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The stability constants of the binary Cu(AA) " and Cu(AA), complexes, where AA~ = L-phenyl-
alaninate (Phe ™) or L-tryptophanate (Trp ). have been determined by potentiometric pH titrations
in water, and in 30, 50, 70 and 80% (v/v) dioxane —water mixtures (I = 0.1 M, NaNOy; 25 °C); the
corresponding data for the complexes with L-alaninate (Ala ), L-valinate (Val ), L-norvalinate
(Nva ), and L-leucinate (Leu ) are taken from our recent work (G. Liang, R. Tribolet, and
H. Sigel, Inorg. Chim. Acta 133, 275 (1989)). Tiic uvcrall stabitity of Cu{AA)" and CulAA), i
governed for all amino acetates (AA ™) by the polarity of the solvent, while the extent of the
intramolecular stack formation between the aromatic side chains in Cu(AA), is influenced by the
hydrophobic solvation properties of the organic solvent molecules (i.e., the ethylene units of
dioxane). Based on the stability difference dlog K}, = log KEWAR), — log KEY a4, it is shown that
Cu(Phe), and Cu(Trp), are more stable than Cu(Ala),. and this increased stability is used for
evaluating the extent of the stack formation (= closed form) in Cu(Phe), and Cu(Trp),: the
percentages of the closed forms vary between about 25 and 80% (based on Cu(AA),,.,), and those
for Cu(Val),, Cu(Leu), and Cu(Nva), between about 10 and 30%. The formation degree of the
intramolecular side-chain adduct in Cu(AA), decreases (in most solvents), as one might expect,
within the series: Cu(Trp), > Cu(Phe), > Cu(Val), = Cu(Leu), = Cu(Nva),. The corresponding
observations are made with M(AA), complexes of Co**, Ni**, and Zn?". The influence of the
organic solvent on the intramolecular hydrophobic and stacking adducts differs somewhat:
(i) Stack formation in Cu(Phe), and Cu(Trp), is slightly inhibited by the presence of dioxane, but
even in 50% (v/v) dioxane—water the formation degree of the aromatic-ring stacks is still more
than 50%. (ii) Addition of some dioxane to an aqueous solution containing Cu(Val),, Cu(Leu),or
Cu(Nva), favors the formation of the aliphatic side-chain adducts; the largest formation degree
being reached close to a content of 70% dioxane. Both observations contrast with the general
experience made at unbridged hydrophobic or stacking adducts: these are considerably destabi-
lized already by the addition of relatively small amounts of an organic solvent to an aqueous
solution. Such a destabilization of the closed Cu(AA), species occurs only at high concentrations
of the organic solvent (usually more than 70%). It should be added that the organic solvent most
probably influences the structure of the intramolecular ligand-ligand adducts giving rise to a whole
series of “closed” species; a resolution is presently not possible and therefore the whole stability
increase is attributed to a (single) so-called “closed” species to allow a quantification of the effect.
The relevance of amino acid side-chain interactions regarding cooperativity, selectivity, evolu-
tionary aspects, and low polarity regions, as in active-site cavities of proteins, are shortly indi-
cated.
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ing structure, specificity, and activity. For example,
in globular proteins close interactions between the
aromatic side chains of phenylalanine, tyrosine and
tryptophan are common [1, 2], and the correspond-
ing residues often also form part of a hydrophobic
pocket designed to bind an aromatic substrate [3],
like tryptophan [4]. Stacking interactions between
the indole or phenyl residues of tryptophan or
phenylalanine, respectively, and nucleotide bases are
well-known [5, 6], and promotion of these interac-
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tions in aqueous solution for low-molecular-weight
associates via the formation of mixed ligand metal
ion complexes has been demonstrated [7—10].

However, “homo-interactions”™ between the same
type of aromatic-ring residues are also common [11].
For example, the interaction between phenylalanine
rings in proteins is well documented [1, 12], and the
formation of intramolecular stacks in aqueous solu-
tions of binary amino acid complexes, like M(phenyl-
alaninate),, M(tyrosinate), and M(tryptophanate),
with M** = Co’", Ni*", Cu’" or Zn"". is also known
[13, 14]. In connection with these binary complexes
one should note that, analogously to the observa-
tions made with mixed ligand or ternary complexes
[7—-9, 14, 15], the formation of a metal ion-bridge
between the aromatic-ring residues considerably
favors the stability of the stacks [13]. This property is
important for the following reasonings and the
design of the experiments.

There is now good evidence that in the active-site
cavity of an enzyme or protein the “equivalent solu-
tion” or “effective” dielectric constant is lower than
in water [16, 17], and this raises the question: How
are the stacking properties of aromatic side chains of
amino acids influenced under such conditions? It
should be recalled that addition of organic solvents
like ethanol or dioxane to an aqueous solution not
only reduces the polarity of the solvent but also in-
hibits hydrophobic and stacking interactions in un-
bridged adducts, i.e. lowers their stability [15, 18]. Is
the latter a general feature? Does it also hold for
bridged adducts?

It seemed to us that simple amino acetate (AA™)
complexes are ideal to tackle these problems, as the
stability of such complexes can exactly be deter-
mined by potentiometric pH titrations. Hence. we
studied the stability of the Cu(AA), complexes,
where AA™ = L-phenylalaninate or L-tryptophanate
(Fig. 1), and evaluated the influence of increasing
amounts of dioxane on their stability. It turns out
that the formation degree of the intramolecular
stacks is still significant even in 70% (v/v) dioxane—
water mixtures.

The evaluation of the results to be presented is
based on the stability of the Cu(L-alaninate), com-
plex [19]. The stabilities of M(glycinate), complexes
are known [20, 21] to be often exceptional and there-
fore Cu(glycinate), was not considered as being a
suitable basis. However, the methyl side chain of
alaninate is so short that no hydrophobic ligand-

L-AMINO ACIDS

R-CH(NH3;)COO™  AA R~
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HNTN ==
Tryptophan Trp 8CHZ
Alanine Ala CH3—
CH
Valine Val CH? CH-
Norvaline Nva CHy—CH,—CH,—
CH
Leucine Leu 3>CH-CH,-
CHy

Fig. 1. L-Amino acids (AA) considered in this study, to-
gether with the structure of their side-chains.

ligand interaction is possible in Cu(Ala),. This is dif-
ferent with amino acids having a larger aliphatic side
chain, like L-valine, L-norvaline or L-leucine
(Fig. 1); as shown recently [19]. in the corresponding
Cu(AA), complexes an interligand interaction is
occurring to some extent and therefore these previ-
ous results are shortly compared with the present
ones.

There is one further aspect to be kept in mind:
Amino acetates can bind to the equatorial part of the
Cu’" coordination sphere in two different ways [22]
as shown in Fig. 2, i.e. a cis and a frans isomer may
be formed: If both amino acids are of the same chi-
rality both side chains will be on the same side of the
complex in the trans isomer, and on opposite sides in
the cis complex. It is obvious, that an intramolecular
ligand-ligand interaction can occur only in the trans
arrangement of a Cu(AA), complex. However, solu-
tion equilibration rates are rapid for Cu®*. trans
arrangements are usually preferred [23—26], and the
energy barrier for the cis/trans isomerization in glyci-
nate-like structures is low even in the solid state [27,
28], and consequently most probably even lower in
solution [29, 30]. Finally, it should be emphasized
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i
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Fig. 2. Possible arrangements of two amino acid anions in
the equatorial part [22] of the coordination sphere of Cu~".
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that all complexes to be compared (Fig. 1) have the
same 2N/20 donor set coordinated equatorially to
Cu’", and therefore any increased stability, com-
pared with Cu(Ala),, is to be attributed to intra-
molecular ligand-ligand interactions.

Experimental

L-Phenylalanine (puriss.) was obtained from
Fluka AG, Buchs (Switzerland) and L-tryptophan
(biochemical grade) from Merck AG, Darmstadt
(F.R.G.). All the other materials were the same as
used recently [19].

The potentiometric pH titrations and the evalua-
tions of the experimental data were carried out
cxactly as described [19) The only noint to he em-
phasized again is the following: K& 4 ) and KEUAL),
were determined from solutions containing the ratios
of [Cu**]:[AA] = 1:2, 1:2.5, and 1:3. In total always
9 independent titrations were made and evaluated by
taking into account the species H™, H,(AA)",
H(AA), AA~, Cu®", Cu(AA)", and Cu(AA),. In
addition, 6 titrations were carried out of solutions
containing the ratios of [Cu’"]:[AA] = 1:1 and 2:1;
these were evaluated by considering also the men-
tioned species, but by using KGUAA), from the pre-
vious set of experiments. The resulting values for
K&'(AA, from the two experimental sets were always
in excellent agreement; the final results given in the
tables are the averages from all determinations. This
double-determination of K(C;L‘;(AA) was made to obtain
the difference, Alog K¢, = log KEYAA), — log K& aa)s
as precise as possible; this difference is crucial for the
calculation of the formation degree of the species
with an intramolecular ligand-ligand interaction (see
Sections 1 and 3).

Results and Discussion

1. Definition of the equilibrium constants
and stabilities of the binary Cu(AA)™ and Cu(AA),
complexes

The equilibrium constants were determined by
potentiometric pH titrations (I = 0.1 M, NaNOx;
25 °C). The acidity constants of the protonated
amino acids, H,(AA)™ (eq. (1) and (2)), and the
stability constants of their binary Cu(AA)™ (eq. (3))
and Cu(AA); (eq. (4)) complexes are defined by the
following equilibria:

H.(AA)" = H(AA)* + H* (1a)

Kian = HAMIHVHAAT  (5)
H(AA)* = AA +H' (2a)
Kiiaa) = [AAT][H J[H(AA)] (2b)
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Cu*" + AA™ = Cu(AA)" (3a)
K&iaa) = [Cu(AA) J[CuT][AA "] (3b)
Cu(AA)" + AA™ = Cu(AA), (4a)
KEiAR), = [Cu(AA),)[Cu(AA)JJAAT]  (4b)

The relative stability of the two binary complexes
towards each other may be quantified by considering
equilibrium (5a):

Cu(AA)* + Cu(AA)* = Cu(AA), + Cu**

[Cu(AA),][Cu®]
[Cu(AA)'T

(5a)

JOP!on A5, (5b)
The corresponding equilibrium constant, as defined
in eq. (5b), may be calculated according to eq. (6):

Alog KXa = log KEAR), — log KElaa) (6)

It is evident that equilibrium (5 a) is expected to be on
its left side due to the general rule [31] that K}, >
K¥1),- Indeed, statistical considerations [31] for
Alog Ky, assuming an octahedral (oh) coordination
sphere for M>* and the coordination of two identical
bidentate ligands, lead to Adlog K, = log (5:2/12:1) =
—0.68. For the tetragonal or Jahn-Teller distorted
octahedral coordination sphere of Cu®" a statistical
value is more difficult to assess; one estimates [31]
Alog Kéystaise = log (1:2/8:1) = —1.20.

The equilibrium constants (eq. (1—4)) measured
for the systems with L-alanine [19], L-phenylalanine
and L-tryptophan are summarized in Table I for
water and 30%, 50%, 70% and 80% (v/v) dioxane—
water mixtures as solvents. The constants valid for
these solvents are given together with the mol frac-
tions of dioxane in the solvents and the correspond-
ing dielectric constants [32].

It is interesting to note already here that the values
for the stability differences Alog KX, (eq. (5, 6)) for
the complexes with phenylalaninate and trypto-
phanate are less negative than the corresponding val-
ues for alaninate (Table I). This situation is evidently
reflected in Fig. 3, where Adlog K3, is plotted in
dependence on the amount of dioxane added to
water: only at high concentrations of dioxane the
properties of the Cu®>” systems with Phe™ and Trp~
are becoming more and more Ala -like. Hence,
already this simple comparison demonstrates the
occurrence of a significant intramolecular ligand-
ligand interaction in the Cu(AA), complexes of Phe™
and Trp~ in most solvent mixtures. A more quantita-
tive evaluation of these data is given in Section 3.

Clearly, a relatively large, i.e. less negative value
for Alog K34 may originate either from a low stabili-
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Table I. Negative logarithms of the acidity constants of L-alanine. L-phenylalanine and L-tryptophan (eq. (1. 2)) and
logarithms of the stability constants of the corresponding binary Cu(AA)" (eq. (3)) and Cu(AA)- (eq. (4)) complexes.
together with the stability differences Alog K5, (eq. (5)). in dependence on the amount of dioxane added to water at

I =0.1 M (NaNO;) and 25 °C*".

% (VIv) mol e PKifiaa) pKiian) log K&ian, log Keuan), Alog KX
Dioxane fract. i i

L-Alanine®

0 0 78.5 2.40 = 0.01 9.84 + 0.01 8.22 + 0.02 6.84 + 0.02 —1.38 £ 0.03
30 0.083 52.7 2.79 £ 0.01 9.95 £ 0.02 8.94 + 0.02 7.48 = 0.04 —1.46 = 0.04
50 0.175 35.2 3.18 £ 0.02 10.03 £ 0.01 9.51 £ 0.02 8.00 £ 0.03 —1.51 £ 0.04
70 0.331 18.6 3.61 £ 0.02 10.12 £ 0.01 10.16 = 0.02 8.65 = 0.02 —1.51 £ 0.03
80 0.459 11.6 3.98 £ 0.01 10.07 = 0.01 10.56 = 0.02 8.95 = 0.02 —1.61 £ 0.03
L-Phenylalanine

0 0 78.5 2.34 £ 0.03 9.20 + 0.01 7.90 £ 0.02 695+ 0.02  —0.95 £ 0.03
30 0.083 52.7 2.70 £ 0.01 9.31 = 0.01 8.66 = 0.02 7.53 £ 0.02 —1.13 £ 0.03
50 0.175 35.2 3.05 £ 0.02 9.40 = 0.02 9.24 + 0.02 8.05 + 0.02 —1.19 £ 0.03
70 0.331 18.6 3.46 = 0.02 9.41 = 0.01 9.86 = 0.02 8.56 + 0.03 —1.30 £ 0.04
80 0.459 11.6 3.86 £ 0.01 9.33 = 0.01 10.38 = 0.03 8.89 + 0.02 —1.49 = 0.04
L-Tryptophan

0 0 78.5 2.42 = 0.02 9.46 = 0.02 8.19 = 0.01 7.49 = 0.03 —-0.70 £ 0.03
30 0.083 52.7 2.85 = 0.02 9.59 + 0.02 8.89 = 0.02 8.01 £ 0.02 —0.88 £ 0.03
50 0.175 35.2 3.27 £ 10:02 9.70 £ 0.02 9.54 + 0.02 8.48 = 0.03 —1.06 = 0.04
70 0.331 18.6 3.65 = 0.02 9.76 = 0.01 10.20 = 0.01 9.02 £ 0.03 —1.18 £ 0.03
80 0.459 11.6 4.01 £ 0.02 9.70 = 0.01 10.68 + 0.02 9.21 £ 0.02 —1.47 £ 0.03

“ The errors given are three times the standard error of the mean value or the sum of the probable systematic errors.
whichever is larger. The values of the error limits for Alog KX, were calculated according to the error propagation after
Gauss: " the dielectric constants for the dioxane/water mixtures are from [32]: ¢ these values are taken from Table I of [ 19].

oTrp

2] A @

Alog K

0 20 40
°ls (v/v) Dioxane-Water
Fig. 3. Dependence for dlog K3 (eq. (5. 6)) of the Cu*"
systems with L-alaninate (). L-phenylalaninate (A). and
L-tryptophanate (@) on the amount of dioxane added to
water. The plotted data are from Table I.

ty of Cu(AA)™ or from a high stability of Cu(AA)-
(eq. (6)). In case the reason is a stability-enhancing
intramolecular ligand-ligand interaction, the effect
should be reflected in log KEi(R4), of Cu(AA),. be-
cause the corresponding interaction is possible only
in Cu(AA), and not in Cu(AA)™. To check the valid-
ity of this assumption plots of log K{iaa, or
log K&AR), versus pKiiaa) + pKifaa) were con-
structed for the six amino acids of Fig. 1: for a series
of structurally related ligands a straight line should
result [33]. As long as an amino acetate (AA™) coor-
dinates in a glycinate-like way. the stability of the
corresponding complex should depend only on the
basicity of the amino and carboxylate groups; hence.
for a series of Cu(AA), complexes with different in-
tensities of ligand-ligand interactions irregular prop-
erties should occur.

An example of the mentioned plots is shown in
Fig. 4, where the data for water as solvent are given.
The afore mentioned expectations are obviously con-
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firmed and this holds for all five solvents: (i) There is
no correlation for the Cu(AA), complexes observed.
(ii) The data for the Cu(AA)™ complexes fit with
Phe™, Val™, Leu, Nva™, and Ala™ on a straight line;
only the point due to Cu(Trp)™ is between 0.1 t0 0.17
log units above this line depending on the solvent.
This means, the Cu(Trp)™ complex is slightly more
stable than expected, and therefore Alog Kf, is ap-
parently slightly too negative; however, this is with-
out effect for the evaluations in Section 3*.

CO
<
33 501
< M(AA)'
8" 4 |
= i Trp i P
781 Phe ' Val Leu Ala
9 Nva
74+ !
7.2
el
&L
33 70
T L)
o 4
o o ©° o
6.81 e
661  __—Cuany
e 18 | 120 | 122

H H
PKH a4 * PRHAA)

Fig. 4. Relationship between log K& 4a, or log KENAR),

and pKil,aa, + PKilaa, for the binary Cu(AA)" (O) and
Cu(AA), (@) complexes in aqueous solution. The data for
Ala, Phe and Trp are from Table I, those for Val, Nva und
Leu are from [19] (I = 0.1 M., NaNOs: 25 °C). The points
of the Cu(AA)" complexes for Phe, Val, Leu, Nva and Ala
fit on a straight line (full line; regression) with the slope.
m = 0.462 = 0.007 (10), and the intercept of the y axis. y, =
2.575 = 0.082. The broken line for the Cu(AA), complexes
is tentatively drawn with the same mentioned slope through
the point for Ala.

* Whatever the reason for the slight stability increase in
Cu(Trp)* may be, and in whatever way this may be af-
fected in Cu(Trp), by the intramolecular ligand-ligand
interaction, its disturbance is on the account of this
ligand-ligand interaction, i.e. on the stability of
Cu(Trp),. and therefore the stability difference dlog K7,
is still exactly describing the position of equilibrium (5a).
and also d44log K* (eq. (10); Section 3) that of equilib-
rium (i3); hence, the equilibtium constant Ki {cq.
(7-9)) and consequently the percentage of Cu(Trp),
(eq. (12)) can still be calculated (see Section 3).

In connection with the indicated properties of the
Cu(Trp)* complex it may be mentioned that Martin
[21] has described a similar increased stability for
Ni(Trp)*, which he attributed to a Ni**/indole-side
chain interaction. If there is indeed a Ni** or Cu®"/
aromatic-ring interaction in Ni(Trp)™ or Cu(Trp)~
has to be left open for the present; other explana-
tions appear also as possible and therefore we are
presently further studying this problem. However,
the mentioned situation regarding the M(Trp)”
mono-complex should not be confused with the situ-
ation in M(AA), bis-complexes, where AA™ = tryp-
tophanate, phenylalaninate or tyrosinate; in these
bis-complexes the increased stability is clearly due to
intramolecular ligand-ligand interactions as outlined
previously in detail [13] (for further related examples
see also [30]).

2. Solvent influence on the stability of Cuw’*-amino
acetate complexes

In agreement with observations at complexes of
other negatively charged ligands [15, 16, 18, 34], the
stability of the Cu(AA)" and Cu(AA), complexes
increases with decreasing solvent polarity. This is
evident from Fig. 5 where the stabilities of the corre-

11.01

70° Diox. 80
0 o1 02 03 04 05
Mol Fraction of Dioxane

30 50

o o

Fig. 5. Plots of log K& 44, (€q. (3)) or log Kf{‘,}:"i} (eq. (4))
in dependence on the mol fraction of dloxane in water for

B S = 11 f‘.,-*
i oinary

L-phenylalaninate (A A). and L Iryplophanate (O .)
The plotted data are taken from Table I.
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sponding complexes with Ala™, Phe™, and Trp~ are
plotted in dependence on the mol fraction of dioxane
present in water. A more detailed inspection of Fig.
S reveals further that, e.g., the data for Cu(Ala)”™
and Cu(Trp)™ furnish nearly the same curve, while
those for the corresponding Cu(AA), complexes are
on rather different curves; in other words, Cu(Trp),
is considerably more stable than Cu(Ala), and this is
again a reflection of the intramolecular stack forma-
tion in Cu(Trp),. Similar arguments could be
advanced for the Cu’"/Phe complexes.

As the change in solvent polarity affects not only
the stability of the complexes but correspondingly
also the basicity of the amino acetates (see Table I),
plots of log K&iaa) versus pKiiaa) + pKii(aa) may be
constructed as seen in Fig. 6. For the complexes with
Ala™, Phe™, and Trp~, as well as with those of Val™,
Nva~, and Leu™ [19], straight lines are resulting.
Similar plots could also be constructed for the
Cu(AA), complexes, but this is only reasonable for
Cu(Ala), (see Fig. 6) because this is the only binary
1:2 complex of the amino acetates considered here

10

Cu(Trp),

Cu(Phe),

Cu(Ala),

*

15 120 125 130 135 140
H H
P, am) « PKHAA)

Fig. 6. Relationship between log K&, (eq. (3)) or
log KEUAR), (eq. (4)) and pKl, xa, + PKliax) (eq. (1, 2)) for
the binary Cu(AA)"* and Cu(Ala), complexes with L-alani-
nate, L-phenylalaninate, and L-tryptophanate. The data are
from Table I. The slopes of the straight (regression) lines are
Mcyphe) = 1.480 = 0.028 (A), meyerrp) = 1.350 £ 0.043 (O),
Meyal = 1.281 £0.024 (£ 10) (<), and meyan), = 1.172 &
0.026 (®). i

(Fig. 1), in which no intramolecular ligand-ligand
interaction occurs. The results of Fig. 6 prove that
there is a linear relation between ligand basicity and
complex stability resulting from the solvent influ-
ence.

3. Solvent influence on the extent of the
intramolecular ligand-ligand interaction in Cu(Phe),,
Cu(Trp), and related Cu(AA), complexes

It may be recalled in this connection that intra-
molecular hydrophobic and stacking interactions be-
tween suitable groups in mixed-ligand complexes
have been established by several methods including
'H NMR shift measurements in organic solvent-
water mixtures [13, 18, 34]. Therefore, with the sol-
vent influence on the overall stability of the
Cu(AA)* and Cu(AA), complexes in mind, it is in-
teresting to evaluate the extent of the ligand-ligand
interaction in Cu(AA),; this may be done by consid-
ering the position of the intramolecular equilibrium
(7a) between an open (op) and a closed (cl) form:

Cu(AA)ye, = Cu(AA)q
Kf = [Cu(AA)Z/Cl]/[Cu(AA)Z/Op]

(7a)
(7b)

The dimensionless equilibrium constant K; is calcu-
lated in the usual way [18, 30] with eq. (8) and (9):

10Alog KAa
= loﬁlog KAA/op =1 (8)
Ki = 104418 %" — 1 )

The crucial parameter by calculating Kj from eq. (8)
is the following difference, defined as A4log K*:

AAlog K* = Alog Kix — dlog KX a/p (10)

Combination of eq. (8) and (10) gives the mentioned
eq. (9). Obviously any error in the experimentally
determined constants will be the more significant,
the smaller the difference is in eq. (10); well-defined
error limits of the constants are therefore compul-
sory.

Use of the experimental results summarized in
Table I allows the calculation of Ki: the values for
Alog KX have been measured, and the stability of
the open form is evidently well represented by the
stability of Cu(Ala),, as in this latter case no inter-
action between the two residues is possible due to the
shortness of the methyl side chain; hence, one may
define:

Alog Kiap = dlog KX, (11)



G. Liang—H. Sigel - Intramolecular Stacking in Amino Acid Complexes

1561

Table II. Extent of the intramolecular ligand-ligand interaction in the binary Cu(L-phenylalaninate), and Cu(L-tryp-
tophanate), complexes in dependence on the amount of dioxane added to water: intramolecular and dimensionless
equilibrium constant Ky (eq. (7—9)) and percentage (eq. (12)) of the closed species Cu(AA),,, in different solvents at

I =0.1 M (NaNO,) and 25 °C*.

Cu(AA), % (VIV) Alog KX 4 Alog KX aop AAlog K* Kj 90 Cu(AA)
Dioxane

Cu(Phe), 0 —0.95 + 0.03 —1.38 £ 0.03 0.43 + 0.04 1.69 + 0.26 63 + 4
30 —1.13 £ 0.03 —1.46 = 0.04 0.33 + 0.05 1.14 + 0.25 53+5
50 —1.19 £ 0.03 —1.51 = 0.04 0.32 + 0.05 1.09 + 0.24 52+ 6
70 —1.30 £ 0.04 —1.51 £ 0.03 0.21 + 0.05 0.62 + 0.19 38+ 7
80 —1.49 + 0.04 —1.61 = 0.03 0.12 + 0.05 0.32 = 0.15 24+9

Cu(Trp), 0 —0.70 + 0.03 —1.38 = 0.03 0.68 = 0.04 3.79 + 0.47 79 + 2
30 —0.88 + 0.03 —1.46 + 0.04 0.58 = 0.05 2.80 + 0.44 74 + 3
50 —1.06 + 0.04 —1.51 = 0.04 0.45 + 0.06 1.82 + 0.37 65 +5
70 —1.18 £ 0.03 —1.51 = 0.03 0.33 + 0.04 1.14 + 0.21 53k&5
80 —1.47 £ 0.03 —1.61 + 0.03 0.14 = 0.04 0.38 £ 0.13 28+ 7

* The values for 4log K% 4 (eq. (5)) and their error ranges (three times the standard error) are from Table I; Alog K o op =
Alog K3y, (eq. (11)). The error limits for 44log K* (eq. (10)), Kf (eq. (9)), and % Cu(AA), (eq. (12)) were calculated

according to the error propagation after Gauss.

Clearly, knowledge of Kf also allows to calculate the
percentage of the closed form in equilibrium (7a):
Ky

% Cu(AA)y = 1+ K
1

- 100

(12)

The results based on eq. (9) through (12) are sum-
marized in Table II.

It may be helpful to emphasize that A4log K* (eq.
(10)), which is given in the fifth column of Table II, is
the difference between the logarithms of two equilib-
rium constants (eq. (5)) and therefore 10442 ¥ jg
also quantifying the position of an equilibrium. By
making use of the definition (11), this equilibrium
may be written as:

2Cu(AA)" + Cu(Ala), = Cu(AA),+2Cu(Ala)* (13)

It is evident that the coordination spheres of Cu?* on
both sides of equilibrium (13) are identical and there-
fore 10°4"°¢ X does indeed reflect the extent of the
intramolecular ligand-ligand interaction in Cu(AA)-.
In those cases where 10#4°¢ X" > 1 equilibrium (13) is
displaced towards its right side; with AA™ = Phe™ or
Trp~ Adlog K* varies between 0.12 and 0.68 (Table
II),i.e. 10°4°eX" jsbetween about 1.3and 4.8 indicating
that the formation of Cu(Phe), and Cu(Trp), is signifi-
cantly favored.

To facilitate comparisons, the formation degrees of
the closed Cu(AA), species with Phe™ and Trp~, as
wellagswith Val™ Nva~andT.en™ (Fig 1)areplottedin
dependence on the mol fraction of dioxane in Fig. 7;
the data for the last mentioned three ligands are from

[19]. It is evident that the side chains of all five amino
acids are suitable for ligand-ligand interactions; the
formation degree of the closed species resulting from
hydrophobic and stacking interactions is quite signifi-
cant not only in water but also in dioxane—
water mixtures. Comparison of the intramolecular
stacking tendency in Cu(Trp), and Cu(Phe), shows
throughout a somewhat larger formation degree of

0 30 50 70 o Diox. 80
] ) ! ; (
80
70
60
3 A
o~ 507 Cu(Phely
<
<
S 404
(&)
¥ 304 CU(VAI)/Z/EL_—————A———_
-7 Culleu g \\\
20 A /,/O"_/Z_/s*,_O\\:\
~” ,/’:,/‘O(Cu(Nva)z/ﬂ \\\\
ges
101873 Q
0 . i .
0 01 02 03 04 05

Mol Fraction of Dioxane

Fig. 7. Formation degree of the intramolecularly closed
species (eq. (7, 12)) in the binary Cu(Phe), (A) and
Cu(Trp), (®) complexes in dependence on the mol fraction
of dioxane in water; these plotted data are from Table II.
For comparison the corresponding resuiis airc showii 107
Cu(Val),, (&), Cu(Leu), (O), and Cu(Nva), (): these
data are taken from Table II of [19].
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Cu(Trp),q (Fig. 7). This agrees with previous observa-
tionsinaqueoussolution[13,30], and with the expecta-
tion that the larger indole moiety of tryptophanate
should be somewhat better suitable for the formation
of stacks than the smaller phenyl ring of phenylalani-
nate.

One may also expect that the intensity of an interac-
tion between aromatic rings is more pronounced than
between aliphatic residues [13, 30, 35]. This is indeed
confirmed by the results shown in Fig. 7, atleast for the
solutions containing up to 70% dioxane; the formation
degree of the intramolecular adducts decreases in the
series: Cu(Trp), > Cu(Phe), > Cu(Val), = Cu(Leu),
= Cu(Nva),. Inall cases theintramolecularadducts are
destroyed at high concentrations of the organic sol-
vent, which is in agreement with previous experience
[18, 34]. To emphasize that the phenomena described
here are of general nature, the data of Table III have
been compiled [13, 19, 36]. Though these data refer
only to aqueous solutionitis evident that ligand-ligand
interactions also occur to a considerable extent in
amino acid complexes of other metal ions with differ-
ent coordination geometries; the order of the interac-
tionintensities described for the Cu®* complexesis also
clearly valid for other M(A A), species (cf. also Section
4).

4. Structural considerations on the intramolecular
ligand-ligand interactions in M(AA), complexes

At first we shall consider the situation in aqueous
solution, and it should be recalled that the usually

Table III. Estimations for the percentage of the closed
species with the intramolecular hydrophobic or aromatic-
ring stacking interaction (eq. (7, 12)) for several M(AA),
complexes in aqueous solution at 25 °C (I = 0.05—0.1 M)*.

% M(AA),, for

M(AA), Co* Ni%* Co** Zn**
M(Val), 15+8
M(Nva), 13 ~2 1779 £ 7
M(Leu), 19/11 + 7
M(Nle), 13 ~4

M(Phe), 46 38 59/63 =4 53
M(Tyr), 66 38 67 67
M(Trp), 48 + 8° 87/79 + 2

* The values with an error limit (30) are for the Cu’*
complexes with Val™, Nva™ and Leu™ from [19], and for
those with Phe™ and Trp~ from Table II of this work; all
the other values are the averages (in the case of several
values) of the percentages listed in Table VI of [13]: " cal-
culated with the constants given in [36] and eq. (7—12).

preferred [23—26] trans-equatorial coordination to
Cu®* of two amino acetates with the same chirality
gives a complex with both side chains on the same
side of the coordination square (cf. Fig. 2). With this
in mind, one may conclude, based on space-filling
molecular models, e.g., for Cu(Phe), that the two
phenyl moieties are separated at the basis of the
plane by about 5.5 A and inclination of the two
phenyl rings towards each other easily allows at the
“top” parts of the rings an approach of 3.5 A (or
less), and this is the usual distance in stacking inter-
actions [37—39].

The described structural arrangement would still
provide the space for an apically coordinated water
molecule and we suggest that the differences be-
tween the Cu(AA), and Ni(AA), complexes origi-
nate here: From the data for M(AA), in Table III it
is evident that the intramolecular ligand-ligand inter-
action in the Cu** complexes is more pronounced
than in those with Ni**. The differences between
the following stability constants [36], log KX} —
log KNi{Al), = 5.50 — 4.66 = 0.84 and log KAL), —
log KNi{AlY: = 4.66 — 3.29 = 1.37, indicate that in the
Ni(Ala), complex the two amino acetates are mainly
equatorially arranged with two apical water
molecules completing the octahedral coordination
sphere. As indicated above, such an apical water at
the basis between the two interacting side chains in
Ni(Phe),, (or the related species) appears as sterical-
ly possible, but a situation without such a water
molecule would certainly be preferable. This seems
to be achieved with Cu®", for which penta-coordina-
tion is well known (e.g., [24, 40—43]); i.e., a structure
with the (more weakly bound) apical water molecule
on one side of the equatorial square-plane and the
two amino acid side-chains on the other (Fig. 2). The
fact, that Cu®" is usually somewhat displaced from
the base plane containing the stronger bonds toward
the more weakly bound top atom of the pyramid
(e.g., [24, 44]) would further favor the side-chain
interaction.

Clearly, in complexes of metal ions with tetra-
hedral (Zn>*. ?) or octahedral (Co’>", Zn’>", ?) coor-
dination spheres and amino acids of the considered
type a ligand-ligand interaction is (at least) as easily
achieved as in the distorted coordination sphere of
Cu’". Indeed, the formation degrees listed in Table
I11 for the M(AA),, complexes with Co®”, Cu®", and
Zn>* are identical for a given amino acetate within
experimental error. Regarding the structure of the
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intramolecular stack three points should be added:
(i) It is known that stacked aromatic rings are often
orientated in a butterfly-like way (e.g., [39. 45]).
(ii) Interactions are also possible between edges of
aromatic-ring systems, as suggested [46], e.g., for
Cu(1,10-phenanthroline)(benzoate)™; pertinent sol-
id-state interactions have been described [39, 47, 48].
In fact, (iii) the majority of the interacting phenyl-
alanines in proteins have their ring-planes perpen-
dicular on each other [12, 49]. That hydrophobic
interactions between aliphatic side-chains are less
stable than aromatic-ring stacks (Table III) is expect-
ed and was also already indicated in Section 3.
How is the situation regarding the intramolecular
licand-ligand interaction in organic solvent-water
mixtures? The bell-shaped curves of Fig. 7 repre-
senting the formation of Cu(AA), for Val™, Leu™,
and Nva~ in dependence on the mol fraction of
dioxane added to water can only result, if at first the
increasing amounts of dioxane promote the intra-
molecular interaction in the concentration-independ-
ent equilibrium (7a). while at higher concentrations
inhibition occurs. However, the same effect, though
less pronounced, must also occur with Cu(Trp), and
Cu(Phe),, because the inhibition of intramolecular
stack formation, e.g., in 50% dioxane is only very
minor (Fig. 7) compared with the effect of the same
solvent composition on metal ion unbridged stacks
(Table IV). The observation at Cu(AA),. species
should not be confused with results given in Fig. 5:
the overall stability of Cu(AA)™ and Cu(AA), com-

plexes increases with the increasing mol fraction of
dioxane.

How may the solvent composition influence the
position of equilibrium (7a)? A tentative but ap-
pealing explanation is that at low mol fractions the
ethylene units of the dioxane molecules do not asso-
ciate well with the separated alkyl or aryl amino acid
side-chains in the open Cu(AA), isomer. Instead,
the already larger intramolecular hydrophobic ad-
ducts or stacks formed by the mentioned side-chains
in Cu(AA),, are preferably solvated, stabilizing
therefore the Cu(AA),, species. At high concentra-
tions of the organic solvent the hydrophobic solva-
tion by dioxane of the individual side-chain residues
in Cu(AA)-., is enforced and thus the parts forming
the adducts are separated: i.e., now Cu(AA),,, Is
favored and the formation of Cu(AA),, is inhibited.
These indicated opposing solvent effects are contrary
to the experience with simple unbridged stacks which
are destabilized already by small amounts of organic
solvents (Table 1V) [15, 18].

A more detailed discussion of the solvent effects,
including the role of the aqueous solvation shell of
the metal ion, on the position of equilibrium (7a) is
given in [34] and [50] and shall not be repeated here.
However, three points must be emphasized: (i) In
Cu(AA), the intramolecular aromatic/aliphatic ad-
duct present in water will act, due to its lipophilici-
ty, upon addition of an organic solvent as a germ
attracting the aliphatic parts of these organic solvent
molecules forming a micelle-like unit close to the

Table IV. Stability constants K{}), for the

No. [A][B] Solvent KX (M) equilibrium A + B = [A][B] of binary ad-
N ducts in dependence on the amount of dioxane

1 [Phen][ATP" ] D,O 38 =38 added to an aqueous solution® ©.

2 [Phen][ATP*] 30% (v/v) Dg-Diox./D,O 48 = 1.1

3 [Phen][ATP* ] 50% (v/v) D4-Diox./D,O 1.8 £0.7

4  [H(Phen) ]|[Hy(Trp)"] H,O 25.1

5 [H(Phen) |[Hy(Trp)"] 60% (v/v) Dioxane/H,O 0.6

6  [Zn(Phen)’"][BzOH] H,O 22 +0.2

% [Zn(Phen)*"][BzOH] 50% (v/v) Dioxane/H,O 0.42 = 0.09

8 [Zn(Phen)*"][BzOH] 80% (v/v) Dioxane/H,O  <0.1

* Entries 1—3 are from [15]. I = 0.1 M (NaNOs): 27 °C. The constants
were determined by "H NMR shift measurements; " entries 4 and 5 are
from [35]. I = 0.4 M (HCI); 23 °C. The constants were determined by
UV spectrophotometry; © entries 6—8 (BzOH = benzyl alcohol) are from
[18]. 1 =0.25t0 0.5 (in 6), to 1.3 (in 7) and to 0.6 (in 8) (NaNO;): 34 °C.
The constants were determined by '"H NMR shift measurements under
the assumption that Zn’~ and i,i0-plicuaniinoline rcact practically com
pletely to Zn(Phen)*"; there is no Zn*"-bridge formed between the two

interacting aromatic-ring systems.
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metal ion. (ii) For this micelle-like unit in Cu(AA),
it is to be expected that different hydrophobic solva-
tion degrees mean somewhat different structures for
the actual adduct; it appears well possible that
organic solvent molecules intercalate between the
aryl/aryl or alkyl/alkyl side-chain residues: hence,
there is probably a whole series of intramolecular
adducts existing, but there is presently no way to
identify these with certainty, and therefore the whole
observed stability increase is attributed to a (single)
so-called “closed” species (eq. (7a)). (iii) The prox-
imity of the micelle-like unit in Cu(AA),, at one side
of Cu®" is expected to reduce the effective dielectric
constant in the close vicinity of the metal ion, and
this should favor the M**/O~ binding strength; in
fact, this may well be the actual “mechanism” lead-
ing to the increased stability of Cu(AA)yq. It is evi-
dent that at high concentrations of the organic sol-
vent the situations in Cu(AA),,, (where AA™ =
Trp~, Phe™, Val™, Nva™, and Leu™) and in Cu(Ala),
will become quite alike and the different dielectric-
constant effect will thus diminish.

5. Some conclusions regarding side-chain interactions
of amino acids

To evaluate the solvent influence on hydrophobic
and stacking interactions somewhat further, the fol-
lowing consideration may be helpful. The solvent in-
fluence on binary and unbridged adducts formed be-
tween amino acid residues has so far not been
studied, but stability constants of related adducts
have been determined in several solvent mixtures;
some results on the effect of dioxane are given in
Table IV.

It is well-known that addition of an organic solvent
like dioxane (or ethanol) to an aqueous solution of
binary and unbridged stacking adducts, [A][B], will
strongly reduce their concentration [18, 51, 52]. The
same conclusion is borne out from the results sum-
marized in Table IV. It should further be emphasized
that coordination of a metal ion either to the reactant
A or B does not alter this situation, as long as no
metal ion-bridge between A and B is formed: This
conclusion is supported by entries No. 6 to 8 in Table
IV, which show the influence of dioxane on the stack
formation between Zn(Phen)’” and benzyl alcohol
(BzOH). All these results are easily rationalized: ad-
dition of an organic solvent leads to a solvation of the
aromatic-ring systems by the alkyl parts of the or-
ganic solvent molecules; hence, this “hydrophobic”

solvation competes with the formation of the stack-
ing adducts and reduces thus their formation degree
[18]. For example, the stability of such binary ad-
ducts is drastically decreased if the solvent is changed
from water to 50% (v/v) dioxane—water: the stability
of the adducts is reduced by factors of about /s to /.
This observation contrasts strongly with the present
results summarized in Fig. 7: It is obvious that the
solvent influence on metal ion-bridged adducts as
present in Cu(AA), complexes is much less destruc-
tive, in fact even promotion may occur. In other
words, a metal ion-bridge may promote hydrophobic
and stacking interactions also under conditions of a
reduced solvent polarity.

Despite the indicated lack of data for amino acid
systems some comparisons are possible: Assuming
ideal fits the following stability constants for binary
amino acid adducts in aqueous solution have been
derived [11]: K{fi) e = 2 M7!, Kippe), = 10.7 M7,
and K{{1&y = 12.5M™". For related systems the
following values have been estimated: K%%g;-))(H.Leu] =
0.6 + 0.4 M~ [30], KEI ey = 1.4 £ 0.9 M™!
(30], and K{ATp)m.1rp) = 6.2 M™! [36]. Taking a value
of 10 M™! (which is rather an upper limit) for the
stability constant of a hydrophobic adduct between
two amino acids in water one calculates for a
2x 1073 M reactant solution that about 4% of the
amino acid molecules are present in the form of a
binary adduct [13]. These few percent should be
compared with the results shown in Fig. 8, which
apply for solutions containing Cu®* (107 M) and
phenylalanine or tryptophan (2x 107> M) at pH 7.
In these two systems in aqueous solution about 55 and
72% , respectively, of the amino acids are present as
Cu(AA),. and similar high concentrations of the
metal ion-bridged adducts still exist in 50% (v/v)
dioxane—water, while under these conditions the
concentration of the unbridged stacks is certainly be-
low 1%.

The results of Fig. 7 and 8 are instructive as they
reveal the structuring forces inherent in the side-
chains of phenylalanine, tryptophan, and aliphatic
amino acids. These forces were certainly important
during evolution of life and they are still participating
in the formation of the three-dimensional structures
of proteins, as well as in the determination of selec-
tivity as it occurs in bio-systems, e.g. with regard to
nucleotides [7, 8].

Taking everything together it appears that the
most important results of this study are: (i) the



G. Liang—H. Sigel - Intramolecular Stacking in Amino Acid Complexes

1565

100

O T [T o
o S—

20 30 40 50 60 70 80 O
°/s (v/v) Dioxane -Water

0 1
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and L-phenylalanine (left part) or

L-tryptophan (right part) at pH 7.00 on the concentration of the species present (full lines). The broken lines represent the

total concentration of the Cu(AA), complexes. The results are given as the percentage of the total Cu®’
(= 107 M; [AA],e = 2% 10 * M) present; compuled with constants listed in Tables I and II; I =
is in water <0.2% and in 80% dioxane <0.001%:;

25 °C. The concentration of the uncomplexed Cu**
formation of Cu?" is insignificant under these conditions.

stabilization of intramolecular stacks and hydro-
phobic adducts by metal ion-bridging, and (ii) the
observation that a reduced polarity of the solvent,
i.e. the presence of hydrophobic groups from an
organic solvent, does not prevent the formation of
intramolecular stacks or hydrophobic adducts in
M(AA), complexes. Considering the reduced polari-
ty in active-site cavities of enzymes [16, 17] this latter

concentration
0.1 M (NaNO;) and
hydroxo-complex

observation is important, because the type of inter-
actions described here are expected to create
cooperativity [34, 50] and thus also selectivity.
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