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Abstract
We calculate the absolute binding free energies of tetra-methylated octa-acids host–guest systems as a part of the SAMPL6 
blind challenge (receipt ID vq30p). We employed two different free energy simulation methods, i.e., the umbrella sampling 
(US) and double decoupling method (DDM). The US method was used with the weighted histogram analysis method 
(WHAM) (US-WHAM scheme). In the DDM scheme, Hamiltonian replica-exchange method (HREM) was combined with 
the Bennett acceptance ratio (BAR) (HREM-BAR scheme). We obtained initial binding poses via molecular docking using 
GalaxyDock-HG program, which is developed for the SAMPL challenge. The root mean square deviation (RMSD) and the 
mean absolute deviations (MAD) using US-WHAM scheme were 1.33 and 1.02 kcal/mol, respectively. The MAD was the 
top among all submissions, however the correlation with respect to experiment was unexceptional. While the RMSD and 
MAD via HREM-BAR scheme were greater than US-WHAM scheme, (i.e., 2.09 and 1.76 kcal/mol), their correlations were 
slightly better than US-WHAM. The correlation between the two methods was high. Further discussion on the DDM method 
can be found in a companion paper by Han et al. (receipt ID 3z83m) in the same issue.

Keywords Binding free energy calculation · Umbrella sampling · Weighted histogram analysis · Double decoupling · 
Hamiltonian replica-exchange · Bennett acceptance ratio

Introduction

The ability to predict binding affinities of protein–ligand 
has been a longstanding goal of computational chemists and 
biologists. An accurate prediction can accelerate the chal-
lenging process of designing and optimizing a new drug 
candidate [1, 2]. For example, binding affinity prediction 
based on molecular simulations are used to virtual screening, 
evaluating target toxicity and potential side-effects of leads 
or drug candidates.

Host–guest systems are useful model for validating compu-
tational methods for predicting protein–ligand binding affinities. 
It significantly reduces the complexity and cost of computa-
tions. Host molecules used in SAMPL challenges are smaller (a 

few hundred atoms) than proteins but retaining cavities or clefts 
which are large enough to bind to drug-like small molecules. As 
host molecules are more rigid and have fewer degrees of free-
dom than proteins, random error due to uncertainty in sampling 
can be dramatically reduced. In fact, host–guest systems have 
attracted great attention in pharmaceutical sciences, biology, 
chemistry, and nanotechnology, enabling “bottom-up” approach 
for understanding intricate protein–ligand interactions.

Host–guest systems have been included in the Statistical 
Assessment of the Modeling of Proteins and Ligands (SAMPL) 
blind challenge [3–11] since SAMPL3 in 2011. Octa-acids (OA) 
[12] and tetra-methylated octa-acids (TEMOA) [13], which are 
previously known as OAH and OAMe, respectively, have also 
been introduced in the SAMPL4 [13, 14] and the SAMPL5 
[15] challenges. Both molecules were developed by Gibb and 
co-workers. The two hosts are identical except that TEMOA 
has for additional methyl groups, which alter the shape and 
depth of the hydrophobic cavity. The two hosts are completely 
identical except that TEMOA has for additional methyl groups, 
which alter the depth of the hydrophobic cavity, while OA has 
hydrogen atoms at the parts. For the sixth edition of the SAMPL 
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(SAMPL6), Gibb and co-workers provided the binding free 
energy values, measured by ITC, for eight guests interacting 
with OA and TEMOA. The measurements were performed in 
10 mM sodium phosphate buffer at pH 11.7 and 298 K.

Umbrella sampling (US) is one of the methods that pro-
vide binding free energy along a physically realizable transi-
tion path—reaction coordinate, such as the distance between 
protein and ligand [16, 17]. In the method the relevant range 
of macrostates is divided into overlapping windows which 
are sampled according to a non-Boltzmann weighting func-
tion. The obtained biased probability distributions accu-
mulated in these sampling windows are then combined and 
unbiased via statistical analysis methods such as weighted 
histogram analysis method (WHAM) [18] and umbrella 
integration, to yield the associated potential of mean force 
(PMF) [18]. Proper conformational sampling along the reac-
tion coordinate is the key for an accurate estimate of the 
PMF, which can be improved by enhanced sampling meth-
ods like self-guided Langevin dynamics (SGLD) [19–22] or 
replica exchange umbrella sampling (REUS) [23, 24].

The conformational sampling accuracy can be estimated by 
“forward (from bound to unbound)” and “backward (unbound 
to bound)” USs. Ideally, at each reaction coordinate window 
US need proper sampling of the equilibrated conformational 
distribution. Due to the cost limit, the sampling at each window 
is affected by the previous window, which cause the “forward” 
US different from the “backward” US. Proper equilibrated 
sampling would produce little difference between them. Using 
enhanced sampling methods can accelerate the convergence 
of sampling so that accurate PMF can be obtained. For exam-
ple, the REUS algorithm enables to sample various structures 
between the bound and the unbound states in a series of paral-
lelized simulations by exchanging adjacent umbrella potentials.

In this paper, we will discuss our approaches to calculate the 
absolute binding free energies of the TEMOA host and the eight 
guests including our submitted results to the SAMPL6 blind 
challenge. Results from a similar approach applied to the CB8 
host can be found in a companion paper by Han et al. (receipt 
ID 3z83m) [25]. By way of outline, our two FES protocols: the 
US with the weighted histogram analysis method (US-WHAM) 
and the double decoupling method (DDM) with Hamiltonian 

replica-exchange method and the Bennett acceptance ratio 
(HREM-BAR) are presented in “Materials and methods” sec-
tion. Results and discussion are presented in “Results and dis-
cussion” section. We then conclude the study with our findings 
and future directions in “Conclusion” section.

Materials and methods

The protocol from creating the binding poses to calculating 
the binding free energies is depicted in Fig. 1. We generated 
binding pose structures in vacuum by using GalaxyDock-HG 
and performed equilibration MD to obtain an initial struc-
ture for free energy simulations (FES). We then calculated 
the binding free energies by using two schemes: US and 
weighted histogram analysis method (US-WHAM) scheme 
and double decoupling method (DDM) with the Hamiltonian 
replica-exchange method post-processed with the Bennett 
acceptance ratio (HREM-BAR) scheme (Fig. 2).

Binding poses

We first docked the host and the guest molecule through Gal-
axyDock-HG, a docking program which we developed specifi-
cally for the SAMPL binding free energy prediction challenge. 
GalaxyDock-HG finds the guest binding poses through global 
optimization by using the conformational space annealing 
(CSA) algorithm [26, 27] with the AutoDock4 scoring func-
tion [28–30]. GalaxyDock-HG was developed based on the 
Galaxy-Dock docking program [29] which is developed for 
protein–ligand docking. In the GalaxyDock-HG, the energy is 
evaluated in the continuous space, and the initial set of confor-
mations for CSA (the initial bank) is generated by randomly 
perturbing the initial structures. In GalaxyDock-HG program, 
the following AutoDock4 scoring function is used:
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Fig. 1  Protocol flow from dock-
ing guest and host molecules 
to calculate the binding free 
energies
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where Aij and Bij are parameters for the van der Waals 
energy, Cij and Dij are the parameters for the hydrogen bond 
energy, h

(
tij
)
 is the weight factor to describe hydrogen bond 

directionality, qi and qj are the partial charges, �
(
rij
)
 is a 

distance dependent dielectric constant, S , V  , and � are des-
olvation energy parameters. Partial charge parameters were 
taken from the CGENFF. A total of 50 conformations were 
generated as the initial bank after local energy minimization, 
and the bank was evolved by the CSA algorithm. It was dif-
ficult for TEMOA host–guest systems because of the steric 
hindrances of four methyl groups. In most docking trials, 
the energy minimum structures of the program were that 
guest molecules were inside the pocket of host molecules. 
However some of the minimum structures were incorrect i.e. 
the guest molecules were outside the binding site of the host 

molecules. Therefore, we continued the trial to dock until we 
obtained a structure in which the guest molecule is correctly 
inside the pocket of the host molecule. Finally, we performed 
around 10 times trials for TEMOA-G3 and TEMOA-G5 sys-
tems. In this way, we used the structure which has the mini-
mum energy in the trials that finally succeeded to dock for 
the following simulations.

Parameters for the host and the guests were obtained by 
the CHARMM General Force Field (CGENFF) for organic 
molecules [31]. The host molecule had a net charge of − 8 
due to the presence of eight carboxylate groups and the 
high experimental pH (11.7). Moreover, all eight guest 
molecules (G0–G7) contained carboxylate groups and had 
a charge of − 1.

Fig. 2  a Guest molecules in 
SAMPL6 and b the TEMOA 
host molecule
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All the steps described below were performed by the 
CHARMM [31] version c41b1 with CHARMM 36 force 
field [32]. Since we need not only host–guest complex sys-
tems but also guest-only systems, whose reason is described 
in “Hamiltonian replica-exchange method/Bennett accept-
ance ratio” section, we first solvated the host–guest complex 
systems and the guest-only systems in TIP3P explicit sol-
vent [33, 34] in a cubic box with edge lengths of 50 Å. We 
added enough Na+ ions to neutralize the systems (i.e., bring 
the total charge of the system to zero). We then performed 
energy minimization using the steepest descent algorithm 
[35] and the adopted basis Newton–Raphson algorithm 
[35] for 5000 steps and 50,000 steps, respectively, with 
constrained heavy atoms in both the host and the guest. 
We heated the systems with harmonically restrained heavy 
atoms for 142,500 steps to 298 K and equilibrated in NVT 
ensemble whose temperature is 298 K for 357,500 steps. 
We then performed equilibration MD for 500 ps with heavy 
atoms in both the host and the guest harmonically restrained 
with force constants of 0.5 kcal∕mol ⋅ Å2 in NPT ensemble, 
in which the temperature and the pressure were maintained 
constant by the Nosé–Hoover thermostat [36, 37] and Lan-
gevin piston barostat [38], respectively. Water molecules was 
kept rigid with SHAKE constraint [39]. The time step was 
set to 1 fs for each MD simulation. For the last step, we per-
formed long equilibration MD simulations for 100–200 ns 
per system to obtain the initial structure for FES.

Umbrella sampling/weighted histogram analysis 
method

The umbrella sampling (US) [18] is a way of biased molecu-
lar dynamics (MD) to estimate free energy along a reaction 
coordinate. In this method, the sampling region in the con-
formational space is restrained to a narrow region by adding 
a bias potential (umbrella potential).

The bias potential can have any functional form but har-
monic potentials are often used for their simplicity.

By focus on this narrow region, MD simulations can 
efficiently sample the conformational space and produce 
relative free energies at the reaction coordinates within this 
region. The complete free energies between the interest 
states can be obtained by a series of US simulations cov-
ering the whole range of reaction coordinates. For ligand 
binding, this method can be used not only to obtain binding 
free energy, but also to predict binding pose. By US ligand 
at different distances from the binding pocket, the binding 
pose can be identified as the conformation with the lowest 

(2)V �(q) = V(q) +W(q)

(3)W(q) =
k

2

(
q − q0

)2

free energy. Also, by US simulations against various cavities 
on protein surface, one can also identify the binding pocket 
according to the lowest binding free energy.

In our simulations, we selected the distance between cent-
ers of mass of the host and the guest molecules as a reac-
tion coordinate, and slightly changed the center position of 
the umbrella potential with keeping the force constant same 
value. Although there are many possible reaction coordi-
nates that could be used, we chose the distance as a reason-
able first choice, due to its simplicity and its generality for 
all guests. We totally performed 40 US MD simulations. 
The setting of the center position of the first US simula-
tion is set to the distance between centers of mass of the 
host and the guest molecules. We carefully moved the center 
position when the host and the guest molecules are close 
to each other, and gradually increased the interval between 
the next window and the window. The interval settings are 
as follows (in Å): 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.2, 0.2, 
0.2, 0.2, 0.2, 0.2, 0.2, 0.2, 0.3, 0.3, 0.3, 0.3, 0.3, 0.3, 0.3, 
0.3, 0.4, 0.4, 0.4, 0.4, 0.4, 0.4, 0.4, 0.4, 0.5, 0.5, 0.5, 0.5, 
0.5, 0.5, 0.5, and 0.5 (totally 39 intervals). Therefore, the 
final center position is 11.9 Å away from the initial position. 
Since there is a possibility that the free energy minimum is 
at negative values pressing the guest further into the host, we 
performed US simulations toward negative direction (inside 
the host), and found only free energy increases (data not 
shown). After performing the US MD simulations, the win-
dows are combined by methods like the weighted histogram 
analysis method (WHAM) [18] or multistate Bennett accept-
ance ratio (MBAR) [40]. We used WHAM program which 
is developed by Grossfield laboratory version 2.0.9.1 [41] 
for reweighting the US results and obtained the free energy 
cost to pull the guest molecule from the binding pocket to 
outside the host molecule (ΔGpull). We estimated the error 
of the PMF from each US simulation by using the boot-
strap error analysis with the WHAM. The error of ΔGpull is 
estimated by standard error of ten independent simulations. 
− ΔGpull almost corresponds to the binding free energy but 
there are two free energy costs to be corrected (see Fig. 3): 
one of them is the free energy cost to give the US potential 
to the first window ( ΔGrest-on ) and the other one is the free 
energy cost to keep the guest molecule at the certain distance 
in the last window ( ΔGVC ) which can be called the volume 
correction (VC).

We estimated the free energy cost for turning on the 
restraint (umbrella potential) by using thermodynamic inte-
gration (TI). In TI simulations, we move a mixing factor λ 
which is combined with each state’s potential function from 
the initial (λ = 0) state to the final ( λ = 1 ) state. We used 21 
λ points for estimating each free energy difference associated 
with turning on the restraint. Simulations for TI were run in 
an NVT ensemble. For each λ value, we performed an equi-
libration for 50 ps and a production increment for 450 ps.
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The volume correction term ΔGVC is calculated by:

where V0 is the standard state volume for ideal gas (1,649.76 
Å3), kB is the Boltzmann constant, T  is the temperature of 
the system, and Veff is the accessible volume of the guest 
molecule in the last window which we estimated by:

Here, we defined rmax and rmin as the maximum value and 
the minimum value of the center 95% distribution of the dis-
tance between the centers of mass of the host and the guest in 
the last window, respectively. Then, we can finally calculate 
the absolute binding free energy ΔGbind by following equation:

The volume correction is a simple free energy estimate 
based on changing concentration of the guest. It could be 
calculated by very long simulations to a volume of 1649.76 
Å3, but the simple analytic solution used here would prove 
to be more accurate.

Hamiltonian replica‑exchange method/Bennett 
acceptance ratio

The double decoupling method (DDM) is a so-called 
“alchemical” method [42–44], and the scheme is represented 

(4)ΔGVC = − kBT ln
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(6)ΔGbind = − ΔGpull − ΔGrest-on − ΔGVC

in Fig. 4. The basic idea of this scheme is to calculate the 
binding free energy by taking difference between the free 
energy cost to eliminate the guest in the solvent and the 
free energy cost to eliminate the guest from the host–guest 
bound complex in the solvent. There are two intermolecu-
lar interactions: electrostatic interactions and van der Waals 
interactions in the force field which we used, therefore 
we divided the eliminating free energy into ΔGelec-off and 
ΔGvdw-off . Because we give a restraint between the host and 
the guest so that the guest molecule can keep the position 
around the binding site even when the intermolecular inter-
action of the guest becomes weaker or zero, we need two 
correction terms: free energy cost to turn on the restraint in 
the complex 

(
ΔGC

rest-on

)
 and the free energy cost to turn off 

the restraint for the ghost guest which has no interactions (
ΔGC

rest-off

)
 . We finally calculated the binding free energy by 

the thermodynamic cycle as follows:

For the restraints to maintain the binding site pose, we 
used one distance restraint, two angle restraints, and three 
dihedral restraints which are dependent each other. We auto-
matically picked an atom in the host and an atom in the 
guest which has smallest distance between the host and the 
guest, and used as the distance restraint. Then we picked 

(7)
ΔGbind = −ΔGC

rest-on
− ΔGC

elec-off
− ΔGC

VdW-off

− ΔGC
rest-off

+ ΔGG
elec-off

+ ΔGG
VdW-off

Fig. 3  Scheme of free energy 
calculation using umbrella 
sampling method. The grey 
box-shaped container and the 
black wire-shaped material 
represent the host and the guest 
molecules, respectively, and 
the red spring-shaped mate-
rial represents the restraint 
(umbrella potential) which is 
given between the host and the 
guest molecules
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two atoms which is different from the atom picked already 
and connected to the atom from the guest and the host, and 
used as the angle and the dihedral restraints. These restraints 
not only keep the position of the guest molecule, but also 
restrict rotations of the guest molecule. The force constants 
were set to as follows: 5 kcal∕mol ⋅ Å2 , 20 kcal∕mol ⋅ rad2 , 
and 20 kcal∕mol ⋅ rad2 for distance, angle, and dihedral geo-
metrical harmonic restraints, respectively. The free energy 
cost to turn the restraints between the guest and the host off 
was calculated analytically as follows [42]:

where kB is the Boltzmann constant, T  is the simulation 
temperature, V  is the volume of the simulation box, Kr is the 
force constant of distance restraint, K�A

 and K�B
 are the force 

constants of angle restraints, K�A
 , K�B

 , and K�C
 are the force 

constants of dihedral restraints, r is the distance between 

(8)
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selected atoms in the host and the guest of the initial snap-
shot for FES, �A and �B are the selected angles of the initial 
snapshot for FES.

We used Hamiltonian replica-exchange method (HREM) 
[45–47] post-processed with the Bennett acceptance ratio 
(BAR) [48, 49] (hereinafter, this scheme is called HREM-
BAR [11, 50–52]) to calculate the free energy value for turn-
ing off the intermolecular interactions, and thermodynamic 
integration (TI) [32] to calculate the free energy value for 
turning on the restraints. Although it is also possible to cal-
culate ΔGelec-off and ΔGvdw-off separately, we combined those 
into a HREM simulation to enhance sampling. We used 11 λ 
points and 22 λ points for estimating ΔGelec-off and ΔGvdw-off , 
respectively in the HREM simulation. Each HREM simula-
tion was run for 1 ns, with a total of 32 ns for each system. 
In the TI simulations, we used 20 λ points for estimating 
each free energy difference associated with turning on the 
restraints. Simulations for TI were run in an NVT ensemble. 
For each λ value, we performed an equilibration for 50 ps 
and a production increment for 450 ps. All FES used the 

Fig. 4  Scheme of free energy calculation for double decoupling 
method with Hamiltonian replica-exchange method. The grey box-
shaped container and the black wire-shaped material represent the 
host and the guest molecules, respectively, and the red spring-shaped 
material represents the restraint which is given between the host and 
the guest molecules. The center thinner wire-shaped material (than 
the left side one) represents the guest state in which the electrostatic 
interaction of the guest molecule is turned off. The right dotted wire-

shaped material with thinner color represents the guest state in which 
both the electrostatic and van der Waals interactions of the guest mol-
ecule are turned off. Each free energy ΔG in the figure represents the 
free energy which is required to transition from the state of the start-
ing point to the state of the end point of each corresponding arrow. 
The suffixes C and G mean the host–guest complex system and guest-
only system, respectively
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particle mesh Ewald method and 14 Å cutoffs. The time step 
of MD simulation was set to 1 fs.

Since the whole scheme is completely consistent with our 
previous SAMPL5 challenge, more details can be referred in 
the paper by Tofoleanu et al. [9].

Results and discussion

US‑WHAM scheme example

Here, we show an example of the result of US-WHAM free 
energy calculation on TEMOA-G0 system. Figure 5 shows 
the distance between centers of mass of the host and the 
guest molecules. The orange line suggests the schedule 
for the center position of the umbrella potential. The blue 
line shows the actual distance between centers of mass of 
the host and the guest and the actual distance is fluctuated 
around the setting of the distance (the orange line). Fig-
ure 6 shows the distribution for the distance between the 
centers of mass of the host and the guest. Each color distri-
bution suggests each independent simulation with different 
umbrella potential. Therefore, the distribution of the actual 
value of the blue line in Fig. 5 corresponds to the data shown 
in Fig. 6. There is sufficient overlap in the distributions of 
any adjacent combinations so that we can calculate the free 
energy difference by using a reweighting method.

Figure 7 shows the PMF along with the reaction coordi-
nate (the distance between centers of mass of the host and 
the guest). Since we performed 10 independent US simu-
lations, there are 10 independent curves (Run1 to Run10). 

Each plotted point is plotted every 0.5 Å which is not neces-
sarily coincident with the setting of the reaction coordinate. 
We display the error bars for the PMF of each independent 
simulation by using the bootstrap error analysis (however 
the error bars are small so that it is hard to see by eyes). We 
estimated the free energy cost to pull out the guest from 
the binding pose as the difference of the height between 
the last point and the reference point. The average points 
at each reaction coordinate is evaluated by averaging the 
PMF values of 10 independent simulations at the reaction 
coordinate. Here the error bar at the reaction coordinate is 
estimated by the standard error of the 10 data. Finally, the 
ΔGpull value corresponds to the height of the average value 
(final black point). In the case of TEMOA-G0 system, ΔGpull 
is 5.19 ± 0.61 kcal/mol.

FES results by US‑WHAM scheme

We present each free energy term for US-WHAM scheme in 
Table 1 and a figure for the correlation between computed 
and experimental absolute free energy values in Fig. 8. We 
calculated the pulling and the volume correction free energy 
values by averaging ten independent simulations which has 
same initial structures but different initial velocities. Simi-
larly, the restraint-on free energy is calculated by averaging 
three independent trials. Each error bar is the standard error 
by the FES trials.

FES results by DDM with HREM‑BAR scheme

We present each free energy term for HREM-BAR scheme 
in Table 2 and a figure for the correlation between computed 
and experimental absolute free energy values in Fig. 9. The 
free energies for turning off the electrostatic and the van 

Fig. 5  Distance between centers of mass of the host and the guest 
on a series of umbrella sampling simulations to calculate ΔGpull for 
TEMOA-G0 system. The orange line indicates the setting of the dis-
tance for each umbrella sampling simulation and the blue line indi-
cates the actual distance value between the centers of mass

Fig. 6  Distribution for the distance between the centers of mass of the 
host and the guest for TEMOA-G0 system. Each color histogram sug-
gests each umbrella sampling simulation
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der Waals of host–guest complex systems and guest systems 
were calculated by averaging the results of three independent 
HREM simulations. The error bar of each term is the stand-
ard error of the independent FES trials, and the error bar 
of each complex system is calculated by using the general 
error propagation equation. There are no error bar for the 
restraint-off term of each system which is calculated ana-
lytically, because we used same initial structure and same 
restraint to keep the guest molecule bound to the host mol-
ecule for each complex system.

As described in “Hamiltonian replica-exchange method/
Bennett acceptance ratio” section, free energy values for 
turning off the electrostatic and van der Waals interactions 
for both complex and guest systems were calculated in the 
same HREM simulation because we combined those steps.

Comparison between two FES methods 
and the experimental results

We suggest three sets of the binding free energy calculations: 
US-WHAM without corrections 

(
ΔGUS1

bind

)
 , US-WHAM with 

corrections 
(
ΔGUS2

bind

)
 , and HREM-BAR 

(
ΔGHB

bind

)
 in Table 3. 

We submitted the −ΔGpull value at the submission of the 
SAMPL6 competition assuming that the restraint-on term 
and the volume correction term approximately cancel out 
each other and the data are represented as ΔGUS1

bind
 . The left 

column 
(
ΔGUS1

bind

)
 in Table 3 corresponds to the result which 

we submitted for the SAMPL6 competition. Our result 
marked third RMSD value (1.33 kcal/mol) and top MAD 
value (1.02 kcal/mol) among all 45 submissions. After the 
submission, we performed the corrections for the restraint-
on ΔGrest-on and the volume correction ΔGVC , and evaluated 
ΔGUS2

bind
 . The error bars were calculated by applying the error 

propagation equation for summation to the error of each free 

Fig. 7  Potential of mean force along with the reaction coordinate (the distance between centers of mass of the host and the guest). The starting 
point at the binding pose is set to the reference point: 0 kcal/mol

Table 1  Each free energy term 
of the US-WHAM scheme in 
kcal/mol

The error bar for each free energy term is the standard error by three to ten independent free energy simula-
tions. Every terms are in kcal/mol

Complex ΔGpull ΔGrest-on ΔGVC ΔGbind ΔGexp

bind

TEMOA-G0 5.19 ± 0.61 0.52 ± 0.06 − 0.13 ± 0.01 − 5.59 ± 0.61 − 6.06
TEMOA-G1 5.09 ± 0.82 0.57 ± 0.04 − 0.14 ± 0.01 − 5.51 ± 0.82 − 5.97
TEMOA-G2 6.75 ± 0.52 0.61 ± 0.06 − 0.21 ± 0.00 − 7.16 ± 0.53 − 6.81
TEMOA-G3 3.30 ± 0.51 0.64 ± 0.06 − 0.08 ± 0.01 − 3.85 ± 0.52 − 5.60
TEMOA-G4 9.79 ± 0.48 0.51 ± 0.04 − 0.19 ± 0.01 − 10.11 ± 0.48 − 7.79
TEMOA-G5 3.97 ± 0.55 0.52 ± 0.05 − 0.03 ± 0.01 − 4.46 ± 0.55 − 4.16
TEMOA-G6 5.36 ± 0.56 0.54 ± 0.04 − 0.15 ± 0.01 − 5.75 ± 0.56 − 5.40
TEMOA-G7 5.91 ± 0.45 0.51 ± 0.04 − 0.04 ± 0.01 − 6.38 ± 0.45 − 4.13
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energy term. For each term, we tried 10 times to calculate 
ΔGpull and ΔGVC , and five times to calculate ΔGrest-on.

The resulting metrics are presented in the row 10–16 
in Table 3. We calculated three kinds of deviations: the 
root mean square deviation (RMSD), the mean absolute 
deviation (MAD), and the mean signed deviation (MSD) 
of comparison with experimental values 

(
ΔGexp

bind

)
 as shown 

in the rightmost column of Table 3. Moreover, we ana-
lyzed the correlation between computed and experimental 
results. We represented Pearson’s coefficient (r), Kendall 
rank coefficient (τ), the coefficient of determination (R2), 
and the slope of the approximation line (m) in rows 10–16 
of Table 3.

Although our results of deviations for US scheme are in 
the top three submissions, the correlation results were not 

enough reasonable. It is assumed to be derived from the fact 
that the calculation precision of US scheme is low and the 
error bars are large. On the other hand, although the results 
for the HREM-BAR has larger deviations than the US-
WHAM results, the correlations for the HREM-BAR show 
better results. We also calculated the deviation and the cor-
relation values between ΔGUS2

bind
 and ΔGHB

bind
 values. Because 

we use the same force field, the same program package, and 
the same initial conformation for the two schemes, those two 
results should ideally agree, and the agreement between the 
results from different computational schemes is more impor-
tant than the agreement between each computational result 
and experimental result. Although the deviations RMSD and 
MAD between ΔGUS2

bind
 and ΔGHB

bind
 are smaller than the devia-

tions between ΔGHB
bind

 and ΔGexp

bind
 , the deviations between 

ΔGUS2
bind

 and ΔGHB
bind

 are larger than the deviations between 
ΔGUS2

bind
 and ΔGexp

bind
 . However, the correlation results between 

ΔGUS2
bind

 and ΔGHB
bind

 (0.97, 0.79, 0.94) (Pearson’s coefficient 
(r), Kendall rank coefficient (τ), and the coefficient of deter-
mination (R2), respectively) are larger than the correlation 
results between ΔGUS2

bind
 and ΔGexp

bind
 (0.70, 0.36, 0.49) and the 

correlation results between ΔGHB
bind

 and ΔGexp

bind
 (0.74, 0.43, 

0.54), indicating our two schemes US-WHAM and HREM-
BAR are strongly correlated. Here, the fact that the values 
of MSD and MAD between ΔGUS2

bind
 and ΔGHB

bind
 agree indi-

cates that all the respective ΔGHB
bind

 values are larger than the 
ΔGUS2

bind
 values. In our DDM scheme which is an alchemical 

method, the intermolecular interactions of the guest mol-
ecule are turned off and completely eliminated. However, 
since our simulations systems are cubes whose edge length 
are around 50 Å, it is difficult to ignore the contribution of 
the volume change that the guest molecule disappears and 
appears. If such problems are solved, HREM-BAR scheme 
is expected to provide better results than US-WHAM scheme 
because the correlation results of the HREM-BAR are better 
(Table 4).
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Fig. 8  Free energy results of US-WHAM scheme. The solid diagonal 
line corresponds to perfect agreement with experimental results. The 
dotted and dashed lines correspond to errors of ± 0.5 and ± 2  kcal/
mol, respectively

Table 2  Each free energy term for the HREM-BAR scheme

Every terms are in kcal/mol

Complex ΔGC
rest-on

ΔGC
elec-off

ΔGC
vdw-off

ΔGC
rest-off

ΔGG
elec-off

ΔGG
vdw-off

ΔGbind ΔGexp

bind

TEMOA-G0 8.81 ± 0.28 130.36 ± 0.14 5.38 ± 0.23 − 9.81 ± 0.00 133.95 ± 0.05 − 2.38 ± 0.05 − 3.17 ± 0.40 − 6.06
TEMOA-G1 7.11 ± 0.24 109.54 ± 0.04 4.36 ± 0.03 − 10.15 ± 0.00 112.09 ± 0.04 − 5.24 ± 0.03 − 4.01 ± 0.25 − 5.97
TEMOA-G2 9.76 ± 0.27 86.81 ± 0.20 − 4.17 ± 0.04 − 9.56 ± 0.00 87.88 ± 0.03 − 11.19 ± 0.19 − 6.15 ± 0.39 − 6.81
TEMOA-G3 7.79 ± 0.11 111.70 ± 0.06 4.10 ± 0.07 − 10.87 ± 0.00 116.20 ± 0.03 − 5.52 ± 0.03 − 2.03 ± 0.15 − 5.60
TEMOA-G4 7.99 ± 0.09 151.23 ± 0.24 1.77 ± 0.36 − 10.18 ± 0.00 152.64 ± 0.09 − 10.08 ± 0.15 − 8.25 ± 0.47 − 7.79
TEMOA-G5 5.76 ± 0.27 76.94 ± 0.30 0.97 ± 0.30 − 10.85 ± 0.00 77.77 ± 0.06 − 6.49 ± 0.11 − 1.53 ± 0.52 − 4.16
TEMOA-G6 9.31 ± 0.12 128.50 ± 0.10 3.47 ± 0.06 − 9.73 ± 0.00 132.48 ± 0.12 − 4.87 ± 0.19 − 3.95 ± 0.28 − 5.40
TEMOA-G7 9.99 ± 0.08 69.53 ± 0.09 2.23 ± 0.12 − 10.56 ± 0.00 75.11 ± 0.05 − 8.54 ± 0.07 − 4.62 ± 0.19 − 4.13
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Conclusion

The RMSD and the MAD results for the TEMOA-guest 
systems of our US-WHAM scheme were relatively low and 
ranked third and top, respectively, among all submissions 
in the SAMPL6 competition. However, its convergence still 
has problems. Our present US-WHAM scheme is just an 

“one-way” unbinding simulation, meaning to extract the 
guest molecule from the binding pocket of the host molecule. 
Therefore, the absolute binding free energy calculated by 
the scheme largely depends on the initial structure. In order 
to improve those tendency, a way to repeat “round-trip” 
unbinding US and binding US simulations several times is 
considered. Alternatively, it would be more efficient to create 
multiple bound state using the docking algorithm and per-
form FES. In addition, the replica-exchange US (REUS) [23, 
24] can be considered to be a better method in this regard. 
We attempted to calculate binding free energies using the 
REUS, however the simulations are failed because the guest 
molecule crashed to the side face or the entrance of the host 
molecule and did not return to the binding pocket during the 
rebinding process. This is because the reaction coordinate 
is set to merely the distance between the centers of mass of 
the host and guest molecules, allowing the guest molecule 
to move around the host molecule. This behavior is consid-
ered to lead inaccuracy results and insufficient sampling. 
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Fig. 9  Free energy results of HREM-BAR scheme

Table 3  Absolute binding free 
energy values for the host–guest 
systems (in kcal/mol)

Rows 2–9 correspond to the data for TEMOA-guest systems. We included the root mean square deviation 
(RMSD), the mean absolute deviation (MAD), the mean signed deviation (MSD), Pearson’s coefficient (r), 
Kendall rank coefficient (τ), the coefficient of determination (R2), and the slope of the approximation line 
(m) in rows 10–16. We suggested three sets of the computational calculation results: the results by the US-
WHAM without corrections 

(
ΔGUS1

bind

)
 , the results by the US-WHAM with corrections 

(
ΔGUS2

bind

)
 , and the 

results by HREM-BAR 
(
ΔGHB

bind

)

Complex ΔGUS1
bind

ΔGUS2
bind

ΔGHB
bind

ΔGexp

bind

TEMOA-G0 − 5.2 ± 0.6 − 5.6 ± 0.6 − 3.2 ± 0.4 − 6.06
TEMOA-G1 − 5.1 ± 0.8 − 5.5 ± 0.8 − 4.0 ± 0.3 − 5.97
TEMOA-G2 − 6.8 ± 0.5 − 7.2 ± 0.5 − 6.2 ± 0.4 − 6.81
TEMOA-G3 − 3.3 ± 0.5 − 3.9 ± 0.5 − 2.0 ± 0.2 − 5.60
TEMOA-G4 − 9.8 ± 0.5 − 10.1 ± 0.5 − 8.2 ± 0.5 − 7.79
TEMOA-G5 − 4.0 ± 0.5 − 4.5 ± 0.6 − 1.5 ± 0.4 − 4.16
TEMOA-G6 − 5.4 ± 0.6 − 5.7 ± 0.6 − 4.0 ± 0.3 − 5.40
TEMOA-G7 − 5.9 ± 0.4 − 6.4 ± 0.4 − 4.6 ± 0.2 − 4.13
RMSD 1.33 1.34 2.09
MAD 1.02 1.03 1.76
MSD − 0.07 0.36 − 1.53
r 0.70 0.70 0.74
� 0.36 0.36 0.43
R
2 0.50 0.49 0.54

m 1.12 1.08 1.30

Table 4  Deviation and the 
correlation between US2 and 
HB calculation

RMSD 1.96
MAD 1.89
MSD 1.89
r 0.97
� 0.79
R
2 0.94

m 0.85
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In order to overcome such difficulties, the method needs an 
additional cylinder-like restraint along with the symmetry 
axis of the host molecule to the guest molecule [16, 17]. Our 
next direction for US-WHAM scheme is to calculate binding 
free energies by using the REUS and/or its applied method.

We also calculated the binding free energy by using 
HREM-BAR scheme to compare with the US-WHAM 
scheme. Although the deviation between the two schemes 
are large, correlations between the two schemes are high. It 
is suggested that the TI calculation has less accuracy than 
HREM-BAR [9], therefore we are attempting to apply the 
HREM-BAR to the restraint-on step. Moreover, various 
kinds of constraints can be considered when computing the 
complex free energies. It is also a worth challenge to try 
various restraints. Another restraint may also be possible 
to facilitate sampling various structures of the bound state 
without relying heavily on the initial conformation of the 
FES.

Despite that our FES depends on the initial conforma-
tions, we merely chose the final conformations of the equi-
librium simulation, the results are encouraging. A more 
rigorous screening method to determine the initial confor-
mations should be established. Simply, a process such as cre-
ating a free energy landscape of the equilibrium simulation 
structures and picking up a structure (or some structures) 
which have minimum free energy, is conceivable. In addi-
tion, it may be effective to use better sampling methods such 
as self-guided Langevin dynamics (SGLD) to sample bound 
states more efficiently.
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