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The thermodynamics of Cu2+- and Ni2+-NTA binding to polypeptides containing 2–6 histidine residues in
neutral buffered aqueous solutions were characterized by isothermal titration calorimetry (ITC). The
apparent dissociation constants of ternary complexes of N-acetylhexahistidine-Ni2+-NTA and N-acetyl-
hexahistidine-Cu2+-NTA were 69.5 lM and 27.1 lM, respectively. Decreased number of histidine residues
in the oligohistidine fragment caused gradual decrease in the stability of the mixed metal complexes and
a change in the binding stoichiometry from �1:1 for N-acetylhexahistidine and N-acetylpentahistidine to
�0.5:1 for N-acetyltetrahistidine and �0.3:1 for N-acetyltrihistidine, N-acetyldihistidine and N-acetylhis-
tidine ligands. In all cases, the binding interactions are shown to be enthalpically favored. Other
metal cations formed less stable mixed metal complexes with stability constants in the order of
Cu2+ > Ni2+ > Mg2+, Co2+, Zn2+ >> Mn2+, Ca2+. The significance of the data is discussed in terms of important
practical applications.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Formation of kinetically labile metal complexes is a commonly
used approach in self-assembly and molecular recognition and is
normally characterized by large changes in enthalpy [1,2]. Metal
complexes with a single cation can easily achieve high stability
that otherwise can only be obtained by simultaneous formation
of weaker non-covalent interactions such as hydrogen bonds, salt
bridges, dipole–dipole, or hydrophobic interactions [3]. This
approach has yielded state-of-the-art coordination supramolecular
architectures with a wide range of interest and applications
including electronic [4,5], catalytic [6], and photophysical materi-
als [6–9]. Coordination bonding has been used for self-assembly
of metal oxide frameworks, coordination polymers [10–12],
molecular grids [13,14], molecular cages and nanocapsules [1,15],
helicates [16,17], topologically defined macrocycles [18,19], trigger
type molecules [20], artificial base pairing in DNA [21], and other
applications [22,23].

In contrast to the intrinsic complementarity of hydrogen
bonding and other weak interactions [24,25], metal ions exposed
to a mixture of different ligands in solution phase produce, in most
cases, statistical mixtures of homo- and heteroleptic complexes
[26]. A possible solution to induce selective formation of ternary
complexes from two different chelate ligands involves using two
ligands possessing different electric charges. Selective formation
of heteroleptic ternary complexes has been observed for square
planar complexes of copper(II) cation with a-amino acids and
2,20-bipyridine [27], and for pentacoordinated copper(II) [28] and
zinc(II) [29] cations with terpyridine and bipyridine ligands. Selec-
tive formation of ternary ligands around iron(III) cations has been
achieved with a pair of complementary g3-terdentate meridional
binders (pincer ligands) both belonging to hydroxyamino-1,3,
5-family [30]. This approach is commonly used in His-tag systems
through formation of labile mixed complexes between a metal
cation, most commonly Ni2+, an aminocarboxylate chelate ligand
such as iminodiacetate (IDA) or nitrilotriacetate (NTA), and an
oligohistidine polypeptide sequence containing 6–10 histidine
residues (Fig 1). This sequence is routinely introduced into the
polypeptide chains of proteins using recombinant DNA methodol-
ogy and the majority of recombinant proteins end up containing
this oligohistidine polypeptide sequence.

The most common and practical application of ternary com-
plexes involves Immobilized Metal-Affinity Chromatography
(IMAC) [33–35]. Binding of the imidazole rings of His-tagged
recombinant proteins to aminocarboxylate-Ni2+ functionalized
stationary phase results in the immobilization and purification of
His-tagged proteins which are subsequently recovered by elution
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Fig. 1. Schematic representation of the formation of a ternary aminocarboxylate Ni2
+ complex with the hexahistidine tag of a recombinant protein. The structure of the
NTA-Ni2+ complex is adopted from [31,32].
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with a solution of imidazole. Different aminocarboxylate functions
such as iminodiacetate (IDA), nitrilotriacetate (NTA), and
carboxymethylated aspartic acid with other metals such Cu2+,
Zn2+, Co2+ have also been employed [36].

In addition to the purification of recombinant proteins, the
His-tag binding system has been used in membrane separation of
recombinant proteins [37], immobilization of recombinant pro-
teins on interfaces [38,39] and on nanoparticles [40–42]. Other
applications include the development of biosensors through self-
assembly in solution phase [43] of hexahistidine tags with mole-
cules containing two [44–46] or three [47–50] aminocarboxylate
residues. Recently, several attempts for site specific functionaliza-
tion of recombinant proteins using oligohistidine have been
reported [51]. This approach involves the formation of a ternary
metal complex between the oligohistidine tag of a recombinant
protein and an alkylating reagent covalently attached to a nitrilo-
triacetate function. The resulting ternary complex serves as a tem-
plate for subsequent alkylation of the non-metal binding imidazole
groups on the oligohistidine tag. The alkylation of recombinant
proteins with NTA tethered Baylis–Hillman esters [51] and other
alkylating agents [52,53] is a particularly promising approach that
could be used for covalent derivatization of His-tagged recombi-
nant proteins. However, smaller sequences of 2–5 sequential
histidine residues that appear in natural proteins much more
frequently than hexahistidine sequences can potentially compete
with this method of derivatization of recombinant proteins.
Binding of M2+-NTA by histidine molecules has been studied
showing that histidine molecules can form stable ternary
NTA-M2+-His complexes coordinated via imidazole fragment [54].

Despite numerous applications of the NTA-Ni2+-hexahistidine
system, structural information using conventional X-ray diffraction
methods are still lacking due to the inability of these heteroleptic
complexes to form crystals. Furthermore, there is no in-solution
thermodynamic data available on this system and the stability
constants have only been indirectly determined using metal-
chelating microscopy tip [55] and fluorescence titrations experi-
ments [48,56–58]. Here, we provide the apparent values of all
the thermodynamic parameters (binding affinity KITC, binding
stoichiometry n, enthalpy change DHITC, entropy change DS and
free energy change DG) for the binding interaction between
divalent metals (mainly Ni2+ and Cu2+) complexes of nitrilotriacetic
acid with N-acetylhexahistidine and shorter oligohistidine
sequences using isothermal titration calorimetry. This method
has been previously employed in the study formation of metal
complexes association with histidine [59] and histidine rich
sequences [60,61] as well as for determination of binding constants
in immobilized metal affinity chromatography [62].
2. Materials and methods

All chemicals, ZnSO4�7H2O, and NiSO4�7H2O (Sigma–Aldrich),
CuSO4�5H2O, MnSO4�H2O, CaSO4�2H2O, MgSO4�7H2O, and NaCl
(Fisher Scientific), CoSO4�H2O (Alfa Aesar), 3-(N-Morpholino)
propanesulfonic acid (Mops) (Research Organics), and nitrilotri-
acetic acid, NTA (Acros) were of reagent grade and were used
without further purification. A 100 mM nitrilotriacetic acid stock
solution in basic deionized H2O at pH 12 was diluted down to
3 mM in 0.1 M Mops, 0.1 M NaCl, pH 7.0 buffer and then used to
prepare the working solutions of all salts employed in this study.
Unless otherwise mentioned, all stock salt solutions were initially
prepared in deionized H2O, pH 2.0 and then slowly added to the
3 mM NTA solution to give a final concentration of 1.5 mM metal
ions and a ratio of 2 NTA:1 metal. Similar ITC results were obtained
whether the stock solutions were prepared with 1 or 2 NTA
molecules per metal ion. Under our experimental conditions, the
M2+-NTA complexes are shown to be essentially present as
mononuclear species as confirmed by UV–Vis and ITC control
titrations of metal ions into NTA solutions (data not shown).
N-acetyloligohistidines were custom-synthesised by Biomatik
(http://www.biomatik.com). Isothermal titration calorimetry
experiments were carried out on a TA Instruments low volume
Nano ITC with gold cells and an active cell volume of 185 lL. While
the theoretical background and other practical aspects of ITC are
discussed in detail elsewhere [63–69], it is worth noting that in a
single ITC experiment the association constant (KITC), stoichiome-
try (n) and the enthalpy change (DHITC) of binding can be simulta-
neously determined. The Gibbs free energy of binding (DG) and the
entropy change (DS) of the reaction can be calculated using the
relationships DG = �RT lnKITC and DG = DH � TDS. We should
mention that all reported thermodynamic quantities in this study
are apparent values (i.e. experimentally measured values under
non-standard conditions) which may include possible contribu-
tions to the overall equilibrium from different processes such as
structural rearrangements of ligand–metal complexes upon inter-
action and ligands and buffer species in different states of protona-
tion. Here, all titrations were performed at 25.00 �C in 0.1 M Mops,
0.1 M NaCl, pH 7.0 with a stirring rate of 250 rpm and a titrating
syringe volume of 50 lL. Typically, an automated sequence of 16
injections, each of 3 lL NTA-metal titrant into the sample cell
containing 0.2 mM oligohistidine, spaced at 5 min intervals to
allow complete equilibration were performed with the equivalence
point coming at the area midpoint of the titration. To show that
polynuclear species were not formed between the ligands and
the metal ions used in this study, ITC experiments were performed
under higher concentrations (i.e. 1 mM ligands and 7.5 mM metal
ions, respectively, panels H in Figs. 2 and 3). The results were sim-
ilar to those reported under the lower concentrations of 0.2 mM
ligands and 1.5 mM metal ions. The data were collected automati-
cally and analyzed using the NanoAnalyze software from TA
Instrument and a mathematical model involving one class of
independent binding sites. All ITC experiments were repeated
two to three times to ensure reproducibility with background heat
corrections from NTA-metal ions titrations into buffer alone to
account for the heat of dilution/mixing. Unless otherwise stated,
the errors given in the tables from curve fitting are from replicate
measurements. Conditions for each experiment are given in the
figure captions.

To check the accuracy of the measured enthalpies and validate
the thermodynamic data, chemical (i.e. acid base titrations and/or
Ba2+ titration into 18-Crown-6) and electrical (multiple 250 uJ

http://www.biomatik.com
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Fig. 2. Calorimetric titration of N-acetyloligohistidines with Ni2+-NTA. (A, B, C, D, E and F) Raw ITC data; (G) Plots of the integrated heat vs. the Ni2+-NTA/
N-acetyloligohistidine ligand molar ratio. Conditions: 0.2 mM N-acetyloligohistidine titrated with 3 lL injections of 1.5 mM Ni2+-NTA in 0.1 M Mops, 0.1 M NaCl, pH 7.0 and
25.00 �C. (H) Same as (G) but with 1 mM N-acetyloligohistidine and 7.5 mM Ni2+-NTA. Note that the magnitude of the background dilution/mixing heat (0.2–0.3 lW) is very
weak compared to the heats obtained when Cu2+-NTA or Ni2+-NTA solutions are titrated into oligohistidine solutions.
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pulses) calibrations were performed according to the manufacturer
recommendation and published protocols [70,71].
3. Results and discussion

3.1. ITC parameters of N-acetyloligohistidine sequences binding to
Ni2+-NTA

The apparent thermodynamic parameters of N-acetylhexahis-
tidine polypeptide binding to Ni2+-nitrilotriacetic acid in buffered
solution at pH 7.0 were obtained by isothermal titration calorime-
try. Literature data indicate that the complex between Ni2+ and
NTA is very stable with Log K near 11.50 [72]. In contrast, binding
of Ni2+ by hexahistidine is considerably weaker [56,58]. As a result,
NTA-bound Ni2+ cations in the presence of hexahistidine residues
form ternary complexes of the type NTA-Ni2+-His6 rather than
displacing NTA. The lack of NTA displacement is evident from the
extensive use of NTA-Ni2+ on interfaces [47,48,73] where the
presence of large excess of hexahistidine-tagged proteins does
not result in the displacement of NTA by hexahistidine ligands
with subsequent leaching of Ni2+ from interfaces into the solution
phase. In homogeneous solutions, titration of analogous Ni2+-imin-
odiacetate derivatized complex by hexahistidine-tagged proteins
[43] revealed no displacement of iminodiacetate. Thus, it is reason-
able to assume that the species present in appreciable amounts in
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solutions containing NiSO4, at least 1 equiv. of NTA and N-acetyl-
hexahistidine are Ni2+-NTA complexes and NTA-Ni2+-N-acetylhex-
ahistidine mixed complexes. To ensure that all Ni2+ cations initially
exist as Ni2+-NTA complexes, all titrations were performed at pH
7.0 in buffered solutions containing the Ni2+-NTA complex in the
titrating syringe (prepared using 2 equiv. NTA and 1 equiv. NiSO4)
and N-acetylhexahistidine in the ITC reaction cell.

Figs. 2A–F illustrate the raw ITC results for N-acetyloligohistidi-
nes titration with Ni2+-NTA. The integrated heats (lW) for each
injection versus the molar ratio of Ni2+-NTA to N-acetylhexahis-
tidine are shown in Fig. 2G after subtraction of the control heats
due to dilution and mixing. The ITC upward positive peaks
observed in Fig. 2 correspond to an exothermic reaction for
Ni2+-NTA binding to N-acetyloligohistidines. All experimental
thermodynamic parameters obtained from curve fitting of the
integrated heats are compiled in Table 1. The data show one class
of binding sites with a stoichiometry of approximately one
Ni2+-NTA complex to one hexahistidine or one pentahistidine and
dissociation constants Kd, ITC on the order of 60–70 lM. Binding
of Ni2+-NTA complex to lower histidine sequences (i.e. tetrahis-
tidine and trihistidine) showed higher dissociation constants of
�120 lM and �140 lM and binding stoichiometries of �0.5 and
�0.3 Ni2+-NTA per tetrahistidine and trihistidine, respectively
(Table 1). In contrast, no binding between Ni2+-NTA and either
dihistidine or histidine was observed under our experimental
conditions.

Based on these results, we can write the net association reaction
between oligohistidine and Ni2+-NTA complex as follows:

AcðHisÞ1�6COO
� þ nNi2þ-NTA ! AcðHisÞ1�6COO

�½Ni2þ-NTA�n
The apparent Kd, ITC value of �70 lM obtained by ITC for the

NTA-Ni2+-N-acetylhexahistidine ternary complex (Table 1) is sub-
stantially higher than those obtained in earlier studies of ternary
complex formation between nickel aminocarboxylates and hex-
ahistidine. For instance, Kd, ITC values of �2–12 lM were reported
for the binding of Ni2+ complexes of NTA functionalized polymero-
somes [57] and diblock copolymers derivatives [58], or �4 lM for
NTA group attached to a lipid molecule [48]. This substantial differ-
ence might be expected given that all literature data were obtained
on different types of interfaces where formation of polynuclear
metal complexes between the hexahistidine tag and two or three
Ni2+ cations is greatly favored. Our apparent Kd, ITC value is, how-
ever, similar to a Kd, ITC of 81 lM observed in Ni2+ complex of
NTA with hexahistidine without an acetyl on the terminal amino
group [62]. This similarity indicates that the terminal amino group
of hexahistidine most likely does not participate in binding of Ni2+.
Table 1
Best fits parameters for ITC measurements of Ni2+-NTA and Cu2+-NTA binding to N-acetylo
n represents the number of moles of M2+-NTA bound per oligohistidine.

N-acetyl oligo-histidine Metal cation KITC (M�1) Kd, ITC (lM)

N-Ac 6xH Ni2+ (1.44 ± 0.53) � 104 (69.44 ± 0.26
Cu2+ (3.69 ± 1.62) � 104 (27.10 ± 0.12

N-Ac 5xH Ni2+ (1.63 ± 0.76) � 104 (61.35 ± 0.29
Cu2+ (4.33 ± 0.93) � 104 (23.09 ± 0.05

N-Ac 4xH Ni2+ (8.39 ± 1.40) � 103 (119.19 ± 0.0
Cu2+ (4.85 ± 0.68) � 104 (20.62 ± 0.03

N-Ac 3xH Ni2+ (7.10 ± 0.48) � 103 (140.84 ± 0.0
Cu2+ (2.23 ± 0.28) � 104 (44.84 ± 0.06

N-Ac 2xH Ni2+ ———— ————
Cu2+ (9.98 ± 1.87) � 103 (100.20 ± 0.0

N-Ac 1xH Ni2+ ———— ————
Cu2+ (5.41 ± 0.87) � 103 (184.84 ± 0.0

Imidazole Ni2+ ———— ————
Cu2+ (1.22 ± 0.25) � 104 (81.97 ± 0.17
Very similar Kd, ITC of 69 lM was also observed between Ni2+

complex of an N-alkyl iminodiacetate derivative (which has one
less carboxylate group than our Ni2+-NTA complex) and a hexahis-
tidine tag suggesting that only two of the three NTA carboxylate
residues bind Ni2+ [43] and that in these complexes NTA binds
Ni2+ in a tridentate mode (Fig. 1).

The effect of shorter oligohistidine peptides on the formation
and the strength of the ternary histidine polypeptides-Ni2+-NTA
complexes was also considerably different from existing literature
values. For example, a comprehensive study of the binding of
Ni2+-NTA complexes immobilized on the surface of an SPR chip
[35] with analogous oligohistidines reported much lower dissocia-
tion constants (Kd, ITC �0.014 lM for hexahistidine increasing to
�0.024 lM for pentahistidine and to�0.313 lM for tetrahistidine).
This significant discrepancy can only be explained by the dominant
interaction between these oligohistidine sequences and multiple
immobilized Ni2+-NTA complexes.

In view of the lack of known crystal structure data on the
NTA-Ni2+-hexahistidine complexes in solution phase and obvious
difficulties in determining the structures of the resulting paramag-
netic Ni2+ and Cu2+ complexes by 1H NMR and ESR (due to very fast
isomerization equilibria), it is tempting to use the ITC results
obtained here to shed light on the NTA-Ni2+-hexahistidine com-
plexation reaction despite the fact that thermodynamics does not
provide direct structural information. The binding of Ni2+-NTA
complex by His residues of N-acetyloligohistidines can occur with
1,2- (two neighboring binding His residues), 1,3- (two binding
residues separated by one non-binding residue), or 1,4- binding
(two binding residues separated by two non-binding residues)
modes. Because of the decrease in the binding stoichiometry
between penta- and tetrahistidine (from �1 Ni2+-NTA:1 pentahis-
tidine to �0.5 Ni2+-NTA:1 tetrahistidine, Table 1), it is reasonable
to assume that three histidine residues in the pentahistidine oligo-
mer bind octahedral Ni2+ while the remaining three coordinating
sites of Ni2+ are occupied by NTA. With tetrahistidine, an analogous
tridentate binding mode does not apply as evidenced by the �0.5:1
stoichiometry. This difference can be explained assuming that a 1,2
mode of chelate binding of Ni2+ cation by histidine residues is
energetically disfavored. Consequently, and in contrast to
pentahistidine where two 1,3 binding modes take place, the
tetrahistidine ligand can form only two stable coordination bonds
with Ni2+ through either 1,3 or 1,4 binding modes while the
remaining sixth coordination bond is formed by a histidine residue
from another tetrahistidine molecule. However, the 1,4 binding
mode is likely the preferred mode given that further decrease in
the binding stoichiometry (down to �0.3 Ni2+-NTA molar equiva-
lence) is observed with N-acetyltrihistidine (Table 1). In all cases,
ligohistidines and imidazole. The experimental conditions are those of Figs. 2 and 3.

DHITC (kJ/mol) n DG (kJ/mol) DS (J K�1 mol�1)

) �28.53 ± 1.82 0.91 ± 0.02 �23.66 ± 0.93 �16.3 ± 3.7
) �47.23 ± 2.14 0.92 ± 0.02 �25.91 ± 1.08 �71.5 ± 4.4
) �26.09 ± 0.71 0.87 ± 0.14 �23.87 ± 1.07 �7.4 ± 2.4
) �44.53 ± 0.09 1.15 ± 0.19 �26.43 ± 0.54 �60.7 ± 1.0
2) �32.28 ± 1.31 0.55 ± 0.02 �22.37 ± 0.39 �33.2 ± 2.5
) �45.24 ± 0.31 0.52 ± 0.08 �26.73 ± 0.34 �62.1 ± 0.8
1) �26.89 ± 1.19 0.30 ± 0.02 �21.98 ± 0.17 �16.5 ± 2.2
) �45.92 ± 2.20 0.31 ± 0.04 �24.81 ± 0.30 �70.8 ± 4.1

———— ———— ———— ————
2) �31.97 ± 1.53 0.28 ± 0.04 �22.80 ± 0.47 �30.7 ± 2.9

———— ———— ———— ————
3) �36.31 ± 1.04 0.31 ± 0.03 �21.29 ± 0.39 �50.4 ± 2.0

———— ———— ———— ————
) �29.65 ± 2.39 0.55 ± 0.07 �23.32 ± 0.21 �21.2 ± 4.4
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the complexation reactions between NTA-Cu2+ (or NTA-Ni2+) and
oligohistidines are enthalpically favored (i.e. large negative DH)
and accompanied by a decrease in system disorder (i.e. negative
DS values could be associated with the conversion of flexible
N-acetyloligohistidine chains to a more rigid cyclic structure upon
metal ion complexation).

3.2. ITC parameters of N-acetyloligohistidine sequences binding to
Cu2+-NTA and other metal cations-NTA complexes

Because Cu2+ cations have been shown to bind histidine residues
[51], analogous ITC measurements were conducted with NTA-Cu2+

complexes and N-acetylhexahistidines. As reported under Materi-
als and Methods, similar results were obtained whether the stock
solutions were prepared with 1 or 2 NTA molecules per metal ion
suggesting that dinuclear complexes (if present) do not
significantly influence the results of the complexation reaction.
Fig. 3A–F show the raw ITC data of a series of titrations of
Cu2+-NTA complexes with different N-acetyloligohistidine
polypeptides with the integrated heats for each injection shown
in Fig. 3G following subtraction of control heats. In contrast to
Ni2+-NTA, alteration of the number of histidine residues did not
completely eliminate the binding of Cu2+-NTA to dihistidine and
histidine but had a pronounced effect on the binding stoichiometry
reducing it down to one-third of that of hexahistidine. However, the
affinity remained pretty much constant for most histidine
sequences with the exception of dihistidine and histidine which
exhibited about 4-fold and 7-fold reduction, respectively (Table 1).
Therefore, while Cu2+-NTA showed good association with all poly-
histidine peptides tested here, Ni2+-NTA showed no measurable
association with either dihistidine or histidine. The difference in
stability constants for the polyhistidine-Cu2+-NTA ternary
complexes was on average 2- to 3-fold higher than polyhistidine-
Ni2+-NTA complexes. These results suggest a stronger association
between Cu2+-NTA and oligohistidines and are reflected in the
higher values of the enthalpy change of the reaction (Table 1).
Nonetheless, exothermic reactions were observed with all
M2+-NTA-oligohistidine complexes tested in this study and excel-
lent fits of the data (Figs. 2G, 2F and 3G, 3F) are achieved using a
model with one set of independent binding sites (Table 1).

The ITC binding data of Cu2+-NTA to N-acetyloligohistidines is
analogous to that observed with Ni2+-NTA in that both hexa- and
pentahistidine provided similar binding constants with 1:1 stoi-
chiometry of ternary complexes. Transition from pentahistidine-
Cu2+-NTA complexes to tetra- and then trihistidine peptides
resulted in identical reduction in binding stoichiometries from
�1:1 to �0.5:1 to �0.3:1 M2+-NTA:oligohistidine, respectively.
The higher stability constants of Cu2+ cations in comparison to
Ni2+ cations allowed measurement of their NTA ternary complexes
with N-acetyldihistidine and N-acetylhistidine (Table 1).

Significantly, while the decrease in binding affinity (from
�2 � 104 to �1 � 104 to �0.5 � 104 M�1 for trihistidine, dihistidine
and histidine, respectively) is likely due to the decreased number
of total histidine residues (from 3 in N-acetyltrihistidine to one
in N-acetylhistidine), the binding stoichiometry of the Cu2+-ternary
complexes remained at 3 histidine ligands per 1 Cu2+-NTA
Table 2
Best fit parameters for ITC measurements of M2+-NTA binding to N-acetyloligohistidin
1.5–3.0 mM M2+-NTA in 0.1 M Mops, 0.1 M NaCl, pH 7.0 and 25.00 �C. n represents the nu

N-acetyloligohistidine (mM) [M2+-NTA] (1:2) KITC (M�1)

0.2 1.5 mM Mg2+ (2.45 ± 1.03) � 103

0.2 1.5 mM Co2+ (2.29 ± 0.14) � 103

0.2 1.5 mM Mn2+ Very weak binding
0.2 1.5 mM Ca2+ Very weak binding
0.3 3.0 mM Zn2+ (2.55 ± 0.65) � 103
(Table 1). The higher binding constant obtained for imidazole
(which is in good agreement with the literature data [74]) in com-
parison to N-acetylhistidine (�1.2 � 104 M�1 versus�5 � 103 M�1)
can be attributed to lower steric congestion in the case of imida-
zole. Nonetheless, our ITC results with Cu2+ and Ni2+ cations sug-
gest similar binding modes between the N-acetyloligohistidines
and M2+-NTA.

The ITC data show large negative DS� values of ternary complex
formation particularly with Cu2+ cations. This negative entropy can
be attributed to the complexation reaction between M2+-NTA and
N-acetyloligohistidines and the conformational changes resulting
from the conversion of flexible oligohistidine peptides in the free
N-acetyloligohistidines in solution to more rigid cyclic structures
upon ternary complex formation (Fig. 1). These negative entropy
changes are partially offset by an increase in entropy due to the
release of water molecules from the inner coordination sphere
of NTA-M2+-(H2O)n=1�3 upon binding to N-acetyloligohistidine
ligands. The observed differences between Cu2+-NTA and
Ni2+-NTA can be ascribed to the different coordination chemistries
of the two cations as Cu2+ commonly forms 4- and 5-coordinate
complexes compared to the predominantly hexacoordinated Ni2+.
Consequently, 4-coordinate NTA-Cu2+-H2O complexes would
release only up to one water molecule upon ternary complex
formation in comparison to up 3 water molecules that could be
released from hexacoordinated NTA-Ni2+-(H2O)n=2�3 complex.

The small differences in the binding constants between
N-acetylhexahistidines and shorter N-acetyloligohistidines
observed here for both Ni2+ and Cu2+ complexes have important
practical applications. The common rationale for using hexahis-
tidine tags for affinity purification is a combination of the rarity
of the HHHHHH motif in natural proteins with significant
differences in binding of aminocarboxylate-Ni2+ on interfaces. As
suggested by the ITC results in Table 1, in homogeneous solutions
the difference in binding affinity between Ni2+-NTA or Cu2+-NTA
and hexahistidine (or pentahistidine) is relatively small, and
non-specific binding of aminocarboxylate complexes of Ni2+ or
Cu2+ to native proteins containing different histidine-rich
sequences will probably occur in a similar way to that observed
here with hexahistidine. The importance of this study lies in the
potential use of these complexes as tools to create probes for
protein labeling and to design novel strategies for bio-imaging of
target proteins [43,56].

To investigate the possibility of ternary complex formation
between N-acetyloligohistidines and other metal cations-NTA
complexes, ITC experiments using NTA complexes of several com-
mon bivalent metal cations (i.e. Mg2+, Ca2+, Mn2+, Zn2+ and Co2+)
found in living cells, were performed under conditions identical
to those employed with Cu2+- and Ni2+-NTA. All of these cations
are known to form stable complexes with NTA [72]. The results
of their association with different oligohistidine sequences are
compiled in Table 2. In contrast to Cu2+ and Ni2+, NTA complexes
of Ca2+ and Mn2+ did not exhibit a measurable enthalpy change
upon complexation with N-acetylhexahistidine. This lack of heat
of binding does not allow us to characterize the formation of tern-
ary complexes (if any) with these metal ions under our experimen-
tal conditions. However, relatively weak binding is observed with
es. Conditions: 0.2–0.3 mM N-acetyloligohistidine titrated with 3 lL injections of
mber of moles of M2+-NTA bound per oligohistidine.

DHITC (kJ/mol) n DG (kJ/mol) DS (J K�1 mol�1)

�19.03 ± 3.31 0.92 ± 0.13 �19.34 ± 1.04 1.1 ± 6.3
�14.91 ± 0.92 1.02 ± 0.17 �19.17 ± 0.15 14.3 ± 1.7
———— ———— ———— ————
———— ———— ———— ————
�10.65 ± 0.59 1.12 ± 0.14 �19.44 ± 0.63 29.5 ± 1.6
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Mg2+, Co2+ and Zn2+ cations with affinity constant 6 times and 15
times lower than with Ni2+ and Cu2+ cations, respectively. For these
M2+-NTA binding to N-acetyloligohistidines (where M2+ = Mg2+,
Co2+, Zn2+), the complexation reactions are shown to be mainly
driven by favorable enthalpy changes with minor increases in the
entropy of the system (Table 2).

These observations are generally in line with the known order
of retention times observed in chromatography of hexahistidine-
tagged proteins on iminodiacetate functionalized affinity chro-
matography columns [33]. No appreciable binding was anticipated
with Mg2+ due to its small size, strong preference to anionic oxygen
ligands, and low coordination number. However, the binding
affinity of Mg2+-NTA to N-acetylhexahistidine in aqueous solution
was similar to that of Co2+ or Zn2+. To the best of our knowledge,
there exist no literature data on the stability of aminocarboxylate-
Mg2+-hexahistidine ternary complexes, or retention times in
Mg2+ charged aminocarboxylate affinity chromatography columns.
Further studies are needed to address this question and the
possibility that Mg2+ cations might interfere with the separation
of hexahistidine-tagged proteins by affinity chromatography.

4. Conclusion

Here, we investigated the binding thermodynamics of short
oligohistidine polypeptides to complexes of nitrilotriacetate with
bivalent metal cations using isothermal titration calorimetry. Our
results indicate that binding of N-acetylhexahistidine to Ni2+-NTA
complexes in aqueous solutions proceeds with 1:1 stoichiometry
and a Kd, ITC of �70 lM, a value significantly lower than that
reported for analogous binding interactions on solid interfaces.
The binding thermodynamics of other metal cations-NTA binary
complexes showed a spectrum of binding affinities to N-acetylhex-
ahistidine ranging from non-measurable/very weak affinities in the
case of Ca2+ and Mn2+, to weak association in the case of Co2+, Zn2+

and Mg2+. The overall order of binding affinities for the metal
cations-NTA-N-acetylhexahistidine ternary complexes was Cu2+ >
Ni2+ > Mg2+, Co2+, Zn2+ >> Mn2+, Ca2+. Shorter oligohistidines exhib-
ited weaker association and lower binding stoichiometries. The
small differences in the binding constants between N-acetylhex-
ahistidine and shorter N-acetyloligohistidines reported here for
both Ni2+ and Cu2+ complexes have important practical applications.
The common rationale for using hexahistidine tags for affinity
purification is a combination of the rarity of the HHHHHH motif
in natural proteins with significant differences in binding of
aminocarboxylate-Ni2+ on interfaces. This notion is no longer appli-
cable to homogeneous solutions where binding of proteins containing
different dihistidine and trihistidine motifs might be significant.
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