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Abstract Methods of quantum chemistry have been applied
to double-charged complexes involving the transition metals
Ni**, Cu®" and Zn*" with the aromatic amino acids (AAA)
phenylalanine, tyrosine and tryptophan. The effect of
hydration on the relative stability and geometry of the
individual species studied has been evaluated within the
supermolecule approach. The interaction enthalpies, entro-
pies and Gibbs energies of nine complexes PheeM, TyreM,
TrpeM, (M=Ni*", Cu*" and Zn*") were determined at the
Becke3LYP density functional level of theory. Of the
transition metals studied the bivalent copper cation forms
the strongest complexes with AAAs. For Ni*‘and Cu®" the
most stable species are the NO coordinated cations in the
AAA metal complexes, Zn>"cation prefers a binding to the
aromatic part of the AAA (complex II). Some complexes
energetically unfavored in the gas-phase are stabilized upon
microsolvation.
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Introduction

Aromatic amino acids (AAA) are essential to higher
animals including humans. Phenylalanine and tryptophan
contain phenyl and indole rings and are classified as non-
polar. Due to its hydrophobicity L-phenylalanine is nearly
always found buried within a protein. The indole functional
group of L-tryptophan contains the N-H hydrogen bonding
group, which can interact with solvent in folded proteins.
L-tyrosine is a hydroxylated derivative of L-phenylalanine.
The phenolic hydroxyl group of this amino acid is
substantially more acidic than are the hydroxyls of aliphatic
amino acids (serine, threonine) and its acidity vary depending
on its environment. The body needs the essential amino acid
L-phenylalanine (and L-tyrosine) to make melanine, dopa-
mine, noradrenaline, adrenaline and thyroxine. A shortage of
either of these two aromatic amino acids could cause mental
disorders, including anxienty, depression, low libido, and
chronic fatigue. Tryptophan is an essential amino acid that is
necessary for normal growth in infants and for nitrogen
balance in adults. All three aromatic amino acids can also be
administered as nutraceuticals.

Both experimental and theoretical studies demonstrate
that amino acids exist in the gas phase in the neutral form
[1]. However, in aqueous solution the zwitterions are the
predominant species [2—4]. The zwitterionic form of amino
acids ("H;N-CH(R)-COO") can be stabilized by the
presence of counter ions and/or water molecules [1, 3]. In
order to investigate the nature of the interaction between
metal cations and aromatic amino acids, a number of
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theoretical and experimental studies have been conducted
[5—14]. The effect of water molecules on the stability of the
zwitterionic structure of phenylalanine, tyrosine and tryp-
tophan was also investigated [3, 4]. Aromatic amino acids
may, besides interaction through their polar heads, also
interfere via their aromatic part of the molecule. The
aromatic groups of these amino acids can be involved in
non-covalent cation — 7t interactions with different cationic
species [11, 14—17]. This kind of interaction in biological
systems may play an important part, e.g., in biological
recognition processes [17], selectivity and functioning of
ion channels [18], or in drug-receptor interaction [19].

Despite their importance in biology and chemistry, the
interactions of aromatic amino acids with metallic cations
were prevailingly focused on the metallic complexes
containing alkali and alkaline earth metallic cations such
as Na*, K", Mg*" and Ca®", which are essential for animal
and human life [1, 3, 11-14, 20]. On the other hand,
divalent cations of the transition metal elements, besides their
important role in functioning of enzymes, proteins and other
biomacromolecules, may play an important part for the
formation of peptides from simpler compounds under
conditions modeling those of the primordial earth [21, 22].
Divalent cations (e.g., NiZ", cu**, Zn*, etc.) can enhance
such a formation of peptides [22-26]. Few of the previous
studies considered metalation of aromatic amino acids by
transition metals. They are limited to the gas-phase com-
plexes of phenylalanine with Ag" and Zn*" [8]. Rimola et al.
[9, 10] carried out theoretical calculations on Cu* and Cu**
gas-phase complexes of phenylalanine, tyrosine and trypto-
phan. Very recently, Larrucea et al. [7] carried out systematic
calculations of microsolvated complexes of aromatic amino
acids with A", However, to the best of our knowledge, a
systematic study of the aromatic amino acid — transition
metal cation complexes has not been realized yet.

In this work we use several methods of theoretical
chemistry to investigate the conformations and energetics of
the complexes formed by transition metal cations Ni**, Cu*"
and Zn®" with phenylalanine, tyrosine and tryptophan. The
solvent effect on the systems studied was evaluated within a
supermolecule approach considering microsolvation of both
neutral and zwitterionic species. These metal cations have
numerous and important biochemical functions in living
systems. Hydrated complexes with aromatic amino acids
should serve as simpler models for more complex protein —
metal systems in an aqueous environment

Computational details
The geometries of the PheM, TyreM, TrpeM, Phe-M

(H20)s, TyrsM(H20),, and TrpsM(H20)s (M=Ni**, Cu*"
and Zn*") systems (Fig. 1) have been completely optimized
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Fig. 1 Structure and atom numbering of the aromatic amino acid — metal
ion complexes

with the Gaussian 03 program [27], using the density
functional theory methods [28-32] Becke3LYP/6-311+G
(d,p) [31, 32] and BHandHLYP/6-311+G(d,p) (note that
these are the half-and-half functionals implemented in
Gaussian 03 which are not the same as the ones proposed
by Becke [33]. The formation of metal — AAA complexes
can be described by reaction (A):

M(g) + AAA(g) — AAA e M(g) (1)

M=Ni*", Cu®" and Zn?'. The gas-phase interaction
enthalpy (cation binding affinity), entropy and Gibbs energy
were calculated by the same way as in our previous
publication [34]. The equilibrium geometries and tautomeric
equilibria of AAA*M, and AAA*M(H,0),, n=5, 6 (M=
Ni**, Cu** and Zn*") and corresponding zwitterionic forms
were determined at the Becke3LYP level of theory (for Cu*"
complexes also BHandHLYP level of theory) and the triple-
& basis set 6-311+G(d,p). For Ni, Cu and Zn, we used the
6-311+G(d,p) Wachters-Hay all electron basis set [35, 36].
Open shell calculations (Cu®" complexes) have been carried
out using a spin-unrestricted formalism. Ni*" may exist in its
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Fig. 2 Overall structure of the
B3LYP/6311+G(d,p) optimized
neutral complexes of chelated
phenylalanine, tyrosine and
tryptophan and their hydrates
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complexes. In general, the covalent bond lengths C(1)-C
(2), C(2)-0(3), C(2)-0O(4) and C(1)-N(6) of the AAAs are
only slightly changed upon hydration. However, micro-
solvation results in most cases in a slight prolongation of
the M**+--0 and M*>"-"N bonds by about 0.02 — 0.05A. The
MO bonds are always shorter (about 0.02 — 0.07A) than
the analogous M-N bonds (M=Ni*, Cu*" and Zn®"),
indicating that these metal cations form stronger bonds to
the oxygen atoms of AAAs. The equilibrium distances
M--0O and M-N increase in the order: Ni*" < Cu** < Zn*".
With regard to valence angles, upon hydration larger
changes (by about 1 — 4°) were observed only in the
values of the valence angle C(1)-N(6)--M(5). The O
(3)"M(5)*"N(6) angle in the AAA complexes extends
over a relatively tiny interval (80 — 85°). The chelate rings
of the metallic complexes are not planar [dihedral angles
O0(3)-C(2)-C(1)-N(6) and C(2)-C(1)-N(6)-M(5)], and
the deviation from planarity considerably increases with
microsolvation (Table 1).

Fig. 3 Overall structure of the
B3LYP/6311+G(d,p) optimized
mi-complexes of chelated
phenylalanine, tyrosine,
tryptophan and their hydrates
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I-complexes AAA*M (M = Ni**, Cu*" and Zn*")

The role of the cation — 7t side chain AAA interaction was
modeled using the complex in which the cation is bound to
both, the Phe, Tyr or Trp 7 face and to the -NH, group
(Figs. 1 and 3). Ma et al. [16] has assumed the existence of
such interactions in their study of the alkali metal cation —
phenylalanine complexes. We have located these con-
formers as minimum for all structures except for the
BeckeHandHLYP calculations of the system Tyr«Cu®",
which collapsed to the neutral conformer I. However, the
cation — 7t side chain interaction was preserved in the
hydrated complex TyrCu?'(H,0)s. Important geometric
characteristics of these complexes are given in Table 2.
Like in the neutral system (I), the covalent bond lengths C
(1)-C(2), C(2)-0(3), C(2)-O(4) and C(1)-N(6) of the
AAAs are only slightly changed upon hydration. The
equilibrium distance M(5)--"N(6) slightly increases in the
hydrated complexes (about 0.05A). The valence angle C

v N

P

(M = Ni2*, Cu?* and Zn?*)
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Fig. 4 Overall structure of the
B3LYP/6-311+G(d,p)
optimized complexes of the
chelated zwitterionic form of
phenylalanine, tyrosine,
tryptophan and their hydrates

AAAM x (H20)n (M = Ni2*, Cu?* and Zn?*)

(1)-N(6)-*M(5) and dihedral angles O(3)-C(2)-C(1)-N(6)
and C(2)-C(1)-N(6)-M(5) change appreciably in the
hydrated systems (by about 3 — 30°), thus solvation of 7-
complexes is connected with an appreciable structural
rearrangement.

Complexes zwitterionic AAA*M (M = Ni**, Cu®" and Zn*")

For transition metal — AAA complexes III, Figs. 1 and 3,
represent the interaction of the zwitterionic phenylalanine,
tyrosine and tryptophan with metal cations. In these
complexes metal cations are bicoordinated to the carboxyl-
ate group of AAAs. Recently, Rimola et al. [9] computa-
tionally predicted zwitterionic complexes of PheeCu”" and
TyreCu®" as the second most stable structure. Of the nine
AAAM (M=Ni*", Cu*" and Zn>") zwitterionic complexes
studied, the hydrated TrpsCu”"(H,0)s complex represents
the energetically most stable structure. The metal cation
coordination to the carboxylate group of zwitterionic AAAs
is almost symmetric. The only exception is the Cu**cation
which in the isolated systems, due to electrostatic repulsion
between the copper dication and the positively charged —
NH; group of AAAs, is coordinated unsymmetrically with
the shortest Cu®*++«O distance of about 1.9A to the oxygen

O(4) that is not acting as proton acceptor (Table 3). The
Cu**eesQ(3) distances were found to be considerably longer
(about 3A). This highly asymmetric coordination of the
copper dication is also preserved in the hydrated complex
Trp(zwitt)*Cu®*(H,0)s. The metal cations lie in both,
isolated and hydrated complexes, in the plane of the
carboxylate group (dihedral angles @[C(2)-C(1)-O(4)-M
(5)] and @[C(1)-C(2)-O(3)-**M(5)], Table 3). The O(3)--M
(5)-O(4) angle of the bifurcated metal bond is within a
relatively large interval of 40 — 65°. Thus, the position of
the metal cation at the binding site of zwitterionic AAAs
depends on both, the kind of acid and environment.

Relative energies

The relative energies with reference to the most stable
species of the 54 gas-phase and hydrated complexes studied
are given in Table 4. As it is evident from this Table, the
relative energies of the species studied vary in a relatively
large energy interval (by about 5 — 80 kJ mol™) indicating
that in most cases gas-phase complexes should exist in one
most stable form. Similar net preference for one most stable
structure was theoretically found for histidine metallic
complexes [34]. Hydration changes the structure of the

Table 4 B3LYP/6-311+G(d,p)

calculated relative stability Cation  System (PheM*") x (H0)s  (Trp~M*) x (H;0)s  (Tyr~M*") x (H0)q
( AG, in kJ mol™) of neutral
complexes (I, TT) and I 11 11 1 11 111 1 11 11
zwitterionic (IIT) metal ion
complexes of the AAAs studied ~ Ni** Without water 0 6.8 446 0 399 513 0 492 395
With water 0 436 563 0 438 460 0 231 392
cu** Without water 0 526 265 0 471 286 0 644 287
With water 0 483 199 212 230 0 0 112 147
Without water® 0 87.6 36 0 65.4 35.7 0 ob 37.1
With water® 0 634 427 0 2.1 86 0 33.6 409
Zn** Without water ~ 35.6 0 275 661 0 652 264 0 14.8
“BhandHLYP method With water 0 424 334 0 133 729 57 0 418

b Collapsed to the conformer I
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AAAM (M=Ni**, Cu®" and Zn*") complexes significantly.
Of the three types of systems investigated (I, II and III,
Fig. 1), the relative stability of the gas-phase complexes
computed with DFT methods suggest, with exception of
the Zn*"system, metallic complexes I of the neutral AAAs
to be the most stable species. In the most stable complex I
the Ni*" and Cu®" cations are bicoordinated to the AAA N
(6) and O(3) atoms, Figs. 1 and 2. In the gas-phase the
energetically unfavored zwitterionic TrpsCu®" complex is
stabilized upon solvation and represents the most stable
copper complex of tryptophane in aqueous solution
(Becke3LYP method, Table 4). It was recently demon-
strated [9, 52] that functionals (e.g., BhandHLYP) with a
larger percentage of exact exchange (50%) than the most
commonly used Becke3LYP for open-shell systems com-
pare better to the highly correlated CCSD(T) method.
Thus, for the AAA — Cu®" complexes, in addition to
Becke3LYP we also carried out calculations with the
BHandHLYP functional. BHandHLYP relative Gibbs ener-
gies are for most cases by about 10 — 30 kJ mol™ larger
(Table 4). The discrepancy in the results of the different DFT
methods used for the prediction of the relative stability of
open shell systems containing Cu’’ cations may be
explained by the shortcomings of the B3LYP method to
correctly describe the delocalized nature of the Cu®"
complexes [43]. The cation Zn>" behaves differently. Due
to the large Gibbs energy gap between the most stable
complex II and the other systems (I and III) the most stable
complex II is dominant in the gas phase. Coordinated water
shifts the absolute stability towards complex I of the
Phe*Zn®" and TrpeZn®" systems (Table 4). An interesting
situation is observed for the Tyr+Zn®" complex. In both, the
gas phase and solvated state the 7t complex II has been
found to be the global minimum (Table 4). However, due to
the low energy barrier of about 5 kJ mol™ both species (I
and II, respectively) may coexist in water.

Interaction enthalpies, entropies and Gibbs energies

Table 5 summarizes the interaction enthalpies, entropies and
Gibbs energies of the AAA*M (M=Ni*", Cu*" and Zn*")
complexes computed at the Becke3LYP level of DFT
together with the data for copper complexes computed
using the BHandHLYP model and the published values
of interaction energies for copper complexes taken from
the work by Rimola et al. [9]. As it is evident from our
calculations of 54 AAA-metal cation species, the stability
of the different conformers and forms of AAAs can be
substantially modified by specific metal ion AAA inter-
actions as well as by hydration. The interaction energies
can be computed for individual complexes of varying
relative energetic stability. However, only the results
presented for the thermodynamically most stable struc-
tures have a physical meaning. The interaction energies
were computed as the difference between the most stable
species (Table 4). For AAAs as reference state conformers
we used the conformers stabilized by means of the
OHee*NH, hydrogen bond and an additional stabilizing
interaction between the amino group and the 7-electron
system of the aromatic ring. These conformers have been
found previously as the most stable gas phase structures of
phenylalanine [53] and tryptophan [54]. The formation of
AAA — metal cation complexes as described in Eq. 1 is an
exothermic process. The association reaction is connected
with a large and negative, destabilizing effect of entropy
(Table 5). In the complexes studied this entropy effect
amounts from -105 to -150 J mol™' K™'. The largest entropy
changes (some -150 J mol" K™) are observed for AAA
complexes with Zn*". In this case, however, the Zn>" — 7t
interaction forces the polar amino group of the amino
acid to bend toward the aromatic ring (Fig. 3). The
importance of entropy effects for the relative stability of
individual conformers of phenylalanine was recently

Table 5 B3LYP/6-311+G(d,p)

AH*8, kJ/mol AS*8, J/mol K AG*8, kJ/mol

calculated enthalpies AH, System Complex

entropies, AS, and Gibbs

energies AG, of the ion — AAA I Phe--Ni*"

systems® | Phe--Cu**
r Phe--Cu®"
I Phe--Zn*"
I TrpNi**
I Trp-~Cu?*
& Trp--Cu?*
I TrpZn**
I Tyr-Ni**
| Tyr-Cu?*

Data in parentheses were taken I Tyr“'CuH

from the work by Rimola et al. [9]. I Tyr- Zn2

® BHandHLYP method

-1051.8 -120.6 -1016.1
-1199.9 (-1196.6) -109.9 -1167.1 (-1165.7)
-1104.1 (-1096.5) -105.4 -1072.6 (-1066.1)
-984.1 -144.6 -940.9

-1184.6 -112.1 -1151.2

-1349.9 (-1346.0) -108.7 -1317.5 (-1311.7)
-1249.7 (-1243.1) -107.6 -1217.6 (-1209.2)
-1098.1 -142.9 -1055.4

-1117.2 -124.2 -1080.1

-1277.5 (-1272.4) -116.4 -1242.8 (-1238.0)
-1179.1 (-1171.1) -115.2 -1144.8 (-1137.2)
-1004.9 -154.7 -958.9
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stressed by Kaczor et al. [6]. To take the entropy effects
into consideration, Gibbs energies, which describe the
tendency to associate in real molecular complexes, will be
discussed. The computed Gibbs energies AG*’® are
negative and span a relatively narrow energy interval from
-940 to -1320 kJ mol™. The energetic differentiation of the
complexes studied based on the type of the aromatic
substituent of AAAs shows an increasing interaction
Gibbs energy in the order Phe<Tyr<Trp for all three
metal cations studied. This ordering of stability correlates
very well with the experimental gas-phase basicities and
proton affinities of these aromatic amino acids [55]. For
reason of comparison, Table 5 also contains computed
interaction enthalpies and Gibbs energies for Cu”* com-
plexes of AAAs by Rimola et al. [9] using a slightly
different basis set. The results of Rimola et al. [9] are in
very good agreement with data obtained for the same
complexes by us. The Gibbs interaction energies show for
all three AAAs studied a decreasing binding affinity in the
order Cu** > Ni*" > Zn?*. Thus, of the transition metal
cations studied, the copper dication is the most effective
Lewis acid in the interaction with the basic center of
AAAs. The largest interaction Gibbs energy was found for
the tryptophan - Cu®" complex (-1317.5 kJ mol™,
Becke3LYP method). According to Marino et al. [41]
charge transfer plays an important role in the complexation
of the transition metal cations Ni**, Cu®’, and Zn?".
Moreover, the Cu”" cation is an open shell system, and it
has been assumed that the different internal polarizability
of the whole Cu®" complexes is probably one of the main
reasons for this difference. Rimola et al. [9] examined
complexes of monovalent and divalent copper with AAAs.

They showed that functionals such as BeckeHLYP with larger
percentages of exact exchange (50%) than the commonly used
Becke3LYP (20%) compare better to the highly correlated ab
initio CCSD(T) method for these open-shell systems. We also
did calculations of all open-shell Cu®" complexes with the
half-and-half functional BeckeHandHLYP implemented in
the GO3 computer code. BeckeHandHLYP relative Gibbs
energies for AAA*Cu®" complexes were computed to be by
about 100 kJ mol™” lower than with B3LYP (Table 5).
According to Rimola et al. [9] the variation in interaction
energy using two functionals may be at least partly explained
by the different results of calculations of the second
ionization energy for copper using Becke3LYP and Beck-
eHandHLYP methods, respectively. Sousa et al. [43] explain
the discrepancy in the results of the different DFT methods
used for the prediction of the relative stability of open shell
systems containing the Cu®* cation by the shortcomings of
the Becke3LYP method to correctly describe the delocalized
nature of the Cu®" complexes.

Electronic structures

The atomic charges of the complexes studied were
evaluated by natural population analysis [56, 57] using
the NBO program [58]. The natural charges (NAC), Wiberg
bond indices (WBI) and amount of charge transfer (CT) for
the most stable species are shown in Table 6. The
coordination of these transition metal cations that are
borderline hard acids [59] appreciably increases polariza-
tion of AAAs studied. This polarizing effect of bivalent
cations is much higher in the case of Lewis acids Ni*" and
Cu?", respectively. These Lewis acids accept very large

Table 6 Natural atomic charges (NAC), Wiberg bond indices (WBI) and amount of charge transfer (CT) from the B3LYP/6-311+G(d,p) NBO

analysis
System Complex NAC/e WBI CT/e
0(3) N(6) M 0@3)M*" N(6)-~M**

I Phe-Ni*" -0.679 -0.912 1.089 0.1448 0.1927 0.911
I Phe-Cu?* -0.663 -0.917 0.936 0.0874 0.1419 1.064
I PheCu?* -0.700 -0.933 0.937 0.0611 0.0942 1.063
n Phe-Zn>" -0.982 1.585 0.3259 0.415
I Trp--NiZ* -0.660 -0.908 0.851 0.1264 0.1736 1.149
I Trp-~Cu** -0.668 -0.928 0.905 0.0871 0.1495 1.095
& Trp-~Cu?* -0.709 -0.936 0.934 0.0634 0.1013 1.066
1 Trp-++Zn*" -0.998 1.459 0.2856 0.545
I Tyr-Ni** -0.667 -0.907 0.963 0.1313 0.1757 1.037
I Tyr+Cu?* -0.663 -0.928 0.907 0.0858 0.1450 1.093
* Tyr+Cu?" -0.705 -0.935 0.935 0.0624 0.0982 1.065
1 Tyr-Zn*" -0.993 1.532 0.3128 0.468

#BHandHLYP method
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amount of negative charge (0.9 — 1.1e). Thus the role of
charge transfer for bonding of the AAAs studied to nickel
and copper dications is of particular importance.

More interesting situation is with the Zn** complexes.
Most stable species correspond to the 7t complex II. The
cation—7t interactions are electrostatic in nature, accounting
for 60 — 90% of the overall binding [16]. This fact is also
manifested in our calculations of the zinc-coordinated
complexes. The magnitude of charge transfer contribution
is much lower (ca. 0.4 — 0.5¢). However, zinc is sometimes
considered a transition metal and sometimes a main group
element. According to Amin and Truhlar computational
chemistry requirements of zinc coordination resemble those
of the main group rather than the first transition row [60]. Its
interaction with aromatic amino acids through cation—7t
interaction resembles similar interaction of main group metal
cations with aromatic motifs of amino acids [11, 13, 14].

As is evident from Table 6 the quantitative importance
of CT term varies considerably among the ions. It is
frequently argued that metal ion interaction energies well
correlate with electron affinity of metal cation [61]. Hoyau
et al. in their theoretical study of the interaction of glycine
wit 15 metal cations have shown that the magnitude of
charge transfer correlates well with the electron affinity
(EA) of the metal ion [62]. In the case of metal cations
studied by us their electron affinities (18.17, 20.29 and
17.96 eV for s Ni**, Cu®*, and Zn>", respectively [63])
exhibit irregularity with respect to CT. For transition metal
cations Ni** and Cu®", the larger the metal ion EA the
larger the CT. Although Zn*" electron affinity is large and
comparable in magnitude with that for Ni*" cation, its
magnitude does not quantitatively correlate with charge
transfer. Moreover, the amount of CT from the amino acid
toward the M?" ions also does not correlate with the
interaction energies of the complexes investigated
(Tables 5 and 6).

Summary and conclusions

This theoretical study was set out to determine stable
conformers for the 54 complexes of phenylalanine, tyrosine
and tryptophan with the transition metal cations Ni**, Cu*"
and Zn>" and their hydrated forms. From the results the
following conclusions can be drawn.

1. For phenylalanine, tyrosine and tryptophan complexes
with Ni** and Cu®" the most stable structure corre-
sponds to the complex in which the metal cation binds
to the oxygen of the carbonyl group and to the nitrogen
of the amine (system I).

2. The m—complexes of AAAs with metal cations studied
represent a new kind of low—energy conformers. The

@ Springer

interaction of the Zn®" cation with the AAAs studied
results in the 7t—complex Il as the most stable
structure.

3. Solvation changes the relative stability of individual
species in several cases. Coordinated water shifts the
absolute stability toward the complex I of the PheeZn*"
and TrpeZn®" systems. On the other hand, the 71—
complex II of the Tyr<Zn*>" system has been found to
be the global minimum in both, gas phase and solvated
state.

4. Among the Lewis acids investigated, the strongest
affinity to the aromatic amino acids studied resulted for
the Cu®" cation. The largest interaction Gibbs energy
was found for the tryptophan — Cu”* complex.

This work yields quantities that may be inaccessible or
complementary to experiments and represents the first
quantum chemical approach in which both the gas-phase
and solvated phase complexation between aromatic amino
acids (phenylalanine, tyrosine and tryptophan) and transi-
tion metal cations Ni2*, Cu?* and Zn*" are considered and
absolute metal ion affinities were evaluated. The results are
also relevant for attempts to design peptides selectively
binding different metal ions [64].
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