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The conformations ofi-alanine and those of the eight most stable adducts that it forms with lithium, sodium, and
potassium cations were studied by means of the density functional theory using the hybrid B3LYP exchange
correlation potential and the-811++G** basis set. Minima and transition states characterizing the energetic
paths for the interaction of the three metal ions with the free amino acid were explored in detail, and the results
show that they are almost the same in the cases of lithium and sodium ions. At the absolute minimurh, the Li
and Na cations appear to be contemporaneously linked to the carbonyl oxygen and nitrogen atealarihe.

Slight differences were found for potassium; the most stable adduct has the cation coordinated to both oxygen
atoms of carboxyl function. The influence of the low-energy conformers in the determination of the gas-phase

absolute affinities is demonstrated.

Introduction

Sodium and potassium, and to a lesser extent lithium, cations

have important effects from the biological point of vié&They

participate in several functions of living systems such as enzyme
regulation, stabilization of structural elements, transport of
glucides and amino acids to proteins through transmembrane
channels;*4and so on. The understanding of the details of the
local interactions between metal ions and amino acids is

therefore a matter of much interest.

For these reasons, the study of metal binding affinities to
biologically relevant molecules has attracted considerable at-

tention at both experimentdt1°and theoretici® 71016 |evels.

The most common techniques for studying alkali-cationize
adducts in the gas-phase are high-pressure mass spectro

etry 1”18ion cyclotron mass spectrometty2°guided ion beam
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mass spectrometAt,and the kinetic metho#?2but often, only
information regarding relative values of metal affinities can be
obtained from these experiments. Theoretical investigations
overcome the problems connected with the experimental
techniques allowing the determination not only of the minima
but also a means of following their formation mechanism
through transition state characterization. In addition, the theo-
retical study of the mechanisms of the gas-phase reactions
between metal ions and organic molecules provides useful
insights into the properties of both absence of solvation and
counterion effects.

The presence of much experimental work on the small amino

¢ acid—metal ion interactions and the availability of a good

amount of comparison data have stimulated the computations
or these systems, but until now, few theoretical studies have
focused ona-alaninél1418or a-alanine containing peptidés.
In view of our previous reliable results on the metalation of
glycine'23 obtained by the B3LYP method, we considered it
of interest to extend the study to the interaction of the alkali
metal ions (Li", Na*, K*) with alanine.

The conformational space of fraealanine, however, has
been investigated at various levels of the&r2’

Starting from a selection of several low-lying conformations
for this amino acid, our investigation concerned its interaction
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mechanism with lithium, sodium, and potassium cations.
Another goal of the present study was the evaluation of the
absolute value of metal ion affinities afalanine that have never
been determined previously at a theoretical level.

Computational Methods

Density functional theory (DFT) was applied to the study of the
interaction ofa-alanine with metal cations (tj Na, and K"). The
hybrid Hartree-Fock DFT method known as B3LYP which includes
Becke’s thre#& parameter exchange functional with Lee, Yang, and
Parf® type nonlocal correlation functionals and the all-electron
6—311++G** internal basis set as implemented in Gaussiai! @@re

used for the computations. This choice was made due to the fact that

the B3LYP/6-311++G** scheme has previously provided accurate
results in the description of metaligand interaction$:!1:13.23 Al

geometries were optimized without any symmetry constraints, and the
zero point vibrational energies were computed in order to characterize
all the stationary points on the three potential energy surfaces as local

minima or transition states.
Metal ion affinity (MIA) was computed as the negative of the
enthalpy variation AH) for the reactions

alanine+ M™ — alanineM™

Entropic contributions to the free energA@) were obtained by
thermochemical analysis at 298 K using computed vibrational frequen-
cies.

The basis set superposition error (BSSE) was calculated following
the counterpoise meth&d? for only one of the possible complexes
for each metal cation and then used to correct the MIA values of 2.0,
1.4, and 0.9 kcal/mol for i, Na", and K, respectively.

Results and Discussion

Although there is no direct relationship between the lowest
energy conformations of freer-alanine and those of the
alanine-M* adducts, the former were used, in our analysis, as
a set of starting structures for geometrical optimization of the
complexes.

From previous theoretical investigatiéfis?” a total of 13
minimum conformations have been proposeddelanine, but
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Figure 1. B3LYP/6—311++G** minimum conformations ofx-ala-
nine. Relative energie\E) are in kcal/mol. The absolute energy for
the most stable conformer s323.856078 au.

of the starting structures of complexes was based on the

in our study only seven low-lying structures, depicted in Figure maximization of the two most relevant aspects from the
1, were considered. The remaining conformations were ne- energetic point of view. The number of complexation modes,
glected essentially because they were characterized by ain principle quite high, was reduced considering the greater

disposition of the-=NH, group not suitable for the approach of
a metal cation.
All the examined structures of-alanine were found to be in

attractive effects of the most negatively charged centers and
the importance of preserving the intramolecular hydrogen bonds
because of their stabilizing role. Thus, the most favorable

an energy range of about 7 kcal/mol (see absolute energy valuegoordination sites for the cations involve the pair of carbonyl

in Figure 1).
The electrostatic nature of the interaction betweeh dhd
the neutral molecule was the discriminating element in the

choice of the possible attachment sites. The selection criterion
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oxygens or the amine nitrogen atom and one of the oxygens.

Monocoordination tooa-alanine, unlikely for the lithium
cation, becomes slightly more favorable in the case of sodium
and potassium ions. Figure 2 collects all the considered
a-alanine-M™ isomers. In the diagram, the complexes formed
by thea-alanine zwitterion with the metal cations (structuges
of Figure 2) are also included. The corresponding free zwitterion
was not reported in Figure 1 because it is not a minimum on
the potential energy surface (PES)ceflanine. Although it is
well-known that this conformer does not exist in gas-phase,
our computations indicated its metal complexes as the most
stable ones after those obtained from conforinef o-alanine
with lithium and sodium and from conformetsand Il with
potassium.

The geometrical parameters in Figure 2 show that the cation-
binding site distances increase according to the dimension of
the ion. In the case in which the metal bicoordination involves
two different elements, the bond length with the oxygen is
always shorter than that with nitrogen. This is essentially due
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1.859 Table 1. B3LYP/6—311++G** Absolute (E in au) and Relative
2238) (1) 1.809 Energies AE in kcal/mol) at 0 K, for the Complexes Alaniné*
[2:6411 ;2;‘97) (1.744)
. %2:973] 1925 [1‘66"{]/ G) M+ structure E AE
> (2.284) Lit 1 —331.128705 0.0

[2.694] ..~ 2 —331.122470 3.9
@' 3 —331.118662 6.3
4 —331.116216 7.8
1971+ 5 —331.114077 9.2
ﬁ'?%{ 6 —331.098825 18.7
1 ' 2 7 —331.097440 19.6
1844 73 8 —331.090485 23.9
@217 (1796) Na* 1 —485.901918 0.0
e ,_1.-—@2.066 < 2 —485.899930 12
" @47 - 4 —485.897034 3.0
: [3.067] 3 —485.892101 6.2
A 5 —485.888231 8.6
6 —485.880679 13.3
7 —485.879564 14.0
8 —485.873841 17.6
K+ 4 —923.555890 -0.7
1 —923.554790 0.0
3 2 —923.553902 0.6
1998 3 —923.545554 5.8
186 @) @385) 5 —923.541905 8.1
1749 6 —923.541058 8.6
(2.132) 7 —923.539271 9.7
[2‘576], (D= 8 —923.532450 14.0
@ Table 2. B3LYP/6—311++G** Dipole Moments f in Debye) and
Net Charges on the Metal, Two Oxygens, and Nitrogen Atoqnis (
le]) for the Most Stable AlanineM*Complex

M* Om+ Co2 Jo1 On u

1763 Lit 0.617 —0.269 —0.112  -0.384 525

/ (2.158) Na* 0.850 —0.386 —0.115 —0.515 5.81

» [2.602] 1.964 K+ 0977  —0.403 -0125 —0.523 6.25

8323} and by the attractive electrostatic interactions between the
cations and the negative charges on the carbonyl oxygen and
@ the amine nitrogen (see Table 2). All lithium and sodium

bicoordinated system4{5) fall within a range of about 9 kcal/
mol. TheAE trend is the same except for structdrenhich is
8 stabilized with respect t8 upon the interaction with sodium
Figure 2. Structures and main geometrical parameters of the complexescation. Although the relative energies of the monocoordinated
obtained by metalation af-alanine with M- (M* = Li*, Na", K*). systems §—8) follow the same order, in the case of sodium
Distances (A) for Li, Na, and K ions are reported without enclosures, complexes they appear markedly reduced (by about 5 kcal/mol).
within parentheses, and within square brackets, respectively. For potassium, the absolute minimum is struct#i(see Figure
2), which is really a monocoordinated complex as is evident

to the fact that a hard species such as ptefers to interact  from the MTO2 and MrO1 distances (see Figure 2) and from
with a harder site. the comparison of these values with those obtained in complexes

The optimization procedure for the isomgrstarting froma  6—8in which K* is certainly monocoordinated. The bicoordi-
situation of bicoordination for the metal ions, yields monoco- nated structurd is almost degenerate, lying at only 0.69 kcal/
ordinated systems especially in the cases of lithium and sodiummol above4. The first five compounds are included within a
cations. For potassium, the distance of 3.087 A with the O1 range of energy values, which, as in the previous cases, is about
atom (for the atom numbering see Figure 1), although longer 9 kcal/mol. A further stabilization (of about 5 kcal/mol), with
than that with 02 (2.678 A), and the M2C and MO1C respect to sodium complexes, occurs for the monocoordinated
valence angle values underline the tendency of this element tostructuress—8. In the absolute minimum the positive charge is
bind favorably with the carboxyl moiety as previously found entirely retained on potassium (see Table 2).
in other theoretical work. The results for lithium and sodium are in agreement with

In Table 1 the totalE) and relative energieE) (including the B3LYP computations of Wyttenboch, Witt, and Bowérs
the zero point energy corrections) are reported for all the performed using the DZVP basis set and selecting only four
complexes arising from the metalation of the differerdlanine o-alanine isomers.
isomers. In Table 2 dipole moments and net charges on the The potential energy surfaces for the'H, Na™—, and K"—
metal, oxygen, and nitrogen atoms are given for the most stablea-alanine interactions are reported in Figure 3. Table 3 collects
complexes. together the relative energies of the transition states (TS) shown

Lithium and sodium systems show similar behavior. In both in Figure 4. The isomerization sequence reported in the PESs
cases, structuré (see Figure 2) appears to be the most stable involves only one-step processes; thus, the various minima can
resulting from the interaction between the cations and the be obtained only from a particular starting complex. The general
absolute minimum oé-alanine (structuré of Figure 1). This shape of the three paths is very similar except for the height of
structure is stabilized by the presence of the five-membered ringthe energetic barriers between the different minima that
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Figure 3. Energetic paths for the metalation process.aflanine with
(a) Lit, (b) Na, and (c) K" cations.

Table 3. Relative Energies (in kcal/mol) for the Transition States

©)

Reaction coordinate

on the Alanine-M* Potential Energy Surface at the B3LYP/

6—311++G** Level

species Ale-Lit Ala—Na* Ala—K™*
TS5 14.9 14.7 14.5
TSs—7 221 16.1 12.0
TS, 21.8 16.4 11.8
TSs-a 20.6 17.0 13.4
TSy 10.6 6.4 2.7
TS5 23.3 17.0 16.7
TS 29.9 19.0 15.3
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Figure 4. Structures and main geometrical parameters of the transition
states (TS) connecting the minima on the energetic path for the
a-alanine-M+* interaction. Distances (A) for Li, Na, and K ions are
reported without enclosures, within parentheses, and within square
brackets, respectively.

isomerization processes include the cleavage of the N2
bond in1 to form a monodentate complex and the rotation about
the C-Ca bond with the formation of a new bond between O1
and M™ as in structurés. Transition states T,;Ss are character-
ized by the following relative energy values: 23.3 (for‘},i
17.0 (for N&), and 16.7 kcal/mol (for K). The alternative path,

in which the in-plane H-shift could be hypothesized, is energeti-
cally unfavorable (in fact the transition states;TSlie, in this
case, at 51.2, 41.3, and 40.5 kcal/mol for"LNa", and K,
respectively). The barrier for the next transformation8,
consisting of a simple migration of Mtoward the amine
nitrogen, is slightly higher with respect to the previous one, for
lithium and sodium, but becomes lower for potassium cation.
It is worth noting that the Li—O is essentially the same as in
compound5, while the N&a—0O and K'—O bond lengths
become more similar to the corresponding ones in speties
The formation of complexX8 starting from minimuml via

decreases in going from lithium to potassium complexes (seespeciess is, in all three cases, an endothermic process. In the
Table 3). The three PESs are characterized by two separatesecond channel (solid lines in Figure 3), step3 is a cis-
interconversion channels connecting two different sets of trans conversion that involves the hydrogen atom of the carboxyl
minima. The first channel (dashed lines in Figure 3) starts from group. In TS—3 the hydrogen is placed at 9With respect to

minimum 1, which via TS—s should arrive at minimurnd. The

the plane defined by O1C—02. This isomerization occurs
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without particular problems as indicated by the values of the Table 4. Metal lon Affinities (AH) and Free Energies\G) at 298
energetic barriers that fall in the range 1414.9 kcal/mol for K for Alanine-M* Most Stable Complexés

the three alkali metals. In comple the shift of the bicoor- Ala—Li™* Ala—Na* Ala—K*
dinated metal toward the O2 that yields the monocoordinated 1 4 1 4 1 4
species/ implies TS-7 formation in which the cation appears N 88 510 205 o 778 85
to be out of the plane containing the O2, Gy,&Gnd N atoms. AG2® 501 123 322 292 202 208
This transition state presents a slightly different geometry AHex? 506 3094 T '
depending on the particular metal ion. The convers3er? AHex® 55.5 2.4 —
requires 15.8, 9.9, and 6.2 kcal/mol for*l.iNa", and K,
respectively. The height of the barriers for the6 isomerization
is practically the same for the three metal species (about 2 kcal/y maich better the original experimental result than the revised
mol). The transition state is obtained as a result of a torsion one. For the K—a-alanine system, for which no experimental
around the &Co. axis and a rearrangement of the hydroxyl wyj value exists, we predict a binding energy of 28.5 kcall
hydrogen that occur simultaneously. L& are productlike ) for the most stable complek Because it was demonstrated,
species, so the very low energetic cost can be easily justified. {heoretically and experimental§ that freea-alanine exists in

The 7—6 isomerization is the first exothermic process along o practically degenerate formsgndll of Figure 1), we have

the three paths. From compléxit is possible to arrive at = 450 considered, in the MIA determination, the complestes
minimum 4 through TS-4. The 6—4 energetic barriers are of  4yising from the free conformeil. The MIAs obtained for

1.9, 4.0, and 4.8 kcal/mol for L Na*, and K', respectively. |ithium and sodium are smaller than those corresponding to
Notwithstanding the fact that these values are very similar, they systemg and close to the experimental valdésor potassium
nevertheless reflect that the transition from an unfavored complexes, the two binding energy values are very similar,
structure ) to another that becomes gradually more stalije ( reflecting the very low energy separation betwdeand 4.

in going fror_n Iithium to potassium is ever more expensive from  The observation that more than one isomer can give MIA
the energetic point of view. The proton transfer from the O1 10 yq)yes in agreement with the experimental data suggests another
the N atom occurs through %S giving rise to zwitterion2 factor that must be taken into account in the theoretical

starting from complex. The energetic cost for the 1,4 hydrogen gy ajyation of MIA and in the interpretation of the experimental
shift is modest (2.8 kcal/mol for It and 3.4 kcal/mol for both measure.

Na* and K").

In summary, the interconversion between the lowest energeticConclusions
minima 1, 2, and4 requires many steps and the processes are Computations at the B3LYP/6311-++G** level have shown
k[netlca+lly controlled by the8—7, 6—4, and1-3 barriers for  nat eight minima are present on the potential energy surfaces
Li™, Na", and K", respectively. for gas-phase metalated {LiNa", K*) a-alanine. The lowest

The experimental values of lithium and sodium affinities for energy structure corresponds to a N,O-bicoordinated system
a-alanine come from the kinetic methédh this method metal  arising from the most stable-alanine conformer, in the cases
affinities are obtained by generating a cationized dimer with a of lithium and sodium, and to an O-monocoordinated complex
reference molecule of known affinity for the cation. The binding for potassium arising from the lowest lying relative minimum
characteristics of the two ligands in the dimer should be of g-alanine. A total of five L and Na and seven K
sufficiently similar in order to neglect relative dissociation complexes fall in a range of about 10 kcal/mol above the global
entropy. These assumptions can be a source of errors, and fomiminum. The three potential energy surfaces are very similar
this reason many authdts>**believe it necessary to revise  although the interconversion barriers and the isomeric energy
the experimental data. The reference molecule used by Bojeserseparations decrease on going from lithium to potassium. The
et al® is N,N-dimethylformamide (DMF) for which an indirect  computed lithium and sodium affinities agree with the experi-
measurement of MIA has been taken into account. Recently, mental data, allowing a reliable prediction for that of potassium.
Ohanessian and Hoydwn the basis of their MP2 computations  The possibility that the relative rather than the absolute minima
on Li*— and N&—glycine, have corrected the experimental can influence the measured values of metal affinity has been
values of Bojesen et alobtaining MIA values of 55.5and 42.4  demonstrated especially in the case of potassium.
kcal/mol for Lit— and Na& —a-alanine complexes, respectively. )
Our MIA and free energy values corrected by BSSE are reported _Acknowledgment. We gratefully acknowledge the Univer-

in Table 4. At 298 K, B3LYP/6-311++G** values for species sity of Calabria and the MEMOBIOMAR-MURST project for
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