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ACES (N-(2-Acetamido)-2-aminoethanesulfonic acid), a popular Good's buffer, binds Cu(Il) ions with a moderate
affinity. Although this interaction was the subject of previous studies, no consensus in the literature was found.
We used potentiometry to establish binding constants, and controlled the potentiometric model selection and
binding constant calculations by UV-vis spectroscopy. As a result, we obtained a consistent set of complex stoi-
chiometries and binding constants in this system, which contains Cu?*, CuL™, CuL,, CuH_{L; " and CuH L5 2
complexes. The negative indexes at H atoms in these formulae denote the Cu(ll) assisted deprotonation of the
amide nitrogen present in the ACES molecule. The affinity of ACES for Cu(lI) strongly depends on the concentra-
tion and ACES:Cu(Il) ratio, reaching submicromolar apparent affinities at ratios higher than 100. These results
will enable more accurate determinations of biologically relevant stability constants of Cu(Il) complexes using

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

In 1960s N. E. Good with a group of his coworkers developed a se-
ries of 12 buffer agents suitable for biochemical applications [1,2].
These buffers are zwitterionic compounds based on N-substituted
morpholine ring or N-substituted amino acid, either taurine or gly-
cine. They differ by their pK, values, in order to provide a broader
range of buffer capacities, 6.15-8.35. The advantage of this new set
of agents over those used earlier is that they meet most of the criteria
required by biological and physiological systems including: good
water solubility, low ion effect, low absorbance of light at UV-vis
wave lengths, and good stability. Furthermore, the Good's buffers
were designed so that they display relatively low if any ability to
bind biologically relevant metal ions, including Mg(Il), Ca(Il), Zn(II),
Cu(II), and Mn(II).

Buffer interaction with metal ions is an extremely undesired phenom-
enon in all experiments focusing on metal ion properties, like reactivity
essays or binding experiments. In such experiments, buffer compounds
are usually used at high concentrations and even weak complexing
abilities may have great impact on the overall equilibrium of the studied
system.

Such weak metal ion binding can be turned into advantage in deter-
mination of affinity constants for strong ligands A. If the binding con-
stant of e.g. MA (metal-any ligand) complex lies beyond the range of
constants accessible by a given method, then lowering the availability
of the metal ion by the weak ligand, such as buffer B, may allow its de-
termination through the corresponding apparent binding constant [3].
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Since this approach necessitates the knowledge of stability constants
of such MB (metal-any buffer) complexes, the ability of many zwitter-
ionic buffers to form stable complexes with various metal ions has
been investigated extensively.

As mentioned above, Good's buffers are not efficient ligands for
the first row transition metal ions, and are often considered to be
‘non-coordinating’. This notion is, however, rarely true. For example,
we used potentiometry and UV-vis spectroscopy to demonstrate
that Hepes buffer forms a mononuclear 1:1 Cu(ll)/Hepes (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) complex with the
logPcyr of 3.22 [4]. Also other zwitterionic buffers studied appeared
to be less innocent than they were thought with many of them including
MES, (2-(N-morpholino)ethanesulfonic acid) MOPSO (3-morpholine-2-
hydroxypropanesulfonic acid), DIPSO (N,N-bis-(2-hydroxyethyl)-3-
amino-2-hydroxypropanesulfonic acid) and ACES (N-(2-acetamido)-2-
aminoethanesulfonic acid, N-(carbamoylmethyl)-2-aminoethanesulfonic
acid) bind divalent metal ions such as Mn(II), Co(II), Ni(II), Cu(II),
Zn(Il) [5-8]. Moreover, some of them were shown to form mixed
ternary complexes with divalent metal ion and low molecular weight
bioligands, such as nucleotides [5,7]. However, these studies were
performed solely by potentiometry, which is an indirect method of
research, thus prone to systematic errors.

ACES is a taurine-based Good's buffer. Its structure is presented in
Fig. 1. ACES was used recently to assist calorimetric determination of
the affinity of Cu(ll) to Alzheimer's Disease's AR peptide and some
other bioligands [3,9]. These studies, which followed a database recom-
mendation, and assumed the sole presence of a Cul, ACES complex
[10], prompted our interest in redetermination of Cu(ll) binding to
ACES. We used potentiometry to establish binding constants, but con-
trolled the potentiometric model selection and binding constant calcula-
tions by UV-vis spectroscopy. As a result, we obtained a consistent set of
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Fig. 1. Molecular structure of ACES in its deprotonated form L™.

data which will enable more accurate determinations of biologically rel-
evant stability constants of Cu(Il) complexes using ACES buffer.

2. Experimental
2.1. Reagents

ACES buffer, Cu(Il) nitrate and other reagents were purchased from
Sigma-Aldrich, except of the carbonate-free 0.1 M NaOH solution,
which was obtained from POCH S.A,, Gliwice, Poland.

2.2. Potentiometry

Potentiometric titrations were performed on a Titrando 907 auto-
matic titrator (Metrohm), using a combined glass-Ag/AgCl electrode
(InLab® Micro, Mettler Toledo), which were calibrated daily by nitric
acid titrations [11]. 0.1 M NaOH (carbon dioxide free) was used as a ti-
trant. Sample volumes of 1.0-1.5 ml were used. The samples contained
2.5-5.0 mM ACES, dissolved in 4 mM HNO3/96 mM KNOs. The Cu(lI)
complex formation was studied using a double to quintuple excess of
ligand over Cu(lIl), added as Cu(NOs),. All experiments were performed
under argon at 25 °C, in the pH range of 2.3 to 12.2. The collected data
were analyzed using the SUPERQUAD and HYPERQUAD programs
[12,13]. Five titrations were included simultaneously into calculations,
separately for protonation and Cu(Il) complexation.

2.3. UV-visible (UV-vis) spectroscopy

The UV-vis spectra were recorded at 25 °C on a Cary 50 Bio instru-
ment (Varian Inc., Palo Alto) in the spectral range of 350-1000 nm,
using 1 cm path length quartz cells. The concentrations of ACES and
Cu(I) were 5 mM and 2 mM, and the molar ratios of ACES:Cu(Il) used
were 5, 2 and 1. The samples containing ACES and Cu(Il) ions were
titrated with NaOH in the pH range of 2.0-12.0, by careful manual addi-
tions of very small amounts of the concentrated base solution.

2.4. Calculations of pure spectra of Cu(1l)-ACES complexes

The pH-dependent changes of Cu(Il) d-d spectra of ACES complexes
in the 350-1000 nm region were globally analyzed with the assump-
tion that the spectrum recorded at a given pH, (N, pH), is the weighted
average of individual spectra of all species present in the solution, &(\)
(Eq. 1). The weights, x;(pH), are molar fractions of individual complexes.
Concentrations of these species, ¢;(pH) were calculated according to
their p values determined by potentiometry.

e(\,pH) = Z &(N) - x;(pH)

oH) = _G(PH) 1
x;(pH) Zci(pﬂ)

For each wavelength (\), the values of €;(\) and accompanying stan-
dard deviations could be thus estimated with the aid of multiple regres-
sion approach against concentrations of all species, ¢;(pH) and a set of
€(\, pH) recorded at a broad range of pH. The series of 13 spectra

Table 1
Literature values of logarithmic protonation and Cu(Il) binding constants (log 3)* of ACES,
determined by potentiometry at 25 °C and I = 0.1 (KNOs).

Reference HL CuL® Cul, CuH_, Ly CuH_, 13~
[P 6.9 46

[6] 6.83 4.76

[7] 7.16 5.55

(8] 6.81 432 7.77 0.41 —8.08

[10] 7.77

[15] 6.847

@ For protonation, B(HL) = [HL]/ ([L"][H"]); for complexes, B(CuH,Ln) =
[CuHyLy ]+ 7 =™/ ([Cu®F L] [HF]™).
b 20°C

recorded in the pH range of 2.3-8.6 were then deconvoluted into five
basic ones, attributed to species indicated by potentiometry, Cu®™,
CulL™, Cul,, CuH_;L3 ! and CuH_,L; 2 Calculations were done using
the Gnuplot program [14].

3. Results and discussion

Potentiometry is the method of choice for determination of proton-
ation and complex formation constants of small molecules [15]. We
used it to study ACES-Cu(ll) interactions, but, in contrast to the all but
one previous study of this system [8], we employed UV-vis spectrosco-
py to control the potentiometric calculations and derive the Cu(Il) bind-
ing modes. The literature data are collected in Table 1 [1,6-8,10,16].

Preliminary UV-vis tests indicated the significant Cu(OH), precipi-
tation at ACES:Cu(II) molar ratios lower than 2, thus indicating the for-
mation of bis-complexes, contrary to several previous reports, which
listed only the CuL species [1,6,7]. Therefore, all further potentiometric
studies were performed for ACES:Cu(Il) molar ratios of 2 and higher.
UV-vis experiments indicated, however, that precipitation of hydroxide
was fully prevented only at the highest molar ratio used, 5. Therefore,
the calculations of stability constants were made on the basis of titra-
tions of samples containing a five-fold excess of ACES over Cu(Il). The
results of stability constant calculations are presented in Table 2, while
Fig. 2 shows the species distribution plot, validated by the pH depen-
dence of the d-d band intensity. The corresponding UV-vis spectra are
presented in Fig. 3. In order to obtain spectral parameters of individual
complex species, these spectra were deconvoluted into pure compo-
nents, according to the potentiometric species distribution. Fig. 4 shows
these components, while their parameters are included in Table 2. The
correctness of this approach is confirmed by the very low standard devi-
ations of deconvoluted spectra, visualized in this figure.

The coordination model obtained from the fitting of potentiometric
curves includes the species with negative hydrogen stoichiometries,
CuH_L; and CuH_,L5~ (Fig. 2). Such species are common in Cu(Il)
complexes of amides and peptides, where negative indices result from
the metal-assisted release of protons from amide nitrogens [17-19].
These protons do not dissociate spontaneously in the accessible pH
range, and therefore are not included in the protonation pattern of the

Table 2

Logarithmic protonation and Cu(ll) binding constants (log 3* and pK,) of ACES, deter-
mined by potentiometry at 25 °C and I = 0.1 (KNO3), and UV-vis spectral parameters of
respective complexes. Statistical errors on the last digits of log 3 values, provided by
HYPERQUAD [12], are given in parentheses.

Species log p pKa, *K UV-vis
Nmax (M) € (M71 cm")
HL 6.757(2)
Cul* 4.38(1) —2.38 770 35
Cul, 8.04(1) —5.48 694 36
CuH_ 4Ly 1.15(1) 6.89 635 53
CuH_,L3~ —7.19(1) 8.34 549 62

2 For complexes, B(CuH,Ly,) = [CuH,Ly,]> *" =™ / ([Cu® F][L™]"[HT]").
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Fig. 2. Species distribution plots, calculated for 2 mM ACES and 0.4 mM Cu(II). Stoichiom-
etries of species are indicated on the plot.

free ligand. However, in the framework of HYPERQUAD calculations,
such “negative protons” are equivalent to hydroxyl groups, and stoichi-
ometries of these two complexes might actually be Cul,(OH)™ and
CuL,(OH)3 . In order to solve this ambiguity, we inspected the param-
eters of UV-vis spectra and compared them with potential complex
structures, using analogies from amide and peptide studies.

ACES molecule contains three potential metal-binding groups:
terminal sulfonate and amide, with the intervening secondary amine.
The sulfonate is not a significant binding site from the point of view of
Cu(Il) binding, and thus, in the first approximation, ACES can be consid-
ered as N-substituted glycinamide. Cu(Il) binding to this molecule has
been studied quite extensively [20-24] and the results published before
1982 were discussed in the classical review on the coordination proper-
ties of the amide bond by Sigel and Martin [17]. Although the models
proposed in these papers differ in details, most of them propose the
existence of species similar to those found by us for ACES. The complexes
with negative protons were assigned in those studies to the deproton-
ation of the amide nitrogen. The pK, values for the first and second
amide deprotonation in the CuA, complex of glycinamide were 6.7-7.0
and 8.1-8.2, respectively [21,23,24]. The corresponding values found by
us for ACES are very similar: 6.89 and 8.34. On the other hand, the stabil-
ity constants of CuL™ and CuL, complexes for ACES, corrected for amine
protonation (*K), (Table 2) are higher from those of glycinamide, by 0.3
and 1 log units, respectively [22-24]. In order to further confirm this
assignment for ACES complexes, we resorted to the empirical formula
defined by Sigel and Martin, which correlates the \,.x of the d-d band

0.03 4

Fig. 3. UV vis spectra at 25 °C of samples containing 2 mM ACES and 0.4 mM Cu(lI), with
I = 0.1 (KNOs) in the pH range of 2.3 to 11.5. The arrow indicates the direction of spectral
changes upon the increase of pH.

704
_Cu?o
60 —cul’
—Cul,
50 -
. CuH L,
= 2
‘s 40, CuM L,
G
= 30-
w
204
10+
[E.

400 500 600 700 800 900 1000

% (nm)

Fig. 4. Spectra of pure Cu(ll) complex forms obtained from data presented in Fig. 3 by
deconvolution on the basis of the potentiometric species distribution. Standard deviations
for each wavelength are indicated as vertical lines.

of the Cu(ll) ion with the character of coordinating ligands (Eq. 23 in
Ref [17]). We assumed the following possibilities of the equatorial coor-
dination modes: in CuL™ and CuL, complexes the ACES molecule is coor-
dinated by amine and either a carbonyl oxygen or a sulfonate (we used
the carboxylate coefficient for this purpose), while in CuH_;L; and
CuH_,13~ complexes the alternative is between the deprotonated
amide and the water-derived hydroxyl group. The calculations are sum-
marized in Table 3, which clearly indicates that the experimental Njax
values are systematically red-shifted from the calculated ones. Noting
the fact that apical coordination of a negatively charged oxygen donor
red-shifts the d-d band by 30-50 nm [17,25], and the sulfonate is steri-
cally capable of such binding, forming a 6-membered chelate ring, we as-
sume that the actual structures of all complexes involve apical binding of
one or two sulfonates, and the deprotonated amide nitrogen occupies
the equatorial position(s) in CuH_4L;” and CuH_,L3~ complexes. This
arrangement also accounts for the relative increase of stability of the
ACES complexes, compared to glycinamide. Fig. 5 presents the postulat-
ed structures of the complexes discussed above.

We have to note that the coordination model obtained in this work is
qualitatively identical with that published previously, also on the basis
of potentiometry and UV-vis spectroscopy [8]. These models differ
quantitatively, however, especially in the area of deprotonated species,
which are more stable in our model. Another difference is that the pre-
vious model denied sulfonic group coordination and assumed square-
planar structures of complexes.

The relatively high stability of the Cul, complex results in a non-
linear dependence of the ability of ACES to sequester Cu(Il). In order to
facilitate the analysis we calculated the competitivity index (CI) [26,27]
calculated for various Cu(Il) and ACES concentrations, at pH 7.4. Cl is
the universal measure of binding ability of a given system, e.g. set of

Table 3
The comparison of experimental values of \,,,x (nm) for individual ACES complexes with
those predicted from the empirical formula proposed by Sigel and Martin [16].

Species Nmax (nM)
experimental NH, + N2 NH, + OH™" NH, + SO3°¢
CuL* 770 745 745 717
Cul, 694 663 663 621
CuH_ Ly 635 585 663
CuH_,13~ 549 524 663

2 N~ assumed to account for negative stoichiometric index at H in CuH_4L; and
CuH_,13".

b OH™ assumed to account for negative stoichiometric index at H in CuH_;L3 and
CuH_,L3".

€ SO5 assumed to bind equatorially in CuL™ and CuL,.
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Fig. 5. ACES binding modes in Cu(Il) complexes. Only one ligand is shown for clarity.

complexes of molecule L. It is defined as the log Ky;z (the metal M com-
plex of a virtual competitor Z), adjusted so, that it competes exactly 50%
of M out of the studied system of complexes of L, %j;([MiHjLk]) = [MZ],
when total concentrations of L and Z are the same. CI facilitates the com-
parisons of binding abilities of complexes of different stoichiometries,
otherwise rather difficult, because the respective binding constants
have different units. CI is principally equivalent to the calculation of
free metal ion concentrations, but is more feasible numerically and
more intuitive, as it has a character of an apparent affinity constant.
The bold typeface data in Table 4 show that at a high excess, which is
usually the case when it is used as pH buffer, ACES binds Cu(Il) with an
apparent affinity of 3.3 x 107 M. This binding ability is diminished
by a factor of 50 when the ACES:Cu(Il) ratio approaches 1, down to ca.
2.2 x 10* M. These numbers provide a range of applications of ACES
as competitor for Cu(ll) ions. It is, however, very important, that explicit
binding constants for all complexes should be used in accurate
calculations.

The regular typeface data in Table 4 were calculated on the basis of
the previously used data (Refs. [10] and [15]). The comparison of two
datasets of Table 4 shows that the previously used data underestimate
the binding abilities of ACES at pH 7.4, by up to one order of magnitude
at a high molar excess, in terms of the apparent affinity constant
expressed in M~ !. The contribution of the CuL; species to this difference
is only 0.13 log units per ACES molecule (Tables 1 and 2). The bulk of the
effect is provided by the CuH_ L3 complex, which is the actual major
species at pH 7.4 (see Fig. 2).

4. Conclusion

We demonstrated that ACES buffer is a relatively strong Cu(II) chela-
tor, forming bis-complexes which involve deprotonated amide nitrogen
coordination. At a high molar excess over Cu(Il), which is a typical
situation in the laboratory practice, ACES can bind Cu(Il) ions with
an effective affinity higher than micromolar. The data presented
above provide solid background for applications of this buffer/chela-
tor as competitor in determinations of stabilities of Cu(II)/biomole-
cule studies.

Abbreviations

ACES (N-(2-acetamido)-2-aminoethanesulfonic acid, N-(carbamoyl-
methyl)-2-aminoethanesulfonic acid)

Cl competitivity index

K protonation corrected stability constant

L fully deprotonated form of ACES

Table 4

The competitivity index (CI* [26,27]) calculations for various ACES and Cu(IlI) molar con-
centrations, at pH 7.4. Values calculated from stability constants determined in this
work (bold) are compared with those obtained for previously proposed constants of log
B(Culy) = 7.77 [10] and pK, of HL = 6.847 [15].

Cu(II) 0.0001 0.001 0.01
ACES

0.001 548 4.50 4.48 3.86

0.01 6.525.55 645549 435349
0.1 7.52 6.56 7.516.55 745649

2 (lis the logarithm of the conditional stability constant of MZ (the metal complex of a
theoretical molecule Z), such that S, ([MHLiA]]) = [MZ], at given overall component
concentrations. Here concentrations of ACES and Z are set equal.
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