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Abstract: The conformational behavior gi-alanine zwitterion in aqueous solution has been investigated by
post-Hartree-Fock and density functional methods using the polarizable continuum model (PCM) for the
description of the solvent. Our results show that the PCM is able to reproduce the delicate balance between
intramolecular hydrogen bridges and preferential solvation of isolated charged groups in determining the overall
conformational preferences without any need of explicit solvent molecules. From a methodological point of
view, the Hartree-Fock method is not sufficiently reliable for quantitative predictions of conformer equilibria,
whereas approaches including electron correlation (DFT, MP2, MP4) perform remarkably well when using
medium size basis sets including diffuse functions. Vibrational averaging arising from the torsional motion
around the central CC bond leads to vicinal NMR coupling constahtén(remarkable agreement with
experiments when using an extended Karplus-type equation for the torsional dependénce of

Introduction in connection with previous work on the zwitterionic ligands

¢ at 4-amino butyric acid (GABA) and glutamic acid receptors
we have experienced some problems in the locations of the
conformational energy minima (the ligands are shown in Figure
1, a and b, respectively). In these unpublished calculations we
have used two different force fields, AMBER* and MM3*, in
connection with continuum solvent models, as implemented in
MacroModel v.6.% The calculations employing the AMBER*
force field show that the internal energy of the folded conformers

particularly important for flexible molecules whose bioactive 1S app;oxzrjn%tely 2f0 kcal/m(())l Iotwher t?ﬁ " tEat gf ';Ee fﬂ;gﬁﬁond_
conformation often does not correspond to the most stable N9 €xtended conlormers. ©n the other hand, the orce

unbound structure. Thus the energy needed to reach the activéield shows an interna_l energy difference favoring the extended
conformation is an important factor in structur@ctivity studies conformers by approximately 1 kcal/mol. The same trends have

and its accurate evaluation is mandatory for the usefulness Ofbeen found in a recent work on the omitine amino acid, and it
any model? As a matter of fact an overestimation of a has b_ee"? suggested that these pmb'e”.‘s might be due to a
conformational barrier by just 1.4 kcal/mol leads to a reduction combination of low accuracy of the force fields and of the GB/

of the activity by an order of magnitude. SA sglygnt mode?.. . .
While explicit inclusion of solvent molecules in numerical ~ Ab initio calculations in a vacuum of zwitterionic compounds,

simulations (either molecular dynamics (MD) or Monte Carlo Which have the possibility of forming internal hydrogen bonds
(MC)) is providing interesting results, computational times 9enerally induce a proton transfer leading to the formation of
remain very long, thus limiting the range of investigable the neutral compount® While explicit addition of just one

phenomena essentially to short-time local fluctuations. This is — e 57 Rinaidi b ; Ruiz-Lopez, F. Liquid-State Quantum
stimulating increased attention toward continuum or mixed chemistry. In Computational Chemistry: R&w of Current Trends
discrete/continuum representations of the solvent which are Lesczynski, J., Ed.; World Scientific: Singapore, 1995; p 195. (b) Cramer,
much more computationally effectiveHowever, coupling of C. J,; Truhlar, D. J. IReviews in Computational Chemistriipkowitz,

. | P yh h ping . K. B., Boyd, B., Eds.; VCH Publishers: New York, 1995; Vol. 6, p 1. (c)
continuum solvent approaches and MM methods requires aamoyiii, C.: Barone, V.; Cammi, R.; Cances, E.; Cossi, M.; Mennucai,
careful investigation of parameters and neglects polarization B.; Pomelli, C. S.; Tomasi, Adv. Quantum Chem1999 32, 227.

effects, which can be, sometimes, very importatr instance, (4) (a) Orozco, M.; Alhambra, C.; Barril, X.; Lopez, J. M.; Busquets,
M.; Luque, F.J. Mol. Model.1996 2, 1. (b) Rega, N.; Cossi, M.; Barone,

* Address correspondence to this author. E-mail: enzo@chemna.dichi. V.; Pomelli, C. S.; Tomasi, dnt. J. Quantum Cheml999 73, 219.

The conformational characteristics of biomolecules are o
paramount importance for understanding both their reactivity
and their affinity for specific receptors. This has stimulated the
development of very powerful computational strategies both at
the quantum mechanical (QM) and molecular mechanical (MM)
level. However, the natural ambient of these systems is an
aqueous solution and soluteolvent interactions can often
strongly modify the behavior of isolated molecules. This is

unina.it. (5) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R.; Lipron,
T Royal School of Pharmacy. M.; Caufield, C.; Chang, G.; Hendrickson, T.; Still, W. £.Comput. Chem
* UniversitaFederico I1. 199Q 11, 440.
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143. 1998 12, 383.
(2) Bengtsson, M.; Liljefors, T.; Hansson, B. Bioorg. Chem 1987, (7) Liljefors, T.; Norrby, P.-O.J. Am. Chem. Sod.997, 119, 1052.
15, 409. (8) Norrby, P.-O.; Liljefors, T.J. Am. Chem. Sod.999 121, 2303.
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Hz*N CO0 Ha'N 00" that, as mentioned above, a full geometry optimization of the
NN zwitterionic species in its gauche conformation leads to the
transfer of one ammonium proton to the carboxylate group. The
coo energy differences quoted above have been calculated either
for the optimum geometries in soluti&or for structures with
constrained N-H distanced? NMR data obtained in aqueous
| | b solution show that gauche and anti conformers have nearly the
same stability with, at most, a slight preference for the anti
conformert>16Previous results obtained with high-level ab initio
calculations employing the PoisseBoltzmann continuum

- N© o description implemented in the Jaguar packaghow that the
H, H anti conformer is favored by-23 kcal/mol in aqueous solutidf.
”—«.,®/ Gregorie et al. have suggested that the most probable shortcom-
pN ing of this approach is the lack of explicit water molecules which

might change the relative stability of the two conform€rslere

we reinvestigate this problem using post-Hartréeck (HF)

and density functional (DF) methods coupled to the polarizable

continuum model (PCMJ¢ Since the direct experimental result

is the vicinal NMR coupling constant between methylenic
GABA Glutamate hydrogen atoms, we thought it interesting to compute this

Figure 1. Conformational equilibrium between the extended and folded quantity as well. To this end we have used an extended Karplus

conformers of GABA (a) and glutamate (b). In the folded conformations equation for describing the torsional dependencd tdgether

an intramolecular hydrogen bond is formed. with the torsional potential obtained by our QM computations.

Averaged values af have been obtained by a numerical solution

of the Schidinger equation governing the torsional motion. This

allows an unbiased comparison between experimental and

computed quantities depending only on the parametrization and

applicability of the extended Karplus equation.

Computational Methods

All the calculations were carried out using a modified version of
the Gaussian packag&The equilibrium structures were fully optimized
in solution at the HF level using the 6-3G* and 6-31H1-G** basis
sets?® These geometries were employed for single-point B3LYP/
6-31+G*, MP2/6-3H-G*, and MP4(sdq)/6-3+G* calculationg® used
for MPn computations in solution polarization charges obtained at the
HF level (HFPC model}* Harmonic frequencies of the HF/6-8G*
structures were computed by fully analytical procedures to obtain zero-

point energies (ZPE) and thermal corrections to standard free energies

water molecule is often sufficient to obtain the zwitterionic local in the usual rigid-rotor harmonic-oscillator approximation using our
minimum characteristic of aqueous solutiénst we think that recent implementation of analytical second derivatives in sol@fich.
a continuum solvent model could offer a more balanced We have used in all cases the conductor version of PCM (C-P&R1)
description of short- and long-range effe&ts!*

We have chosen as a test caseftadanine zwitterion (BAZ)
shown in Figure 2 since from one side this molecule is suf- 11,
ficiently small to allow high quality quantum mechanical (QM) (21) Jaguar release 16 software package from Schrodinger, Inc.
computations and, from another side, its conformational behavior (éf)siﬁgeszzngf‘é_(;RRe(\J’LSl'j")"wK); gﬂzce';’e '\rf]-aJn-: }”;zc_';‘%a?(-rz\’g\-n'l fkci’h\lfgél_’;
in aqueous solution has been recently established by NMR yjontgomery, J' A: Stratmann, R. E. Burant, J. C.. Dapprich, S.: Millam,
spectroscopy>'® Moreover the dependence of NMR vicinal = J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Coup"ng constants on rotation around thg)ﬁcspS bond is BE_lI'OI’\e, V.; Cossi, M.; ‘Cammi, R.; Mennucci, B.; Pomelli, C.; Adam_o, C.;
well described by the Karplus equatisfi Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q,;

) 2 . . Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman,
Previous ab initio calculations for BAZ in a vacuum favor j. B.: Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.;

Figure 2. Atom numbering and structures of gauche and anti
conformers of BAZ optimized using the C-PCM at the HF/6+&*
level.
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0.80 0.2 0 0.©. 0 Table 1. Structural Parameters (A and deg) of Gauche and Anti
N ol ol Conformers of BAZ Optimized in Aqueous Solution Employing
Hy Hy' NH;t H, Hy! L mt C-PCM with Different Basis Sets
— — ﬁ structural HF/6-31+G* HF/6-311+G**
H Hs' Hy H3' Hy Hy' parameters gauche anti gauche anti
NH;* Hy' Hp -
: distances
A G G H1'—N1 1.016 1.017 1.016 1.016
; et N1-05 2.766 2.765
Figure 3. Newmann projections of stable conformers of BAZ. HL'—O5 5029 5024
employing the HF parametrization of our united atom topological model C4-05 1.247 1.243 1.243 1.237
(UAHF)?" for generating solute cavities. angles
In PCM the variation of the free energy when going from vacuum H1N1C2 108.97 111.42 108.71 11118
to solution is composed of the work required to build a cavity in the ﬁfﬁi%@ 112177361? 118.30 1;%77'36 118.28
solvent (cavitation energyGca) together with the electrostaticg) H105C4 106' 84 107’ 12
and nonelectrostatid3isp + Grep) Work connected with charging the ' '
solvent and switching on solutesolvent interaction! Besides these dihedrals
terms (whose sum is referred to @8), we have taken into account N1H1O5C4 —20.0 —-19.8
N1C2C3C4 —61.8 180.0 —61.5 180.0

the contributions to free energies issuing from the solute partition
functions (W) assuming that the solute has a very large volume aNumbering is according to Figur2
available in solvent and that it can freely rotate. In summary the standard

free energy differencaG; between conformersandj is given by a line width of 0.7 Hzthe primitive coupling constants cannot
differ by more than 0.80.9 Hz1516
AG] = AE](vac)+ AWS + AW] 1) When only gauche and anti conformers are significantly

populated it is straightforward to show that

The populations of gauche and anti conformers were obtained to a
first approximation by a simple Boltzmann weighting taking into J.=F+ l-f (JG + -2
account that there are two equivalent gauche conformera(@ G). 23 Yg 9 'G\Yg ' va 9
A more refined procedure is based on the large amplitude path (LAP)
obtained optimizing all the remaining geometric parameters at selected
values of a distinguished coordinate (in the present case thed2t

C3-C4 dihedral angley shown in Figure 2). The arc lengghalong where upper case letters represent the mutual orientation of
this path in mass weighted Cartesian coordinates provides a suitableNH n (Fj)pC 00 | P | f h |
progress variable (large amplitude coordinate, LAC) for computing the 3 an groups, lower case letters refer to the mutua

vibrational states supported by the torsional motion using an improved Orientation of methylene hydrogen atoms, and
version of the numerical procedure described in refs 30 and 31. Then

Dy = I — (B~ 55) (4)

the expectation valug[4 of a given observable at absolute temperature —AG®*
T is given by 2 ex RT
fo= —AG%A ®)
> TIO(9)liTexple; — €)/KT] 142 exp( = )
]
g = 2)

is the fraction of the gauche conformer calculated according to
a Boltzmann distribution. Of course the factor 2 takes into
account the presence of degenerated®d G conformers.
whereO(s) is the expression giving the variation of the observable as ~ Values corresponding to different mutual orientations of
a function of the LAC, andj[is a vibrational eigenstate with eigenvalue ~ ionized groups and hydrogen atoms can be calculated by the
€. Since we know the dihedral angles between vicinal protons at each equation proposed by Altona and co-work&#ssuming that
value of the LACs, we can use any reliable functional relationship gauche and anti minima correspond exactlyte- 60° and ¢
between vicinal protonproton coupling constants and the associated = 180°, respectively, the experimental averaged value of
torsional angle. The most refined empirical equations of this kind take 3j(H,Hg) leads to nearly equal amounts of AjfGand G

into account also the electronegativity of further substituents of the C ~ynformers (35, 32.5, and 32.5%, respectively), i.e., to a free
atoms in question and their positions with respect to coupling protons. nergy difference of about 0.1 kcal/mol between gauche and
Among these so-called extended Karplus equations we have SE|eCted§nti conformers '

the equation proposed in ref 32, which has an overall rms error of only I | f h . f ¢
0.36 Hz for a set of 299 couplings. All these computations were Fully relaxed structures of gauche and anti conformers o

Z exple, — €)/KT]
]

performed by our DiNa packagdes! BAZ were obtained in agqueous solution using the C-PCM
method at the HF/6-3tG* and HF/6-31%#G** levels. The
Results and Discussion different optimized structures are shown in Table 1.

Computation of harmonic frequencies shows that both anti
and gauche conformers are true energy minima in agueous
solution. From Table 1 it is obvious that extending the basis
set from 6-3#G* to 6-311+G** does not lead to any
significant difference. Thus HF computations are quite basis
set independent at least starting from the 6-&F level.

Proton NMR spectra (300 MHz) recorded at room temper-
ature show that BAZ behaves as aBA system, with a vicinal
3J(HaHg) coupling constant of 6.70 H2.This can be considered
the averaged value of the two coupling const&afis,Hz ) and
3J(H2H3) (see Figure 3): since the experimental signal shows

g?:og Minichino, C.; Ba;\one, VJ.hCherr]n. Phys1994 100, 3717. Although the use of diffuse functions in continuum solvent

31) Barone, V.; Minichino, CTheocheml995 330, 325. ; ; ;

(32) Altona, C.; Francke, R.; de Haan, R.; Ippel, J. H.; Daalmans, G. J.; mOde.IS .IS quite de“(.:at(.e’ they are mandatory fpr a Corr.ea
Westra Hoekzema, A. J. A.: van Wik, Magn. Reson. Chen1994 32, description of the anionic head of BAZ and previous studies

670. have shown that the compensation procedures implemented in



3154 J. Am. Chem. Soc., Vol. 122, No. 13, 2000 Nielsen et al.

Table 2. Conformational Energy Differences (kcal/mol) of Conformers Optimized in Aqueous Solution Using the C-PCM at Different
Optimization Levels and Basis Sets and Corresponding Population of Gauche Form

geometry level/ AE(vac) AW AG gauche config.
basis set level/basis set (gauche— anti) (gauche— anti) (gauche— antiyp (in %)
HF/6-31+G* HF/6-31+G* —20.69 19.00 —0.99 91.4
HF/6-31+G* MP2/6-31+G* —21.14 21.40 0.96 28.3
HF/6-31+G* MP4/6-31+-G* —21.04 21.46 1.12 23.2
HF/6-31+G* B3LYP/6-31+G* —20.75 21.40 1.35 17.0
HF/6-31+G* MP2/6-31H-G** —20.96 21.40 1.13 22.8
HF/6-31+G* MP4(SDQ)/6-311#G** —20.92 21.40 1.17 21.6
HF/6-31H-G** HF/6-311+G** —20.46 18.77 —0.99 91.4
HF/6-311G** MP2/6-311+G** —20.99 21.47 1.18 215

2 Calculated at 298 K with eq 1, where the terti®/;" are calculated at the HF/6-3G* level. ® Calculated at 298 K with eq 5.

£ 4>\VA Y/ A\
JSITIRSEX KRR
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S N
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Figure 4. C-PCM cavities including gauche (on the left) and anti (on the right) conformers of BAZ.

- . . Table 3. Partition of the Solute Solvent Electrostatic Interaction
PCM arztazzuffluently robust to handle diffuse functions W (kcal/mol) and of the Cavity Surface ghinto Spheres Centered
properly: on Different Solute Atoms

The N1C2C3C4 dihedral angle of the gauche conformer is

. . auche anti

61.5°, whereas previous studies found values of,5044°,1° 9
and 5%,20 either using structures optimized in solution or surface We surface We
freezing the N-H distances to avoid proton transfer. The N; 32.14 —20.64 36.23 —32.52
corresponding angle in the structures optimized in water i62.5 82 g%gg :‘2‘-88 g(l);g :‘21-58
58.0, and 62.5 at the HF/6-31G*, LMP2/cc-pVTZ, and & 1589 Bt 1333 519
B3LYP/cc-pVTZ levels, respectivehyp. Os 12.01 —11.29 15.34 1823

Energy calculations performed in a vacuum at the HF/  Os 16.59 —20.98 16.58 —22.56
6-314+G* level using geometries optimized in solution show ~ Wool 10.26 12.71
that the gauche conformer is favored by 20.7 kcal/mol due to WSE' 7;22‘;3 :72)'22

its ability to form intramolecular H-bonds between carboxylate
and ammonium groups. It is remarkable that this value is very 2 Note that hydrogen atoms are contained in the same sphere of the
similar by all the quantum mechanical models and basis setsatm to which they are bonded.

employed in the present study (See Table 2) and that it resemblesshows thatp is quite similar for gauche and trans conformers.
previously reported energy differences for the breaking of an Then, it is quite apparent that the largest contributionsvgp
internal hydrogen bond in zwitterionic systefi$:'*According are due to the ionized moieties of BAZ, which are more exposed
to this analysis only the gauche conformer would be presentinyg the solvent in the anti conformer than in its gauche
the gas-phase contrary to the interpretation of NMR data in coynterpart.
aqueous solutiot1¢ The free energy differences between gauche and anti con-
However, solute-solvent interactions stabilize the anti con-  formers calculated in solution are given in Table 2 for different
former by about 20 kcal/mol (see Table 2) leading to comparable computational levels. Using HF/6-31G* frequencies without
stability for both conformers in aqueous solution. Also in this any scaling gives a thermal contribution favoring the anti
case different methods and basis sets provide similar results,conformer by 0.70 kcal/mol, which leads to the fractions of
although HF computations slightly underestimate the stabiliza- gauche conformers reported in the same table.
tion of the anti conformer with respect to approaches including  Including correlation effects at the MP2 level changes the
electron correlation. A more detailed analysis of this trend can HF free energy difference by 1.95 kcal/mol (frori.69 to 0.26
be done considering solute cavities shown in Figure 4. kcal/mol), leading from a gauche to an anti global energy
To proceed further we recall that, besides the nearly constantminimum. Nearly identical results are obtained at the MP4-
cavitation, dispersion, and repulsion terms (collectively referred (sdq) level and also B3LYP results are not very different, so
to asWhe), WP contains electrostatit,)) and polarization\Wpe) that all the PCM computations using correlated quantum
terms. The former contribution represents sohgelvent in- mechanical models are in basic agreement with the experimental
teractions with the solute wave function already polarized by estimate of the energy difference. This represents a significant
the solvent and the latter takes into account the work needed toimprovement compared to previous published results, which
polarize the solute wave function from its optimum value in a favor the gauche conformer by—3 kcal/mol using HF/
vacuum. Of course only, can be dissected into contributions 6-31G**, LMP2/cc-pVTZ, and B3LYP/cc-pVTZ computations
originating from different spheres of the cavity, but Table 3 in aqueous solutio® Thus proper inclusion of solvent and
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Figure 5. Torsional potentials and vibrational eigenfunctions obtained
in a vacuum (a) and in aqueous solution (b) by the DiNa program.

correlation effects seems to have a crucial effect on the
calculations.

A more sophisticate analysis was performed considering the
torsional motion around the N1C2C3C4 dihedral angleds
the single large amplitude mode of the molecule, i.e., optimizing
all the remaining geometrical parameters at selected values o

¢. Figures 5a and 5b show the potential energy curves obtained.

in a vacuum and in solution by single point MP2 computations
at HF geometries together with low energy vibrational wave
functions.

Note that the anti conformer is a local minimum in a vacuum,
separated by a low barrier from the gauche absolute minima;

as a consequence, the lower energy vibrational levels involve

the gauche conformer only. In solution the anti conformer

J. Am. Chem. Soc., Vol. 122, No. 13, 2G5

of 3.3 kcal/mol from the gauche forms, with low energy
vibrational states localized on each minimum.

Comparing both curves we can notice that the gauche energy
minimum corresponds to values of the torsional angle of about
50° and 67 respectively in a vacuum and in solution: a smaller
dihedral angle leads to a shorter distance between the ammonium
and the caboxylate groups, indicating that the intramolecular
hydrogen bond is stronger in a vacuum than in water.

The values ofJ(HaHg) along the path were calculated by
using the extended Karplus equation proposed by Altona and
co-worker$? and then averaged at 298 K according to eq 2.

The coupling constants of gauche and anti conformers are
quite different (5.92 and 8.8 Hz, respectively) and none of them
is in agreement with the experimental value. On the other hand,
vibrational averaging at room temperature leads to the computed
value in full agreement with its experimental counterpart (6.67
vs 6.70 Hz). This finding points out at the same time the
reliability of the extended Karplus equation of ref 32 and the
usefulness of our integrated approach including both solvent
and vibrational averaging effects.

Concluding Remarks

Zwitterionic compounds are of great interest in medicinal
chemistry due to their ability to bind proteins (receptors or
enzymes), but computations on this class of compounds by
standard methods are often unreliable due to the overestimation
of internal hydrogen bonds. In this study we present high level
ab initio calculations including solvent effects, which provide
promising improvements in the balance between intramolecular
hydrogen bonds and solutsolvent electrostatic interactions.

In a vacuum the calculated free energy difference between
the gauche and the anti conformer is above 20 kcal/mol. When
solvent effects are included the energy difference is strongly
reduced, leading, in agreement with experimental data, to a very
similar stability of gauche and anti conformers. Then, thermal
and degeneracy contributions further reduce the energy differ-
ence and inclusion of correlation contributions finally leads to
a slight preference for the anti conformer. At this level, a

fquantitative agreement is reached between quantum mechanical

computations and experimental data, which is a significant
improvement over previous high level ab initio studies. Thus,
the present results show that PCM is a very powerful tool for
describing the behavior in solution of compounds able to form
intramolecular hydrogen bonds. Direct computation of vicinal
NMR coupling constants including vibrational averaging effects
confirms this conclusion further and paves the route for more
reliable quantum mechanical studies of biomolecules in solution.

becomes the global minimum, separated by a torsional barrier JA992902+



