
Review

Investigating metal-binding in proteins by nuclear magnetic
resonance

M. Ringkjøbing Jensen, M. A. S. Hass, D. F. Hansen+ and J. J. Led*

Department of Chemistry, University of Copenhagen, Universitetsparken 5, 2100 Copenhagen Ø (Denmark)
Fax: +45 3532 03 22, e-mail: led@kiku.dk

Received 12 October 2006; received after revision 30 November 2006; accepted 5 February 2007
Online First 31 March 2007

Abstract. Metal ions play a key role for the function of
many proteins. The interaction of the metal ion with
the protein and its involvement in the function of the
protein vary widely. In some proteins, the metal ion is
bound tightly to the ligand residues and may be the
key player in the function of the protein, as in the case
of blue copper proteins. In other proteins, the metal
ion is bound only temporarily and loosely to the
protein, as in the case of some metalloenzymes and
other proteins where the metal ion acts as a cofactor

necessary for the function of the protein. Such
proteins are often known as metal ion-activated
proteins. The review focuses on recent nuclear mag-
netic resonance (NMR) studies of a series of metal-
dependent proteins and the characterization of the
metal-binding sites. In particular, we focus on NMR
techniques for studying metal binding to proteins such
as chemical shift mapping, paramagnetic NMR and
changes in backbone dynamics upon metal binding.

Keywords. NMR, chemical shift mapping, backbone dynamics, paramagnetic NMR, calmodulin, zinc finger,
plastocyanin, prion protein.

Introduction

Metal ions are essential for the biological function of
many proteins. Thus, at least one-third of all proteins
encoded in the human genome appear to contain
metal ions which perform a wide range of specific
functions [1]. Traditionally, metalloproteins have
been viewed as robust metal complexes with high-
affinity metal-binding sites, which bind metal ions
tightly in a well-defined coordination. Examples of
robust metalloproteins are the blue copper proteins,
such as plastocyanin [2], where the metal ion is

essential for the redox activity of the protein but has
little impact on its overall structure. Yet, the geometric
and the electronic structure of the metal-binding site
are essential for the function [3 – 5]. Another class of
metalloproteins with tightly bound metal ions are the
zinc finger proteins, where the metal ion keeps the
protein in the correct folding or structure necessary
for its activity, but has little functional importance
itself [6, 7]. Other proteins where metal ions are of
structural importance are many regulatory proteins,
where the function relies on a metal ion-induced
switch between different forms of the protein with
different biological activities. Such proteins are also
known as metal ion-activated proteins [8], the cal-
cium-binding proteins of the calmodulin family being
one of the most studied examples [9]. In these
proteins, the metal binding in vivo is temporary and
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the metal affinity is closely matched to the in vivo
concentration of the relevant metal ions.
Other examples of metal ion-activated proteins are
the Mg2+ or Zn2+-dependent tRNA synthetases [10,
11] that play a key role in protein biosynthesis, and
proteins involved in pathogenesis, in particular those
causing neurodegenerative diseases such as Parkin-
son, Alzheimer, and Creutzfeldt-Jakob and other
prion diseases [12]. These proteins require metal
ions for at least some of their functions, although in
many cases the function of the ion is unclear.
Furthermore, for these proteins, the specific metal-
binding sites are often poorly characterized or even
unknown, and the characterization of the metal-
protein interactions includes a determination of the
binding constants and the metal ion exchange rates, as
well as the location of the metal binding sites. Finally,
also metal transporting proteins, and proteins that use
metal ions for stabilization during storage, for exam-
ple, insulin and human growth hormone, both of which
are stabilized by Zn2+ [13, 14], also only bind metal
ions temporarily.
This review focuses on the use of nuclear magnetic
resonance (NMR) spectroscopy to study metallopro-
teins and metal-protein interactions. To illustrate this,
we shall focus on a series of important protein studies
that have recently clarified the binding and the
function of the metal ion. In particular, we shall
emphasize NMR techniques for locating and charac-
terizing the metal-binding sites in proteins that bind
metal ions only weakly or temporarily, and for
determining the geometric and electronic structure
of the metal-binding site of blue copper proteins. We
will also examine the use of protein dynamics to obtain
information about metal-protein interactions.

Monitoring metal ion binding in proteins by NMR

Identification of the metal-binding sites in proteins
and mapping the structural and dynamic changes upon
metal binding are important for our understanding of
the biological function of metal-dependent proteins.
Today, NMR spectroscopy is one of the leading
techniques for this purpose since it provides informa-
tion at the atomic level about the structure and
dynamics of proteins in solution.
In practice, NMR studies of proteins are restricted to
relatively small, soluble proteins (Mw < 40 kDa).
Larger proteins often give rise to spectral overlap
because of the increased number of signals and the
enhanced line widths of the resonances. This is the
case even for two- and three-dimensional NMR
spectra. The problem can to some extent be solved
by isotopic labeling of the proteins, for example with

15N and/or 13C isotopes. A whole range of NMR
experiments (triple resonance) are available that
correlate the 1H, 15N, and 13C nuclei [15]. Furthermore,
the line broadening inherently associated with large
molecular-weight complexes can be reduced by per-
deuterating the proteins and by utilizing the trans-
verse relaxation optimized spectroscopy (TROSY)
technique [16]. In recent years, strategies for isotopic
enrichment of proteins have improved considerably,
making labeling a standard procedure in modern
NMR spectroscopy of proteins.
The protein sample must meet certain requirements
that depend on the specific kind of study. For example,
the solution structure of small globular proteins (Mw<
15 kDa) can often be determined without any isotopic
labeling. On the other hand, NMR studies of the
backbone dynamics of a protein require that it is 15N
labeled. For large proteins, isotope labeling with both
15N and 13C is required to obtain the assignment of the
protein resonances, which, in turn, is a necessary
prerequisite for studying the structure and dynamics
of the protein.
The protein concentrations typically used in NMR
studies are in the range from 0.1 to 2.0mM. The higher
concentrations may be an advantage, since they
reduce the amount of time necessary to record high-
resolution spectra. However, they may also result in a
weak aggregation of the protein that causes a broad-
ening of the NMR signals, hence reducing the spectral
resolution. The signal-to-noise ratio and the spectral
dispersion both increase as the magnetic field strength
is increased. Thus, in general, the quality of the NMR
spectra depends on both the protein concentration
and the magnetic field strength. Today state-of-the-art
NMR spectrometers operate at 1H frequencies up to
900 MHz. Yet, a 1H frequency of 500 MHz may suffice
in many cases, in particular if the spectrometer is
equipped with a high-sensitive cryogenic probe.
Below, we describe a series of NMR approaches that
are useful for monitoring metal ion binding to
proteins. Since the binding of diamagnetic and para-
magnetic metal ions affects the protein NMR spectra
in rather different ways, the two cases are discussed
separately.

Diamagnetic metal ions

The binding of diamagnetic metal ions to proteins can
be studied conveniently through the chemical shift
perturbations caused by the metal ion binding. This
approach is usually denoted as �chemical shift map-
ping� [17 –19]. The chemical shift perturbations can be
followed in titration experiments, where the concen-
tration of the diamagnetic metal ion is increased
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gradually. The chemical shift perturbations stem
mainly from structural changes caused by the metal
binding, and from the electric field induced by the
charge of the metal ion. Chemical shift mapping
provides information about the location of the metal-
binding site(s).
If the exchange between the metal-free and the metal-
bound form of the protein is slow compared to the
chemical shift difference between the two forms
(kex�Dw), separate NMR signals are observed for
the two forms of the protein. Here, kex is the rate of
exchange between the two forms and is given by

kex ¼ kon½Me� þ koff ¼
koff

1� f
(1)

where [Me] is the metal ion concentration, f is the
fraction of the metal-bound protein, kon is the second-
order rate constant for the complex formation, and koff

is the first-order rate constant for the complex
dissociation. While the chemical shifts of the two
signals will remain unchanged as a function of the
metal ion concentration, the signal intensities will
change with the metal ion concentration, allowing
determination of the fraction of the metal-bound
protein. On the other hand, if the exchange between
the metal-free and the metal-bound form of the
protein is fast compared to the chemical shift differ-
ence between the two forms (kex�Dw), a single
exchange-averaged signal is observed. The chemical
shift of the exchange-averaged signal will depend on
the metal ion concentration. Thus, the protein-metal
binding constant can be estimated from the variation
in the chemical shifts with the metal ion concentration.
Chemical shift mapping with diamagnetic metal ions
does not, in general, provide information about the
geometric structure of the metal-binding sites since
most often these ions are NMR silent and, therefore,
do not interact magnetically with the nuclei of the
ligand residues. Nevertheless, the position of these
residues, and the structure of the protein framework
adjacent to the metal ion, can be obtained from the
short-range inter-proton distances (<5�) derived
from the nuclear Overhauser enhancements (NOEs)
[20, 21]. Even more detailed information can be
obtained if the metal ion is substituted for an NMR-
active metal. Thus, 111/113Cd, 199Hg and 109Ag have
proved useful in studies of biological systems [22]. For
example, the 113Cd chemical shift is very sensitive to
the nature, number and geometric arrangement of the
coordinating ligands. Furthermore, the coupling con-
stants between the NMR active metals and nuclei of
the protein provide insight into the identity and
geometry of the metal ligands [22]. Finally, it should
be noted that the overall geometric structure of the

binding site, including the location of the metal ion,
can be determined by X-ray crystallography, provided
that well-defined crystals of the protein can be
obtained.
In addition to the structural changes mentioned
above, the flexibility of the protein may also change
upon metal ion binding. In particular, a decrease in the
flexibility of the protein close to the metal-binding site
may be observed. These changes in dynamics not only
indicate the location of the metal-binding site, they
may also be important for the biological function of
the proteins [23]. NMR spectroscopy can provide
detailed information at the atomic level about the
backbone dynamics on the pico- to hanosecond time
scale and exchange processes on the micro- to milli-
second time scale in proteins [24– 26], a time scale
characteristic for many enzymatic processes. In con-
trast to conventional methods for studying kinetics,
conformational changes at equilibrium conditions can
be studied by NMR [26]. Therefore, no chemical
perturbation of the system of interest is required.
Dynamics information can be retrieved from the 15N
R1 and R2 relaxation rates and the {1H}–15N NOE of
the backbone 15N nuclei of the protein [27]. Informa-
tion on the side chain dynamics can be obtained using
the relaxation rates of the 13C, 1H or 2H nuclei of
methyl groups [28, 29]. In general, the longitudinal
relaxation rate, R1, and the heteronuclear NOE are
sensitive only to molecular motions taking place on
the pico- to nanosecond time scale, whereas the R2

relaxation rate depends on motions taking place on
both that and the micro- to millisecond time scale. In
many studies, the NOE is used as a qualitative
measure of internal dynamics on the pico- to nano-
second time scale.
The dynamics information is obtained from the
relaxation parameters using the so-called model-free
formalism [30, 31], where “model-free” indicates that
no specific assumptions are made regarding the exact
motions of the atoms. A detailed description of the
model-free formalism and the procedure for analyzing
the experimental relaxation parameters can be found
elsewhere [27]. In the case of highly flexible mole-
cules, such as unfolded proteins, the model-free
formalism is not applicable. For such systems the
relaxation parameters are usually interpreted using
spectral density mapping [26].
A model-free analysis of the relaxation data provides
an order parameter, S2, and an exchange term, Rex, for
each residue, and the overall correlation time, tr, for
the rotational reorientation of the protein. The S2

parameters describe motions in the protein on the
pico- to nanosecond time scale. More specifically, S2

provides information about the fluctuation of the
amide 15N-1H bond of a given residue. Thus, S2 =0
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corresponds to a completely flexible 15N-1H bond
vector, while S2 =1 corresponds to a 15N-1H bond
vector with no motion. The Rex term gives information
about exchange processes on the micro- to millisecond
time scale taking place in the protein. It depends on
the exchange rate, the populations of the exchanging
conformations, their chemical shift difference, the
magnetic field strength, and on the rate of a series of
pulses (the pulse rate of the so-called CPMG experi-
ment [24, 32, 33]), or the strength of the spin-lock field,
depending on the specific NMR experiment being
used to measure the R2 rate [34]. Often, the Rex terms
can only be interpreted qualitatively. The Rex terms
give qualitative information about the location of
conformational exchange processes in the protein
[35]. Residues with exchange terms may cluster in
specific regions of the protein, suggesting that these
residues are affected by one and the same conforma-
tional exchange process. Furthermore, the temper-
ature dependence of Rex provides information about
the time-scale of the exchange process [36]. In special
cases, exchange contributions can be interpreted
quantitatively, if additional information is available
about exchange rates, thermodynamic parameters or
chemical shift amplitudes [26, 35]. This information
can in some cases be obtained from CPMG relaxation
dispersion experiments and R11 dispersion experi-
ments [34].

Paramagnetic metal ions
The binding of paramagnetic metal ions to proteins
has a much more dramatic effect on the NMR spectra
of the protein than the binding of diamagnetic metal
ions. Therefore, monitoring the binding of a para-
magnetic metal ion to a protein by NMR is very
different from the diamagnetic case. The reason for
the dramatic effect is the strong interactions between
the unpaired electrons of the metal ion and the
surrounding protein nuclei. Thus, the presence of
unpaired electrons affects both the chemical shifts and
the relaxation rates of the protein nuclei.
The chemical shift of a nucleus in a paramagnetic
metal complex is given by the sum of two contribu-
tions, a diamagnetic contribution which is the ob-
served chemical shift in an analogue diamagnetic
compound, and a paramagnetic contribution, consist-
ing of the contact shift and the pseudocontact shift
[37]. The contact shift is a through-bond effect caused
by the scalar coupling between the nuclei and the
unpaired electron(s) of the metal ion. It affects nuclei
only a few bonds away from the metal ion. Scalar
coupling is often responsible for shifting signals of
nuclei in the immediate vicinity of the metal site to
extreme chemical shifts. The pseudocontact shift is a
through-space effect caused by an interaction between

the magnetic dipoles of the nuclei and the unpaired
electron(s). It affects the nuclei within a large range of
distances from the metal ion, that is, up to 35 � from
the metal ion, depending on the anisotropy of the g-
tensor and the electron spin quantum number. In
particular, the pseudocontact shifts of the protein
nuclei are valuable because they depend on the
spherical position of the nuclei with respect to the
metal ion. Therefore, the pseudocontact shifts have
been used extensively to refine the solution structures
of native metalloproteins. Recent reviews have been
written on the use of paramagnetic restraints in the
structure determination of native metalloproteins [38,
39]. Paramagnetic restraints have also been used in
the structure determination of non-metalloproteins.
In these studies, the paramagnetic metal ion was
incorporated into the proteins using metal-binding
tags [40– 50].
The relaxation rates of the nuclei in a paramagnetic
protein contain information about the location of the
metal ion and the geometry of the metal site, as well as
information about the electronic structure of the site.
This multitude of information is a result of the
interaction between the magnetic dipoles of the nuclei
and the unpaired electron(s). Thus, in a paramagnetic
protein the observed nuclear relaxation rate, Rio, is
given by

Rio ¼ Rid þ Rip i ¼ 1; 2 (2)

Here, i=1 is the longitudinal relaxation rate and i=2
is the transverse relaxation rate, where the latter is
given by the linewidth of the signal. Furthermore, Rid

is the relaxation rate observed in an analogue
diamagnetic compound, and Rip is the paramagnetic
relaxation enhancement caused by the interaction
between the nucleus and the unpaired electrons of the
paramagnetic metal ion. In cases where the interac-
tion is purely dipolar, the longitudinal, R1p, and the
transverse, R2p, paramagnetic relaxation enhance-
ments are given by [51]

R1p ¼
2
15

m0

4p

� �2
SðSþ 1Þg2

em2
Bg2

I r�6�

3tc;1

1þ w2
I t2

c;1

þ
7tc;2

1þ w2
St2

c;2

� � (3)

R2p ¼
1
15

m0

4p

� �2
SðSþ 1Þg2

em2
Bg2

I r�6�

4tc;1 þ
3tc;1

1þ w2
I t2

c;1

þ
13tc;2

1þ w2
St2

c;2

� � (4)

where, m0 is the permeability of free space, S is the
electron spin quantum number, and ge is the electron
g-factor. mB is the Bohr magneton, gI is the gyromag-
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netic ratio of the nuclear spin, I, and r is the distance
between the unpaired electrons and the nucleus.
Finally, wI and wS are the Larmor frequencies of the
nuclear spin, I, and the electron spin, S, respectively.
The correlation times, tc,1 and tc,2 are given by [52]

tc;1 ¼ ðt�1
r þ R1eÞ�1 (5)

tc;2 ¼ ðt�1
r þ R2eÞ�1 (6)

where R1e and R2e are the longitudinal and the
transverse electron relaxation rates, respectively, and
tr is the correlation time for the rotational reorienta-
tion of the complex. Both the electron relaxation rates
[53] and the rotational correlation time of the protein
[24] can be determined by NMR relaxation measure-
ments.
From equations 3 and 4, it can be seen that the
paramagnetic relaxation enhancements contain infor-
mation about the distance, r, between the metal ion
and the protein nuclei. Thus, by measuring the para-
magnetic relaxation enhancements for a sufficient
number of protein nuclei, the location of the para-
magnetic metal ion can be determined. This has been
demonstrated for the calcium-binding protein calbin-
din D9k, where the calcium ion was substituted by the
paramagnetic lanthanide ion, Ce3+ [54], and the
location of the metal ion in the protein structure was
determined from the interactions between the un-
paired electrons and the protein nuclei.
The R2p relaxation and, thus, the line broadening
observed in paramagnetic metalloproteins can be very
severe. The signals of nuclei close to the metal ion may
be broadened beyond detection, so that information
about the geometric structure of the protein close to
the metal site cannot be obtained. An example of that
is the 109-amino acid protein oncomodulin that
contains two Ca2+-binding sites. Upon substitution of
one of the calcium ions with Tb3+, 1H-15N heteronu-
clear single-quantum coherence (HSQC) cross-peaks
are detectable only beyond 16� from the paramag-
netic metal [55]. However, it has been recently shown
that a significant improvement in the �visibility� close
to the metal ion can be achieved by direct 13C
detection [55 –57]. Due to the lower gyromagnetic
ratio of 13C nuclei compared to protons, the line
broadening effects are less severe for 13C nuclei. Thus,
in the Tb3+-substituted oncomodulin, signals of 13C
nuclei as close as 8 � to the metal site were observed
detected using two-dimensional directly detected 13C
experiments [55]. Direct detection of 13C may also be
an advantage in cases where signals are lost in the
1H-15N HSQC spectrum due to fast amide proton
exchange [57]. It should also be noted that electron
paramagnetic resonance (EPR) and electron-nuclear
double resonance (ENDOR) experiments can pro-

vide detailed structural information about the metal-
binding sites in native metalloproteins [58, 59].
Proteins with less specific metal ion binding, examples
of which are described in this review (see below), may
have a number of different binding sites on the protein
surface, each of which may have different occupancies.
In such cases, characterization of the metal-protein
interaction is less straightforward. Using X-ray crys-
tallography, determination of the location of the
binding sites can be difficult if the occupancies of the
binding sites are low. However, if the metal ion is
paramagnetic, even low-populated binding sites can
be detected by NMR. Thus, upon binding of a
paramagnetic metal ion to a protein, the relaxation
rates of the protein nuclei are enhanced due to the
interactions with the unpaired electrons of the para-
magnetic ion. The relaxation enhancements depend
on the distance, r, between the paramagnetic metal ion
and the protein nuclei, the effect diminishing accord-
ing to the inverse-sixth power of the interatomic
distance (see Eqs. 3 and 4). Consequently, selective
broadening of the NMR signals of the nuclei spatially
close to the metal-binding site is observed, indicating
the location of the binding site. For proteins, where
only a fraction of the molecules are metal bound, the
NMR line broadening upon metal binding depends on
the metal-bound fraction, which must therefore also
be determined if a more quantitative characterization
of the binding site is to be obtained [60 – 62].
Furthermore, different paramagnetic metal ions
have different line-broadening effects, since the line-
broadening effects are controlled primarily by the
electron spin quantum number and the size of the
relaxation rates of the unpaired electrons of the
paramagnetic metal ion (see Eqs. 3 – 6). Thus, Cu2+,
which has a relatively slow electron relaxation rate,
induces severe line-broadening effects, while the
paramagnetic Ni2+ ion, for example, which has a
relatively fast electron relaxation rate, only induces a
modest line broadening. An overview of the line
broadening induced by different paramagnetic metal
ions can be found in Bertini et al. [63]. Finally, it
should be noted that studies of the backbone dynamics
of paramagnetic metalloproteins using NMR relaxa-
tion and the model-free approach [30, 31] are difficult
since the paramagnetic relaxation enhancements ob-
scure the 15N relaxation rates. Therefore, only a few
studies of the backbone dynamics of paramagnetic
proteins have been reported [64, 65].
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Applications

We will now focus on a series of recent NMR studies of
metal-dependent proteins. These include investigations of
calmodulin, zinc fingers, plastocyanin, a-synuclein and
prion proteins. In particular, we focus on the use of NMR
to characterize the metal-binding sites in these proteins
and to provide insight into the dynamic events that take
place upon metal binding, through measurements of
protein backbone dynamics.

EF-hands
EF-hands are common calcium-binding motifs in
eukaryotes, present in proteins such as aequorin,
calbindin D9k, troponin C, recoverin and calmodulin.
The calcium-binding EF-hand motif consists of two a-
helices connected by a calcium-binding loop, although
magnesium binds as well.
An example of how NMR chemical shift mapping can
be used to clarify details about the biological function
of an EF-hand is aequorin. Aequorin is a light-
emitting protein isolated from jellyfish. Calcium
binding triggers the emission of blue light from a
coelenterazine cofactor in complex with aequorin. It
has frequently been utilized as an intracellular calcium
sensor. Aequorin consists of four EF-hands, I – IV,
forming a compact globular structure [66]. Three of
the EF-hands can bind a calcium ion, however only
two calcium ions are required for luminescence.
Aequorin can also bind magnesium ions, which inhibit
luminescence, also at in vivo concentrations. Chemical
shift mapping has been used to investigate Mg2+

binding to aequorin [67]. Large differences in the
chemical shift between Mg2+-bound and apo-aequorin
are observed in the I and III EF-hands, whereas the
loops II and IV only show minor changes (see Fig. 1).
Thus, only two of the EF-hands in aequorin have a
significant affinity for Mg2+.
As aequorin, many proteins use metal-binding sites as
switches, where metal ions are used to regulate the
secondary and tertiary structure. Metal ions that bind
to proteins can change the overall protein structure
and thereby control the biological activity of the
protein. Such metal-induced allosteric switches are
highly utilized in biological signal transfer. The EF-
hand protein most extensively studied by NMR is
calmodulin. Calmodulin is a key component of intra-
cellular signaling pathways, such as insulin release,
muscle contraction and triggering of cell death,
through its activation of several kinases and phospho-
kinases. Over a hundred different proteins are known
to bind calmodulin. This diversity of regulatory
functions is thought to be accomplished by the ability
of calmodulin to adopt different conformations, which
is closely coupled to calcium binding [68, 69].

Calmodulin consists of two largely independent
domains joined by a flexible a-helical tether [70],
where each domain consists of two EF-hands linked
together (see Fig. 2). The calcium ion is coordinated
in a pentagonal bipyramidal geometry to one gluta-
mate and three aspartate side chains, one backbone
carbonyl and a water molecule [71] . X-ray [72 – 74]
and NMR [75 – 77] structures of calmodulin in the
presence and absence of calcium ions reveal large
differences between calcium-loaded calmodulin and
the apo-protein. The apo-protein forms a compact
structure referred to as the �closed� state with hydro-
philic side chains on the surface and hydrophobic
groups in the core. Upon calcium binding, the protein
flips into an �open� structure, where a large part of the
hydrophobic core is exposed to the surface by
changing the relative orientation of the four a-
helices (see Fig. 2). This hydrophobic surface is the
main binding interface between calmodulin and its
target molecules [68, 69].
15N NMR relaxation measurements have been used to
analyze the dynamic transition between the �open�
and �closed� states, which occurs on the microsecond
time scale. These studies suggest that, in solution, the
equilibrium between the �open� and �closed� state is
pre-existing in the apo-form, but that it is strongly
shifted towards the �closed� form [78 –80]. Binding of
one calcium ion shifts the equilibrium towards the
�open� state, and when both EF-hands within the same
domain bind calcium, the equilibrium is strongly
shifted towards the �open� conformation. Further-
more, the binding of two Ca2+ ions to one calmodulin
domain is found to be strongly cooperative [81].
The exchange between the �open� and �closed� con-
formations has been studied extensively by NMR for

Figure 1. The absolute value differences of amide proton chemical
shifts between Mg2+-free and Mg2+-bound aequorin. The loop
regions of EF-hands I –IV are indicated by lines. Proline residues
are indicated by (+) marks. The asterisks (*) represent uncalcu-
lated residues. Reproduced with permission from J. Biochem.
(2005) vol. 138, pp. 613–620. Copyright 2005 Oxford University
Press.
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wild-type (WT) and mutant calmodulins. These stud-
ies utilize the exchange contributions, Rex, to the R2

relaxation rates caused by the exchange between
�open� and �closed� conformations or between calci-
um-bound and calcium-free calmodulin. The ex-
change contributions caused by this exchange in
calcium-loaded E140Q calmodulin are shown in
Figure 3. It can be seen that the exchange affects
almost all backbone 15N nuclei in the protein. In
addition R11 relaxation dispersion experiments have
proved useful for determining the exchange rate,
which is about 5 x 104 s�1 [80].
Studies of two mutants of the C-terminal domain of
calmodulin, namely the E104Q and E140Q mutants,
have provided new insight into the calcium-binding
ability of calmodulin. In each mutant, one of the
calcium-binding glutamates was changed to a gluta-
mine: in the N-terminal binding site, E104, and in the
C-terminal binding site, E140. In both cases, the
calcium-binding affinity was reduced dramatically in
the N- and C-terminal binding site, respectively.
Consequently, the cooperative calcium binding is
replaced by a sequential binding mode, as shown by
chemical shift titrations [82, 83]. Thus, in the E140Q
mutant, the first calcium ion binds the N-terminal
binding site and the second ion binds the C-terminal
site. The reverse is the case for the E104Q mutant. To
understand the mechanism underlying the allosteric
transition of calmodulin associated with the cooper-
ative binding of calcium ions, it is important to address
the question: which site binds the first calcium ion in
the WT protein? Because of the strong positive

cooperativity between the sites in the WT protein,
and because the single calcium-bound form is always
low populated, it is not possible to answer this
question directly from chemical shift titrations. The
question was answered by NMR relaxation measure-
ments of the apo-form at low calcium concentrations.
Under these conditions, the apo-form is in equilibrium
with a low-populated, single calcium-bound form. In
addition to this equilibrium, the �closed� conformation
exchanges with the �open� conformation of the apo-
form; however, the two processes could be separated
by their dependence on the calcium concentration.
The exchange contribution to the R2 relaxation rate is
closely related to the difference in chemical shift
between the exchanging forms of the protein. The Rex

contributions were found to correlate with the differ-
ence in chemical shift between the apo-form and the
single calcium-bound form of the E104Q mutant, but
not that of the E140Q mutant. Thus, relaxation
measurements on the C-terminal domain of WT
calmodulin combined with chemical-shift data from
the mutant show that the first calcium ion preferen-
tially binds the C-terminal EF-hand [78, 79] in the WT
protein.
The cooperative binding of calcium in WT calmodulin
may be associated with changes in the dynamics of the
calcium-binding loops induced by the metal binding.
Here, 15N NMR relaxation studies of the backbone
dynamics on the pico- to nanosecond time scale show
that in the apo-protein, the calcium-binding loops are
highly flexible, whereas in the calcium-bound form,
the loops are rigid [70, 78, 79, 84]. This can be seen by
the enhanced-order parameters in the calcium-bound
form compared to the apo-form in Figure 3.
Finally, 43Ca NMR line shape analysis and more
conventional 15N and 1H NMR have been used to
study the competitive binding of magnesium ions [85,
86]. These studies show that although calmodulin
binds Mg2+ with an affinity four orders of magnitude
smaller than Ca2+, calmodulin still binds Mg2+ to a
significant degree at physiological conditions, where
the concentration of free Mg2+ ions is two to four
orders of magnitude higher than the Ca2+ concentra-
tion. However, in contrast to calcium binding, magne-
sium binding seems not to induce the conformational
change from the �closed� to the �open� state.

Zinc finger
Some metalloproteins assume their native structure
even in the absence of metal ions. For example, the
blue copper protein azurin folds in the absence of
metal ions into a native-like structure, with a pre-
formed metal-binding site, which can subsequently
bind a copper ion [7, 87]. Thus, the metal ion is not
essential for the folding. A very different scenario is

Figure 2. Structures of calmodulin. Shown in yellow is the crystal
structure of Ca2+-loaded calmodulin [74], demonstrating both the
N-and C-terminal domain each formed of two calcium-bound EF-
hands. The solution NMR structure of the C-terminal domain of
calmodulin in the �open� calcium-loaded state is shown in green,
and in the �closed� calcium-free state in red [77]. Purple: the
location of the calcium ions according to the crystal structure [74].
Blue: hydrophobic residues on the surface of calmodulin showing
the formation of a hydrophobic binding site upon Ca2+ binding. The
figure was created with PyMOL [181].
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presented by the zinc finger domains, where the
protein obtains its functional fold only in the presence
of Zn2+.
Originally, zinc fingers were discovered as a peculiar
nine-fold repeat of 30 amino acids in the sequence of
transcription factor IIIA of Xenopus laevis. This
transcription factor required zinc ions for DNA
binding [88]. The nine repeats all contain two
cysteines and two histidines at invariant positions.
This suggested that these four residues were involved
in the binding of zinc ions. Other divalent metal ions
such as Cd2+, Co2+, Ni2+ and Fe2+ bind as well, however
with a much lower affinity [89, 90]. Using extended X-
ray absorption fine structure (EXAFS), these four
residues were confirmed to be the metal-binding
ligands, binding zinc in a tetrahedral conformation

[91]. Since then, NMR [92] and X-ray [93] structures
have provided further insight into the structure of zinc
fingers (see Fig. 4).

Today, the zinc finger motif is known to be the most
abundant DNA-binding domain present in transcrip-
tion factors in eukaryotes. Furthermore, zinc finger
domains are not only involved in DNA binding, but
also in RNA and lipid interactions [94]. About one
thousand zinc finger proteins are encoded in the
human genome [95].
The classical zinc finger domain as found in tran-
scription factor IIIA has a bba fold. The zinc-binding
residues are usually two cysteines and two histidines
or four cysteines, however there exist a number of
different variations [96]. The metal site bridges the a-
helix and a b-strand, which contribute with two ligands
each. The zinc ion thereby stabilizes the secondary and
tertiary structure.
Removal of zinc from an isolated zinc finger causes
large changes in the spectroscopic characteristics of
the zinc finger peptide: the CD spectrum shows a loss
in ellipticity [97], the 1H NMR spectrum becomes less
dispersed [6] and bands characteristic of a-helical
structure become less intense in the Raman spectrum
[98]. All together this shows that the metal-free
peptide is relatively unstructured but folds into a
more globular structure upon addition of zinc. In
particular, the a-helix which contains two of the zinc
ligands is unstructured in the absence of zinc. The a-
helix forms the most important DNA-binding surface.
However, there are zinc fingers that behave differ-
ently. Thus, the zinc finger from the human general
transcription factor TFIIB is structured even in the
absence of zinc. The structure of both the zinc and the
apo-form were determined using NMR [99]. The two
structures are very similar and the amide chemical
shifts are also very similar for the two forms. However,
significant differences in the {1H}–15N NOE were
observed even in regions far from the metal site [99].

Figure 3. The backbone amide order parameters, S2, of the C-
terminal domain of apo-calmodulin (upper panel), calcium-loaded
E140Q calmodulin (middle panel), and the ms-ms exchange
contributions Rex to the 15N R2 rates of calcium-loaded E140Q
calmodulin (lower panel). All data were obtained from 15N NMR
relaxation measurements at 18 8C (blue), 28 8C (green) and 35 8C
(red). Measurements on apo-calmodulin were done at 18 8C. The
horizontal bars indicate the a-helices and the arcs indicate the
calcium-binding loops III and IV. It can be seen that the order
parameters of the calcium-binding loops increase upon calcium
binding, corresponding to a decrease in the flexibility on the ps-ns
time scale. The Rex contributions arise from the exchange on the ms
time scale between the �open� and closed �form� of calmodulin. The
upper panel reproduced with permission from J. Mol. Biol. (1999)
vol. 293, pp. 883–899. Copyright 1999 Elsevier. Middle and lower
panels reproduced with permission from J. Mol. Biol. (1999), vol.
289, pp. 603–617. Copyright 1999 Elsevier.

Figure 4. The structure of the six-finger TFIIIA-DNA complex.
The a helices and b-sheets of TFIIIA are shown as ribbon
structures. Reproduced with permission from Proc. Natl. Acad.
Sci. USA (1998), vol. 95, pp. 2938–2943. Copyright 1998 Natl.
Acad. Sci. USA.
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This indicates that the Zn2+ ion stabilizes the structure
and restricts the flexibility.
The more complex binding of zinc to the multiple zinc
finger domain F1 – F6 of the metalloregulatory tran-
scription factor-1 (MFT-1), and the effect of zinc
binding on structure and backbone dynamics, have
been studied using heteronuclear 1H-15N NMR in-
cluding NMR relaxation measurements [100, 101] (see
Fig. 5). These studies show that all six zinc fingers
adopt the stable bba fold upon stoichiometric addition
of zinc and that their binding affinities are of similar
magnitude. However, studies on the F4 – F6 domain
suggest that even at stoichiometric zinc concentra-
tions, the F5 zinc finger adopts different conforma-
tions and that F5 is only partially structured [100].
These findings are in contrast to a later study of the full
six zinc-finger domain F1– F6 [101]. The NMR
relaxation properties, the chemical shift and zinc-
binding properties of F5 are similar to those of the
other five zinc fingers. However, F5 has been found to
be highly sensitive to thiol-oxidation. One may, there-
fore, speculate that oxidation of F5 is the reason for
the apparent discrepancies.
Recently, the issue of redox regulation of zinc fingers
has been addressed [102, 103]. Since zinc fingers
contain cysteine residues, they can undergo reversible
oxidation forming disulfide bridges. Oxidized zinc
fingers are unable to bind zinc and therefore do not
form the three-dimensional fold necessary for DNA
binding. This provides a redox mechanism to regulate
the activity of the zinc finger proteins. However,
undesired oxidation of zinc fingers has toxic effects
and may cause cancer diseases [104].

Plastocyanin
The metal ion of electron-transferring metallopro-
teins plays a key role in the electron transferring
reaction. The electron transfer capability of these
proteins is a result of the unusual geometric and
electronic structures imposed on the metal ion by the
protein environment [5, 105 – 107]. One of the major
goals of the studies of electron-transferring metal-
loproteins has, therefore, been to determine these
structures, in order to elucidate the interplay between
the electronic and geometric structure of the metal
site and to understand the mechanism of the electron
transfer process [3, 5, 106, 108, 109].
Plastocyanin is a blue copper protein that transfers
electrons from cytochrome b6f to the chlorophyll
reaction center P700 in photosystem I of the photo-
synthesis. The protein contains a copper ion bound to
two histidines, a cysteine and a methionine at the
active site. The copper ion is coordinated in a distorted
tetrahedral arrangement, and it can be either in the
reduced, diamagnetic Cu+ state or the oxidized,
paramagnetic Cu2+ state.
The rapid and long-range electron transfer reactivity
that characterizes the blue copper proteins is believed
to rely on an unusual electronic structure of the metal
site. Thus, the unpaired electron spin is not located
solely on the paramagnetic metal ion, but is delocal-
ized to the metal ligands. Determination of the spatial
distribution of the unpaired electron spin can be
obtained experimentally by X-ray absorption spectro-
scopy (XAS) [110, 111], ENDOR [112] and para-
magnetic NMR spectroscopy [113 –115], or theoret-
ically by quantum chemical calculations [116 – 119]. It
has been found that about 50 % of the unpaired

Figure 5. The 15N HSQC of a 15N-lysine labeled apo-form (left) and zinc-bound form (right) of the three C-terminal zinc finger domains
(F4, F5 and F6) in human metalloregulatory transcription factor-1. The increase in the dispersion of the NMR signals indicates that the
protein becomes more structured upon binding Zn2+. Reproduced with permission from J. Biol. Chem. (2001), vol. 276, pp. 42322–42332.
Copyright 2001 The American Society for Biochemistry and Molecular Biology, Inc.
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electron spin resides on the copper, while 40 % is
located on the sulfur atom of the metal-coordinating
cysteine [114 – 116].
Aweak binding of the methionine sulfur to the copper
ion in the blue copper proteins controls the properties
of the active site. Thus, in the copper site of plasto-
cyanin, the position of the weakly bound sulfur
ensures a nearly axial geometry of the metal site,
while in nitrate reductase, the geometry is more
rhombic [5]. This difference in metal site geometry of
the two proteins gives rise to different colors of the
proteins (blue versus green) and different redox
potentials [3, 5, 107]. Thus, the geometric structure
of the metal site of the blue copper proteins forms the
basis for a detailed understanding of the biological
function of these proteins.
The geometric structure of the metal site of blue
copper proteins has been determined primarily by X-
ray crystallography [120] and EXAFS in the solid
state, and structural changes in the metal site coordi-
nation sphere as low as 0.1 � have been detected by
combining high-resolution crystallography and
EXAFS [121]. However, these structures were all
determined in the solid state, while the function of
metalloproteins depends on the structure and dynam-
ics of the metal sites in solution. Therefore, detailed
knowledge of the characteristics of the solution
structure of the metal site is of interest.
Recently, an NMR method was presented that allows
a determination of the geometric structure of the
metal site in blue copper proteins in solution [122].
The method relies on a determination of the longi-
tudinal paramagnetic relaxation enhancements, R1p,
of the nuclei of the ligand residues. In this context, the
signal eliminating relaxation filter (SERF) experi-
ment [123] proves valuable, because it allows deter-
mination of the paramagnetic relaxation enhance-
ments of the nuclei close to the paramagnetic metal
site, even if the NMR signals of these nuclei are
broadened due to the strong electron-nucleus inter-
action. The experimental paramagnetic relaxation
enhancements can be converted into distances using
equations 3 and 4. However, if the nuclei that form the
basis for the determination of the geometric structure
are within 5 � of the metal ion, the spatial electron
spin distribution near the metal site must be taken into
account. Thus, the distance r in equations 3 and 4 must
be substituted by an effective distance parameter, reff,
that depends on both the location of the nucleus
relative to the metal site and the electron spin
distribution. In this way, it was shown recently [122]
that the geometry of the metal site can be obtained
from the paramagnetic relaxation enhancements of
the nuclei surrounding the metal site despite the spin
distribution. Furthermore, the chemical shifts of the

nuclei of the ligand residues can provide valuable
information about the geometric structure of the
metal site. Thus, the saturation transfer experiment
allows the observation of NMR signals from protons
that are as close as three bonds to the metal ion [113]
despite their extreme chemical shifts and signal line
widths. These chemical shifts can be converted into
dihedral angles through a Karplus-like relation [113,
124] and do in general provide information about the
active-site structure [125, 126]. Metal substitution in
the blue copper proteins has also proved valuable. As
amply demonstrated, the paramagnetic 1H NMR
spectra of Co2+-and Ni2+-substituted blue copper
proteins possess hyperfine-shifted resonances which
are much sharper than their counterparts in the Cu2+

proteins [127, 128]. These sharper signals can be
assigned, and detailed analyses of the active-site
structure of several blue copper proteins have been
carried out [127 – 132].
In the case of plastocyanin from Anabaena variabilis
(A. v.), the solution structure of the metal site was
determined [122] by including the effective distances
derived from the paramagnetic NMR relaxation as
restraints in a conventional NMR structure determi-
nation, together with the inter-proton distance re-
straints (NOEs) and the dihedral angle restraints
(scalar nuclear spin-spin couplings) normally used for
structure determination of proteins by NMR [20]. The
paramagnetic relaxation is thus used to restrain the
geometry of the metal site, while the conventional
restraints determine the overall protein matrix. Fig-
ure 6 shows the first coordination sphere of the copper
site in A. variabilis plastocyanin obtained in solution
by the paramagnetic NMR method [114, 122]. In
Table 1, the bond lengths and bond angles obtained in
solution by the paramagnetic NMR approach are
compared with the corresponding bond lengths and
bond angles observed in the crystal structure. In
general, there is a good agreement between the bond
lengths obtained in the solid phase by X-ray crystal-
lography and in solution by NMR. Small differences in
the bond angles are observed, in particular the bond
angles that involve the axially and weakly bound
methionine sulfur. Thus, it seems that the binding of
the methionine sulfur goes from nearly perfectly axial
in the solution state to slightly more rhombic in the
crystal phase. However, this difference could also be
due to dynamics of the weakly bound methionine
ligand in solution.

a-Synuclein
Metal ions interact with many pathogenic proteins.
This is true, for example, for the proteins involved in a
number of neurodegenerative diseases such as Alz-
heimer, Parkinson and prion diseases. Many of these
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proteins have a tendency to misfold, aggregate and
form solid deposits, which can cause neuronal damage
[133]. The interaction with the metal ions may either
stabilize the proteins in their normal form, thus
preventing the pathogenesis, or it may stimulate the
misfolding and aggregation, giving rise to the disease.
Studies of the metal-protein interactions in such
systems are challenging, and elucidation of the
function of the metal ion is often difficult. Recently,
Gaggelli et al. [12] published an excellent review on
copper homeostasis and neurodenerative disorders.
a-Synuclein is a 140-amino acid protein consisting of
the amphipathic N-terminus (residues 1– 60), the
hydrophobic self-aggregating non-Ab component
(NAC) (residues 61 –95) and the acidic C-terminus
(residues 96 – 140). The protein has no significant
secondary structure in solution; however, long-range
contacts between the N-terminus and the C-terminus
of the protein have been identified [134 – 136]. Ag-
gregation and subsequent fibrillation of this protein is
known to be involved in Parkinson disease, and it has
been found that some transition metal ions, in
particular Cu2+, accelerate a-synuclein fibril forma-
tion in vitro [137– 139].
Recently, detailed investigations of the interaction
between a-synuclein and Cu2+ were carried out in

order to understand the mechanism of aggregation
and subsequent fibrillation [140, 141]. NMR spec-
troscopy was used to provide a per-residue basis for
studying the interaction between the protein and the
paramagnetic Cu2+ ion. Thus, the NMR signals of
nuclei spatially close to the Cu2+-binding sites will
broaden due to an increased R2 relaxation caused by
the interactions with the unpaired electron of the
metal ion. Figure 7 (upper panel) shows the decrease
in signal intensity upon addition of Cu2+ (20 mM) to a
sample of a-synuclein (100 mM) at pH 6.5 in a 1H-15N
correlated spectrum (HSQC) as function of the
residue number. The largest decrease in signal
intensity is observed around H50, which is therefore
identified as the major site of interaction. Upon
further increase of the Cu2+ concentration (40 mM),
two additional sites of interaction are observed, one
involving an acidic patch at the C-terminus consisting
of D119, D121, N122 and E123, and one involving the
N-terminus of the protein [140, 141] (see Fig. 7,
middle panel). The lower panel of Figure 7 shows the
intensity profile for 100 mM a-synuclein and 20 mM
Cu2+ at a lower pH value, namely pH 5.0. The binding
sites in a-synuclein have different pKa values (see
Table 2), which result in an almost complete proto-
nation of H50 and the N-terminal NH2 group at pH

Table 1. Comparison of bond lengths and dihedral angles in the
metal site of plastocyanin from Anabaena variabilis

NMR1 X-ray2 X-ray3

Bond lengths (�)

Cu–NH39 1.94 � 0.03 2.07 1.99

Cu–SC89 2.12 � 0.09 2.13 2.23

Cu–NH92 1.98 � 0.03 2.10 2.07

Cu–SM97 2.80 � 0.12 2.77 2.72

Bond angles (deg.)

NH39–Cu–SC89 118 � 6 132 128

NH39–Cu–NH92 116 � 9 96 101

NH39–Cu–SM97 106 � 15 90 93

SC89–Cu–NH92 114 � 6 120 117

SC89–Cu–SM97 88 � 6 110 109

NH92–Cu–SM97 105 � 6 101 102

Geometric distances (�)

Cu–{NNS}4 0.35 � 0.07 0.41 0.45

1 The average of the ten structures with lowest energy shown in
Figure 6. The uncertainties are the root mean square deviations
(RMSD) of the bond lengths and angles calculated for the struc-
tures in Figure 6.2 Angles and distances from the crystal structure of
plastocyanin from A. v. at pH 8.0 (PDB: 2GIM, model no. 1).
3 PDB: 2GIM, model no. 2.
4 The distance from the copper ion to the plane formed by His39
Nd1, His92 Nd1, and Cys89 Sg. The positive value indicates that the
copper atom is located toward the Met97 Sd ligand from the NNS
plane.

Figure 6. The first coordination sphere of the copper site of
Anabaena variabilis plastocyanin. The superimposed structures are
the ten structures with lowest energy determined by paramagnetic
NMR in solution [122]. The RMSD of the ligand atoms of the ten
structures is 0.17�. The figure was created with MOLMOL [182].
Reproduced with permission from Proc. Natl. Acad. Sci. USA
(2006), vol. 103, pp. 1738–1743. Copyright 2006 Natl. Acad. Sci.
USA.
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5.0, while the acidic patch at the C-terminus is mostly
deprotonated. Therefore, increased binding of Cu2+

to the acidic patch at the C-terminus of a-synuclein is
observed at lower pH values. Besides the three major
interaction sites for Cu2+, several carboxylate sites on
the protein surface with significantly lower binding
affinity could be identified [140, 141]. Other tran-
sition metal ions, such as Fe2+, Mn2+, Ni2+ and Co2+,
were also found to interact with a-synuclein, although
the interaction is weaker and less specific. These metal
ions interact mainly with the C-terminus of a-synu-
clein, the major interaction site being the residue
D121 [139].

Nevertheless, it is unclear how the binding of Cu2+ and
other transition metal ions promote aggregation of a-
synuclein. Exposure of the highly hydrophobic NAC
domain to the solvent is believed to trigger the
aggregation [142, 143]. However, as judged from the
NMR chemical shifts, the overall conformation of the
protein does not change upon Cu2+ binding [140].
Furthermore, the binding of Cu2+ to a-synuclein does
not induce or break any long-range interactions [141]
that could lead to the exposure of the NAC domain. A
reason for the enhanced fibril formation of a-synu-
clein in the presence of Cu2+ could be that each Cu2+

ion binds several a-synuclein molecules.

Prion proteins
Prions are glycoproteins that cause transmissible and
genetic neurodegenerative diseases, including scrapie
and bovine spongiform encephalopathy (BSE) of
animals and Creutzfeldt-Jakob (CJD) and Gerst-
mann-Straussler-Scheinker (GSS) diseases of humans
[144]. The key event in the pathogenesis of the prion
diseases is the conversion of a normal cellular prion
protein, PrPC, to an abnormal isoform, PrPSc that is
protease resistant and possibly the agent of infection
[144]. The two isoforms have identical primary
structures and differ only in chain conformation and
state of assembly. PrPC is a proteinase K (PK)-

sensitive monomer with about 40 % a-structure and
almost no b-structure, while PrPSc is an assembled
multimer characterized by enhanced resistance to-
ward PK digestion and containing about 40 % b-
structure and about 30 % a structure [145, 146].
Although the function of PrPC is still a subject of
debate, there is ample evidence for the biological
relevance of the copper binding. Thus, it was found
that Cu-PrPC has superoxide dismutase activity [147,
148], and it was suggested that a causative factor for

Table 2. Typical pKa ranges of ionizable groups in proteins [180].

Ionizable group Typical pKa range

C-terminus 3.5–4.0

N-terminus 8.0–9.0

Asp/Glu 4.0–4.8

His 6.5–7.4

Cys 8.5–9.0

Tyr 9.5–10.5

Lys 9.8–10.4

Arg �12

Figure 7. Intensity profiles of the 1H-15N HSQC NMR signals of
100 mM a-synuclein. I0 is the intensity in the HSQC spectrum
recorded without the addition of the paramagnetic Cu2+ ions. I is
the intensity upon addition of 20 mM Cu2+ at pH 6.5 (upper panel),
40 mM Cu2+ at pH 6.5 (middle panel) and 20 mM Cu2+ at pH 5.0
(lower panel). Reproduced with permission from Proc. Natl. Acad.
Sci. USA (2005), vol. 102, pp. 4294–4299. Copyright 2005 Natl.
Acad. Sci. USA.
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the prion disease could be a loss or an alteration of this
activity and its antioxidant function [149]. It has also
been proposed that PrPC has a protective role by
binding Cu2+ in a redox-inactive state [150] and that
PrPC functions as a Cu2+ transporter by binding Cu2+

ions from the extracellular medium under physiolog-
ical conditions, then releasing the metal upon expo-
sure to acidic pH in endosomes or secondary lyso-
somes [151 – 153].
To gain further insight into the role of Cu2+ for the
function of prions, the metal binding and the structure
of the binding site(s) have been investigated by NMR.
The prion protein has a large N-terminal tail that
contains four successive copies of the highly conserved
octapeptide repeat sequence PHGGGWGQ between
residues 60 and 91 (Fig. 8). Structural analysis of the
prion protein in solution revealed two domains: a
globular C-terminal part (121 – 231) of PrPC, the
structure of which has been determined by NMR
spectroscopy [154 – 157], and the N-terminal part,
which is unstructured in the absence of divalent metal
ions. The octarepeat region binds up to four Cu2+ ions
in a cooperative manner [151, 158 – 160] and with high
selectivity [151, 153, 161 –166].
As in the case of a-synuclein (see above), the location
of the Cu2+-binding sites in the PrPC fragment 91 – 231
was identified by measuring the transverse paramag-
netic relaxation enhancement, R2p, given by the
increase in the NMR linewidths, and the reduction
in signal intensities in a 1H–15N HSQC spectrum as
function of an increasing concentration of the para-
magnetic Cu2+ ion [166] (Fig. 9). Thus, it was found
that residues 94 – 98, 108 –114, 135– 136, and 153 – 159
exhibit significant differential alteration of resonan-
ces, indicating copper binding. In addition, the peaks
that arise from the backbone amide resonances close
to the binding site of the paramagnetic ion, for
example, H96 and H111, exhibit significant broad-
ening. More recently, Gaggelli et al. [167] used
longitudinal paramagnetic NMR relaxation enhance-
ments, R1p, to study the binding of Cu2+ to the PrPC

fragment 106 – 126 and found that Cu2+ binds to
His111 and the N-terminal end of the peptide. More-
over, the relaxation enhancements provided precise
information about the geometric structure of the
binding site (Fig. 10).
Nevertheless, the role of copper in the pathogenesis
of prion diseases seems rather complex. Depending
on circumstances, Cu2+ may have opposing effects
on the development of prion diseases. On the one
hand, Cu2+ inhibits the conversion of the prion
protein into a disease-specific conformation, such as
amyloid fibrils [168] . On the other, Cu2+ can
stabilize PrPSc by converting it into a more proteo-
lytically resistant form by enhancing the PK resist-

ance of preformed fibrils and initiating aggregation
of the amyloid fibrils into large clumps [168] , which
eventually reduces the rate of PrPSc clearance. Thus,
the development of prion diseases may be con-
trolled by a fine dynamic balance between the rates
of PrPSc formation versus its clearance [169, 170]

Figure 8. The primary structure of the mouse prion protein. The
protein is anchored to the cell membrane by a glycosylphospha-
tidylinositol (GPI) anchor. The complete octameric repeats can
bind up to four copper atoms; most mammals also have an
incomplete repeat located upstream of this. Reproduced with
permission from Trends Neurosci. (2001), vol. 24, pp. 85–90.
Copyright 2001 Elsevier.

Figure 9. NMR signal intensity versus residue number. HSQC
peak intensities shown sequentially at 250, 500, 750 and 1000 mM
CuSO4 relative to 0 mM CuSO4; showing the effects of addition of
Cu2+ to the human PrP91-231. Reproduced with permission from
Proc. Natl. Acad. Sci. USA (2001), vol. 98, pp. 8531–8535.
Copyright 2001 Natl. Acad. Sci. USA.
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and, therefore, the final outcome of the copper-
induced effects on the progression of the prion
diseases may not be straightforward.
Prion proteins also bind other divalent metal ions.
Thus, Ni2+, Zn2+ or Mn2+ bind to PrPC [147, 166, 167,
171 – 175] although considerably more weakly than
Cu2+ [166]. In particular, the binding of Mn2+ has been
investigated in detail since it might be associated with
the transformation of the prion proteins from the
normal to the abnormal form. Indeed, in vitro studies
[148, 173] suggested that the interaction with Mn2+

causes conversion of PrPC to a protease-resistant
form, PrPres, probably by binding to the octarepeat
region (residues 60 – 91). In contrast to these findings,
Garnett et al. [159] did not observe any Mn2+ binding
to the octarepeat region of full-length PrPC. Tsenkova
et al. [176] suggested that Mn2+ may lead to fibrilla-
tion, while Bocharova et al. [168] failed to detect any
fibrillation effect from Mn2+ on full-length PrPC. In
their detailed paramagnetic NMR relaxation study,
Gaggelli et al. [167] showed that the PrPC106 –126
fragment strongly binds Mn2+, although the observed
paramagnetic relaxation enhancements, R1p, in the
case of Mn2+ were mostly dependent on the exchange
lifetimes and, therefore, did not contain quantitative
structural information. Nevertheless, the authors
found that the two metal ions bind to the peptide in
two different regions. Thus, the N-terminal region is
affected by Cu2+, while Mn2+ binds to the C-terminal
G126 carboxylate and the preceding carbonyl resi-

dues, resulting in different coordination modes for the
two metal complexes.
Taken together, the importance of Cu2+ and other
divalent metal ions for the function of prions has been
clearly demonstrated by numerous studies. However,
the studies also illustrate the complexity of the
interaction of copper with prion proteins and, thus,
the complexity of the effect of copper on the develop-
ment of prion diseases.

Thioredoxin
As discussed above, the metal ion binding of a-
synuclein and prion proteins is important for the
biological function of the proteins. However, in both
cases, the location and characteristics of the metal
binding site are less well defined, and the precise
function of the metal ions is still unknown. A similar
uncertainty or lack of insight applies to other metal-
dependent proteins, for example tRNA synthetases.
In the studies of a-synuclein and prion proteins, as well
as in other studies [140, 141, 166, 167, 177, 178], the
location of the Cu2+ ions was identified through the
paramagnetic broadening (R2p) of the NMR signals of
the nuclei spatially close to the metal-binding sites.
However, this approach does not provide information
that is sufficiently detailed for a precise determination
of the location and the characteristics of the metal-
binding sites. Moreover, if the occupancies of some of
the binding sites are low, the line broadening may be
less significant or it may be obscured by other effects.
Recently, an NMR approach was presented [62] that,
in principle, alleviates these shortcomings. The ap-
proach relies on the structure of the protein and on a
determination of the longitudinal paramagnetic re-
laxation enhancements, R1p, of a large number of
nuclei in the protein. Thus, by using the distance
information provided by the R1p rates, all binding sites
on the protein surface can be located [61, 62]. A
simultaneous determination of the location of the
binding sites and the occupancies can be obtained by
including in the analysis the pH dependence of the
paramagnetic relaxation rates for a single concentra-
tion of the paramagnetic metal ion. This was demon-
strated for Escherichia coli thioredoxin using Ni2+ as
the paramagnetic metal ion [62]. As multifunctional
proteins, thioredoxins participate in many different
redox reactions through the reversible oxidation of
two free thiol groups to a disulfide bridge at the active
site. Thus, for example, thioredoxins catalyze the
degradation of insulin and they are implicated in the
regulation of enzyme activities [179]. However, no
functional importance of metal ion binding to thio-
redoxin has been reported.
In the study, a total of five distinct Ni2+-binding sites
were identified on the surface of thioredoxin. Side

Figure 10. Superposition of Cu2+–PrP106-126 structures obtained
from experimental data (blue) from energy minimization (yellow)
and from molecular dynamics calculations (orange). All the other
colored structures represent the snapshots from molecular dynam-
ics. The figure was created with MOLMOL [182]. Reproduced with
permission from J. Am. Chem. Soc. (2005), vol. 127, pp. 996–1006.
Copyright 2005 Am. Chem. Soc.
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chain carboxylate groups constitute four of the
binding sites, while the N-terminus of the protein
provides the fifth binding site (see Fig. 11). The
occupancies of the individual binding sites were
determined from the combined results of a series of
pH and Ni2+ titration experiments. The approach
relies on the fact that the binding of metal ions to a
protein is highly pH dependent and is mainly
controlled by the pKa values of the ligands. Table 2
shows the typical pKa ranges of ionizable groups in
proteins. In the pH titration experiments, the ob-
served longitudinal relaxation rates of the amide
protons were measured as a function of the pH for a
constant protein and Ni2+ concentration of 1.0 mM. If
Ni2+ binds to the protein, enhanced nuclear relaxa-
tion rates are observed. Figure 12 shows the appear-
ance of a pH titration curve for the amide proton of
G21. This amide proton is affected both by the
carboxylate binding site at D20 and indirectly by the
strongest binding site located at the N-terminus of
thioredoxin. Since the N-terminal binding site in
thioredoxin becomes protonated before the carbox-
ylate binding site (see Table 2), more Ni2+ becomes
available to the carboxylate binding sites as the pH is
lowered from 7.0 to approximately 5.5. Consequent-
ly, an increase in the observed longitudinal relaxation
rates of the nuclei close to the carboxylate binding
sites, including the D20 site, is observed as the pH is
lowered. Below pH 5.5, the carboxylate binding sites
becomes protonated and the relaxation rates de-
crease. Thus, the pH dependence of the longitudinal
relaxation rate in combination with its dependence
on the Ni2+ concentration form the basis for a
simultaneous determination of the location of the
binding sites and the associated binding constants. In
the case of the investigated Ni2+-thioredoxin inter-
action, it was found that for an equivalent amount of
protein and Ni2+ (1.0 mM), the occupancies of the
five binding sites in thioredoxin are S1/D2 (47 %),
D10 (11 %), D20 (7 %), D47 (3 %), and E85 (2 %),
while 30 % of the Ni2+ remains unbound [62].
Finally, the detection of a large number of weak metal-
binding sites in thioredoxin raises the question
whether they are of any biological significance. The
fact that most proteins have similar low-affinity metal-
binding capabilities in terms of surface-exposed
carboxylate groups or histidine imidazole groups
further emphasizes the significance of this question.

Concluding remarks

Recent studies have challenged our view of metal-
protein interactions. A picture emerges that not only
contains the classical metalloproteins with well-de-

fined, highly ordered and static metal sites, as found in
plastocyanin, but also includes proteins and peptides
where the interactions with the metal ion are highly
diverse and dynamic. Nevertheless, the indication that
metal-protein interactions are involved in neurode-
generative diseases suggests that these transient
interactions are of great biological relevance. Signal
proteins such as calmodulin, and zinc fingers in
transcription factors have well-defined binding sites,
yet the metal binding is likely to be transient at in vivo
conditions. Here, life utilizes metal ions as a part of a
complicated regulatory network. To understand the
mechanisms by which these proteins function, it is
important to understand the interplay between the

Figure 11. Ribbon model of the solution structure of thioredoxin
showing the five different Ni2+-binding sites on the protein surface.
The carboxylate side chains are shown in green while the Ni2+ ions
are shown in gray. The figure was created with PyMOL [181].
Reproduced with permission from Biochemistry (2005), vol. 44, pp.
11014–11023. Copyright 2005 Am. Chem. Soc.

Figure 12. pH titration curve for the amide proton G21NH in
thioredoxin. A sample of 1.0 mM protein and 1.0 mM Ni2+ was
used. The observed longitudinal relaxation rates were measured at
11.74 T for eight different pH values in the range from 3.2 to 7.0.
The relaxation rate of the amide proton G21NH follows a two-step
titration (solid line) with pKa values of 4.7 � 0.1 and 6.2� 0.1. The
curvature of the pH dependence shows that G21NH is affected by
two or more metal-binding sites. Reproduced with permission from
Biochemistry (2005), vol. 44, pp. 11014–11023. Copyright 2005
Am. Chem. Soc.
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dynamics of the protein and the binding of the metal
ion.
The diversity of metal-binding sites found throughout
the proteome is a great challenge to biophysics. In
particular, the more transient metal-protein interac-
tions are difficult to monitor. Within this field, NMR
has a great potential. Techniques to study conven-
tional static metal-binding sites by paramagnetic
NMR are fairly well established; however, the meth-
ods are still being refined in order to improve the
quality of the metal site structures of proteins in
solution and to obtain information about the elec-
tronic structure of metal sites. Today, paramagnetic
NMR techniques are also used to characterize weak or
transient binding sites, and diamagnetic NMR relax-
ation studies can provide complementary information
about protein motions coupled to metal binding.
However, NMR cannot be the only technique used to
study metal binding of proteins and peptides. X-ray
crystallography, EXAFS, EPR, UV-VIS, CD, vibra-
tional spectroscopy, mass spectrometry and other
techniques, are necessary to obtain satisfactory an-
swers.
Finally, the finding of Ni2+-binding sites on the surface
of thioredoxin, a protein that is not considered to
utilize metal ions for its biological function in any way,
raises the intriguing question: are metal-dependent
proteins more common than originally thought?
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