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Abstract Site-specific protein modification—e.g. for immobilization or labelling—is a key prerequisite for numerous
bioanalytical applications. Although modification by use of
short peptide tags is particularly attractive, efficient and bioorthogonal systems are still lacking. Here, we review the
application of multivalent chelators (MCH) for high-affinity
yet reversible recognition of oligohistidine (His)-tagged proteins. MCH are based on multiple nitrilotriacetic acid (NTA)
moieties grafted on to molecular scaffolds suitable for conjugation to surfaces, probes or other biomolecules. Reversible
interaction with the His-tag is mediated via transition metal
ions chelated by the NTA moieties. The small size and biochemical compatibility of these recognition units and the
possibility of rapid dissociation of the interaction with Histagged proteins despite sub-nanomolar binding affinity, enable distinct and versatile handling and modification of recombinant proteins. In this review, we briefly introduce the
key principles and features of MCH–His-tag interactions and
recapitulate the broad spectrum of bioanalytical applications
with a focus on quantitative protein interaction analysis on
micro or nano-patterned solid surfaces and specific protein
labelling in living cells.
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Introduction
A key methodological challenge of the postgenomic era is the
development of analytical tools which enable the functional
properties of the enormous range of different proteins of the
cell to be probed. For study of common protein functions,
such as their ability to specifically recognize other proteins or
biomolecules, generic methods requiring small quantities of
protein and having the potential for multiplexing are needed.
Such methods typically require conjugation of proteins with
spectroscopic probes and/or with solid supports. Strategies for
conjugation of proteins must not compromise their function.
Therefore, site-specific modification by use of short peptide
tags genetically fused to the protein of interest is desired.
Moreover, high specificity and rapid conjugation are required
for efficient coupling at low concentrations and in complex
environments. Peptides consisting of 6–12 consecutive histidine residues—commonly called “His-tags” [1]—have become the most popular affinity tags for purification and detection of recombinant proteins. These applications exploit the
fact that His is a relatively rarely occurring amino acid which
is able to coordinate such transition metal ions as Zn(II),
Cu(II), Ni(II), or Co(II), with relatively high affinity via its
imidazole moiety. Chelating compounds such as
iminodiacetic acid (IDA) [2] or nitrilotriacetic acid (NTA)
[3] complex these transition metal ions with high affinity,
leaving 2 or 3 coordination sites of the metal ions unoccupied
(Fig. 1a). Coordination of a chelated Ni(II) ion by two consecutive His residues results in relatively low binding affinity
(equilibrium dissociation constant KD ~10 μmol L−1) [4–7],
corresponding to complex stability of a few seconds [7].
However, at high NTA densities as provided by the affinity
resins used for purification of His-tagged proteins, simultaneous interaction of the His-tag with multiple transition metal
ions is possible (Fig. 1b). Thus, very stable, quasi-irreversible
binding of His-tagged proteins on such affinity resins due to
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multivalent interaction can be observed. These stable complexes, however, can be rapidly dissociated by monovalent
competitors such as imidazole or free His at millimolar concentrations, providing means of rapid switching of this interaction under mild conditions.
Although such surface-based multivalent recognition is
very suitable for protein purification, it is not compatible with
more demanding bioanalytical applications, e.g. labelling with
spectroscopic probes. To generate structurally defined molecular entities for high-affinity recognition of His-tagged proteins, multivalent chelators (MCH) with two or more NTA
moieties grafted on to a scaffold have been developed. This
approach was pioneered by Ebright and coworkers, who
synthesized Cy3 and Cy5 derivatives conjugated to two
NTA moieties, and demonstrated substantially increased efficiency of labelling of His-tagged proteins [5]. We and others
further developed this approach by generating generic adaptor
molecules based on topologically different scaffold structures.
Thus, conjugation with diverse functional units such as spectroscopic probes or surfaces is readily achieved. Several, most
commonly used MCH with 2, 3, or 4 NTA moieties grafted
on- to dendrimeric [7–10] and cyclic [7] scaffolds are shown
in Fig. 1c. Next to these purely chemical entities, elegant selfassembly of MCH based on oligonucleotide hybridization has
been demonstrated [11, 12]. MCH containing three NTA
moieties are dominant, because they exactly match the

traditional hexahistidine (H6) tag (Fig. 1d). Indeed, MCH
were demonstrated to bind oligohistidine with substantially
increased affinity and stability compared with mono-NTA [7].
Thus, tris-NTA binds to H6-tagged proteins with a KD =
2 nmol L−1 and a complex lifetime of ~1 h. Interestingly, the
affinity and stability of tris-NTA in complex with a
decahistidine (H10) tag is a factor of ~10-fold higher, and
strict 1:1 stoichiometry is maintained [7]. These features have
recently been related to the permutational entropy resulting
from a greater number of possible interaction modes in case
excess His residues are available (unpublished results). This is
possibly because of the conformational flexibility of both the
His-tag and the MCH, which enables efficient coordination in
multiple configurations without substantial steric hindrance.
The resulting internal dynamics of MCH–oligohistidine complexes have important implications for their stability, because
competing His-tags or MCH can “actively” dissociate complexes by docking via excess binding sites. Thus, not only
rapid dissociation in the presence of high concentrations of
monovalent competitors, but also active exchange by another
His-tagged protein or MCH is possible. While these specific
features of dynamic multivalent recognition have to be taken
into account for successful application, they also open exciting novel opportunities.
Owing to their chemical nature, their small size and the
high affinity, yet reversible and switchable recognition

Fig. 1 Concept of multivalent chelators as adaptors for His-tagged
proteins. (a) Non-covalent interaction of the His-tag with chelated transition metal ions. Ni2+ complexed with NTA is coordinated by two
adjacent histidine residues from a His-tagged protein. The orange sphere
represents the attached functional group. (b) Multivalent binding of Histagged proteins to surfaces densely functionalized with NTA (depicted as
green diamonds attached to the surface of a bead). (c) Typical multivalent

chelator heads with 2, 3, and 4 NTA moieties. For chelators containing
three NTA, (NTA)3 denotes the branched linear type wherein “n” is the
spacer number from 0 to 3, and more; tris-NTA is based on a cyclam
scaffold. (d) Stoichiometrically defined recognition of a H6-tagged protein by a tris-NTA moiety. The orange sphere indicates the functional unit
attached to the protein
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through a small, universally applied peptide tag, MCH have
found numerous applications for site-specific protein coupling
to functional entities such as surfaces and spectroscopic
probes. For this purpose, MCH have been conjugated to a
large variety of molecules, including alkyl thiols, lipids, fluorescent dyes, biotin, oligonucleotides, polymers, and nanoparticles. This versatile toolbox of MCH conjugates has been
applied highly successfully for micro and nanostructured
functional protein immobilization on solid supports and for
protein labelling in vitro and in living cells. Moreover,
targeting and delivery of His-tagged protein in vivo has been
achieved via MCH-functionalized peptides, polymers, nanoparticles and liposomes. In this review we highlight applications of MCH exploiting the characteristic features of highaffinity, yet internally highly dynamic multivalent recognition.
These include spatially and temporally controlled protein
organization on surfaces and spectroscopic application
in vitro and in living cells. Finally, we discuss current limitations in the applications of MCH and recent developments
coping with these challenges.

Functional protein immobilization and spatial
organization on the solid surface
Reversible, site-specific immobilization of His-tagged proteins via immobilized transition metal ions is highly attractive
for surface-based functional analysis because it enables removal and replenishing of proteins on the surface in situ.
Relatively stable binding of His-tagged proteins to surfaces
is possible by using high-density coverage with mono-NTA,
which has been used for protein interaction analysis [13, 14].
However, heterogeneous binding and substantial leaching out
have been observed on such surfaces [13, 15], often severely
biasing kinetic analysis. Moreover, we have observed that the
high density of NTA required for stable immobilization via
mono-NTA not only promotes non-specific interactions [15]
but can also affect the function of immobilized proteins,
probably because His residues on the protein surfaces are
complexed by excess immobilized transition metal ions (unpublished results). Although improved stability of protein
immobilization could be observed on a bis-NTAfunctionalized surface, truly stable attachment of proteins,
even with low densities of MCH groups on the surface, could
be achieved by use of tris-NTA [15, 16]. Several molecular
arc hitec ture s hav e bee n emp loyed for tris- NTA
functionalization of different substrates (Fig. 2a–c). These
include coupling of MCH to a dense polymer brush of poly(ethylene glycol) (PEG) in a bottom-up manner (Fig. 2a) [15],
use of MCH-functionalized alkyl thiols for self-assembled
monolayers (SAM) on gold substrates (Fig. 2b) [20, 21], and
poly-L-lysine-graft-PEG (PLL-PEG) copolymer
functionalization via layer-by-layer assembly (Fig. 2c) [19].
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Moreover, tris-NTA conjugated with D-biotin has been developed for functionalization of streptavidin-coated surfaces [8,
10, 22, 23]. Detailed protein immobilization and protein–
protein interaction studies performed by use of different
label-free detection techniques with surface architectures
based on MCH clearly confirmed the superior performance
with regard to the stability of protein attachment compared
with mono-NTA [15, 20–22]. Very high degree of protein
integrity was observed, enabling immobilization of motor
proteins with very high functionality [24].
The different MCH-functionalized surface architectures also
provide versatile means for spatially resolved protein organization on surfaces. On the basis of optical uncaging [25] and
photodestruction approaches [17, 26], reversible assembly of
proteins into micropatterns with high contrast was achieved on
a silica-supported PEG polymer brush. A typical protein
micropattern obtained by photodestruction of surface
maleimide groups by UV illumination through a mask followed
by reaction of a thiol-functionalized tris-NTA [17] is shown in
Fig. 2d. The micropattern was readily erased by washing with
high millimolar concentrations of imidazole and repeatedly
loaded with His-tagged proteins, while no binding is observed
in the absence of transition metal ions. Strikingly, robust
protein micropatterning with uncompromised contrast directly
from E. coli cell lysates was demonstrated [17]. Moreover,
quantitative protein–protein interaction analysis at the singlemolecule level was achieved by this method. Similar surface
architectures obtained by selective destruction of NTA moieties
by a light-induced Fenton reaction were used for spatiallyresolved, functional immobilization of motor proteins, providing means for guided transport of microtubules on surfaces in
defined micrometre-sized tracks [26]. For spatial organization
of proteins on gold surfaces, microcontact printing of alkane
thiolates was successfully used for generation of
microstructured MCH-functionalized surfaces [20, 21, 27]. A
remarkable application of protein micropatterns achieved by
microcontact printing is summarized in Fig. 2e. Here, a
microcontact-printed grid of inert thiols was filled with mono
and multivalent NTA at different densities by means of piezodispensing [27]. Simultaneous real-time protein-binding assays
in different elements of this array by imaging SPR detection
revealed the critical importance of mono-NTA density not only
to the amplitude but also to the stability of attachment (Fig. 2e)
[18]. This effect is highlighted by the elution of the
immobilized protein at lower concentrations of imidazole,
yielding very different levels of protein elution. Thus, selective
removal of proteins from array elements and subsequent
replenishing with another His-tagged protein was possible.
These studies revealed an intricate, MCH density-dependent
interplay of molecular and surface multivalency on such surfaces. For the combination of proteins with different His tags,
in particular, these features result in strong competition for
surface binding sites, which is not readily predicted [28].
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Fig. 2 MCH functional organization of proteins on surfaces. (a–c)
Architectures used for surface functionalization with multivalent NTA.
(a) PEG polymer-brush on a glass-type substrate functionalized with trisNTA. (b) tris-NTA-functionalized alkyl thiol in a mixed self-assembled
monolayer on a gold substrate. (c) Poly-(L)-lysine-graft-PEG (PLL-PEG)
modified by tris-NTA for functionalization of negatively charged surfaces. (d) Reversible and switchable protein micropatterning based on
photodestruction. Efficient capturing of His-tagged GFP (upper left) and
complete wash-out by imidazole (upper right) demonstrated by confocal
fluorescence imaging. Repeated protein binding (bottom left), but not in
the absence of transition metal ions (bottom right). Adapted with permission from Ref. [17]. Copyright 2011 American Chemical Society. (e)
Role of surface NTA density on protein immobilization, explored by use
of piezodispensed arrays. Top: density-dependent protein immobilization
(I) and protein–protein interaction assays (II) followed by elution with

imidazole at low (III) and high (IV) concentrations monitored in real time
by imaging surface plasmon resonance. Bottom: Selective protein exchange in mono-NTA array elements (surface plasmon images). Protein
immobilization (I, II), followed by selective elution with imidazole (III)
and reloading with a His-tagged protein (IV). Reprinted with permission
from Ref. [18]. Copyright 2006 John Wiley and Sons. (f) Imaging of
protein interactions by localized surface plasmon resonance. Upper right:
gold nanoparticles were assembled into microarrays via electrostatic
interactions and further functionalized with MCH by use of PLL-PEGtris-NTA. Upper left: gold nanoparticle arrays were imaged by reflectance
imaging. Bottom: protein immobilization (I) and elution with imidazole
(II) monitored by localized surface plasmon resonance (red line). Unambiguous detection down to individual camera pixels (0.16 μm2 surface
area, green and blue lines) was possible. Adapted with permission from
Ref. [19]. Copyright 2013 American Chemical Society

Non-covalent surface modification by layer-by-layer assembly provides versatile means of functional surface
micropatterning largely independent on the substrate material.
Recently, this approach has been used to generate gold nanoparticle arrays, which were subsequently coated with a trisNTA functionalized PLL–PEG (Fig. 2f) for label-free imaging
of protein–protein interactions by localized surface plasmon
resonance detection [19]. Quantitative real-time detection of
protein interactions could be monitored with very high sensitivity, enabling quantification of the interaction kinetics within

submicron surface areas, i.e. with diffraction-limited resolution (Fig. 2f), with a detection limit of less than a single protein
molecule per gold nanoparticle [19]. Electrostatic interaction
in combination with transition metal ion coordination was
employed for microarraying His-tagged proteins on zirconium
phosphonate surfaces by means of a bifunctional adaptor
containing two phosphonic acid anchors coupled to a bisNTA moiety [29]. Functional protein immobilization was confirmed by label-free real-time detection with low background
and high sensitivity. For protein capturing by magnetic particles,
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a catechol-functionalized bis-NTA which specifically binds to
iron oxide surfaces was synthesized. Taken together, a broad
range of MCH conjugates is available for efficient modification
of a variety of substrate materials. Owing to the stable and
stoichiometric binding, surfaces densities of immobilized proteins can be controlled by the density of MCH without
compromising the stability of attachment. This is important for
robust comparison of protein activity, e.g. in mutational screens
or for kinetic and thermodynamic analysis of protein–protein
interactions.

Protein nanopatterning
Next to micropatterning, MCH-functionalized surface architectures based on SAM on gold surfaces have also been employed
for assembling protein nanostructures on surfaces. By means of
dip pen nanolithography (DPN), biotin-functionalized
nanopatterns were generated, which these could subsequently
be functionalized with a tris-NTA–biotin conjugate by using
streptavidin as an adaptor (Fig. 3a) [30]. Thus reversible,

Fig. 3 Protein nanopatterning. (a) Nanostructures of a biotin-functionalized alkyl thiol were generated by dip-pen lithography and subsequently
converted into tris-NTA via a streptavidin sandwich. Nanostructured
surface functionalization was confirmed by AFM imaging (left image).
Functional protein immobilization into nanopatterns was confirmed by
ligand binding assays using fluorescent nanoparticles for detection (right
image). The scale bar is 3 μm in both images. Adapted with permission
from Ref. [30]. Copyright 2008 American Chemical Society. (b) Nanostructured surface functionalization by chemical modification and
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functional protein assembly into nanopatterns was achieved,
confirmed by ligand binding (Fig. 3a), and could also be
followed in real time by surface plasmon resonance imaging.
Interestingly, direct DPN of NTA-functionalized alkyl thiols did
not yield surfaces capable of binding His-tagged proteins.
Sequential assembly of a tris-NTA nanopattern was also
achieved by spatially resolved chemical modification of an
SAM by use of e-beam lithography [31]. For this purpose, a
nitrobiphenylthiol was adsorbed on a gold surface and locally
reduced with an e-beam, thus inducing crosslinking and reduction of the nitro group into an amine (Fig. 3b). This was
subsequently reacted with tris-NTA, and the non-reduced
nitrobiphenylthiol was exchanged by a protein-repelling
SAM. Reversible immobilization of proteasome complexes
into sub-micron-sized structures has been achieved (Fig. 3b).
Moreover, MCH conjugated to oligonucleotides have been
used for self-assembly of nanostructures which were subsequently decorated with His-tagged proteins (Fig. 3c, d) [11,
32]. Successful application of these approaches for reversible
assembly of protein nanopatterns again relied on the surface
density-independent, high-affinity binding of MCH.

crosslinking via e-beam lithography. Nanopatterned protein complexes
(His-tagged proteasome) were confirmed by AFM imaging. Adapted
with permission from Ref. [31]. Copyright 2008 John Wiley and Sons.
(c, d) Self-assembly of nanostructures based on NTA-functionalized
oligonucleotides observed by fluorescence microscopy (c) and AFM
imaging (d). Image (c) reprinted with permission from Ref. [11]. Copyright 2009 John Wiley and Sons. Image (d) reprinted with permission
from Ref. [32]. Copyright 2010 John Wiley and Sons
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Spatiotemporally controlled protein immobilization
However, all these approaches for surface micro and
nanopatterning did not enable multiplexed protein organization on surfaces as required for applications such as protein
arrays. For this purpose, in situ protein lithography under
native conditions has been developed, which exploits specific
features of tris-NTA–oligohistidine recognition for spatially
and temporally controlled protein immobilization. For laser
lithographic techniques, caging of tris-NTA on the basis of
photocleavable oligohistidines peptides was designed. Both
photofragmentation of a oligohistidine peptide non-covalently
bound to immobilized tris-NTA [33] and cleavage of a covalently attached pentahistdine tag [34] were successfully used
for locally uncaging of tris-NTA in situ by laser lithography
(Fig. 4a). Thus multiplexed assembly of proteins guided by
sequential uncaging of surface tris-NTA by means of a confocal laser is possible (Fig. 4b) [33, 34]. Owing to the high
specificity of the MCH–oligohistidine interaction, native protein microlithography directly from E. coli lysates was
achieved [33]. Recently, the concept was extended to control
protein assembly in four dimensions (Fig. 4c) [35]. Similarly,
mechanical uncaging of surface MCH loaded with a large
protein complex has been employed for native protein
nanolithography (Fig. 4d). For this purpose, the surface was
loaded with His-tagged proteasomes, which were locally removed by use of the tip of an atomic force microscope (AFM)
cantilever operated in contact oscillation mode, and backfilled
by a protein of interest [36]. Thus, functional immobilization
of proteins in a nanoarray format was achieved (Fig. 4e).

Fig. 4 Spatiotemporally controlled native protein micro (a–c) and
nanolithography (d, e). (a) Uncaging of MCH via photofragmentation
(top) or photocleavage of an oligohistidine peptide. (b) Multiplexed
protein immobilization by sequential uncaging of immobilized MCH.
Adapted with permission from Ref. [33]. Copyright 2010 American
Chemical Society. (c) Three-dimensional lithography of protein in a
hydrogel. Reprinted with permission from Ref. [35]. Copyright 2013
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These highly versatile lithographic methods require very efficient blocking of all immobilized transition metal ions, which
cannot be achieved by use of mono-NTA. Moreover, multivalent interaction by MCH enabled very efficient mechanical
and optical manipulation of non-covalently “caged” complexes under physiological conditions.

Protein targeting of lipid membranes
Self-assembly of lipids into bilayer structures such as vesicles
or solid-supported membranes opens interesting opportunities
for protein analysis and delivery. Lipid analogues functionalized with NTA have been used very successfully for tethering
His-tagged proteins to membranes [37–39]. However, a critical role of NTA density on stable protein immobilization was
identified very early [4], as well as complex behaviour in
terms of surface loading [40]. MCH-functionalized lipids
tremendously improved the performance with respect to stability and reliability, even for low concentrations of the MCH
lipid [41, 42]. Lateral diffusion of proteins tethered via MCH
lipids to silica-supported membranes yielded a diffusion constant of ~1 μm2 s−1 [43], which is similar to the mobility of
membrane proteins. On the basis of this model system, interactions between membrane-tethered proteins were quantitatively studied by use of surface-sensitive detection techniques,
thus for the first time providing equilibrium and rate constants
for two-dimensional protein–protein interactions [44]. The ability of membrane-tethered proteins to laterally reorganize has
been successfully exploited for mimicking multiprotein

John Wiley and Sons. (d) Protein nanolithography based on selective
removal of His-tagged proteins from an MCH-functionalized surface by
an AFM tip operated in contact oscillation mode. (e) Protein–protein
interaction assay in protein nanopatterns, using fluorescent nanoparticles
for detection. Adapted with permission from Ref. [36]. Copyright 2007
Nature Publishing Group
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assemblies on the surface of solid-supported membranes [45],
which could be studied with regard to their mechanical properties and their dynamics [46]. Strikingly, differentiation of stem
cells could be controlled by means of His-tagged adhesion
proteins tethered to solid-supported membranes via tris-NTA
lipids [47]. By exploiting the physicochemical properties of
different lipid analogues functionalized with tris-NTA, efficient
targeting of His-tagged proteins to liquid-disordered and liquidordered lipid phases was achieved [48]. Interestingly,
crosslinking of tris-NTA via longer His-tags (H10 and H14)
was responsible for robust protein targeting of liquid-ordered
lipid phases, which is otherwise very difficult to achieve. This
concept was not only successfully applied for high-fidelity
protein targeting into lipid microdomains of the living cell
(Fig. 5) [48], but also for developing novel concepts for protein
interaction analysis in two dimensions (unpublished results).
Importantly, the role of lipid head groups in regulating protein–
protein interactions could be studied by this approach. Thus
MCH lipids are unique bioanalytical tools for probing protein–
protein interactions in the context of lipid membranes.
Moreover, liposome-doped MCH lipids have been successfully
used for protein targeting in vitro [49] and in living cells [41,
50].

Site-specific protein labelling with spectroscopic probes
Site-specific labelling of proteins with spectroscopic probes,
for example fluorescent dyes or nanoparticles, is an important
prerequisite for bioanalytical applications in vitro and in living
cells. MCH have several distinct advantages for this purpose,
as they bind rapidly and with high specificity to a small
peptide tag. Spectroscopic probes conjugated with MCH can
thus be introduced into proteins in close proximity and in a
spatially well-defined manner. Initial attempts using monoNTA revealed the transient, low-affinity nature of its molecular interaction with His-tagged proteins [6]. Following the
pioneering work by Ebright and coworkers, who exploited
the structures of cyanine dyes to generate bis-NTAfunctionalized Cy3 and Cy5 derivatives [5], other bis-NTAdye conjugates were reported with binding affinity for H6tagged proteins at sub-micromolar concentrations [51]. Much
more efficient protein labelling was achieved with fluorescent
dyes conjugated to tris-NTA, with its sub-nanomolar binding
affinity for H10-tagged proteins [52]. The long lifetime between tris-NTA and His-tagged in the range of hours enables
purification of tris-NTA-labelled proteins prior to further applications. Tris-NTA is readily conjugated to NHSfunctionalized derivatives of fluorescent dyes, which are
available for all relevant probes used for fluorescence assays.
The high affinity and specificity of tris-NTA have been
exploited for selective fluorescent labelling of His-tagged
proteins in vitro, in crude E. coli lysates, and on the surface
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of living cells [52]. The reversibility of the MCH–
oligohistidine interaction has been used to design fluorescent
“turn-on” systems using Dabcyl-H6 as quencher [53, 54].
High affinity and rapid, His-tag specific binding at stoichiometric concentrations of the probe enables incorporation of
Förster resonance energy transfer (FRET) acceptor [52, 55,
56] or quencher molecules [57] into proteins in situ. Thus, the
dynamics of conformational changes of interferon receptor
subunit 1 (IFNAR1) upon its ligand binding have been quantified by monitoring the changes of FRET efficiency [56, 58].
A notable application of these probes in structural biology is
that achieved by combining electron microscopy (EM) and
FRET—subunits in RNA polymerase II were located with
nanometre precision [59].
A critical issue in multivalent NTA-based fluorescence
labelling is the severe loss of fluorescence quantum yield upon
coordination of Ni(II) ions (70–80 % for tris-NTA chromophores). This has been ascribed to photoinduced electron
transfer (PET) as a result of unpaired electrons in the d-orbitals
of Ni(II) [60], but FRET also could be partially responsible for
fluorescence quenching. Although only a small increase in
quantum yield was obtained by use of a flexible
oligo(ethylene glycol) spacer [55], more rigid polyproline
linkers substantially improved quantum yields (Fig. 6a) [55,
61]. However, the brightness of tris-NTA chromophore conjugates without additional spacers are still sufficient for probing conformational dynamics at the single molecule level by
FRET [63]. An alternative way of preventing the fluorescence
quenching effect was used by Hauser and Tsien [64], who
designed a binuclear Zn(II)-based probe termed “HisZiFit”
with a binding affinity of 40 nmol L−1 for the H6-tag. In
contrast with Ni(II) for NTA, Zn(II) is a diamagnetic,
colourless transition metal ion. Thus, the fluorescence of this
probe is not quenched by PET or FRET. This approach is not
suitable for general application to fluorescence labelling, however. More promising in this direction is use of multivalent
IDA probes loaded with Zn(II) ions, as being recently introduced for labelling His-tagged proteins [65]. Furthermore,
binuclear zinc-based MCH, ZnII–DpaTyr (dipicolyamine tyrosine) fused with tandem aspartic acid peptides were designed by Ojida et al. for specific protein targeting [66]. As a
result of introduction of multivalent interactions, dimeric
ZnII–DpaTyr had 1500-fold enhanced affinity for the repeated
D4 tag (D4GD4) with KD =56 nmol L−1. The D4 tag/ZnII–
DpaTyr system was further developed for covalent protein
labelling in solution [67] and on the cell surface [68].
Related to this approach, lanthanide-binding tags (LBTs)
comprising 15–20 amino acids were developed for selective
complexation of lanthanide ions such as Tb3+ [69, 70].
Double-LBT peptides were thereafter developed that can bind
two Tb3+ ions with a KD of 2.4–23 nmol L−1 and up to 3-fold
improved luminescence [71]. This peptide-based MCH has
been used not only for luminescence resonance energy transfer
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Fig. 5 Protein targeting of lipid microdomains. (a–c) Tris-NTA-functionalized lipid analogues (a, b) for protein tethering to membranes (c).
For protein targeting of liquid-disordered lipid phases, a single cis-unsaturated alkyl chain was used (a), whereas fully saturated alkyl chains were
used for targeting of liquid-ordered lipid phases. (d) Efficient targeting of
a model protein (red channel) tethered via tris-NTA lipids into lipid

phases in mica-supported membranes. The liquid-disordered phase was
stained by use of a lipid probe (green channel). (e) Protein targeting of
lipid rafts of the plasma membrane as bioanalytical probes for modification and manipulation. Reprinted with permission from Ref. [48]. Copyright 2013 John Wiley and Sons

[70] but also as a paramagnetic spin probe in NMR studies of
the structure and dynamics of proteins [71, 72]. MCH-based
protein labelling is not limited to fluorescence probes; further
successful applications include site-specific incorporation of
paramagnetic spin labels [73] and gold nanoclusters [74].
Modulation of protein function by site-specific incorporation
of MCH has also been reported [75, 76].

individual proteins with high spatial and temporal resolution
in living cells [78]. For biophysical applications such as
tracking of individual membrane proteins, stable, stoichiometric labelling with QDs in a 1:1 ratio is required. Although bare
core/shell QDs bind with high affinity to His-tagged proteins,
this method is not suitable for specific cell-surface labelling
under physiological conditions. Dense surface
functionalization of biocompatible QD with mono-NTA allows stable protein attachment but not control of the labeling
stoichiometry, and thus promotes protein crosslinking on the
cell surface. Much higher control of labelling stoichiometry
while maintaining specific and stable attachment to cellsurface proteins has been achieved by functionalizing biocompatible QDs with tris-NTA. Commercially available QDs
functionalized with streptavidin were targeted at His-tagged
proteins on the surface of HeLa cells by use of a tris-NTA/
biotin conjugate [22]. The average degree of particle
functionalization could be readily controlled by adjusting the
relative concentration of BTtris-NTA. With a controlled 1:1
labelling ratio, as confirmed by AFM imaging, H6-tagged
telomere-associated proteins were labelled by streptavidincoated QD [79]. The dynamics of their interactions with
specific DNA sequences were probed by single-molecule
imaging in vitro. Direct surface coating of QDs and
functionalization with tris-NTA were achieved by encapsulation using amphiphilic gallic acid derivatives as depicted in
Fig. 6c [80]. Selective targeting of these tris-NTA

Life cell protein labelling
Owing to the high specificity of MCH for oligohistidine tags,
selective fluorescence labelling of target proteins on the surface of living cells is possible [52, 65]. Detection down to the
level of individual molecules has been achieved. A key limitation of fluorescence microscopy is the loss of fluorophores
because of photobleaching. Reversible binding of MCHfunctionalized fluorophores to His-tagged proteins on the cell
surface enables replenishing of bleached fluorophores, which
is readily achieved by active exchange as described above.
Efficient in situ labelling in combination with continuous
exchange of MCH-functionalized fluorophores has been used
to establish a novel approach to single molecule localizationbased super-resolution imaging of cell surface receptors on
living cells (Fig. 6b) [61, 77]. Fluorescent nanoparticles, for
example CdSe/ZnS core/shell semiconductors, e.g. quantum
dots (QD), are even more powerful labels for following
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Fig. 6 MCH for site-specific protein labelling. (a) ATTO 565 conjugated
to tris-NTA via oligoproline linkers with different length (left), yielding
distance-dependent increases in quantum yield (right). (b) Super-resolution imaging of His-tagged AMPA receptors fused to GFP (green
channel) in hippocampal neurons, which were transiently labelled with
tris-NTA conjugated to ATTO565 via a 12-proline spacer. Images (a) and
(b) are adapted with permission from Ref. [61]. Copyright 2011

American Chemical Society. (c) Encapsulation of QDs with amphiphilic
gallic acid derivatives functionalized with tris-NTA. (d) Dual colour
tracking of individual IFNAR2 receptors (green) in complex with their
ligand (red). Both proteins were labelled with monofunctional tris-NTA
QDs. Reprinted with permission from Ref. [62]. Copyright 2010 John
Wiley and Sons

functionalized QDs at His-tagged receptors at the cell surface
was demonstrated. While the average number of MCH groups
on the QD surface could be controlled by adjusting the mixing
ratio, defined 1:1 stoichiometry could not be achieved by these
approaches because of the statistical distribution. This problem
was overcome by exploiting the highly negative charge of the
free tris-NTA group [62]. Upon reaction of tris-NTA with QDs
at low ionic strength, very high monofunctionalization was
achieved, which was ascribed to electrostatic repulsion [62].
These monofunctional tris-NTA QDs have been used for dualcolour single molecule tracking to investigate cytokine–receptor interaction and diffusion dynamics on the surface of living
cells (Fig. 6d). Super-resolution imaging by tracking and localization microscopy revealed the temporal spatial reorganization
of receptors in the plasma membrane [81].
However, NTA-based MCH are not very suitable for intracellular labelling, not only because their transfer across the
membranes is impeded by their relatively high negative
charge, but also because of non-specific binding to cytosolic
structures (unpublished results). In contrast, membranepermeable biarsenical fluorescent dyes designed by Tsien
and coworkers (FlAsH, ReAsH, etc.) bind with high affinity
(KD 4–70 pmol L−1) to tetracysteine motifs (CCXXCC)
[82–84]. When the tetracysteine motif was fused to the target

protein, these fluorescent MCHs were used for fluorescence
sensing of calcium concentrations in cells [85], detecting protein–protein interactions [86, 87], and inactivating the function
of selected proteins by chromophore-assisted light inactivation
[88]. Thus, complementary and orthogonal labelling is possible
by combining the His-tag and the tetracysteine-tag for extracellular and cytosolic labelling, respectively.

Conclusions and perspectives
Site-specific, spatially defined protein modification via short
peptide tags has remained challenging, because specific, highaffinity recognition typically requires globular proteins.
Covalent modification by enzymatic approaches, for example
phosphopantetheinyl transfer from coenzyme A [89, 90], biotin ligase-mediated [91], lipoic acid ligase-mediated [92], or
sortase-mediated peptide ligation [93] have been successfully
used for this purpose. However, these reactions require relatively high substrate concentrations and addition of an enzyme, which often complicates their application. In contrast,
several chemical recognition units based on metal ion coordination can recognize peptide tags with relatively high affinity
yet somewhat compromised specificity. Among these, MCH
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recognizing oligohistidine-tags via chelated transition metal
ion proved particularly powerful and versatile: the high stability and the defined binding stoichiometry of MCH–
oligohistidine complexes, and the generic adaptor structure
of MCH fulfil important requirements for controlled protein
modification and manipulation. Owing to the ubiquitous application of the His-tag for recombinant protein production,
applications of MCH have been rapidly expanded in the past
decade. We have focussed here on protein immobilization and
labelling for functional analysis in vitro and in living cells.
Novel, elegant approaches to functional protein analysis have
exploited the unique features of MCH, i.e. the high affinity
conjugation of His-tagged proteins with surfaces and spectroscopic probes in combination with the possibility of rapid
dissociation or exchange of multivalent complexes under
physiological conditions by means of competitors or mechanical forces. However, stable, yet reversible site-specific protein modification via the His-tag has also found broad application for protein delivery via PEGylation [94, 95], cellpenetrating peptides [96], attachment to liposomes [97],
polymersomes [98], self-assembled “microflorettes” [99,
100], or graphite oxide nanoparticles [101]. Many of these
applications take advantage of the possibility of active dissociation of MCH–oligohistidine complexes, which enable exchange of immobilized proteins, replenishing of
photobleached fluorescence labels, or release of molecules to
be delivered to biological targets. In other cases, however, the
sensitivity of the MCH–oligohistidine interaction to
complexing and chelating agents, critically limits the robustness of MCH application. Because such compounds are often
found in biological samples, the effective stability of MCH–
oligohistidine complexes under specific experimental conditions is difficult to predict. For other applications, even the
intrinsic stability of MCH–oligohistidine complexes is not
sufficient. Despite efforts to further optimize MCH for
higher-affinity recognition [102], no substantial further increase in stability could be achieved. Recently, in situ oxidation of NTA-complexed Co(II) to Co(III) was introduced, thus
dramatically increasing the stability of the coordination bond
to histidine residues and yielding essentially irreversible complexes [103]. Moreover, several attempts to combine recognition of the His-tag by mono and multivalent NTA with covalent coupling have been successful. These include dityrosine
cross-linking [104], the application of chemical groups such
as the tosyl ester group [105], α-chloroacetamide [106] or
photoreactive cross-linkers [107], and enzymatic coupling via
an additional peptide tag [108]. After covalent coupling, chelated transition metal ions can be removed to avoid problems
associated with paramagnetic properties such as fluorescence
quenching. These developments toward site-specific, irreversible protein conjugation via MCH–oligohistidine interaction
will be particularly valuable for protein labelling with spectroscopic probes and nanoparticles. These approaches may
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also be important to the still limited specificity of MCH
compared with traditional biomolecular recognition. For some
cell types, substantial non-specific binding of MCH to the cell
surface, and, even more prominent, to intracellular structures
(unpublished results) has been observed. Although the biochemical nature of such non-specific binding sites remains
unclear, these interactions are clearly mediated by transition
metal ion coordination, which is possible by a plethora of
other chemical groups beyond the imidazole moiety.
Combination with covalent reaction and subsequent removal
of transition metal ions may therefore lead to new realms for
MCH applications.
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