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The present study is the first attempt at the theoretical calculation of the tautomeric/conformational equilibrium
for a zwitterionica-amino acid in aqueous solution. The gas-phase zwitterionic structure for aspartic acid
(Asp) does not correspond to a local minimum on the potential energy surface. The optimized geometry was
determined for the dihydrated zwitterion at the HF/6-31G* level. Single-point calculations for the isolated
zwitterion, with the geometry optimized for the dihydrate, were performed up to the QCISD(T)/6-31G* and
MP2/6-31H-+G** levels. Vibrational-frequency-dependent thermal corrections were calculated for the
dihydrates. Relative hydration free energies of the isomeric species were calculated using the free energy
perturbation method implemented in Monte Carlo simulations. In a second approach, relative free energies
were calculated using the self-consistent isodensity polarizable continuum model (SCIPCM). In aqueous
solution, aspartic acid forms two tautomeric zwitterionsand ), with at least three (two NC—C—C

gauche and one trans) stable rotamers for each. Calculated by the ab initio/Monte Carlo method, the relative
value of logK for the deprotonation equilibria of the andj zwitterions is 1.0 0.36, as compared to the
experimental value of 1.26 a= 298 K andp = 1 atm. The calculations predicted (with one exception) the
rotamer preference of the six studied species in accord with a previous experiment. Relative in-solution free
energies obtained with the SCIPCM and ab initio/Monte Carlo methods are similar at the H&xce

level for the lowest-free-energy and  conformers. Furthermore, the SCIPCM method predicts the free
energy separation of th&gauche conformers in basic agreement with the experiment. Results suggest that
consideration of the correlation energy is more important for comparisons of different tautomers of the Asp
zwitterion than for considerations of conformers of a given tautomer.

Introduction still less stable than the neutral glycineater dimer. Jensen

Protonation states of organic acids and bases are known toanOI Gordon pointed out, however, that the zwitterion and two

be sensitive to the pH in aqueous solution. Biologically very water molecules give rise to a potential energy minin#tim.
important small molecules, typically amino acids, existin which A more complicated case is provided if the amino acid side
both acidic and basic functional groups are present in a single chain also contains a protonating/deprotonating group. Recently,
molecule. on the basis of B3LYP/6-31G* and MP2/6-31G* calculations,

An important problem is the structure of amino acids with the zwitterionic gas-phase structure was suggested for arginine,
zero net charge. There is general agreement that the simplestvith the proton is located at the guanidino gréupecause of
a-amino acids exist in the gas phase in the so-called neutralthe G spacer in the side chain, a flexible ring system can be
form. In contrast, the predominating species is generally agreedformed, which stabilizes the zwitterion with intramolecular
to be the zwitterion in neutral aqueous solution. The zwitterionic hydrogen bond(s). However, infrared cavity ringdown laser
form of gas-phase glycine has been the subject of extendedabsorption spectroscopy (IR-CRLAS) experiments on jet-cooled
theoretical studies for several years. Upon ab initio HF/6-31G* arginine did not find the zwitterionic form in the gas phése.
geometry optimization, a zwitterionic structure was found for HF/6-31H-+G** geometry optimization for zwitterionig-ami-
isolated glyciné, but detailed studies using larger basis %ets no butyric acid (GABA), also having a flexible aliphatic
and the MP2 level of geometry optimizationdicated that the —(CHy)s— spacer, led to a proton jump from the AfHgroup
zwitterionic form of isolated glycine does not correspond to a to the COO group, and only the neutral form was found to be
stationary point on the gas-phase potential energy surface (PES)stable in the gas phagdSee the following article.)
For the 1:1 glycine-water complex, Ding and Krogh-Jespersen Amino acids have been extensively studied in agqueous
found that the zwitterionic form corresponded to a local energy spjution as well. Most theoretical investigations have been
minimum already at the HF/4-31G level and that the charge- performed for zwitterionic glycingjncluding recent calculations
sepa_rated f_orm remained stable in calculations with Iarge_r b_a5|sby Tuion et al%2 and Nagaoka et &P for proton transfer from
sets including the HF/6-31G* level. Although the zwitterionic  {he peytral form to the zwitterion. Conformational changes for
structure can exist in the 1:1 complex in the gas-phase, it is o pentapeptide bis(penicillamine) enkepH&liand tryp-
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t The University of Toledo. for y-amino butyric acid and serin&2using the Monte Carlo

* Semmelweis University. method. The continuum dielectric approximation has been

10.1021/jp0006227 CCC: $19.00 © 2000 American Chemical Society
Published on Web 07/01/2000



Theoretical Study of Aspartic Acid Zwitterions

applied for studying the zwitterionic conformers of alanife,
serinet??and glutaminé? Calculations of Raman optical activity
for L-alaniné2¢ and vibrational spectra for glutamiealso
utilized the continuum water approach. Infrared spectra and
conformers of zwitterionic-tryptophan were studied in a solid
solvent of KBr* Solvation free energy was determined using
the RISM theory for the alanine dipeptida a 1 M NaCl
solution!® Rotamer populations in aqueous solution were
analyzed experimentally usifigl NMR coupling constants for
histidinel® phenylalaniné® aspartic acid®172 serinel6.170
cystein’? and seleno-cysteit®

The aim of the present study is to compare theoretical
calculations with available experimental results for the confor-
mational/tautomeric equilibrium of aspartic acid zwitterion in
aqueous solution. Noszand Sador-"2determined equilibrium
constants for the differently protonated forms of aspartic acid
(Asp) and asparagine in the pH range of-013.2 in aqueous
solution. Aspartic acid forms a dianion at high pH and a
monocation at low pH, thus existing in species of different
stoichiometry. The net charge is zero both for the so-called
neutral form and for its zwitterionic tautomers. Amino acids
exist in the zwitterionic form in aqueous solution at the
isoelectric pH. There are, however, two tautomeric zwitterionic
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gas-phase reference structure in the present study. The minimum
number of water molecules was chosen on the basis of the results
of Jensen and Gorddfi.In the starting arrangements, the two
water molecules were placed in positions from which favorable
hydrogen bonds could be formed with the carboxylate oxygens.
Consideration of additional water molecules hydrating the™NH
group raises difficulties. Although the acceptance of three more
water molecules around the NHgroup, in its trans conforma-
tion with respect to thg-COO™ group (Figure 1f), would be
reasonable, at least one of the waters would be repelled from
the first hydration sphere of the ionic sites in the gauche
conformers with intramolecular NH---O—C hydrogen bond-

(s). This (these) water molecule(s) would be in hydrogen bonds
with other water molecule(s), thus putting the calculations on
an unequal footing.

Also, on the basis of the results by Jensen and Gordon, the
Asp-2H,0O system, subsequently referred to as the dihydrate,
may correspond to an energy minimum, enabling the calculation
of vibrational frequencies and then zero-point energy and
thermal corrections. Water molecules are expected to be strongly
bound at the ionic sites of the zwitterion in agueous solution.
Optimization for the dihydrate could reflect some geometric
changes for the zwitterion in the presence of nearby water

structures for Asp, and each may have different rotamers. Evenyolecules. Furthermore, the strong hydrogen bonds in the

for studies of only the zwitterions, a complicated tautomer/
conformer equilibrium must be considered.

dihydrate will effect the vibrational frequencies for all three
units. Consideration of this frequency shift in calculating internal

Recently, several theoretical analyses have been performedee energy corrections for the reference system is a new feature

in this laboratory to characterize the conformational/tautomeric
equilibrium and solution structures of small, biologically
important molecule& Combined ab initio (gas-phase)/Monte
Carlo (solution) calculations have been carried out for, among
others, histaminé&2y-hydroxy butyric acid®® and dopaminé%

In all of these cases, the studied molecules, neutral or protonated,
formed stable species in the gas-phase; thus, it was possible to

obtain the internal free energy for an isolated system by
performing ab initio calculations. Zwitterionic nicotonic acid

isomers also turned out to form stable species in the gas phase.
Isolated zwitterionic amino acids are, however, not stable

according to both experimental and theoretical results, as
discussed above. Thus, the previously used combination of ab

initio calculations for the isolated species and Monte Carlo
simulations for the relative solvation free energies of the
tautomers/conformerwith the gas-phase optimized geometry

is not possible for modeling aspartic acid in aqueous solution.
In the present study, a new approach has been devised and test
against experimental results.

Methods and Calculations

The total relative free energ\Go, of the Asp tautomers/
conformers in aqueous solution is broken into two parts in the
present approximation, as follows:

AG,,;= AG(int) + AG(sol) (2)
whereAG(int) andAG(sol) are the relative internal and solvation

free energy contributions, respectively, to the total relative free
energy.

of the present approach. Frequency-dependent thermal correc-
tions would become more questionable if they were obtained
for systems with more than two water molecules, including those
that are hydrogen-bonded only to other water molecule(s) (see
above).

Although the frequency-dependent corrections must be cal-
culated for the dihydrate (similar involvement of all three
molecules in the low-frequency normal modes prevented the
separate assignment of many modes either to the zwitterion or
to the water molecules), single-point energies have been
calculated for the isolated zwitterion with the geometry opti-
mized in the dihydrate. Relative energies of the different
dihydrate structures contain a fraction of the total relative
solvation energy in solution (see next section). Solvation of the
dihydrate as a rigid unit would overemphasize the role of the
ordered, minimum-energy arrangement of the zwitterion and
Jyo close water molecules. Thus, the approach was applied that
normal frequencies and the thermal corrections depending on
them were calculated for the optimized dihydrate, whereas the
guantum chemical internal energy was calculated for the isolated
zwitterion. The relative free energy of solvation in Monte Carlo
simulations was determined also for the tautomers/conformers
of the zwitterion with its geometry optimized in the dihydrate.
Ab initio geometry optimizations for the dihydrated zwitterion
were performed at the HF/6-31G* lev@Rutilizing the Gaussian
98 packag® running on a T90 computer at the Ohio Super-
computer Center. Characteristic geometric parameters for the
zwitterion are summarized in Table 1a. Single-point calculations
for the zwitterion tautomers/conformers, at geometries optimized
in the dihydrates, were performed at the B3LYP/6-32&%P2/

To calculate the two terms, a reasonable reference structure6-31G*22and QCISD(T)/6-31G* levels. When the 6-311+
must be selected. If the isolated species, generally called theG** basis set was usett? calculations were carried out at the

gas-phase structure, is stable, then it can be conveniently take

rHF, B3LYP, and MP2 levels (Table 2). Zero-point energy and

as the reference species. This choice is, however, not mandatorythermal corrections (in the rigid rotateharmonic oscillator

Because the zwitterionic form does not correspond to a local
energy minimum on the PES for an isolated amino acid, the

approximatioR® were obtained using normal frequencies
calculated at the HF/6-31G* level for the local-energy-minimum

zwitterion+ 2 water molecule system has been selected as thestructures of dihydrates (Table 3). One trans and two gauche
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Figure 1. (a) HF/6-31G* optimized geometry for the aspartic acid dihydrate e#tBOO . The conformation ist-gauche 1, based on theC,—
Cs—C arrangement. Lettexs or 8 for Figure 1a-f indicate the location of the carboxylate group on atorg€C;, respectively. Intramolecular
hydrogen bonds are indicated by dotted lines (for values, see Table 1a). In the intermolecHl&®o@ds (dashed line), the first and second letters
refer to the water atom and to the zwitterion, respectively. Hydrogen bond distances are in angstroms. Upper-w@ter1.88, O-H = 1.91.
Lower water: H-O = 1.83, O-H = 1.85. (b) Optimizedr-gauche 2 dihydrate. Hydrogen bonds for left-side water:QH= 2.01, O-H = 1.89.
Hydrogen bonds for right-side water: +H0 = 1.87, O-H = 1.86. (c) Optimizedx-trans dihydrate. Hydrogen bonds for upper water-®i=
1.83, O-H = 1.83. Hydrogen bonds for lower water:—+D = 1.96, O-H = 1.91. (d) OptimizegB-gauche 1 dihydrate. Hydrogen bond for upper
water: H-O = 1.93. Hydrogen bond for lower water: +HO = 1.98. (e) Optimizeq3-gauche 2 dihydrate. Hydrogen bond for left-side water:
O—H = 1.89. Hydrogen bonds for right-side water:—@& = 1.85, H-O = 1.82. (f) Optimizeds-trans dihydrate. Hydrogen bond for left-side
water: H-O = 1.87. (There is no hydrogen bond to the seemingly cto<@OOH. The O(w)-+HO distance is 3.59 A.) . Hydrogen bond for

right-side water: H-O = 1.88.

conformations of the zwitterion were localized for each of the
o andp tautomers (Figure 1, Table 2). A scaling factor of 0.9
was applied in calculating the relative zero-point energ¥RE)
term?212 Scott and RadoAi° found optimal scaling factors in
the range of 0.8950.905 for vibrational frequencies obtained
at the HF level with basis sets increasing from 3-21G up to
6-311G(df,p). HF/6-31G* optimization for the isolated zwitte-
rion resulted in local energy minima for the conformers of the
o-tautomer. The calculations always led to the neutral form
starting from the3-tautomer. The geometric changes and energy
results obtained for the structure will be discussed in relation
to Table 4a.

Monte Carlo simulatior?§ for the aqueous solution of the
Asp zwitterion were performed by using the BOSS 3.6
software?” The program runs on a Silicon Graphics Indigo 2
workstation at the University of Toledo. Calculations were
performed in theNpT (isobaric-isothermal ensembles) &t=
298 andp = 1 atm. The 24x 24 x 24 A3 periodic box
contained one solute and 502 TIP4P water moleciil@&sef-
erential sampling proportional to B{ + c) was applied, where
the value of the constart was set to 120R is the distance
between the ¢and the oxygen atom of the water molecule to
be displaced in the generation of a new configuration. The
solvent-solvent and solutesolvent cutoff radii were set to 8.5
and 12 A, respectively. The ICUE 2 option was used in
calculating the solutesolvent interactions. This option allows

between an explicit solute atom and the water oxygen are not
larger than 12 A. In the equilibration and averaging phases, 3500
and 5000 K configurations, respectively, were generated. A
solute move was attempted every 50 steps, and volume changes
were allowed in every 1000 steps.

The united-atom model was used for the CH and, Gibups
of Asp, while all other atoms were considered explicitly. Steric
parameters of the 12-6-1 OPLS potential functfomere taken
from the program library. Atomic charges for the zwitterion
were derived by the CHELPG procedtftapon fitting charges
to the HF/6-31G* electrostatic potential of tiemlatedzwitte-
rion. Relative solvation free energies were calculated using the
free-energy perturbation method, as implemented in Monte Carlo
simulations®! Geometric and OPLS potential parameters were
calculated using a linear function depending on the perturbation
step paramete#,

par@) = 4 par(a)+ (1— 1) par(b) (2)

where the system is transformed from staté a(1) to state b
(A = 0). Double-wide sampling was applied with changestfor
in the 0.015-0.05 range. Conformers of a given tautomer were
transformed along real physical pathways, meaning changes
were basically made in the torsion angles. Transformation of
thea(trans) structure tg(trans) took place along a nonphysical
pathway by developing and annihilating a hydrogen atom on

for a solvent molecule to be seen by the solute, if any distancesthe carboxylate and the neutral carboxylic group, respectively.
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TABLE 1: Optimized Geometric Parameters for the Asp Zwitterions?
(a) Optimized Geometric Parameters for the Gas-Phase Asp-Zwitterion Dihydrates

o-COO™ p-COO™
gl g2 t gl g2 t
NC,CsCearb —59.6 66.0 175.8 —55.6 51.5 —155.3
CearluCsCearb —178.9 —57.4 58.4 —175.6 —68.8 85.9
O=CearlCoCy 107.2 130.5 134.9
“0—CcarlTuCs 21.9 —25.9 8.3
—161.4 154.2 —175.6
CoCsCeati=O 23.0 —28.5 —153.6
CoCsCratr O~ 32.0 65.9 22.2
—149.3 —105.7 —160.5
C—CeatOH —-177.7 179.9 —177.8 176.6 177.4 —175.0
(N)H:--Og 2.05 241 1.58 2.79
2.83
(N)H+++Oq 2.72 2.52 2.57 2.26 2.55 2.19
2.56

(b) Optimized Geometric Parameters for the Asp Zwitterion in Aqueous Solution

0-COO B-COO"
gl gl 92
NCoCsCearb —65.0 —57.1 60.2
CeartlCoCsCrarb 171.9 —178.2 —60.9
O=CcarlCuCs 111.7 138.5
“O— Ccarbcac/f —-50.5
130.9
C(xcﬂccarbzo 6.5
CucﬁccarU'07 11.4 0.3
—169.9 —179.4

C—CeartOH —178.6 178.3 —-177.3
(N)H-+-Op 2.30 1.90 2.08
(N)H-+-O4 2.37 2.55 2.42

aTorsion angles in degrees. (NMO distances in angstroms indicate the short(est)® distance(s)within the aspartate zwitterion at the
optimized geometry of the dihydrate. Subscriptand refer to the corresponding COO(H) group containing the considered O atom.

TABLE 2: Relative Energies of the Asp-zwitterion with TABLE 3: Relative Zero-Point Energies and Thermal
Geometry Optimized in the Dihydrate? Corrections?
6-31G* 6-31H+G** 0.9AZPE  AH(T) TAST)  TASu(T)  AGw(T)
HF B3LYP MP2 QCISD(T) HF B3LYP MP2 gas phade
a-COO a-COO
gl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 gl 0.00 0.00 0.00 0.00 0.00
g2 —222 —-090 -—-2.27 -2.24 —-141 -0.32 -—-1.77 g2 0.02 —0.07 —0.61 —0.50 0.56
t 8.18 8.67 7.40 7.56 8.30 8.47 6.82 t —0.18 0.03 —-0.34 —0.28 0.19
B-COO B-COO
gl —-3.04 —-6.62 —-529 —-464 —-261 -535 -514 gl —1.48 0.51 1.45 1.37 —2.41
g2 1220 13.10 11.10 11.46 11.71 12.06 9.49 g2 0.44 —-0.37 —1.83 —1.65 1.90
t 23.39 2329 24.10 24.16 2237 2203 2223 t —1.43 0.88 2.73 2.74 —-3.29
@ Energies are in kilocalories per mole. Geometries were optimized agueous soluticn
at the HF/6-31G* level. o-COO~
. . . 1 0.00 0.00 0.00 0.00 0.00
When this nonphysical transformation was performed, eq 2 was g .CO0"

still applied. A summary of the solvation resu!ts is prpwded in gl 0.09 018 056 055 0.46
Table 4a. The number of hydrogen bonds, derived by integration ¢ 0.10 ~016 028 018 0.21

of the solute-solvent pair-energy distribution functions, and Enerai i Kilocalori . G i fimized at th
P : H H H H a nergies are In Kilocalories per moie. Geometries optimizea al e
gpc;rql;n?tlor; nu?nbers, obtained py hnt.eg_lr_attl)cl)n 5of the radial HF/6-31G* level. AG(thermal)—= AGu(T) = 0.9AZPE + AH(T) —
Istribution Tunctions, aré summarized in 1able . TAST) atT = 298 K. Calculated for the Asp-zwitterion dihydrate in

In a second approach, the relative free energies werethe gas phase Calculated for the pure Asp zwitterion in agueous
calculated using the self-consistent isodensity polarizable con- solution.
tinuum mode¥? (SCIPCM) at the HF/6-31G* and HF/6- _ ) .
311++G**//HF/6-31G* levels. Because of slow convergence (Figure 1a, d, and _e)_. Numerical fr_equency analys_|s was
in the geometry optimization, the method was applied only to performed for the optimized structures in aqueous solution, and

three zwitterionic species in aqueous solution. The isodensity (€ relative zero-point energies and thermal corrections were
contour parameter was set to 0.001 au, and 512 grid points wereevaluated. The results are summarized in Tables 1b, 3, and 4b.
considered for the surface charges. The solvent dielectric
constant was set to 78.3. The geometry was optimized at the
HF/6-31G* level, placing the zwitterionic solute in a cavity Geometry. Two gauche and one trans arrangements of the
formed within the water solvent. Starting Asp geometries were NC,CsCcah moiety (see Scheme 1; g1, g2, and t rotamers

taken from thea-gl, §-g1, andf$-g2 gas-phase dihydrates designated by t, h, g, respectively, in ref 17a) have been

Results and Discussion
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TABLE 4: Relative Energies and Free Energies in Aqueous Solution for the Zwitterionic Asp Isomers

(a) Relative Energies and Free Energies in Aqueous Solution for the Zwitterionic
Asp Isomers with Geometry Optimized in the Gas-Phase Dihytlrate

AE(A, HF) AE(A, MP2)
AE(A+2W, HF) AG(sol) + AG(solp + AG(solp AGfe
a-COO™
gl 0.00 0.00 0.00 0.00 0.00
g2 1.43 4.05+ 0.33 1.83 2.28 2.84
t 7.18 —1.56+0.41 6.62 5.26 5.45
p-COO™
gl 10.22 8.8 0.57 5.83 3.73 1.32
g2 5.85 —5.01+ 0.67 7.19 4.48 6.38
t 34.37 —16.55+ 0.45 6.84 5.68 2.39
(b) Relative Free Energies for the Zwitterionic Asp Isomers in Aqueous Sofution
AGio/HF/6-31G* AGio/HF/6-31H+G**
gas phase solutiori gas phase solutiori
o-COO™
gl 0.00 0.00 0.00 0.00
p-COO™
gl 3.42 3.78 3.85 3.50
g2 9.09 3.87 8.60 4.37

aEnergies are in kilocalories per mol&G(sol) stands for the relative solvation free energy in aqueous solution from Monte Carlo simulations.
AE(A+2W, HF) shows the relative energies of the optimized Asp zwittetidhwater system calculated at the HF/6-31G* level. NM&A, HF)
and AE(A, MP2) terms (see Table 2) stand for the relative internal energies of the Asp zwitterion (without waters) at the HF/6-31G* and MP2/
6-311++G** levels, respectively? Terms have the same standard deviation as indicatei@gsol). ¢ AGit = AE(A, MP2) + AG(sol) + AG(T)
atT = 298 K,p = 1 atm. Corresponding values are taken from Tables 2 aAd\G in kilocalories per moleAGy(T) terms (included iM\Gyy)
are taken from Table 3.Zwitterionic Asp geometry optimized in the gas-phase dihydfafeuitterionic Asp geometry optimized in aqueous
solution by using the SCIPCM method.

TABLE 5: Number of Hydrogen Bonds and Coordination Numbers for the Asp Zwitterion in Aqueous Solution

NHB
(E = Ey)? N/O,, (N)H/O,, =O/H, —O/Hy —O/Hy H/O,, SH/O
0-COO"
g1 8.8 (-5) 3.6 3.0 1.1 undéf 4.9 1.0 10.0
92 9.4 (-5) 5.0 3.6 1.0 0.4 4.0 1.0 10.0
t 9.7 (-5) 3.1 3.0 1.2 0.3 45 1.0 10.0
B-COO"
g1 7.5 (5) 3.0 2.0 1.4 0.2 41 1.0 8.7
92 8.6 (-6) 3.5 2.8 1.4 0.7 4.9 1.0 10.8
t 10.0 (-6) 3.8 3.1 1.0 undéf 5.3 1.0 10.4

a g, values in parentheses stand for the upper limits in integration of the salakeent pair-energy distribution functiohThe radial distribution
function does not show a minimum below 2.5 A, preventing the calculation of the coordination number by integration of the rdf until its first
minimum.

investigated in gas-phase dihydrates for both tautomers (Figure The difference of the two O—CcalCoCp torsion angles is
1a—f). The NHs™ group can form two different hydrogen bonds about 180 for eacho-zwitterion conformer, indicating a nearly
with the oxygens of the neutr@COOH. The energy of the  planaro-carboxylate group. The difference is only 27#@r the
a-gl dihydrate was higher by 4.25 kcal/mol when the - CoCsCcai— O~ torsion angles with thg-g2 structure (Figure
*OH bond was formed as compared to the structure with the 1e). Although the shortest (NYHOg separation is about 2.8
N—H-+-O=C intramolecular bond. The corresponding value for A, thus being larger than a hydrogen-bond distance, deviation
the optimized isolatedi-zwitterion (as mentioned previously, from planarity for g-carboxylate suggests a nonnegligible
the zwitterionic structures turned out to correspond to local interaction of the ionic sites.

energy minima for thex tautomer) is 4.99 kcal/mol. Thus, for The intramolecular (N)H-Og distance is conspicuously short,
further consideration, the-g1 structure with the NH---O=C at 1.58 A for thes-g1 isomer (Figure 1d). This indicates the
hydrogen bond was selected (Figure 1a). favorable orientation of th@-carboxylate group with respect

Table 1a shows nearly classical torsion angles for the gaucheto the NH;* group because of the flexibility of the NCsCearb
and trans arrangements of the MZGCca, Moiety in the chain. No such flexible spacer is available for thearboxylate
a-tautomer. This suggests that the strong hydrogen bondgroup with a fairly constant (N)H-O, separation in the 2:5
between the Nki- ando-COO™ groups and the coexisting NH 2.7 A range.

-+O=C hydrogen bond with the neutral carboxyl have only a  Not indicated in Table 1a, but worth mentioning, is the change
moderate effect on the NCsCcar, torsion angle. In contrast,  in the “O—CcafCoCp torsion angle for thex-zwitterion upon
the torsion angle deviates by 2B6om the classical 180value optimization without the two water molecules. For this tautomer,
for the -t structure (Figure 1f), indicating a strong electrostatic the torsion angles are39°, —30°, and —43° for the g1, g2,
interaction between the remote ionic sites. and t rotamers, respectively. The deviation i§ & g1, but is



Theoretical Study of Aspartic Acid Zwitterions J. Phys. Chem. A, Vol. 104, No. 29, 20068839

SCHEME 1
COOH COOH COOH
" "00C NHi" coo
H,N: _H Q/ -
H H H H H
COO” H NH3+
gauche 1 (t) gauche 2 (h) trans (g )

alpha - zwitterionic conformers

Ccoo CoO® OO
H3N: Q/ﬂ HOOC Eiwy H __~ CooH
H H H: H H H
COOH H NH;*
gauche 1 (t) gauche 2 (h) trans ( g)

beta - zwitterionic conformers

only 4° for g2. This finding will be discussed more in relation group. This structure may not be the global minimum for the
to the relative solvation free energies. p-g2 dihydrate, a result that would partially explain the

As far as the intermolecular interactions in dihydrates are calculated high relative free energy for this species. Ingite
concerned, Figure & shows that the water molecules surround isomer (Figure 1f), the water molecules follow theCOO~
one or both ionic sites without forming watewater hydrogen group, and each of them forms one hydrogen bond to that group.
bonds. The shortest O(w)O(w) distance is about 4 A. In Figure  Because the protonated amine site remains without stabilizing
la, b, and c, the water molecules are on different sides of the hydrogen bond in this structure, the relative energy is the highest
plane defined by the NC,—C(a-carboxyl) atoms. Each water  for this conformer, considering either the dihydrate or the
molecule is involved in two hydrogen bonds: it is an acceptor isolated zwitterion in the single-point energy calculations.
in the bond to the Nkt group and a donor to the carboxylate. The optimized geometric parameters obtained with the
The intermolecular ©-H distances are in the range of +.8 continuum solvent SCIPCM method are collected in Table 1b.
2.0 A. In Figure 1a and c, both-€0 and two N-H bonds are  Whereas changes in the NC;Cearband GanlCoaCsCoarptorsional
involved in hydrogen bonds with the water molecules. The third angles are moderate, up to°10nuch larger deviations have
N—H bond is in an intramolecular bond to thcarbonyl been found for the torsional angles defining the position of the
oxygen in Figure la (see Table 1a), but remains unbound in —COO(H) planes. For thei-gl isomer, the"O—CcafCuCp
Figure 1c. In thea-t conformer, the N-H bond points away  torsional angles change from 21.@nd —161.4 to —50.5
from the 5-COOH. Fora-g2 (Figure 1b), two different NH and 130.9, respectively (Table la and b). Thus, the basic
bonds, but the same €O bond, are involved in the four planarity of the carboxylate group is conserved in aqueous
hydrogen bonds to the water molecules. (The carboxylate solution, but the plane of the group is rotated by aboift 70
oxygen in question also forms the NHO, = 2.52 A intramo- This rotation, however, should not be considered as being
lecular hydrogen bond with the proton partially covered in entirely due to solvent effects. As mentioned above, the HF/6-
Figure 1b.) 31G* geometry optimization for the isolated-g1l isomer

For theo-carboxylate conformers, the distance of the ionic produced a O—CcailCoCp torsional angle of-39°; thus the
sites is not strongly affected upon rotation of theCOOH solvent effect for this species seems to be only abotit The
group. The water molecules can form a “nest” with the ionic remarkable difference in torsional angles obtained for the gas-
sites and can easily form two hydrogen bonds to each of them.phase dihydrate, on one hand, and the gas-phase and in-solution

Rotation of the ionicg-carboxylic group (thus thg-COO- aspartic acidr-g1 species on the other hand should be attributed
system) results in largely different (NYHOg distances. Upon  to the explicit consideration of two close and strongly bound
formation of the very short intramolecular bond in thegl water molecules. This difference raises the question about the

isomer, water molecules are repelled out of this part of space geometry to be considered as relevant for in-solution calcula-
and form hydrogen bonds only with tif#eCOO™ group (Figure tions.

1d). The structure also allows the formation of the intramolecular ~ The change of the £CsCca— O~ torsional angle is about
(N)H---O,, bond with the neutral &C group of theo-COOH 20° for the -g1 tautomer/conformer, but is large, abouf 65
(see Table 1a). In contrast, there are twehi--O(w) hydrogen for the 8-g2 species. In the absence of gas-phase results for the
bonds in Figure 1e, and there is only one bond to the carboxylateisolated zwitterionic-tautomers, the solvent effect on the
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equilibrium geometries cannot be estimated for these structuresbecause of changes in the lowest-energy torsional vibrations of
A possible reason for the large geometric chang@-o2 is the zwitterion and because of different intermolecular vibrational
that the two water molecules close to tBeg2 carboxylate frequencies. The resulting largest thermal correctiv@(T)
largely affect the equilibrium geometry and result in the structure is, however, no more than 0.56 kcal/mol, which suggests a fairly
shown in Figure 1e. On the basis of the energy results, however,constant structure for the dihydrate with only a small effect due
it is more likely that the dihydrate structure in Figure 1e is not to rotation of3-COOH. Although there are a number of “soft”
the global minimum for this tautomer/conformer. vibrational modes in the dihydrate and estimation of the absolute
Disregarding the two water molecules and considering the entropy contribution based on harmonic frequeriéiemy lead
continuum solvent environment around the cavity also lead to to erroneous value for the present system, relative contributions
changes in the intramolecular NHO distances. The consider-  are expected to give more reliable values.
ably different NH--O, and NH--Oy values foro-g1 in the gas Correction terms, in contrast to those for th¢automer, are
phase become almost equal, 2:2037 A, after the SCIPCM  ynusally large for thg-zwitterion. TheAZPE term is remark-
optimization. The short intramolecular hydrogen bond of 1.58 aply decreased for g1 and t, indicating an overall red shift of
A extends to 1.90 A fop-g1, and one of the two, long (NJH  the’ vibrations. The lower frequencies allow easier thermal
+*Op bonds for-g2 becomes a regular hydrogen bond of 2.08 excitation of the vibrationsAH(T) is positive, and the system
A. The ionic sites with solute geometries given in Table 1a and pecomes less ordered, as concluded from the remarkable entropy
b are exposed to hydration to a different extent, and theseincrease due mainly to the vibrational entropy. TXZPE term
differences may be reflected in the tautomer/conformer stabilities ;g positive for g2, indicating the opposite tendency and leading
calculated with the ab initio/Monte Carlo and the SCIPCM 4 changes of signs for all other terms. The fingby(T) value
methods. is on the order of some relative isomer energies. It indicates
Internal Energy and Free Energy. Results of the single-  that consideration of the vibration-related energy corrections
point energy calculations for all zwitterionic species with may be very important. In fact, calculation of the total relative
geometries optimized in the dihydrates at the HF/6-31G* level free energy without considering these terms would not give

are summarized in Table 2. Because the zwitterion contains aregy|ts in reasonable agreement with some experimental values
negatively charged carboxylate site, some concern may arise(see next section).

regarding the geometry optimization performed with a basis set
without diffuse functions. The zwitterion is a zero-net-charge
system, and this may be the reason Ding and Krogh-Jesperse
found only small changes in the optimized geometric parameters
for the 1:1 glycine-water system when the basis set was
upgraded from HF/4-31G to HF/6-33GH-G**.# In our previous
study for the zwitterionic pyridine carboxylic aciés,the

Frequency-dependent corrections for the in-solution optimized
I@-gl andp-g2 structures show basic deviations from their gas-
phase values (Table 3). Itis less surprising forfhg2 species,
for which the optimized gas-phase dihydrate structure, as was
mentioned above, may not correspond to the most favorable
arrangement of the AspH,O system. The deviation is,

optimized geometry obtained with the HF/6-34-+G** basis however, noteworthy in the case of thel species. All terms

set showed only minor changes as compared to the result ofd'® (_)f opposne_ sign in the two sets of calculations. Each
the HF/6-31G* optimization. individual term is considerable for the gas-phase system, and

together they result in a total contribution-e2.41 kcal/mol to

- * _ *

. Table 2 shows. that the MPZ/G 31.G and QCISD(T)/6-31G the relative free energy. In contrast, the small correction terms
single-point relative energies are fairly close. Both the HF and

B3LYP level calculations with the 6-31G* basis set show ha:w; anf overall pogltlt\;]e Conttrlbutlon olf 0":6 kt(.:aI./m?I to_lt_?]g
remarkable deviations from them mainly when considering the (rje_ﬁa Ve iree ener:gy_ln € con m;:um S0 Yt?ln optimization. f 'ﬁ
gauche rotamers. When the 6-31+G** basis set is used, the ierence emphasizes again the possible importance of the
relative energies generally decrease in absolute value. This is aEXp“C't consideration of the strongly bound water molecules.

trend that was already observed in a detailed analysis for the In-Solution Euilibrium. AG(sol) values in Table 4a show
pyridine carboxylic acié? and was also found for the glycine- the relative solvation free energies obtained in the perturbation
water dimer Because of the similarity of the MP2 and high- calculations within the Monte Carlo simulations. Rotation of
level QCISD(T) results when the 6-31G* basis set is used, the the neutral carboxylic group affects the hydration free energies

MP2/6-31H+G**//HF/6-31G* relative energies were consid- moderately for thex-conformers. Both gauche rotamers form
ered in the final determination of the relative internal free intramolecular hydrogen bonds; thus, the difference of 4 kcal/

energies. mol indicates different appreciation of these bonds by the solvent
The calculations with different basis sets and levels are in €nvironment. The\G(sol) value is reasonably negative for the
general qualitative agreement. They find, unanimously, that the &-t rotamer. This means that the trans structure without an
B-g1 structure with its strong internal hydrogen bond is the most intramolecular hydrogen bond, and thus with two more opened
favorable species of the six isomers considered. The second-Sites for forming hydrogen bonds with the solvent, is preferably
lowest-energy structure g2, followed bya-gl. The calcula- ~ hydrated in comparison with the internally boumd)1 rotamer.
tions, unanimously again, predict high relative energy for the  The differences il\G(sol) values are, however, large for the
trans rotamers mainly with th@-zwitterion. [B-zwitterion rotamers, and the trend is opposite compared to
Relative frequency-dependent corrections for the gas-phasethat of the internal terms. The most favorable hydration was
isomers (Table 3) are of moderate magnitude for the conformerscalculated for thes-t rotamer. This is not surprising, because
of thea-tautomer. Both th\ZPE andAH(T) values are almost ~ the NH*™ and COO groups are farthest from each other in
negligible for theo-zwitterion. The nonnegligibl&#AS(T) total this tautomer/rotamer. Th&g2 structure is hydrated about 14
entropy-term is mainly due to changes in its vibrational entropy kcal/mol more favorably than th¢-gl rotamer. As was
component, TAS,in(T). Because the translational entropy is discussed in the previous section, the hydrogen bofdgt is
constant for isomeric systems, nearly equal value$/HT) very short; thus, water molecules have no chance to hydrate
and TAS,i(T) allow only small changes in the rotational the ionic sites in the NH---O region. The region is more
entropy. Vibrational entropy changes are expected mainly opened fop3-g2 (see distances in Table 1a), and an even slightly
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better hydration potential for a zwitterion leads to a remarkably from the equilibrium mixture. The agreement with experimental
more negative solvation free energy. results provides a strong support for the selected zwittetion
Table 4a provides relative energies for the optimized dihy- 2 water model in calculating internal terms.
drates, as well. ThHAE(A+2W, HF) values are the results from  The calculations are not as successful in estimating the
the HF/6-31-G* optimizations. The third column shows the  rotamer populations for the two tautomers. In-solution NMR
sum of the relative internal energies of the isolated zwitterion, measurements by Nosznd Samdor7afound 43-45% g1, 46-
AE(A, HF), calculated at the HF/6-31G* level, and th&(sol) 43% g2, and 1416% t rotamers for the-zwitterion. The
solvation term. Values in the first and third columns are in composition with thes-tautomer is 47-49% g1, 38-42% g2,
surprisingly good agreement for thezwitterion. A tempting  and 12-14% t. Relative free energies in Table 4a indicate
interpl’etation could be that most of the solvent effects are due qualitative agreement with the experimenta| popu|ati0n, with
to the difference in hydration by the closest solvent environment, one exception. The trend is correct for thezwitterion, but
basica”y modeled by the d|hydrate The S|m|lar|ty of the values the ﬁ_trans form was Computed as more popu|ated than the
is not maintained, however, for tifegauche rotamers, and it gayche-2 rotamer, in contrast to the experimental results.
breaks down dramatically for thet structure. This latter result To improve the results, additional solvation calculations have

is least surprising, as interaction with two close water molecules been performed. The torsion angle for teearboxylate differs
cannot represent the solvent effect for two separated ionic sites.by about 60 w.hether it was determined for the isolated

The AG(.SO.I) value_s contain corrections for the long-range zwitterion or for the dihydrate (see Geometry section). In one
electrostgtlc Interactions. Because of the "'?“.96 Se*s“?*"e“‘. set of calculations, we performed a transformatioroajl to
cutoff r_adlus of 12 A taken arognd every explicit atom (mcl_udmg o-g2 using HF/6-31G* geometries optimized for the isolated
the united CH and Clratoms) in the Monte Carlo S|m_ulat|ons, zwitterion. (Atomic charges were fit to the relevant electrostatic
the volume seen by the solgte corresponds approximately to apotentials.) The O—CeanCC; torsion angle changed from
sphere ofR = 14 A. Corrections are to be calculated for the ~38.9 to —30.2, and the calculatedG(sol) value was 3.67
electrostatic interaction of the solute and the solvent out of this caI/.moI For c.or’r,1parison in calculations utilizing the zwitt.erion
sphere. The solute was considered as a dipole in the center Ogeometr.y from the dihyd}ate theD—CoarlCaC; torsion angle
’ caro~ao

the cavi';]y, and t:lebOnsager COI’I’?Cﬁ@)N\Iaﬁ appli.edl.4T£1is changes from 21%9n g1 to—25.9 in g2, and the corresponding
approach seems 1o be crude even for a sphere ’ AG(sol) value is 4.05 kcal/mol (Table 4a). Thus, a change of

provm!ed that the dipole moments are in the range_ef_]lﬂD. the torsion angle that is larger by about°40 the latter case
_The differences, however, may be muc_h more realistic, amount- resulted in a relative free energy increase of 0.4 kcal/mol. A
ing to up to 0.3 kcal/mql. The generalized Born fornfélhas second set of calculations used the HF/6-31G* optimized
been successfully applied recently for a set of atomic Chargesisolateda-gz zwitterion geometry, and the carboxylate group
representing cationic dopamine conformers, and it showed onlyWaS simply rotated by 60 resultin’g inAG(sol) = 1.12 kcall
small deviations from the more precise calculations performed mol. These calculations show that the torsion éngle for the

\év'tsrletzfsptﬁe'vlgr?g;ng?? mr%tgghﬁ';g Ov\i/f)rrak”azse:/f;glllet-(:harge carboxylate group is a sensitive geometric parameter and can
yThe AG.. val eg arept%e final reys Its of our ffee ener increase free energy changes by up to 1 kcal/mol. The torsion
tot Valu : u u 9y angle relevant in solution may not be determined from hydrates

gilrﬁuIlgfleolnsdif;g:gnﬁlrﬁtr:(tahcferiglc:eu?aetrgg ir:/?elfneasl ézesro:gg(z'rll'a%'{: with a limited number of water molecules around the zwitterion.
pletely 9 The geometric change, even allowing for an effect of as much

tzérlrisst Cg&?ﬂg)r;r;rehe”dﬁ)\lléaizrrﬁr%rjﬂzanz'csrlg ?rgfntotﬁgs(%) as 1 kcal/mol, still does not explain the overestimation of the
’ 99 th o-g2 rotamer relative to the-gl rotamer.

corrections. The final results suggest thatdhel is the lowest- L
The reason for the, at best qualitative, agreement between

free-energy species in solution, followed by thel isomer. . . > ) -
NosZ4 and Sadori7adetermined the protonation microcon- calculations and experiment lies partly in the opposite trend for
the internal and solvation free energy contributions. For example,

stants for the aspartic acid and § zwitterions. Because the . -
present study provides with relative free energies, only the the relative value for th@-t species was calculated as (22.23
— 3.29) — 16.55+ 0.45= 2.39 + 0.45 kcal/mol. Thus, the

difference of the equilibrium constants can be estimated. The )
difference of the two numbers is smaller by an order of

log K values for the HAsp + H™ = Asp (zwitterion) - _ i

equilibrium are 3.63 and 2.37, for the and 8 zwitterions, magnitude than any terms in the subtraction. To reproduce the

respectively. Because g1/g2 experimental population, a free energy difference of about
0.1 kcal/mol should have been obtained. Considering the many

log K(o)) — log K(8) = —[G(c) — G(B)]/2.3RT  (3) approximat!ons in our approach, such a precise determination
of the relative free energy terms should not be expected. To

the difference can be theoretically calculated at 298 andp reproduce the experimental gkt 3—4 population ratio, a
= latm. On the basis of the populations calculated for the six calculated relative free energy of 6.6.8 kcal/mol would have
species of thex and 8 zwitterions, the—[G(c) — G(B)] free been required. This relative free energy range is almost the

energy difference is 1.4% 0.49 kcal/mol, corresponding to ~ uncertainty in the free energy perturbation calculations for the
A(log K) = 1.074+ 0.36. If only thep-g1 anda-gl tautomers/ ~ Present system.
rotamers are compared, the calculatgtbg K) value, 0.97+ A comparison of the ab initio/Monte Carlo and SCIPCM
0.42, is still close to the experimental difference of 1.26. calculations (Table 4b) shows that, despite the very different
This good agreement with the experimental relative kog  thermal corrections obtained in the gas-phase and in-solution
values could only be achieved because the frequency-dependenpptimizations for theg tautomers, the total relative free energy
corrections were taken in consideration. Without th&y,(T) is still close both at the HF/6-31G* and HF/6-3t+G** levels
terms in Table 3, the relative free energy of fhgl species is for the 8-g1 species. The value shows some basis-set depen-
3.73 kcal/mol, and the calculatek{log K) is 2.74, more than dence, but the relatiye-g1 free energy agrees within 0.36 kcal/
double the experimental value. Disregarding A@y(T) terms mol in the two types of calculations with each basis set. This
would lead to the practical disappearance of fherotamer result suggests that changes in the optimized geometry and
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differences in thermal corrections due to explicit versus internal NH--~O bonding.Nys is larger by 2.5 fois-t (even
continuum consideration of the near-solvent environment have with a lower upper limit accepted for determination of the
compensating effects. The SCIPCM calculations predict, how- number of intermolecular hydrogen bonds), which reflects the
ever, 3.5-3.8 kcal/mol relative free energy fg-g1, a range opening of two more sites, a carboxylate oxygen and aiN
that is significantly above the best value of 1.32 kcal/mol in site, for hydration. Only small changes MNys have been
Table 4a. Taking the lower limit of 3.50 kcal/mol, the calculated calculated for thex-zwitterion. The largest value was obtained
value ofA(log K) = 2.57 (eq 3) is more than 1 Idg unit larger for the trans rotamer, but the number of hydrogen bonds changed
than the experimental value, which was closely estimated by by less than a unit value. This indicates that the number of the
the ab initio/Monte Carlo method. The possible reason for this closest and most strongly bound water molecules is hardly
overestimation is the neglect of the correlation effect. The best changed upon rotation of the neutraCOOH group.

value in Table 4a was obtained at the MP2/6-B#1G** |level, This latter conclusion is supported by the constant value of
including a relative correlation energy of about 2.5 kcal/mol the total H/O coordination number for thezwitterion. The
(Table 2). We could not estimate this energy within SCIPCM, sum of the (N)H/Q, =O/H,, —O/H,, —O~/Hy, and H/Q,

as no MP2 calculations are available for this method in Gaussiancoordination numbersyH/O was calculated to 10 for each
98 at present. rotamer. The number of water molecules in the vicinity of the

The SCIPCM method produces, however, a good free energyneutral —COOH group is nearly constant, as seen from the
difference between thg-g2 and thes-g1 conformers at the ~ values around 1 for both theO/H, and H/Q, coordination
HF/6-31G* level. The result is less satisfactory with the larger, Numbers. Hydration coordination numbers for the ionic sites
HF/6-31H-+G**, basis set, but the relatively small free energy Show a complementary character: (N)ki/@creases anetO™/
increase fop-g2 as compared 8-g1 is basically in agreement ~ Hw decreases for gZ,_but the total H/O numper does not change.
with the experiment: there are only slightly mgsegl than |t should be emphasized, however, thit/O is always larger
B-92 conformers in the equilibrium mixture. On the basis of thanNus, meaning that not all water molecules hydrating the
this computational finding, it can be concluded that the Solute contribute to the number of hydroggn bonds formed. The
correlation effect is more important for comparisons of different N/Ow value shows remarkable changes in the range-65,3

tautomers¢ andg) of the Asp zwitterion than for considerations indicating reorga_nization of the water structure.around thg'NH
of the conformers of a given tautomer. group upon rotation of the COOH group, but this process does

not show correlation with the formation of intermolecular
hydrogen bonds.

TheXH/O value is below 10 for thg-g1 rotamer and above
10 for thef-g2 ands-t rotamers. The decrease in the t&&l/O
to 8.7 is mainly due to the decrease of the (N)HA@lue to 2
ffrom the general value of about 3. Also in this case, the reason
for this finding is the strong intramolecular hydrogen bond. The
—O~/H,, value is 5.3 forf-t, the largest for all six species in
the table. (The-O~/H,, coordination number is the sum of the
values for the two carboxylate oxygens.) The value of 5.3
reflects the maximum O/H coordination number for a free and
remotecarboxylate group of aspartic acid. In fact, the largest
number is only 4.9 for thex-tautomer, where the somewhat
bent intramolecular hydrogen bond is always present between
the protonated amine and the carboxylate groups. The maximum
—0O~/H, value is still smaller than the carboxylate coordination
numbers of 6.87.2 calculated for formate and acefteand
reflects the effect of th@-t NH3z" group with a torsion angle
remarkably less than 18@Table 1a.)

In summary, this study is the first attempt at calculating
chemical equilibrium in aqueous solution for tautomeric zwit-
terion structures of an amino acid. Despite the weaknesses
described above, the ab initio/Monte Carlo calculations repro-
duced well the difference in the logarithm of deprotonation
constants of the zwitterion tautomers and reproduced most o
the trend for the rotamer populations for the specific tautomers.
A possible strategy for the future is to optimize the geometry
of the zwitterionic species in solution using the SCIPCM method
and to calculate thermal corrections by obtaining normal
frequencies for the in-solution structure. The relative internal
energy should be determined by single-point calculations, at
the possible highest levein the gas phase at the geometry
obtained in solutionThen, by assigning atomic charges to the
solute (using the procedure described in the Method section or
using, for example, CM2 charg€y relative solvation free
energies for the tautomers/conformers can be obtained in Monte
Carlo simulations. In this approach, the vibrational changes upon
the direct solutewater interaction will not be considered.
Comparison with the experimental results could suggest the mostSummary

appropriate computational approach. The present study is the first attempt at the theoretical

Solution Structure. Radial distribution functions (rdf's)  calculation of the tautomeric/conformational equilibrium for a
obtained in Monte Carlo simulations showed the main course, zwitterionic a-amino acid in aqueous solution. On the basis of
as was determined previously forCOOH® and for the  previous computational experience for glydireand results
—COO and —NH3" groups?® The effect of the strong in the present study for aspartic acid, the zwitterionic structure
intramolecular hydrogen bond(s) can be concluded from analysisgoes not correspond to a local energy minimum on the potential
of the rdf's of atoms involved in H-bond formation. The total energy surface of the isolated species.

number of hydrogen bonds\Nug, for a species and the An assumption has been accepted here that the zwitterionic
coordination numbers around selected atoms also reflect the faclyeometry, relevant in aqueous solution, can be reasonably
that hydration is partially hindered at some sites for a tautomer/ determined by geometry optimization of the dihydrated zwit-
rotamer. terion. Aspartic acid forms two tautomeric zwitterions with at
The calculated number of the hydrogen bonds (Table 5) least three (two NC—C—C gauche and one trans) stable
depends on the accepted upper limit for the setstavent pair rotamers. Their populations were determined by NMR spec-
energy when the distribution function is integrated. This limit, troscopy in aqueous solution, in line with determination of
as the first minimum of the curve, was not clear in some cases. several microconstants for the protonation/deprotonation
Taking the limit at—5 and—6 kcal/mol,Nyg is 8—10 for most equilibrial’a
species. It is well seen th@gl forms the smallest number, The zwitterion geometry was determined in the dihydrate at
7.5, of solute-water hydrogen bonds because of the strong the ab initio HF/6-31G* level. Single-point calculations for the
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energies to those by the ab initio/Monte Carlo method at the M- A Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
H tg Fock | | ¥ the | t-f d Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
artree-rock level 1or the lowest-iree-energy ar_‘ f con- D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
formers. Furthermore, the SCIPCM method predictedstig2 M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
and 5-gl free energy separation in basic agreement with gcf&ter;kib J-:kPe;erstor;{, G-h A-;A);]ala,I;-Yl.:: Cui, Q.; Mgr%kuncw_a, T';Mﬁ!icﬁ('
: H : : . K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; CIOSIOWsKI, J.;
experiment. Re§ults suggest that con&dera‘uon of the correlatlonomz’ J.V.: Stefanov. B. B.: Liu. G. Liashenko, A.: Piskorz. P.: Komaromi.
energy is more important for comparisons of different tautomers | : Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;

of the Asp zwitterion than for considerations of conformers of Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.

i W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
a given tautomer. Head-Gordon, M.; Replogle, E. S.; Pople, J.Gaussian 98revision A.6;
Gaussian, Inc., Pittsburgh, PA, 1998.
(23) (a) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785. (b)
Becke, A. D.J. Chem. Phys1993 98, 5648.

Solution structure simulations indicate that-B) water

molecules are in strong hydrogen bonds with the solute. The

calculated values correctly reflect the effect of the strong

intramolecular hydogen bonds. Reasonable values have been (24) Pople, J. A; Head-Gordon, M.; RaghavachariJKChem. Phys.

obtained for the number of solutevater hydrogen bonds
involving free carboxylate groups or those bonded internally.

Acknowledgment. P.l. Nagy is thankful to Professor Jor-

1987, 87, 5968.

(25) McQuarrie, D Statistical MechanicsHarper & Row: New York,
1976.

(26) (a) Jorgensen, W. L.; Madura, J. D.Am. Chem. S0d.983 105
1407. (b) Jorgensen, W. L.; Swenson, CJJAm. Chem. S0d.985 107,

gensen for the use of the BOSS 3.6 program and to Professorl489. (c) Jorgensen, W. L.; Gao,l].Phys. Cheml1986 90, 2174.

Hadad for valuable discussions regarding the SCIPCM calcula-
tions. The computer time used in the ab initio calculations was

(27) Jorgensen, W. LBiochemical and Organic Simulation System
User's Manual BOSS, version 3.6; Yale University: New Haven, CT, 1995.

(28) (a) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R.

granted by the Ohio Supercomputer Center, which is also \y: Kiein, M. L. J. Chem. Phys1983 79, 926. (b) Jorgensen, W. L.:

thanked.

References and Notes

(1) (a) Langlet, J.; Calillet, J.; Evleth, E.; Kassab, E. Modelling of
Molecular Structures and Properties Studies in Physical and Theoretical
Chemistry Rivail, J. L., Ed.; Elsevier: Amsterdam, 1990; Vol. 71, p 345.
(b) Jensen, J. H.; Gordon, M. $. Am. Chem. S0d.995 117, 8159.

(2) Ding, Y.; Krogh-Jespersen, KChem. Phys. Lettl992 199 261.

(3) Yu, D.; Armstrong, D. A.; Rauk, ACan. J. Chem1992 70, 1762.

(4) Ding, Y.; Krogh-Jespersen, K. Comput. Cheml996 17, 338.

(5) Price, W. D.; Jockush, R. A.; Williams, E. R. Am. Chem. Soc.
1997 119, 11988.

(6) Chapo, C. J.; Paul, J. B.; Provencal, R. A.; Roth, K.; Saykally, R.
J.J. Am. Chem. S0d.998 120, 12956.

(7) Ramek, M.; Nagy, P. J. Phys. Chem. R200Q 104, 6844.

(8) See, for example: (a) Clementi, E.; Cavallone, F.; Scordamaglia,
R.J. Am. Chem. S0d.977, 99, 5531. (b) Romano, S.; Clementi, Bt. J.
Quantum Cheml978 14, 839. (c) Bonaccorsi, R.; Palla, P.; TomasiJJ.
Am. Chem. S0d.984 106, 1945. (d) Mezei, M.; Mehrotra, P. K.; Beveridge,
D. L. J. Biomol. Struct. Dyn1984 2, 1. (e) Alagona, G.; Ghio, C.; Kollman,
A. J. Mol. Struct. (THEOCHEM}1988 166, 385. (f) Alagona, G.; Ghio,

C. J. Mol. Liquids199Q 47, 139.

Madura, J. DMol. Phys.1985 56, 1381.

(29) Tirado-Rives, J.; Jorgensen, W.XL.Am. Chem. S0d.988 110,
1657.

(30) Breneman, C. M.; Wiberg, K. B. Comput. Chenl99Q 11, 316.

(31) Jorgensen, W. L.; Ravimohan, £.Chem. Phys1985 83, 3050.

(32) Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch,
M. J.J. Phys. Chem1996 100, 16098.

(33) East, A. L. L.; Radom, LJ. Chem. Phys1997 106, 6655.

(34) (a) Onsager, LJ. Am. Chem. S0d.936 58, 1486. (b) Beveridge,
D. L.; Schnuelle, G. WJ. Chem. Physl975 79, 2562.

(35) See, for example: (a) Constanciel, R.; Contrerag,Heor. Chim.
Acta1984 65, 1. (b) Kozaki, T.; Morihashi, K.; Kikuchi, OJ. Am. Chem.
Soc.1989 111, 1547. (c) Still, W. C.; Tempczyk, A.; Hawley, R. C,;
Hendrickson, T.J. Am. Chem. Sod99Q 112 6127. (d) Cremer, C. J,;
Truhlar, D. G.Sciencel992 256, 213. (e) Hawkins, G. D.; Cremer, C. J.;
Truhlar, D. G.J. Phys. Chem1996 100, 19824.

(36) (a) Miertus, S.; Scrocco, E.; TomasiChem. Phys1981, 55, 117.
(b) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027.

(37) Li, J.; Zhu, T.; Cramer, C. J.; Truhlar, D. G. Phys. Chem. A
1998 102 1820.

(38) Nagy, P. I.; Dunn, W. J., lll; Alagona, G.; Ghio, £.Phys. Chem.
1993 97, 4628.



