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ABSTRACT: The 140-residue protein a-synuclein (aS) has been implicated in the molecular chain of events
leading to Parkinson’s disease, which relates to the hierarchical aggregation of aS into soluble oligomers
and insoluble fibrils. A number of small organic molecules have been reported to inhibit aS aggregation.
Here, the interactions of chlorazole black E, Congo red, lacmoid, PcTS-Cu?", and rosmarinic acid with
aS are examined by NMR spectroscopy to identify aS sequence elements that are masked by these
compounds. Surprisingly, similar aS interaction sites, encompassing residues 3—18 and 38-51, were obtained
for all molecules at equimolar small molecule:aS ratios. At higher ratios, virtually the entire amphiphilic
region of aS (residues 2-92) is affected, revealing the presence of additional, lower affinity interaction
sites. Upon rearranging the high-affinity interaction sites over the aS amphiphilic region in an aS mutant
form, perturbations of the entire amphiphilic region were found to have already been obtained at equimolar
ratios, indicating a high specificity for the original binding sites. CD spectroscopy reveals that, in the
presence of the small molecules, the aS structure is still dominated by random-coil characteristics. The
strongest effects are exerted by molecules that contain sulfonate groups adjacent to aromatic systems,
often present in multiple copies in a symmetrical arrangement, suggesting that these elements are useful
for developing an aS-specific chemical chaperone.
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An imbalance in the homeostasis of the protein Q-sy-
nuclein (aS),1 resulting from elevated aS expression levels,
chemical modifications of aS, or certain mutations within
aS but also other cellular proteins, has been associated with
the demise of certain nerve and glial cells (/-3). Parkinson’s
disease (PD) is the most widespread so-called o-synucle-
opathy and represents the second most common neurogen-
erative disease in humans. PD is characterized by the
selective loss of dopamine-producing neurons of the sub-
stantia nigra pars compacta, leading to progressive motoric
dysfunction. The histological hallmarks of PD are fibrillar
cellular inclusions (Lewy bodies), of which aS is a major
component (4, 5). In vitro, aS aggregation produces similar
aS fibrils (6, 7) via a nucleation-dependent, hierarchical
aggregation pathway that progresses from simple oligomers
to soluble protofibrils that eventually coalesce into insoluble
fibrils (8). Purified protofibrils and fibrils are cytotoxic (8—10),
suggesting that misfolded aS species are pivotal to PD
pathogenesis.

The 140-residue aS protein is widely expressed in neurons
throughout the mammalian nervous system and concentrates
in presynaptic nerve terminals (//, /2). The N-terminal
region of aS contains seven degenerate 11-residue repeats
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A wild-type aS

1 9-1 20-11 31-111
MDVFMKGL SKAKEGVVAAA EKTKQGVAEAA GKTKEGVLYVG

42-1v 53 57-V 68 - VI 79-Vil
SKTKEGVVHGV ATVA EKTKEQVTNVG GAVVTGVTAVA QKTVEGAGSIA

90 100 110 120 130 140
AATGFVKKDQLGKNEEGAPQEGILEDMPVDPDNEAYEMPSEEGYQDYEPEA

B SaS

1 9-V 20 - IV 31-VI
MDVFMKGL EKTKEQVTNVG SKTKEGVVHGV GAVVTGVTAVA

42-11 53 57-1 68 - Il 79- VIl
EKTKQGVAEAA ATVA SKAKEGVVAAA GKTKEGVLYVG QKTVEGAGSIA

90 100 110 120 130 140
AATGFVKKDQLGKNEEGAPQEGILEDMPVDPDNEAYEMPSEEGYQDYEPEA

FIGURE 1: Synuclein amino acid sequence. (A) Sequence of human
a-synuclein (aS) and (B) its pseudorepeat shuffled variant (SaS).
The second to sixth residues of each repeat (predominantly
KTKEGYV) are highlighted in red. Amino acid residues most
strongly affected by interactions with the examined small molecules
are highlighted in light blue; residues that are most inert are
highlighted in light green.

that are continuous, except for a four amino acid stretch
between repeats IV and V (Figure 1A). The carboxy-terminal
region (amino acids 96-140) is highly negatively charged.
In aqueous solution, aS is dynamically unstructured but
readily binds to negatively charged lipid vesicles or anionic
detergent micelles in predominantly o-helical conforma-
tion (/3-17). Specifically, the N-terminal region (residues
2-92) exhibits a strong tendency to form an amphiphilic
a-helix, whereas the acidic C-terminal tail remains free in
solution. Hereby, the aS helix “senses” vesicle curvature and
binds preferentially to relatively curved vesicles (/3). Aside
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from its role in curvature sensing, additional functional roles
of aS are relatively poorly understood. In its helical, vesicle-
bound state, aS can interact with a variety of proteins (/8)
and can substitute for the cysteine-string protein-o. (19).

The aS fibril exhibits a core that extends from residues
36 to 98 (20), which encompasses the hydrophobic V71—-V82
sequence element (27). In general, fibrillogenesis correlates
with mean S-strand propensity, hydrophobicity, and charge
of the amino acid stretch (22). Furthermore, the highly
soluble C-terminal aS tail slows aggregation (23, 24).
Nevertheless, it is still largely unclear what sequence
elements actually render aS prone to pathological aggrega-
tion, which commences with the formation of soluble
oligomers (8). Moreover, these initial aggregation events
appear to be of more immediate relevance to PD pathogenesis
since soluble oligomers, rather than amyloid fibrils, are
believed to be the primary pathogenic aS species (8, 9). A
number of small organic molecules have been reported to
inhibit aS aggregation (/0, 25-32). In most cases, fibril
formation is greatly reduced, and the still formed soluble
oligomers are relatively benign (10, 29), suggesting that these
molecules shield sequence elements that render aS prone to
misfolding and are of potential therapeutic relevance.

Here, we characterize the interaction of five aggregation-
inhibiting small molecules (chlorazole black E, Congo red,
lacmoid, PcTS-Cu?*, and rosmarinic acid) with free aS by
NMR and CD spectroscopy to identify their target sites, to
assess any induced structure in aS, and to learn more about
the action of these compounds in general. The copper
complex of phthalocyanine tetrasulfonate (PcTS-Cu?*) also
inhibits the aggregation of nonamyloidogenic proteins (29),
and all examined compounds have proven to be effective in
inhibiting the aggregation of other amyloidogenic proteins,
such as AB(1-40) and tau (10). In light of this generality,
they may be viewed as chemical chaperones. Despite clear
differences in their chemical structures, the compounds
exhibit a consensus interaction with aS at equimolar ratio.
At higher small molecule:aS ratios, chlorazole black E,
Congo red, and PcTS-Cu?" interact with essentially the entire
aS amphiphilic region, reminiscent of its interaction with
detergent micelles and lipid vesicles (/4—17). In analogy to
these systems, the strongest perturbation of aS NMR
resonances was observed for compounds that are distinctly
amphiphilic and potentially multivalent.

EXPERIMENTAL PROCEDURES

Molecular Biology and Protein Production. The human
DNA sequence of aS was overexpressed using the pET-41
vector (Novagen, Inc.). An aS variant with shuffled repeats
(Figure 1B), termed SaS, was assembled from overlapping
synthetic oligonucleotides by PCR (33) and was subcloned
into the pET-44 expression vector (Novagen, Inc.). Protein
expression was induced in accordingly transformed Escheri-
chia coli BL21(DE3),T1R cells (Sigma-Aldrich, Inc.) growing
at 37 °C in M9 minimal medium containing "NH4Cl in H,O
solution or [*C]-p-glucose and "NH4CI in D,O solution at
ODgop = 1.0 for 4 h. Both synuclein forms were purified by
heat precipitation (10 min, 80 °C) of the harvested cells in
50 mM Tris-HCI, pH 7.5, and 500 mM NacCl, followed by
ion-exchange chromatography of the 1:10 diluted supernatant
on a HiTrap Q-Sepharose column (GE Healthcare Life
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Sciences, Inc.). Finally, proteins were purified by gel filtration
using a Sephacryl S100 column (GE Healthcare Life Sci-
ences, Inc.) in 30 mM Tris*HCI, pH 7.5, 300 mM NacCl,
and 0.02% NaNj; and stored frozen.

NMR Spectroscopy and Sample Preparation. SaS and aS
were exchanged into 25 mM HEPES -NaOH, pH 7.4, 50 mM
NaCl, and 0.02% NaNj3 by four ultrafiltration-dilution cycles
(1:10 dilution). Stock solutions of Congo red, the copper
complex of phthalocyanine tetrasulfonate (PcTS-Cu®*; Alfa
Aesar, Inc.), chlorazole black E, lacmoid (TCI America, Inc.),
and rosmarinic acid (Sigma-Aldrich, Inc.) were prepared
freshly at 20 mM in the same buffer. The stock solution was
combined with aS or SaS to give the desired small molecule
concentration and a final protein concentration of 0.2 mM.
NMR experiments were performed immediately following
sample preparation on a cryoprobe-equipped Bruker Avance
700 spectrometer at 15 °C. H—N HSQC experiments were
recorded with 128 x 1024 complex points (¢;n) = 88.1 ms,
twuny = 127.9 ms) in a total of 1.5 h. HNCO experiments
were acquired with 16 x 128 x 768 complex points (¢
= 15.0 ms, bNy = 85.1 ms, 3Ny = 85.4 ms) in a
semiconstant time mode (34, 35), resulting in an overall
acquisition time of 17 h. HN, N, C¢, CP and C’ assignments
of free aS and SaS were made from HNCA, HNCACB,
HNCO, and HN(CA)CO experiments. NMR data were
processed and analyzed with the nmrPipe package (36) and
CARA.

CD Spectroscopy. aS was exchanged into 10 mM NaH,PO./
Na,HPO., pH 7.4, by four ultrafiltration-dilution cycles (1:
10 dilution) and was combined with the small molecule stock
solution in the same buffer to give the desired small molecule
concentration and a final aS concentration of 14 uM. CD
samples were degassed in a sonication bath for 1 h and
transferred into a quartz cell of 1 mm path length. CD spectra
were measured at room temperature using a Jasco 815
spectropolarimeter. Spectra were averaged from eight scans
of 0.5 nm steps at a scan rate of 20 nm/min and corrected
for solvent contributions. Protein secondary structure was
estimated using the CONTIN-LL and CDSSTR programs (37, 38)
via the DichroWeb interface (39, 40).

RESULTS AND DISCUSSION

From the extensive set of tested inhibitors of aS filament
formation (/0, 25-32), chlorazole black E, Congo red,
lacmoid, the copper complex of phthalocyanine tetrasulfonate
(PcTS-Cu?"), and rosmarinic acid (Figure 2) were selected.
The compounds exhibit comparatively low ICsy values for
inhibiting aS filament assembly (/0, 29). All of the five
examined molecules gave rise to the broadening of NMR
lines (e.g., Supporting Information Figure 1), indicating that
signals from the free and bound states of aS cannot be
resolved and are averaged in a manner that leads to line shape
broadening. Specifically, assuming two-site fast chemical
exchange, a contribution to the relaxation rate of transverse
magnetization arises that is proportional to the square of the
chemical shift difference between the free and bound states
and the lifetime of the small molecule—aS complex (41).
As the binding of the small molecule induces the chemical
shift changes, their mapping on the sequence of aS provides
information on interaction site(s). In the vicinity of actual
interaction sites, chemical shift changes can also be expected;
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FIGURE 2: Chemical structures of the aS aggregation-inhibiting molecules studied. At physiological pH rosmarinic acid will exist in its

carboxylate form.

for dynamically unstructured aS, however, these indirect
effects can be assumed to be short range in nature and less
intense than direct interactions. Thus, the ligand-binding
site(s) of the small molecules on aS can be approximated
and compared by evaluating aS NMR resonance broadening
as a function of residue number.

Interactions at Equimolar Small Molecule:aS Ratios.
Chlorazole black E, Congo red, lacmoid, PcTS-Cu®*, and
rosmarinic acid gave rise to very similar broadening patterns,
expressed as signal intensity ratio in the absence and
presence, I/1y, of the examined compound (Figure 3). Severe
broadening was observed only within the first 51 residues
of aS. Specifically, residues 3—18 and 38-51 form two //1
minima. The I/l values of intervening residues are less
affected, suggesting that their broadening arises mainly from
indirect effects. These interaction sites are in excellent
agreement with the restriction of the PcTS-Cu?* binding site
to the aS(A61-140) fragment (29). It is perhaps surprising
that, despite the differences in chemical structures of all five
small molecules (Figure 2), a consensus interaction is
obtained. A common structural theme among the five
molecules is the presence of negatively charged and/or
polarized groups, particularly the sulfonate ions of chlorazole
black E, Congo red, and PcTS-Cu?*, linked to extended
aromatic ring systems. For PcTS-Cu®*, the removal of its
tetrasulfonate groups abolished binding to aS (29), demon-
strating the importance of electrostatic interactions between
the sulfonate groups and, most likely, the lysine side chains
of aS (I5). This arrangement is frequently present in multiple
copies, making the small molecules potentially multivalent
ligands and lending them a high degree of internal symmetry,
which is perfect for Congo red and PcTS-Cu?t (Figure 2).
Such an amphiphilic nature is reminiscent of an anionic
surfactant or, due to their potential multivalence, of an
anionic gemini surfactant (42).

The affected aS sequence elements are rich in lysine
residues and, aside from their abundance of aliphatic residues,
contain all the aromatic residues of the amphiphilic region
(F4, Y39, and H50). Given the high similarity of the aS
sequence repeats (Figure 1), it may be expected that
additional, lower affinity interaction sites could be present.
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FIGURE 3: Small molecule-induced aS resonance broadening at
equimolar small molecule:aS ratios. Broadening is expressed
quantitatively as signal intensities in the presence and absence of
a studied small molecule, //]. For chlorazole black E, Congo red,
lacmoid, and PcTS-Cu?*, the aS signal intensities were obtained
from H—N—C’ HNCO experiments using 2H/!*C/'>N-labeled
protein. For rosmarinic acid, signal intensities were obtained from
H—N HSQC experiments using '*N-labeled protein. For the first
set of compounds, resonance broadening was so severe at equimolar
ratios that deuterated aS was employed to improve line shapes and
thereby reduce the relative contribution of exchange-mediated
broadening to obtain a useful 1/, range. For rosmarinic acid, this
did not apply, and fully protonated protein was employed to obtain
a useful /I, range. For reference, the rosmarinic acid data set
employing deuterated protein is provided as Supporting Information
Figure 2. To account for small changes in sample conditions, a
uniform /I, normalization factor was applied to each data set,
resulting in an average I/I, value of 1 for the unaffected aS tail
residues 105-140.
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FIGURE 4: Small molecule-induced aS resonance broadening at high
small molecule:aS ratios. (A) Chlorazole black E-induced aS
resonance broadening at different molar ratios. The ratio of
H—N—C" HNCO signal intensities using H/"*C/"*N-labeled protein
in the presence and absence of chlorazole black E, I/, is used to
quantify signal broadening for each aS residue at chlorazole black
E at molar ratios of 1:1, 1:2, 1:5, and 1:10. The severe broadening
was maintained up to an examined ratio of 1:35. (B) H—-N—C’
HNCO signal intensities in the presence and absence of Congo red
and PcTS-Cu?*, respectively, at a molar ratio of 1:10. To account
for small changes in sample conditions, a uniform //I, normalization
factor was applied to each data set, resulting in an average /1, value
of 1 for the unaffected aS tail residues 120-140.

This was explored for the three compounds exhibiting the
strongest effects: chlorazole black E, Congo red, and PcTS-
Cu®.

Interactions at High Small Molecule:aS Ratios. Upon
increasing the small molecule:aS molar ratio, the entire
amphiphilic region of aS was affected (Figure 4), reminiscent
of itsinteraction with lipid vesicles and detergent micelles (13—-16).
The most inert regions are residues 66—76 and 82—88, which
are characterized by mostly hydrophobic residues and the
absence of positively charged residues (Figure 1A). This is
in obvious contrast to the most affected regions.

Effect of aS Pseudorepeat Reshuffling. To assess the
specificity of the aS—small molecule interactions, a synuclein
variant with shuffled repeats, termed SaS, was prepared. The
two most broadened regions (residues 3—18 and 38-51) were
broken up and separated to comprise SaS residues 3-8,
20-28, 57-66, and 75-78 (Figure 1B). At equimolar small
molecule:SaS ratios, broadening was then observed for
almost all residues within the amphiphilic region (Figure 4).
While there are some trends in the /I, patterns that are
particular to each tested small molecule, the only consensus
that remains is that residues 82—-88, whose sequence position
is unchanged in SaS, are the most inert (Figure 4). The
broadening encompasses all separated binding regions,
suggesting that all three examined small molecules still seek
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FIGURE 5: Small molecule-induced SaS resonance broadening at
equimolar SaS:small molecule ratios. The ratio of H—=N—C” HNCO
signal intensities using 2H/'3C/">N-labeled protein in the presence
and absence of the studied small molecule, /1y, is used to quantify
signal broadening for each SaS residue. Broadening patterns are
depicted for chlorazole black E, Congo red, and PcTS-Cu?*. To
simplify the comparison with wild-type aS (Figure 3A), the residue
numbering of aS is used for SaS as well. To account for small
changes in sample conditions, a uniform //I, normalization factor
was applied to each data set, resulting in an average /I, value of
1 for the unaffected aS tail residues 105-140.

their original interactions. Intervening residues may engage
in the interaction resulting from some loss of binding
specificity of the original interaction or simply from indirect
effects.

Although virtually the entire amphiphilic region of SaS is
broadened at already equimolar small molecule:SaS ratios,
a single small molecule appears too small to engage the entire
amphiphilic region. For example, the diameter of Congo red
is estimated at approximately 21 A (43). It is also unlikely
that a single small molecule is able to pull the original
binding sites together. Rather, the extensive broadening may
be caused by multiple, different small molecule—SaS inter-
actions, which appear as broadening of virtually the entire
amphiphilic region when averaged over all SaS molecules
present. This is also in accordance with the large observed
I/l oscillations that are not characteristic of a single,
homogeneous small molecule—SaS interaction, which is
envisioned for wild-type aS (Figure 3). Interestingly, the
extent of broadening still follows the order observed for aS
(Figures 3A and 4), indicating that, among the examined
molecules, the molecular structure of Congo red is best suited
to interact with the amphiphilic region of aS.

Structural Effects on aS. The binding of the small organic
molecules to free aS will impact its random-coil conforma-
tion. Since all NMR resonances of interacting aS residues
are severely broadened, we resorted to circular dichroism
(CD) spectroscopy to assess the extent of this small molecule-
induced aS structuring. Clear deviations from the CD
spectrum of free aS were obtained in the presence of the
small molecules (Figure 6A and Supporting Information
Figure 3), indicating a small molecule-induced structural bias
in aS conformers. However, up to the highest accessible small
molecule:aS ratio of 1:10, the spectra remain dominated by
features that are characteristic of a dynamically unstructured
protein (Supporting Information Table 1). To better judge
the magnitude of the obtained changes in the CD spectra,
the effects of a detergent at equal conditions were studied.
Micelles of the detergent sodium dodecyl sulfate (SDS)
interact avidly with the amphiphilic region of aS (15-17).
However, the extent of aS structuring obtained in the
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FIGURE 6: CD spectra of aS in the presence of chlorazole black E
and sodium dodecyl sulfate (SDS). At an aS concentration of 14

uM, SDS is present below its critical micelle concentration of ~2.6
mM (46) at all examined aS:SDS ratios.

presence of free SDS molecules, present below the critical
micelle concentration, is similar to the presence of the small
molecules at equal conditions (Figure 6). Obviously, without
the free energy gain of transferring the hydrophobic aS
residues from an aqueous to a hydrophobic environment, it
is difficult to obtain a persistent, well-defined aS secondary
structure.

Interestingly, it has been suggested that Congo red can
self-assemble into supramolecular complexes, described as
ribbon-like micellar species (44, 45). The present data clearly
show that strong interactions are obtained already at equimo-
lar ratios, demonstrating that Congo red complexes are not
required for binding per se. Congo red is also a histological
dye commonly used for amyloid detection (37). For a long
time, it was believed that the (-sheet structure of amyloid
fibrils is important for this specificity. As shown here, a
substantial portion of the Congo red interaction with free
aS takes places outside of the aS fibril core, comprising
residues 36-98 (20), which raises the possibility that its mode
of binding to aS fibrils is similar to its interaction with free
aS.

Conclusions. The five examined aS aggregation-inhibiting
small molecules show a surprising consensus in their
interaction with free aS. The compounds avoid interactions
with the most hydrophobic region of aS, encompassing
residues 6676 and 82-88, and prefer the N-terminal region
(residues 3—18 and 38-51), where a mix of charged residues,
particularly lysine, alternates with hydrophobic residues,
including all three aromatic residues of the amphiphilic
region of aS (residues 2-92). The highly acidic aS tail
remains virtually unaffected under all examined conditions.
If it is assumed that these small molecules shield residues
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that make aS prone to misfolding, then it follows that certain
successions of hydrophobic residues with charged ones,
particularly positively charged residues, are problematic.
Such a sequence element may be neither hydrophobic enough
to be identified as misfolded protein nor soluble enough to
behave innocuously in solution. Instead, it may have the
versatility to interact with a wide range of cellular compo-
nents via electrostatic and/or hydrophobic interactions,
thereby disturbing protein homeostasis.

Despite the largely unfolded nature of free aS, a high
specificity for the small molecule—aS interactions was
obtained. This suggests that the chemical structures of the
examined molecules may prove useful in developing an
aggregation-inhibiting drug. In particular, the potential mul-
tivalence of the compounds appears useful in balancing the
high entropic cost of interacting with an unfolded protein.
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SUPPORTING INFORMATION AVAILABLE

A figure comparing the H—N correlation spectra of aS in
the absence and presence of Congo red, a figure comparing
the rosmarinic acid-induced resonance broadening of N and
2H/'3C/'>N-labeled aS, and a figure showing the CD spectra
of aS in the presence of PcTS-Cu?* and SDS, respectively.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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