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Abstract

In our recent efforts to map protein surfaces using mixed-solvent molecular dynamics (MixMD),!
we were able to successfully capture active sites and allosteric sites within the top-four most
occupied hotspots. In this study, we describe our approach for estimating the thermodynamic
profile of the binding sites identified by MixMD. First, we establish a framework for calculating
free energies from MixMD simulations, and we compare our approach to alternative methods.
Second, we present a means to obtain a relative ranking of the binding sites by their
configurational entropy. The theoretical maximum and minimum free energy and entropy values
achievable under such a framework along with the limitations of the techniques are discussed.
Using this approach, the free energy and relative entropy ranking of the top-four MixMD binding
sites were computed and analyzed across our allosteric protein targets: Abl Kinase, Androgen
Receptor, Pdk1 Kinase, Farnesyl Pyrophosphate Synthase, Chk1 Kinase, Glucokinase, and Protein
Tyrosine Phosphatase 1B.
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Introduction

Using cosolvent simulations to map protein surfaces and identify binding hotspots has
gained increasing prominence with the advancements in computing power.2 Several such
techniques have been reported in the literature.3-8 The ability to incorporate full protein
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flexibility and direct competition of organic compounds with water make these molecular
dynamics (MD) methods an attractive alternative to existing approaches. For instance,
docking ignores such contributions or incorporates them only to a limited extent.® Our
MixMD approach uses binary-solvent simulations of water and water-miscible, organic
probes.k: 5 10-12 Recently, we have applied MixMD on a test set of allosteric proteins.! The
application of MixMD on this test set demonstrated that the active sites and allosteric sites
were captured within the top-four most occupied hotspots. The success of the technique
certainly suggests that MixMD holds great promise as a tool for druggability assessment.
Identifying druggable binding sites is an important first step in choosing which sites on a
protein surface to target. Additional information detailing each binding site would allow one
to make a more informed decision on which sites to target. Thermodynamic measures such
as free energy and entropy values fall in this important category. It is more straightforward to
optimize enthalpy-driven binding affinity with typical scoring functions for structure-based
drug discovery. Such considerations merit the development of techniques that can be used to
obtain additional data on local thermodynamic properties. Techniques that estimate free
energies from mixed-solvent simulations have been reported by several groups.346.13 All of
the methods decompose the free energy of organic probes onto a sub-atomic grid. In this
study, we use those grids in a slightly different way and propose an alternate framework for
the calculation of free energies. Furthermore, efforts are made to obtain a relative ranking in
terms of configurational entropies of probe molecules, using the well-established concept of
entropy as a measure of the density of states. Such measures allow one to examine the
interplay of binding site and probe structures on each other. Taken together, these studies
construct and demonstrate the utility of a suite of computational techniques that one can use
to characterize binding sites obtained from MixMD simulations.

It should be noted that Raman and MacKerell1* have previously reported free energies and
enthalpies of probe molecules based on a rigorous approach, Grid Inhomogeneous Solvation
Theory (GIST).1> The model systems were propane and methanol binding to multiple,
diverse pockets on the proteins Factor Xa and p38 MAP kinase. In that study, they calculated
detailed contributions of the ligand and water degrees of freedom to understand the different
thermodynamic driving forces. The drawback to their approach is that after the hotspots are
located with a cosolvent simulation, individual MD simulations must be run of a single
probe alone with the protein. Calculating each hotspot requires a separate simulation. Here,
we seek to estimate thermodynamic properties directly from the cosolvent simulations
themselves. Furthermore, Raman and MacKerell’s approach constrained the protein heavy
atoms, so the protein was unable to adapt its conformation in response to the presence of the
probe molecules. Our approach uses free, unconstrained proteins.

Simulation of 5% box of MixMD probes to obtain expected occupancies (no proteins

present)

Simulations of TIP3P water!® and 5% v/v boxes of acetonitrile, isopropanol, and pyrimidine
were performed. These simulations were setup in a similar manner outlined in our earlier
work on validating probe parameters.11 The 5% boxes of probes and water were prepared to
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be ~ 50A x 50 A x 50 A size. The boxes were simulated in AMBER1617 using SHAKE18
and a time step of 1fs. Following an initial minimization, the system was gradually heated to
300K at constant volume. An initial 2ns equilibration run was followed by 20ns of constant-
pressure simulation. The center of mass (CoM) of each probe’s location in the last 5 ns of 10
runs were binned onto a grid of 0.5 A spacing, using an in-house modified version of cpptraj
from AmberTools1419. If there were no bias by a protein, the expected occupancy per grid
point is simply the number of probe molecules divided by the number of grid points. The
expected occupancies for a grid point and the volume of a probe for a 5% simulation are
presented in Table 1.

Estimating free energies from MixMD simulations

The proteins used in this study were Abl Kinase (PDBid: 3KFA)2%, Androgen Receptor
(2AM9)2L, pdk1 Kinase (3RCJ)?2, Farnesyl Pyrophosphate Synthase (4DEM)23, Chk1
Kinase (1ZYS)24, Glucokinase (3IDH)25, and Protein Tyrosine Phosphatase 1B (2CMB)26.
Ten independent MixMD simulations were performed for each probe solvent with each
protein. Detailed methods for the MixMD simulation of our allosteric proteins in 5% probe
solvent have been given previously.! Free energies from those MixMD simulations were
derived using a process illustrated in Figure 1. Initially, using an in-house modified version
of the cpptraj module in AmberTools14, the CoMs of all the probes from the MixMD
simulations were “binned” onto a grid of 0.5 A spacing. MixMD simulation data from the
last 5ns of all 10 runs were used to perform the binning for each probe. These raw bin counts
reflect the number of snapshots (amount of time) a probe molecule has spent at a particular
location. The raw bin counts are then converted to occupancies by dividing the bin count at
each grid point with the number of MixMD simulation snapshots that were used to obtain
the initial raw bin counts.

The grid point with the highest occupancy is taken to be the center of the first probe site. The
occupancy of all grid points within an enclosing sphere of the volume of the probe, centered
on this grid point, are summed to determine the observed occupancy for this probe location
(Figure 1B). In a similar manner, the next grid point with the second highest grid occupancy
is taken to be the center of the second probe site. Again, the occupancy of the second site is
calculated summing the grid points within the volume of the probe sphere. (Figure 1D). This
process is iteratively repeated until all grid points are assigned to probe locations. We do
recognize that using spherical sites is an approximation of the actual location of the CoM of
the probe in the hotspot. In our analysis of the MixMD grids, we again focused on the top-
four binding sites in each protein as reported in the previous study. Within those binding
sites, our MixMD simulations revealed 82 probe-binding hotspots across all seven proteins,
see Figure 2.

In order to calculate the free energies from these observed occupancies, one needs to
compare them to expected occupancies in Table 1, using equation (1):

sphere .
E ; occupancy(i)
AGy,y = —RThn Zsphere @
; expected occupancy
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where 7is every grid point in the probe’s volume and the expected occupancy is constant.
The free energy value from equation (1) estimates the change in free energy of moving a
probe molecule from the bulk into the binding-site location. A negative value for this free
energy change indicates a binding site that is more occupied and more favorable for the
probe molecule compared to the bulk. Good convergence of these free energy values is
shown in the supplemental information.

Our use of equation (1) is analogous to the approach pioneered by Seco et al.3:

AG, = —RTln( occupancy(i) @)
expected occupancy

for each grid point 7 However, there is a difference in how other groups generate and use the
grid values. Rather than CoM grids, others have computed grids for each atom type and then
used those atomic grids to estimate free energies of a drug-like molecule docked into a
protein pocket.% 27 The exact approaches of each group are outlined further below.

To compare our CoM-sphere approach for estimating free energies of binding to other
approaches based on atomic grid free energies (AGFE), we also calculated free energies
based on summing the atomic positions. Each atom type was binned on the 0.5-A grid,
rather than the CoM for this approach. The resulting atomic grids are used to score docked
poses. We obtained these poses by placing a probe molecule at the center of each identified
hotspot and energy minimizing it to the closest local minimum on the surface of the crystal
structures (using the prepped proteins that initiated the setup of the MD simulations, 500
steps of conjugant gradient followed by 2500 steps of steepest descent). The contribution of
each atom of the probe is estimated by the closest grid point on the appropriate atomic grid.
The contribution of each atom is then summed to give a free energy estimate of the whole
molecule.

Comparing our free energies to the Linear Interaction Energy (LIE) method

The most rigorous approach for calculating the free energies of binding is to use Free
Energy Perturbation (FEP) methods. The problem is that it is prohibitively expensive to
perform 85 disappear-a-molecule FEPs to evaluate all of our MixMD-identified binding
hotspots. Instead, we turned to the LIE method.28 LIE estimates the free energies of binding
by comparing the interaction energies of the probe in the bound state to the unbound, free
state:

AGbind = = %[<E251615nd> - <Eftlneffound>] + 0'16[<E2i‘:nd> - <E‘1;Cnlzvound>] @)

Where <> denotes the average electrostatic (elec) and Van der Waals (vdw) energies of the
ligand with its surrounding environment, bound to the protein versus alone in water.

The method required 85 independent MD simulations of a single probe molecule, 82 cases
with a probe bound to each hotspot in the protein complexes and 3 of each probe alone in
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water. The MD simulations were conducted similarly to the previous study of the allosteric
proteins with the exception that a 1-fs timestep was used and 50 ns of production run were
conducted. The probe was constrained to remain in its hotspot using a soft harmonic
potential of 5 kcal/mol-A. The energies for equation 3 were averaged over the full 50 ns.

Results and Discussion

The maximum free energy of a probe is dictated by system setup

The oversimplification of obtaining free energy values using equation (1) or (2) does come
with its own set of limitations which have not been highlighted in previous studies. Free
energies obtained from calculations such as these are subject to the concentration of probe
molecules used in the cosolvent simulation. The limitation can be best illustrated by deriving
the maximum free energy values achievable under such a framework, AG,; ,(max). At best, a

probe molecule can occupy a given probe volume for the entire simulation, so the maximum
occupancy at any particular site cannot exceed 1. Using a maximum observable occupancy
of 1 and the expected occupancies for our 5% MixMD simulations (Table 1), one arrives at
—2.14 kcal/mol, =2.17 kcal/mol, and —2.11 kcal/mol as the AG;, 4(max) for acetonitrile,

isopropanol, and pyrimidine, respectively. This corresponds to Ky(max) of 27.7 mM, 26.3
mM, and 29.0 mM, respectively. Using a lower concentration of probe molecules within the
same volume of a simulation would result in lower expected occupancies and more favorable
free energies for the maximum occupancy state. Conversely, using a higher concentration of
probe molecules would result in higher expected occupancies and poorer AG,; . (max). It

should be noted that MacKerell and coworkers address this issue by using 1M
concentrations of the probe molecules, the standard reference concentration. 27

Free energy calculations using similar cosolvent simulations have been used by other groups
to propose upper limits on the maximum achievable affinity possible for any/all drug-like
molecules at a given site.3 8 Our findings call in to question the rationale for setting an
upper limit on the binding free energy for drug molecules, particularly when the values are
inherently dictated by the system setup and the concentration of probes used to perform the
simulations. A more appropriate use for such free energy estimates lie in relative ranking.
Even as expected occupancies increase or decrease, the relative ranking between the sites
remains the same.

Free energy calculations from cosolvent simulations

Several groups have used similar approaches for obtaining free energy changes with grids
and a ratio of observed and expected occupancies. However, the approach adopted differs
from one group to another.

Barril and coworkers, in their use of isopropanol-based binary solvent simulations, calculate
the binding free energy for the methyl and oxygen atoms of isopropanol separately.3
Volumes of the size of typical drug-like molecules are then created using clustering
techniques by combining grid maps of the free energies for methyl and oxygen atoms of
isopropanol. Using the argument that ligands of the size of drug molecules are not only
involved in achieving binding affinity but also serve as a framework for the atoms to interact
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with the protein, the sum of the free energies of all the grid points within these drug
molecule sized volumes is considered to be the maximal affinity achievable within that site/
volume. Interestingly, the authors reveal that the free energy per heavy atom (HA) for the
methyl and oxygen groups of isopropanol frequently surpassed the limit of —1.5 kcal/mol
per non-hydrogen atom observed by Kuntz and coworkers.2® However, we show below that
our method for calculating free energies gives ligand efficiencies (LE) values that never
exceeded the Kuntz limit. The maximum LE we found was for acetonitrile molecules at
-0.65 kcal/mol-HA. The binding affinity of organic solvents to the protein surface is very
weak, mM level,39-32 50 a value like ours appears more reasonable. Acetonitrile’s LE is in
keeping with values desired from fragment screening.

Similarly, Mackerel and coworkers have developed “Site-ldentification by Ligand
Competitive Saturation” (SILCS), a cosolvent simulation technique that originally involved
performing ternary solvent simulations of 1M benzene, 1M propane, and water.* Free
energies for each atom type in SILCS were calculated separately for the benzene carbons,
propane carbons, water hydrogens and oxygens, using equation (2). The authors describe
these free energies as Grid Free Energies (GFE). The GFE values obtained from benzene
carbons correspond to interaction energies of aromatic atoms. Similarly, propane carbons,
water hydrogens and oxygens correspond to aliphatic, donor, and acceptor atoms,
respectively. Using these GFE values, the authors assign atom types to drug-like ligands and
estimate its free energy by first bringing the ligand from a crystal structure into the frame of
reference of a grid with these GFE values. The free energies of ligands were then computed
by summing up the GFE values based on the atom types in the ligand and the corresponding
GFE values on the grid. Our use of AGFE is meant to approximate this method for
estimating the free energies for the probes themselves.

Bakan et al. have also performed cosolvent simulations using a mixture of isopropanol,
isopropyl amine, acetic acid, and acetamide. Free energies were derived from the maximum
occupancy of grid points within the volume of a probe.8 Our approach for calculating free
energies from MixMD simulations is along similar lines in that free energies should be
calculated by taking into consideration the entire volume of a probe.

Free energies of MixMD hotspots from sphere occupancies compared to AGFE and LIE

In our MixMD simulations, the free energies for acetonitrile, isopropanol, and pyrimidine
were calculated using the aforementioned summation of occupancies at all points within a
probe sphere (Figure 1). Across all the protein targets, AG,; , for acetonitrile were lower

compared to isopropanol and pyrimidine. Figure 3 shows the distribution of AG,; , for the

top-10 probes from each binary simulation across all the protein targets. Interestingly, LE for
these same probes were flipped; acetonitrile probes had higher LE (Figure 4). The LE for all
these sites were well within the —1.5 kcal/mol limit established in a study by Kuntz and
coworkers2? and the —1.75 kcal/mol observed in our previous work.33 Using our approach,
we have calculated AG,; ; of the probe molecules within the active and allosteric binding

sites on our test proteins. Their locations on the protein surface are shown in Figure 2, and
their free energies are presented in Table 2. Previously, we visualized the MixMD hotspots
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using all-atom binned occupancy maps; this revealed the full volume of the binding site
mapped by MixMD probes. These MixMD maps allow one to understand the all atom
contacts of the probe molecules with the protein. However, our current free energy
calculations were performed on CoM binning. Thus, we found instances where our previous
binding-site volumes accommodated multiple probe locations. For example in Pdk1 Kinase,
site 4 (allosteric site) can be seen to bind two probes in distinct sub-sites, so it was
subdivided into 4A and 4B. Similar observations were made for site 1 (the allosteric site) in
Glucokinase where two subsites (site 1A and 1B) could be seen.

When proposing an alternate approach for estimating free energies, it is important to
compare the results to other similar techniques. For this work, we compared our sphere
occupancy method to the use of AGFE and LIE. Table 2 presents the values for the three
methods. Good agreement is seen between all three. AG,; , estimated by sphere occupancy

is very similar to AGFE with a mean unsigned difference (MUD) of only 0.37 kcal/mol and
RMSD of 0.49 kcal/mol. In comparison to LIE, the sphere occupancy method is slightly
closer (MUD = 0.60 kcal/mol, RMSD = 0.85 kcal/mol) than the AGFE method (MUD =
0.71 kcal/mol, RMSD = 0.93 kcal/mol).

Ranking MixMD binding sites based on configurational entropy

The entropy of a probe in a site (AS can be partitioned into

site)

ASge = AS e + ASyrans (@)

site probe

wrans 19 the entropy of

where Aspmbe reflects the behavior of the probe within the site and AS
taking a probe from the freedom of occupying anywhere in the simulation box to occupying
a site identified by the volume of the probe. As noted earlier, we define that site by a sphere
centered at each high-occupancy point. That sphere definition is the same anywhere on the
protein surface, so the translational entropy is the same for all sites in the same MixMD
simulation. It simply reflects the difference in the volume of the sphere vs the volume of the

box: AS,, .= kx In(number of grid points in sphere) — k x In (total number of grid points in

the box). This dependence upon the box highlights that AS is defined by the system

trans

setup, just like AG,; ,(max). However, the value is basically the same for all probes to the

same protein because it just reflects translation of the CoM.

, the AS term cancels.

In calculating the difference in entropy between the sites (AAS trans

site)
The interesting comparison lies in the other degrees of freedom sampled by the probe’s

atoms. While molecules in the bulk rotate freely, interactions with the protein impart a level
of structure, limiting the probe’s freedom. AS obe is the difference between a probe evenly

and freely sampling the sphere, Sprone(max), to the actual translational and rotational
behavior of the probe seen during the simulations, Sprohe. Here, we draw upon the concept of
entropy as the density of states and use our grid points as shown in Figure 5. To simplify the
analysis, we decomposed the probe into its non-hydrogen atoms and used the same binning
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routine from calculating free energies to count the atomic occupancies on the grid points in
the sphere. Entropy of the probe is calculated using the Gibbs-Shannon equation,3* shown in
equation (5). The probability of finding an atom at a particular grid point is determined by
equation (6). The entropy measures obtained for each heavy atom are then combined as
shown in equations (7) and (8) to approximate Spyope-

s= =k [pxinp) ©

occupancy of HA at grid point i ©)

pAHA) =
! Z;p hereoccupancy of HA at grid point j

sphere
Sys= —R Z p(HA) X In[p(HA)| (7)

1

Spr()be = ZSHA (8)

heavy atoms

Under no constraint while freely exploring the box in the bulk solvent, each grid point is
equally occupied, and one can establish an upper limit of entropy achievable within the
volume of a probe. The Sprope(max) values possible under our framework are presented in
equations (9) and (10) and listed for acetonitrile, isopropanol, and pyrimidine in Table 3.
This maximal value is an over-estimate because the chemical structure of the probe imparts
an inherent bias to sampling the grid. However, this inherent bias is the same in all sites;
furthermore, Sprope(Max) representing the free bulk behavior drops out when calculating the
difference between the sites,AAS ;. Of course, this only cancels when comparing the same

type of probe molecules in different locations, not necessarily across different probe types.

sphere

Sya(max) = — R 2 :pbu]kxln(pbulk) ©)

1

Spmbe(max) = E , Sy a(max)  (10)

heavy atoms
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Entropies across MixMD binding sites

In order to compare the configurational entropy of MixMD binding sites, we have computed
the change in entropy of moving a probe molecule from the bulk into each binding-site
sphere. As one would expect, moving a freely rotating probe in the bulk to a binding site
decreases the entropy and thus one should observe that such a change is unfavorable (but
compensated by enthalpic gain). We have confirmed this behavior by computing the

—TAS, be for the top-50 probe sites ranked by free energy in all the allosteric protein

systems which we simulated in MixMD. The distribution of —TASp for the probes

robe
acetonitrile, isopropanol, and pyrimidine are shown in Figure 6. The high peaks close to zero
show that many probe molecules tumble close to the bulk behavior. Most importantly, none
of the entropy changes are less than zero; this confirms our assumption that none of the
probe molecules exceed the maximal entropy we have calculated in previous sections (Table
3).

Interpreting configurational entropies obtained from MixMD binding sites

Entropies measured using our approach report upon the local thermodynamic environment
of an individual probe molecule and as such cannot be verified using experiments. It is
important to note that an experimental measure of a binding event also reflects the entropic
costs paid by the protein and the reordering of the water around the binding site.1> While the
effect on the protein may be partially observed from the order seen for the probes, the effects
on water are very hard to estimate. More importantly, very subtle changes to ligands can
result in significant and unexpected changes in water as the work of Klebe shows.3° It is
unreasonable to assume that the water’s behavior around the solvent probes is a good
estimate of their behavior in the presence of a drug-like ligand.

Despite these limitations, these measures describe the structure/order of the probe’s
conformational sampling within the binding site, and one can in principle visualize the
occupancies of the HA of the probe molecules to validate these findings. When visualizing
the occupancies of the probe’s HA, it is important to normalize the HA density within the
volume of the probe, as we do in equation (6). This is necessary because, raw bin counts not
only reflect upon the positional preference of a probe, but also on the duration a probe
molecule has spent its time at a given location. By normalizing the occupancies to give
densities of HA within the binding site sphere, one can separate the information needed for
AGy; 4 to reflect each HA’s contribution to AS obe and analyze the density for any probe’s

configurational sampling within their binding site sphere. We have assessed this important
metric using —TAS ) obe calculated for all the systems and MixMD probes used on our earlier

study. The minimum, median, and maximum —TAS . are presented for the probes

pro

acetonitrile, isopropanol, and pyrimidine in Table 4.

In order to make a proper comparison across the minimum, median, and maximum

_TASprobe’ we have visualized the population density of each HA in the probe molecule at a

contour level of 0.5% of the population in the binding site. In the case of acetonitrile, these
densities are show in Figure 7. The density of the nitrogen atom of acetonitrile is colored
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blue, whereas the densities of the central and terminal carbons of acetonitrile are colored
cyan and brown. The CoM that defines the binding site of the probe molecule is shown as an

orange colored sphere for reference. The maximum ~TAS, be represents the most

unfavorable transfer from the bulk to the protein binding site. As expected, in Figure 7A, the
densities of the three atoms within the acetonitrile probe molecule are clearly visible at the
atomic level. This demonstrates the restriction on the probe when bound to the site. When

the density of the probe with the median _TASprobe is visualized in Figure 7B, one sees a

lesser degree of structure. Clearly, the acetonitrile molecule is oriented with its nitrogen
pointing up like the example in Figure 7A, but some freedom is seen in the lateral

movement. Figure 7C shows the probe with the minimum —TAS obe observed for

acetonitrile, where the HA density around the CoM is disperse and overlapping. This is

consistent with the idea that a low —TASprobe probe in this location is similar to the bulk

environment and thus is freely rotating. In going from maximum to minimum —TAS ober

there is a trend of decreasing structure/order of the probe molecules seen when visualizing
the HA density. This is consistent with our theoretical framework.

Similar trends were observed for isopropanol. When the density of the probe molecule with

the maximum —TAspmbe (Figure 8A) was visualized clear, structured density could be seen.

The densities at the median —TAS obe (Figure 8B) clearly show two conformations with the

hydroxyl oxygen sampling between two hydrogen-bonding interactions. The minimum

—TAS ) obe (Figure 8C) follows similar trends as seen for acetonitrile. The same results were

obtained for pyrimidine, where visualization of the densities for the maximum, median, and

minimum —TAS ) obe followed the established trend of decreasing structure/order in the

probe molecules (Figure 9). Probe entropies calculated for our sites across the seven
allosteric protein systems are given in Table 5.

Conclusion

We have established a means of obtaining the free energy and entropy rankings based on
MixMD simulations. The limitations of the free energy calculations were demonstrated.
These limitations are universal to cosolvent MD simulations, and they call in to question
other groups’ rationale for trying to use cosolvent grids to establish a maximal free energy
achievable for any/all drug-like molecules.3: 8 Furthermore, a framework for calculating
entropies is proposed and validated. In particular, we note that the entropies are only for the
probe, not the whole system. The entropic effects on reordering water around protein-ligand
complexes are very hard to estimate, and very subtle changes to ligands can result in
significant and unexpected changes in water. It is unreasonable to assume that the water’s
behavior around the solvent probes is a good estimate of their behavior in the presence of a
drug-like ligand. Despite these limitations, estimating the entropy of the probe molecules in
the binding hotspots yields information about the conformational flexibility that may be
useful when designing drug-like molecules to complement a binding site.
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Figure 1.
The process of obtaining observed occupancies and free energies from MixMD simulations

is depicted in subfigures a-f. a) The grid points are sorted from highest to lowest occupancy,
based on the counts of the probe’s CoM. The size of the red circles on the grid indicates high
vs low occupancies. The top-three grid points with the highest occupancies are shown for the
purpose of demonstration. b) The grid point with the highest occupancy is taken to be the
center of the first probe. All grid points enclosed within the spherical volume of a probe are
added to obtain its observed occupancy. c) After processing a given probe location, the grid
points associated with this probe are removed from the search process. d) The observed
occupancy is calculated for the second probe centered on the next grid point with the highest
occupancy. €) Upon obtaining the occupancy of the probe at this second grid point, it is
removed from the search process. f) This process is continued until all the grid points are
exhaustively searched and assigned to a probe location.
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Figure 2.
The probes acetonitrile (orange spheres), isopropanol (blue spheres), and pyrimidine (purple

spheres) are bound within the top-four MixMD binding sites (as identified using our
previous all-atom binning method in reference 1). On rare occasions, the binding site
identified by MixMD accommodated more than one probe-binding hotspot. These sites were
further divided in to subsites A and B, see Pdk1 Kinase and Glucokinase. There are a total of
82 probe hotspots across all seven proteins.
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Distribution of top 10 ranked MixMD probe free energies
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Figure 3.

The normalized distribution profile of AGyjng for the top-10 MixMD probes is shown.
Across the seven protein targets studied, binding free energies for isopropanol and
pyrimidine were found to be more favorable than acetonitrile. Acetonitrile distribution is
colored yellow, isopropanol distribution is colored purple, and pyrimidine distribution is
colored purple.
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Figure 4.
The ligand efficiencies for the top-10 probes from MixMD simulations of seven protein

systems are presented in the units kcal/mol-HA. Across the seven protein targets studied,
ligand efficiencies for acetonitrile were more favorable than isopropanol and pyrimidine.
Acetonitrile distribution is colored yellow, isopropanol distribution is colored purple, and
pyrimidine distribution is colored purple.
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pi (Probability of an atom
occupying grid point i)

Figure 5.
The concept of entropy as the density of states is applied within the volume of a probe

sphere. Each grid point within the volume is considered a state. The probability of each state
(o) for each heavy atom is calculated using equation (6).
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Distribution of -TAS,, ;. of top MixMD probes

12

- robe
Acetonitrile
i — Isopropanol
— Pyrimidine
0 2 4 6 8 10
-TAS,, 4 (kcal/mol at 300K)
Figure 6.

The distribution of ~TASpyope for the top-50 MixMD probes ranked by free energy are
presented for acetonitrile (orange), isopropanol (blue), and pyrimidine (purple). As expected,
moving from the bulk into the binding site where the probes are restricted is unfavorable,
thus —TASprope Values are positive.
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Figure 7.
Acetonitrile HA densities are presented for the maximum, median, and minimum entropies

reported in Table 4. The CoM that defines the binding site of the acetonitrile probe is shown
as an orange sphere for reference. The normalized occupancies of all the atoms in A, B, and
C are contoured at 0.005. The density of nitrogen atoms is colored blue, the density of the
carbon atom in the middle of acetonitrile is colored cyan, and the density of the terminal
carbon is colored brown. A) The —~TASpope is at a maximum, making this the most
constrained probe in our dataset. Consequently, all atoms of the acetonitrile probe can be
clearly seen in this case. B) The acetonitrile with the median —~TASyqpe Shows some
structure in the configurational sampling but also some latitude. C) Density for the case of
minimum —TASpope Shows that the probe molecule at this location is freely rotating and is
close to the entropy of the bulk. As a result, the density is smeared out and overlapping.
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Figure 8.
Normalized HA occupancies of isopropanol are presented for the maximum, median, and

minimum entropies reported in Table 4. The CoM that defines the binding site of the
isopropanol probe is shown as a blue sphere for reference. The density of all the atoms in A,
B, and C are contoured at 0.005. The density of oxygen atoms is colored red, the density of
the central carbon is colored cyan, and the two terminal carbons are colored blue and brown.
A) The maximum —TASpope €xample is the most constrained probe in our dataset.
Consequently, all atoms of the isopropanol probe can be clearly seen in this case. B) The —
TASprone in this case is at the median of all processed sites, there is some structure in the
probe molecule. Notably, the hydroxyl oxygen is sampling two hydrogen-bonding
interactions. C) For the case of minimum —TASyqpe, the molecule at this location is freely
rotating, and is close to the entropy of the bulk. As a result, the density is smeared out and
can only be seen partly.
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Figure 9.
Pyrimidine per probe normalized density is presented for the maximum, median, and

minimum entropies reported in Table 4. The CoM that defines the binding site of the
pyrimidine probe is shown as a purple sphere for reference. The normalized occupancies of
all the atoms in A, B, and C are contoured at 0.005. The density of two nitrogen atoms are
blue and green, whereas the density of carbon atoms is colored brown, purple, yellow, and
orange. A) In the maximum —TASpope Case, the molecule is very constrained. Consequently,
all atoms of the pyrimidine probe can be clearly seen in this case. B) The ~TASpyope in this
case is at the median of all processed sites, there is some structure in the probe molecule.
Notably, the molecule is rotating and giving HA densities with a torus shape. It appears that
the nitrogens are sampling three locations, separated by roughly 120°. C) For the minimum
—TASprone Case, the probe molecule at this location is freely rotating, and is close to the
entropy of the bulk. As a result, the density is smeared out and cannot be seen.
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Table 1.

The expected occupancy for a grid point and the volume of a probe are presented for the MixMD probes
acetonitrile, isopropanol, and pyrimidine. Note that these values are for a 0.5-A grid and a 5% concentration of
probes.

Probe Expected Occupancy per grid  Probe radius  Probe volume (no. of grid points) ~ Expected Occupancy for volume
point of probe
Acetonitrile 0.00007109 224 A 47.16 A3 (389) 0.002346102
Isopropanol 0.00005108 254 A 68.74 A3 (515) 0.002911845
Pyrimidine 0.00004683 2.62 A 75.28 A3 (619) 0.002669823
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Protein (PDB ID) Binding Site Sphere Occupancy LIE AGFE

ABL(3KFA) ACN IPA PYR ACN IPA PYR ACN IPA PYR

1 -194 -192 -169 -206 -350 -214 -264 -260 -190

2 -112 -155 -196 -189 -229 -186 -2.87 -227 -1.93

3 -1.78 -207 -202 -215 -0.15 -1.20 -214 -2.03 -2.13

4 - -1.74 -1.82 - -1.15 -212 - -193 -184

AR(2AM9)

1 -168 -136 -165 -2.04 -0.07 -155 -151 -1.94 -1.87

2 -147 -163 -195 -089 -288 -170 -149 -176 -131

3 -146 -184 -137 -163 001 -223 -161 -1.73 -1.98

4 -146 -123 -180 -153 -232 -148 -114 -1.06 -1.93
PDK1(3RCJ)

1 -0.85 - -2.01 -1.43 - -1.62 -1.00 -- -2.44

2 -169 -208 -18 -182 -0.78 -1.13 -1.84 -217 -2.75

3 -1.16 -175 -159 -134 -071 -281 -145 -197 -264

4A -153 -151 -175 -144 -011 -222 -1.73 -211 -250

4B -142 -178 -170 -173 -172 -0.76 -148 -1.86 -2.25
FPPS(4DEM)

1 -153 -181 -195 -057 -158 -228 -228 -226 -1.94

2 -143 -090 -128 -158 -134 -1.01 -2.06 -1.52 -1.28

3 -1.24 - -1.17 -1.03 - -1.11 -1.70 - -1.79

4 -1.48 - -0.78 -1.30 - -0.90 -2.00 -- -1.63
CHK1(1ZYS)

1 -180 -162 -181 -170 -438 -155 -170 -228 -298

2 -141 -195 -196 -040 -491 -1.65 -1.82 -229 -2.25

3 -162 -176 -2.05 -145 -333 -154 -154 -1.93 -252

4 -18 -208 -205 -067 -289 -137 -167 -203 -267

Glucokinase(31DH)

1A -165 -18 -187 -150 -1.90 -1.64 -1.79 -1.96 -2.37

1B - -2.04 -162 - -1.02 -2.30 - -2.19 -198

2 -182 -178 -180 -169 -0.01 -140 -1.62 -1.89 -1.95

3 -1.19 - -0.87 -1.24 - -1.71 -152 -- -1.32

4 -119 -149 -160 -112 -140 -205 -163 -213 -214
PTP1B(2CMB)

1 -166 -2.07 -2.08 -111 -212 -2.06 -0.58 -2.03 -1.85

2 - -165 -1.83 - -1.02 -1.80 - -2.09 -1.89

3 -1.09 -122 -157 -076 -122 -1.09 -115 -191 -1.75

4 - -1.47 -1.82 - -1.38 -0.62 -- -185 -1.82
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For each estimation method, the AGyinq (kcal/mol) of the probes acetonitrile (ACN), isopropanol (IPA), and
pyrimidine (PYR) are given for the hotspots within the top-four MixMD sites shown in Figure 2. Not all
probes mapped into every site (--).
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Table 3.

Maximum entropy at 300K (in kcal/mol) for a freely rotating and translating probe molecule is calculated.
Under such conditions every grid point within the volume of a probe will be occupied with equal probability

(Pbulk)-

Probe No. of grid points in volume of probe (gpt) Pouik 1/(gpt) —TSpmbe(max) (kcal/mol at 300K)
Acetonitrile 389 0.0025706940874 11.497
Isopropanol 515 0.00194174757282 15.329
Pyrimidine 619 0.0016155088853 22.993
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Table 4.

The change in configurational entropy when moving a cosolvent from the bulk to the protein binding site were
calculated using the top-fifty MixMD probes ranked by free energy from all seven allosteric systems. The
minimum, median and maximum —TASyqpe in this dataset was reported for each probe at 300K. The proteins

to which these values belong along with the rank of the probe according to free energy are provided in
brackets. FPPS is an abbreviation for Farnesyl Pyrophosphate Synthase.

Probe Minimum —TASpqpe (kcal/mol at Median —TASpqpe (kcal/mol at 300K)  Maximum —TAS,qp (kcal/mol at 300K)
300K)
Acetonitrile 0.42 1.56 5.18
(Abl Kinase, rank 19) (Pdk1 Kinase, rank 43) (Glucokinase, rank 32)
Isopropanol 0.42 13 6.31
(FPPS, rank 3) (Androgen Receptor, rank 38) (Glucokinase, rank 31)
Pyrimidine 0.57 2.18 10.84
(FPPS, rank 4) (Androgen Receptor, rank 32) (FPPS, rank 43)
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Table 5.

The entropic penalties (-TASprgpe in kcal/mol) of the MixMD binding sites are computed at 300K and are
presented for the top-four sites. Each probe solvent is presented for the hotspots within sites as shown in
Figure 2: acetonitrile (ACN), isopropanol (IPA), and pyrimidine (PYR). Not all probes mapped into every
hotspot (--).

Protein (PDB ID) Binding Site  Entropic Penalties (kcal/mol)

ABL(3KFA) ACN IPA PYR

1 1.47 1.58 3.12

2 2.45 291 3.72

3 0.95 1.39 1.89

4 -- 1.07 1.74

AR(2AMO)

1 1.99 2.66 4.54

2 1.36 0.97 2.65

3 1.68 2.58 3.95

4 20 2.2 412
PDK1(3RCJ)

1 34 -- 5.39

2 0.64 1.09 1.45

3 1.45 1.8 2.86

4A 0.92 0.93 1.19

4B 0.69 0.75 1.04
FPPS(4DEM)

1 13 1.85 1.73

2 20 2.66 4.58

3 2.09 -- 8.14

4 1.61 -- 5.4
CHK1(1ZYS)

1 2.01 1.76 3.61

2 2.53 4.08 3.44

3 131 111 1.87

4 1.03 1.15 1.38

Glucokinase(31DH)

1A 1.66 2.22 2.95

1B -- 171 1.72

2 1.72 1.6 2.29

3 3.74 - 6.49

4 1.87 1.67 3.99
PTP1B(2CMB)

1 1.68 1.82 2.46

2 -- 2.44 3.15

3 2.79 2.39 8.3
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Protein (PDB ID) Binding Site

Entropic Penalties (kcal/mol)

4

2.78

4.64
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