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Abstract: We have examined the interaction between the ammonium cation and the aromatic face of toluene in
water, by means of potential of mean force (PMF) calculations. Considering that (i) typical two-body additive
molecular mechanical models cannot represent the energeticsaifon interactions accurately and (ii) employing
nonadditive force fields increases the computational effort significantly, we have incorporated a short-range “10
12" term in our potential function, ensuring that the magnitude of the attraction between ammonium and toluene
reproduces the value estimated from high-level quantum mechanical calculations. Interestingly, the PMF curve
generated in water clearly demonstrates that association is favorable in a polar aqueous medium, with a minimum
of the free energy equal ta. 3 kcal/mol, and an association constant of 6.5'Mconsistent with experimental data

on relatedr-cation systems. This association appears to be even stronger when the approach of ammonium toward
the toluene ring is axially constrained, hence indicating that, in addition to non-negligible entropic effects, the magnitude
and the directionality of ammoniurraromatic interactions might be intimately related. A comparison of the free
energy profiles obtained in aacuumand in water suggests that “contact” configurations should be stabilized in
nonpolar environments. This observation concurs with the analysis eflBfsanteractions in several protein crystal
structures.

1. Introduction preferentially localized near theelectron cloud of the aromatic

. . ring of the Phe, Trp, or Tyr side chains.
Twenty years ago, Kier and co-workéfobserved that, in

addition to the negatively charged amino acid side chains Asp _“2-Cation interactions are also likely to play a key role in the
and GIu, the aromatic residue.g. Phe, Trp, and Tyr) in an formation of complgxes betwe_en guaternary ammonium :“?ystems
active site might also take part in the binding of the onium group @nd small synthetic or protein receptérsthereby providing
of a given substrate. It has been subsequently shown, with both@n additional force for intermolecular recognition. An “aromatic
experimental measurements in the gas phase and STO-3G alfiggering mechanism” has been proposed, reflecting an emerg-
initio calculations? that the prototypical ammonium ion forms  ing trend which suggests that, in these receptors, the positively
a strong complex with benzen¢he theoretical calculations  charged ammonium can be surrounded by aromatic compounds.
revealing that the most stable dimer corresponds to a bidentateThis motif has received recent support with regard to amine-
complex where the nitrogen and the center of the benzene ringbased neutrotransmittérd2 and G-protein coupled receptdss.
areca. 3.0 A apart. The underlying hypothesis has been strengthened by a recent
At the same time, these interactions, prosaically caltled “  Statistical analysis of the interactions between phenyl rings and
cation” interactions, between protonated amines and aromaticR—N*(CHs)s cations in X-ray structures extracted from the
residues have also been recognized as favorable stabilizingCambridge Structural Databake Additional studies carried out
elements in proteins. From a statistical geometrical analysis on similar protein receptors have suggested that the magnitude
of X-ray protein structures, Burley and Petélemd Singh and of z-cation interactions can be substantial, even in agueous
Thorntor? noticed that the positively charged amino groups were
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media, where a competition between the oniunater and
onium—aromatic interactions may exist.

The essential stabilization effects between onium cations and

neutral aromatic groups are now interpeted as a directional 1/
charge-quadrupole attractirbetween a positive charge and
the “anionic” face of the aromatic riny;>16supplemented by
dispersion attraction and polarizatidf8 Interestingly enough,
recent ab initio calculations on the archetypical benzene

ammonium dimer have indicated that the bidentate complex is
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slightly energetically favored over those geometries where a  We have demonstrated recently that the TI method generally leads

single N-H bond points toward the cloud (.e., monodentate
motif), or where three NH bonds are equidistant from the
center of the ringi(e., tridentate motif).!

In this study, we quantitatively determine the magnitude of
the s-cation interaction between toluene and ammonium

embedded in an explicit solvent, by means of potential of mean

to a better convergence of the free energy when the integrand is
evaluated at a limited number of points involving extensive samplifig
(assuming a reasonably slowly varyings versusi curve), rather than

at numerousl points with less sampling. In the PMF simulations
reported here, no more than 100 points were employed to change from
8.0 to 2.5 A the distance between nitrogen and the center of the aromatic
ring (see Figure 1). At eachpoint, this distance was kept fixed using

force (PMF) calculations. Since it has been observed that addingan appropriate holonomic constraft.Because experimental X-ray
an organic solvent to an agqueous medium diminishes the bindingobservations suggest that the positively charged amino group approaches

of the onium group to the aromatic ridgwe calculate the free
energy profilein vacuoand in an aqueous medium, in order to
determine the influence of the surroundings on theation
interaction.

2. Methods: Computational Details

The emphasis in the present work is on the computation of free

the “anionic” face of the ring axially,we have defined six additional
angular constrainN, D, G} set to the fixed value of 90°@see Figure

1), preventing the ammonium ion from drifting around the 6-fGid
symmetry axis of the aromatic ring. Th&-dependence of the
constrained distance separating the nitrogen atom from the noninter-
acting centroid of the toluene ring is introduced in the Tl formulation
via the potential force (PF) methdd allowing a fast and accurate
determination of the holonomic constraint contribution to the free

energy profiles, characterizing the approach of two solutes as a function 8Nergy,aH"=r; 1)/a1.

of an intermolecular distance. Among the most frequently utilized

In the case of the PMF simulation in water, at edepoint of the

methods for evaluating the free energy change between two given poimsintegrand, 20 ps of classical constant pressure molecular dynamics (MD)

on such profiles are the “umbrella sampling” techniéfié? free energy
perturbatio®®2> (FEP), and thermodynamic integratfért” (TI).
While the two latter alternative computational methods have proven
to yield results of comparable quality, Tl has appeared to constitute,
under certain circumstances, a slightly more efficient protocol for the
derivation of PMP4-28 This approach, which will be employed herein,
relies on the following master equation:

AGzﬁlwgm

where the potential energy function is of the PP

@)

(14) Stauffer, D. A.; Barrans, R. E.; Dougherty, D. A.Org. Chem
199Q 55, 2762.

(15) Sunner, J.; Nishizawa, K.; Kebarle, £.Phys Chem 1981, 85,
1814.

(16) Taft, R. W.; Anvia, F.; Gal, J. F.; Walsh, S.; Capon, M.; Holmes,
M. C.; Hosn, K.; Oloumi, G.; Vasanwala, R.; YadzaniPsire Appl Chem
1990 62, 17.

(17) Kim, K. S.; Lee, J. Y.; Lee, S. J;; Ha, T. K,; Kim, D. H. Am
Chem Soc 1994 116, 7399.

(18) Caldwell, J. W.; Kollman, P. Al. Am Chem Soc 1995 117, 4177.

(19) Torrie, G. M.; Valleau, J. RChem Phys Lett 1974 28, 578.

(20) Bennett, C. HJ. Comput Phys 1976 22, 245.

(21) Torrie, G. M.; Valleau, J. Rl. Comput Phys 1977 23, 187.

(22) Swaminathan, S.; Beveridge, D. L.Am Chem Soc 1979 101,
5832.

(23) Zwanzig, R. W.J. Chem Phys 1954 22, 1420.

(24) Mezei, M.; Beveridge, D. LAnn N.Y. Acad Sci 1986 482 1.

(25) Beveridge, D. L.; DiCapua, F. MAnnu Rev. Biophys Biophys
1989 18, 431.

(26) Mruzik, M. R.; Abraham, F. F.; Schreiber, D. E.; Pound, G.JM.
Chem Phys 1976 64, 481.

(27) Mezei, M.; Swaminathan, S.; Beveridge, D.J.Am Chem Soc
1978 100, 3255.

(28) Chipot, C.; Kollman, P. A.; Pearlman, D. A. Comput Chem In
press.

(29) Weiner, S. J.; Kollman, P. A.; Case, D. A.; Singh, U. C.; Ghio, C.;
Alagona, G.; Profeta, S., Jr.; Weiner,PAm Chem Soc 1984 106, 765.

(30) Weiner, S. J.; Kollman, P. A.; Nguyen, D. T.; Case, DJAComput
Chem 1986 7, 230. This force field includes a specific +Q2 term to
describe the rzdrogen bond between ammonium and water, n&mnehy
= 7557 kcal A2/mol andDy-ow = 2385 kcal A%mol, which has been
employed herein.

was used to generate the statistical enseffibleer which the quantity
oH(r; A)/aA was averaged. This amount of MD sampling is decomposed
into 5 ps of equilibration and 15 ps of data collection. Employing 50
windows, the overall simulation time corresponds to 1 ns. It is
necessary that the molecular system be equilibrated thoroughly in order
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collection startg834+-36

All the PMF computations were carried out using the molecular
simulation package GIBBS/AMBER #£7and the standard Weinet
al.3% and Hagleret al28 van der Waals parameters, supplemented by
atomic charges calculated using a least-squares fit to the quantum
mechanically derived potenti&f®(see Table 1). The standard AMBER
mixing rules were employed for the Lennard-Jones contribution to the
free energyi.e, r = (r% + r%)/2 ande; = (eij)¥?% The geometries
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Figure 1. Geometrical parameters used for the molecular simulations.
All bond lengths in A and valence angles in deg. A pseudo-atom “D”,
located at the center of the ring, is used to define the constrained
distance R’ for the potential of mean force calculations.

Table 1. Nonbonded Parameters Used in the Molecular
Simulations

Lennard-Jones parameters

moleculé charges (ecu) r%(A) eii(kcal/mol)
toluene G —0.189 1.8500 0.1200
Ho° 0.151 1.3750 0.0380
Cs —0.128 1.8500 0.1200
HgP 0.147 1.3750 0.0380
Cc —0.279 1.8500 0.1200
H,° 0.158 1.3750 0.0380
Co 0.353 1.8500 0.1200
Ce —0.574 1.8000 0.0600
HP 0.154 1.3750 0.0380
D 0.000 0.0000 0.0000
NH,* N —0.911 1.8500 0.0800
H 0.478 1.0000 0.0200
H.O (TiP3F%3)  OW —0.834 1.7680 0.1520
HW 0.417 0.0000 0.0000

a See Figure 1° Modification of the original AMBER all-atom force
field.38

Chipot et al.

different additive models to represent theation interaction between
toluene and ammoniumjz. a standard one, using the aforementioned
intra- and intermolecular parameters, and a modified one, presenting
all the features of the latter, but including a specific short-range 10
12 potentiat-between the nitrogen of ammonium and the carbon atoms
constitutive of the aromatic rirgin order to reproduce semiquantita-
tively both the energetics and the equilibrium geometry obtained at
the ab initio MP2/6-31G**//HF/6-31G** level of approximation. This

led to the optimized repulsion and attraction ter@y-c = 11 335 498.2

kcal A%mol andDn-c = 1174 346.7 kcal A¥Ymol. Similar terms,

part of the standard AMBER force fiefwere included for the water
cation interactionspiz. Cy—ow = 7557.0 A%mol and D,—OW =
2385.0 A%mol, in order to ensure an appropriate balance with the
sr-cation interactions. It should be clearly understood that, by including
a short-range 1812 potential function to describe the interactions
between toluene and ammonium, we do not imply that we have reached
an optimal representation of charge-dipole or charge-quadrupole
interactions-as a genuine nonadditive force field would havait
rather that we have found an economical way to correct underestimated
binding free energiesia a simple two-body potentidl:*® It should

be also understood that, in doing so, wateation or water-toluene
interactions are not affected by the improvement of the toltene
ammonium pair potentiatas they would have been if explicit polar-
izabilities, and, hence, “multibody” effects, were involved. The
incorporation of short-range .2 terms for a correct description of
mr-cation interactions in molecular dynamics simulations is currently
being tested on systems of biological interest, such as the binding of
tetrahydroacrydine (THAYa synthetic drug for the Alzheimer's
disease-with acetylcholinesterase (AChE).

For the PMF simulation in an aqueous medium, a parallelepipedic
periodic box containing 527 TIP3Pwater molecules was used to
describe the solvent.€., approximately 28.% 24.6 x 23.1 A3). The
dielectric constant in eq 2 was set to 1.0.

All the PMF simulations were performed using a hard cutoff of 9.0
A to truncate both the solutesolvent and solvertsolvent interactions.
Duffy et al have shown, employing similar conditions on related
molecular systems, that increasing the intersolute separation (hence,
the nonbonded cutoff) does not modify the PMF curve significaitly.

To put the free energy profiles on an absolute scale, the free energy of
interaction was set to zero at 8.0 A. The time step for integrating the
MD trajectories was set to 1.0 fs, and the average pressure was kept at
1 atm> In the case of the simulation in TIP3P water, the average

mechanics model adopted to describe the solutes has proven to lead teemperature was maintained at 300 K using the Berendsen algd&fithm,
absolute free energies of hydration in reasonable agreement withwith a separate coupling to an external heat bath for the solute and for

experimental dat&:*> In the particular case of toluene and ammonium,
we obtained, respectively;1.46' and —81.03* kcal/mol (-101.31
kcal/mol if a Borrt” correction term is incorporated to take into account

the solvent.

All the chemical bonds were constrained to their equilibrium value
by means of the SHAKE*¢procedure. In addition to the computations

the long-range electrostatic effects), to be compared to the experimentaky T|p3p water, we have generated free energy profilesacuq

values of —0.88%® and —78.6"° kcal/mol. While the accord with
experiment falls roughly within “chemical accuracy” for toluene, the
Born corrected free energy of hydration of ammonium is significantly
overestimated.

In fact, the example of ammonium perfectly illustrates the shortcom-
ings of molecular mechanics calculations conducted in the framework
of pure two-body additive models. Recently, Mergy al>® have
demonstrated that an accurate reproduction of the hydration free
energies of ions is possible under thime qua noncondition that
nonadditive effects be taken into account appropriately. Unfortunately,
free energy calculations involving explicit polarizabilities are extremely
CPU demandingife., increasing 4- to 5-fold the cost of a standard

employing both the standard and the modifigce.{ including an
additional 16-12 term) models. All the PMF simulations presented
in this paper were preceded by an appropriate equilibration of the
molecular system.

3. Results: Discussion

1. Gas-Phase Simulations.The free energy profiles rep-
resenting the approach of the ammonium ion toward the
aromatic ring of toluene, in the gas phasssing the two
previously described additive modelare shown in Figure 2.

free energy calculation) and, in spite of the continuous decrease of the T he deep minimum of these curves suggests a strong nonco-

computer price/performance ratio, still remain very expensive in the
context of PMF simulations. In the present work, we consider two
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0.0 Table 3. Estimation Relative Binding Energies for the Potentially
Three Most Stable 1:Z-Complexes of Toluene with the

Ammonium Cation

20 e | ab initio® molecular mechanics
Ru-b AEMP2 Rn-p ¢EAMBER
-4.0 T complex A (kcal/mol) A (kcal/mol)
monodentate 3.14 —18.23 3.00 —18.96
6.0 . 2.93 —13.74
bidentate 3.03 —19.42 2.99 —18.53
tridentate 3.05 —17.64 2.99 —17.8F
2 o I 2 See Figure 3° Non-BSSE MP2/6-31G*//HF/6-31G** ab initio
% calculations® Inclusion of an additional 1812 term between the
2 qoo b J nitrogen and the carbon atoms of the aromatic ring.
% ' As has been highlighted above, our choice to coerce the
420 B . approach of ammonium toward toluene along its 6-fold sym-
metry axis finds its justification in earlier experimental observa-
40 B | tions, suggesting @hat a_romati_c rings are perpe_ndicula_r to the
e N* groups of basic amino acids$. It would be instructive,
however, to estimate the magnitude of the changes induced in
-16.0 | 8 the gas-phase free energy profile, when the cation approaches
the toluene centroid in an orientationally-averaged manner. To
180 b this end, we have repeated the preceding simulation, using the

force field that includes the short-range 42 term, but
removing the set of angular holonomic constraifits D, C}.
_200 1 1 1 1 1 ] 1 i L 1 - . e . .

s 30 35 40 45 50 55 60 65 70 75 80 As can be observed in Figure _2, the modifications entalle_d by

the removal of these constraintmostly related to entropic

effects—are very minor. In particular, compared to the con-
Figure 2. Toluene-ammonium free energy profiles in the gas phase: strained profile, the depth of the minimum is raised by less than
axially constrained along th€s symmetry axis of the aromatic ring, 0.5 kcal/mol (see Table 2).
using (solid line) or not (dashed line) a short-range-1@ potential In order to provide a rationalization of tecation interaction
between the nitrogen atom of ammonium and the carbon atoms of thein the toluene-ammonium dimer. we have carried out a number
aromatic ring; unconstrained and using a-112 potential (dotted line). of additional high-quality ab initio calculations. These com-
Table 2. Estimation Relative Free Energies of the “Contact” and  putational studies of the three potentially most stable complexes

R (angstroms)

the “Solvent-Separated” Complexes of Toluene and Ammoniam, (viz. the mono-, bi-, and tridentate motives) involve a complete
Vacuoand in Tir3p Water geometry optimization at the Hartre€ock level of approxima-
“contact” “solvent-separated” tion, using the split-valence 6-31G** basis $&fpllowed by a
Ry_b W(Ru-0) Ry_b W(Rv_0) single point energy evaluatipn at the second-orqler Mgller
minimum A (kcal/mol) (A) (kcal/mol) Plesset’ (MP2) level to take into account correlation effects.
in vacuo Closely related to the choice of an adequate basis set is the
constrained 3.05 —16.99 treatment of the basis set superposition error (BSSE). In the
2.94 —-11.97 most general case, this is achieved by evaluating the counter-
unconstrained  3.05 —16.53 poise correctiof® The frequent overestimation of the BSSE,
Tip3p water however, has made this approach questionable, so that several
constrained 331'g5 :g";g %%% :g'gg authors have suggested increasing the basis set to the maximum
unconstrained 3.6 —2.9G ' ' affordable size rather than performing counterpoise correction

. — . calculation$2€° Since we are interested in relativeather than
2Inclusion of an additional 1012 term between the nitrogen and absolute-binding energies, and assuming that the BSSE is
the carbon atoms of the aromatic fing. approximately constant for the three configurations studied, these
corrections will not be introduced. Moreover, Kearretyal. 11
have demonstrated that, on the related benzangmonium
complex, the absolute BSSE correction was negligible. As may
be seen in Table 3, the general trend of our ab initio calculations
is in quantitative agreement with the recent theoretical studies
of Kearneyet al.'! and Kimet al.,!17 and the pioneering work
of Deakyne and Meot-Néon the benzeneammonium dimer.
In particular, the bidentate motif, in which two hydrogens point
down toward the “anionic” face of the toluene ring, is found to
be energetically preferred, with a corresponding relative binding
energy of—19.42 kcal/mol (see Figure 3). This valueda
1.5 kcal/mol larger in magnitude than that observed with the
ammonium-benzene complex, in similar conditions.

This minimum occurs at an intermolecular distance of 3.05 or
2.94 A, with a corresponding free energy-616.99 or—11.97
kcal/mol, respectively, depending on whether the specificON
10—-12 potential was added, or not (see Table 2). Characterizing
the directionality of the present-cation interaction is not
obvious: examination of several snapshots, extracted from the
two trajectories and corresponding to a fixed equilibrium
distance of 3.05 and 2.94-A.e., with and without the extra
10-12 term—reveals that the complex oscillates between a
monodentate and a bidentate motif. It is worth noting, however,
that upon classical minimization, we found the monodentate
complex to be energetically more favorable, regardless of the
model adopted. For these minimum energy structures, which
correspond to an intermolecular distance of 2.99 and 2.93 A, a (57) Mgller, C.; Plesset, M. S2hys Rev. 1934 46, 618.

indi ; (58) Boys, S. J.; Bernardi, Rol. Phys 197Q 19, 553.
bmdmg_energy 0f—18.96 and—13._74 kcal/mol was obtained (89) Schwenke. D. W.- Trablar, D. G. Chem Phys 1985 82, 2418,
respectively in the presence and in the absence of thel20 (60) Frisch, M. 1. Del Bene, J. E.; Binkley, J. S.; Schaefer, H. J3.1Ii

potential. Chem Phys 1986 84, 2279.
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u N4 H
(c) [ o
Figure 3. Ab initio HF/6-31G** optimized 1:1 complexes of toluene @ | y
with ammonium: mono- (a), bi- (b), and tridentate (c) motives. All el BT 5 ?
bond lengths in A. . gl "L ¥
. . b g ) . *I @
A comparison of the structures predicted to be most stable '.u“h & AT
using molecular mechanics and ab initio geometry optimization " ¢ jg." gy f# é =
reveals that, whereas the former predicts the monodentate motif Q . » 3 “9 | .’
to be most stable, the latter suggests the bidentate configuration » g 2, r L 2
is lowest in energy. However, the ab initio energy differences e R
between the mono-, bi-, and tridentate structures are quite ® bt 2
small®® The largest discrepancy between molecular and b

quant_um mechanics lies in the absolute .V.all.Je O.f the binding Figure 5. Random configuration of the hydrated toluersanmonium
energies, and, to a lesser extent, to the equilibrium intermolecular y; 2.« in the vicinity of the “contact distance” (a) and “solvent-
distances when the standard pure two-body additive model iS separated” (b) minima. These snapshots were generated from individual
used (see Tables 2 and 3). 25 ps MD simulations, using the extra-102 potential.

So far, it would seem that the ab initio data described herein
agree reasonably well with the molecular mechanics results generated in solution are not monotonic, and actually have two
obtained employing an artificial representation of polarization |gcal minima at 3.05 and 5.69 A, and at 3.16 and 5.69 A,
effects—at least, in the vicinity of the energy minimum, from  regpectively with and without the NC 10-12 potential (see
which the short-range 1012 potential between the nitrogen Taple 2). On account of the unguestionable qualitatively
atom of ammonium and the carbon atoms of the aromatic ring incorrect representation af-cation interactions allowed by the
(see Figure 1) was fitted. It is, however, not quite obvious standard two-body additive model, only the free energy minima
whether the asymptotical behavior of the modified potential is obtained with the specific 1612 term will be described in what
totally satisfactory. In order to address this issue, we have fg|lows:
plotted the potential energy differenag="MBER as a function (a) The first minimum (at 3.05 A), referred to as the “contact”
of the distance Separatlng the centroid of the toluene rnng from minimum, Corresponds to an unconventional hydrogen baird (
the nitrogen atom of ammonium and compared the resulting 2 73 and 2.95 A) between two of the ammonium hydrogens
profile (not represented here) with the ab initio energy differ- and the center of the aromatic ring (see Figure 5a). This local
encesAEMPz estimated from a series of MP2/6-31G**//HF/6- minimum occurs with a free energy of5.47 kcal/motmuch
31G** single points. The deviation between the two sets of |ower than that estimated in the absence of the short-range 10
data is relatively minor, and tends to suggest that, at least in a12 potential {iz. —0.76 kcal/mol). As may be observed in
vacuum, the molecular mechanics potential involving the extra Figure 5a, the particular “close-contact” structureiz a
10-12 term offers an acceptable, albeit simplistic, representation quasibidentate motif) reflects a balance in sampling of the
of the toluene-ammoniumyz-cation interaction. potentially two most stable dimers: the mono- and the bidentate

2. Toluene-Ammonium Association in Water. The PMFs  complexes. This fact has been suggested previously by Duffy
depicted in Figure 4 represent the free energy profiles for et a| for relatedz-cation interaction8® Interestingly, one may
bringing the two solutes toward each other in an agueous a|so note the presence, on the opposite face of toluene, of another
solution, using the two aforementioned additive models. From hydrogen bondz. 2.43 A) between one of the hydrogens of
the onset, it appears that this process in TIP3P water isa water molecule and the center of the ring, hence further
thermodynamically favorable. While the PMF profiles obtained sypporting that aromatic rings effectively behave as hydrogen
in vacuohave a single deep minimum located at 3.05 and 2.94 pond acceptoré 63
A—whether the 1612 term was included, or nethe curves

(62) Levitt, M.; Perutz, M. FJ. Mol. Biol. 1988 201, 754.
(61) Rodham, D. A.; Suzuki, S.; Suenram, R. D.; Lovas, F. J.; Dasgupta,  (63) Suzuki, S.; Green, P. G.; Bumgarner, R. E.; Dasgupta, S.; Goddard,
S.; Goddard, W. A, Ill; Blake, G. ANature1993 362, 735. W. A., Ill; Blake, G. A. Sciencel992 257, 942.
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20 T T ' ' T ' . , , from others, likesr-stacking or ion pairing, may be difficuté
Nevertheless, an estimation of the association condtant
Lor I . between toluene and ammonium, obtained by integrétiSn

of the PMF to an adequate separation distdRgge such as

00 i .

E K,= 47 ORC“'rze_W(r)’ RTdr (3)
g 1o E
E leads toK, = 6.53 M~ for the unconstrained free energy profile
201 1 (Reut = 4.92 A) and 224.71 M for the constrained oneRfy
=4.15 A), including the short-range 402 term in the potential
30| 1 energy function. The former is not out of line with the estimate
of 2.7-3.3 M1, derived by Schneideet al®* from spectro-
40 : ' . ' . ' ' ' ' . scopic analysis of tetramethylammonititnenzene-like interac-
25 3.0 35 4.0 4.5 5.0 55 6.0 6.5 7.0 7.5 8.0

tions. Besides, it should be noted, that, as has been reported
) ) . . by Kim et al.}” in the gas phase, the simply ammonium cation
Figure 6.. Tolqene—ammomum po;entlal qf mean force in TIF*'@P. binds benzene stronger than tetramethylammoniuin @p-
water, orientationally averaged, using (sol!d line) or not (dashed _Ilne) proximately 7 kcal/mol), hence suggesting that the estimate
a short-range 1612 potential between the nitrogen atom of ammonium ided by Schneideet al should titut | b d
and the carbon atoms of the toluene ring. provided Dby SC nel_ ee al. should constitute a lower oun_

of the actual association constant for toluene and ammonium

(b) The second minimum (5.69 A), a “solvent-separated” N water. o y
minimum, should be considered more carefully. This minimum, N an attempt to trace the origin of the reduced stability of
with a corresponding free energy eD.45 kcal/mol, is about 5  the 7-cation interaction in an aqueous solutiecompared to
kcal/mol higher than the one arising at a “contact distance”. What can be witnessed in a vacuum, we have derived the free
The barrier separating the two minimacis 6.17 kcal/mol high, ~ €nergy profile (not represented here) corresponding to the
and occurs at 4.81 A. A closer look at the configurations @PProach of the ammonium ion toward water, in a gaseous state
generated when ammonium and toluene @ae5.69 A away ar_ld under the condl_t|ons descrlbec_i above. The minimum for
from each other reveals that designating the minimum “solvent- this complex, emerging at 2.67 A with a free energy-df7.96
separated” is certainly approprid¥e As may be seen in Figure kcaI/mo.I, is ca. 1 kc.aI/moI.Iower than that for the toluene
5b, there is a distinct water molecule located roughly half-way @mmonium dimer, if use is made of the short-range-12
between the aromatic ring and the ammonium ion, forming potential between nitrogen and the carbon atoms of the aromatic

hydrogen bonds to both solutesiz 2.07 and 1.88 A, ring... Ir!terest_ingly enough, s.tandard mir_1imization leads to an

respectively). equilibrium @stance separating ammonium from water equal
Just like for the gas-phase free energy calculations, we havet® 2.77 A, in excellent accord with the value of 2.772 A

performed two additional PMF simulations in TIP3P water, estimated by Del Bertéat the MP4/6-3%G(2d,2p) level of

removing the{N, D, G} angular holonomic constraints. The approxmaﬂon, and an energy dlfferencef)zz.flii kcal/mol,

resulting PMF curve generated with the modified potential Slightly lower than that recently reported by Kiet al'” (viz.

energy functiori.e, N—C 10-12 term), and depicted in Figure ~ —20.73 kcal/mol) and by Del Befié(viz. —20.3 kcal/mol).

6, reveals that only the “contact” minimum is stable, and that From this, it may be inferred that wateammonium and

it occurs at 3.16 A, with a free energy o& —2.99 kcal/mol toluene-ammonium interactions are of comparable magnitude,

(see Table 2). This observation is not really surprising, since and that—espemally When_the_ intersolute d_lstance be_tween the

the removal of the angular holonomic constraints contributes 10N and the aromatic species is greammonium could interact

to increase the entropy of the system, hence reducing noticeablyPreferentially with water, at the expense of thecation

the depth of the “contact” free energy minimum. In contrast, Intéraction. . o _

when no specific 1612 term is added to the standard potential, ~ 3- Analysis of z-Cation Interactions in Proteins. The

the derived free energy profile (see Figure 6) is conspicuously results presented herein support the view that the magnitude of

repulsive, albeit presenting traces of both the “contact” and the the 7z-cation interaction is quite sensitive to its immediate
“solvent-separated” minima witnessed in the constrained PMF €nvironment. An examination of 404 nonredundant structBres

(see Figure 4). of biological interest, provided by the Brookhaven Protein Data

Clearly, the above results suggest that toluem@monium  Bank®’°(PDB), supports the suggestion that the aromatic ring
association is far from negligible in TIP3P water. In addition, ©f Phe will form az-interaction with the onium group of Lys.
the free energy profile described herein unambiguously confirms [N addition, it appears that, among the 647 Phgs interactions
that, when the onium group axially approaches toward the m_dexed, the great majority occur \_N|th th_e distance from the
anionic face of the aromatic ring, a stronecation is observed ~ Nitrogen to the center of the aromatic ring in the range of 4.5 to

at a “contact” distance, rather than at a “solvent-separated” "~ (4) Schneider, H. J.; Schiestel, T.; Zimmermann).Am Chem Soc
one*5 Considering both solvent effects and the entropic factors 1992 114, 7698.
associated with thermal/configuration averaging, it is not totally ~ (69 Prue, J. EJ. Chem Educ 1969 46, 12.
isi i h nsiderable diminution of the well (66) Shoup, D.; Szabo, /Biophys J. 1982 40, 33.

surprising to witness such a co : (67) Del Bene, J. EJ. Comput Chem 1989 10, 603.
depths obtaineth vacua We note, however, that the magnitude (68) Hobohm, U.; Scharf, M.; Schneider, R.; SandeiP@tein Sci 1992
of the presentr-cation interaction is consistent with the binding 1. ?gg)-B win F. C. Koetzle. T. E.: Wil 6 1B M .

H H H : ernstein, . C.; Koetzle, |. F.; llhams, G. J. b.; Mayer, G. F.;
free energies in excess ofl kcal/m_ol reported m_the.llterature Brice, M. D. Rodgers, M. D. Kennard, O.: Shimanouchi, T.: Tasumi, M.
for similar interactions involving onium and guanidinium groups  J. Mol. Biol. 1977, 112, 535.
in the neighborhood of aromatic ligands or amino acid side  (70) Abola, E. E.; Bernstein, F. C.; Bryant, S. H.; Koetzle, T. F.; Weng,

inc8.7,64 i i J. InCrystallographic Databasesinformation Content, Software Systems,
chains? In this respect, Duffiet al. have emphasized that, Scientific Application;Allen, F., Sievers, R., Eds.; Data Commission of

in such systems, concurrent interactions may occur, so thatine |nternational Union of Crystallography: Bonn/Cambridge/Chester, 1978;
distinguishing the exact contribution af-cation interactions p 107.
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Figure 7. Nitrogen—aromatic ring centroid (ND) distribution func-
tions obtained from a statistical analysis of the Phegs interactions
in the Protein Data Ban® Four different angles of approach of
nitrogen toward the aromatic ring are considered @ngle between
the Cs symmetry axis of the ring and the-ND bond): 10.0 (solid
line), 20.0 (long dashed line), 4020(short dashed line), and 60.0
(dotted line).

6.0 A, with a large angular scattering about the 6-fold symmetry
axis of the aromatic ringAz. 20.0-60.C). In the few examples
where the distance falls betweea 3.1 and 4.0 A, the approach
of the positively charged functional group toward the center of
the ring is almost perpendicular [see, for instance, thé Phe
Lys®9interaction in the influenza virus hemagglutinin (IHGE)].
In Figure 7, we have plotted the normalized nitrog@nomatic
ring centroid distribution functions corresponding to three
different angles of approach of the onium group toward the
aromatic ring:

_ Np(r +6r)0 Np(r + or)O

= (4)
S amor? dr 4aror

On-D

where Np(r + or)0 representsfor the chosen angle of
interaction—the average number of Lys oniurPhe aromatic

groups separated by a distance in the range + or (distances

measured between centroids), dpds the average density of
Phe aromatic rings in the same sample set.

Chipot et al.

even in the case of small angles of approach of nitrogen toward
the ring centroid, there are a number of hydrophobic interactions
between methylene groups of Lys and the aromatic ring of Phe
[see, for instance, the Pife-Lys® interaction in the glutare-
doxin mutant (LABA)]. This fact is in agreement with the recent
work of Karlin et al.”*

4. Conclusion

The simulations reported here demonstrate the role of the
environment onr-cation interactions between two solutes. While
aqueous solvation effects, together with thermal/configurational
averaging, reduce the attractive well depth relative to the value
observedn vacuqg the favorableness of association in water in
clearly demonstrated.

The free energy calculations reported in this paper also
ascertain that the magnitude and the directionality--afation
interactions are closely related. Toward this end, we have
derived two types of PMFs, incorporating, or not, a set of
appropriate angular holonomic constraints to maintain the
ammonium cation consistently perpendicular to the plane of the
aromatic ring. While the axially constrained PMF shows in
TIP3P water a deep “contact” minimum supplemented by a
shallow “solvent-separated” one, the fully unconstrained free
energy profile possesses only one “contact” minimum of reduced
depth. It is our opinion that only the latter profile should be
compared directly with experimental free energies of association,
since, in essence, axial approaas postulated from experi-
mental observatioris-is likely to occur at relatively moderate
intersolute distances, rather than over the entire reaction path.
Besides, it should be underlined that, in comparison with high-
level ab initio calculations in the literatu?é7-1"the magnitude
of the water-ammonium interaction reported in this survey is
overestimated bya. 1.7 kcal/mol, whereas that of toluene
ammonium is underestimated by less than 0.5 kcal/mol. For
this reason, thea. 3.0 kcal/mol well depth of the unconstrained
free energy profile could be viewed as a lower bound of the
“real” value.

A comparison of our free energy profiles with the results of
both Duffy et al>® and Gacet al.,’2 on the hydrated tetrameth-
ylammonium-benzene complex, using Monte Carlo and com-
bined Quantum Mechanical/Molecular Mechanical (QM/MM)

Whereas the studies of Burley and Petsko, and Singh andMonte Carlo simulations, respectively, shows a rough qualitative
Thornton, considered the possible interactions between eitheragreement. It is important to note that, although Aheation

Phe, Trp, or Tyr or Asn, Arg, GIn, or Lys, our statistical analysis
focuses its attention on Phéys interactions exclusively. We

interaction examined by these authors is different from the one
analyzed here, their computed association constants in water

find that when the onium group approaches the center of the turn out to be not too dissimilar from ours. The general shape

Phe ring within a 10.Baperture conei ., angle between the
Cs symmetry axis of the aromatic ring and the nitrogeimg
centroid bond), the maximum occurs slightly below 3.0 A. Such
contacts, characterizing “truet-cation interactions, are still
present when the aperture of the cone is increased t8,210

an additional diffuse peak emerges around 4.5 A. This
secondary maximum of the normalized distribution function

of the PMF derived by Duffyet al., however, is significantly
different from that of Gaat al.—the first possessing a single
strong “contact” minimum, and the second, a shallow “contact”
minimum supplemented by a deep, broad “solvent-separated”
one. In addition, their derived association constants of 33.8
and 0.76 M, respectively, reflect a discrepancy likely to be
rooted in their choice of energy function to reproduce the

corresponds to concomitant interactions between the oniumtetramethylammoniumbenzene interaction. At this stage, it

group, the “anionic” face of the aromatic ring, water molecules,
and neighboring polar groups [see, for instance, the®he
Lys?%9 interaction in the inorganic pyrophosphatase (1PYP)].

should be pointed out that the gas-phase molecular mechanics
energy minima of-6.61 kcal/mol found by Duffyet al. and of
—4.1 kcal/mol found by Gaet al. are respectively about 3 and

As may be seen in Figure 7, a further increase of the aperture6 kcal/mol lower in magnitude than the value obtained from

reveals that the essential PHeys interactions occur between
4.5 and 6.0 A. While the first portion of the peak could actually
correspond to pseude-cation interactions, its maximum is not
representative ofi-cation interactions. In fact, around 6.0 A,

and beyond, we can consider that the side chains of Phe an

Lys are not interacting anymore, but preferentially interact with

neighboring functional groups. At such interatomic distances,

high-level ab initio calculatior’$ and from experiments
Despite this, the integration of their PMFs led to association
constants{iz. 33.8 and 0.76 M?) that bracket our estimate of

d (71) Karlin, S.; Zuker, M.; Brocchieri, LJ. Mol. Biol. 1994 239, 227.

(72) Gao, J.; Chou, L. W.; Auerbach, Biophys J. 1993 65, 43.
(73) Meot-Ner (Mautner), M.; Deakyne, C. A.Am Chem Soc 1985
107, 469.
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6.53 M1 for toluene-ammonium. Of equal interest, the curve although the use of a simple two-body additive model may not
obtained by Duffyet al. closely resembles the one of our study be completely adequate and rigorous to describe satisfactorily
that characterizes an orientationally-averaged mutual approachcharge-dipole and charge-quadrupole interacticared, in a
of the two solutes; in particular, the minima of the two PMF more general sense, polarization effeatsrrect binding free
profiles are of comparable depthiZ. approximately 3.0 kcal/  energies betweemn-systems and cations may still be obtained,
mol). Alternatively, the inclusion of a series of appropriate as has been reported in this study. The approach adopted for
angular holonomic constrainte&nsuring a perpendicular ap- the present work, which consists of including a simple “short-
proach of the cation toward the aromatic riflgads to a free range” attractive term in the potential energy functi@ithough
energy profile that is somewhat similar to the one derived by arguable, since it neglects “multibody” effeets economical
Gao et al., who, incidently, also incorporated such types of and provides quantitative agreement with both high-quality ab
constraints. Nevertheless, as has been nttatle weak initio calculations and experimental data; but, more important,
“contact” minimum found by Gaet al. in their PMF may be it ensures a balance between the strengths of watdion and
ascribed to the suboptimal reproduction of the tetramethylam- zz-cation interactions. This balance is, in our view, #ine
monium—benzene gas-phase interaction energy by the AM1 qua non condition for generating realistic PMF curves in
method, which these authors employed in their QM/MM aqueous solutions.
simulation. In all, although an approximate qualitative agree-  Finally, we note that, herein, we have presented novel
ment can be found between our results and those of theapplications of the TI/PF meth&tfor calculating a PMF for
aforementioned authors, we are still facing a lack of quantitative nontrivial systems. The smooth appearance of the resulting free
consensus; it is our hope that this paper will catalyze the energy profiles confirms that PMF/TI constitutes a qualitatively
determination of experimental quantities on simpi€ation correct and practical computational protocol for this kind of
complexes, such as the one presented here. application.

A problematic, yet unanswered question concerns the treat-
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of the induction term in the toluer@mmonium complex. Such

inductive effects can be incorporated in “classical mechanical” JA950302E

molecula})rlyodels but, unfortunately, at considerably greater (74) Peariman, D. A Case, D. A Caldwell, J. C.. Seibel, G.: Singh,
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