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ABSTRACT: α-Synuclein is an intrinsically disordered protein whose aggregation is associated with Parkinson’s disease and
other related neurodegenerative disorders. Recently, two single-domain camelid antibodies (nanobodies) were shown to bind α-
synuclein with high affinity. Herein, we investigated how these two nanobodies (NbSyn2 and NbSyn87), which are directed to
two distinct epitopes within the C-terminal domain of α-synuclein, affect the conformational properties of this protein. Our
results suggest that nanobody NbSyn2, which binds to the five C-terminal residues of α-synuclein (residues 136−140), does not
disrupt the transient long-range interactions that generate a degree of compaction within the native structural ensemble of α-
synuclein. In contrast, the data that we report indicate that NbSyn87, which targets a central region within the C-terminal domain
(residues 118−128), has more substantial effects on the fluctuating secondary and tertiary structure of the protein. These results
are consistent with the different effects that the two nanobodies have on the aggregation behavior of α-synuclein in vitro. Our
findings thus provide new insights into the type of effects that nanobodies can have on the conformational ensemble of α-
synuclein.

α-Synuclein is a 140-residue protein that plays a pivotal role in
the etiology of a set of neurodegenerative disorders associated
with protein aggregation and amyloid formation collectively
known as synucleinopathies, of which the most common is
Parkinson’s disease.1−8 Parkinson’s disease is characterized by
the accumulation of α-synuclein in intracellular inclusions,
known as Lewy bodies, located in the brain stems of affected
patients, as well as by a loss of dopaminergic neurons in the
substantia nigra pars compacta.1−9 Extensive data indicate that
pathogenicity is associated with early oligomeric aggregates of
α-synuclein populated during the formation of Lewy bodies
rather than by the characteristic amyloid fibrils observed in the
late stages of the aggregation process.10−12 Thus, a clear
understanding of the physiological and pathophysiological
states of α-synuclein is vital for the identification of novel
diagnostic and therapeutic strategies to enable interventions to
take place before irreversible cellular damage has occurred.
A potentially powerful therapeutic approach for reducing the

risk of onset of synucleinopathies is to target the initial events
in the aggregation process of α-synuclein to stabilize the soluble
monomeric form and inhibit the formation of potentially
harmful oligomeric assemblies13 of the protein. This goal
requires a systematic study of the intrinsic and extrinsic factors
defining the initial events in the aggregation process and the
identification of the specific structural features of α-synuclein in
its monomeric state that modulate its aggregation behavior.
One approach that we are exploring is based on the use of

single antigen-binding domains of camelid antibodies, often
known as nanobodies.14−16 Their small size (∼14 kDa), high
stability, high solubility, high level of production in
recombinant hosts, and low level of immunogenicity (because
of their high sequence similarity with the human VH family III)
have prompted exploration of the use of nanobodies in both
basic research and clinical studies designed to ameliorate
neurodegenerative conditions.14,16−20

The work discussed in the present study focuses on two
nanobodies, NbSyn2 and NbSyn87, which have been raised
specifically against monomeric α-synuclein through an
immunization and phage-display selection strategy.15,21 Both
NbSyn2 and NbSyn87 recognize with midnanomolar affinity
specific regions within the C-terminal domain of the intrinsi-
cally disordered protein between residues 136 and 140 (KD =
100 nM at 20 °C) and between residues 118 and 131 (KD = 20
nM at 20 °C), respectively.15,21 Herein, by comparing the
effects of binding of these two nanobodies to monomeric α-
synuclein, we report how two specific sequences in the C-
terminal domain of α-synuclein modulate in different manners
the conformational sampling of the entire molecule.
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The epitope of NbSyn2 on α-synuclein has been previously
characterized by NMR spectroscopy and X-ray crystallogra-
phy.15 The epitope of NbSyn87 has not been determined in
similar detail, although binding of the nanobody to α-synuclein
has been observed to lead to broadening and chemical shift
perturbations of NMR resonances for residues located between
V118 and A140.15,21 Previous analyses have revealed that
NbSyn87 recognizes a domain comprising residues 118−13121

and that phosphorylation at S129 has no effect on the binding
affinity of α-synuclein for NbSyn87. In contrast, phosphor-
ylation at Y125 decreases the binding affinity significantly,
consistent with the observation that the NbSyn87 epitope is
located within the V118−P128 region.

■ MATERIALS AND METHODS

Chemicals. All chemicals and reagents were purchased from
Sigma-Aldrich, U.K., unless otherwise stated. Protein concen-
trations were measured by UV absorbance spectroscopy using
molecular extinction coefficients based on standard amino acid
content with the ExPASy-ProtParam tool. The extinction
coefficients at 280 nm of α-synuclein, NbSyn2, and NbSyn87
are 5960, 27180, and 26025 M−1 cm−1, respectively.15,21

Expression and Purification of α-Synuclein. Expression
and purification of the unlabeled (14N/12C), uniformly labeled
(15N/12C), and double-labeled (15N/13C) α-synuclein were
carried out as described previously.15,21

Expression and Purification of the Unlabeled Nano-
bodies NbSyn2 and NbSyn87. Expression and purification
of nanobodies NbSyn2 and NbSyn87 were performed as

Figure 1. Secondary structure populations (calculated using the δ2D method31) of free α-synuclein (a). Changes in these populations in the
presence of NbSyn2 (b) and NbSyn87 (c).
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previously described.15,21 Briefly, NbSyn2 and NbSyn87 were
expressed in the periplasm of Escherichia coli strain WK6. The
proteins were subsequently purified using immobilized metal
(Ni) affinity chromatography followed by size-exclusion
chromatography (Superdex 75 26/60). The purity and identity
of the proteins were verified by sodium dodecyl sulfate−
polyacrylamide gel electrophoresis (SDS−PAGE) and matrix-
assisted laser desorption ionization time-of-flight (MALDI)
spectroscopy. All proteins were found to be more than 98%
pure. Mass spectrometry analysis revealed single peaks with the
expected average molar mass: 14460, 14626, 15253, 14281, and
14098 Da for unlabeled 14N/12C α-synuclein, monolabeled
15N/12C α-synuclein, double-labeled 15N/13C α-synuclein,
NbSyn2, and NbSyn87, respectively.
Aggregation Measurements. α-Synuclein samples (70

μM), freshly purified by gel filtration chromatography (Super-
dex 75 26/60) using PBS buffer, were incubated with and
without nanobodies at 1/1 or 0.5/1 nanobody/α-synuclein
molar ratios at 37 °C under continuous shaking at 200 rpm.
Aliquots (7 μL) were removed every few hours, and 150 mM
NaCl was added to give a final concentration of 2 μM. Aliquots
were removed in triplicate and used to monitor the
concentration of monomeric α-synuclein by dot-blot assays.
NMR Spectroscopy. NMR spectra were acquired at 283 K

on a Varian INOVA 800 MHz spectrometer equipped with a
cold probe. NMR data were subsequently processed using
NMRpipe,22 and SPARKY38 was used for data analysis.
Aggregation did not occur under these conditions (low
temperature and absence of stirring). All experiments were
performed in buffer A: 25 mM Tris, 100 mM NaCl, pH 7.4, and
5% D2O (v/v).
Backbone Chemical Shift Measurements of Labeled

α-Synuclein. Backbone assignments and chemical shift
measurements were carried out using standard 15N−1H
HSQC and triple-resonance 3-dimensional (3D) experiments,
including HNCACB (complex points: 1666:H(F3)/180:C-
(F2)/72:N(F1)), HNCO (1666:H/40:C/72:N), and HNHA
(1666:H/200:HA/72:N). The 200 μM α-synuclein samples in
buffer A were prepared in the absence and presence of
equimolar concentrations of unlabeled NbSyn2 or NbSyn87.
DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) was used to
calibrate the 1H chemical shifts directly; calibrations of 13C and
15N chemical shifts were calculated according to their
gyromagnetic ratios.23

Residual Dipolar Coupling (RDC) Measurements of
Labeled α-Synuclein. Previously, highly reproducible RDC
patterns were obtained for α-synuclein in both steric (n-octyl-
penta(ethylene glycol)/octanol (C8E5)) and charged Pf1
nematic liquid crystalline media at 100 mM NaCl in 10−15
mg mL−1 Pf1 phage.24,25 Our studies were therefore performed
at the same ionic strength, and the absence of changes in
chemical shifts indicates that the alignment medium used did
not significantly perturb the conformational ensemble of α-
synuclein.
RDCs were measured for samples of α-synuclein (200 μM)

aligned in 15 mg/mL bacteriophage Pf1 (ASLA Biotech) in
buffer A. One-bond 15N 1H RDCs (1DNH) were determined by
using an IPAP 15N-HSQC sequence.26 1DNH values were
calculated as the difference between the apparent scalar
coupling in the presence of the alignment medium and that
measured for an isotropic sample. One-bond 13Cα 1Hα dipolar
couplings (1DCαHα) were determined using a modified 3D
HN(CO)CA experiment where 13Cα(i−1) 1H coupling (1JCαHα

+ 1DCαHα) was permitted to evolve by removal of the proton
refocusing pulse during the 13C chemical shift evolution period.
Experiments were performed on isotropic and aligned samples
to calculate 1DCαHα. The apparent scalar coupling 1JCαHα was
allowed to evolve during non-constant time acquisition on Cα,
which extends for a duration of ∼10 ms. Given that 1JCαCβ
couplings are much smaller than 1JCαHα couplings, no splitting
due to Cα Cβ was observed, and they could be ignored.27,28

RDCs observed for α-synuclein under different conditions (free
or nanobody bound) were normalized on the basis of the size
of the splitting of the deuterium signal.

■ RESULTS
We used NMR spectroscopy to characterize the conformational
properties of α-synuclein both when free and when in complex
with the NbSyn2 and NbSyn87 nanobodies. No substantial
changes in peak intensities and chemical shifts were observed in
2-dimensional (2D) 1H/15N correlation spectra upon binding
either nanobody other than for signals previously shown to
originate from the interaction site and neighboring amino acids
(see Materials and Methods). We could, however, observe
differences in other backbone chemical shifts (13Cα, 13Cβ,
13CO, and 1Hα) which are more sensitive to changes in
secondary structure.29,30 We used these chemical shift
perturbations to investigate the effects of nanobody binding
on the secondary structure populations of α-synuclein. To this
end, we applied the δ2D method, which translates a set of
backbone chemical shifts into secondary structure popula-
tions.31 The results of the δ2D method for α-synuclein are
consistent with it being an intrinsically disordered protein
(Figure 1a), as all residues have a propensity for random coil
conformations higher than 50% and a significant tendency to
adopt the polyproline II (PPII) structure (∼25%), which has
been shown to be important in stabilizing long-range
interactions within α-synuclein.32 The PPII content decreases
when α-synuclein aggregates and is linked to an increase in β-
sheet structure.33 Slightly higher levels of secondary structure
are observed at the C-terminus with about 5% more PPII, 20%
more β-sheet content, and 10−20% less random coil in the
vicinity of hydrophobic residues (G106, A107, V117, and
M127). It is interesting that proline residues (P108, P120,
P128, and P138) are within sequences with higher β-sheet
propensity, suggesting that they could play a role in avoiding
edge-to-edge association between soluble monomeric α-
synuclein proteins that might promote aggregation.34

On the basis of the δ2D analysis, we found that neither of the
nanobodies significantly affects the sampling of secondary
structure of the protein in the N-terminal and NAC regions
(see Materials and Methods). We observed, however, an
increase in random coil propensity and a concomitant decrease
in β-sheet propensity in a region near the binding epitope of
NbSyn2 (residues 134−136) when this nanobody was bound
(Figure 1b). In contrast, binding of NbSyn87, whose epitope is
located near the center of the C-terminal region of α-synuclein
(residues 118−128), resulted in a 20−70% increase in the α-
helical population in the vicinity of residues 122−124 and 130−
133 in combination with a 10−25% increase in β-sheet
population for residues 130−133. This increase in order in
the C-terminal domain is accompanied by a decrease in the
content of random coil and PPII, suggesting that NbSyn87
enhances the structural compactness of α-synuclein at the C-
terminus without leading to a stable folded structure (Figure
1c).
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RDCs measured for samples partially aligned in liquid

crystalline media are a rich source of structural and dynamic

information on unfolded proteins.35,36 One-bond 15N−1H

RDCs (1DNH) and 13Cα 1Hα RDCs (1DCαHα) were therefore

measured for α-synuclein aligned in a suspension of filamentous

bacteriophage Pf1 (see Materials and Methods).

The 1DNH values for free α-synuclein are negative, indicating
a preferential alignment of the NH bond vectors perpendicular
to the magnetic field, a conclusion consistent with the protein
being largely disordered.24 Following previous studies, we
identified five different domains within the protein sequence24

(Figure 2a); three domains with relatively large negative RDCs
were found at the N-terminal and NAC regions (domains I, III,

Figure 2. 1DNH values of free α-synuclein (red) and α-synuclein in the presence of equimolar concentrations of NbSyn2 (blue, a) and NbSyn87
(blue, b). Error bars represent a 95% confidence interval from four repeat measurements.

Figure 3. 1DCαHα of free α-synuclein (red) and α-synuclein in the presence of equimolar concentrations of NbSyn2 (blue, a) and NbSyn87 (blue, b).
Error bars represent a 95% confidence interval from four repeat measurements.
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and IV), and another domain with particularly large values is
located in the C-terminal region (domain V, Figure 2a). These
site-specific differences in RDCs indicate variations in the
rigidity of the polypeptide chain resulting from transient local
secondary structure elements or long-range interactions.24 In
particular, the relative rigidity observed near domains I, II, III,
IV, and V can be attributed to transient long-range interactions
between the C-terminal region and the N-terminal and NAC
regions.24,36,37 In addition, enhanced rigidity at the C-terminal
domain can be explained by a combination of long-range
interactions and transient local secondary structure, particularly
in the vicinity of residues 119 and 127 (Figures 1a and 2a). The
five domains are flanked by regions with RDCs near zero,
corresponding to residues with small side chains (A29, A30,
A51, G67, G68, A85, and G86) that result in high flexibility of
the protein backbone. Furthermore, the positive RDC values
for the N-terminal residues V3 and F4 can be explained by
residual electrostatic interactions of the N-terminus with the
negatively charged Pf1.
We found that neither NbSyn2 nor NbSyn87 affects the

overall pattern of the backbone 1DNH values, confirming that
the protein remains disordered upon nanobody binding
(Figures 2a and b). Nonetheless, subtle differences in the
RDC patterns are observed for α-synuclein bound to both
NbSyn2 and NbSyn87. No changes in the large negative 1DNH
values are seen at the C-terminal domain of α-synuclein when
bound to NbSyn2, while negligible decreases are observed for
the N-terminal residues K12, E13, G14, and V15. These results
indicate that NbSyn2 does not detectably affect the long-range
interactions between the large acidic C-terminal domain and
the positively charged N-terminal region. However, a slight
increase in 1DNH values of residues in the vicinity of the binding
site (residues 132−136) is observed. This finding agrees well
with the δ2D results, indicating a modest increase in the
protein flexibility at the C-terminus. In contrast, when α-
synuclein is bound to NbSyn87, large changes in 1DNH values
for residues E114, E139, and A140 in the C-terminal domain as
well as substantial enhancements of the negative 1DNH values in
domains I, II, and III are observed (Figure 2b), suggesting that
the long-range interactions involving the C-terminal domain
and the N-terminal and NAC regions are perturbed upon
binding to the nanobody. Although the signals are too broad to
observe for residues between V118 and P138, perturbations
observed for residues E114 and E139 are likely to extend into
this region in line with the conformational changes detected
through the chemical shift measurements (Figure 1 and
Materials and Methods).

1DCαHα values yield important information about the
orientation of the backbone structure outside the plane of the
peptide bond and thus provide structural information about
protein conformation complementary to that for 1DNH
measurements. The 1DCαHα values for α-synuclein are largely
small and positive, consistent with a highly unstructured
polypeptide chain (Figure 3). Overall, the RDC patterns for
free α-synuclein and α-synuclein in the presence of NbSyn2 are
similar, an observation consistent with the chemical shift and
1DNH results, indicating that binding of NbSyn2 does not have a
large effect on the overall conformational sampling of α-
synuclein. In contrast, binding of NbSyn87 leads to a significant
increase in protein rigidity at the C-terminus, revealed by
significantly higher values of 1DCαHα. This finding agrees well
with chemical shift data that indicate increased chain rigidity
and 1DNH data that suggest long-range interactions are

perturbed. Taken together, these findings strongly support
the conclusion that NbSyn87 binding significantly perturbs
conformational sampling of the protein.
Our structural results are supported by the different effects of

the two nanobodies on the aggregation behavior of α-synuclein
in vitro, monitored by dot-blot assays (see Materials and
Methods). NbSyn2 does not enhance aggregation when mixed
at half-equimolar concentrations with α-synuclein under
continuous shaking at 37 °C and has a relatively modest effect
even when added at equimolar concentration (Figure 4). By

contrast, NbSyn87 readily promotes the aggregation of α-
synuclein by decreasing the lag phase and diminishing the half-
time of fibril formation at 0.5 and 1 equimolar concentrations;
the half-time of aggregation decreases by 5 and 17 h,
respectively.

■ CONCLUSIONS
We investigated two camelid single-domain antibodies that
influence in distinct ways the structural ensemble of α-synuclein
by binding two distinct epitopes within its C-terminal domain.
This work has revealed the different roles of two distinct
segments of the C-terminal domain of α-synuclein in stabilizing
long-range intramolecular interactions and modulating aggre-
gation behavior. These results thus support the view that it may
be possible to identify specific binding partners capable of
stabilizing α-synuclein in nonpathogenic monomeric states.
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Figure 4. Aggregation of α-synuclein with and without NbSyn2 and
NbSyn87. Half of the aggregation time of α-synuclein in the presence
of 0 (ratio 1/0), 0.5 (ratio 1/0.5), and 1 (ratio 1/1) equimolar
concentration of NbSyn2 (a) or NbSyn87 (c) monitored by dot-blot
assays. The decrease in monomer concentration at each time point of
the reaction process was also measured by dot-blot assays at the same
ratios of nanobodies NbSyn2 (b) and NbSyn87 (d).
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