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Abstract: In the context of computational drug design, we examine the effectiveness of the enhanced 1

sampling techniques in state-of-the-art free energy calculations based on alchemical molecular 2

dynamics simulations. In a paradigmatic molecule with competition between conformationally 3

restrained E and Z isomers whose probability ratio is strongly affected by the coupling with the 4

environment, we compare the so-called λ-hopping technique to the Hamiltonian replica exchange 5

methods assessing their convergence behavior as a function of the enhanced sampling protocols 6

(number of replicas, scaling factors, simulation times). We found that the pure λ-hopping, commonly 7

used in solvation and binding free energy calculations via alchemical free energy perturbation 8

techniques, is ineffective in enhancing the sampling of the isomeric states, exhibiting a pathological 9

dependence on the initial conditions. Correct sampling can be restored in λ-hopping simulation 10

by the addition of a “hot-zone” scaling factor to the λ-stratification (FEP+ approach), provided 11

that the additive hot-zone scaling factors are tuned and optimized using preliminary ordinary 12

replica-exchange simulation of the end-states. 13

Keywords: drug design, molecular dynamics, binding free energy, replica exchange, FEP, FEP+, 14

Solute tempering 15

1. Introduction 16

Modern computational drug design is recently raising an enormous interest in indus- 17

trial settings. According to P&S intelligence, “in-silico drug discovery market is set to reach 18

' 6 million by 2030”.[1] The in silico-pipeline for drug discovery relies on a preliminary 19

profiling of millions compounds typically via docking in combination with knowledge- 20

based and machine learning techniques, followed by a refinement step (hit-to-lead) using 21

simulations based on an accurate physical description of the system, aimed at eliminating 22

costly false positives and at eventually prioritizing the leads for further wet-lab validation. 23

In this context, the calculation of binding free energy (BFE) in ligand-receptor systems via 24

atomistic molecular dynamics (MD) simulation is one of the major challenge in today’s 25

computational chemistry. 26

The consensus approach for computing BFEs is based on the so-called alchemical 27

protocol[2], whereby the end-states of the L+R=LR reaction are connected via intermediate 28

nonphysical states in which the ligand(L)-environment interactions are progressively de- 29

coupled. The binding free energy is recovered via a thermodynamic cycle as the difference 30

between two solvation free energies, namely that of the ligand in the bound state and in 31

the pure solvent. The intermediate non-physical states (typically few tens) consist in the 32

so-called λ-stratification,[3] with λ being the alchemical parameter controlling the level of 33

interaction of the ligand with the environment. The free energy difference between two 34

consecutive λ states is generally computed via free energy perturbation (FEP)[4] or, equiv- 35

alently, thermodynamic integration (TI).[5] Notably, these λ-simulations are completely 36

independent and can be performed in parallel delivering the result in the wall-clock time 37

of a single λ-simulation. On the other hand, as each of the non-physical states along the 38
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stratification must be canonically sampled, convergence constitutes the major challenge in 39

alchemical BFE calculations. Incomplete sampling, due to the existence of large free energy 40

barriers between conformational states in ligand and proteins, may produce unreliable 41

results that are strongly dependent on the initial conditions.[6,7] This pathology affects also 42

relative binding free energy (RBFE) calculations involving the transmutation of a ligand 43

into a congeneric compound in both arms of the alchemical thermodynamic cycle.[8] 44

To overcome these serious drawbacks, the alchemical technology is combined with 45

enhanced sampling techniques, typically based on the Hamiltonian Replica Exchange 46

Method (HREM).[9] In HREM, several MD simulations are launched in parallel with global 47

or local heating with scaled temperature ranging from the desired temperature (the target 48

thermodynamic state) up to a high temperature where free energy barriers can be easily 49

overcome. At regular intervals, exchange of coordinates (or equivalently of temperatures) 50

are attempted between contiguous replica with an acceptance probability regulated by a 51

Metropolis criterion. In this fashion, each replica walker spans the entire thermodynamic 52

range of temperatures, transmitting to the target state, with the correct Boltzmann weight, 53

conformations that are sampled in the high-temperature replicas. 54

The most straightforward HREM implementation of the FEP-based alchemical calcula- 55

tions allows Metropolis-regulated exchanges between λ-states, in the hope that the mixing 56

of states with disparate alchemical coupling could facilitate the sampling.[10–12] The cur- 57

rent state-of-the art of HREM-based BFE calculations is the so called FEP+ method[13,14]. 58

Here, λ-hopping occurs along a stratification where intra and intermolecular potential of 59

an “hot-region”[13] (typically involving the ligand and nearby residues in the bound state) 60

are scaled with a local temperature reaching the climax at the center of the stratification 61

and being normal at the end-states. FEP+ is believed to efficiently cope with the sampling 62

problem without resorting to expensive 2D HREM simulation schemes on λ and on, e.g., 63

selected torsional degrees of freedom.[15] 64

Despite its widespread use, however, the effectiveness of HREM techniques with 65

λ-hopping or FEP+ in BFE or RBFE calculations has been recently questioned by several 66

authors. According to Baumann et al.,[16] “the enhanced sampling technique HREX 67

was not able to overcome inadequate sampling” in ligand-protein systems. In Ref. [17], 68

convergence in HREM-based approaches was found sluggish even in simple host-guest 69

systems,[18] requiring a “significant number of iterations”. A similar outcome was found 70

in the 2022 study by Markthaler et al.[19], where rather long (more than 100 ns) HREM 71

simulations were required to “remove an observed starting structure dependence to an 72

acceptable results”. In Ref. [20], in the context of BFE calculations, the authors concluded 73

that “sampling enhancement by means of HREX does not necessarily improve the accuracy 74

of the estimated free energies”. Coveney and coworkers, finally, in their extensive study on 75

RBFE in ligand-protein systems, found “no benefits accrue from replica-exchange methods”, 76

openly questioning the effectiveness of HREM-based methodologies in RBFE calculation 77

including FEP+.[21] 78

Here, to test the effectiveness of the HREM-FEP technology, we use as a paradigmatic 79

example the E-Z equilibrium in 5-Aminopent-3-enoic-acid (APA), a zwitterionic molecule in 80

solution characterized by torsional barrier around the central sp2 bond of tens of kcal/mol. 81

We show that while ordinary HREM simulation with solute tempering (ST)[22,23] at full 82

coupling is able to rapidly attain, in few ns, the E-Z conformational equilibrium of a 83

solvated APA molecule at ordinary temperature, HREX-FEP with simple lambda hopping 84

is pathologically dependent on the initial configuration and is ineffective in surmounting 85

the the torsional barrier at any λ value. Paying a significant computational cost, results do 86

improve with FEP+, provided that the additional torsional scaling is brought to the level of 87

that used in a standard HREM. 88

2. Materials and Methods 89

APA structure and potential: In figure 1, we show the 2D and 3D structures of E- 90

(trans) and Z-(cis) 5-Aminopent-3-enoic acid (APA) diastereoisomers. In water solution 91
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at pH=7, APA is in the zwitterionic state with pKa’s of the carboxylic and amino groups 92

of 4.49 and 9.65, respectively.[24] APA can be selectively obtained in the conformationally 93

restricted Z or E forms. The Z isomer serves as the building block for the synthesis of 94

macrocyclic pseudopeptides for the treatment of a variety of diseases[25]. 95

Figure 1. Structure of the E- and Z- 5-Aminopent-3-enoic-acid diastereoisomers

The E-form is used to synthesize cyclic macrolactames aggregating in remarkable supramolec- 96

ular structures with potential application in drug delivery, photonics, material science 97

and catalysis.[26], While the E-Z thermodynamic equilibrium could be in principle eas- 98

ily achieved by photoisomerization of the double bond via excitation to the singlet π∗ 99

level[27,28], to our knowledge, no experimentally determined equilibrium cis-trans ratio is 100

available in the literature. 101

The potential parameters for zwitterionic APA were obtained using the PrimaDORAC 102

web interface[29] based on the well established GAFF2 force field for organic molecules.[30, 103

31] The barrier height for the torsional potential around the double bond is of the order of 40 104

kcal/mol, consistently with the experimental indications on non-conjugated olephins.[28] 105

Simulations in the gas phase were done on a single zwitterionic molecule in a large 106

box under constant temperature (300 K) via a Nosé-Hoover thermostat.[32] Simulations 107

in solution were performed dissolving a single zwitterionic APA molecule in 512 solvent 108

molecules using the OPC3 three-site model for water[33] in condition of constant pres- 109

sure (0.1 Mpa) and temperature (300 K), imposed using an NPT extended Lagrangian 110

with isotropic stress tensor.[34] Electrostatic interactions were treated using the Particle 111

Mesh Ewald technique.[35]. All enhanced sampling simulations were performed with the 112

public domain ORAC program.[36] The potential parameters along with all the ORAC 113

input files used in this study can be found on the Zenodo public repository at the link 114

https://zenodo.org/record/6665606. 115

Gas-phase HREM: For the HREM simulations in the gas phase, we used a minimum
scaling factors for the potential energy of 0.1 and 0.05, corresponding to temperatures of
3000 K and 6000K. The kinetic energy of the APA molecule (Z or E) is unscaled and kept at
the normal level of 300 K, hence avoiding fatal instabilities in the numerical integration due
to the increased velocities of the atoms in high-temperature replicas. We launched HREM
simulations using 4 or 8 replicas with a scaling protocol[23] given by

sm = Sm−1/(Nrep − 1) (1)
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where S is the minimum scaling factor and Nrep is the number of replica. The total length of 116

the HREM sampling on the target state was of 8 ns. All HREM simulations were completed 117

on a local 8-cores work-station in few minutes. 118

Solvated APA ST-HREM: For APA in solution, we used a solute tempering scheme 119

where only the APA degrees of freedom are scaled up to 0.1 or 0.05. Hence, NPT condition can 120

be maintained as the water solvent remains cold during the simulation. At variance with 121

the so-called REST2 scheme,[37] solute-solvent interactions were also unscaled. Due to this 122

choice, the HREM setup for the solution can be chosen identical to that of the gas-phase. 123

Scaling solute-solvents, by involving the solvent degrees of freedom, would force the use of 124

a high number of replica to allow a good overlap of the energy distributions of contiguous 125

replica. We recall that the number of needed replica in a HREM simulation grows with 126

N1/2, where N is the number of degrees of freedom involved in the scaling.[23] 127

λ-hopping simulations: HREM simulation with λ-hopping for solvated APA is em- 128

ulated with ORAC by scaling only the solute-solvent interaction potential up to a factor of 129

λ = 0.05. This variant of the HREM is used by practitioners in alchemical applications 130

to compute, e.g., the hydration free energy via FEP, assuming that λ-hopping will en- 131

hance the sampling. In the λ-space, the potential energy of a λ-state is hence given by 132

V(λ) = Vs + VS + λVsS, where Vs, VS and VsS are the solvent, solute and solute-solvent 133

potential, respectively. The target state of this HREM variant corresponds to the fully 134

hydrated APA molecule (λ = 1), while the state at the smallest λ is characterized by a 135

nearly a decoupled (gas-phase) ligand. Note that such a scheme is equivalent to a ST-HREM 136

where only the solute-solvent interactions are scaled down to 0.05, corresponding to a 137

“solvent-solute temperature” of 6000 K. We used 16 replicas in the range λ = [0.05, 1], with a 138

scaling protocol given by Eq. 1. Due to the scaling factor involving the solvent, the number 139

of replicas had to be increased up to 16. The simulations were carried out on the CRESCO 140

cluster[38]. HREM simulations were done starting from an initial configuration of the APA 141

molecule in the cis or trans form. 142

λ-hopping with the hot zone (FEP+ emulation) In this case, the λ-hopping calcula- 143

tion was replicated by adding an intramolecular scaling for the solute, i.e. defining the APA 144

molecule as the “hot zone” of the system as in FEP+ for binding free energy calculations 145

using alchemy.[39] In first instance, the intramolecular scaling (including the solute bonded 146

and non bonded interactions) was chosen to be similar to that proposed in the original FEP+
147

paper (and possibly in the Desmond[40] default[21] for FEP+) with a minimum scaling 148

factor at intermediate λ of S = 0.25, corresponding to a solute temperature of 1200 K) and 149

no intrasolute scaling (S = 1) at full coupling λ = 1 and the quasi-gaseous state λ = 0.05. 150

FEP+ simulations were also performed by scaling the intrasolute (hot zone) potential up to 151

a minimum scaling factor of 0.05, as we did for the standard HREM simulations of solvated 152

APA. For both these two FEP+ simulations, we used in all cases 16 replicas starting from 153

the E or Z state, running on CRESCO from a minimum of 8 ns to a maximum of 32 ns per λ 154

state. 155

3. Results and Discussion 156

Here we are interested in assessing whether the λ-hopping approach in FEP calcula- 157

tions is capable of achieving the sampling efficiency of an ordinary HREM simulation in solu- 158

tion in cases where conformationally restricted metastable states are present. To this end, 159

we use as metrics the free energy difference of the E/Z ratio, ∆GE/Z = −RT log(PE/PZ), 160

in the target state of APA. In Table 1 we collect the results for ∆GE/Z in the gas-phase and in 161

solution for various HREM protocol and for the HREM-based FEP or FEP+ emulation. Well- 162

behavior of temperature Replica Exchange (t-REM) and HREM simulations is normally 163

assessed by monitoring the round-trip time (RTT) and the exchange ratio (ER). Significant 164

ER’s are expected in a well working REM simulation, as ER is a direct measure[23] of the 165

overlap between the energy distributions regulating the exchange. Short RTT’s implies that 166

the replica walkers can easily diffuse with no bottlenecks along the whole thermodynamic 167

range. 168
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Gas-phase
Rep. S Time/ns Exch. RTT/ps ∆GE/Z

t-REM 8 0.1 8.0 42-58% 103 ±12 -3.0± 0.5
t-REM 8 0.05 8.0 15-44% 134 ±14 -2.8± 0.6
t-REM 4 0.05 8.0 8-44% 80 ± 3 -3.3± 0.8

Solution
Rep. S Time/ns Exch. RTT/ps ∆GE/Z

ST-HREM 8 0.1 8.0 58-81% 6.9 ± 0.7 -0.17± 0.07
ST-HREM 8 0.05 8.0 44-79% 7.1 ± 0.6 0.63± 0.1
ST-HREM 8 0.05 16.0 44-79% 7.1 ± 0.6 0.53± 0.06
ST-HREM 4 0.05 16.0 15-44% 6.3 ± 0.4 0.59± 0.06
ST-HREM 4 0.05 32.0 15-44% 6.3 ± 0.3 0.51± 0.05

Solution (FEP/FEP+ with λ-hopping)
Rep. S Time/ns Exch. RTT/ps ∆GE/Z

λ-hop 16 1.0 12.0 75-87% 11 ± 1 n/a
λ-hop+ 16 0.25 12.0 75-87% 15 ± 1 n/a
λ-hop+ 16 0.1 12.0 47-84% 15 ± 2 0.81± 0.22
λ-hop+ 16 0.05 8.0 33-78% 24 ± 2 0.70± 0.11
λ-hop+ 16 0.05 16.0 33-78% 24 ± 2 0.68± 0.09
λ-hop+ 16 0.05 32.0 33-78% 24 ± 2 0.75± 0.07

Table 1. Round-trip times (RTT) and Z/E free energy difference of the target state of APA for t-REM
in the gas-phase, ST-HREM in solution, λ-hopping and FEP+ in solution a function of the enhanced
sampling protocol ( Rep.: number of replicas; Time/ps: simulation time per replica; Exch: acceptance
exchange ratio). N.B.: in all simulations stretching and bending are unscaled.

3.1. t-REM and ST-HREM of APA in the gas-phase and in solution 169

As it can be seen in the first three rows of Table 1, in the gas-phase ∆GE/Z is negative, 170

i.e. the Z(cis) state is favored, and can be reliably recovered in just 8 ns with differences of 171

less than 0.5 kcal/mol, no matter the REM protocol, provided the exchange ratio is different 172

from zero for each step of the replica ladder and that the scaling factor S is chosen such 173

that barriers can be overcome for m = Nrep in Eq. 1. To this end, minimum scaling factors 174

such that S ≤ 0.1 (corresponding to a ten-fold reduction of the C=C torsional barrier) 175

are necessary. We see from the table that by reducing the number of replica, both the 176

exchange ratio and the round-time decrease. The latter is reduced to 80 ps due to the 177

accelerated diffusion of the four replica walkers in the temperature space, notwithstanding 178

the reduction in the exchange rate (8-44%). 179

As shown in the central five rows of Table 1, the presence of the solvent has a re- 180

markable impact on the E/Z ratio yielding a positive free energy, hence slightly favoring 181

is solution the E conformer. Note that due to the solvent collisions, the RTT is strongly 182

reduced in solution with respect to the gas-phase. Again, so long that the exchange ratio is 183

different from zero everywhere on the replica ladder, ∆GE/Z is remarkably independent on 184

the chosen ST-HREM protocol (S or Nrep combinations) and on the simulation time span in 185

the range 8-32 ns. 186
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Figure 2. HREM sampling of the 5-Aminopent-3-enoic acid in the gas phase (a,b) and in OPC3 water
(c,d). In a), c) the time records of the central dihedral angle around the double bond are reported for
the target state (black circles) and for the hottest state (red circles). The corresponding distribution of
the dihedrals are shown in b) and d). In all cases, the REM protocol is the same (S = 0.1, Nrep = 8).

In Figure 2, we show, as a representative example, the t-REM and ST-HREM sampling 187

of the zwitterionic APA molecule in the gas phase (a,b) and in solution (c,d), respectively 188

using in both cases S=0.1 (corresponding to a temperature of 3000 K) and Nrep = 8. Despite 189

such high temperature range, as only the degrees of freedom of the solute are involved in 190

the scaling, 8 replicas are amply sufficient for obtaining a good exchange rate (see Table 1). 191

Quite reasonably, the Z (cis) state is strongly favored in the target state of the gas-phase 192

(black circles in Figure 2a) where the attractive interactions between the charged end groups 193

are unscreened. The trans state, on the other hand, while easily and uniformly sampled in 194

the hottest GE state (red circles in Figure 2b), is very rarely transmitted to the target state. 195

In Figure 2b, the gas-phase distribution of the dihedral angle around the double bond is 196

shown for the target state (black) and the hottest thermodynamic state corresponding to 197

3000 K (red). 198

The cis/trans exchange in water (Figures 2c, 2d) is frequent and homogeneous on 199

the target state (black symbols) and on the hottest state (red circles) as well. The trans(E) 200

state in water is now favored in the target state (black curve in Figure 2d), although the 201

Z(cis) state population remains significant. The enhancement of the E(trans) population 202

in water-solvated APA is expected due to the solvent screening of the opposite charge 203

end-groups. The cis-trans population ratio increases in the hottest state (d). 204
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The histograms of Figures 2b and 2d referring to the target state (black symbols), 205

allows to straightforwardly compute the E/Z ratio of APA and the associated free energy 206

change ∆GE/Z at 300 K but they give no information on the height of the free energy 207

barriers. Configurations corresponding to the top of the barrier are sampled only at the 208

highest temperature (red symbols) where the barrier is lowered by the S factor. In an HREM 209

simulation, however, one can take advantage of the full statistics to obtain equilibrium 210

averages of a given configurational property for any target distribution using the so-called 211

multiple Bennett acceptance ratio (MBAR)[41–43]. MBAR weights of all HREM sampled 212

states can be calculated for the target state distribution at 300 K, hence reconstructing, at 213

this temperature, the full free energy profile along the dihedral angle. The calculation of 214

the MBAR weights is performed with the algorithm described in Ref. [43], using the code 215

mbar provided as supplementary information in Ref. [43] and in the Zenodo repository. In 216

Figure 3, we show the MBAR-determined free energy profile of the dihedral angle around 217

the double bond in APA. To reduce the noise on the top of the barrier the calculations are 218

done using the scaling S=0.05. With such a scaling, one has a quasi-free rotation around 219

the C=C bond. The stabilization free energy energy of the E(trans) state of APA in going 220

from the gas-phase to the solution is of approximately 4 kcal/mol. Remarkably, while 221

solvent collisions allows a much more rapid replica diffusion (compare gas-phase and 222

solution RTT’s in Table 1), the barrier height in going from the Z to E state is only slightly 223

affected by the presence of the solvent. This unresponsiveness of the torsional barrier to 224

solute-solvent interactions should indeed rise a red flag for the λ-hopping effectiveness in 225

FEP calculations. 226

Figure 3. Free energy profile of the dihedral angle in gaseous and solvated APA at 300 K reconstructed
with MBAR from HREM simulations done with the protocol S = 0.05, Nrep = 8.
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3.2. λ-hopping and FEP+ results 227

In the last 6 rows of Table 1, we show the results obtained with λ-hopping for the E/Z 228

ratio. The conformation of the APA target state (λ = 1) remains that of the selected initial 229

configuration. In the Figure 4(a,b), the λ-hopping simulation (Nrep = 16, 1 ≤ λ ≤ 0.05) 230

was started from the E state and in (c,d) from the Z state. Despite the fact that standard 231

diagnostics (see RTT and ER in Table 1) seems indicative of a well-behaving REM simulation, 232

the pure λ-hopping protocol is ostensibly unable to surmount the Z-E barrier in any of 233

the λ-states. The same state (E or Z) is found in all walkers depending on the starting 234

configuration of the simulation. Therefore, pure λ-hopping is not enhancing in any way the 235

sampling in 5-Aminopent-3-enoic acid. 236

Figure 4. HREM sampling of the 5-Aminopent-3-enoic acid in TIP3P water with HREX/lambda-
hopping. In (a,b) and (c,d) the starting configuration were the trans and cis state, respectively. Time
records are on (a,c) and dihedral distributions on (b,d). Black and red symbols/line in ab,cd refer to
the λ = 1 and λ = 0.1 states.

No enhanced sampling of the dihedral angle around the C=C bond is detected even 237

using FEP+ emulation with a minimum scaling factor for intrasolute interactions of 0.25 at 238

intermediate λ, corresponding to an absolute temperature of 1200 K of the so-called[39] 239

hot-region. Again, with this FEP+ protocol, corresponding to the suggested protocol in Ref. 240

[39] for FEP binding free energy calculations in ligand-receptor systems, the APA molecule 241

remains in the initial configuration during the whole target state sampling (S = 1 and 242

λ = 1), despite all REM indicators behave seemingly well (see Table 1). The E/Z transition 243

can only be observed using a FEP+ protocol with an intrasolute scaling factor down to 244

S ≤ 0.1, i.e. using the same scaling factors for a well converged t-REM or H-REM simulation. 245

This reduced S factor summing up to the λ-scaling at constant Nrep = 16, increases the 246
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round-trip time by more than 50%, hence slowing convergence in FEP+. As shown in Table 247

1, ∆GE/Z apparently stabilizes for simulation time of 32 ns at a value (' 0.7 kcal/mol) 248

that is still slightly higher than that observed in the standard ST-HREM simulation (' 0.5 249

kcal/mol). 250

3.3. Hydration free energy of APA with λ-hopping 251

In λ-hopping/FEP+ simulations, MBAR allows to straightforwardly compute the
hydration free energy of APA with Z/E equilibrium. MBAR weights are evaluated using
the Crooks theorem for instantaneous switches[43] from the ratio of the partition functions
Zλ of neighboring λ-states. As Zλk+1

/Zλk = e∆Fk , with ∆Fk being the free energy difference
(in RT units) in going from state λk to state λk+1, the free energy connecting the end-states
(namely λ = 1 and λ = 0.05), corresponding to the negative of the hydration free energy
(∆G), can be readily computed as

∆F =
Nrep−1

∑
k=1

ln Zλk+1
/Zλk (2)

The hydration free energies of the E and Z isomers, ∆GE, ∆GZ, are related[44] to ∆G of the
thermodynamic mixture as

∆G = ∆GE − RT ln

(
1

1 + RZ/E
+

e−β(∆Gz−∆GE)

1 + RE/Z

)
(3)

with RZ/E being the equilibrium Z/E ratio of APA in an ideal solution. We have seen that a 252

simple λ-hopping simulation (no hot-zone) affords the hydration free energy of either the Z 253

or E conformer, depending on the starting configuration of the solvated APA molecule. Eq. 254

3 can hence be effectively used to verify the accuracy of the FEP+ calculation. In Figure 5 255
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Figure 5. ∆Fk for the λk → λk+1 transitions (black symbols) in λ-hopping for the E and Z isomers and
in FEP+ (blue symbol). The right y-axis refers to the λ (black line) and S (blue line) scaling factors.

we show ∆Fk along the alchemical stratification computed with pure λ-hopping for the 256

two isomers, and with FEP+ for the equilibrium mixture. We can see that the FEP+ trend 257

is markedly different from that of the pure λ-hopping for the two isomers. The irregular 258

behavior of ∆Fk with FEP+ is due to the superimposition of the two scaling factors, λ, 259

referring to the APA-environment interaction, and S, referring to the hot-zone involving 260

the APA intramolecular potential. 261

In Table 2 we finally show the results obtained for ∆G computed with FEP+ using a 262

hot-zone scaling factor S = 0.05 (as in Figure 5) with 16 replicas and various simulation 263

lengths, compared to Eq. 3 where ∆GE and ∆GZ are computed using standard λ-hopping 264

on the E and Z isomers, respectively. 265

Time/ns ∆GE ∆GZ ∆G(eq. 3) ∆G (FEP+)
8 -18.61 -15.97 -18.44(-18.43) -18.29

16 -18.57 -15.91 -18.41(-18.36) -18.25
32 -18.58 -15.92 -18.41(-18.35) -18.24

Table 2. Convergence of hydration free energies (in kcal/mol) of APA in standard condition. The
value in parenthesis have been obtained using the RZ/E ratios of the target state from the ST-HREM
simulation (see Table 1)

While the free energy difference between the Z and E isomers computed with simple 266

λ-hopping is nearly of 3 kcal/mol, ∆G with FEP+ differs by less than 0.2 kcal/mol from the 267

value computed using Eq. 3, showing a remarkable consistency between simple λ-hopping 268

on the individual Z and E species and λ-hopping of the equilibrium mixture with the 269

hot-zone. 270
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4. Conclusions 271

We have thoroughly tested the effectiveness of enhanced sampling techniques in 272

FEP calculations for a paradigmatic example, the 5-Aminopent-3-enoic-acid with a central 273

double bonds defining conformationally restricted E(trans) and Z(cis) state, separated by a 274

large energy barriers of tens kcal/mol. High torsional barriers of this size are commonplace 275

in proteins as well as in ligands, determined by the presence of out-of-ring sp2 bonds or 276

by sterically restrained interconversion of rotamers. As shown by standard Hamiltonian 277

Replica Exchange simulations, the zwitterionic form of the APA molecule undergoes an 278

inversion of stability of the E and Z form in going form the gas-phase to the solution, 279

with the Z form being strongly destabilized by the dielectric screening of the electrostatic 280

interactions between the amino and carboxylic moieties in the solvent. At variance with 281

standard ST-HREM for solvated APA, pure λ-hopping simulations are unable to enhance 282

the sampling of the Z and E isomers anywhere along the λ-stratification, including the 283

fully coupled (target) state. Sampling using the λ-hopping is found to be pathologically 284

dependent on the initial configuration of the APA molecule, consistently remaining stuck 285

in one of the two isomers. 286

Enhanced sampling can be effectively induced in λ-hopping using a FEP+ protocol 287

where the so-called hot region[39] is restricted to the APA molecule. However, the inatten- 288

tive use of the FEP+ default scaling factors for the hot region can either prevent the correct 289

sampling of the isomeric states, or can significantly slow down the convergence. As the 290

barrier height might be modulated by the solute-solvent coupling along the λ stratification, 291

the optimal FEP+ minimum scaling factor S for the hot region should hence be preliminary 292

tuned by running two ordinary solute tempering HREM simulations of the end-states at 293

λ = 1 (full ligand coupling) and λ = 0 (ligand in the gas-phase). 294
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BFE Binding free energy
MD Molecular dynamics
FEP Free energy perturbation
HREM Hamiltonian Replica Exchange Method
t-REM Temperature Replica Exchange Method
APA 5-Aminopent-3-enoic acid
RTT round-trip time
ER Exchange ratio
MBAR Multiple Bennett acceptance ratio
ST Solute tempering

318

References 319

1. In-Silico Drug Discovery Market, 2022. https://www.psmarketresearch.com/market- 320

analysis/in-silico-drug-discovery-market, accessed June 12 2022. 321

2. Jorgensen, W.L.; Buckner, J.K.; Boudon, S.; TiradoRives, J. Efficient computation of absolute free 322

energies of binding by computer simulations. Application to the methane dimer in water. J. 323

Chem Phys. 1988, 89, 3742–3746. 324

3. Pohorille, A.; Jarzynski, C.; Chipot, C. Good Practices in Free-Energy Calculations. J. Phys. 325

Chem. B 2010, 114, 10235–10253, [http://dx.doi.org/10.1021/jp102971x]. https://doi.org/10.1 326

021/jp102971x. 327

4. Zwanzig, R.W. High-temperature equation of state by a perturbation method. I. Nonpolar 328

gases. J. Chem. Phys. 1954, 22, 1420–1426. 329

5. Kirkwood, J.G. Statistical mechanics of fluid mixtures,. J. Chem. Phys. 1935, 3, 300–313. 330

6. Coveney, P.V.; Wan, S. On the calculation of equilibrium thermodynamic properties from 331

molecular dynamics. Phys. Chem. Chem. Phys. 2016, 18, 30236–30240. https://doi.org/10.1039/ 332

C6CP02349E. 333

7. Bhati, A.P.; Wan, S.; Hu, Y.; Sherborne, B.; Coveney, P.V. Uncertainty Quantification in 334

Alchemical Free Energy Methods. J. Chem. Theory Comput. 2018, 14, 2867–2880. https: 335

//doi.org/10.1021/acs.jctc.7b01143. 336

8. Gapsys, V.; Perez-Benito, L.; Aldeghi, M.; Seeliger, D.; van Vlijmen, H.; Tresadern, G.; de Groot, 337

B.L. Large scale relative protein ligand binding affinities using non-equilibrium alchemy. Chem. 338

Sci. 2020, 11, 1140–1152. https://doi.org/10.1039/C9SC03754C. 339

9. Sugita, Y.; Okamoto, Y. Replica-exchange molecular dynamics method for protein folding. 340

Chem. Phys. Lett. 1999, 314, 141–151. 341

10. Woods, C.J.; Essex, J.W.; King, M.A. Enhanced Configurational Sampling in Binding Free-Energy 342

Calculations. J. Phys. Chem. B 2003, 107, 13711–13718, [https://doi.org/10.1021/jp036162+]. 343

https://doi.org/10.1021/jp036162+. 344

11. Bitetti-Putzer, R.; Yang, W.; Karplus, M. Generalized ensembles serve to improve the conver- 345

gence of free energy simulations. Chem. Phys. Lett. 2003, 377, 633–641. https://doi.org/https: 346

//doi.org/10.1016/S0009-2614(03)01057-1. 347

12. Hritz, J.; Oostenbrink, C. Hamiltonian replica exchange molecular dynamics using soft-core 348

interactions. J. Chem. Phys. 2008, 128, 144121, [https://doi.org/10.1063/1.2888998]. https: 349

//doi.org/10.1063/1.2888998. 350

13. Wang, L.; Berne, B.J.; Friesner, R.A. On achieving high accuracy and reliability in the calculation 351

of relative protein-ligand binding affinities. Proc. Natnl. Acad. Sci. 2012, 109, 1937–1942. 352

https://doi.org/10.1073/pnas.1114017109. 353

14. Wang, L.; Wu, Y.; Deng, Y.; Kim, B.; Pierce, L.; Krilov, G.; Lupyan, D.; Robinson, S.; Dahlgren, 354

M.K.; Greenwood, J.; et al. Accurate and Reliable Prediction of Relative Ligand Binding Potency 355

in Prospective Drug Discovery by Way of a Modern Free-Energy Calculation Protocol and Force 356

Field. J. Am. Chem. Soc. 2015, 137, 2695–2703. 357

15. Jiang, W.; Roux, B. Free Energy Perturbation Hamiltonian Replica-Exchange Molecular Dy- 358

namics (FEP/H-REMD) for Absolute Ligand Binding Free Energy Calculations. J. Chem. 359

Theory Comput. 2010, 6, 2559–2565, [https://doi.org/10.1021/ct1001768]. PMID: 21857813, 360

https://doi.org/10.1021/ct1001768. 361

16. Baumann, H.M.; Gapsys, V.; de Groot, B.L.; Mobley, D.L. Challenges Encountered Applying 362

Equilibrium and Nonequilibrium Binding Free Energy Calculations. The Journal of Physical 363

Chemistry B 2021, 125, 4241–4261, [https://doi.org/10.1021/acs.jpcb.0c10263]. PMID: 33905257, 364

https://doi.org/10.1021/acs.jpcb.0c10263. 365

http://xxx.lanl.gov/abs/http://dx.doi.org/10.1021/jp102971x
https://doi.org/10.1021/jp102971x
https://doi.org/10.1021/jp102971x
https://doi.org/10.1021/jp102971x
https://doi.org/10.1039/C6CP02349E
https://doi.org/10.1039/C6CP02349E
https://doi.org/10.1039/C6CP02349E
https://doi.org/10.1021/acs.jctc.7b01143
https://doi.org/10.1021/acs.jctc.7b01143
https://doi.org/10.1021/acs.jctc.7b01143
https://doi.org/10.1039/C9SC03754C
http://xxx.lanl.gov/abs/https://doi.org/10.1021/jp036162+
https://doi.org/10.1021/jp036162+
https://doi.org/https://doi.org/10.1016/S0009-2614(03)01057-1
https://doi.org/https://doi.org/10.1016/S0009-2614(03)01057-1
https://doi.org/https://doi.org/10.1016/S0009-2614(03)01057-1
http://xxx.lanl.gov/abs/https://doi.org/10.1063/1.2888998
https://doi.org/10.1063/1.2888998
https://doi.org/10.1063/1.2888998
https://doi.org/10.1063/1.2888998
https://doi.org/10.1073/pnas.1114017109
http://xxx.lanl.gov/abs/https://doi.org/10.1021/ct1001768
https://doi.org/10.1021/ct1001768
http://xxx.lanl.gov/abs/https://doi.org/10.1021/acs.jpcb.0c10263
https://doi.org/10.1021/acs.jpcb.0c10263


Version July 6, 2022 submitted to Molecules 13 of 14

17. Gonzalez, D.; Macaya, L.; Vöhringer-Martinez, E. Molecular Environment-Specific Atomic 366

Charges Improve Binding Affinity Predictions of SAMPL5 Host–Guest Systems. J. Chem. Inf. 367

Model. 2021, 61, 4462–4474, [https://doi.org/10.1021/acs.jcim.1c00655]. PMID: 34464129, 368

https://doi.org/10.1021/acs.jcim.1c00655. 369

18. Bannan, C.C.; Burley, K.H.; Chiu, M.; Shirts, M.R.; Gilson, M.K.; Mobley, D.L. Blind prediction 370

of cyclohexane-water distribution coefficients from the SAMPL5 challenge. J. Comput.-Aided 371

Mol. Des. 2016, 30, 927–944. https://doi.org/10.1007/s10822-016-9954-8. 372

19. Markthaler, D.; Fleck, M.; Stankiewicz, B.; Hansen, N. Exploring the Effect of Enhanced 373

Sampling on Protein Stability Prediction. J. Chem. Theory Comput. 2022, 18, 2569–2583, 374

[https://doi.org/10.1021/acs.jctc.1c01012]. PMID: 35298174, https://doi.org/10.1021/acs. 375

jctc.1c01012. 376

20. Gapsys, V.; Yildirim, A.; Aldeghi, M.; Khalak, Y.; van der Spoel, D.; de Groot, B.L. Accurate 377

absolute free energies for ligand-protein binding based on non-equilibrium approaches. Comm. 378

Chem. 2021, 4, 61. https://doi.org/10.1038/s42004-021-00498-y. 379

21. Wan, S.; Tresadern, G.; Perez-Benito, L.; van Vlijmen, H.; Coveney, P.V. Accuracy and Precision 380

of Alchemical Relative Free Energy Predictions with and without Replica-Exchange. Advanced 381

Theory and Simulations 2020, 3, 1900195. https://doi.org/https://doi.org/10.1002/adts.201900 382

195. 383

22. Liu, P.; Kim., B.; Friesner, R.A.; Berne, B.J. Replica exchange with solute tempering: A method 384

for sampling biological systems in explicit water. Proc. Acad. Sci. 2005, 102, 13749–13754. 385

23. Marsili, S.; Signorini, G.F.; Chelli, R.; Marchi, M.; Procacci, P. ORAC: A Molecular Dynamics 386

Simulation Program to Explore Free Energy Surfaces in Biomolecular Systems at the Atomistic 387

Level. J. Comput. Chem. 2010, 31, 1106–1116. 388

24. 2021. Chemicalize was used for prediction of the pKa’s in APA, https://chemicalize.com/, 389

developed by ChemAxon. 390

25. Sun, D. Recent Advances in Macrocyclic Drugs and Microwave-Assisted and/or Solid- 391

Supported Synthesis of Macrocycles. Molecules 2022, 27. https://doi.org/10.3390/molecules2 392

7031012. 393

26. Baillargeon, P.; Bernard, S.; Gauthier, D.; Skouta, R.; Dory, Y. Efficient Synthesis and Astonishing 394

Supramolecular Architectures of Several Symmetric Macrolactams. Chemistry – A European 395

Journal 2007, 13, 9223–9235. https://doi.org/https://doi.org/10.1002/chem.200700522. 396

27. Saltiel, J.; Y.-P., S., Cis-trans Isomerization of C=C Double Bonds; Elsevier Sci., 2003; chapter 397

Photochromism, pp. 64–164. 398

28. Dugave, C.; Demange, L. Cis-Trans Isomerization of Organic Molecules and Biomolecules: 399

Implications and Applications. Chem. Rev. 2003, 103, 2475–2532. https://doi.org/10.1021/cr0 400

104375. 401

29. Procacci, P. PrimaDORAC: A Free Web Interface for the Assignment of Partial Charges, Chemical 402

Topology, and Bonded Parameters in Organic or Drug Molecules. J. Chem. Inf. Model. 2017, 403

57, 1240–1245. 404

30. Wang, J.; Wolf, R.; Caldwell, J.; Kollman, P.; Case, D. Development and testing of a general 405

AMBER force field. J. Comp. Chem. 2004, 25, 1157–1174. 406

31. GAFF and GAFF2 are public domain force fields and are part of the AmberTools distribution, 407

available for download at https://amber.org internet address (accessed January, 2022). Accord- 408

ing to the AMBER development team, the improved version of GAFF, GAFF2, is an ongoing 409

poject aimed at "reproducing both the high quality interaction energies and key liquid properties 410

such as density, heat of vaporization and hydration free energy". GAFF2 is expected "to be an 411

even more successful general purpose force field and that GAFF2-based scoring functions will 412

significantly improve the successful rate of virtual screenings.". 413

32. Nosé, S. A unified formulation of the constant temperature molecular dynamics methods. J. 414

Chem. Phys. 1984, 81, 511–519. https://doi.org/10.1063/1.447334. 415

33. Izadi, S.; Onufriev, A.V. Accuracy limit of rigid 3-point water models. J. Chem. Phys. 2016, 416

145, 074501. 417

34. Marchi, M.; Procacci, P. Coordinates scaling and multiple time step algorithms for simulation of 418

solvated proteins in the NPT ensemble. J. Chem. Phys. 1998, 109, 5194–520g2. 419

35. Essmann, U.; Perera, L.; Berkowitz, M.L.; Darden, T.; Lee, H.; Pedersen, L.G. A smooth particle 420

mesh Ewald method. J. Chem. Phys. 1995, 103, 8577–8593. 421

36. Procacci, P. Hybrid MPI/OpenMP Implementation of the ORAC Molecular Dynamics Program 422

for Generalized Ensemble and Fast Switching Alchemical Simulations. J. Chem. Inf. Model. 2016, 423

56, 1117–1121. https://doi.org/10.1021/acs.jcim.6b00151. 424

http://xxx.lanl.gov/abs/https://doi.org/10.1021/acs.jcim.1c00655
https://doi.org/10.1021/acs.jcim.1c00655
https://doi.org/10.1007/s10822-016-9954-8
http://xxx.lanl.gov/abs/https://doi.org/10.1021/acs.jctc.1c01012
https://doi.org/10.1021/acs.jctc.1c01012
https://doi.org/10.1021/acs.jctc.1c01012
https://doi.org/10.1021/acs.jctc.1c01012
https://doi.org/10.1038/s42004-021-00498-y
https://doi.org/https://doi.org/10.1002/adts.201900195
https://doi.org/https://doi.org/10.1002/adts.201900195
https://doi.org/https://doi.org/10.1002/adts.201900195
https://doi.org/10.3390/molecules27031012
https://doi.org/10.3390/molecules27031012
https://doi.org/10.3390/molecules27031012
https://doi.org/https://doi.org/10.1002/chem.200700522
https://doi.org/10.1021/cr0104375
https://doi.org/10.1021/cr0104375
https://doi.org/10.1021/cr0104375
https://doi.org/10.1063/1.447334
https://doi.org/10.1021/acs.jcim.6b00151


Version July 6, 2022 submitted to Molecules 14 of 14

37. Wang, L.; Friesner, R.A.; Berne, B.J. Replica Exchange with Solute Scaling: A More Efficient 425

Version of Replica Exchange with Solute Tempering (REST2). J. Phys. Chem. 2011, 115, 9431–9438. 426

https://doi.org/10.1021/jp204407d. 427

38. Iannone, F.; Ambrosino, F.; Bracco, G.; De Rosa, M.; Funel, A.; Guarnieri, G.; Migliori, S.; Palombi, 428

F.; Ponti, G.; Santomauro, G.; et al. CRESCO ENEA HPC clusters: a working example of a 429

multifabric GPFS Spectrum Scale layout. In Proceedings of the 2019 International Conference 430

on High Performance Computing Simulation (HPCS), 2019, pp. 1051–1052. 431

39. Wang, L.; Deng, Y.; Knight, J.L.; Wu, Y.; Kim, B.; Sherman, W.; Shelley, J.C.; Lin, T.; Abel, R. 432

Modeling Local Structural Rearrangements Using FEP/REST: Application to Relative Binding 433

Affinity Predictions of CDK2 Inhibitors. J. Chem. Theory Comput. 2013, 9, 1282–1293. 434

40. The Advantages of Free Energy Perturbation Calculations, [www.schrodinger.com/products/fep]. 435

Accessed 11 February 2022. 436

41. Bennett, C.H. Efficient estimation of free energy differences from Monte Carlo data. J. Comp. 437

Phys. 1976, 22, 245–268. 438

42. Shirts, M.R.; Chodera, J.D. Statistically optimal analysis of samples from multiple equilibrium 439

states. J. Chem. Phys. 2008, 129, 124105. 440

43. Procacci, P. Multiple Bennett acceptance ratio made easy for replica exchange simulations. J. 441

Chem. Phys. 2013, 139, 124105. 442

44. The solution/gas equilibrium for the Z and E isomers in ideal conditions is given by KE = 443

cgas
E /csol

E = e−β∆FE and KZ = cgas
Z /csol

Z = e−β∆FZ . For the mixture we have K = (cgas
E + 444

cgas
Z )/(csol

E + csol
Z ) = e−β∆F. Using this three relations, after some trivial algebra we arrive at Eq. 445

3. 446

https://doi.org/10.1021/jp204407d
http://xxx.lanl.gov/abs/www.schrodinger.com/products/fep

