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Abstract

The binding energies for cation-π complexation are underestimated by traditional fixed-charge 

force fields owing to their lack of explicit treatment of ion-induced dipole interactions. To address 

this deficiency, explicit treatment of cation-π interactions has been introduced into the OPLS-AA 

force field. Following prior work with atomic cations, it is found that cation-π interactions can be 

handled efficiently by augmenting the usual 12–6 Lennard-Jones potentials with 1/r4 terms. 

Results are provided for prototypical complexes as well as protein-ligand systems of relevance for 

drug design. Alkali cation, ammonium, guanidinium, and tetramethylammonium were chosen for 

the representative cations, while benzene and six heteroaromatic molecules were used as the π 
systems. The required non-bonded parameters were fit to reproduce structures and interactions 

energies for gas-phase complexes from DFT calculations at the ωB97X-D/6–311++G(d,p) level. 

The impact of solvent was then examined by computing potentials of mean force (pmfs) in both 

aqueous and THF solutions using free-energy perturbation (FEP) theory. Further testing was 

carried out for two cases of strong and one case of weak cation-π interactions between drug-like 

molecules and their protein hosts, namely, the JH2 domain of JAK2 kinase and macrophage 

migration inhibitory factor. FEP results reveal greater binding by 1.5 – 4.4 kcal/mol from addition 

of the explicit cation-π contributions. Thus, in the absence of such treatment of cation- π 
interactions, errors for computed binding or inhibition constants of 101 −103 are expected.

INTRODUCTION

Cation-π interactions are an important binding element for molecular recognition in 

synthetic and natural systems. They have been studied for more than 30 years and numerous 

reviews are available.1–5 During this time, computational modeling of complex systems in 

solution has predominantly featured the use of fixed-charge force fields in molecular 

dynamics or Monte Carlo simulations. However, cation-π interactions are well-known to 

feature ion-induced dipole interactions,2–6 which are not explicitly included in such force 

fields. The consequent errors in computing gas-phase interaction energies increase with the 

polarizing character of the ion leading to ca. 10 kcal/mol underestimation of gas-phase 
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interaction energies for prototypical cases like K+ or NH4
+ with benzene.6 Approaches to 

address the deficiencies started in the 1990s, especially in reports by Kollman, Chipot, and 

co-workers.6–8 Incorporation of inducible dipoles6 on aromatic carbon atoms or addition or 

Lennard-Jones 12–10 or 12–4 potentials7,8 all yielded improvements for model complexes in 

comparison to quantum mechanical results. Our group has also used inducible dipoles for 

cation-π interactions9 and this approach is implemented in the fully polarizable AMOEBA 

force field.10,11 A more recent tactic that has been actively pursued is the addition of Drude 

oscillators to better represent cation-π interactions in polarizable CHARMM force fields.
12–15

At this time, in view of the success of Li et al. in improving interactions with metal ions for 

an additive force field with addition of a 1/r4 term,16–19 we have undertaken a broader study 

of the utility of this approach for treating cation-π interactions. Advantages over a fully 

polarizable model are that it can be readily added to and retains the character of non-additive 

models, and the effect on execution time is negligible. It also has the correct distance-

dependence for ion-induced dipole interactions.8,19 Simply, a term -κiαj/rij
4 is added to the 

non-bonded potential energy between site(s) on the cation i and aromatic atoms j, which 

have associated parameters κ and α to control the strength of the interactions. Thus, the total 

non-

Eij = qiqje2

rij
+ 4εij

σij12

rij12 −
σij6

rij6 − κiαj
rij4

(1)

bonded interaction between such sites i and j is given by a sum of Coulombic, Lennard-

Jones 12–6, and 1/r4 terms (eq 1). In this study, κ and α parameters have been optimized for 

alkali, ammonium, tetraalkylammonium, and guanidinium cations interacting with benzene 

and six aromatic heterocycles that are representative of aromatic amino acids found in 

proteins and common drug fragments.20 The parameterization was performed in comparison 

to DFT results for representative complexes in the gas-phase, and testing has included 

computation of free-energy profiles for the association of cations with benzene and 

heterocycles in aqueous and THF solution, and computation of the effects of addition of the 

1/r4 terms on the free energy of binding for three protein-ligand complexes. The resulting 

improvements are included in the latest version of the OPLS-AA force field, which is termed 

OPLS/2020.

QUANTUM MECHANICAL RESULTS

In order to obtain reference interaction energies and geometries for ion-molecule complexes, 

quantum mechanical (QM) calculations were carried out with Gaussian16 including 

counterpoise corrections for basis set superposition errors (BSSE).21,22 In deciding on an 

appropriate level of theory, there have been numerous, systematic studies of the complexes 

of ammonium and alkali cations with benzene.4,23–29 CCSD(T), MP2, and ωB97X-D based 

methods all give high quality results in comparison with experimental data. A previous study 

by Chai and Head-Gordon30 compared multiple DFT methods and showed that ωB97X-D is 

the best overall performer based on their thermochemical test sets. As listed in Table S1, we 

did obtain interaction energies for the benzene-K+ complex with MP2 and ωB97X-D using 
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multiple basis sets. MP2 with 6–311G++(2df, 2pd), 6–311G++(3df, 3pd) and aug-cc-pVDZ 

basis sets and ωB97X-D with 6–311G++(d,p), 6–311G++(2df, 2pd), 6–311G++(3df, 3pd), 

def2-TZVPPD all gave interaction energies of 18–19 kcal/mol in good accord with the 

experimental values at 0 K of 18.2 ± 1.4 kcal/mol and 17.5 ±0.9 and.25,31 As listed in Table 

S2, good accord is also found between the experimental complexation energies and ωB97X-

D/6–311++G(d,p) results for benzene with Li+, Na+, and NH4
+. In addition, as illustrated in 

Figure 1, the potential energy curves for separation of the benzene-K+ complex along the 

six-fold axis are similar with ωB97X-D/6–311++G(d,p) (solid blue line) and MP2/6–311+

+G(d,p) (blue dots). For study of additional systems, we chose ωB97X-D/6–311++G(d,p) 

owing to the combination of accuracy and computational efficiency.

For development of the improved force field with intended application to proteins and 

protein-ligand binding, we have considered the complexes of ammonium, 

tetramethylammonium (NMe4
+), and guanidinium (Gdm+) ions with benzene and indole, as 

illustrated in Figure 2. For treatment of alternative aromatic molecules, complexes of K+ 

with benzene, pyridine, pyrazine, pyrrole, thiophene, and furan have been included (Figure 

3). Energy minima for π-complexes were initially located with B3LYP/6–311++G(d,p) 

calculations, then rigid potential energy scans21 were performed at the ωB97X-D/6–311+

+G(d,p) level with variation of the distance between the central atom of the ion and the 

aromatic ring center in 0.1-Å increments. The resultant optimal distances and interaction 

energies are recorded in Figures 2 and 3, and the results for all complexes are summarized in 

Table 1. Specific cases receive analysis below.

For benzene-NH4
+, both monodendate and bidendate geometries were studied. In the 

bidendate form, an interaction energy of −18.8 kcal/mol was obtained; this is in accord with 

prior results of Ansorg et al.,10 −18.7 kcal/mol with CCSD(T)/aug-cc-pVTZ and −19.0 

kcal/mol with DFT-SAPT. Kim et al.32 reported a similar value of −18.6 kcal/mol at the 

MP2/aug-cc-pVDZ level with a 2.9-Å equilibrium distance. Another study with a different 

basis set (CCSD(T)/6–311++G(2d,2p)) by Marshall et al.33 gave weaker binding, −16.4 

kcal/mol at a longer distance, 3.1 Å. However, a CCSD(T)/CBS report yielded stronger 

binding, −21.4 kcal/mol at a distance of 2.94 Å.34 The experimental enthalpy change for the 

complexation at 298 K is −19.3 kcal/mol35 and the difference with 0 K is expected to be 

negligible.25 The monodendate geometry for benzene-NH4
+ is 0.65 kcal/mol less favorable 

than for the bidendate alternative in Figure 2. This result is in accord with a 0.7 kcal/mol 

difference using CCSD(T)/aug-cc-pVTZ reported by Ansorg et al.10 at 3.0-Å separation. 

Overall, the present findings are consistent with a consensus of a ca. −19 kcal/mol 

interactions energy for benzene-NH4
+ and small favoring of the bidendate geometry.

The benzene-NMe4
+ complex favors having three methyl groups in contact with the benzene 

ring.26 The present interaction energy of −11.0 kcal/mol with an N-ring center distance of 

4.3 Å is somewhat stronger than the experimental value of −9.4 kcal/mol.36 Other results 

include −9.5 kcal/mol at the CCSD(T)/CBS level with a separation of 4.28 Å, and −10.5 

kcal/mol with MP2/CBS.34

Cation-π interactions for the benzene-Gdm+ complex were examined in stacked and T-

shaped geometries. In agreement with previous reports, the ωB97X-D/6–311++G(d,p) 
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results confirm that the T-shaped geometry with an interaction energy of −14.5 kcal/mol is 

preferred over the stacked alternative at −8.0 kcal/mol. Our results are in accord with the 

studies by Gallivan and Dougherty37 (M06/6–31G(d,p)), which yielded values of −14.9 and 

−8.6 kcal/mol for the T-shaped and stacked structures. For the stacked one, the present 

interaction energy, −8.0 kcal/mol, at an interplanar separation of 3.5 Å is also consistent with 

the value of −7.5 kcal/mol from Kumar et al.5 using DLPNO-CCSD(T)/aug-cc-pVTZ at 3.5 

Å.

In addition to the complexes in Figure 3, the indole-K+ complex was studied in two 

geometries where the ion is above the pyrrole ring (π5) or the benzene ring (π6) of indole, 

as for NH4
+ in Figure 2. The corresponding interaction energies in Table 1, −21.5 and −23.6 

kcal/mol, predict a 2-kcal/mol favoring of complexation with the benzene ring. The larger, 

more electron rich π-system increases the interaction significantly compared to that for 

benzene, −18.3 kcal/mol. These results are nicely consistent with a joint experimental and 

computational study, which yielded an experimental binding energy of −23.9 kcal/mol, and 

MP2(full)/6–311+G(2d,2p) values of −20.9 and −22.7 kcal/mol for the π5 and π6 

alternatives.38 The consensus is that all alkali cations bind preferentially to the benzene ring 

of indole.38,39 The π5 and π6 forms are separate energy minima for Li+, Na+, and K+.38 

Similarly, we find that ammonium ion binds about 3 kcal/mol more strongly to the benzene 

rather than pyrrole ring of indole (Figure 2) with interaction energies of −22.6 and −19.5 

kcal/mol. For guanidinium ion with indole, a π6 stacked geometry was explored and yielded 

a significantly enhanced interaction energy of −13.2 kcal/mol compared to the stacked result 

with benzene, −8.0 kcal/mol.

The interaction of K+ with the other π systems shows that indole provides the strongest 

cation-π binding and the trend in binding strengths is indole > pyrrole > benzene > 

thiophene > furan ≈ pyridine > pyrazine. The same pattern was found in an early study using 

HF/6–31G(d,p) calculations for complexes with Na+, though thiophene was not included.39 

Consideration of basic electrostatics explains well the pattern with azine nitrogens, sulfur 

and oxygen depleting π-electron density, and aniline or pyrrole-like nitrogen atoms 

increasing it.39 Another study also found pyrrole to be a stronger π-donor than benzene 

yielding complexation energies of −18.2 and −16.6 kcal/mol with MP2/aug-cc-pVDZ 

calculations.32 For interaction with benzene as the π system, the order of cation binding 

strengths in Table 1 is Li+ > Na+ > NH4
+ ≈ K+ > Gdm+ > Rb+ > Cs+ > TMA+, which 

follows the expected trend of increasing charge delocalization. Overall, the ωB97X-D/6–

311++G(d,p) results for cation-π interactions are consistent with the best available 

interaction energies and geometries, and they provide a solid basis for parameterization of a 

force field.

DETERMINATION OF κ AND α PARAMETERS

Treatment of the 1/r4 terms was taken as an add-on to the OPLS-AA force field40 and 

implemented in the BOSS 5.0 and MCPRO 3.3 programs,41 which were used for gas-phase 

energy minimizations and potential surface scans, as well as for free-energy perturbation 

(FEP) calculations in solution. Parametrization of the κ and α parameters in eq 1 focused on 

reproducing the ωB97X-D/6–311++G(d,p) results for the complexes. The κ for the N of 
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ammonium ions (type N3 in OPLS and AMBER force fields) was set to 1.0, and an initial α 
for aromatic carbon atoms (type CA) was determined to reproduce well the interaction 

energy and separation for the benzene-NH4
+ complex. This α value could then be used to 

obtain initial values for the other cations from optimization of their complexes with benzene 

and the heterocycles. This process was iterated until the κ and α parameters converged to 

minimize the root-mean-square deviation between the interaction energies calculated with 

ωB97X-D/6–311++G(d,p) and the modified force field, OPLS/2020.

The resultant parameter values are listed in Table 2, and the results for the 21 complexes are 

compared in Table 1. The complete non-bonded parameters for the present ions are provided 

in Table S3. The improved agreement with the QM results is striking with the average error 

for the interaction energies declining from 8.4 kcal/mol with OPLS-AA to 0.9 kcal/mol with 

OPLS/2020, while the average error for the computed separations remains at 0.1 Å. The 

distances for the energy minima are generally 0.1 Å shorter than the QM references with 

OPLS/2020, while they are ca. 0.1 Å longer with OPLS-AA; the discrepancies were not 

sufficient to motivate modification of the Lennard-Jones parameters for OPLS-AA with the 

exception of the σ and ε for ammonium nitrogen atoms, which were changed from 3.25 Å 

and 0.17 kcal/mol42 to 3.48 Å and 0.29 kcal/mol. The partial charges for ammonium and 

guanidinium ions are the same as published in 1986 and 1993.42,43 The parameters for the 

alkali metal cation are from Jensen and Jorgensen.44 The OPLS-AA parameters for the 

cations yield free energies of hydration in good accord with experimental data.42–44

For the particularly biologically relevant interactions of ammonium and guanidinium ions as 

models for lysine and arginine with benzene and indole as models for phenylalanine and 

tryptophan, underestimates of the cation-π interactions by 5–10 kcal/mol are reduced to 

differences of ca. 1 kcal/mol in Table 1. The trends for the interactions are also well 

reproduced with the affinity order for K+ being indole > pyrrole > benzene > thiophene > 

furan ≈ pyridine > pyrazine both from the ωB97X-D/6–311++G(d,p) calculations and 

OPLS/2020. Furthermore, potential energy scans agreed well, as illustrated in Figure 1; the 

dissociation curve for the benzene-K+ complex from the QM calculations and the OPLS/

2020 force field overlap closely, while the curve for unmodified OPLS-AA is shifted up by 

10 kcal/mol in the vicinity of the energy minimum and the slope with increasing distance is 

too small. Addition of the 1/r4 terms provides substantial improvement to the interaction 

profile with correct distance-dependence.

FREE ENERGY PROFILES IN SOLUTION

In order to gauge the influence of solvation, potentials of mean force (pmfs) for separation 

of the cation-π complexes were computed via Metropolis Monte Carlo (MC) simulations 

using free-energy perturbation (FEP) theory in water and tetrahydrofuran with the BOSS 

program.41 The reaction coordinate (rc) was taken as the distance from the ring center to the 

central atom of the cation, as above. 25 windows with double-wide sampling and a 0.1-Å 

step size were used to cover the range from 2.0 to 7.0 Å.45 By that point the pmf curves were 

flat. Each window consisted of at least 2.5 million configurations of equilibration and 4 

million configurations of averaging. All calculations were performed for systems with 

periodic boundary conditions at 25 C and 1 atm. 740 TIP4P water molecules46 or 390 THF 
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molecules47 were used with solute-solvent cutoffs of 12 Å and solvent-solvent cutoffs of 10 

(water) or 12 Å (THF). Some calculations with 2000 water molecules were also carried out, 

as noted below.

Computed pmfs for K+, NH4
+, NMe4

+, and guanidinium ion with benzene are shown in 

Figure 4; additional pmfs are given in Figure S1. The general pattern is that there are no (K
+) or very shallow minima (ca. −1 kcal/mol) in these free-energy profiles using the non-

polarizable OPLS-AA force field; the free energy is roughly unchanged from 7-Å separation 

to 3–4 Å where the pmfs become sharply repulsive as the cation and π-system come within 

van der Waal’s contact. In view of the enhanced interactions upon inclusion of the 1/r4 terms 

in the force field, it is not surprising that well-defined minima are introduced in the pmfs 

near the optimal gas-phase separations with OPLS/2020.

For benzene-K+ in Figure 4, the minimum occurs at 2.9-Å separation with a well-depth of 

−7.5 kcal/mol. The smoothness of the pmfs suggests good convergence with the present 

methodology; however, for further testing, two additional independent runs were made for 

benzene-K+ by just changing the number of water molecules from 740 to 742 and 745. The 

resultant pmfs have well-depths of −8.2 and −7.3 kcal/mol at separations of 2.8 and 2.9 Å. 

Thus, the statistical uncertainty in the well-depths is 0.5 – 1.0 kcal/mol. The depths are much 

less negative than the gas-phase interaction energy (−18.5 kcal/mol in Table 1) owing to the 

dehydration of the ion as it approaches the benzene molecule and to the thermal averaging. 

Integration of the first peak in the K+ – Ow radial distribution function (rdf) to 3.4 Å reveals 

7.0 water molecules when rc is 6.9 Å, which is reduced to 5.0 water molecules at rc = 2.9 Å. 

The pmfs for benzene-NH4
+ in Figure 4 are similar with a well-depth of −7.6 kcal/mol using 

the modified force field at an N – ring center distance of 2.9 Å. Near the minimum, one 

hydrogen atom of the ion is directed towards the benzene ring and there is less dehydration; 

integration of the N – Ow rdfs to 3.5 Å reveals 6.8 hydrogen-bonded water molecules at rc = 

6.9 Å declining to 5.4 at rc = 2.9 Å. The benzene-guanidinium ion pmf shows a shallower 

free-energy minimum, −6.1 kcal/mol at 3.4–3.5 Å separation. The stacked structure is 

preferred in this distance range in water over the T-shaped one, since it minimizes the loss of 

hydrogen bonds. Stacked structures are also observed in crystal structures containing 

arginine-arene contacts.5 From the present rdfs and solute-water interaction energies, it is 

apparent that there are 6 water molecules hydrogen-bonded to the guanidinium ion at all 

values of rc, as previously noted.43 For benzene-NMe4
+, there is a broad minimum at rc = 4–

5 Å with a well-depth of −3.8 kcal/mol with inclusion of the 1/r4 terms with OPLS/2020 vs. 

−1.2 kcal/mol with OPLS-AA.

Prior results for the well-depths of the contact minima are variable. In the early study by 

Chipot et al., the pmf obtained for toluene-NH4
+ in TIP3P water including the 10–12 cation-

π term has a minimum at 3.05 Å with a depth of −5.5 kcal/mol.7 Gallivan and Dougherty 

also obtained a well-depth of −5.5 kcal/mol for the benzene-methylammonium complex 

using HF/6–31+G(d) calculations and a continuum hydration model.48 Car-Parrinello MD 

has been applied to the benzene-NH4
+ system and yielded a pmf with a well-depth of −5.75 

kcal/mol at 3.25-Å separation.49 With a polarizable model using the Drude approach and 

SWM4-NDP water model, Orabi and Lamoureux found a minimum for benzene-NH4
+ with 

a depth of only −1.4 kcal/mol at 3.3-Å separation.12 With the same approach, they 
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subsequently found a deeper well, −3.3 kcal/mol, for a pmf with the ammonium ion 

constrained to be perpendicular to the face of the benzene ring.50 It may be noted that the 

results in Figure 4 were from unconstrained simulations. In another report using the 

CHARMM-Drude force field, the computed pmf for toluene-NH4
+ has the contact minimum 

at 2.9 Å with a depth of −2.8 kcal/mol.14 In a very recent report, Lennard-Jones 12–6 

parameters were optimized to reproduce ion-arene pmfs from QM/MM calculations; the 

resulting well-depth for toluene-NH4
+ was ca. −5 kcal/mol.51

Thus, there is a significant range of results for the free-energy well-depth in water for the 

fundamental cation-π system, benzene-NH4
+, ranging from −1 to the present −7.6 kcal/mol. 

Some variation stems from differences in the force fields; however, there are also significant 

differences in the computation of the pmfs, e.g., by FEP or umbrella sampling, length of MD 

or MC runs, imposition of constraints, number of water molecules, water model, cutoffs, and 

treatment of long-range interactions. It would seem that the last item should not lead to 

much variation across the range of rc (2–7 Å). In the present cases, the cutoff scheme is to 

include all x-y interactions if any distance between a pair of non-hydrogen atoms in 

molecules x and y is below the cutoff.41 The interactions are quadratically smoothed to zero 

over the last 0.5 Å, and no cutoff corrections are made except for the Lennard-Jones 12–6 

interactions in THF. To test the impact of using a much larger system and cutoffs, the 

benzene-NH4
+ and benzene-K+ pmfs were also computed using ca. 40 × 40 × 40 Å cubic 

periodic cells with 2000 water molecules and with both water-water and solute-water cutoffs 

increased to 15 Å the sampling in each window was lengthened to 6 million configurations 

of equilibration and 10 M configurations of averaging. For K+ the resulting minimum was 

−7.3 kcal/mol at 2.9 Å, and for NH4
+ −8.1 kcal/mol at 3.0 Å. Thus, use of the larger systems 

and cutoffs gave very similar results as for the smaller ones.

Some additional prior results should be noted. For phenylalanine-Na+, Costanzo et al. used 

modified Lennard-Jones parameters to better represent cation-π interactions and obtained a 

pmf in SPC water with a well-depth of −4.5 kcal/mol at 2.7 Å,52 while with the CHARMM/

Drude/SWM4-NDP water model, Orabi and Lamoureux found a shallower minimum for 

benzene-K+ with a depth of only −1.2 kcal/mol at 3.2 Å,12 while their constrained result for 

the minimum for benzene-NMe4
+ of −3.8 kcal/mol at 4–5 Å is the same as in Figure 4.50

For the pmf calculations in THF, the benzene-K+ and benzene-NH4
+ cases were examined 

(Figure 5). Without the added 1/r4 terms the pmfs are basically flat until rc = 3.0 Å and then 

they turn repulsive, while with the explicit cation-π terms contact minima are present with 

well depths of −6.8 and −6.6 kcal/mol at 2.9 and 3.0 Å for K+ and NH4
+, respectively. Thus, 

in both cases the wells are about 1 kcal/mol shallower than for the pmfs in TIP4P water with 

no significant change to the rc values. There is again the expected shedding of solvent 

molecules coordinated to the ions with decreasing separation. For K+ integration of the K+ – 

O rdf to 3.7 Å yields 6.3 and 4.7 THF molecules for rc = 6.9 and 2.9 Å. The corresponding 

coordination numbers for the NH4
+ complex are 6.9 and 5.0 THF molecules. An illustration 

of the benzene-K+ complex at rc = 2.9 Å is provided in Figure 6.
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FURTHER CONSIDERATION OF THE CONDENSED-PHASE ENVIRONMENT

The present results for the pmfs with alkali cations and NH4
+ yield well-depths significantly 

greater than from recent studies with fully polarizable Drude-based force fields.12,14,50 A 

possible contributor is that in the condensed phase the electric field generated by the cation 

is likely reduced by solvation.12,51 Specifically, the dipoles of the first-shell solvent 

molecules would align to oppose the electric field created by the ion, and there would be 

solvent dipole – arene induced dipole repulsion that is neglected. Thus, the 1/r4 treatment 

that gives correct gas-phase energetics may be too strong in solution. We have explored this 

notion by comparing results of ωB97X-D/6–311++G(d,p) and force-field optimizations for 

clusters of one, two, and three water molecules coordinated with the potassium ion in the 

benzene-K+ complex, and also for the complex coordinated with acetate anion (AcO−) as 

illustrated in Figure 7.

The expectation is that the interaction energy between benzene and the K+(H2O)n cluster 

should become less favorable with increasing n. Similarly, the interaction energy for benzene 

with the K+AcO− ion pair should be weaker than for benzene-K+. As listed in Table 3, the 

DFT results bear this out with the interaction energies becoming less favorable by about 2.4 

kcal/mol for addition of each water molecule such that the interaction energy for benzene-K
+(H2O)3 is raised to −11.2 kcal/mol from the −18.3 kcal/mol with no hydration. However, 

the force-field results significantly underestimate this effect with the interaction energy for 

the benzene-K+(H2O)3 complex only being raised to −16.7 kcal/mol from −18.5 kcal/mol. 

For the complex of benzene with K+AcO−, optimization for the linear geometry (Figure 7B) 

converges to the bent structure in Figure 7C in which the anion and benzene are more 

parallel. The effects on the interaction energy are somewhat greater in this case with the 

interaction energy for benzene-K+ rising from −18.3 to ca. −9 kcal/mol from the DFT 

calculations, while the force-field results only weaken the interaction to ca. −16 kcal/mol.

Thus, the overestimation of the cation-π interactions for the clusters in Figure 7 undoubtedly 

biases the pmf results with the force field to yield contact energy minima that are too 

attractive in Figures 4 and 5. In order to correct for this, one might evaluate the electric field 

at the aromatic atoms and scale the α values accordingly in eq 1. However, this approach 

would be little different than including inducible dipoles on the aromatic atoms; it would 

defeat the desire for a simple improvement for cation-π interactions, and it would add 

complexity for computing derivatives of the energy. As a compromise for condensed-phase 

modeling, our recommendation is to take a linear-response-like approach53–55 and reduce 

the impact of the 1/r4 terms by one-half through simply scaling the κ or α values in Table 2 

by a factor of 0.5. As with linear-response, the physical notion is that this corrects the 

interactions with the solute for reorienting solvent molecules. With this approach, the results 

in the fourth column of Table 3 are obtained. The accord with the DFT interaction energies 

for the clusters with three water molecules and acetate ion is much improved. As with linear 

response, this is an average solution that is not perfectly reflective of all condensed-phase 

environments; however, it is an improvement over not adjusting for the solvent reorientation 

associated with solvation of the cation. With the 0.5-scaling the computed pmfs for benzene 

with K+ and NH4
+ in TIP4P water are shown in Figure 8. The expected reduction of the 

well-depths is found with depths now of −4.8 and −2.8 kcal/mol, respectively, versus −7 to 
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−8 kcal/mol without the scaling (Figure 4). These provide our best estimates of the pmfs for 

benzene with K+ and NH4
+ in water. A similar reduction in the well-depths for the other 

systems studied here is expected with the 0.5-scaling.

A final point from Table 4 is that, as expected, with standard non-polarizable OPLS-AA the 

interaction energies are uniformly too weak. However, the errors with a non-polarizable 

force field for cation-π interactions in solution are not as severe as the gas-phase 

discrepancies suggest. The 10 kcal/mol error for benzene-K+ in the gas-phase is reduced to 

2.4 – 4.4 kcal/mol when three water molecules or acetate ion are added. Thus, for solution-

phase calculations including protein-ligand binding, cation-π interactions are not so poorly 

described by non-polarizable force fields owing to reduction of the electric field from the 

cation by solvation.12,51 Furthermore, any adjustment to a non-polarizable force field by, for 

example, modifying Lennard-Jones parameters or adding 12-n terms, to reproduce gas-phase 

ion-π interactions will lead to overestimate of the strength of the interactions in solution.

PROTEIN-LIGAND COMPLEXES

In order to test the impact of including the 1/r4 treatment of cation-π interactions for 

protein-ligand binding, three cases have been considered with both energy-minimizations 

and FEP calculations in aqueous solution. The first two cases are for compounds 1 and 2 
(Figure 9), which bind to the pseudokinase JH2 domain of JAK2 kinase, while compound 3 
binds to macrophage migration inhibitory factor. Crystal structures for the three complexes 

have been determined at resolutions of 1.7, 2.2, and 1.8 Å, respectively.56–58 As illustrated 

in Figure 10, the substituted phenyl and indolyl rings in 1 and 2 engage in cation-π 
interactions with Lys581 in the ATP-binding site of JAK2 JH2; these typify strong cation- π 
interactions with observed distance of 3–4 Å between ring atoms and the ammonium 

nitrogen atom of Lys581. In both cases, Lys581 is hydrogen-bonded with Asp699 and at 

least two other side-chain groups or water molecules. The complex for 3 (Figure 11A) 

illustrates an expected weak cation-π interaction as the distances are 4.5 – 5.5 Å and 

Lys32A is at the surface of the protein, well-exposed to the aqueous environment and 

participating in multiple hydrogen bonds. MIF is a trimer and three copies of 3 are in the 

crystal structure; there is variation in the tilt of the anisyl ring with rotation of an edge 

towards Phe113A.

To begin, conjugate gradient energy-minimizations were carried out in the gas-phase with 

the MCPRO program with the code added for the 1/r4 terms using the OPLS-AA/M force58 

field for the protein and OPLS/CM1A for the ligands.40,41 All protein residues were 

included with no cutoff. A dielectric constant of 2 was imposed to provide some damping of 

the Coulombic interactions to mimic a condensed-phase environment. The CM1A partial 

charges for the ligand atoms were unscaled for 1, which is represented as the carboxylate 

ion, and scaled by 1.14 for the neutral ligands, as usual.40 The calculations were performed 

including the 1/r4 terms with the 0.5-scaling, and then with the α values for the phenyl or 

indolyl ring atoms set to zero to turn-off the explicit cation-π interaction with the lysine 

residue.
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Key results are summarized in Table 4. For the complex with 1 as the carboxylate ion, the 

total protein-ligand interaction energy is −112.2 kcal/mol with −4.2 kcal/mol from the 1/r4 

interactions between all positively-charged residues in the protein and all aromatic atoms in 

the ligand; the total interaction energy between the ligand and Lys581 is −33.7 kcal/mol with 

−3.1 kcal/mol coming from the 1/r4 terms. When the α values for just the 6 carbon atoms in 

the benzene ring are set to zero, the third column in Table 4 shows that the protein-ligand 

interaction becomes less favorable by 3.2 kcal/mol and that this comes almost entirely from 

loss of the 1/r4 boost for the cation-π interaction with Lys581. The structure remains as 

depicted in Figure 8A; however, when the 1/r4 interactions are turned on, the average 

distance to the lysine decreases by about 0.2 Å for the benzene carbon atoms. The pattern is 

similar for the complex of 2, but with greater effect owing to the stronger cation-π 
interaction with an indolyl rather than phenyl ring. The 1/r4 contribution is now −5.6 

kcal/mol with −4.5 kcal/mol coming from the interaction of Lys581 with the indole ring. 

The closest contacts are between the ammonium N and the indole C8 (3.1 Å) and N (3.2 Å), 

as in Figure 10B. Again, the average distance between the Lys581 ammonium nitrogen and 

the indolyl atoms decreases by 0.2 Å with inclusion of the 1/r4 interactions. For 3, the total 

protein-ligand interaction energy is just −57.5 kcal/mol with only a −1.3 kcal/mol 

contribution from the 1/r4 terms. Thus, this is a significantly weaker cation-π interaction 

than for 1 and 2, and the distances between Lys32A and the anisyl ring atoms are longer. In 

fact, on optimization the face-on cation-π geometry in Figure 11A is lost in favor of an 

edge-to-face aryl-aryl interaction between the anisyl ring and Tyr36A, as reflected in Figure 

11B. Thus, for the strong interactions with 1 and 2, the energy-minimizations for the 

complexes show substantial contributions of 3 – 5 kcal/mol from the specific cation-π terms, 

which is consistent with the force-field results for the reference complexes. However, the 1/

r4 contribution can be significantly weaker for less ideal cases such as for 3.

The next question that was addressed was the impact on computed free energies of binding 

in aqueous solution. For this purpose, FEP calculations were performed with the MCPRO 

program using standard protocols including addition of ca. 1250 TIP4P water molecules in a 

spherical cap with 25-Å radius centered on the binding site and with the force fields 

described above at 298 K.45,60 The α values for the phenyl or indolyl ring atoms were 

gradually scaled to zero over 11-windows of simple overlap sampling with 10 million 

configurations of equilibration and 10 million configurations for averaging in each window. 

Residue-based cutoffs at 10 Å were invoked and all degrees of freedom were sampled except 

for restraint of the protein backbone after a short conjugate-gradient energy-minimization. 

The resultant free-energy changes are reported in Table 4. The present treatment of the 

highlighted cation-π interactions makes the computed free energies of binding for the 

complexes of 1, 2, and 3 more favorable by 2.8, 4.4, and 1.5 kcal/mol, respectively. The 

computed uncertainties are very small since the perturbation is just to scale the α values to 

zero. Stronger interaction is found for the indole ring in 2 than the phenyl ring in 1, as 

expected. Water does not intervene for the strong cases of 1 and 2, consistent with the crystal 

structures (Figure 10). Inclusion of the 1/r4 terms has notable effects, and the neglect of 

explicit treatment of cation-π interactions can be expected to lead to significant errors in 

predicted binding or inhibition constants, e.g., 102 – 103 for these cases. For the weaker 

example of 3, the effects are less but still significant, with ca. a factor of 10 error in the 
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predicted binding constant. For this system there was more variety in the orientation of the 

π-system with favoring of the aryl-aryl interaction with Tyr36A (Figure 11B). The lysine is 

now solvent-exposed and several hydrogen-bonded water molecules are present; the 

hydrogen bonds with the carbonyl group of 3 and Ile64A are also variable.

CONCLUSION

The description of cation-π interactions in force fields used for modeling proteins has been 

problematic for many years owing to the need to represent ion-induced dipole interactions. 

Following the success of Li and Merz in treating the related problem of coordination of 

metal ions,16–19 we have investigated the utility of including explicit 1/r4-dependent terms 

between alkali, ammonium, and guanidinium ions and aromatic molecules. The required κ 
and α parameters in eq 1 were obtained by fitting to ωB97X-D/6–311++G(d,p) results for 

21 complexes of the cations with benzene and six heterocycles. The average errors in 

reproducing the gas-phase complexation energies was lowered from 8.4 to 0.9 kcal/mol upon 

inclusion of the 1/r4 terms in the modified force field, which is called OPLS/2020. The 

distance-dependence of the interactions is also in good accord between the force field and 

DFT results (Figure 1). The modified force field was then used in computation of potentials 

of mean force for separation of cation-π complexes in aqueous and THF solution, which 

yielded the anticipated strengthening of contact free-energy minima (Figures 4, 5). However, 

consideration of the results and expectations of weakening the electric field from the cations 

in solution by their coordinating solvent molecules and/or counterions indicated that the 1/r4 

contribution should be scaled by ca. 0.5, as in a linear-response approach. The analysis also 

pointed out that the errors from non-polarizable force fields for cation-π interactions in 

solution are less than might be expected from gas-phase interaction energies. Further testing 

with the scaled-1/r4 model was then carried out for three cases of observed cation-π 
complexes for the proteins JAK2 JH2 and MIF with drug-like ligands. FEP calculations 

found predicted enhancements of the free-energies of binding of 2.8 and 4.4 kcal/mol for the 

two cases of strong cation-π interactions and 1.5 kcal/mol for a weak case on the protein’s 

surface. Additional study is desirable for computing absolute free energies of binding, and 

the results could be used to optimize further the scaling for the κ or α parameters. The 

present approach to treating cation-π interactions is easily implemented in biomolecular 

modeling programs in comparison to the use of inducible dipoles or Drude particles. Such 

advances are necessary to improve the accuracy of predictions for protein-ligand and 

protein-protein interactions, which are central to computer-aided drug design.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGEMENT

Gratitude is expressed to the National Institutes of Health (GM32136) for support of this research.

Turupcu et al. Page 11

J Chem Theory Comput. Author manuscript; available in PMC 2021 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



REFERENCES

(1). Burley SK; Petsko GA Amino-aromatic Interactions in Proteins. FEBS Letts. 1986, 203, 139–143. 
[PubMed: 3089835] 

(2). Ma JC; Dougherty DA The Cation-π Interaction. Chem. Rev 1997, 97, 1303–1324. [PubMed: 
11851453] 

(3). Salonen LM; Ellermann M; Diederich F Aromatic Rings in Chemical and Biological Recognition; 
Energetics and Stuctures. Angew. Chem. Int. Ed 2011, 50, 4808–4842.

(4). Mahadevi AS; Sastry GN Cation-π Interaction: Its Role and Relevance in Chemistry, Biology, and 
Material Science. Chem. Rev 2013, 113, 2100–2138. [PubMed: 23145968] 

(5). Kumar K; Woo SM; Siu T; Cortopassi WA; Duarte F; Paton RS Cation-π Interactions in Protein-
Ligand Binding: Theory and Data-Mining Reveal Different Roles for Lysine and Arginine. 
Chem. Sci 2018, 9 (10), 2655–2665. [PubMed: 29719674] 

(6). Caldwell JW; Kollman PA Cation-π Interactions: Nonadditive Effects Are Critical in Their 
Accurate Representation. J. Am. Chem. Soc 1995, 117, 4177–4178.

(7). Chipot C; Maigret B; Pearlman DA; Kollman PA Molecular Dynamics Potential of Mean Force 
Calculations: A Study of the Toluene-Ammonium Cation-π Interactions. J. Am. Chem. Soc 
1996, 118, 2998–3005.

(8). Minoux H; Chipot C Cation-π Interactions in Proteins: Can Simple Models Provide an Accurate 
Description? J. Am. Chem. Soc 1999, 121, 10366–10372.

(9). Kaminski GA; Jorgensen WL Host-guest Chemistry of Rotaxanes and Catenanes: Application of a 
Polarizable All-Atom Force Field to cCclobis(paraquat-p-phenylene Complexes with 
Disubstituted Benzenes and Biphenyls. J. Chem. Soc., Perkin Trans 2 1999, 2365–2375.

(10). Ansorg K; Tafipolsky M; Engels B Cation-π Interactions: Accurate Intermolecular Potential from 
Symmetry-Adapted Perturbation Theory. J. Phys. Chem. B 2013, 117, 10093–10102. [PubMed: 
23924321] 

(11). Ponder JW; Wu C; Ren P; Pande VS; Chodera JD; Schnieders MJ; Haque I; Mobley DL; 
Lambrecht DS; DiStasio RA; et al. Current Status of the AMOEBA Polarizable Force Field. J. 
Phys. Chem. B 2010, 114, 2549–2564. [PubMed: 20136072] 

(12). Orabi EA; Lamoureux G Cation-π and π-π Interactions in Aqueous Solution Studied Using 
Polarizable Potential Models. J. Chem. Theory Comput 2012, 8, 182–193. [PubMed: 26592880] 

(13). Khan HM; Grauffel C; Broer R; MacKerell AD; Havenith RWA; Reuter N Improving the Force 
Field Description of Tyrosine-Choline Cation-π Interactions: QM Investigation of Phenol-
N(Me)4+ Interactions. J. Chem. Theory Comput 2016, 12, 5585–5595. [PubMed: 27682345] 

(14). Rupakheti CR; Roux B; Dehez F; Chipot C Modeling Induction Phenomena in Amino Acid 
Cation- π Interactions. Theor. Chem. Accnts 2018, 137, 174.

(15). Lin F-U; MacKerell AD Jr. Improved Modeling of Cation- π and Anion-Ring Interactions Using 
the Drude Polarizable Empirical Force Field for Proteins. J. Comput. Chem 2020, 41, 439–448.

(16). Li P; Merz KM Jr. Taking into Account the Ion-Induced Dipole Interaction in the Nonbonded 
Model of Ions. J. Chem. Theory Comput 2014, 10, 289–297. [PubMed: 24659926] 

(17). Li P; Song LF; Merz KM Jr. Parameterization of Highly Charged Metal Ions Using the 12-6-4 
LJ-Type Nonbonded Model in Explicit Water. J. Phys. Chem. B 2015, 119, 883–895. [PubMed: 
25145273] 

(18). Li P; Song LF; Merz KM Jr. Systematic Parameterization of Monovalent Ions Employing the 
Nonbonded Model. J. Chem. Theory Comput 2015, 11, 1645–1657. [PubMed: 26574374] 

(19). Li. P; Merz KM Jr.Metal Ion Modeling Using Classical Mechanics. Chem. Rev 2017, 117, 1564–
1686. [PubMed: 28045509] 

(20). Pitt WR; Parry DM; Perry BG; Groom CR Heteroaromatic Rings of the Future. J. Med. Chem 
2009, 52, 2952–2963. [PubMed: 19348472] 

(21). Frisch MJ; Trucks GW; Schlegel HB; Scuseria GE; Robb MA; Cheeseman JR; Scalmani G; 
Barone V; Petersson GA; Nakatsuji H; et al. Gaussian16, Revision C.01 Gaussian, Inc., 
Wallingford CT (2016).

Turupcu et al. Page 12

J Chem Theory Comput. Author manuscript; available in PMC 2021 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(22). Boys S; Bernardi F The Calculation of Small Molecular Interactions by the Difference of 
Separate Total Energies. Some Procedures with Reduced Errors. Mol. Phys 1970, 19, 553–566.

(23). Nicholas JB; Hay BP Anisole as an Ambidentate Ligand: Ab Initio Molecular Orbital Study of 
Alkali Metal Cations Binding to Anisole. J. Phys. Chem. A 1999, 103, 9815–9820.

(24). Feller D; Dixon DA; Nicholas JB Binding Enthalpies for Alkali Cation-Benzene Complexes 
Revisited. J. Phys. Chem. A 2000, 104, 11414–11419.

(25). Amicangelo JC; Armentrout PB Absolute Binding Energies of Alkali-Metal Cation Complexes 
with Benzene Determined by Threshold Collision-Induced Dissociation Experiments and Ab 
Initio Theory. J. Phys. Chem. A 2000, 104, 11420–11432.

(26). Reddy AS; Sastry GN Cation [M = H+, Li+, Na+, K+, Ca2+, Mg2+, NH4
+, and NMe4

+] 
Interactions with the Aromatic Motifs of Naturally Occurring Amino Acids: A Theoretical Study. 
J. Phys. Chem. A 2005, 109, 8893–8903. [PubMed: 16834293] 

(27). Vijay D; Sastry GN The Cooperativity of Cation-π and π-π Interactions. Chem. Phys. Letts 
2010, 485, 235–242.

(28). Rapp C; Goldberger E; Tishbi N; Kirshenbaum R Cation-π Interactions of Maethylated 
Ammonium Ions: A Quantum Mechanical Study. Proteins 2014, 82, 1494–1502. [PubMed: 
24464782] 

(29). Ferretti A; d’Ischia M; Prampolini G Benchmarking Cation-π Interactions: assessment of 
Density Functional and Möller-Plesset Second-Order Perturbation Theory Calculations with 
Optimized Basis Sets (MP2mod) for Complexes of Benzene, Phenol, and Catechol with Na+, K+, 
Rb+, and Cs+. J . Phys. Chem. A 2020, 124, 3445–3459.

(30). Chai J Da; Head-Gordon, M. Long-Range Corrected Hybrid Density Functionals with Damped 
Atom-Atom Dispersion Corrections. Phys. Chem. Chem. Phys 2008, 10, 6615–6620. [PubMed: 
18989472] 

(31). Sunner J; Nishizawa K; Kebarle P Ion-Solvent Molecule Interactions in the Gas Phase. The 
Potassium Ion and Benzene. J. Phys. Chem 1981, 85, 1814–1820.

(32). Kim D; Hu S; Tarakeshwar P; Kim KS; Lisy JM Cation-π Interactions: A Theoretical 
Investigation of the Interaction of Metallic and Organic Cations with Alkenes, Arenes, and 
Heteroarenes. J. Phys. Chem. A 2003, 107, 1228–1238.

(33). Marshall MS; Steele RP; Thanthiriwatte KS; Sherrill CD Potential Energy Curves for Cation-π 
Interactions: Off-Axis Configurations Are Also Attractive. J. Phys. Chem. A 2009, 113, 13628–
13632. [PubMed: 19886621] 

(34). Singh NJ; Min SK; Kim DY; Kim KS Comprehensive Energy Analysis for Various Types of π-
Interaction. J. Chem. Theory Comput 2009, 5, 515–529. [PubMed: 26610219] 

(35). Deakyne CA; Meot-Ner M Unconventional Hydrogen Bonds. 2. NH+…π-Complexes of Onium 
Ions with Olefins and Benzene Derivatives. J. Am. Chem. Soc 1985, 107, 474–479.

(36). Meot-Ner M; Deakyne CA Unconventional Ionic Hydrogen Bonds. 1. CHδ+…X Complexes of 
Quaternary Ions with n- and π-Donors. J. Am. Chem. Soc 1985, 107, 469–474.

(37). Gallivan JP; Dougherty DA Cation-π Interactions in Structural Biology. Proc. Natl. Acad. Sci. U. 
S. A 1999, 96, 9459–9464. [PubMed: 10449714] 

(38). Ruan C; Yang Z; Hallowita N; Rodgers MT Cation–π Interactions with a Model for the Side 
Chain of Tryptophan: Structures and Absolute Binding Energies of Alkali Metal Cation–Indole 
Complexes. J. Phys. Chem. A 2005, 109, 11539–11550. [PubMed: 16354046] 

(39). Mecozzi S; West AP; Dougherty DA Cation-Pi Interactions in Aromatics of Biological and 
Medicinal Interest: Electrostatic Potential Surfaces as a Useful Qualitative Guide. Proc. Natl. 
Acad. Sci 1996, 93, 10566–10571. [PubMed: 8855218] 

(40). Jorgensen WL; Tirado-Rives J Potential Energy Functions for Atomic-Level Simulations of 
Water and Organic and Biomolecular Systems. Proc. Natl. Acad. Sci 2005, 102, 6665–6670. 
[PubMed: 15870211] 

(41). Jorgensen WL; Tirado-Rives J Molecular Modeling of Organic and Biomolecular Systems Using 
BOSS and MCPRO. J. Comput. Chem 2005, 26, 1689–1700. [PubMed: 16200637] 

(42). Jorgensen WL; Gao. J. Monte Carlo Simulations of the Hydration of Ammonium and 
Carboxylate Ions. J. Phys. Chem 1986, 90, 2174–2182.

Turupcu et al. Page 13

J Chem Theory Comput. Author manuscript; available in PMC 2021 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(43). Duffy EM; Kowalczyk PJ; Jorgensen WL Do Denaturants Interact with Aromatic Hydrocarbons 
in Water? J. Am. Chem. Soc 1993, 115, 9271–9275.

(44). Jensen KP; Jorgensen WL Halide, Ammonium, and Alkali Metal Ion Parameters for Modeling 
Aqueous Solutions. J. Chem. Theory Comput 2006, 2, 1499–1509. [PubMed: 26627020] 

(45). Jorgensen WL; Thomas LL Perspective on Free-Energy Perturbation Calculations for Chemical 
Equilibria. J. Chem. Theory Comput 2008, 4, 869–876. [PubMed: 19936324] 

(46). Jorgensen WL; Chandrasekhar J; Madura JD; Impey RW; Klein ML Comparison of Simple 
Potential Functions for Simulating Liquid Water. J. Chem. Phys 1983, 79, 926–935.

(47). Briggs JM; Matsui T; Jorgensen WL Monte Carlo Simulations of Liquid Alkyl Ethers with OPLS 
Potential Functions. J. Comput. Chem 1990, 11, 958–971.

(48). Gallivan JP; Dougherty DA A Computational Study of Cation-π Interactions vs Salt Bridges in 
Aqueous Media: Implications for Pretein Engineering. J. Am. Chem. Soc 2000, 122, 870–874.

(49). Sa R; Zhu W; Shen J; Gong Z; Cheng J; Chen K; Jiang H How Does Ammonium Dynamically 
Interact with Benzene in Aqueous Media? A First Principle Study Using the Car-Parrinello 
Molecular Dynamics Method. J. Phys. Chem. B 2006, 110, 5094–5098. [PubMed: 16526752] 

(50). Orabi EA; Lamoureux G Cation-π Interactions between Quaternary Ammonium Ions and Amino 
Acid Aromatic Groups in Aqueous Solution. J. Phys. Chem. B 2018, 122, 2251–2260. [PubMed: 
29397727] 

(51). Liu H; Fu H; Shao X; Cai W; Chipot C Accurate Description of Cation-πInteractions in Proteins 
with a Non-Polarizable Force Field at No Additonal Cost. J. Chem. Theory Comput 2020, 16, 
0000–0000. DOI: 10.1021/acs.jctc.0c00637

(52). Costanzo F; Valle RGD; Barone V MD Simulation of the Na+-Phenylalanine Complex in Water: 
Competition between Cation-π Interaction and Aqueous Solvation. J. Phys. Chem. B 2005, 109, 
23016–23023. [PubMed: 16853999] 

(53). Roux B: Yu, H.-A.; Karplus, M. Molecular Basis for the Born Model of Ion Solvation. J. Phys. 
Chem 1990, 94, 4683–4688.

(54). Åqvist J; Medina C; Sammuelson J-E A New Method for Predicting Binding Affinity in 
Computer-Aided Drug Design. Protein Eng. 1994, 7, 385–391. [PubMed: 8177887] 

(55). Carlson HA; Jorgensen WL an Extended Linear Respnse Method for Determining Free Energies 
of Hydration. J. Phys. Chem 1995, 99, 10667–10673.

(56). Liosi M-E; Krimmer SG; Newton AS; Dawson TK; Puleo DE; Cutrona KJ; Suzuki Y; 
Schlessinger J; Jorgensen WL Selective Janus Kinase 2 (JAK2) Pseudokinase Ligands with a 
Diaminotriazole Core. J. Med. Chem 2020, 63, 5324–5340.

(57). Puleo DE; Krimmer SG; Newton AS; Schlessinger J; Jorgensen WL JAK2 JH2 in Complex with 
JAK067. Protein Data Bank 2020, ID: 6XJK. 10.2210/pdb6XJK/pdb

(58). Cisneros JA; Robertson MJ; Valhondo M; Jorgensen WL A Fluorescence Polarization Assay for 
Binding to Macrophage Migration Inhibitory Factor and Crystal Structures for Complexes of 
Two Potent Inhibitors. J. Am. Chem. Soc 2016, 138, 8630–8638. [PubMed: 27299179] 

(59). Robertson MJ; Tirado-Rives J; Jorgensen WL Improved Peptide and Protein Torsional Energetics 
with the OPLS-AA Force Field. J. Chem. Theory Comput 2015, 11, 3499–3509. [PubMed: 
26190950] 

(60). Jorgensen WL Efficient Drug Lead Discovery and Optimization. Acc. Chem. Res 2009, 42, 724–
733. [PubMed: 19317443] 

Turupcu et al. Page 14

J Chem Theory Comput. Author manuscript; available in PMC 2021 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Potential energy curves for separation of the benzene-K+ complex from ωB97X-D/6–311+

+G(d,p) (solid blue line), MP2/6–311++G(d,p) (blue dots), and OPLS-AA with (solid black 

line) and without (dashed black line) the 1/r4 cation-π treatment.
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Figure 2. 
Cation– π complexes for ammonium and guanidinium ions considered here. Optimized 

distances in Å and interaction energies in kcal/mol from ωB97X-D/6–311++G(d,p) potential 

energy scans.
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Figure 3. 
K+complexes with aromatic molecules considered here, as in Figure 2.
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Figure 4. 
Computed pmfs for the complexation of benzene with K+, NH4

+, Gdm+, and NMe4
+ in 

TIP4P water at 25 C and 1 atm with (red) and without (black) the explicit treatment of 

cation-π interactions. r is the distance between the center of the benzene ring and the center 

atom of the cation.
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Figure 5. 
Computed pmfs for the complexation of benzene with K+and NH4

+ in united atom OPLS 

THF at 25 C and 1 atm with (red) and without (black) the explicit treatment of cation-π 
interactions. r is the distance between the center of the benzene ring and the center atom of 

the cation.

Turupcu et al. Page 19

J Chem Theory Comput. Author manuscript; available in PMC 2021 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Illustration of the last configuration from the Monte Carlo simulation of the benzene – K+ 

complex in THF at a K+ - ring center separation of 2.9 Å. THF molecules with any atom 

within 4.5 Å of the solute are shown. Five THF molecules are coordinated with K+. Carbon 

atoms of benzene are colored yellow.
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Figure 7. 
The benzene-K+ complex coordinated with three water molecules and two structures for the 

complex with acetate ion.
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Figure 8. 
Computed pmfs for the complexation of benzene with K+and NH4

+ in TIP4P water at 25 C 

and 1 atm with no scaling (red) and with scaling by 0.5 (black) for the 1/r4 treatment of 

cation-π interactions. r is the distance between the center of the benzene ring and the center 

atom of the cation. The systems included 2000 water molecules and used 15-Å cutoffs.
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Figure 9. 
Ligands in the crystal structures illustrating cation-π interactions.
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Figure 10. 
Renderings from the crystal structures for (A) 1 and (B) 2 bound to the JH2 domain of JAK2 

kinase (PDB IDs 6OBF and 6XJK). Some hydrogen bonds are noted with dashed lines and 

the strong cation- π interactions with Lys581 in magenta.
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Figure 11. 
(A) Rendering from the crystal structures for 3 bound to MIF (PDB ID 5HVT) highlighting 

the weaker cation- π interactions with Lys32A. (B) Snapshot from the end of an MC 

simulation for the complex in water showing preference for the aryl-aryl interaction with 

Tyr36A.
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Table 1.

Interaction Energies and Optimized Distances from ωB97X-D/6–311++G(d,p) Calculations, the OPLS/2020 

Force Field, and Non-Polarizable OPLS-AA
a

π cation Conf. ωB97X-D R OPLS/2020 R OPLS-AA R

benzene Li+ −38.18 1.9 −39.44 1.7 −19.83 1.9

Na+ −24.74 2.5 −25.30 2.3 −11.96 2.6

K+ −18.32 2.9 −18.50 2.8 −8.33 3.1

Rb+ −13.30 3.2 −13.17 3.0 −7.33 3.3

Cs+ −11.60 3.4 −11.08 3.3 −6.24 3.5

NH4
+ mono −18.15 3.0 −19.41 3.0 −10.21 3.2

NH4
+ bi −18.80 3.0 −18.48 2.9 −10.41 3.0

NMe4
+ −10.97 4.3 −9.47 4.2 −6.71 4.4

furan K
+ −13.58 3.0 −14.39 2.9 −5.79 3.2

pyrrole K
+ −20.16 2.9 −19.55 2.8 −10.52 3.0

thiophene K
+ −15.91 3.0 −15.93 2.8 −8.25 3.1

pyridine K
+ −13.50 3.0 −14.02 2.9 −7.86 3.1

pyrazine K
+ −8.72 3.0 −8.02 2.9 −1.54 3.3

indole K
+ π6 −23.57 2.8 −21.60 2.8 −9.49 3.1

K
+ π5 −21.52 2.9 −18.58 3.2 −7.66 3.2

benzene Gdm+ stacked −7.98 3.5 −8.62 3.3 −4.83 3.4

Gdm+ T-shaped −14.50 4.0 −14.14 3.7 −10.02 3.8

indole NH4
+ π6 −22.64 3.0 −21.13 2.9 −11.98 3.0

NH4
+ π5 −19.48 3.0 −18.28 3.0 −10.28 3.0

indole Gdm+ stacked −13.17 3.3 −13.26 3.3 −7.94 3.4

Gdm+ T-shaped −17.71 4.0 −18.79 3.8 −13.65 3.9

a
Interaction energies in kcal/mol and optimized distances R in Å.
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Table 2.

Optimized κ and α Parameters for OPLS/2020
a

type atom κ type atom α

Li Li+ 0.45 CA benzene, aromatic C 190

Na Na+ 0.70 CW C2 in furan/thiophene 210

K K+ 0.95 CS C3 in furan/thiophene 210

Rb Rb+ 0.70 NA N in pyrrole/indole 150

Cs Cs+ 0.75 NC N in azine 100

N3 ammonium N 1.00 OA O in furan 150

N2 guanidinium N 0.25 SA S in thiophene 50

a
For use in Eq 1 for gas-phase interactions with r in Å and E in kcal/mol. For condensed-phase systems, scaling the α values by 0.5 is 

recommended.
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Table 3.

Interaction Energies (kcal/mol) for Benzene-K+(H2O)n and K+AcO− a

Complex DFT
b

FF
c

0.5*FF
d OPLS-AA

K+ −18.3 −18.5 −13.0 −8.3

K+(H2O)1 −16.0 −18.1 −12.6 −8.0

K+(H2O)2 −13.6 −17.4 −11.9 −7.4

K+(H2O)3 −11.2 −16.7 −11.3 −6.8

K+AcO− linear −8.4 −15.9 −10.5 −6.0

K+AcO− bent −9.5 −16.6 −11.3 −7.0

a
ΔE for benzene + K+(H2O)n or AcO− → benzene + K+(H2O)n or AcO−.

b
ωB97X-D/6–311++G(d,p) with counterpoise corrections.

c
Unmodified OPLS/2020 (eq 1).

d
OPLS/2020 with the α values in Table 2 scaled by 0.5.
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Table 4.

Results of Energy Minimizations and FEP Calculations for the Protein-Ligand Complexes
a

Complex: 1 with 1/r4 1 with α=0 2 with 1/r4 2 with α=0 3 with 1/r4 3 with α=0

EP-L −112.2 −109.0 −78.6 −73.4 −57.5 −56.5

EP-L 1/r4 −4.2 −1.1 −5.6 −0.8 −1.3 −0.2

ELys-L −33.7 −30.5 −12.5 −7.3 −12.9 −11.9

ELys-L 1/r4 −3.1 −0.3 −4.5 −0.2 −1.2 −0.2

ΔGbinding −2.80±0.01 0 −4.38±0.03 0 −1.47±0.02 0

a
EP-L is the total protein-ligand interaction energy (kcal/mol) with the 1/r4 component on the next row; ELys-L is the interaction energy between 

the key Lys and the ligand; ΔGbinding is the change in free-energy of binding for turning on the 1/r4 interaction with the phenyl or indolyl ring 

atoms.
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