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The aggregation of the intrinsically disordered protein a-synuclein to form
fibrillar amyloid structures is intimately associated with a variety of
neurological disorders, most notably Parkinson’s disease. The molecular
mechanism of a-synuclein aggregation and toxicity is not yet understood in
any detail, not least because of the paucity of structural probes through which
to study the behavior of such a disordered system. Here, we describe an
investigation involving a single-domain camelid antibody, NbSyn2, selected
by phage display techniques to bind to a-synuclein, including the exploration
of its effects on the in vitro aggregation of the protein under a variety of
conditions. We show using isothermal calorimetric methods that NbSyn2
binds specifically to monomeric a-synuclein with nanomolar affinity and by
means of NMR spectroscopy that it interacts with the four C-terminal residues
of the protein. This latter finding is confirmed by the determination of a crystal
structure of NbSyn2 bound to a peptide encompassing the nine C-terminal
residues of a-synuclein. The NbSyn2:a-synuclein interaction is mediated
mainly by side-chain interactions while water molecules cross-link the main-
chain atoms of a-synuclein to atoms of NbSyn2, a feature we believe could be
important in intrinsically disordered protein interactions more generally. The
aggregation behavior of a-synuclein at physiological pH, including the
morphology of the resulting fibrillar structures, is remarkably unaffected by
the presence of NbSyn2 and indeed we show that NbSyn2 binds strongly to
the aggregated as well as to the soluble forms of a-synuclein. These results
give strong support to the conjecture that the C-terminal region of the protein
is not directly involved in the mechanism of aggregation and suggest that
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binding of NbSyn2 could be a useful probe for the identification of a-
synuclein aggregation in vitro and possibly in vivo.

© 2010 Published by Elsevier Ltd.
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X-ray crystallography

Introduction

Numerous studies have indicated that a-synuclein
plays a crucial role in the development of Parkin-
son’s disease and a number of related neurological
disorders including dementia with Lewy bodies,
multiple system atrophy, and the Lewy body variant
of Alzheimer’s disease.!~° It is very widely believed
that the aggregation of a-synuclein to its alternative
‘amyloid” state is a crucial aspect of all these dis-
orders.?~® Moreover, and in common with a range of
other neurological diseases, it is thought that
pathogenesis results from the oligomeric precursors
or fragments of the fibrillar amyloid state that are
toxic and able to disrupt the function in particular of
dopaminergic neurons.

Human a-synuclein is a 140-residue intrinsically
disordered protein (IDP) of unknown function,
although there is increasing evidence that the
protein is involved in vesicular axonal transport.”
The aggregation behavior of a-synuclein has been
widely studied in vitro and it is thought that self-
association oceurs initially to give a range of oligo-
meric species.” ' These oligomers can then aggre-
gate further to generate protofibrils that eventually
transform into mature amyloid fibrils. As discussed
above, recent studies have suggested that the
oligomeric species are highly toxic, perhaps
through their ability to interact with and to disrupt
membranes.'* "

The natively unfolded character of a-synuclein in
its monomeric form, as well as the existence of an
ensemble of oligomeric intermediates that are
transiently populated during the aggregation pro-
cess leading to fibril formation, makes it challenging
to obtain structural details about individual species
and to elucidate the molecular mechanisms of the
process that lead to toxicity.”” The use of specific
molecular probes, such as antibodies, has, however,
the potential to obtain such information in exquisite
detail, because these can be raised to be selective not
just for proteins in their native state but also for non-
native states populated in the process of aggrega-
tion, 1nc1ud1ng transient species such as small
oligomers.”! Of particular interest in this regard
are camelid heavy-chain antibodies that lack the
light chains of conventional antibodies and enable
single-domain binding fragments to be obtained,
species known as nanobodies.”* > Such nanobodies
are small, highly stable and soluble, and easily
expressed in large quantities but retain the high

specificity and high affinity typical of Conventlonal
antibodies binding to their targets.”>*° These
qualities mean that nanobodies are extremely
powerful as molecular probes of fibril formation
using blophysmal methods such as NMR and X-ray
crystallography” >’ and potentially as d1agnost1c
and therapeutic reagents for amyloid diseases.””"

As a result of the link between the aggregation of
a-synuclein and Parkinson’s disease, the ability of
molecules and ions to enhance or inhibit the
aggregation propensity of a-synuclein has been
widely studied. Thus, for example, the binding of
divalent cations has been shown to increase dramat-
ically the rate of fibril formation by this protein,*
as has the binding of polyamines.?¢~4° In both cases,
it is believed that the positively charged ions and
molecules interact with the highly negatively
charged C-terminal region of the a-synuclein se-
quence, reducing electrostatic repulsion and dis-
rupting long-range interactions, hence leading to an
increased ability to self-associate.”***> However, the
disruption of long-range contacts might not be the
most important factor that leads to enhanced fibril
formation, as the disease-related variants do not
show a significant reduction in long-range contacts,
with the E46K variant actually enhancing the
C-terminal to N-terminal contacts in a-synuclein.**
The ability of a-synuclein to interact with larger
molecules, including proteins, remains, however,
largely unexplored and mainly limited to interac-
tions with molecular chaperones.**” One example,
however, where detailed studies have been carried
out involves the chaperone Hsp70, which has been
shown to have the ability strongly to inhibit fibril
formation by a-synuclein, through a mechanism that
appears to involve binding to oligomeric species,
thereby preventing them from undergoing further
self-association.*

In this article, we describe detailed studies of the
interaction of a nanobody, NbSyn2, with a-synu-
clein and of its effect in vitro on the aggregation
properties of the latter. NMR spectroscopy and
X-ray crystallography reveal that NbSyn2 binds to
residues in the C-terminal region of a-synuclein. A
range of biophysical studies shows that, although
NbSyn2 binds tightly to a-synuclein, no significant
structural changes can be detected within the
a-synuclein molecule associated with its binding.
Finally, the aggregation behavior of a-synuclein in
vitro was found to be unaffected by the binding of
the nanobody, a result that sheds light on the likely
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structure of the fibrils and their precursors and on
the mechanism by which proteins bind to IDPs.

Results

Secondary-structure changes and thermal stability
measurements using CD spectroscopy

To assess the nature of any changes in secondary
structure that occur to either component of the
complex formed when NbSyn2 binds a-synuclein,
we recorded far-UV spectra at 25 °C of the two
proteins alone and together in equimolar quantities
(Fig. 1a).
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The circular dichroism (CD) spectrum of
a-synuclein alone reflects its highly unstructured
conformation, while NbSyn2 has a CD spectrum
characteristic of a highly 3-sheet-rich immunoglob-
ulin fold,*® with minima at both 215 and 229 nm and
maxima at 222 and 202 nm. The CD spectrum of the
NbSyn2:a-synuclein complex, after subtraction of
the spectra of both the unbound a-synuclein and
NbSyn2, shows that there is no significant second-
ary-structure perturbation to either component as a
result of their interaction to form a bimolecular
complex. In additional experiments, we were able to
estimate the midpoint of the thermal unfolding (T’,)
of the nanobody, by monitoring the change in CD
signal at 222 nm as a function of temperature. We
obtained a T, value of 67+1 °C for NbSyn2 alone at
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Fig. 1. CD and ITC measurements of the NbSyn2:a-synuclein interaction. (a) Far-UV CD spectra of NbSyn2 (black),
a-synuclein (pink), and the a-synuclein:NbSyn2 complex (cyan) at 20 uM in 10 mM sodium phosphate buffer, pH 7.4,
and 150 mM NaCl, at 25 °C. The difference spectrum (a-synuclein:NbSyn2 complex ) — (NbSyn2 + a-synuclein) is shown
as a broken line. (b) Fraction of folded NbSyn2 as a function of temperature during thermal denaturation and measured
by CD at 222 nm, of the samples of NbSyn2 (@) and the 1:1 a-synuclein:NbSyn2 complex (O) at 20 pM in 10 mM
sodium phosphate buffer, pH 7.4, and 150 mM NaCl. (c) ITC data for NbSyn2 at 25 °C in PBS buffer (traces are of
similar quality for all experiments) (d) AH as a function of temperature for the a-synuclein:NbSyn2 complex (@)
interaction and for the peptide N-YEPEA-C interacting with NbSyn2 (O). The slope of a regression line was used to

define the AC, of the interaction.
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Table 1. Thermodynamic parameters of the NbSyn2:a-synuclein interaction as measured by ITC

AH TAS AG AC,

Ligand T (K) (keal mol™ 1) (kcal mol ') (kcal mol™ 1) Stoichiometry K4 (nM) (kcal mol ' K1y
Peptideb 293.1 -11.20+0.24 2.31+0.25 —8.88+0.07 0.98+0.01 240+26 -0.22+0.01

298.1  —12.44+0.35 3.28+0.36 -9.16+0.09 0.99+0.01 190+30

303.1  —13.50+0.76 4.72+0.77 —8.78+0.14 0.94+0.02 460+110

310.1  —14.89+0.83 6.29+0.84 —8.61+0.09 0.92+0.03 850+130
Full-length a-synuclein 293.1  —18.00+0.53 8.65+0.55 -9.35+0.12 0.99+0.01 106+21 -0.23+0.01

298.1  —19.05+0.45 9.67+0.46 -9.39+0.10 0.93+0.01 130+23

303.1  —20.32+0.42 10.61+0.43 -9.71+0.10 0.87+0.01 99+17

310.1  —21.79+1.23 12.47+1.24 -9.33+0.16 0.91+0.03 260+69

# The contribution of protonation to the value of AH was determined using 10 mM Tris-HCl buffer and 100 mM NaCl at pH 7.4 and

was found to be insignificant.

P The sequence of the peptide, N-YEPEA-C, corresponds to residues Tyr136-Ala140 of full-length a-synuclein.

pH 7 as shown in Fig. 1b, while in the presence of
a-synuclein, the T,, increases to 74+1 °C (Fig. 1b),
showing that binding stabilizes NbSyn2 by 7+1 °C.

Thermodynamic parameters of the NbSyn2:
a-synuclein interaction using isothermal calorimetry

Isothermal titration calorimetry (ITC) was also
used to monitor the binding of NbSyn2 to
a-synuclein (Fig. 1c). Measurements were performed
at temperatures between 20 and 37 °C, and the data
are consistent with a 1:1 bimolecular association
between NbSyn2 and a-synuclein in each case, with
K4 values of 106+21 , 130+£23 , 99+17 , and 260
+69 nM at 20 , 25, 30 , and 37 °C, respectively
(Table 1). These Ky values are typical of those
measured for other in vivo matured camelid heavy—
chain antibodies interacting with their ligands.**

The enthalpy, AH, and entropy, TAS, contribu-
tions to the changes in Gibbs free energy, AG,
associated with the binding of the two systems for
every temperature and the values are summarized
in Table 1. From the temperature dependence of the
change in interaction enthalpy, we can deduce the
change in heat capacity (AC,) associated with the
formation (Fig. 1d) of the complex between o-
synuclein and NbSynZ The value for AC,, of 0.23+
0.01 kcal mol K™ is typical of protem—protem
interactions® and is largely attributable to the total
change in solvent-accessible surface area (ASA)
upon complex formation but may also include
contributions from changes in conformations of
either or both components.”

We performed identical ITC measurements using
NbSyn2 and a peptide fragment of a-synuclein,
encompassing the residues Y136-A140 of a-synu-
clein, which was found to be the epitope of NbSyn2
on a-synuclein (see below). We found that the
corresponding affinity and AC, value are very
similar to those for the interaction with full-length
a-synuclein (Table 1). This finding reveals that AC,
arises overwhelmingly from the direct binding of
NbSyn2 to the residues located within the epitope of

a-synuclein and not as a consequence of significant
conformational changes within the remainder of the
molecule.

NMR mapping of the NbSyn2 epitope

We used ""N-'H heteronuclear single quantum
coherence (HSQC) spectroscopy to map the epitope
of NbSyn2 on a-synuclein by observing perturba-
tions to the backbone amide resonances. Titration
of unlabeled NbSyn2 into '’N-labeled a-synuclein
resulted in both broadening and shifts of specific
resonances in the HSQC spectrum of the latter. The
resonances primarily affected are those corres-
ponding to residues 130-140 (Fig. 2a and c),
although small chemical shift (<0.05 ppm) and
intensity changes (<50%) were also observed for
residues adjacent to the C-terminal region at
concentrations of NbSyn2 equivalent to that of
a-synuclein. These latter effects indicate the exis-
tence of weaker binding interactions of this region;
indeed, addition of NbSyn2 above equimolar con-
centrations relative to a-synuclein reveals the
presence of a second binding site for the antibody
fragment in a-synuclein, as a set of resonances
(residues 110-129) shifts continuously and propor-
tionately to the antibody concentration under these
conditions. This second binding site is, however, of
low affinity, with an estimated K4>1 mM compared
to the Kq~100 nM for the primary site, and is likely to
be nonspecific. Moreover, binding at this second site is
very sensitive to ionic strength but not to the sequence,
as binding to NbSyn?2 is also observed for p-synuclein,
which has only 30% identity with a-synuclein in this
region of the sequence*! (data not shown).

Binding dynamics (observed as exchange rates in
NMR experiments) have a strong influence on the
line widths of NMR signals, and the extent of
broadening depends strongly on the relative
difference in resonant frequency between the
bound and the free state of the protein (i.e., on
the difference in chemical shifts) and on the rate of
exchange between the two states. Slow- and fast-
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20 s~ ' for the first binding site and is above 60 s~
for the second binding site (Fig. 2d, inset).

No significant changes in intensities and shifts
were observed for residues other than those dis-
cussed above. As a result of the spectral overlap in
the HSQC spectra, however, several regions are
difficult to analyze. To increase the dispersion within
the spectra, we performed CON measurements>
with and without different concentrations of added
NbSyn2. The CON experiment correlates the *C

Fig.2. (a) 15N-'H HSQC spectra
of uniformly '°N-labeled a-synu-
clein, free (red), and following the
addition of 1 equivalent of unla-
beled NbSyn2 (blue). The residues
whose resonances are most strong-
ly perturbed by antibody binding
(i.e., showing a significant loss of
intensity and/or a change in chem-
ical shift of >0.02 ppm) are indi-
cated. Resonances in the bound
spectrum that are shifted signifi-
cantly relative to their position in
the unbound form are linked by a
black line and the residue number
is shown in red. (bg CON spectra of
uniformly '>C-'°N-labeled free
a-synuclein (red) and following ad-
dition of 1 equivalent of unlabeled
NbSyn2 (blue). Again, the residues
whose resonances are most affected
by the presence of NbSyn2 are
indicated in red, and black lines
connect corresponding resonances
in the bound and unbound state.
Asterisks indicate those residues
that have been folded into the
spectrum as a consequence of the
limited spectral width. (c) Intensity
of the spectrum of bound compared
to free a-synuclein (Iound/Ifree)s
HSQC (red), CON (blue). In (c)
and (d), a gray shaded area is
added to the plot to indicate the
residues in a-synuclein for which
the resonance (and hence the chem-
ical shift) of the bound state is
unobservable. (d) Chemical shift
changes in the free and bound
states (change in chemical shift is
defined as [0.04x (6"°Nipee— 6"
Nbound)2 + (Bleree - 81Hbot,md)2]1 /2-40

1
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Fig. 3. (a) Stereo view of the
crystal structure of NbSyn2 com-
plexed with a synthetic peptide N-
GYQDYEPEA-C. N- and C-termini
are indicated for NbSyn2. The
framework regions of the NbSyn2
structure are shown in cyan, and the
atoms of the hypervariable loops
are color coded: O, red; N, blue; S,
yellow. The carbon atoms, C, are
color coded differently for each loop
to distinguish the CDR loops: green,
CDR1; light blue, CDR2; magenta,
CDR3. The peptide is shown in a
ball-and-stick representation and
atoms are color coded: C, yellow;
O, red; N, blue. The side chains of
the residues of NbSyn2 that have
atoms within 5 A of the peptide are
represented as sticks. (b) Close-up
stereo view of the peptide in the
NbSyn2 binding site. Residues are
color coded as in (a). Water mole-
cules in the interface between the
peptide and NbSyn2 are repre-
sented as red spheres. Peptide resi-
dues are labeled from Aspl35 to
Alal40. Residues in contact with
main-chain atoms of the peptide or
with water molecules bridging
main-chain atoms of the peptide
with atoms of NbSyn2 are labeled
and hydrogen bonds are repre-
sented as black dotted lines. (c)
Detailed view of the side-chain
interactions between the residues
of the peptide and those of NbSyn2.
Residues of the peptide are repre-
sented as sticks, and those of
NbSyn2 are drawn as lines. Atoms
are color coded: C, green; N, pink;
O, yellow. A 2F,—F. map contoured
at 1 o, is represented as a light blue
mesh. The interactions for each side-
chain are represented in different
panels (from left to right, top panels:
Asp135, Tyrl36, and Glul37; bot-
tom panels: Pro138, Glul39 and
Alal40). Note that the side chain
of Tyrl36 interacts with residues
of a symmetry-related NbSyn2
molecule.
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carbonyl chemical shift of residue n with the N
chemical shift of residue 1+ 1 and therefore results in
a cross-peak in a *C—"°N 2D spectrum. The reso-
nances that are observed to be broadened, as well as
the extent of broadening, are essentially identical in
the HSQC and CON spectra (Fig. 2a—c). In addition,
the resonances of the residues that shift in the HSQC
titrations are also observed to be shifted in the CON
spectra.

Crystal structure of the NbSyn2—peptide complex

We have been able to gain insight into the atomic
details of the NbSyn2:a-synuclein interaction by
crystallizing and solving the x-ray structure of
NbSyn2 complexed with the peptide N-GYQDYE-
PEA-C; the latter corresponds to residues 132-140 of
a-synuclein and includes those identified by NMR
as part of the epitope (Fig. 3). In the structure, we
observe significant electron density only for the last
six residues of the peptide; the other residues are
therefore highly flexible or disordered, implying
that they are not involved in specific interactions
with NbSyn2. The residue Asp135 has the least well-
defined electron density of these last six residues
(Fig. 3¢, first top panel), and although there is clear
density for Tyr136, this residue is involved in crystal
packing contacts with a symmetry-related complex
(Fig. 3c, second top panel), implying that the
conformation of the side chain of this residue
could well differ from that found in solution.

Detailed analysis of the crystal structure reveals
that the peptide binds to NbSyn2 in a pocket formed
by residues of the complementarity-determining
region (CDR)3 and CDR2 loops of the nanobody
that make contacts with residues Tyr136, Glul37,
Prol138, Glul39, and Alal40 of a-synuclein. The
binding is primarily mediated through side-chain
interactions and is mainly electrostatic in nature,
although an important hydrophobic interaction
occurs between Prol38 of the peg)tide and Tyr105
of NbSyn2, where the C¥ and C” positions in the
cyclic aliphatic ring of Pro138 stack perpendicularly
against the aromatic ring of Tyr105. In addition,
although the C” of Alal40 is deeply buried in a
pocket formed between the CDR3 and CDR2 loops
of the nanobody (Fig. 3b), the carbonyl groups of
this C-terminal residue make a salt bridge with
Arg50 of NbSyn2 (Fig. 3c). The peptide main-chain
atoms, apart from the carbonyl groups of Ala140
and the carbonyl oxygens of Glul37 and Pro138,
which make direct hydrogen bonds with residues of
NbSyn2, either are exposed to solvent or make
indirect contact with the nanobody through bridg-
ing water molecules (Fig. 3b).

The total change in ASA (AASA) upon formation
of the complex is 569.1 A* (237.9 A” of the NbSyn2
and 331.2 A? of the peptide). The fraction of this
value that is nonpolar is 318.0 A% (143.1 A? of

NbSyn2 and 174.9 A? of the peptide). Based on the
parameterization data of Murphy and Freire,” this
amount of buried surface area leads to a calculated
AC, of binding of 0.08 kcal mol” ' K™'. This value
represents only a fraction, approximately 30%, of the
AC, measured using our ITC experiments (see
above) and therefore suggests that the additional
change in heat capacity originates from structural
rearrangements within the NbSyn2 molecule.

Binding of a-synuclein to '>N-labeled NbSyn2

We used solution-state NMR spectroscopy to
characterize further the binding of a-synuclein to
NbSyn2 and to investigate the structural changes
that occur in the NbSyn2 molecule binding to either
full-length a-synuclein or a peptide that includes
residues of a-synuclein in the binding region. The
HSQC NMR spectra have been assigned previously
by conventional 3D methods on uniformly *C-""N-
labeled NbSyn2 at pH 4.8.°* In order to be able to
translate these assignments to the spectra recorded
under the conditions used in the titrations described
above, we monitored the perturbations to the
resonances of the residues of NbSyn2 as the pH
was shifted from 4.8 to 7.4 at 298 K; the resonances
originating from the six histidines at the C-terminal
end of the NbSyn2 (the so called His-tag) are severely
broadened at high pH, as are residues Gly26, Trp36
(CDR1), Gly55-Gly56, Asp63-Ser64 (CDR2), and
Tyr107-Gly117 (CDR3). This phenomenon could be
a consequence of a higher solvent exchange rate at
this pH or of the fact that these residues in the
unbound state are in dynamic exchange between
different conformations at a rate that is similar to the
difference in chemical shifts between these confor-
mations. Lowering the temperature restores the
intensity of some of these resonances, but even at
283 K the resonances of residues Gly53, Val57, Lys58,
and Thr59 of the CDR2 region and Gly104, Tyr105,
and Cys106 of the CDR3 region remain unresolved.

Despite the fact that not all residues are visible in
the NMR spectra of unbound NbSyn2, we investi-
gated the changes that occur upon a-synuclein
binding. Addition of a-synuclein causes large
alterations in chemical shift values of the resonances
of certain residues in the HSQC spectrum and the
emergence of new peaks. Using a double-labeled
sample of *C~""N-NbSyn2 at pH 7.4 and 283 K, in
the presence of 2 molar equivalents of a-synuclein,
analysis of a triple-resonance HNCA experiment
enable the identification and the assignment of the
cross-peaks of every residue in the bound state of
NbSyn2. The assigned signals included those from
residues located in the CDR3 binding loop that are
unobservable in the unbound state, suggesting that
this region of the protein adopts a more clearly
defined conformation in the bound state compared
to the free protein.
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Fig.4. (a) Overlay of the >’N-"H HSQC spectr
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a of NbSyn2, free (red), after addition of two equivalents of full-length o-
N-"H HSQC spectra of NbSyn2 at 298 K, without (red) and with (light blue)

two equivalents of a peptide encompassing the last 12 residues (Ser129-Ala140) of a-synuclein. (c) Overlay of the "N-"H
HSQC spectra of NbSyn2, after addition of two equivalents of the peptide Ser129-Ala140 (light blue) at 298 K and that of
NbSyn2 at 298 K after addition of two equivalents of full-length a-synuclein (blue). (d) Chemical shift perturbations of
NbSyn2 at 283 K upon binding to full-length a-synuclein. The regions corresponding to the immunoglobulin framework
are shaded in light blue and indicated as FR1-4, and those corresponding to the antigen binding loop regions are
indicated as H1-3. (e) Chemical shift perturbations from the spectra shown in (b) mapped on to the structure of NbSyn2 in
complex with the peptide N-GYQDYEPEA-C determined in this work (see text); the magnitudes of the shifts of NbSyn2
residues are color coded going from dark blue (insignificant shift) to red (major shift). The residues for which no

assignments are available are colored gray. The peptide is represented in stick format and colored red.
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The residues for which the resonances show the
most significant changes in chemical shift are
located in the CDR regions (Fig. 4). For CDR1, the
resonances involved are those of residues Gly26,
Ser29, and Tyr32-G35, while in CDR2, the most
notable effects of binding are observed for residues
Asn52-Gly53 and Gly55-Val56. The resonances of
residues Val57-Thr59 are also perturbed, as they
show strong signals in the spectrum of NbSyn2
bound to a-synuclein, whereas in the non-liganded
spectrum of NbSyn2, these resonances could not be
detected. Hence, we were unable to determine the
chemical shift perturbations for the resonances of
these residues associated to the binding of o-
synuclein to NbSyn2. In CDR3, a yet larger number
of residues are perturbed than in the first two loops
and include Gly104-Gly107, Ser109-Trp110, Asn112,
Gly114, Gly117, and Gly119. To a lesser extent,
several of the residues located in the framework
regions of the immunoglobulin fold, such as Gly2-
Gly10, GIn13, Gly16, Leul8, Cys22, Ala24, Arg45-
Arg50, Tyr61-Arg68, Cys97, and Ala98, and those in
the extended loop region from Ile71-Tyr81, also
experience alterations in their chemical shifts as a
result of the addition of a-synuclein.

To assess the detailed state of the binding of the
nanobody to the epitope of a-synuclein indepen-
dently of the rest of the protein, we designed a
peptide, based on the epitope identified by NMR
(see above), encompassing the last 12 residues of a-
synuclein, and probed its binding to '°N-labeled
NbSyn2 in an HSQC titration experiment. The
spectra of the antibody containing 1 molar equiva-
lent of added peptide overlays exactly with the
corresponding spectra of NbSyn2 bound to full-
length a-synuclein. This result indicates that the
binding is structurally similar in both cases and
therefore essentially independent of the structural
context of the epitope (Fig. 4c).

We then mapped the chemical shift perturbations
induced by the binding of a-synuclein onto the
structure of NbSyn2 (Fig. 4e), an analysis that shows
that the resonances of the residues located in the
peptide-binding pocket experience the largest shifts.
The resonances of many other residues of NbSyn2,
which are not in immediate contact with the peptide
molecule, also shift significantly, however, and are
indicative of conformational changes within the
NbSyn2 molecule upon binding to the peptide.
Most remarkable is the large shift of Gly26, the first
residue of CDR1 and hence one that plays a pivotal
role in the structure of the CDR1 loop in antibodies.™
Such secondary shifts are largely those of residues in
CDRI1-3 and are therefore likely to indicate rearran-
gements of these loops induced by binding. This
observation and the fact that the resonances of many
residues of NbSyn2 become visible on binding to
a-synuclein suggest that the loops become more
highly ordered on binding through a cooperative

network of interactions. Importantly, binding of
a-synuclein leads to an increased thermal stability
of NbSyn2 (Fig. 1b), and this change in dynamics
might explain the difference between the calculated
and measured AC,, value in the ITC experiments.

NbSyn2 binds to amyloid fibrils formed from
a-synuclein

In the light of the observation that NbSyn2 binds to
its epitope both in the form of a short peptide and
when part of the full-length protein, we decided to
explore whether or not the antibody fragment would
recognize its epitope when the latter is present in the
fibrillar state of a-synuclein. We therefore prepared a
homogeneous sample of a-synuclein fibrils, and
addition of 1 molar eqsuivalent of a-synuclein, in
this fibrillar form, to "N NbSyn2 resulted in an
immediate and uniform decrease in the intensity of
the HSQC spectrum of the latter (Fig. 5a and b); this
intensity decreased further on the addition of 2 molar
equivalents of fibrillar a-synuclein. Following addi-
tion of 4 molar equivalents of a-synuclein in its
fibrillar state, we observed a complete loss of visible
peaks in the N-'H spectrum of NbSyn2. These
results are fully consistent with a model in which the
NbSyn2 resonances become broader as a result of the
slower tumbling of the nanobody when bound to the
fibrils; the latter effect then gives rise to a fast
transverse relaxation rate that increases proportion-
ally with the molecular weight of the complex.”® In
the present case, this slower tumbling can be
attributed to the binding of the NbSyn2 molecules
to the large fibrillar particles. The associated broad-
ening of the signals, however, is not simply propor-
tional to the number of equivalents of a-synuclein
molecules in the fibrils added to the NbSyn2 sample
and indicates that there is a dynamic equilibrium
between the free monomeric NbSyn2 and that bound
to a-synuclein in the fibrils. The fact that multiple
equivalents of molecules of a-synuclein in its fibrillar
form are necessary to give rise to complete broaden-
ing of the spectrum indicates that only a fraction of
the total number of C-terminal regions of a-synuclein
is accessible to the antibody fragment; that is, the
majority are sequestered within the fibrillar structure.

To explore further the binding of NbSyn2 to the
fibrils, we performed immunogold labeling and
transmission electron microscopy (TEM; Fig. 5¢c and
d). In these experiments, we added NbSyn2 in
solution to a sample of preformed a-synuclein fibrils
and probed the location of the nanobodies (which
are engineered to contain six histidines at the
C-terminal end of the molecule to facilitate purifi-
cation) using an anti-His-tag mouse monoclonal
antibody and a secondary rabbit anti-mouse mono-
clonal antibody labeled with a 10-nm gold particle.
Figure 5c¢ clearly shows the gold particles as black
dots located along the length of the fibrils in the
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Fig. 5. NbSyn2 binding to a-synuclein fibrils. (a) N-"H HSQC spectra of NbSyn2, free (red), and following the
addition of 1 (green), 2 (blue), and 4 (purple) molar equivalents of fibrillar a-synuclein. (b) The intensity of the respective
1"N-"H HSQC spectra as a function of the sequence of NbSyn2. (c) TEM images of negatively stained a-synuclein fibrils co-
incubated with NbSyn2 and anti-His-tag monoclonal antibodies conjugated to 10- nm gold particles (black dots).
(d) Negative control in which NbSyn2 was omitted but all other steps were the same as in (c). The background and
apparent amorphous material seen on the grids are non-specific effects attributable to the treatment of the grids as

described in Materials and Methods.

electron microscopy (EM) images; these dots result
from the fact that the mouse monoclonal antibody
conjugated with gold label binds to the anti-His
antibody in complex with the NbSyn2 antibody
fragment bound to the fibril. Figure 5d represents
the negative control where no NbSyn2 was added to
the solution of the a-synuclein fibrils, and hence no
gold labels attached to the fibrils are observed
following treatment with the antibody molecules.
Some gold particles are, however, visible, but are
scattered randomly over the surface, indicating non-
specific adsorption to the EM grid.

NbSyn2 does not significantly affect the conversion
of a-synuclein into amyloid fibrils

As NbSyn2 binds to monomeric a-synuclein, we
sought to investigate its effect on the aggregation
properties of the protein. Figure 6a shows that the

addition of a 1 molar equivalent of NbSyn2 to a 70-
puM sample of a-synuclein in phosphate-buffered
saline (PBS) buffer at 37 °C, under conditions of
continuous stirring, only minimally perturbs the time
course of the increase in the fluorescence of thioflavin
T (ThT),” a dye that binds to amyloid fibrils; a
slightly shorter lag phase is observed for the
NbSyn:a-synuclein sample. In a parallel set of
experiments, however, we monitored the time course
of the change in the fluorescence of 1-anilino-8-
naphthalene sulfonate (ANS),”® a dye that binds to
exposed hydrophobic patches on the surface of
proteins (Fig. 6b). No significant differences for a
series of solutions containing different ratios of
NbSyn2 and a-synuclein were observed. In control
experiments, NbSyn2 itself was shown not to
aggregate under the conditions of these experiments.

This evidence therefore points to the conclusion
that NbSyn2 does not significantly influence the
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Fig. 6. Kinetics of aggregation of a-synuclein with or without NbSyn2, monitored by (a) ThT and (b) ANS binding
assays. The nanobody was added at 1.0 (yellow squares) and 0.1 (green triangles) equivalents, and the fluorescence was
sampled at various time points along the aggregation reaction. (c—e) TEM images of the reaction mixtures at the endpoint
of the aggregation reactions after staining with uranyl acetate. (c) a-synuclein, (d) a-synuclein with 1.0 molar equivalent
of NbSyn2 added, (e) a-synuclein with 0.1 molar equivalent of NbSyn2 added.

formation of amyloid fibrils by a-synuclein, even at
a 1:1 stoichiometry, suggesting that it is not involved
in any of the rate-limiting steps of the aggregation
reaction under the conditions studied in this work,
and that the binding process is highly dynamic. In
support of these conclusions, TEM was used to
image all the fibrils at the endpoint of the reaction
and no significant differences in fibril morphology
could be detected. However, in the samples contain-
ing an equimolar mixture of a-synuclein and
NbSyn2, a higher number of shorter fibrils observed
(Fig. 6d), suggesting a higher rate of fragmentation
and therefore a shorter lag phase in the aggregation
reaction probed by ThT fluorescence. These effects
are perhaps attributable to a slightly lower degree of
fibril maturation as a result of the binding of
NbSyn2 to the fibrils, making them more prone to
fragmentation and hence lead to a shorter lag-phase.

Discussion

The interaction of NbSyn2 and monomeric
a-synuclein

We have obtained a camelid antibody, NbSyn2,
through a strategy that involved immunization
followed by phage display, recombinant expression
in Escherichia coli and purification of the soluble
nanobody. This nanobody binds with nanomolar

affinity to the C-terminal region of full-length
a-synuclein. From ITC measurements as well as
from CD and NMR spectroscopy, we have found
that this tight binding has a 1:1 stoichiometry and
does not induce large changes in secondary or
tertiary structure of either protein. ITC can detect
conformational movements by evaluating the
change of the value of the heat capacity, ACP, on
binding;**** the AC, values are indistinguishable
for NbSyn2 binding to both full-length a-synuclein
and peptide fragments encompassing the epitope.
The observed AC, for the NbSyn2:a-synuclein
interaction, therefore, corresponds to the value
calculated for the burial of the a-synuclein epitope
resulting from binding to NbSyn2, without any
significant contributions from additional structural
changes within the a-synuclein molecule itself.
NMR studies of "N-labeled a-synuclein using
HSQC spectroscopy do not reveal any major changes
in chemical shift or signal intensity associated with
the binding of NbSyn2 other than that of the residues
in the binding region. Previous studies of the
interaction of polyamines with a-synuclein have
revealed significant changes in the intensities of
resonances in the HSQC spectrum corresponding to
residues at the N-terminal region of the protein.!”
These changes suggest that binding causes a
disruption of weak but detectable contacts between
residues at the C-terminus and in the NAC region
and N-terminus of the protein. The absence of similar
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intensity changes in the a-synuclein NMR spectrum
in the presence of NbSyn2 indicates that the
conformational ensemble of a-synuclein is essential-
ly unchanged on binding to the nanobody. This
conclusion is supported by preliminary paramag-
netic relaxation enhancement measurements*?
(A. Vuchelen, personal communication) on NbSyn2
bound to spin-labeled '°N a-synuclein, showing that
the long-range interactions that are present in more
compact members of the conformational ensemble of
the protein are preserved. This lack of conforma-
tional perturbation is consistent with the fact that the
antibody fragment does not influence significantly
the in vitro aggregation properties of a-synuclein.
To analyze the interaction between a-synuclein
and NbSyn2 at atomic resolution, we crystallized
and solved the X-ray structure of NbSyn2 in complex
with the peptide N-GYQDYEPEA-C, encompassing
residues 132-140 of a-synuclein. The structure
revealed that there is measurable density only for
the last six residues (DYEPEA) of the peptide, and
that the last four residues (EPEA) are clearly
anchored between CDR2 and CDR3 of NbSyn2.
The absence of electron density for the remaining
residues shows that these do not interact specifically
with NbSyn2 and are therefore disordered in the
crystal structure. The structure shows further that
the residues of a-synuclein that interact with
NbSyn2 are bound in an extended conformation
and that the interaction is primarily mediated by
side-chain interactions, a feature that is commonly
found in antibody-peptide complexes.”
Comparison of the crystal structure and the NMR
data reveal interesting features of the interaction
between NbSyn2 and a-synuclein. Indeed, detailed
examination of the NMR data for '°N a-synuclein
containing a 1 molar equivalent concentration of
NbSyn2 shows that the extent of line broadening of
the amide (in ""N-"H HSQC measurements) and
carbonyl (in 13C-'H CON measurements) reso-
nances of residues 130-140 gradually increases
along the sequence of the C-terminal region; for
residues Pro138, Glul39, and Alal40, the extent of
broadening is so large that the resonances of the
corresponding residues become undetectable. This
trend is accompanied by an increased difference in
chemical shifts for the resonances of the bound and
free states of residues 130-140 of a-synuclein
towards the C-terminus. In the crystal structure,
no electron density is observed for residues Gly132,
Tyr133, and GIn134, indicating that they remain
disordered in the bound complex and are not
involved in contacts with NbSyn2. In addition,
residues Asp135, Tyr136, and Glul37, which are
observable in the crystal structure and which are
located at the periphery of the binding site, also have
resonances that shift towards a new position in the
"N-"H HSQC spectrum, with that of the strongly
interacting Glul37 having the largest shift. Taken

together, these results indicate that there are only
minor perturbations in the chemical environment of
a-synuclein in the region 130-136 associated with
the binding of the nanobody.

The fact that most of the residues of a-synuclein
that are involved in direct contact with residues of
the nanobody are broadened beyond detection in
the HSQC and CON spectra of the complex is
intriguing and suggests that these residues are
involved in dynamic events that are in the interme-
diate exchange regime in the NMR spectrum, that is,
are taking place on the approximately millisecond
timescale. The variation in magnitude of NMR
chemical shift changes between the bound and
unbound state, along with the nanomolar binding
affinity, indicates, however, that this broadening is
unlikely to result simply from the exchange between
the bound and the unbound states of a-synuclein.
The crystal structure of the NbSyn2—peptide com-
plex reveals, however, that the interaction between
the two molecules is mediated primarily by side-
chain contacts. Only a few direct contacts are made
with backbone atoms of the peptide (similarly with
the full-length a-synuclein molecule) and most of
the amide and carbonyl residues located in the
binding regions make indirect contacts through
bridging water molecules. This observation suggests
that broadening of the amide and carbonyl reso-
nances of the residues of a-synuclein involved in
binding could be a consequence of the dynamics of
the interactions that result from the residence times
of these bridging water molecules involved in the
binding interactions. This strong involvement of
water molecules in the complex between NbSyn2
and a-synuclein suggests further that solvent
molecules could be of considerable importance
more generally in the intra- and intermolecular
interactions of a-synuclein and indeed of other IDPs
whose residues in their soluble states are virtually
always in intimate contact with solvent water.

The CD data show that NbSyn2 gains thermal
stability upon binding to a-synuclein, and the NMR
line width data indicate that the interacting region of
NbSyn2 becomes significantly more ordered. This
latter phenomenon might also be a general feature of
proteins binding to intrinsically unstructured se-
quences, as similar effects have been noted in several
complexes formed between other unstructured
proteins and molecular chaperones.®” %> Moreover,
the calculated AC, for the NbSyn2:a-synuclein
complex, based on the surface area burial from the
crystal structure, is only approximately 30% of the
measured AC, obtained from ITC experiments.
Although this calculated value is only an estimate,
it is consistent with the hypothesis that additional
contributions to AC, are likely to exist and can be
attributed to conformational changes, either through
perturbations in the extent of exposed hydrophobic
surface area as a result of CDR loop rearrangements
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or through the enhancement of hydrogen-bonding
networks®® within the complex.

NbSyn2 as a structural probe of the different
aggregation states of a-synuclein

The present findings reveal that NbSyn2 binds
specifically to the C-terminus of a-synuclein and
that it does not significantly perturb either the
characteristics of the conformational ensemble of the
soluble form of the protein or its aggregation into
fibrillar amyloid species. Using X-ray crystallogra-
phy, NMR spectroscopy and immunogold labeling,
we have established that NbSyn2 binds to its
epitope on a-synuclein in very different structural
contexts. Specifically, we show that the antibody can
bind to the fibrillar form of a-synuclein, unequivo-
cally confirming that in at least a significant fraction
of the molecules in the fibrils, residues 130-140 are
located outside the fibrillar core and are sufficiently
accessible to solvent to allow the interaction with
other molecular species. These data are consistent
with a variety of studies that indicate that the
C-terminal region of a-synuclein is located on the
surface of the fibrils and has extensive motional
freedom.®** Our data suggest, however, that in the
fibril, only one a-synuclein in four is able to bind
tightly to NbSyn2 and indicates either that not all
C-termini in the fibril are accessible or that binding
of the NbSyn2 generates sufficient local steric
hindrance to inhibit the interaction of nanobodies
with adjacent epitopes.

A recent solid-state NMR study suggests that the
structure of a-synuclein in a protofibril involves a
five-stranded p-sheet, with the C- and N-termini
located on different sides of the protofibril.** In
addition, it has been proposed that four protofila-
ments make up the mature fibril,***> a finding that
is interesting in the context of our observation that
NbSyn2 molecules bind to one in four a-synuclein
molecules in the fibrillar state. It seems likely
that when the protofilaments intertwine to form
mature fibrils in the majority of the molecules, the
C-terminal residues are inaccessible at least to a
soluble protein such as NbSyn2. Taken together,
these results indicate that the recognition of the
C-terminal region of a-synuclein by NbSyn2 can be
used to probe the exposure of the C-terminal region
of a-synuclein under different conditions, as well as
of aggregated species formed along the fibril
formation pathway and in the maturation of
a-synuclein fibrils over time. In addition, possible
steric restrictions to the binding of adjacent epitopes
of NbSyn2 within the aggregated species can also
provide information on the spatial arrangement of
the a-synuclein monomers within these species.

Finally, the fact that the antibody fragment does
not impose major structural rearrangements within
the conformational ensemble of the a-synuclein

monomer is highly beneficial in the context of
probing its molecular environment in other states.
Indeed, the results of the studies described here
suggest that NbSyn2 should be an extremely
valuable probe of different species populated during
the process of fibril formation. The finding that
NbSyn2 has no major influence on the aggregation
kinetics of a-synuclein, for example, suggests that
the C-terminal region plays no part in the structure
or stability of any intermediate species whose
formation affects the aggregation kinetics. Further-
more, these data suggest that NbSyn2 has the
potential to be an excellent, structurally silent
reporter to probe the aggregation process of
a-synuclein under different conditions, including
the events occurring in vivo, and indeed to define the
interactions of this protein with other molecular
species, most interestingly to explore its functional
role in living systems.

Materials and Methods

All chemicals and reagents were purchased from Sigma-
Aldrich, Dorset, UK, unless otherwise stated. All protein
concentrations were measured by UV absorbance spec-
troscopy using molecular extinction coefficient, which was
calculated based on the sequence of the proteins, at 280 nm
of 5960 M ! em ™! for a-synuclein and 27,180 M*!'em!
for NbSyn2.

Isolation, expression, and purification of NbSyn2 and
a-synuclein

The camelid antibody NbSyn2 was isolated from a
dromedary immunized with a-synuclein and then selected
by phage display, essentially according to published
protocols.“’67 In short, the immunization was boosted at
several intervals during a six-week period. Lymphocytes
were isolated and a VHH phage display library was
constructed. In vitro selection on a-synuclein resulted in
the isolation of one family of binders: NbSynla,b,c. A new
selection in the presence of NbSynla and after three rounds
of panning allowed the isolation of NbSyn2. NbSyn2 was
subsequently sequenced and recloned in a modified pHEN
vector (pHEN6%) containing a sequence coding for six
consecutive histidines at the C-terminus of the nanobody.
NbSyn2 was then expressed in the periplasm of E. coli and
purified using immobilized metal affinity chromatography
and size-exclusion chromatography essentially according
to published protocols.®”

Expression and purification of MN, PN, and ®N,3C
a-synuclein® and >N and N,">C NbSyn2>* for NMR
measurements were carried out according to published
protocols.”**®

CD measurements

Three samples, (1) a-synuclein, (2) NbSyn2, and (3) an
equimolar mixture of a-synuclein and NbSyn2, were
prepared at identical molar concentrations (20 uM in
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10 mM phosphate buffer, pH 7.4, and 150 mM NaCl)
originating from concentrated stock solutions of a-synu-
clein and NbSyn2, using high-precision Hamilton syringes
for volumetric measurements. CD measurements were
performed on a Jasco J-810 spectrometer using a cuvette of
0.1 cm path length containing protein at a concentration of
20 pM in 10 mM phosphate buffer, pH 7.4, and 150 mM
NaCl. Spectra were recorded between 250 and 200 nm at
25 °C. Twenty scans were averaged without smoothing
and corrected for the spectra of the buffer. To monitor the
secondary-structure perturbations that occur upon forma-
tion of the NbSyn2:a-synuclein complex, both spectra of
the free a-synuclein and the free NbSyn2 were subtracted
from the spectrum of the NbSyn2:a-synuclein sample.
Thermal unfolding of the antibody fragment was followed
by measuring the CD signal at 220 nm in 10 mM
phosphate buffer at pH 7.4 and 150 mM NaCl. The
temperature was increased monotonically in the range
from 20 to 90 °C, at a rate of 0.5 °C min '. Data were
acquired with a reading frequency of 20 s ', a 1-s
integration time, and a 2-nm bandwidth.

Isothermal calorimetry measurements

Calorimetric measurements were recorded using an
iTC200 calorimeter (MicroCal, LLC, Northampton, MA,
USA). A solution of 40 pl NbSyn2, at a concentration of
75 uM, was titrated in aliquots of 2 ul into the calorimetric
cell, containing 203 pl of 5 pM a-synuclein. Both proteins
were dialyzed prior to measurements in exactly the same
buffer containing 10 mM phosphate and 150 mM sodium
chloride at a pH of 7.4. Each injection was performed every
150 s at the desired temperature. A titration of NbSyn2 in
the sample cell containing only buffer was subtracted from
the actual binding experiment before analysis. The
thermodynamic analysis was performed using the Micro-
cal analysis software (Origin 7.0) with a 1:1 binding model.
The temperature dependence of AH allowed the calcula-
tion of AC, through the relationship AC,=6AH/6T. The
contribution of protonation to AH was evaluated using a
10-mM Tris-HCl buffer and 100 mM NaCl at pH 7.4.

Aggregation measurements

Samples of 70 pM a-synuclein or NbSyn2, or a mixture
of the two proteins, were incubated in 10 mM phosphate
buffer, pH 7.4, and 150 mM NaCl at 37 °C under
continuous stirring with a magnetic stir bar. Aliquots
(5 pl) were removed at various time points, and ThT was
added in 10 mM phosphate buffer, pH 7.4, and 150 mM
NaCl to give a final concentration of 2 pM. ThT
fluorescence was measured using a Cary Eclipse fluorim-
eter (Varian). Identical samples were also used to monitor
ANS binding. Samples at the end of the reaction were
analyzed on SDS-PAGE and imaged by negative staining
using uranyl acetate and TEM (20,000-80 ,000x magnifica-
tions at 80 kV excitation voltages using a Philips CM100
transmission electron microscope).

Crystallization of the NbSyn2—-peptide complex

Crystallization of the NbSyn2 complexed with a synthetic
peptide (sequence NH,-GYQDYEPEA-COOH) (BIO-SYN-

THESIS, INC., Texas, USA) was achieved using a crystal-
lization robot Phoenix (Art Robbins Instruments,
Sunnyvale, CA) and a sitting drop vapor diffusion assay.
One hundred thirty-three microliters of 10 mg/ml of
NbSyn2 was first mixed with 15 ul of peptide (at 20 mg/
ml) before dispensing in a JB Classic 1-4 (G10) screen (Jena
Biosciences, Jena, Germany). Drops (100 nl) were mixed
with 100 nl of the precipitant solution. Crystals were
obtained under the following conditions: 25% w /v poly-
ethylene glycol (PEG) 6000, 100 mM Hepes, pH 7.5, and
100 mM LiCl were subsequently harvested and transferred
in a cryo-protectant solution (25% w /v PEG 6000, 100 mM
Hepes, pH 7.5, and 100 mM LiCl and 10% PEG 400) and
flash-frozen in liquid nitrogen for data collection.

Data collection and structure solution

Diffraction patterns for frozen crystals of the NbSyn2-
peptide complex were obtained at the X11 beamline
equipped with a MAR555 detector, at the European
Molecular Biology Laboratory using the Deutsches Elek-
tronen-Synchrotron (Hamburg, Germany). Data were
processed using Mosflm,®® and Pointless and Scala”
were used to determine the space group and scale and
merge the data, respectively. Molecular replacement using
the program Phaser”' and a model for NbSyn2, namely,
Protein Data Bank entry 1HCV,”? was used to obtain the
phase information associated with the structure factors.
Model building and refinement were achieved using the
programs ARP/wARP” and Refmac5’* as implemented
in the CCP4 suite.”* The graphics program Coot” was
used to interpret the electron density maps and for
refinement of the model. Data collection and refinement
statistics are listed in Table 2. The change in ASA upon the
formation of the NbSyn2:a-synuclein complex was calcu-
lated using the web-based server ProtorP.”® Figures were
prepared using the program PyMOL].

NMR spectroscopy

All NMR experiments were performed using Bruker
Avance 500 - or 700-MHz spectrometers equipped with
cryo-probes. All NMR data were subsequently processed
using NMRpipe’” and the program SPARKY”® was used
for analysis of the data.

SN-'H HSQC measurements of labeled a-synuclein
with or without '*N NbSyn2

Standard ""N-"H HSQC experiments were carried out
at a 'H frequency of 700 MHz. Spectra of '°N-labeled «-
synuclein were recorded at different molar equivalents of
unlabeled NbSyn2 (0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0,
2.5, 3.0, and 3.25) by titration of small volumes of a
concentrated stock solution of NbSyn2. All experiments
were recorded in 10 mM phosphate buffer, pH 7.4, and at
283 K.

I www.pymol.org
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Table 2. Data collection and refinement statistics
(molecular replacement)

NbSyn2:a-synuclein

Data collection
Space group
Cell dimensions

C222,

a, b, c(A) 60.17, 63.12, 62.87

a, B,y (%) 90.00, 90.00, 90.00
Resolution (A) 1.62 (1.62)
Reym OF Rinerge 11.5 (54)
/ol 23.3 (4.3)
Completeness (%) 99.93 (99.9)
Redundancy 14.3 (14.2)
Refinement

Resolution range A) 30-1.62 (1.71-1.62)

No. of reflections 14,361
Ruork/ Reree 15.63/20.26
B-factors (A?)
Protein 15.8
Peptide 22.3
Water 26.6
r.m.s.d.
Bond lengths A) 0.018
Bond angles (°) 1.693

The values in parentheses represent those of the highest-
resolution shell.

Assignment of the ">N-'H HSQC spectra of labeled
a-synuclein bound to '*N NbSyn2

The amide resonances and C* and C” chemical shifts
were determined previously***® and used in the further
analysis of the data. The chemical shifts of the a-synuclein
resonances in its complex with NbSyn2 were assigned
using a series of standard 3D experiments: CBCA(CO)NH
and HNCACB. Sample integrity checks were performed
between and after each 3D experiment by recording
’N-"H HSQC spectra.

13C-'5N CON measurements of °N,'3C-labeled
a-synuclein with or without '*N NbSyn2

BC-5N CON experiments, which correlate the 3¢
carbonyl chemical shift of residue n with the >N chemical
shift of residue n+1, were performed as described
previously.”” The assignments of all cross-peaks in the
spectra were obtained from Bermel et al.>* and carried out
ata 'H frequency of 500 MHz. In total, two CON spectra
were recorded for °N,'*C-labeled a-synuclein free and
after addition of 1 equivalent of "*N NbSyn2. The spectra
were recorded on a 500-MHz Bruker Avance spectrometer
equipped with a cryo-probe. The sample buffer was 10 mM
phosphate buffer at pH 7.4 and the temperature was set at
283 K. The assignments of the CON cross-peaks of
a-synuclein in the bound form were obtained by comparing
the '°N chemical shifts for the corresponding peaks in the
assigned ""N-"H HSQC spectrum for bound a-synuclein.

5N-'"H HSQC measurements >N NbSyn2

Titrations of full-length "*N a-synuclein and a "N 12-
residue peptide, N-SEEGYQDYEPEA-C (Genemed Syn-

thesis Inc.,, New York, USA), were carried out with
®N-labeled NbSyn2 at 0.3 mM in 20 mM phosphate
buffer, pH 7.4, at 298 and 283 K.

Assignment of '°N,'3C-labeled NbSyn2 bound to
full-length a-synuclein and a peptide fragment
of a-synuclein

We have reported the assignments of the backbone
resonances of NbSyn2, at pH 4.8 and at 298 K, elsewhere.>
The backbone assignments of samples of 15N, 13 C-labeled
NbSyn2 at 0.3 mM in 20 mM phosphate buffer at pH 7.4
bound to a-synuclein were obtained by means of HNCA
experiments at a 'H frequency of 500 MHz.

Preparation of a-synuclein fibrils

a-Synuclein fibrils were prepared in two steps. Fibrils
were initially prepared by vigorous agitation of 70 uM
a-synuclein in PBS (10 mM phosphate, pH 7.5, 100 mM
NaCl, and 0.1% NaNj3) for 48 h at 37 C. The solution was
centrifuged (30 min, 16,0008), the supernatant was
discarded, and the fibril pellet was resuspended in an
equal volume of water. A second solution (70 uM
a-synuclein in PBS) was then prepared, and a solution of
these fibrils was added to a concentration of 2% (v/v) to
seed the new solution. These samples were incubated at
37 °C for 12-24 h with vigorous agitation, yielding
samples of F1 fibrils, essentially free from amorphous
material, which were used immediately.

Fibril binding using "*N-'"H NMR

The binding of a-synuclein fibrils to NbSyn2 was
monitored using ""N-"H HSQC experiments following
addition of between 1 and 4 molar equivalents of o-
sglnuclein molecules in their fibrillar conformation to the
>N-labeled NbSyn2.

Fibril binding using immunogold labeling and
immunoelectron microscopy

The NbSyn2-fibril complex was obtained by the
addition of NbSyn2 to a-synuclein fibrils in PBS, pH 7.5,
with final concentrations of 0.15-1.5 and 70 uM,
respectively. Charged carbon-coated nickel EM grids
(400 mesh; Agar Scientific, Stansted, UK) were prepared
for this study by the addition of 4 pl of the NbSyn2-a-
synuclein complex in PBS. Samples were deposited onto
grids immediately following dilution. Grids were washed
three times with 10 pul H,O, blocked with 15 pul of a 0.1%
(w/v) filtered bovine serum albumin (BSA) solution in
PBS for 20 min, and then incubated for 30 min with a
monoclonal primary antibody recognizing the six-residue
His-tag [Mouse anti-His (50 pg/ul), ZYMED Laboratories,
San Francisco, CA, USA] diluted 250-fold in 0.1% BSA in
PBS. The grids were blotted with filter paper between each
washing step. Next, the grids were washed three times
with 50 pul 0.1% BSA in PBS, for 5 min each time, before a
30-min incubation with goat anti-mouse 10 nm immuno-
gold conjugate (GMHL10, BBInternational, Cardiff, UK),
diluted 150-fold into 0.1% BSA in PBS. The grids were
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washed with 3x50 ul 0.1% BSA in PBS, again for 5 min
each time, then 3 x50 pl H,O, and negatively stained with
20 pl of uranyl acetate [2% (w/v) in H,O; Agar Scientific].
Immunogold labeling was performed at room tempera-
ture and samples were viewed under 20,000-80,000x
magnification at 80 kV excitation voltages using a Philips
CMI100 transmission electron microscope.

Accession numbers

Coordinates and structure factors have been deposited
in the Protein Data Bank with accession number 2X6M.
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