing interfaces (contact in structure 2YDK is 

shown in pink) and small crystal additives (structures 4FTO in black, 2YM8 in cyan, and 

2XF0 in dark green).

Ghanakota and Carlson Page 18

J Phys Chem B. Author manuscript; available in PMC 2017 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
The top-four hotspots for FPPS are contoured at 20σ. Maps are shown in mesh: acetonitrile 

(orange), isopropanol (blue), and pyrimidine (purple). The first hotspot maps the dimer 

interface. The second hotspot maps the allosteric site (PDBid: 3N5J, brown). The third- and 

fourth-ranked hotspots map two different sub-sites in the active site (PDBid: 4DEM, green). 

The protein was simulated as a monomer. However, the dimer is shown to illustrate that the 

top-ranked hotspot is located at the dimer interface. A tyrosine residue from one of the 

monomers colored dark green is shown to overlap with the first-ranked hotspot at the dimer 

interface.
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Figure 7. 
Glucokinase is shown with just the top-four hotspots contoured at 20σ. Maps are shown in 

mesh: acetonitrile (orange), isopropanol (blue), and pyrimidine (purple). The first hotspot 

extensively maps the allosteric site (PDBid: 3H1V, brown). The fourth-ranked hotspot maps 

part of the ATP binding site on glucokinase (PDBid: 3FGU, grey). B) In addition to the top-

four hotspots, a few very small sites are present at 35σ. They are clearly less occupied and 

lower ranked. A protein packing interface from PDB structure 3QIC (cyan) overlaps one of 

these small sites.
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Figure 8. 
(A) The location of the top-4 hotspots is shown for PTP1B. Maps for the organic probes are 

shown in mesh: acetonitrile (orange), isopropanol (blue), and pyrimidine (purple). The first 

hotspot maps the location of an additive seen in a crystal structure (PDBid: 3RWQ, pink but 

difficult to see in this view). The second hotspot maps the allosteric site (PDBid: 1T49, 

brown). Hotspot 3 is located near the packing interface PDBid: 2CMC (cyan). Hotspot 4 is 

located near the packing interface of PDBid: 4GRY. The raw 35σ structure is in the 

supplemental information. The active site ligand (PDBid: 2CMB, green) is shown for 

reference. (B) A MixMD simulation of acetate + methyl ammonium was carried out, and the 

top-four hotspots are shown contoured at 20σ. Acetate hotspots are in red mesh and methyl 

ammonium hotspots are in blue. A fragment of the substrate is overlaid on top of the protein 

(PDBid: 1G1F, black). The top-two ranked hotspots are from the acetate ion mapping both 

sites known to bind phosphorylated tyrosines.
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Figure 9. 
These are the hotspots provided by the FTMap server, run on the same crystal structures we 

used to initiate the MixMD simulations (see Table 1). FTMap does well identifing all the 

active sites, but it does not detect the allosteric sites in half the systems (red circles). The 

view of the proteins is the same as the previous figures to allow the reader to compare the 

results. Hotspots are determined from clusters of probe molecules and ranked according to 

their average energy (cluster numbers are shown). Each cluster above is colored based on 

whether it overlaps with known ligands. Green indicates a cluster that overlaps with 

competitive ligands; brown clusters overlap allosteric ligands; black clusters do not overlap 

either binding site and their rank numbers are not shown. Cyan clusters in glucokinase 

overlap correct positions that were not mapped by MixMD. Cyan clusters in PTP1B map the 

site of a large crystallographic additive, which also was not mapped by MixMD. Please note 

that numbering in FTMap starts at zero, and we have shifted the numbers to start at one.
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Figure 10. 
MixMD simulations were performed using the (A) DFG-out inactive (PDBid: 3KFA) and 

(B) DFG-in active (PDBid: 1M52) forms of ABL. The activation loop is colored red to show 

the difference in this region between the two protein conformations. Maps for the organic 

probes are shown in mesh: acetonitrile (orange), isopropanol (blue), and pyrimidine (purple). 

The top-six hotspots are shown for both conformations to illustrate the rearrangement of the 

hotspot rankings. For both conformations, the allosteric and active sites were ranked first 

and second, respectively. The third-ranked hotspot in the inactive conformation is now 

occupied by the activation loop in the active form of ABL, this leads to a rearrangement in 

raking of several sites on the protein. Two protein packing interfaces are shown colored 

black (PDBid: 1OPL) and pink (PDBid: 3QRK). The active site ligand (PDBid: 3KFA, 

green) and allosteric site ligand (PDBid: 3K5V, brown) are shown for reference.
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Table 1

The PDBid codes and chain identities are given for the protein structures used in this MixMD study. Each 

chosen structure has been compared to all its allosteric-bound structures, and the range of all-atom RMSD is 

given for the residues within 4Å of the allosteric ligands.

Protein Starting conformation used for 
MixMD

Starting conformation differs from all allosteric-bound 
structures by a range of RMSD

ABL Kinase 3KFA (Chain A)25 7.93 – 8.02 Å

Androgen Receptor 2AM9 (Chain A)26 1.01 – 1.67 Å

PDK1 Kinase 3RCJ (Chain A)27 1.07 – 2.15 Å

CHK1 Kinase 1ZYS (Chain A)28 0.45 – 0.87 Å

Farnesyl Pyrophosphate Synthase 4DEM (Chain F)29 1.26 – 2.14 Å

Glucokinase 3IDH (Chain A)30 1.05 – 2.82 Å

Protein Tyrosine Phosphatase 1B 2CMB (Chain A)31 2.02 – 2.12 Å
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