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1 ABSTRACT

Water plays an important role in mediating protein-ligand interactions. Water rearrangement

upon a ligand binding or modification can be very slow and beyond typical timescales used

in molecular dynamics (MD) simulations. Thus, inadequate sampling of slow water motions

in MD simulations often impairs the accuracy of the accuracy of ligand binding free energy

calculations. Previous studies suggest grand canonical Monte Carlo (GCMC) outperforms

normal MD simulations for water sampling, thus GCMC has been applied to help improve

the accuracy of ligand binding free energy calculations. However, in prior work we observed

protein and/or ligand motions impaired how well GCMC performs at water rehydration,

suggesting more work is needed to improve this method to handle water sampling. In
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this work, we applied GCMC in 21 protein-ligand systems to assess the performance of

GCMC for rehydrating buried water sites. While our results show that GCMC can rapidly

rehydrate all selected water sites for most systems, it fails in 5 systems. In most failed

systems, we observe protein/ligand motions, which occur in the absence of water, combine

to close water sites and block instantaneous GCMC water insertion moves. For these 5

failed systems, we both extended our GCMC simulations and tested a new technique named

grand canonical nonequilibrium candidate Monte Carlo (GCNCMC). GCNCMC combines

GCMC with the nonequilibrium candidate Monte Carlo (NCMC) sampling technique to

improve the probability of a successful water insertion/deletion. Our results show that

GCNCMC and extended GCMC can rehydrate all target water sites for three of the five

problematic systems and GCNCMC is more efficient than GCMC in 2 out of the 3 systems.

In one system, only GCNCMC can rehydrate all target water sites, while GCMC fails. Both

GCNCMC and GCMC fail in one system. This work suggests this new GCNCMC method

is promising for water rehydration especially when protein/ligand motions may block water

insertion/removal.

2 INTRODUCTION

Water plays an important role in mediating protein-ligand interactions. When estimating

water binding thermodynamics using molecular dynamics (MD) simulations, accuracy hinges

partly on adequate sampling of water motions. However, water rearrangement in a binding

site upon a ligand binding/modification can be beyond the typical timescale of MD simula-

tions (e.g., ns or µs).1,2 Thus, the accuracy of binding free energy calculations of ligands is

often limited by insufficient water sampling.3,4

Grand canonical Monte Carlo (GCMC)5–8 is a rigorous technique to accelerate water

sampling in MD simulations. In the grand canonical ensemble, the chemical potential (µ) of

water molecules, the volume and the temperature is constant while the number of particles
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can fluctuate. The water molecules can therefore be considered to be in equilibrium with an

ideal gas reservoir allowing them to be exchanged between the reservoir and the simulated

system. In practice, the reservoir does not need to be simulated. Previous studies showed

GCMC can be coupled with ligand binding free energy calculations.9–13

GCMC has shown success at enhancing water sampling during binding free energy sim-

ulations for ligand perturbations that disrupt buried water.13 In our previous study, we

compared different simulation techniques for water rehydration and we found GCMC in gen-

eral was essentially the most robust method among those tested.14 However, in our work

we also observed protein/ligand motions that affected the performance of GCMC on water

sampling. For example, when the water site is not occupied, a protein side chain may fill the

site, blocking water insertion. We showed that restraining protein/ligand atoms to maintain

the crystallographic pose was helpful to prevent the binding site from collapsing but the

helpfulness of restraints was system dependent.14 Alternatively, a longer simulation can be

performed so the protein/ligand conformation changes and no longer blocks water insertions

attempted by GCMC moves. But the required timescale for such conformational change is

normally not known in advance so such simulations can be very computationally demand-

ing. Thus, we are interested in alternative techniques that are able to handle protein/ligand

motions during water insertion/removal.

In previous work,15 we explored a water hopping method to accelerate water sampling in

MD simulations. It is a nonequilibrium candidate Monte Carlo (NCMC) based technique that

gradually turns on/off a water molecule and hops it between bulk solvent and a binding site.

The advantage of the water hopping method over GCMC is that it allows the environment

(e.g., protein, ligand) relax once a water molecule is inserted (or removed) in to (or out of)

the binding site. However, relative to GCMC simulations, each insertion or deletion move

is much slower so it may take longer for water hopping to reach convergence, except when

GCMC acceptance rates are very low or when it does not sample the relevant motions.

In our previous work,14 we compared the performance of water hopping, GCMC and
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normal MD on water rehydration. We found both water hopping and GCMC outperformed

normal MD but GCMC was more efficient than water hopping in most studied cases. In the

water hopping method, a spherical region is defined that must include both the water binding

region and some bulk solvent to provide waters for translation. This leads to a larger volume

of sampling in water hopping compared to GCMC. Besides, since bulk solvent is involved,

some moves are accepted for transferring waters between regions of bulk instead of between

bulk and a binding site. Since only one move is proposed at a time, the effort is thus wasted

for such an accepted move, lowering the efficiency of this method compared to GCMC. Even

though previous work14,16 suggests water hopping is less efficient than GCMC, we believe

inserting/removing water molecules in an NCMC fashion could be useful when protein/ligand

blocks instantaneous moves for water insertions like GCMC does. Moreover, if understanding

protein, ligand or other water motions for inserting/removing a water into/from the site is

important, instantaneous attempts like GCMC moves do not serve well in such cases. So we

are interested in exploring alternatives for water sampling especially in cases where GCMC

fails to rapidly insert/remove water due to protein/ligand motions.

Recently, Melling et al. developed a new method, grand canonical nonequilibrium candi-

date Monte Carlo (GCNCMC).16 This method gradually turns on/off a water in an NCMC

fashion and the water is exchanged between the reservoir and the region of interest (e.g.,

binding site). Thus, GCNCMC takes advantage of GCMC by avoiding sampling a large

volume as water hopping does and the advantage of NCMC by allowing the environment

to relax during water insertions/removals. We are interested in testing this new method in

cases where protein/ligand motions may affect water insertion/removal and comparing this

method to GCMC.

In this work, we focus on buried waters in protein-ligand systems. Based on the crystal

structures, these waters mediate appear to mediate protein-ligand interactions. We removed

these target water molecules prior to our simulations and tested if these hydration sites can

be rehydrated in our simulations. We first simulated 21 systems using GCMC moves during
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both the equilibration and production phases with two independent trials (more details in

Section 3.2). Then we identified systems in which, in at least one simulation trial, some of

the target water sites were not successfully rehydrated. We consider these systems to be

challenging cases for GCMC. Then we performed longer GCMC and GCNCMC production

runs for these challenging systems and assessed the performance of each simulation technique

for water rehydration. We will discuss lessons we learned from these simulations in this paper.

3 METHODS

3.1 Selected targets.

Figure 1 shows examples of the binding sites of studied systems, along with crystallo-

graphic water molecules and the relevant Protein Data Bank (PDB) IDs. The complete

list of selected systems with their PDB IDs is deposited in the SI and is also available

at https://github.com/MobleyLab/GCNCMC_GCMC. We chose from studies which either fo-

cused on using enhanced sampling for water motions to improve the accuracy of binding

free energy calculations13,17 or focused on calculating binding free energies of buried water

molecules.18 The selected protein-ligand complexes include several proteins: Protein Tyro-

sine Phosphatase 1B (PTP1B), Heat Shock Protein 90 (HSP90), Bruton’s Tyrosine Kinase

(BTK), transcription initiation factor TFIID subunit 2 (TAF1(2)), thrombin, trypsin, HIV-

1 protease, and Factor Xa (FXa). We aim to include considerable diversity and cover a

broad range of systems that differ in the binding site position or the occupancy of water

sites between congeneric ligands. We did not aim to recover all ordered water molecules

for each system. Instead, we only focused on selected buried water sites that mediate the

protein-ligand interaction.
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HIV-1 protease (PDB: 1EC0) HSP90 (PDB: 3RLP)

TAF1(2) (PDB: 5I1Q)

Site 1

Site 1 Site 2

Site 3
Site 4

Site 1
Site 2

Site 3

Site 4

Site 5

Site 1

Factor Xa (PDB: 1F0S)

Figure 1: Examples of protein-ligand systems studied in this work and their hydration
sites (red spheres) and their PDB IDs. The full set of systems studied was 21 protein-
ligand complexes spanning 10 different proteins. The full set of complexes is available at
https://github.com/MobleyLab/GCNCMC_GCMC.

3.1.1 Electron Density Calculations.

To compare modeling results with experiment, we felt it best to compare directly with ex-

perimental electron density maps rather than with the discrete waters deposited in crystal

structures, since these waters are the result of a refinement process which aims in part to

reproduce the electron density. Thus, we calculated the electron density in the same way

as described in previous work.14 We used a python script (xtraj.py, distributed in the

LUNUS open source software) for processing, analysis, and modeling of diffuse scattering19

(https://github.com/lanl/lunus). We used xtraj.py along with functions in the Com-

putational Crystallography Toolbox (CCTBX)20 and the MDTraj library for MD trajectory

analysis21 to compute the electron density from simulations. We visualized both calculated

and experimental electron density maps using Coot molecular graphics22,23 (v0.9.4). To be

consistent with our previous study,14 we used a contour level of 3 σ for calculated water

electron density maps and 1.5 σ for experimental protein/water maps across all systems. We

then visually examined overlap between the calculated and experimental electron density in

Coot to determine whether the target sites were successfully recovered in our simulations. In
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the rest of this paper, we use the averaged electron density calculated from each simulation

block to determine if the hydration site is occupied in the simulation block (more details in

Section 3.2).

3.2 GCMC/GCNCMC Simulations.

The grand package24 was used to perform GCMC and GCNCMC moves with MD sampling

using the OpenMM simulation engine (version 7.4.2).25 The simulation set-up was very

similar to our previous work using grand for GCMC simulations.14 To set up GCMC or GC-

NCMC simulations, a region of interest needs to be defined first. To do that, we selected two

atoms (e.g., Cα) on the receptor so that the midpoint between them was used as the center

of a spherical region for enhanced water sampling (see https://github.com/MobleyLab/

GCNCMC_GCMC for a detailed list of selected atoms). All target hydration sites were within

this defined spherical region and the radius of this region varied between systems and was

dependent on the binding site size of the protein target.

The AMBER ff14SB force field26 was used for protein parameterization in conjunction

with TIP3P water model.27 The ligand was parameterized using Open Force Field version

1.2.1 (codenamed “Parsley”).28,29 The Langevin BAOAB integrator30 was used with a time

step of 2 fs, and a friction constant of 1 ps−1. Long-range electrostatics were calculated using

Particle Mesh Ewald (PME)31,32 with nonbonded cutoffs of 10 Å. Each system was simulated

at the experimental temperature listed on the PDB website (https://www.rcsb.org). We

used pdbfixer 1.6 (https://github.com/openmm/pdbfixer) to add the missing heavy atoms

to the receptor. The PROPKA algorithm33,34 on PDB2PQR web server35 was used to

protonate the receptors’ residues at experimental pH values. The pKa values of ligands were

calculated using Chemicalize (ChemAxon, https://www.chemaxon.com) and then were used

to determine protonation states of ligands based on the experimental pH conditions for the

crystal structure.

There are two additional key parameters used in grand simulations that affect the accep-
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tance rate of GCMC/GCNCMC moves:24 the excess chemical potential (µ′) of bulk water

and the standard state volume of water (V◦). As suggested by prior work,14,24 the former

was calculated as the hydration free energy of water, and the latter as the average volume

per water molecule. The details of these calculations can be found in prior work24 and the

calculated results at different temperatures are listed in Table S1.

For GCNCMC simulations, we need to determine the switching time for the nonequi-

librium switching process to turn on/off the target water interactions. This parameter can

affect the acceptance rate and thus is important to the efficiency of this method. If the

switching time is too short, the acceptance rate can be low. However, if the switching time

is too long, the computational cost of this method also increases. Ideally, we can find the

point at which further doubling of the switching time no longer results in doubled acceptance

rate.

However, this ideal switching time is system dependent and is not known in advance. So

we decided to run test simulations with multiple switching times and find the ideal switching

time based on the acceptance rate. We first tested in bulk water simulations with a series

of switching times (0.2, 0.4, 0.8, 1.6, 3.2, ..., 102.4 ps). We doubled the switching time

and checked if the acceptance rate was also doubled. When the acceptance rate no longer

at least doubled with the doubled switching time, we took the last tested switching time

before this one to be ideal. We used the same simulation set-up and input files as used in

this work16 (available at https://github.com/essex-lab/gcncmc-paper). We then tested

a series of switching times (3.2, 6.4, 12.8, 25.6 ps) on selected protein-ligand systems (one

system for each protein target). The simulation set-up was described below. All of these test

simulations were performed with 2 replicates. We will discuss our results from these tests in

Section 4.

In our previous work,14 we used the number of force evaluations to compare the efficiency

between different techniques. In this work we keep the total number of force evaluations in

the production phase the same for GCMC and GCNCMC simulations which provides us
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an opportunity to compare the efficiency between these two methods. The total simulation

timescale (in nanoseconds) differs between these two methods (see below) because of the

extra NCMC switching process in GCNCMC simulations which is not needed in GCMC

simulations.

As mentioned, we are interested in testing if GCNCMC simulations can serve better than

GCMC in systems where protein/ligand motions affect GCMC performance. To identify

such systems, we applied GCMC moves during the equilibration phase and performed a

short production run with GCMC/MD simulations (details below). For those systems where

all target water sites were rehydrated after these simulations, we did not run further GCMC

or GCNCMC simulations, as GCMC sampling was apparently adequate. However, when

any of the target sites were not successfully rehydrated in at least one simulation trial (of

two trials in total) we performed both GCNCMC and longer GCMC simulations to check if

these techniques can rehydrate all the target sites on longer simulation timescales.

We also checked GCNCMC success during production simulations by performing two

GCNCMC simulation trials on systems in which GCMC simulations successfully rehydrate

all target sites to verify that GCNCMC simulations could also achieve success.

For simulation set up, we first removed all ordered water molecules prior to simulations.

Then the systems were minimized until forces were below a tolerance of 10 kJ/mol using

the L-BFGS optimization algorithm36 implemented in OpenMM. Then we performed the

equilibration process as following: We first started the simulations by performing 10000

GCMC moves. Then we did 100 iterations in which each iteration consists of 5 MD steps

followed by 1000 GCMC moves. Then we performed 500 ps NPT simulation to equilibrate

the system volume. In the final stage, we performed 100k GCMC moves over 500 ps MD

simulations. After equilibration, we performed production GCMC run which involved 2.5 ns

of GCMC/MD (50 GCMC moves carried out every 1 ps of MD).

For systems where any target sites were not successfully rehydrated in at least one sim-

ulation trial, we performed GCNCMC and GCMC simulations with an extended length (in
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the rest of this manuscript, we refer to them as ”longer GCMC simulations”). We performed

two replicates for both GCNCMC and longer GCMC simulations and each replicate started

from the same structure for GCMC and GCNCMC. The two starting structures though were

different since they were equilibrated independently (see above). Due to the walltime limit

of our cluster, we divided our simulation into multiple blocks. Each simulation block was

continued from the last point of the previous block. For GCMC simulations, the production

run involved 2.5 ns of GCMC/MD (50 GCMC moves carried out every 1 ps of MD) for each

single simulation block (1.4 million force evaluations) and the simulation was extended to 25

ns (10 blocks, ∼ 14 million force evaluations) in total. These simulation block lengths were

selected in consideration of our cluster’s wallclock time limit. For GCNCMC simulations, the

production run involved 0.5 ns of GCNCMC/MD (1 GCNCMC move carried out every 1 ps

of MD) for each single simulation block and we used an NCMC switching time of 8 ps (more

details in Section 4) for each GCNCMC move (2.25 million force evaluations). We extended

GCNCMC simulations to 3 ns (6 blocks, ∼ 14 million force evaluations) eventually. The

total number of force evaluations was the same for both GCMC and GCNCMC simulations.

4 RESULTS

4.1 NCMC switching time determination.

We first needed to determine the NCMC switching time to be used in GCNCMC simulations.

This parameter affects both the acceptance rate and efficiency of this method. An ideal

switching time is beyond which the increased switching time is no longer compensated for

by the increase in acceptance rate. This value is not known in advance and requires tests,

ideally for each simulated system. In practice, one can run GCNCMC simulations with

different switching times and identify this parameter. However, this can be very expensive

and not feasible when simulating a large number of systems as we did in this work. But we

still wanted to test how this protocol works in practice for different protein-ligand systems
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because it has not been well explored yet.

We started with a simple system and did this test in bulk water simulations and used a

series of switching time: 0.2, 0.4, 0.8, 1.6, ..., 102.4 ps, where each switching time doubles the

last one. We checked the ratio between acceptance rates for adjacent switching times and

found beyond a switching time of 3.2 ps, a doubled switching time did not return a doubled

acceptance rate (Figure S1). Thus, we identified 3.2 ps as an ideal NCMC switching time

for GCNCMC simulations of bulk water.

We were not able to perform this test for all 21 protein-ligand system because the to-

tal computational cost would have been prohibitive. Instead, we did the test on selected

protein-ligand systems. We picked one system for each protein target and used four different

switching times (3.2, 6.4, 12.8, 25.6 ps). We started with the switching time of 3.2 ps based

on our results in bulk water simulations. Since water insertions/deletions might be more

challenging in protein-ligand systems than bulk water so a longer switching time could be

necessary. So we doubled the switching time to get another three longer switching times

(6.4, 12.8, 25.6 ps), which we then tested.

We performed our tests with two replicates for each system. We checked the averaged

acceptance rates for each tested switching time (Figure S2). Unlike our results from bulk

water simulations, we obtained very noisy acceptance rates from replicates for each studied

system. For some systems (e.g., HSP90, PTP1B) the acceptance rate was zero or close to zero

for all tested switching times. For other systems, we did not observe a clear trend to help us

identify an ideal switching time for each system as we did in bulk water simulations (Figure

S1). The acceptance rate varied significantly between replicates and systems. This is due

to the extra complexity in protein-ligand simulations compared to bulk water simulations.

In bulk solvent simulations, water can be inserted/deleted anywhere in the box with a

reasonable chance of acceptance, given enough relaxation. However, water can only bind to

a few locations in the protein binding site and the chance of a water insertion move being

accepted is sensitive to the protein/ligand motions. Because of that, the acceptance rate
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could vary between simulation trials and is highly system dependent. Of course, with very

long simulations, acceptance rates would be converge, but the computational cost of doing

so would be prohibitively high.

We decided to use a uniform switching time (8 ps) for all GCNCMC simulations of

protein-ligand systems. This switching time falls into the time range (7-9 ps) recommended

by the author of the GCNCMC method16 for protein-ligand systems. Given the literature

precedent, this seemed to be a reasonable choice, though future work could generate system-

specific switching times if more computational resources are available. Our results show that

GCNCMC simulations using the selected switching time successfully rehydrated all target

water sites in most systems we studied, suggesting the switching time we used is reasonable.

4.1.1 Case studies

We simulated 21 systems in total and examined the rehydration of target water sites by com-

paring the calculated electron density from GCMC simulations to the experimental density.

Among all 21 studied systems, we found our initial GCMC simulations successfully rehy-

drated all target sites in 16 systems. As we described in Section 3.2, we also performed short

GCNCMC simulations on these 16 systems and confirmed all target sites were successfully

rehydrated with GCNCMC as well. The results (electron density maps) for both GCMC and

GCNCMC simulations are available at https://github.com/MobleyLab/GCNCMC_GCMC.

We observed 5 systems (PDB: 1F0S, 1EC0, 1EC1, 5I1Q, 3RLP) where at least one GCMC

simulation trial failed to rehydrate at least one of the target water sites in the initial short

GCMC simulations (2.5 ns, 1.4 million force evaluations). We were interested in testing

whether GCNCMC and longer GCMC simulations could rehydrate all target sites in these

systems. In these simulations, both GCMC and GCNCMC simulations for each trial used

the same initial structure. In the following sections, we will discuss lessons we learned from

GCNCMC and GCMC simulations of the 5 challenging systems, which are our main focus

here.
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HIV1-protease (PDB: 1EC1) In this HIV-1 protease system (PDB: 1EC1), there is

only one target water site. This site was not rehydrated in either trial of the initial GCMC

simulations (see Section 3.2). In longer GCMC simulations (25 ns, 14 million force evalua-

tions, 1250000 GCMC moves in total), we still did not see any successful water insertions to

this target site either simulation trials.

In one GCNCMC replicate, the water site was refilled after the first simulation block (0.5

ns, 2.25 million force evaluations, 500 GCNCMC moves in total) (Figure 2). The calculated

electron density map overlaps well with the experimental map (simulation block 2-6 in Figure

2). In another GCNCMC simulation trial, though, we did not observe any successful water

insertions.

Simulation block 1 Simulation block 2 Simulation block 3

Simulation block 4 Simulation block 5 Simulation block 6

Site 1

Site 1

Figure 2: Our GCNCMC simulation rehydrated the target water site in a HIV-1 protease
system (PDB: 1EC1) whereas our GCMC simulations failed to do so. The electron density
maps calculated from simulations are shown in blue and the experimental maps are shown
in white.
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Based on the crystal structure, this target water molecule is stabilized by multiple hy-

drogen bonds with protein/ligand atoms (Figure S3). ILE50 is located on a loop near the

binding site and the amide hydrogen atoms on ILE50 and two oxygen atoms on the ligand

are important hydrogen bond donors and acceptors for this water molecule. Our hypothesis

is failure to form these hydrogen bonds, such as due to binding site rearrangements that leave

the environment unfavorable for forming these bounds, affects the opportunity to insert the

water to this site.

To look for this effect, we took a snapshot from GCNCMC simulations where this site

was successfully rehydrated. When we compare it to the crystal structure we found the loop

we mentioned above is in a similar position as the crystallographic binding mode (Figure S4).

However, in a snapshot taken from GCMC simulations where water insertions all failed, the

loop is closer to the binding site than it is in the crystallographic binding mode (Figure S4),

suggesting the binding site partially collapses. After this collapse, water insertion is more

difficult because of the limited space in the binding site. Moreover, the amide hydrogen is

not in the position to form the key hydrogen bond with the water to help stabilize this water

after being inserted. Then the opportunity to have an insertion move accepted ought to be

low.

It seems likely that binding site collapse will be a common outcome in some binding sites,

since maintaining empty cavities near binding sites can often be highly unfavorable. Here

removing the ordered water from the binding site prior to simulations creates a cavity, and

apparently this is unfavorable, so the protein responds by moving the loop.

We calculated the distance between ILE50(N) and ALA28(Cα) (Figure S5) over the

course of the GCNCMC simulations. We wanted to confirm that before water can be suc-

cessfully inserted, it is necessary to have this loop move back to its original position as in

the crystal structure. We used ALA28 as an anchor to compute this distance because this

ALA28 was stable in simulations and did not change its conformation when we compared

these snapshots. This protein has two identical chains and is a functional dimer so we

14



monitored this distance change for ILE50(N) and ALA28(Cα) on both chains. A distance

decrease indicates the loop moves closer to the binding site. When the loop is closer, it is

unlikely for water insertion moves to be accepted.

In Figure 3, we can see the distance between ILE50 and ALA28 in one chain (Figure

3A) is not changing much and centers around the reference distance in the crystal structure

(orange line). However, in the other chain (Figure 3B), the distance is below the reference

distance indicating this loop is closer to the binding site earlier in the simulation compared

to the crystallographic pose. But later (after 0.5 ns, during the second simulation block), the

distance increases sharply and gets above the reference distance followed by a successful water

insertion in the NCMC simulation. The reference distance is 0.975 nm and the distance in

the frame before and after the successful water insertion are 0.937 and 1.015 nm, respectively.

In the NCMC portion of this successful water insertion (Figure 3C), the distance gradually

increases as the water is gradually inserted. This represents a motion which the loop is first

close to the binding site and filling the cavity. Then during the NCMC portion the water

is slowly inserted to this site and the loop is pushed out of the site, making room for this

water. Once this loop is back to its original position, the inserted water is further stabilized

by the hydrogen bond formed between the amide hydrogen on ILE50 and the inserted water.

We do not observe such motions in GCMC simulations as GCMC does not allow the protein

to relax upon water insertion.

In another GCNCMC simulation trial and both GCMC simulation trials, this loop is close

to the binding site. No water insertion attempts succeed in pushing the loop back to the

original position. Not surprisingly, all of these simulations failed to insert a water molecule

to the target site. We believe the alternate loop conformation is critical for successful water

insertions. Thus, to improve the opportunity to rehydrate this site, it is important to apply

methods that can handle this protein backbone motion. Based on our results, GCNCMC

outperforms GCMC and is an ideal method in this case.

Another way to handle this protein motion is to apply position restraints to maintain
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Figure 3: A key loop in the HIV-1 protease system (PDB: 1EC1) must move back to its
original position, as in the crystal structure, before a water can be successfully inserted. (A)-
(B) The distance between ILE50(N) and ALA28(Cα) on chain A and B during GCNCMC
simulations. (C) The distance change between ILE50(N) and ALA28(Cα) on chain B during
the NCMC simulation in which the water was slowly inserted. The orange line shows the
distance between the two atoms in the crystal structure. The red arrow in (B) shows where
the successful water insertion happened.

the protein to its crystallographic binding mode even when the target site is not occupied,

allowing any protein motions to be treated in a separate stage of the calculations as needed.

We have used such restraints in GCMC simulations in our previous work14 and found it

helped water insertion in some studied systems. We applied position restraints of 10 kcal

mol−1 Å−2 on the heavy atoms of the protein and ligand to maintain the crystallographic

pose in GCMC simulations. The simulation protocol is the same as what we described in

Section 3.2. We performed two simulation trials and each has ten simulation blocks (25 ns

in total for each trial). Figure S6 shows that GCMC successfully rehydrated the target site

when used with position restraints on the protein and ligand heavy atoms. This confirms

that water inserts more effectively when the protein binding site remains open, as in the

crystal structure.

We did not perform GCNCMC simulations with restraints on protein and/or ligand atoms

because the point of inserting water molecules in an NCMC fashion is that the environment

is allowed to relax upon the attempt. Restraining the protein would reduce the amount

of relaxation which could occur during NCMC moves, potentially making instantaneous

moves in GCMC more efficient than GCNCMC. Because of this, in this work, we only
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tested applying restraints on the protein and ligand atoms in GCMC simulations but not in

GCNCMC simulations.

HIV-1 protease (PDB: 1EC0) For another HIV-1 protease system (PDB: 1EC0), GCMC

and GCNCMC simulations both failed to rehydrate the target water site (Figure 1). Based

on what we learned from another HIV-1 protease system (discussed above), we speculate

the loop motion is the reason for these failures. To confirm that, we calculated the distance

between ILE50(N) and ALA28(Cα) in both GCMC and GCNCMC simulations to check if

the binding site was partially collapsed when the water site was not occupied.

The calculated distance (Figure S7) shows that when the target water site is not occupied,

the loop is closer to the binding site compared to the crystallographic pose in both GCNCMC

and GCMC simulations (orange line in Figure S7). This is similar to what we observed in

the HIV-1 protease system (PDB: 1EC1) discussed above.

For a period of simulation time in Trial 1 of GCNCMC simulations (Figure S7A), the

calculated distance is slightly above the reference distance measured in the crystal structure

(orange line). However, we did not observe any successful water insertions in this simulation

segment.

We also tested applying position restraints on heavy atoms of the protein and ligand in

GCMC simulations similar to what we did in another HIV-1 protease system (PDB: 1EC1).

The calculated electron densities overlap well with the experimental densities (Figure S8)

confirming the successful rehydration of this target site in simulations. In simulation block

3 of Trial 1 (Figure S8A), the target water was removed and then re-inserted in simulation

block 4, indicating that simulations allowed reversible water insertion/removal for this target

site.

HSP90 (PDB: 3RLP) In this HSP90 system, there are 4 target water sites (Figure 1). In

our previous work,14 we also studied this system and found Site 1 was more challenging than

other sites for rehydration. Here, all four target sites were successfully rehydrated in one trial
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of the initial GCMC simulations (Section 3.2). In another trial, Site 1 was not rehydrated.

So we performed GCNCMC and longer GCMC simulations using the equilibrated structure

from Trial 2 as the starting structure. In GCNCMC simulations, Site 1 was only recovered

in one simulation block but was unoccupied in other simulation blocks (Figure 4B).

Figure 4: Each of the target water sites in a HSP90 system (PDB: 3RLP) was recovered in at
least one simulation block of GCNCMC simulations. The electron density maps calculated
from simulations are shown in blue and the experimental maps are shown in white.

We removed all ordered waters in the starting structure prior to simulations. This removal

of water from Site 1 creates a cavity. Consequently, the ASN42 side chain changes its

orientation to fill the cavity during simulations (Figure 5B). Even though Site 1 is not

completely occupied by this side chain, it becomes more challenging to insert a water molecule

in to this site.

In GCNCMC simulations, after the water is successfully inserted in Site 1, the side chain

of ASN42 rotates closer to the crystallographic pose orientation (Figure 5A, around 2 ns).

But the ASN42 side chain is still not in the same orientation as the crystallographic binding

mode (Figure S9). So the inserted water in Site 1 is close to but not exactly in the same

position as when it is in Site 1 in the crystal structure. The resulting water network in the

binding site (Site 1-4) is thus slightly different from that in the crystal structure (Figure

4). As we discussed in the previous work,14 those discrete waters deposited in the crystal
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structure are based on interpretations of the underlying data. These interpretations may

introduce the potential for human bias and/or errors.37–39 Additionally, water occupancies

are typically deposited as 100% to avoid overfitting during the refinement of the crystal

structure. Thus, we still considered our simulations successfully recovered these target sites

in this HSP90 system since a reasonable overlap was obtained between the simulated and

crystallographic water pattern.
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Figure 5: ASN42 rotamer sampling and representative snapshots for GCNCMC simulations
of a HSP90 system (PDB: 3RLP). When Site 1 is not occupied, the ASN42 side chain is
in a different orientation from the crystal structure. (A) Calculated χ1 angle of ASN42 as
a function of GCNCMC simulation time (ns) for GCNCMC simulations. The orange line
shows the angle calculated from the crystal structure. (B) The crystallographic binding
mode (blue) and a simulated snapshot (tan) from GCNCMC simulations in which inserting
a water to Site 1 (red blob) was challenging.

Our GCMC simulation results show that all target sites are rehydrated within the first

simulation block (Figure 6). Similar to what we observed in GCNCMC simulations, ASN42

side chain is in a different orientation from the crystal structure (Figure S10A) and partially

occupies Site 1 when this site is empty. After water is inserted in this site, the side chain of

ASN42 moves back to the same position as in the crystal structure (Figure S10B).

HSP90 (PDB: 3RLQ) There are three target sites in this HSP90 system (PDB: 3RLQ,

Figure S11). We did not observe any protein/ligand motions that affected water insertion.

But in both GCMC and GCNCMC simulations, only Site 2 and 3 were successfully rehy-

drated, while Site 1 was not recovered (Figure S12 and S13).

We studied this system in our previous work14 in which we tested several different en-
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Site 1
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Figure 6: All target water sites in a HSP90 system (PDB: 3RLP) were successfully recovered
in the first simulation block of GCMC simulation. The electron density maps calculated
from simulations are shown in blue and the experimental maps are shown in white.

hanced sampling techniques (but did not compute water binding free energies). In this work

we used the same force field as that used in our previous work. None of our simulations could

rehydrate Site 1, neither here nor in the prior study. We also ran MD simulations begun

from initial structures which retained all ordered water molecules. In these simulations, the

water in Site 1 escaped quickly, suggesting this site was unfavorable.

As noted previously,14 the experimental electron density for water in Site 1 is weaker than

that in Site 2 and 3. Experimental refinement of the second (otherwise equivalent) protein

chain in the crystal structure deposited no waters in Site 1, further supporting the idea that

this site might not be well occupied. Indeed, had we chosen to compare our simulations with

the second chain in the crystal structure, we would have concluded that Site 1 ought not to

be occupied.

In the present work, our focus is not on computing water occupancies but rather on assess-

ing effectiveness of water insertion. Still, in terms of occupancy, our simulations (and those

from our previous work14) return consistent results, further confirming Site 1 is not favorable

with the present force field. Further work is needed to determine whether the apparent dif-

ference from the crystal structure is due to limitations of the force field used for simulations,

or problems with refinement or interpretation of the experimental crystallographic data.
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FXa (PDB: 1F0S) There is only one target site in this FXa system (Figure 1). We

did not observe any sampling issues in our simulations that affected water insertion. Both

GCNCMC and GCMC simulations can rehydrate this target site but the occupancy of this

site is generally low in our simulations. As shown in Figure S14 and S15, we only observed

calculated electron density in the target site in a few simulation blocks (GCMC: block 3 and

6 in Trial 1, block 7 in Trial 2; GCNCMC: block 1-3 and 6 in Trial 1). These results seem

to indicate that our chosen energy model predicts a low (but perhaps not negligible) water

occupancy for this site.

A previous study18 reported a positive binding free energy of this water molecule in

this system, suggesting a lower than 50% occupancy of this site. The experimental electron

density is also weak for this water site compared to other deposited water molecules in the

crystal structure, suggesting the probability of observing a water molecule in this site ought

to be low.

TAF1 (PDB: 5I1Q) There are five target sites in this TAF1 system (Figure 1). GC-

NCMC simulations successfully rehydrated all five target sites in both trials (Figure S16)

whereas GCMC only worked in one trial (Figure 7).

Our system preparation created a cavity in the target site by removing ordered water

molecules prior to simulations. In GCMC simulations (Trial 2) the ligand moved in to and

occupied the space of Site 1 and 2, blocking water insertions in to the two sites (Figure 8).

The target sites (Site 1 and 2) were not rehydrated before the ligand filled the cavity, and

ligand rearrangement then made it very difficult to insert water molecules to these sites. We

did not observe this ligand motion in GCNCMC simulations because all water sites were

successfully rehydrated quickly in simulations, prior to the ligand moving to fill the cavities.

We were interested in testing whether GCMC and GCNCMC could insert water in to

Site 1 and 2 even in cases where the ligand might initially block those sites (Figure 8).

So we performed both GCMC and GCNCMC simulations with the sites initially blocked,
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Figure 7: GCMC simulations successfully rehydrated all five target sites in a TAF1 system
(PDB: 5I1Q) in Trial 1 (A) but failed to do so for Site 1 and 2 in Trial 2 (B). The electron
density maps calculated from simulations are shown in blue and the experimental maps are
shown in white.

using the starting structure shown in Figure 8 (yellow). We performed two trials for each

simulation technique, with each trial including 14 simulation blocks in total (GCMC: 35 ns

in total, 19 million force evaluations; GCNCMC: 7 ns in total, 32 million force evaluations).

However, neither method could rehydrate either site (Figure S17, S18) when the ligand

already occupied both sites. It is possible that there are other slow rearrangements in the

system which need to occur to allow the ligand to move back to the crystallographic pose,

but if these are present our analysis has not revealed them.
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Site 5

Figure 8: Ligand motion blocks insertion of water molecules in the target site (Site 1 and
2) of a TAF1(2) system (PDB: 5I1Q). The extracted snapshot from GCMC simulations is
shown in yellow and the crystal structure is shown in tan. Motion of the alkyl tail on the
yellow structure brings it close to Sites 1 and 2, blocking water insertion in to those sites.

5 DISCUSSION

In this work, we performed GCMC simulations of water rehydration for selected sites in 21

different systems across 10 protein targets. Our results show that GCMC is able to rehydrate

all target sites after equilibration phases with GCMC moves and a short production run (2.5

ns, 1.4 million force evaluations) for most studied systems (16 out of 21 systems). These

results, along with our previous work,14 suggest GCMC is a relatively robust approach

for simulating water rehydration. However, for 5 studied systems, in at least one trial of

the initial short GCMC simulations, some of the target water sites were not successfully

rehydrated.

We also tested a newly developed method, GCNCMC, which combines NCMC and

GCMC techniques so that water insertion/removal is performed in an NCMC fashion instead

of instantaneous attempts as in GCMC. For each attempt, GCNCMC is more expensive than

GCMC but the environment (e.g., protein, ligand, water) is allowed to relax upon the water

insertion/removal which was expected to improve the acceptance rate and perhaps allow
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some types of insertions which could be very rare with GCMC alone.

To test whether GCNCMC provides benefits that GCMC does not, we revisited the five

systems which initial short GCMC simulations had failed to rehydrate. We then performed

GCNCMC and longer GCMC simulations on these systems. Our results show that GCNCMC

can rehydrate water sites in both a HIV-1 protease system (PDB: 1EC1) and a HSP90 system

(PDB: 3RLP) even when protein motions in the binding site are observed (e.g., binding site

collapse).

However, GCNCMC did not always work when protein/ligand motions were observed that

blocked water insertion in simulations. For example, in simulations of the HIV-1 protease

system (PDB: 1EC0), neither GCNCMC simulation trial could rehydrate the water site when

the binding site was slightly collapsed. In simulation of the TAF1 system (PDB: 5I1Q), when

the ligand occupied the target water sites, GCNCMC failed to rehydrate those sites.

In simulations of a HSP90 system (PDB: 3RLP), both GCMC and GCNCMC can rehy-

drate the target water site even though a protein side chain blocks water insertion to the site.

GCMC successfully rehydrated all target sites more rapidly than GCNCMC simulations. We

found the protein side chain rotated and left the target site before a water was inserted in

both GCMC and GCNCMC simulations. Potentially GCMC could rehydrated the site more

rapidly than GCNCMC simply because the sidechain rearrangement happened earlier in the

GCMC simulations than in the GCNCMC simulations due to statistical fluctuations.

Our results suggest this newly developed GCNCMC method is a better choice to handle

protein/ligand motions for water rehydration. However, compared to GCMC, GCNCMC

has an additional parameter, the NCMC switching time, which needs to be determined in

advance. This parameter affects the efficiency of this method. More work is needed to develop

a protocol for determining an efficient NCMC switching time in GCNCMC simulations for

protein-ligand systems. Our results show that it is straightforward to determine such a value

in bulk water simulations. However, when we tried to use the same protocol to determine

an efficient switching time for simulations of protein-ligand systems, our results were very
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noisy. Currently, the best approach for choosing a switching time seems to be to rely on

prior work which tested several switching times and chose one for efficiency.

Based on what we learned from this work and our previous studies, we have following

suggestions on water sampling in MD simulations. For cases where water site locations are

known but they are challenging to adequately sample with normal MD (e.g., in relative bind-

ing free energy calculations, morphing from one ligand to another displaces water molecules

and such rearrangement is slow), GCMC provides a fairly general and robust approach to

recover those water sites. If the crystal structure is available, using position restraints on

protein and ligand heavy atoms to maintain the crystallographic pose is helpful for water

insertion in most systems we studied. In cases where GCMC performance is affected due to

protein/ligand motions or it is important to understand concerted motions related to water

insertion/removal, GCNCMC can be useful. In cases where it is unclear about the water site

locations, we suggest using both GCMC and GCNCMC along with other available methods

to provide multiple predictions and to cross validate the results for a better confidence in

the predicted water locations and occupancies. In cases where diverse methods agree about

water locations and occupancies, it likely means results are converged and the results are

clear; in cases where there are discrepancies, results indicate sampling problems or other

issues that require further investigation.

6 CONCLUSION

In this work we assess GCMC and GCNCMC performance in water sampling using 21

protein-ligand complexes. Our results suggest GCMC is in general relatively robust but

can be adversely affected by protein/ligand motions. In such cases, GCNCMC can be more

useful, as it overcomes some of the limitations of GCMC. We found that GCNCMC provides

substantial but system dependent benefits. We hope this work can be useful for future

developments of techniques for handling water motions sampling in simulations.
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Table S1: The excess chemical potential and standard state volume of water used in grand
simulations at different temperatures for different systems.

Temperature (K) Excess chemical potential (kcal/mol) Standard state volume (Å3) Systems and PDB IDs
278 -6.34 29.823 PTP1B (2QBS)

HSP90 (2XAB, 2XJG)
Thrombin (2ZFF)

BTK (4ZLZ)
TAF1(2) (5I1Q, 5I29)

HIV-1 protease (1EC1, 1EC0, 1EBW, 1EBY)
286 -6.19 30.035 HSP90 (3RLP, 3RLQ, 3RLR)
298 -6.09 30.345 Trypsin (1C5T, 1GI1, 1F0U, 1O2J)

FXa (1EZQ, 1LPG, 1LPZ, 1F0S)
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Figure S1: Acceptance rates as a function of different NCMC switching time in bulk water
simulations show that beyond a switching time of 3.2 ps, doubling the switching time does
not return a doubled acceptance rate. The x-axis is shown in a (A) linear scale (B) log
scale. The error bar error bar was calculated using the standard deviation value from two
simulation replicates.

32



NCMC switching time (ps)

Ac
ce

pt
an

ce
 ra

te
 (%

)

Figure S2: Acceptance rates as a function of different NCMC switching time in protein-ligand
complex simulations are very noisy and show no clear trends to identify an optimal switching
time. Different color are results from simulations of different protein target systems: HSP90
(blue, PDB: 2XAB), HIV-1 protease (green, PDB: 1HPX), trypsin (red, PDB: 1AZ8), FXa
(magenta, PDB: 1EZQ), thrombin (black, PDB: 2ZFF), BTK (tan, PDB: 4ZLZ), PTP1B
(cyan, PDB:2QBS), TAF1 (gold, PDB: 5I1Q). The error bar error bar was calculated using
the standard deviation value from two simulation replicates.

Figure S3: Hydrogen bonds between the target water molecule and the protein/ligand atoms
stabilize the water molecule in the binding site of a HIV-1 system (PDB: 1EC1).
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Crystal structure
Snapshot (success)
Snapshot (failure)

Figure S4: In simulations of a HIV-1 system (PDB: 1EC1) where the water insertion failed,
we found the ILE50 backbone on the loop is closer to the binding site than that in the crystal
structure and simulation snapshot taken from GCNCMC simulations where water can be
inserted.

ILE 50 (N)

ALA 28 (Cα)

Figure S5: We monitored the distance between ILE50(N) and ALA28(Cα) to check if the
loop moved closer to the binding site during simulations of a HIV-1 system (PDB: 1EC1).

34



Figure S6: The target water site in a HIV-1 protease system (PDB: 1EC1) is successfully
rehydrated in both replicates (panel A and B) of GCMC simulations where the protein and
ligand heavy atoms are restrained to the crystallographic pose. The electron density maps
calculated from simulations are shown in blue and the experimental maps are shown in white.
Each simulation block is continued from the previous one.
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Figure S7: The loop backbone of the HIV-1 protease (PDB: 1EC0) moves closer to the
binding site when the target hydration site is not occupied. The distance change between
ILE50(N) and ALA28(Cα) during (A-B) GCNCMC simulations and (C-D) GCMC simula-
tions. The orange line shows the distance between the two atoms in the crystal structure.
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Figure S8: The target water site in a HIV-1 protease system (PDB: 1EC0) is successfully
rehydrated in both replicates (panel A and B) of GCMC simulations where the protein and
ligand heavy atoms are restrained to the crystallographic pose. The electron density maps
calculated from simulations are shown in blue and the experimental maps are shown in white.
Each simulation block is continued from the previous one.
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Site 1

Crystal structure
Simulation snapshot

Figure S9: A comparison between a simulation snapshot extracted from GCNCMC simula-
tions (block 5 from Trial 2 in Figure 4B) and the crystal structure of a HSP90 system (PDB:
3RLP). The inserted water molecule is close to Site 1 in the crystal structure (magenta blob).
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Figure S10: ASN42 rotamer data for GCMC simulations of a HSP90 system (PDB: 3RLP).
(A) Calculated χ1 angle of ASN42 as a function of GCMC simulation time (ns). The orange
line shows the angle calculated from the crystal structure. (B) Calculated χ1 angle of ASN42
as a function of GCMC simulation time (ns) for simulation block 1.

Site 1

Site 2

Site 3

Figure S11: The target water site in a HSP90 system (PDB: 3RLQ).
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Figure S12: Only two target water sites in a HSP90 system (PDB: 3RLQ) were successfully
recovered in both GCMC simulation trials (A-B). The electron density maps calculated from
simulations are shown in blue and the experimental maps are shown in white.

38



Figure S13: Only two target water sites in a HSP90 system (PDB: 3RLQ) were successfully
recovered in both GCNCMC simulation trials (A-B). The electron density maps calculated
from simulations are shown in blue and the experimental maps are shown in white.
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Figure S14: The target water site in a FXa system (PDB: 1F0S) is not occupied in most
GCMC simulation blocks. (A-B) The electron density maps calculated from GCMC simu-
lations (two trials) are shown in blue and the experimental maps are shown in white. Each
simulation block is continued from the previous one.
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Figure S15: The target water site in a FXa system (PDB: 1F0S) is not occupied in most
GCNCMC simulation blocks. (A-B) The electron density maps calculated from GCMC
simulations (two trials) are shown in blue and the experimental maps are shown in white.
Each simulation block is continued from the previous one.
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Figure S16: All five target sites in a TAF1 system (PDB: 5I1Q) were successfully rehydrated
in both GCNCMC simulation trials (A-B). The electron density maps calculated from sim-
ulations are shown in blue and the experimental maps are shown in white.
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Figure S17: (A-B) Both GCMC simulation trials using the starting structure as shown in
Figure 8 (yellow) failed to rehydrate Site 1 and 2 of a TAF1 system (PDB: 5I1Q). The
electron density maps calculated from simulations are shown in blue and the experimental
maps are shown in white.

Figure S18: (A-B) Both GCNCMC simulation trials using the starting structure as shown
in Figure 8 (yellow) failed to rehydrate Site 1 and 2 of a TAF1 system (PDB: 5I1Q). The
electron density maps calculated from simulations are shown in blue and the experimental
maps are shown in white.
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