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Introduction

Intrinsically disordered proteins (IDPs) and protein
regions (IDRs), which challenge the canonic structure-
function paradigm, represent an emerging field of research
in modern protein chemistry.[1–4] Highly flexible proteins and
flexible linkers of complex proteins are present in any living
organism and play key roles in a variety of different cellular
pathways. They lack a stable three-dimensional structure in
their native conditions while retaining biological activity.
Initially described using creative epithets such as “dancing
proteins”, “protein clouds”, “protein chameleons”[1] they are
now widely investigated revealing novel ways through which
extensive disorder and flexibility modulate protein function.

The structural and dynamic properties of IDPs/IDRs are
even more influenced by the environment with respect to
those of globular proteins.[5, 6] Therefore experimental tools to
study them in physiologically relevant conditions, all the way
to in-cell, are very useful to understand the physicochemical
properties relevant for their function and misfunction. In this
framework, NMR spectroscopy provides a unique investiga-
tion tool to access high resolution information.[7, 8]

Human a-synuclein is one of the most widely studied
IDPs because of its involvement in several human neuro-
degenerative pathologies called synucleinopathies, such as
ParkinsonQs disease (PD). Constituted by 140 amino acids,
a-synuclein is intrinsically disordered in native conditions.

The primary sequence is generally subdivided into three
different regions: the N-terminus (1–60), with several
KTKXGV recognition motifs responsible for a net positive
charge, the central, more hydrophobic, non-amyloid-b com-
ponent NAC (61–94) and the C-terminal tail (95–140),
a characteristic domain that is dense of negatively charged
residues. Largely disordered in the monomeric state,[9]

stabilized by long range interactions between the N-terminal
region and the C-terminal region,[10, 11] it adopts helical
conformations when interacting with membranes through
the N-terminal region[12–15] and elongated conformations in
amyloid fibrils,[16] just to name a few snapshots on the most
studied, heterogeneous structural properties of a-synuclein in
different conditions.[17] In recent years many in vitro and in
vivo studies were carried out to clarify the events that lead to
the insurgence of different pathologies but the structural and
dynamical versatility to different local conditions encoun-
tered in neuronal cells makes it difficult to identify those
factors that trigger the pathological action of the protein as
the formation of toxic aggregates. Full comprehension of the
pathological and physiological roles of this biomolecule is still
lacking in part because of the incredible range of environ-
ment-dependent conformational plasticity, a true “chameleon
protein”,[18] that renders its investigation very challenging.

Here we would like to present a novel set of 2D NMR
experiments to follow how the properties of IDPs/IDRs
change in different, physiologically relevant, experimental
conditions. Based on carbonyl carbon direct detection,[19–25]

these experiments provide information on backbone and side-
chain chemical shifts as well as on the impact of solvent
exchange at the residue level, even for those residues whose
amide proton is not directly detectable. This set of 2D
exclusively heteronuclear NMR experiments is tested on
a-synuclein and then used to focus on its interaction with
Ca2+, a potential trigger for the onset of ParkinsonQs disease.
Mainly localized in presynaptic terminals, a-synuclein is
exposed to microdomains of high Ca2+ concentration asso-
ciated with neurotransmitter release[26,27] and could be
exposed to high extracellular Ca2+ concentration in cell-to-
cell secretion mechanisms.[28] New insights on how a structur-
ally and dynamically heterogeneous protein linked to the
onset of ParkinsonQs disease senses these Ca2+ concentration
jumps become thus very relevant to describe a-synuclein
function.

Results and Discussion

Fingerprint of an IDP at physiological pH and temperature

The side chains of amino acids are seldom studied for
IDPs/IDRs, even if they are expected to play important roles
for their function because the extensive resonance overlap
typical of their NMR spectra becomes even more pronounced
when moving away from the backbone. 2D 1H-13C correlation
spectra, even if highly sensitive, only show a small fraction of
resolved cross-peaks, drastically reducing their high resolu-
tion information content. Carbon-13 detected 2D NMR
experiments provide a valuable source of information. A
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Abstract: Many properties of intrinsically disordered proteins
(IDPs), or protein regions (IDRs), are modulated by the nature
of amino acid side chains as well as by local solvent exposure.
We propose a set of exclusively heteronuclear NMR experi-
ments to investigate these features in different experimental
conditions that are relevant for physiological function. The
proposed approach is generally applicable to many IDPs/IDRs
whose assignment is available in the Biological Magnetic
Resonance Bank (BMRB) to investigate how their properties
are modulated by different, physiologically relevant conditions.
The experiments, tested on a-synuclein, are then used to
investigate how a-synuclein senses Ca2+ concentration jumps
associated with the transmission of nerve signals. Novel
modules in the primary sequence of a-synuclein optimized
for calcium sensing in highly flexible, disordered protein
segments are identified.
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fingerprint of an IDP/IDR at physiological pH and temper-
ature can be obtained through the set of 2D exclusively
heteronuclear NMR experiments based on carbonyl carbon
direct detection (CON, CACO, CBCACO, and CCCO).[29,30]

However, extremely high resolution is needed to resolve
resonances of side chains which cluster in very narrow
spectral regions. To this end CACO, CBCACO, and CCCO
pulse sequences were modified to achieve the necessary
resolution to study IDPs/IDRs (Supporting Information,
Figure S1); experimental variants exploiting 1H polarization
as a starting source (1H-start) were also implemented to
increase the sensitivity of the experiments (Figure S2).

Carbon-13 detected 2D NMR experiments reveal atomic
resolution information for aliphatic as well as for carbonyl/
carboxylate resonances of amino acid side chains (-COO@ ,
-CONH2). As an example of the quality of the spectra that can
be obtained, the assignment of the resonances of the six
aspartate residues present in a-synuclein is shown in Figure 1.
As illustrated for Asp 2, starting from the backbone carbonyl
(C’i) identified through the CON (C’i-Ni+1), the resonances of
Ca

i and Cb
i can be easily identified through inspection of the

CACO and CBCACO. These are also correlated to the side-
chain carboxylate carbon resonance (Cg

i) through two addi-
tional cross-peaks in a close but well isolated spectral region.
Therefore, the Cb

i-C
g

i cross-peaks of the six aspartate residues
can be easily assigned in a sequence-specific manner.
Analogously, also asparagine side-chain resonances can be
assigned. For glutamate and glutamine residues inspection of
CCCO is also needed to unambiguously correlate the back-
bone carbonyl resonance to the Ca

i, Cb
i, Cg

i aliphatic side-
chain resonances and finally to the Cd

i carbonyl/carboxylate
resonances. The cross-peaks assignment of the carboxylate/
carbonyl functional groups for a-synuclein (Cb

i-C
g

i for Asp
and Asn, Cg

i-C
d

i for Glu and Gln), which fall in a very clean
spectral region, is reported in Table S2 (Supporting Informa-
tion).

It is worth noting that carbonyl/carboxylate side-chain
resonances are seldom assigned, in particular for IDPs/IDRs.
They can be detected through triple resonance experiments
based on amide proton detection.[31–33] However this approach
is bound to fail in conditions in which amide protons are not
detectable, such as for solvent-exposed protein backbones at
physiological pH and temperature. 2D exclusively heteronu-
clear NMR experiments enable us to easily assign side-chain
resonances, starting from the backbone assignment, adjusting
chemical shifts to the conditions under investigation through
inspection of a CON spectrum, followed by the analysis of the
CACO/CBCACO/CCCO spectra. This constitutes a general
approach to access additional key information for any IDP/
IDR whose assignment is available in the Biological Magnetic
Resonance Bank (BMRB, http://www.bmrb.wisc.edu/). This
set of spectra thus provides a unique tool to achieve a finger-
print of an IDP near physiological conditions not only for
backbone resonances but also for side chains.

Negatively charged side chains of aspartate and glutamate
residues are the first candidates to establish interactions with
oppositely charged polypeptide chains[34] as well as to interact
with metal ions.[35–39] Particularly relevant for a-synuclein
function is the interaction with Ca2+ involved in the trans-

mission of nervous signals.[39–41] While intracellular Ca2+

concentrations are generally very low, microdomains of high
Ca2+ concentrations are linked to the release of neurotrans-
mitter from presynaptic terminals in all neurons.[26] Having
the assignment in hand, it is now possible to “zoom in” on the
metal ion coordination sphere and access additional comple-
mentary information to that available through HN HSQC
experiments.[39]

Figure 1. An illustration of the strategy used to obtain the sequence-
specific assignment of the 13C’ resonances of aspartate residues
through 2D exclusively heteronuclear NMR experiments. As an exam-
ple, gray dotted lines indicate the steps followed to assign side-chain
resonances of Asp 2. Starting from the carbonyl resonance identified
in the CON spectrum (orange), Ca

i and Cb
i are identified in CACO

(red) and CBCACO (blue) spectra, superimposed in the Figure, and
correlated to Cg

i through the respective Cb
i-C

g
i and Ca

i-C
g
i cross-peaks

in a sequence-specific manner.
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The set of 2D exclusively heteronuclear NMR experi-
ments, in particular the CON and the CACO, was used to
monitor the changes in a-synuclein induced by the presence
of Ca2+. The chemical shift changes of Asp/Glu residues
signals upon addition of Ca2+, reported in Figure 2, show that
not all of them are affected to the same extent: major changes
are observed in the C-terminal region of the protein (110–
140), the second part of the so-called acidic region (95–140).
As expected, chemical shift changes of side-chain carbox-
ylates are larger with respect to those observed for backbone
carbonyl (C’) resonances (Figure S3), reflecting a more direct
effect experienced by side-chain nuclear spins upon inter-
action with calcium ions. No major changes in secondary
structural propensity of the backbone were identified upon
interaction with calcium ions (Figure S4).

To assess the general applicability of this set of 13C
detection experiments, the interaction studies with calcium
ions were repeated using a sample with an order of magnitude
lower concentration of a-synuclein (50 mm). Despite the
relatively low sensitivity of 13C, the experiments allowed the
obtainment of a clear interaction profile (Figure S5); thanks
to the inclusion of 1H as starting polarization source the
(H)CACO could be acquired in a few hours (Figures S2 and
S5).

Shifting our attention to backbone nuclear spins by
inspection of the combined chemical shift changes of C’ and
N chemical shifts,[42] not only direct but also indirect changes
derived from the interaction with Ca2+ can be monitored
(Figure 3). Major perturbations are observed in the final part
of the primary sequence (Leu 113, Pro 120, Tyr 125, Met 127,
Ser 129, Tyr 136 and Pro 138).

The final part of the polypeptide chain is rich in proline
residues with four of the five proline residues of the protein
located between residues 117 and 138 (4 out of 22 amino acids
in this region). Chemical shift changes of proline residuesQ
signals, that could be monitored through CON spectra
(Figure 3), clearly show that two of them, Pro 120 and Pro
138, are significantly perturbed upon addition of Ca2+,
indicating that they are involved in the interaction of
a-synuclein with calcium ions. This may appear surprising
since proline does not have metal binding properties. How-
ever, these two proline residues are both flanked by two
negatively charged amino acids, which all experience signifi-
cant chemical shift changes for carboxylate resonances.
Further inspection of the most pronounced backbone chem-
ical shift changes reveals that two tyrosine residues, which are
not so common in IDPs, are also significantly perturbed by
Ca2+ addition. These observations prompted us to inspect the

Figure 2. Chemical shift perturbation (difference in absolute value) of
aspartate and glutamate side-chain 13C resonances upon addition of
Ca2+. The symbols over the graph depict the distribution of charged,
tyrosine and proline residues to evidence the particular composition
along the primary sequence: Asp and Glu (blue triangles), Lys (red
triangles), Pro (stars) and Tyr (pentagons). The lower panels show two
regions of the CACO spectrum with cross-peaks of Asp and Glu side
chains and their shifts during the titration. The different extent of the
perturbation of Asp and Glu side-chain resonances is evident. Major
changes are observed in the C-tail, which is rich in negative charges.

Figure 3. Chemical shift perturbation[42]
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:15dð15NiÞ2 þ 0:34dð13CiÞ2

p
of CON signals upon addition of Ca2+. The lower panels show the shift
for the two proline residues (Pro 120 and Pro 138 (right)) and for
tyrosine 125 (left), the most affected residues during the titration.
While the C-terminus is still the most perturbed part, the plot high-
lights a more indirect effect for the backbone resonances and also
reveals an impact on many residues in the N-terminal domain. The
titration follows the pattern from blue (a-syn :Ca2+, 1:0) to purple
(a-syn:Ca2+, 1:16).
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positions of proline and tyrosine residues along the primary
sequence (schematically depicted in the top of Figures 2 and
3). The results show that the region of the primary sequence
of a-synuclein experiencing the most pronounced changes
upon Ca2+ interaction, that is the final part of the C-terminal
region which is very rich in negatively charged amino acids
while being depleted of positively charged residues, has also
a peculiar abundance of proline and tyrosine residues. The
NAC region instead is the one characterized by the smallest
chemical shift changes while the N-terminal part of the
protein experiences significant variations of backbone chem-
ical shifts. These are less pronounced with respect to those
observed for the C-terminal region and are likely to arise in
part from an indirect effect of calcium binding, resulting from
reduced long range electrostatic interactions between the
initial and final part of the protein as observed in other
studies.[43, 44] It is thus interesting to investigate whether the
interaction with Ca2+ promotes compaction or decompaction
along the primary sequence.

“Spying” chemical exchange of IDPs with water: the DeCON
experiment

Exchange of amide protons with the solvent, responsible
in our experimental conditions for broadening beyond
detection more than half of the signals of amide protons
(Figure S6),[45] has been one of the first NMR observables
used in the past to identify amide protons protected from
solvent exchange by globular protein folds.[46] On the other
hand, only a little information is available so far on how
solvent exchange is modulated by the properties of IDPs/
IDRs. It is thus interesting to investigate this aspect in more
detail. A modified variant of the CON was thus designed to
reintroduce a dependence on chemical exchange processes
with the solvent without perturbing the solvent resonance,
still retaining the excellent resolution of CON spectra. The
modified pulse sequence (Figure 4A) enables us to create
three spin order operator (4C’zNzHz) and to monitor its
decorrelation due to chemical exchange, along the lines of
a method initially proposed by Skrynnikov and Ernst.[47]

The novel experiment (DeCON) can thus provide in-
formation about exchange processes of labile amide protons
with the solvent also for residues that escape detection in
1H-15N-based experiments. Starting from C’z magnetization
(a), transverse C’y coherence is created (b) and converted into
antiphase coherence 2C’xNz (c). This is then converted into
2C’zNy (d) and allowed to evolve under the effect of the 1JHN

coupling to generate 4C’zNxHz (e). In order to generate this
latter operator a band-selective 18088 pulse on the amide
proton region is used to avoid perturbation of the water
resonance. This operator is then converted to the three spin
order 4C’zNzHz (f) and its decay is monitored by introducing
a free evolution delay (tdecor). At the end of this delay the
three spin order 4C’zNzHz is converted to 4C’zNyHz (g) which
is picked up by the second part of the CON after conversion
into 2C’zNy (h). It is worth noting that through this approach
a dependence on solvent exchange is reintroduced with
minimal perturbation of the water resonance avoiding

radiation damping effects. As an example, a region of the
spectrum obtained with this novel DeCON experiment is
shown in Figure 4 B as a function of tdecor, the time interval in
which the three spin order 4C’zNzHz is allowed to evolve:
while the signal of Val 77 is still observable with tdecor =

52.2 ms, one of the Lys 12 signals disappears with tdecor =

22.2 ms. The intensities of cross-peaks can be integrated in
the series of spectra acquired with a different tdecor and can be
fit to a mono-exponential decay (Izzz(tdecor) = I0 e@ðkzzztdecorÞ,
Figure 4C).

It is interesting to compare the results obtained through
the DeCON experiment proposed here with the ones
obtained through the initially proposed 1H detected variant[47]

(HN-Decor experiment). The agreement between the data
measured through the two different experiments is quite good
for the residues that could be detected in both experiments

Figure 4. A) DeCON pulse sequence. The following phase cycling was
employed: f1 = 2(y), 2(@y); f2 = x, @x ; f3 =4(x), 4(@x), fIP = x ;
fAP =@y and frec = x, @x, @x, x, @x, x, x, @x. The length of the delays
were: D =4.5 ms D1 = 16.6 ms; D2 =2.7 ms; e = t1(0) +p180 (500 ms).
The striped pulse in the middle of the 15N evolution period is an
adiabatic chirp pulse that covers the whole 13C spectral region. Virtual
decoupling of the C’-Ca coupling was achieved by acquiring both the IP
and AP component of the signals for each increment. The strength of
the smoothed square shape gradients are: 50%, 19%, 19%, 25%,
25%, 70%; the strength of the weak bipolar gradient is 1%. Quad-
rature detection in the indirect dimension was obtained with the
STATES-TPPI approach incrementing phase f2. B) A portion of the 2D
DeCON spectrum is shown on the left with the assignment of the
cross-peaks; several spectra acquired as a function of tdecor are shown
on the right. C) The intensities (arbitrary units) of two of these cross-
peaks are reported as a function of tdecor.
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(Figure S7). The DeCON however provides information
about a larger number of residues with respect to the 1H
detected variant. This is in part due to the improved
resolution derived from the superior chemical shift dispersion
of the C’i@1-Ni correlations with respect to the Hi-Ni correla-
tions, and in part to the different magnetization transfer
pathway minimizing perturbation of 1H magnetization (in the
HN coherence transfer pathway the proton magnetization is
transverse both during the two INEPT steps and the
acquisition, in the DeCON the proton magnetization is
maintained along the z-axis). These properties of the DeCON
experiment allow us to monitor a larger number of residues
and to extend the range of kzzz values that can be measured
with respect to the 1H detected variant. The minor contribu-
tion of longitudinal relaxation to the observed decay was
evaluated investigating the decay of the 2C’zNz operator
(Figure S8). Finally, a three-dimensional variant of the
DeCON experiment was designed to further increase the
resolution of the experiment in a third dimension exploiting
Ca chemical shifts, opening the possibility of studying IDPs of
increasing size (Figure S9).

The kzzz values determined through the DeCON experi-
ment are reported as a function of the residue number in
Figure S10. The residues in the initial part of the polypeptide
chain show significantly high values which are however quite
scattered along the primary sequence, an effect largely due to
the type of amino acid as indicated in Figure S10. The
C-terminal region (110–140) shows significantly reduced
exchange processes, in agreement with previous observations
attributed to the effect of the high local negative potential.[9]

With increasing temperature or pH (or both) the kzzz values
increase while the trend along the protein primary sequence is
maintained (data not shown).

Upon addition of Ca2+ to the a-synuclein sample the kzzz

values determined through the DeCON experiment show
a global enhancement along the primary sequence, while
maintaining the general trend as shown in Figure S11. The
effect appears more relevant for the residues in the terminal
parts; the ratio between kzzz of the bound and the unbound
forms is shown in Figure 5. In the central zone (residues 40–
100), the average value of kzzz(a-synCa)/kzzz(a-syn) = 1.10,
while several residues in the terminal parts (1–39 and 101–
140) present a higher ratio. The residues that experience the
higher boost (over X 1.9 times respect to the unbound form)
are Ala 18, Ala 30, Glu 115, Asp 119, Asp 121, Asn 122, Glu
123, Ala 124, Tyr 125, Ser 129, Tyr 133, Gln 134, Asp 135 and
Tyr 136. The global increase observed in the exchange rates
could be due in part to an increase in ionic strength during the
titration with CaCl2. In contrast, the very strong and localized
effect in the terminal domains should be related to different
reasons, such as reduction of the electrostatic potential in the
C-terminal region and disruption of the electrostatic inter-
actions between the N-terminal and C-terminal parts of the
polypeptide chain. On the other hand the present data show
no evidence of formation of a more compact state in which
solvent exchange is precluded upon interaction with calcium
ions.

Ca2+ sensing by a-synuclein: new insights

The high number of negatively charged amino acids in the
final part of the primary sequence of a-synuclein, in
combination with the disordered nature of this protein that
leaves this part of the backbone largely solvent-exposed and
easily accessible, provides a strong electrostatic negative
potential that is likely to have an important role for its
function, in particular in mediating interactions with pos-
itively charged entities (ions, small molecules, proteins, etc.).
This is likely to create the initial driving force, sensed at quite
long distance, for the interaction with Ca2+.[35] The negatively
charged functional groups of amino acid side chains, such as
carboxylate groups of aspartate and glutamate residues
(COO@), in principle all have the potential to interact with
positively charged metal ions. The disordered nature of the
polypeptide that leaves COO@ groups largely exposed to the
solvent would suggest an unspecific effect, with all COO@

sharing similar interaction properties. Instead, we find very
specific differential effects for the COO@ groups in the
different parts of the polypeptide chain. The sequence context
thus has an important role in mediating interactions with Ca2+

even in the case of IDPs. The possibility to directly observe
perturbations sensed by COO@ groups through 13C detection
experiments allows us to zoom in on the interaction site and
identify the amino acids that are the most perturbed by
calcium addition. Interestingly the largest perturbations are
found in the C-terminal tract for the following residues: Asp
119, Asp 121, Glu 123, Glu 126, Asp 135, Glu 137 and Glu 139.
These residues belong to an extended region of the polypep-
tide chain (119–139, 21 amino acids long) showing that Ca2+

already has a strong preference for a subset of the COO@

groups in the C-terminal region in which a-synuclein is
usually subdivided (95–140). Looking in more detail, two

Figure 5. Ratio of the kzzz values obtained from the DeCON experi-
ments before and after addition of Ca2+. The plot evidences the
different effects in the increment for the three a-synuclein regions:
while NAC (yellow) maintains a homogeneous trend, C-terminus
(blue) shows the major boost, in line with the defined binding region.
However, it is possible to see an increment also for some scattered
residues in the N-terminal part (red).
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regions, which are quite far from each other, can be identified:
Asp 119–Glu 126 and Asp 135–Glu 139. These two distinct
regions share very similar patterns: 1) negatively charged
amino acids are close in the primary sequence but not
contiguous, 2) in two cases amino acids in between negatively
charged amino acids are prolines, and 3) in two cases
glutamate is preceded by tyrosine. Therefore the signature
in terms of amino acidic composition of these regions strongly
perturbed by the addition of calcium ions is very character-
istic. Specific patterns can thus be identified that are likely to
play an important role in modulating calcium ion interactions:
a pair of negatively charged amino acids (Asp or Glu)
separated by a proline (Asp 119–Pro 120–Asp 121 and Glu
137–Pro 138–Glu 139), tyrosine-glutamate motifs (Tyr 125–
Glu 126 and Tyr 136–Glu 137).

The role of a proline in between two negatively charged
amino acids could thus be important to reduce local mobility
and favor the proper relative orientation of negatively
charged side chains for calcium binding (Figure 6). Tyrosine
residues are very bulky amino acids with aromatic side chains
rich in p electron density, two properties that could play
a relevant role in reducing local motions and favoring
interactions of highly flexible protein regions with Ca2+, in
particular if followed by an acidic residue providing a COO@

group. These could be key elements of specific motifs to
modulate Ca2+ sensing in highly flexible protein tracts. The
question of whether a stable complex is formed or an
equilibrium between different local binding sites with similar
affinities is established remains. On one hand the flexibility of
the polypeptide chain provides to the system the necessary
degrees of freedom to fold around a unique metal binding
site, on the other hand the entropic penalty associated to
folding a tract of 20 amino acids is expected to be much higher
than that of multiple sites with comparable affinity in
equilibrium, each of them comprising 6–8 amino acids.

It is thus interesting to zoom out and inspect chemical
shift changes observed for backbone nuclear spins in this
region. The major changes are observed for residues 119–129
and for residues 134–139. Interestingly the two proline
residues in the new motif identified from side-chain chemical
shifts (Pro 120 and Pro 138, both flanked by negatively
charged amino acids) are the ones that show the largest

chemical shifts changes (Figure 3), confirming their important
role in the interaction with Ca2+. Tyrosine 125 also shows
pronounced changes upon interaction (Figure 3) as well as
Tyr 136 (data not shown). Chemical shift changes, although
significant, do not indicate the formation of a defined folded
state. The overall properties of this tract are still in line with
a highly flexible state. Exchange properties of amide protons
with the solvent, as monitored through the novel DeCON
experiment, show an increase in the decorrelation upon
addition of Ca2+ which shows that the backbone is still largely
accessible to solvent exchange, definitely far from forming
a protected pocket in which solvent exchange is precluded.
Therefore the interaction of a-synuclein with Ca2+ appears
more in line with a fuzzy interaction in which flexibility and
disorder is maintained also upon interaction. The strong
electrostatic potential of the C-terminal tail could play the
initial important driving force, sensed also at long range, for
the interaction with calcium ions; the identified motifs in the
primary sequence could act as nucleation sites for the
interaction. A number of conformations would then be easily
accessible to engage other Asp/Glu residues in the interaction
with calcium ions.

The interaction of a-synuclein with Ca2+ is likely to
disrupt the interaction of the C-terminal region with the
N-terminal region, rich of lysine residues. This region adopts
a helical conformation when bound to membranes[12–14] and
was proposed to form long range interactions at the origin of
a compact state of a-synuclein populated in solution.[10, 11, 48,50]

Our data confirm that chemical shift changes are observed for
residues in the N-terminal region which could be explained, at
least in part, by disruption of long range interactions. Indeed,
most of the COO@ groups of aspartate and glutamate side
chains in the N-terminal region only show modest chemical
shift changes, much less than those observed in the C-terminal
region. In addition, changes in solvent exchange properties
are observed through DeCON for the initial part of the
polypeptide chain. These could result in part by an increased
solvent accessibility resulting from loss of the compact
conformation. However, we cannot rule out the possibility
of the occurrence of other intermolecular effects. A detailed
investigation of the long range effects of Ca2+ addition would
require additional experiments, for example exploiting para-
magnetic relaxation enhancements induced by the presence
of a paramagnetic tag, which might take advantage of
13C NMR detection experiments.[51]

Metal binding sites of globular, folded proteins have been
extensively investigated revealing their key role in structure
function relationships. The interactions of metal ions with
highly flexible protein regions instead are only beginning to
be investigated in detail to understand their structural and
dynamic properties and their impact on protein function. The
experiments proposed here provide a useful tool to inves-
tigate the interactions of flexible protein tracts with metal
ions at high resolution. The example of the interaction of
a-synuclein with Ca2+ reveals specific motifs in the protein
primary sequence providing a glimpse on the wide versatility
through which proteins modulate interactions with calcium
ions also through high flexibility and disorder. Very few of
these disordered motifs have been investigated at high

Figure 6. Structural models of the DPD and EPE motifs identified in
a-synuclein as strongly perturbed as a result of Ca2+ concentration
jumps. The structural conformers are calculated through Flexible
Meccano[48] without imposing any constraints. The Figure was obtained
using MOLMOL.[49]
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resolution and many more could be studied in detail with the
tools proposed here. The characteristic features identified in
a-synuclein might also be useful as input for bioinformatics
tools to search for similar Ca2+ binding patterns in disordered
proteins.

a-synuclein has also been shown to interact with other
metal ions.[36–38,52] Among them CuII, FeII, CoII, NiII, MnII, and
several lanthanide metal ions[38, 53, 54] many of which are
paramagnetic. The set of experiments proposed here might
be useful to provide additional insights on the mode of
interaction. As an example we tested MnII, which provides
very strong paramagnetic effects deriving from the high
number of unpaired electrons combined with a relatively long
electronic relaxation time.[55] Previous NMR investigations
revealed that MnII interacts with residues in the C-terminal
region of a-synuclein, in a very similar way to what observed
for Ca2+.[38] A sub-stoichiometric concentration of MnII (1/100
respect to the protein concentration) indeed shows that first
carboxylate groups to be perturbed by the interaction are the
same ones identified in the interaction with Ca2+ (Figure 7).
Further additions of MnII allow to progressively zoom out and
identify the first backbone resonances to be perturbed as well
as the region mainly affected.

Conclusion

The improved set of 2D exclusively heteronuclear NMR
experiments based on carbonyl direct detection enabled us to
resolve the signals of COO- groups of a-synuclein amino acid
side chains and to monitor local solvent exposure. These
experiments allowed us to zoom in on the metal ion
coordination sphere, revealing novel motifs involved in the
interaction with calcium ions. This represents just one
example of the key role played by solvent-exposed side
chains in modulating the biological function of highly flexible
protein tracts. Post-translational modifications, which often
involve solvent-exposed amino acid side chains, introduce
another layer of complexity in modulating protein function
that can be studied through the approach presented herein.
The proposed experiments can thus become a tool of general
interest to characterize the properties of IDPs/IDRs in
physiologically relevant conditions that have not been studied

so far, thereby significantly expanding our knowledge on how
protein function is modulated by disorder and flexibility.
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